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Zeros of L-functions
outside the critical strip

Andrew R. Booker and Frank Thorne

For a wide class of Dirichlet series associated to automorphic forms, we show
that those without Euler products must have zeros within the region of absolute
convergence. For instance, we prove that if f € S;(I'1(N)) is a classical holo-
morphic modular form whose L-function does not vanish for 9i(s) > (k+1)/2,
then f is a Hecke eigenform. Our proof adapts and extends work of Saias and
Weingartner, who proved a similar result for degree-1 L-functions.

1. Introduction

Saias and Weingartner [2009] showed that if L(s) = Z;lozl A(m)/m?® is a Dirichlet
series with periodic coefficients, then either L(s) = 0 for some s with real part > 1,
or A(m) is multiplicative at almost all primes (so that L(s) = D(s)L(s, x) for
some primitive Dirichlet character x and finite Dirichlet series D). Earlier work
of Davenport and Heilbronn [1936a; 1936b] established this result for the special
case of the Hurwitz zeta-function ¢ (s, o) with rational parameter «, and proved an
analogue for the degree-2 Epstein zeta-functions. Also in degree 2, Conrey and
Ghosh [1994] showed that the L-function associated to the square of Ramanujan’s
A modular form has infinitely many zeros outside of its critical strip. In this paper,
we generalize all of these results and study the extent to which, among all Dirichlet
series associated to automorphic forms (appropriately defined), the existence of an
Euler product is characterized by nonvanishing in the region of absolute convergence.
For instance, for classical degree-2 L-functions, we prove the following:

Theorem 1.1. Let f € S;(I'1(N)) be a holomorphic cuspform of arbitrary weight
and level. If the associated complete L-function A ¢(s) = fooo fy)y*~'dy does
not vanish for R(s) > (k+1)/2, then f is an eigenfunction of the Hecke operators
T, for all primes p{ N.

Booker was supported by EPSRC Grants EP/H005188/1, EP/L001454/1 and EP/K034383/1. Thorne’s
work was partially supported by the National Science Foundation under grant DMS-1201330.
MSC2010: primary 11F66; secondary 11M99, 11F11.
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Our method is sufficiently general to apply to L-functions of all degrees, and in
fact we obtain Theorem 1.1 as a corollary of the following general result:

Theorem 1.2. Fix a positive integer n. For j = 1,...,n, let r;j be a positive
integer and 7 ; a unitary cuspidal automorphic representation of GL,,(Aq) with
L-series L(s, ;) = Yo LA jm)m™°. Assume that the 7 ; satisfy the generalized
Ramanujan conjecture at all finite places (so that, in particular, |1 ;(p)| < r; for all
primes p) and are pairwise nonisomorphic. Let

M
a
R:{Z_ms‘M€Z>0,(al,...,aM)eCM}

m=1 m
denote the ring of finite Dirichlet series, and let P € R[x, ..., x,] be a polynomial
with coefficients in R. Then either P(L(s, m1), ..., L(s, 7,)) has a zero with real
part>1or P = D(s)xill . -xf,l”forsome DeR,d,...,d, €Zsy.

Remarks. (1) For 7; as in the statement of the theorem, it is known (see [Jacquet
and Shalika 1976]) that L(s, 7;) does not vanish for )i(s) > 1. Thus if P =
D(s)xf1 . -x,’,j" is a monomial, the matter of whether P(L(s, 7y1), ..., L(s, 7))
vanishes for some s with (s) > 1 is determined entirely by the finite Dirichlet
series D(s). Further, the grand Riemann hypothesis (GRH) predicts that each
L(s, ;) does not vanish for R(s) > % Theorem 1.2 demonstrates that the GRH, if
it is true, is a very rigid phenomenon.

(2) By the almost-periodicity of Dirichlet series, if P(L(s, 1), ..., L(s, m,)) has
at least one zero with real part > 1 then it must have infinitely many such zeros.
In fact, our proof shows that there is some number n = n(P; 7y, ..., m,) > 0 such
that for any o7, op with 1 < 0] <07 <141, we have

#{seC:N(s) €lo1,02],3(s) €[-T, T1, P(L(s,71), ..., L(s,m,)) =0} >T (1-1)

for T sufficiently large (where both the implied constant and the meaning of

“sufficiently large” depend on o1, 03 as well as P and 7y, ..., m,).
On the other hand, if we restrict to C-linear combinations (that is, homo-
geneous degree-1 polynomials P € Cl[xy, ..., x,]) and my, ..., m, with a com-

mon conductor and archimedean component 7| o = - -+ = 7, o, Bombieri and
Hejhal [1995] showed, subject to GRH and a weak form of the pair correla-
tion conjecture for L(s, 7r;), that asymptotically 100% of the nontrivial zeros
of P(L(s, my), ..., L(s, m,)) have real part %

(3) The assumption of the Ramanujan conjecture in Theorem 1.2 could be relaxed.
For instance, it would suffice to have, for each fixed j:
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(i) Some mild control over the coefficients of the logarithmic derivative

/ o0

L
z(s, i) = Z cj(mym™

m=1

at prime powers, namely Zp lc; (PM1?/p* < oo for any fixed k£ > 2 (cf.
[Rudnick and Sarnak 1996, Hypothesis H]).

(i1) An average bound for |1 (p) |* over arithmetic progressions of primes, namely

> Il
pP=x
. p=a (mod q)
limsu <C;
R > 1 /
p=x
p=a (mod q)

for all coprime a, g € Z-¢, where C; > 0 is independent of a, g.

Note that (i) is known to hold when r; < 4 (see [Rudnick and Sarnak 1996; Kim
2006]). Further, both estimates follow from the Rankin—Selberg method if, for
instance, the tensor square 7; ® 7r; is automorphic for each j. Since this is known
when r; =2 (see [Gelbart and Jacquet 1978]), Theorem 1.2 could be extended to
include the L-functions associated to Maass forms.

(4) The main tool used in the proof is the quasi-orthogonality of the coefficients
Aj(p), i.e., asymptotic estimates for sums of the form Zpr Aj (p)r(p)/p as
x — 00. These follow from the Rankin—Selberg method, and were obtained in a
precise form independently by Wu and Ye [2007, Theorem 3] and Avdispahié and
Smajlovi¢ [2010, Theorem 2.2]. (We also make use of similar estimates for sums
over p in an arithmetic progression — see Lemma 2.1 for the exact statement —
though it is likely that this could be avoided at the expense of making the proof
more complicated.)

Since quasi-orthogonality and the Ramanujan conjecture are essentially the only
properties of automorphic L-functions that we require, one could instead take
these as hypotheses and state the theorem for an axiomatically defined class of
L-functions, such as the Selberg class. However, it has been conjectured that the
Selberg class coincides with the class of automorphic L-functions, so this likely
offers no greater generality.

(5) The conclusion of Theorem 1.2 is interesting even for n = 1. For instance,
Nakamura and Pankowski [2012] have shown for a wide class of L-functions L(s)
that if P € R[x] is not a monomial and é > 0, then P (L(s)) necessarily has zeros in
the half-plane N (s) > 1 — . Our result strengthens this to N(s) > 1. (On the other
hand, their results also yield the estimate (1-1) for any [0, 03] € (%, 1), which
does not follow from our method.)



2030 Andrew R. Booker and Frank Thorne

(6) Our results are related to universality results for zeta and L-functions. Voronin
[1975] proved, for any compact set K with connected complement contained within
the strip N(s) € (% 1) and any nonvanishing, continuous function f : K — C
holomorphic on the interior of K, that f can be uniformly approximated by vertical
translates of the zeta function.

Voronin’s results were extended by a number of authors. One result similar to ours,
due to LaurinCikas and Matsumoto [2004], states that given m functions fi, ..., fu
as above, and L-functions L (s, F) associated to twists of a Hecke newform F
by pairwise inequivalent Dirichlet characters, that the f; may be simultaneously
approximated by a single vertical translate of the functions L (s, F). This implies
[loc. cit., Theorem 4] that nontrivial linear combinations of the L (s, F') must
contain zeros inside the critical strip with R(s) > %

References to many more works on universality can be found in [loc. cit.].

Summary of the proof. Our proof closely follows Saias and Weingartner in broad
outline, but becomes more technical in some places. The reader may wish to read
[Saias and Weingartner 2009].

The technical heart of our paper is Proposition 3.1, an extension of their Lemma 2.
Given n nonzero complex numbers z1, ..., z,, we would like to simultaneously
solve the equations L(s, ;) = z;, leading to a quick proof of the main theorem.
As a substitute, we solve equations of the form [ | Py L(o +ity, ) p) =z, Where
the ordinate of s is allowed to vary for each prime.

Given this, in Section 4 we prove our main theorem, following the proof of
Theorem 2 in [Saias and Weingartner 2009]. As in that work, the main tools are
Weyl’s criterion, allowing us to simultaneously approximate all of the p~°~i’» by
p~°~ for a single ¢, and Rouché’s theorem, which states that actual zeros must
exist near approximate zeros.

The proof of Proposition 3.1 follows those of Lemmas 1 and 2 of [Saias and
Weingartner 2009]. However, in that work the Dirichlet coefficients A(m) are all
periodic to some fixed modulus, and this fact, combined with the prime number
theorem for arithmetic progressions, allows for easy control of various partial sums
that need to be estimated. Here, we must do without this periodicity.

To prove Proposition 3.1, we choose (in Proposition 3.3) a partition of the set of
primes p > y into disjoint subsets S, and complex numbers €, € § ! for each p > v,
so that the vectors of partial sums ) pes €phj(p)p~° are linearly independent in a
precise quantitative sense. Our main tool is the Rankin—Selberg method (substituting
for periodicity and orthogonality of Dirichlet characters); see Lemma 2.1.

We also rely on the rather technical Proposition 3.2, which says that for matrices
g1, - .-, &m» We can continuously solve equations of the form > ", g; fi(z) = z for
n-tuples of complex numbers z=(zy, ..., z,). The g; are constructed from the sums
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over p € S considered in Proposition 3.3, but we are able to formulate Proposition 3.2
in a general manner, without reference to automorphic forms or primes.

The conclusion of Proposition 3.2 is guaranteed only for large m, so that the
number of subsets S needed may be large. We choose these subsets to be arithmetic
progressions, for which the Rankin—Selberg estimates presented in Lemma 2.1 are
known to hold. If such estimates were unavailable, it seems likely that we could still
obtain our result by constructing the S in a more ad hoc fashion instead. In any case,
and in contrast to Saias—Weingartner, the modulus of the arithmetic progression
has no particular arithmetic significance, and is chosen to be coprime to all the
conductors of the ;.

2. Preliminaries

Automorphic L-functions. Let r; be as in the statement of Theorem 1.2. Each 7
can be written as a restricted tensor product 7, 5o ® ), 7, of local representations,
where p runs through all prime numbers. Then we have

L(s,mp) =] [ L(s,mjp) for di(s) > 1. @2-1)
P
Here each local factor L(s, 7; ) is a rational function of p~*, of the form
1

e~ 2-2
(5 7.0) A=ajpip™) - =ajprp™) o

for certain complex numbers «; , . The generalized Ramanujan conjecture asserts
that | ¢| < 1, with equality holding for all p { cond(r;), where cond(r;) € Z.¢
is the conductor of ;. In particular, |A;(p)| = |ej p1+ - -+ ajpr| <1;.

Lemma 2.1. Let a and q be positive integers satisfying (q, a ]_[?:1 cond( J-)) =1.
Then

... 2
Z luidi(p) + - - +unkn(p)| :(¢(1q)+0(o—1)>2p_”

P>y p° p>y
p=a (modq)
forally >0, 0 € (1, 2] and all unit vectors (uy, ..., u,), where the implied constant
depends onlyon my, ..., m, and q.

Proof. Let x (mod g) be a Dirichlet character, not necessarily primitive. We
consider the sum

N 1
Ejiy ) =Y (b (mmpx (p) - ajkx)%,

p=x

running over primes p < x, where §;, = 1if j =k and y is the trivial character,
and 8, = 0 otherwise. Applying [Avdispahi¢ and Smajlovi¢ 2010, (2) and (3)]
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with (7, 7") = (7; ® x, mx) and, if x is imprimitive, subtracting any contribution
from the terms with p | g, we obtain the bound E i, (x) <4 1
Next, for any nonintegral y > % and any o € (1, 2], we have

3 OB g _ [ 7 B0
= JkX :
y

o
o P logt

Integrating by parts and applying the above estimate for Ej,, we see that this
is <4 y1=/log y.

Now, expanding the square and using orthogonality of Dirichlet characters,
we have

Z |u1)\1(p)+"'+un)\n(p)|2

p>y p°
pEa(mOdq) )\’ )\‘
" o )ZZ D wiimx(@ ) iP) k(P>x<p>
q J= 1 k= IX(mOdq) ey
yl=
=o,2—
q<1°gy) ¢<q>p§p

Finally, by the prime number theorem we have »_ poy P77 > y!=7/((c = 1) 1og y),
uniformly for y > % and o € (1, 2]. The lemma follows. (]

A few lemmas. In the remainder of this section we discuss the topology of GL,,(C)
and prove some simple lemmas, to be used in the more technical propositions which
follow.

Let Mat, ., (C) denote the set of n x n matrices with entries in C. For A = (g;;) €
Mat, «, (C), the Frobenius norm is defined by

1A =VirAT ) = /3 Jag .

Note that this agrees with the Euclidean norm under the identification of Mat,,»,, (C)
with C"°. By the Schwarz inequality, we have |Av| <||A||-|v| for any A € Mat,,,(C)
and v € C".

We endow GL,(C) = {g € Mat,«,(C) : det g # 0} with the subspace topology.
In particular, it is easy to see that a set K € GL,(C) is compact if and only if K is
closed in Mat, ., (C) and there are positive real numbers ¢ and C such that

lgll < C and |detg| >c¢ forall g € K.

Since g~ !

follows that ||g~!| is bounded on K (and indeed the map g — g
so that GL,, (C) is a topological group with this topology).

can be expressed in terms of 1/det g and the cofactor matrix of g, it
—1 is continuous,
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Lemma 2.2. Suppose K is a compact subset of GL,(C), g € K, and U C C" con-
tains an open §-neighborhood of some point. Then gU contains an e-neighborhood,
where ¢ > 0 depends only on § and K.

Proof. By linearity, we may assume without loss of generality that U contains the
8-neighborhood of the origin, Ns. Since K is compact, there is a number C > 0
such that ||g~!|| < C forall g € K. Put e = C~'$, and let N, be the &-neighborhood

of the origin. For any v € N, we have lg~ | < g7l - lv] < Ce =8, so that
v =g(g~'v) € gNs. Since v was arbitrary, gNs 2 N,. [l
Lemma 2.3. For any vy, ..., v € C", there exist 6y, . .., 0 € [0, 1] such that
k k
> eBv)| < lvjl2.
j=0 j=0

Proof. We have

k 2 k
f > e@pv;| doy---do =" v
0,115 5 =0
Thus, the average choice of (6, ..., 6;) satisfies the conclusion. O
Lemma 2.4. Let P € Clxy, ..., x,). Suppose that every solution to the equation
P(xy, ..., x,)=0satisfies x| - - - x, =0. Then P is a monomial; i.e., P =cxf‘ .. .x,‘f”
for some ¢ # 0 and nonnegative integers dy, . .., d,.

Proof. Let V = {(x1,...,x,) € C" : P(xy,...,x,) = 0} be the vanishing set
of P. By hypothesis, the polynomial x; - - - x,, vanishes on V. Thus, since C is
algebraically closed, Hilbert’s Nullstellensatz implies that there is some d € Z5
such that (x - - - x,)¢ is contained in the ideal generated by P;ie., P|(xy-- <xp)?.
Since Cl[xy, ..., x,] is a unique factorization domain, this is only possible if P is
a monomial. O

Lemma 2.5. Let P € C[xy, ..., x,] and suppose that y € C" is a zero of P. Then
for any & > 0 there exists § > 0 such that any polynomial Q € C[xy, ..., x,] obtained
by changing any of the nonzero coefficients of P by at most § each has a zero z € C"
with |y — z| < e.

Proof. If P is identically O then so is O, so we may take z = y. Otherwise, set
p(®)=P(y+rm) and q(r)=Q(y+1tu)

for t € C, where u is any unit vector for which p(t) does not vanish for all t;
shrinking ¢ if necessary, assume that p(¢) does not vanish on C, = {t € C: |f| = &},
and let y > 0 be the minimum of |p(¢)| on C,. For t € C, we have

lg(t) — p(t)| < SN(1+e+ |y)*e”,
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where N is the number of nonzero coefficients of P. Choosing § so that the right
side of this expression is bounded by y, we have |g(¢) — p(¢)| < |p(¢)| for t € C,.
By Rouché’s theorem ¢ (¢) has a zero #y of modulus |#y| < €, and taking z = y + tou
completes the proof. U

3. Simultaneous representations of n-tuples of complex numbers

The technical heart of our work is the following analogue of Lemma 2 of [Saias
and Weingartner 2009]:

Proposition 3.1. For any real numbers y, R > 1 there exists n > 0 such that, for
allo € (1, 1 + n], we have

{(]_[ L(G—i—itp,nj,p))'

: tp € R for each prime p > y}
p>y =1,...,n

D> {(z1,...,22) €C": R™' < |z;| < R forall j}.

Loosely speaking, after simultaneously approximating the 7, by a common ¢,
it will follow that we can make the L(s, ;) independently approach any desired
n-tuple of nonzero complex numbers, and this will allow us to find zeros in linear
or polynomial combinations.

The proof relies on an analogue of Lemma 1 of [Saias and Weingartner 2009],
whose adaptation is not especially straightforward. We carry out this work by
proving two technical propositions; the first establishes the existence of solutions
to a certain equation involving matrices in a fixed compact subset of GL,, (C).

Proposition 3.2. Let

T={z1,....20) €C": |z1| =+ =|z4| =1},
D={(zi,....,z0) €C": |zal, ..., |za] <1},

and fix a compact set K C GL,(C). Then there is a number my > 0 such that
for every m > mg and all (g1, ...,8m) € K™, there are continuous functions
fioeoos fm: D — T suchthat Y| g fi(z) =z forall z € D.

We will carry out the proof in three steps:

(1) We first show that there exist ¢ > 0 and m; such that for all m > m;| and
all (g1,...,8m) € K™, the set {Z:’n:1 giti i, ...ty € T} contains an open
g-neighborhood of a point in C”".

(2) “Fattening” the neighborhood constructed in the first step, we will then
show that there exists m, such that for m > m; and all (g1, ..., gn) € K™,
(> giti it ...ty € T} contains {(z1, ..., 20) : 21> + -+ + |za]* < 4},
the closed ball of radius 2.
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(3) Although the previous step yields a parametrization of a large closed set, it is
not obviously continuous. By repeating the construction from step (1) using
the added knowledge of step (2), we show that one can achieve a continuous
parametrization of D.

Proof. We begin by showing (1). By compactness, there is an m; such that for any
m >m and any m-tuple (g1, ..., gn), there is a distinct pair of indices i, j such that
||gl._1gj —I|| < 1/(3+/n). Assume, without loss of generality, that (i, j) = (1, 2),
and put A = gflgg — 1. Then for any choice of ¢, t, € T, we have

giti + g =gi1(t1 +U + A)n),

where ||A| < 1/(34/n).

We introduce some notation. First, define A = {z eC:|lz—-1] < %} and
B= {z eC:lz—1|= %} Next, let s1, 52 : B— C be the unique continuous functions
satisfying z =s1(2) +52(2), |s1(z)| =|s2(2)| =1 and I (s1(z)/s2(z)) > O for all z € B.
For j =1,2,lett; : B* — T be defined by #;(z1, ..., 2,) = (sj(z1), ..., 5 (2n)).

Given an arbitrary element w € A", we define a continuous function 4, : B* — C"
by hy(z) = w — Ay (z). Since |(z)] = 4/n and ||A|| < 1/(34/n), we have
|AL(2)] < % In particular, each entry of A#,(z) is bounded in magnitude by %, SO
by the triangle inequality, the image of &, is contained in B". By the Brouwer
fixed point theorem, there exists z € B" with h,,(z) = z, so that

HQD)+U+Mh(@)=z+AniZ)=z+w—hy(2) =w.

Therefore, all of A" is in the image of the map z > #1(z) + ({ + A)#2(z), so that
in particular

A"C{h+g '@t neTh

Applying Lemma 2.2 with § = %, there is an € > 0 depending only on K such
that {gi#1 + g2t> : 11, € T} contains an e-neighborhood of some point in C”".
We conclude the same of the set {g1#1 + -+ gmlm : t1, ..., tm € T} by choosing
arbitrary fixed f3, ..., t, € T.

Proceeding to step (2), let k; be a large integer to be determined later, set
my = m1ky, and for any m > my write m = km +1[ with k > k; and 0 <[/ < m.

For each j with 0 < j < k, applying step (1) t0 (&jm,+1s---» &jmi+m;)> WE
obtain an e-neighborhood centered at some v; € C". Further, we put v =
gkm,HT—i—- . -—i—gkm,HT, where 1 = (1,...,1)eT. Since m; is fixed and K is com-
pact, we have |v;| < C for 0 < j <k, for some C independent of the individual g;.

Let Ne = {(z1,...,20) € C": |z1|> + - - -+ |za|* < €%} be the e-neighborhood
of the origin in C". Then by the above observations, for any 0y, ..., 6; € [0, 1],
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{Z;"zl giti it ... Iy € T} contains the set
k—1 k
D €)@+ No) +e@vi = e(0))v; +kN;.
Jj=0 j=0

By Lemma 2.3, there is a choice of 6, . . ., 6 for which |Z];:0 e(Gj)vj| <C+vk+1.
Now let k; be the smallest positive integer satisfying kj& > C+/k; + 1 +2. Then
for k > k;, we have shown that {Zf"zl giti 1, ...ty € T} contains the closed
ball of radius 2.

Proceeding to step (3), we put mo = 3nm,. Suppose that m >mg and (g1, ..., &n)
are given, and choose a partition of {1, ..., m} into 3n sets I;, (for 1 < j < n,
1 < £ < 3), each of size at least m;. For each j with 1 < j < n, write

UjIUjJ=Uj72=Uj732(0,...,0,2,0,...,0),

where the 2 is in the j-th position. For each j and £ we use step (2) to express v; ¢
in the form
Vi = Z 8giti (3-D
i€l

for somet; € T.

Next, note that the set {2[(1, ..., 1)+a+pB]:a, B €T} contains D. Asinstep (1),
we can choose continuous functions « = (a1, ...,a,), 8=(B1,...,Bn):D—>T
such that z; = 2[1 4+« (z) + B, (z)] for every z = (21, ..., 2,) € D. Thus,

n

2= [1+a;@)+B8;@v; =Y [vj1+a;@vj2+B;@)v;3].

j=1 j=1

Finally, we use (3-1) to rewrite this as

z= 2”:( Z giti + Z gi(tiaj(2)) + Z gi(fiﬁj(Z))>’

j=1 iEIjvl iEIjvz ielj,3
which is a decomposition of the type required. (|

Next, we use the quasi-orthogonality of the coefficients A ;(p) (Lemma 2.1) to
show that, by choosing an arbitrary “twist” €, € § ! for each large prime p, we can
make sums of the €,A;(p) line up in linearly independent directions, as quantified
in the following proposition.

Given a real parameter y > 0, we write

S(y)={pprime: p>y} and s(y.0)= Y p°.
PES(Y)
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Proposition 3.3. There is a compact set K C GL,,(C), explicitly defined in (3-5),
depending only on the degrees ry, ..., r,, with the following property:

Let m be a positive integer. Then there is a real number § > 0 (depending on the
7 and m) such that for any y > 0 and any o € (1, 1 + 8], there exists a partition

of S(y) into mn pairwise disjoint subsets Siy;(y) i =1,...,m,k=1,...,n)anda
choice of €, € S! for each p € S(y) such that the m-tuple of matrices (g1, ..., gm)
defined by

mn epri(p) .
gi=(( - > ”+) L i=1,...,m (3-2)
SO pesin P Jsiksn

liesin K™.

Proof. Let g be the smallest prime number satisfying ¢ = 1 (mod mn) and
q1t H?:l cond(r;). We putt = (¢ — 1)/mn and define S;, (y) to be the union
of residue classes

t
S = JlpeSe :p=tmi— D) +1(k—1)+¢ (mod g)},
=1
and
S3»Ufg} ifi=k=1landy<gq,
S5 () otherwise.

Sik(y) = {

Then the Sjx(y) are pairwise disjoint and cover S(y).

For a fixed choice of i, let v; denote the k-th column of g;, as defined in (3-2),
with the €, yet to be chosen. We will show by induction that there is a choice of
the €, such that

|UZ _projspan{vl,...,vl,l} UZI = Z (3'3)
holds for every £ = 1,...,n, where r = 1/rlz—l—---—l—r,%. To that end, let k
be given, and assume that (3-3) has been established for £ =1, ..., k — 1. Choose
a unit vector u = (uy, ..., u,) orthogonal to vy, ..., vk_1. By the Schwarz in-

equality and the Ramanujan bound [A;(p)| < rj, for each prime p we have
litgA1(p) + -+ -+ utyrn(p)| < r. Therefore

mn Z A1 (p)+ - -+ uprn(p)]
s(y,0) p°
mn Z |ﬂ1)tl(p)+"'+ﬁn)¥n(p)|2

>
“rs(y,o o
(v, 0) pest () P

_ 1+ Om,n(o' -1

r

PESik(y)

(3-4)
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the latter equality following by Lemma 2.1. We choose § so that the O term above
is bounded in modulus by %, and for each p € S; (y) we choose €, such that
€p(uiri(p) +---+uyr,(p)) is real and nonnegative. Then the left side of (3-4)
equals

<I/l, vk) = (M, Vg — projspan{vl,...,kal} Uk) = |Uk - projspaﬂ{vl ----- Ve—1} Uk|,

so that (3-3) follows for £ = k.

Applying Gram—Schmidt orthogonalization to vy, .. ., vy, it follows from (3-3)
that |det g;| > (2r)™". Moreover, by the Schwarz inequality and Lemma 2.1 again,
each entry of g; is bounded above by 1+ O,, ,(6 — 1), so that || g;|| < 2n for a
suitable choice of §. Thus,

K ={g € GL,(O) : ligll = 2n, |detg| = (2r)™"} (3-5)
has the desired properties. ]

We are now ready to prove Proposition 3.1, largely following [Saias and Wein-
gartner 2009].

Proof of Proposition 3.1. We use Propositions 3.3 and 3.2 to determine a compact
set K € GL,(C), a positive integer mg, and a real number § > 0 with the properties
described there. Taking m = m, the aforementioned propositions yield, for any

o € (1,1+ 48], an m-tuple of matrices (g1, ..., gn) € K™, elements €, € St for
each prime p > y, and continuous functions fi, ..., f;; : D — T such that

m

Y sifile)=z forallzeD. (3-6)

i=1
Now, let u = s(y, 0)/(mn). For each prime p > y, we define a continuous
function 7, : uD — R satisfying

pi@ =, fi(u o), (3-7)

where (i, k) is the unique pair of indices for which p € Six(y), and fi(u~'2)x
denotes the k-th component of f; (1 ~'z). (Note that the lift from S to R is possible
since D is simply connected.)

Define an error term E(z) =(E1(2), ..., E,(2)) by writing, foreach j =1, ..., n,

Ej(2) =) (logL(c +ity(2), 7} ) = »;(p)p~ @),
p>y

By the Ramanujan bound, we have

log L(s, ;) — 2 j(p)p ™ = O(p™?)

2

uniformly for R(s) > 1. Since > p P~ converges, the continuity of £ follows from
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that of the individual 7,. Moreover, each component E;(z) is bounded by a number
C > 0, independent of j, z, y,or o.
Set R' = v/n?+1log* R. We take 7 € (0, §] small enough that the condition
o € (1, 1 +n] ensures that u > C + R’. By (3-6), (3-7), and Proposition 3.3 we have
n

S ai(pp D =33 3 )‘j(P)épI{;(M_IZ)k _.

p>y i=1 k=1 peSit(y)

for any z = (z1,...,2,) € uD. Now, fix w € R'D and define a function F,, :
(C+R)D — Cby F,(z) =w— E(z). By the estimate for E;(z) above, the image
of F,, is contained in (C + R’)D. Thus, by the Brouwer fixed point theorem, there
exists z € (C + R")D with F,(z) = z, so that

(ZlogL(o—i—itp(z),nj,p)) =z+E@=z+w—F,(@)=w.
p>y j=1,..., n
Taking exponentials yields the proposition. (]

4. Proof of Theorem 1.2

The proof will be carried out in two steps:

(1) Applying our previous results, we show that unless P is a monomial (as
described in Theorem 1.2), for every o > 1 sufficiently close to 1 there are
real numbers 7, (for each prime p) and 7y such that P|;_;;; vanishes at
(I, Lo +ity, 71 p), .., [1, Lo +ity, 7).

(2) Simultaneously, approximating the p~‘/» by p~ for a common value of ¢,
we use Rouché’s theorem to find a zero of P(L(s, 1), ..., L(s, m,)) close to
o +it.

Note that the second step is standard and is applied in [Saias and Weingartner 2009]
in much the same way.

We begin with a polynomial P whose coefficients are finite Dirichlet series
D(s) = Zﬂ;’:l a,m~—*, and let y be the largest value of M occurring in any of
these coefficients. We rewrite each L(s, ;) as L<,(s, ;)L (s, m;), splitting
each Euler product into products over primes p <y and p > y respectively. Setting

Q(xlv DRI xn) = P(Lfy(sv nl)xlv ey Lfy(sa nn)xn),

we have P(L(s,m), ..., L(s,m,)) = Q(Lsy(s, 1), ..., Loy(s, m,)).

The coefficients of Q are rational functions of the p™* for p < y. More precisely,
for any monomial term D(s)xf1 .- -x,ﬁl" in the expansion of P, the corresponding
term of Q is

D(s)L<y(s, T)% -« Loy (s, m)xt oo xn,
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Since the finite Euler products L <, (s, 7 ;) are nonvanishing holomorphic functions
on {s € C:M(s) > 1}, the corresponding terms of P and Q have the same zeros there.

Let Di(s), ..., Dy(s) run through the coefficients of P which do not vanish
identically, and consider their product f(s) = Di(s)--- D,,(s). Then f is itself
a finite Dirichlet series which does not vanish identically. By complex analy-
sis, f cannot vanish at 1 + it for every ¢t € R, so there is some #y for which
Di(1+ity), ..., D,(1 +ity) are all nonzero, and the same holds for the corre-
sponding terms of Q.

Next, we specialize the coefficients of Q to a fixed value of s, obtaining a

polynomial i € C[xy, ..., x,]. Considering s = 1 4 i#p, Lemma 2.4 implies either
that ki = cxf‘ . -x,‘f" for some c € C and dy, ..., d, € Z>¢, or that there are
Y1, ..., ¥n € C, none zero, for which A 144, (y1, ..., y») = 0. In the former case, it

follows from our choice of 7y that P = D(s)xf' - -xf,l" is a monomial, as allowed
in the conclusion of Theorem 1.2. Henceforth, we assume that we are in the latter
case, and aim to show that P(L(s, my), ..., L(s, 7,)) has a zero with :i(s) > 1.

We choose R > 1 so that R~1/2 < lyjl < R'/2 for every j. By Lemma 2.5, there is
anumber ¢ > 0 such that for every o € (1, 1+¢], there exists (z1(0), ..., z,(c)) e C"
satisfying hy4if,(21(0), ..., 2,(0)) =0 and Rl < |zj(0)| < R for every j. We
use Proposition 3.1 to determine 7 in terms of y and R, and assume that n < & by
shrinking 7 if necessary. Proposition 3.1 then guarantees that, for every o € (1, 1471,
we can solve the simultaneous system of equations

[[L@+ity.mj)=z20). j=1.....n
p>y

in the 7, for p > y. For p <y we set 1, = ¢, thereby completing step (1).

Turning to step (2), let o1, 02 € R with 1 <o <03 <141, and put o = (01+02)/2.
With the 7y and 7, resulting from step (1) for this choice of o, let P;;, denote the poly-
nomial obtained from P by replacing s by s+t in all of its coefficients, and define

F(s) = Py, <]_[ L(s+ity, 71 p). ... [ [L(s+ity, nn,,,)). (4-1)
p p

Then F is holomorphic for |s — 0| < o0 — 1 and satisfies F'(o) = 0 by construction.
It follows that there is a number p € (0, (03 — 01)/2] such that F(s) # 0 for all
seCp={seC:|s—o|=p}. Write y for the minimum of |F(s)| on C,.

Next, by abuse of notation, we write P(s) to denote P(L(s, 1), ..., L(s, ).
As P(s) = Z;’le a,m~—* converges absolutely as a Dirichlet series for N(s) > 1,

there is an integer M > 0 with > >, |a,/m™ < y/3. By (4-1) we have
F(s)=Y " bym™, where b, = ay, lem p~itrordp (™ and by the joint uniform
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distribution of p’ for primes p < M, it follows that the set of ¢ € R satisfying

M—1 _j
j : la,m ”_bm| Y
_— < —_—
mo! 3

m=1

has positive lower density. The triangle inequality yields |P(s 4+it) — F(s)| < y
for any such ¢ and for all s with i(s) > o1, and in particular for all s € C,,. By
Rouché’s theorem, it follows that P(s +it) has a zero s with |s —o| < p. Thus,
P (s) has zeros with real part in [0, 03], and indeed we have

#s e C:0N(s) elor,0],36) €e[-T,T], P(s) =0} >5,.0, T

forall T > Ty(oy, 02).
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Tropical independence |: Shapes of divisors
and a proof of the Gieseker—Petri theorem

David Jensen and Sam Payne

We develop a framework to apply tropical and nonarchimedean analytic methods
to multiplication maps for linear series on algebraic curves, studying degenera-
tions of these multiplications maps when the special fiber is not of compact type.
As an application, we give a new proof of the Gieseker—Petri theorem, including
an explicit tropical criterion for a curve over a valued field to be Gieseker—Petri
general.

1. Introduction

Classical Brill-Noether theory studies the schemes 9/;(X) parametrizing linear
series of degree d and rank r on a smooth curve X of genus g. The Brill-Noether
number p(g, r,d) = g — (r +1)(g —d +r) is a naive dimension estimate for 4}, (X),
and the following two fundamental results give the local structure of these schemes
when the curve is general in its moduli space.

Brill-Noether Theorem [Griffiths and Harris 1980]. Let X be a general curve of
genus g. Then G, (X) has pure dimension p(g, r, d), if this is nonnegative, and is
empty otherwise.

Gieseker—Petri Theorem [Gieseker 1982]. Let X be a general curve of genus g.
Then 6;(X) is smooth.

The Zariski tangent space to 9,(X) at a linear series W C ££(Dy) has dimension
p(g,r, d)+ dimker uy, where

uw:WRL(Kyxy —Dx) - L(Kx)

is the adjoint multiplication map. In particular, ¢),(X) is smooth of dimension
p(g,r,d) at a linear series W if and only if the multiplication map pw is injective
[Arbarello et al. 1985, §IV.4].
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Keywords: tropical Brill-Noether theory, tropical independence, nonarchimedean geometry,
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Figure 1. The graph I'.

Gieseker’s original proof that pt is injective for all W when X is general involves
a subtle degeneration argument. Eisenbud and Harris [1983; 1986] developed a
more systematic method for studying limits of linear series for one-parameter
degenerations of curves in which the special fiber has compact type, and applied
this theory to give a simpler proof of the Gieseker—Petri theorem. Lazarsfeld [1986]
gave another proof, without degenerations, using vector bundles on K3 surfaces.

Here, we give a new proof of the Gieseker—Petri theorem, using a different class
of degenerations, where the special fiber is not of compact type. Our arguments
are based in tropical geometry and Berkovich’s theory of nonarchimedean analytic
curves and their skeletons.

Let I" be a chain of g loops connected by bridges, with generic edge lengths.

The genericity condition on edge lengths on the loops is the same as in [Cools
et al. 2012]; we require that £; /m; is not equal to the ratio of two positive integers
whose sum is less than or equal to 2g — 2.

Theorem 1.1. Let X be a smooth projective curve of genus g over a complete
nonarchimedean field such that the minimal skeleton of the Berkovich analytic space
X is isometric to I'. Then the multiplication map

uw : WQL(Ky — Dx) —> £L(Kx)
is injective for all linear series W C £(Dx) on X.

There do exist such curves over valued fields of arbitrary pure or mixed charac-
teristic. This follows from the fact that the moduli space of tropical curves is the
skeleton of the Deligne—Mumford compactification of the moduli space of curves
[Abramovich et al. 2012], and can also be proved by deformation theory, as in
[Baker 2008, Appendix B]. The existence of Gieseker—Petri general curves over
an arbitrary algebraically closed field then follows by standard arguments from
scheme theory, using the fact that the coarse moduli space of curves is defined
over Spec Z, as in [Cools et al. 2012, Section 3]. In particular, the Gieseker—Petri
theorem follows from Theorem 1.1, by standard arguments.

The proof of Theorem 1.1 is essentially independent of the tropical proof of
the Brill-Noether theorem and does not involve the combinatorial classification of
special divisors on a chain of loops from [Cools et al. 2012]. (In Section 6, we give
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a simplified proof in the special case where p(g, r, d) is zero, which does use this
classification; see Remark 1.5.) Our approach involves not only the distribution of
degrees over components of the special fiber, but also algebraic geometry over the
residue field. In particular, we use Thuillier’s nonarchimedean analytic Poincaré—
Lelong formula [Thuillier 2005; Baker et al. 2011], which relates orders of vanishing
at nodes in the special fiber of a semistable model to slopes of piecewise linear
functions on the skeleton. The resulting interplay between tropical geometry and
algebraic linear series is close in spirit to the important recent work [Amini and
Baker 2014] on linear series on metrized complexes of curves, which was a source
of inspiration.

Remark 1.2. The graph I" differs from the chain of loops studied in [Cools et al.
2012] only by the addition of bridges between the loops. The tropical Jacobians
of two graphs that differ by the addition or deletion of bridges are canonically
isomorphic, and these isomorphisms respect the images of the Abel-Jacobi maps,
so the Brill-Noether theory of I' is the same as that of the chain of loops. See [Lim
et al. 2012; Len 2014] for the basics of tropical Brill-Noether theory.

We do not need to introduce bridges for the case where p(g, r, d) is zero; the
arguments in Section 6 work equally well for a chain of loops without bridges.
However, when p (g, r, d) is positive we need to relate the slopes of piecewise linear
functions along the bridge edges to orders of vanishing at nodes in the special fiber,
through the nonarchimedean Poincaré—Lelong formula, in order to produce bases
for the algebraic linear series £(Dy) with the required properties. In particular,
we do not know whether the conclusion of Theorem 1.1 holds for chains of loops
without bridges when p(g, r, d) is positive.

On the way to proving Theorem 1.1, we introduce some new techniques for
working with tropical linear series and relating them to algebraic linear series. In
Section 3A, we present a notion of tropical independence, which gives a sufficient
condition for linear independence of rational functions on an algebraic curve X
in terms of the associated piecewise linear functions on the Berkovich skeleton of
the analytic curve X?". The key to applying such an independence condition is to
produce well-understood piecewise linear functions on the skeleton that are not
only in the tropical linear series, but are in fact tropicalizations of rational functions
in a given algebraic linear series. In the case where p(g, r, d) is zero, the necessary
piecewise linear functions come from tropicalizing a basis for the linear series and
a basis for the adjoint linear series. In this case, the piecewise linear functions are
explicit and uniquely determined by the graph, and the proof that they all come
from the algebraic linear series is essentially combinatorial. (See Proposition 6.3.)
When p is positive, we have much less control over which tropical functions come
from a given algebraic linear series. In the general case, we work one loop at a
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time on the metric graph and use an existence argument from algebraic geometry,
inspired by [Eisenbud and Harris 1983, Lemma 1.2]. (See Lemma 7.2.)

One new insight on the tropical side is the importance of shapes of effective
divisors, expressed in terms of connected subsets that do or do not meet the divisor.
When the metric graph is a chain of loops, a typical connected subset to consider
would be a loop minus a single point. See Sections 3B and 4B, along with the
proofs of Theorems 6.6 and 1.1 at the ends of Sections 6 and 7, respectively.

We also use a new patching construction, gluing together tropicalizations of
different rational functions in a fixed algebraic linear series on different parts of the
graph, to arrive at a piecewise linear function in the corresponding tropical linear
series that may or may not come from any linear combination of the original rational
functions. See the construction of 6 at the beginning of the proof of Theorem 1.1.
The most delicate step in this construction is to ensure that no poles are introduced
at the gluing points.

We now briefly sketch relations between the approach developed here, the classi-
cal theory of limit linear series, and the tropical theory of divisors on graphs.

Suppose X is defined over a discretely valued field with valuation ring R, and
let L be a line bundle on X. Consider a regular model & over Spec R with general
fiber X, in which the special fiber % is semistable with smooth components %;. (By
the semistable reduction theorem, such a model exists after a finite, totally ramified
extension of the valued field.) The special fiber of this model has compact type,
meaning that its Jacobian is compact, if and only if its dual graph is a tree. In this
case, for each component ¥; there is a unique extension ¥; of the line bundle L
such that
d ifi=j],

deg(&; |?7€j) - {0 otherwise.

Given a linear subspace W ¢ H°(X, L) of degree d and dimension r + 1, the
R-submodule W; C W consisting of sections that extend to ¥; is free of rank r 41,
and restricts to a linear series of degree d and dimension r on ¥;. The theory of
limit linear series studies these distinguished linear series on the components of the
special fiber, with special attention to their vanishing sequences at the nodes of ¥.

In contrast, if % is not of compact type, then its dual graph is not a tree, and
there is an obstruction to extending L to a line bundle &; with degrees as above on
the components of the special fiber. This obstruction is given by an element in the
component group of the Néron model of the Jacobian of X.

The theory of divisors on graphs follows a deep analogy between divisors on
algebraic curves and the distributions of degrees of specializations of L over the
components of the special fiber. In this framework, one considers the dual graph
whose vertices v; correspond to components %; and whose edges correspond to
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nodes of ¥. Then an extension & of L to ¥ gives rise to a formal sum
Dy = Z deg(&ibfgi)v,-,
i

which is considered as a divisor on the graph. Since the divisors arising from
different specializations of L differ by a sequence of chip-firing moves, one studies
the tropical Picard group parametrizing equivalence classes of divisors on the graph
modulo the relation generated by chip-firing. The tropical Jacobian, the degree
zero part of this tropical Picard group, is canonically identified with the component
group of the Néron model of the Jacobian of X.

Baker’s specialization lemma [2008] says that a line bundle whose complete
linear series has dimension » can be specialized so that all degrees are nonnegative
and the distribution of degrees dominates any given divisor of degree » on the dual
graph. In other words, it has rank at least r in the sense of [Baker and Norine
2007]. Therefore, the specialization of any line bundle whose complete linear
series has dimension at least r lies in the tropical Brill-Noether locus parametrizing
divisor classes of degree d with rank at least r. In [Cools et al. 2012], a careful
analysis of the Brill-Noether loci of the chain of loops shows that if a curve X
has a regular semistable model whose special fiber has this dual graph, then the
curve must be Brill-Noether general, meaning that ¢/;(X) has dimension p(g, r, d)
if this is nonnegative, and is empty otherwise. In particular, we get not only a new
proof of the Brill-Noether theorem, but an explicit and computationally verifiable
sufficient condition for a curve to be Brill-Noether general, the existence of a
regular semistable model whose special fiber has a particular dual graph.

Remark 1.3. This tropical proof of the Brill-Noether theorem can be reframed
in the language of Berkovich’s nonarchimedean analytic geometry to show that
any curve of genus g over a valued field whose skeleton is a chain of g loops
with generic edge lengths must be Brill-Noether general. Here, we follow this
more general approach, with skeletons of analytifications in place of dual graphs of
regular semistable models. Similar arguments, combined with the basepoint-free
pencil trick, lead to a proof of the Gieseker—Petri theorem in the special case where
r = 1 [Baratham et al. 2014].

Remark 1.4. In some ways, the tropical geometry of divisors on a chain of loops
with generic edge lengths appears similar to the geometry of limit linear series
on a chain of elliptic curves with generic attaching points. As is well-known to
experts in Brill-Noether theory, the theory of limit linear series on such curves
gives a characteristic-free proof of the Brill-Noether and Gieseker—Petri theorems
[Osserman 2011; Castorena et al. 2012], and some steps in our approach, including
Lemma 7.2 and Proposition 7.4, can be viewed as tropical analogues of such
arguments from classical algebraic geometry.
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Other steps seem more difficult to translate. In the limit linear series proofs
of Gieseker—Petri, both [Eisenbud and Harris 1983] and [Castorena et al. 2012]
assume the multiplication map is not injective and use a degeneration argument
to construct a divisor in |K x| of impossible degree. We assume the multiplication
map is not injective and reach a contradiction by constructing an impossible di-
visor in | K|, but it is not the degree of this divisor that creates the contradiction.
Our argument relies on Proposition 3.5 and Lemma 4.4 to show that the divisor
has impossible shape.

The relations to the geometry of the Deligne-Mumford compactification of .,
are also different. Limit linear series arguments produce stable curves corresponding
to points in the boundary of Jthg that are not in the closure of the Gieseker—Petri
special locus, whereas the special fibers of our models are semistable, but necessarily
unstable, and their stabilizations are always in the closure of the hyperelliptic locus.
(Limit linear series arguments may also involve semistable curves that are not stable,
but the configurations of rational curves collapsed by stabilization tend to play
an incidental role. In sharp contrast, the precise combinatorial configurations of
collapsed curves are essential to our arguments.)

It may still be tempting to try to interpret the tropical approach as a rephrasing or
retranslation of classical degeneration arguments, at least in broad strokes, but there
are fundamental obstacles to overcome. As explained above, the data in our tropical
arguments are in some sense strictly complementary to the data involved in limit
linear series. We work primarily in the component group of the Néron model of the
Jacobian (or its analytic counterpart, the tropical Jacobian) whereas classical limit
linear series are defined only in the case where this component group is trivial. On the
other hand, the limit linear series approach depends on computations in the compact
part of the Jacobian of the special fiber, which is trivial in the cases we consider.

Finally, we note that even the tropical Riemann—Roch theorem has not been
reinterpreted or reproved using classical algebraic geometry, despite multiple at-
tempts. Our proof of Gieseker—Petri uses this result in a crucial way, to control the
shapes of effective canonical divisors (Lemma 4.4), so any satisfying interpretation
of our argument in terms of classical degeneration methods should explain tropical
Riemann—Roch as well.

Remark 1.5. In Section 6, we give a simplified proof of Theorem 1.1 in the special
case where p(g, r, d) is zero. The simplified argument in this special case is essen-
tially combinatorial, and relies on the classification of special divisors on a chain
of loops in terms of rectangular tableaux [Cools et al. 2012] and the interpretation
of adjunction in terms of transposition [Agrawal et al. 2013]. It does not involve
algebraic geometry over the residue field or the Poincaré—Lelong formula.
Although the guts of the argument are different, the overall structure of the proof
by contradiction is the same as in the general case. We assume that the multiplication
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map has nonzero kernel, deduce that certain carefully constructed collections of
piecewise linear functions are tropically dependent, and use this dependence to
produce a canonical divisor of impossible shape. Although this section is not
logically necessary, we believe that most readers will find it helpful to work through
this special case first, as we did, before proceeding to the proof of Theorem 1.1.

2. Background

We briefly review the theory of divisors and divisor classes on metric graphs, along
with relations to the classical theory of algebraic curves via Berkovich analytification
and specialization to skeletons. For further details and references, see [Baker and
Norine 2007; Baker 2008; Baker et al. 2011; Amini and Baker 2014].

2A. Divisors on graphs and Riemann—Roch. Let I" be a metric graph. A divisor
on I is a finite formal sum

D =ayv; + - - -+ ayvy,

where the v; are points in I" and the coefficients a; are integers. The degree of a
divisor is the sum of its coefficients

deg(D) =a; +--- +as,

and a divisor is effective if all of its coefficients are nonnegative. We say that an
effective divisor contains a point v; if its coefficient a; is strictly positive. We will
frequently consider questions about whether a given effective divisor D contains at
least one point in a connected subset I'' C I'. See, for instance, Section 3B.

Let PL(I") be the additive group of continuous piecewise linear functions i with
integer slopes on I'. (Throughout, all of the piecewise linear functions that we
consider have integer slopes.) The order of such a piecewise linear function i at a
point v is the sum of its incoming slopes along edges containing v, and is denoted
ord, (). Note that ord, (¥) is zero for all but finitely many points v in ', so

div(y) =) ord,(¥) v

vell

is a divisor. A divisor is principal if it is equal to div(y) for some piecewise linear
function v, and two divisors D and D’ are equivalent if D — D’ is principal. Note
that every principal divisor has degree zero, so the group Pic(I") of equivalence
classes of divisors is graded by degree.

Let D be a divisor on I'. The complete linear series | D] is the set of effective
divisors on I" that are equivalent to D, and

R(D) ={y e PL(I') | D 4 div(y) is effective}.
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These objects are closely analogous to the complete linear series of a divisor on an
algebraic curve and the vector space of rational functions with poles bounded by
that divisor. There is a natural surjective map from R(D) to | D] taking a piecewise
linear function v to div(y) + D, and two functions v and ¥" have the same image
in |D| if and only if ¥ — ¢ is constant. The vector space structure on rational
functions with bounded poles is analogous to the tropical module structure on R(D).
Addition in this tropical module is given by the pointwise minimum,; if v, ..., ¥,
are in R(D) and by, ..., b, are real numbers, then the function 8 given by

0(v) = min{y; (v) +b;}.

is also in R(D) [Haase et al. 2012].

The rank r (D) is the largest integer r such that D — E is equivalent to an effective
divisor for every effective divisor E of degree r. In other words, a divisor D has
rank at least r if and only if its linear series contains divisors that dominate any
effective divisor of degree r. This invariant satisfies the following Riemann—Roch
theorem with respect to the canonical divisor Kr =), _-(deg(v) —2) v:

Tropical Riemann—Roch Theorem [Baker and Norine 2007; Gathmann and Ker-
ber 2008; Mikhalkin and Zharkov 2008]. Let D be a divisor on a metric graph T’
with first Betti number g. Then

r(D) — r(Kr — D) = deg(D) — g + 1.

Remark 2.1. Although it is closely analogous to the classical Riemann—Roch
theorem for curves, the tropical Riemann—Roch theorem has no known proof via
algebraic geometry. Indeed, neither of these results is known to imply the other.

2B. Specialization of divisors from curves to graphs. Throughout, we work over
a fixed algebraically closed field K that is complete with respect to a nontrivial
valuation

val: K* — R.

Let R C K be the valuation ring, and let « be the residue field.

Let X be an algebraic curve over K. The underlying set of the Berkovich analytic
space X" consists of the closed points X (K) together with the set of valuations on
the function field K (X) that extend the given valuation on K. We write

val, : K(X) = RU {400}
for the valuation corresponding to a point y in X"\ X (K).

Remark 2.2. We treat the points in X (K) differently, because they do not corre-
spond to valuations on the function field K (X). Nevertheless, one can still study
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the closed points in terms of generalized valuations on rings, as follows. If U C X
is any affine open neighborhood of a closed point x € X (K), then the map

val, : Ox(U) - RU {+o00}

is a ring valuation. Note that val,, unlike a valuation on a field, may take a nonzero
element to +00.

The topology on X" is the weakest containing U*" for every Zariski-open U
in X and such that, for any f € Ox(U), the function taking x € U*" to val,(f)
is continuous.

The points in X (K) are called type-1 points of X?", and the remaining points in
X*\ X (K) are classified into three more types according to the algebraic properties
of the corresponding valuation on K (X). For our purposes, the most relevant points
are type-2 points, the points y such that the residue field of K (X) with respect to
val, has transcendence degree 1 over k. We write X, for the smooth projective
curve over the residue field of K with this function field.

Remark 2.3. By passing to a spherically complete extension field whose valuation
surjects onto R, one could assume that all points in X" \ X (K) are of type-2.

Suppose X is smooth and projective. Then X has a semistable vertex set, a
finite set of type-2 points whose complement is a disjoint union of a finite number
of open annuli and an infinite number of open balls. Each semistable vertex set
V C X?" corresponds to a semistable model ¥y of X. The normalized irreducible
components of the special fiber Xy are naturally identified with the curves X y, for
y € V, and the preimages of the nodes in ¥y under specialization are the annuli
in X* \ V. The annulus corresponding to a node where X, meets X, contains
a unique embedded open segment with endpoints y and y’, whose length is the
logarithmic modulus of the annulus. The union of these open segments together
with V is a closed connected metric graph embedded in X"\ X (K) with a natural
metric. We write I'y for this metric graph, and call it the skeleton of the semistable
model Xy . If X has genus at least 2, which we may assume since the Gieseker—Petri
theorem is trivial for curves of genus 0 and 1, there is a unique minimal semistable
vertex set in X*". We write I" for the skeleton of this minimal semistable vertex set,
and call it simply the skeleton of X?".

Each connected component of X"\ I has a unique boundary point in I", and
there is a canonical retraction to the skeleton

X 51T

taking a connected component of X*"\ I" to its boundary point. Restricting to X (K)
and extending linearly gives the tropicalization map on divisors

Trop : Div(X) — Div(I").
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This map respects rational equivalence of divisors, as follows.

Let f € K(X) be a rational function. We write trop(f) for the real-valued
function on the skeleton I" given by y > val, (f). The function trop( f) is piecewise
linear with integer slopes. Furthermore, if y is a type-2 point and trop(f)(y) =0,
then the residue fy is a nonzero rational function on X, whose slope along an edge
incident to y is the order of vanishing of fy at the corresponding node. This is the
nonarchimedean Poincaré—Lelong formula, due to Thuillier; see [Thuillier 2005]
and [Baker et al. 2011, §5]. One immediate consequence of this formula is that the
tropical specialization map for rational functions

trop : K(X)* — PL(I")

is compatible with passing to principal divisors. More precisely, for any nonzero
rational function f € K(X), we have

Trop(div(f)) = div(trop(f)).

Therefore, the tropicalization map on divisors respects equivalences and descends
to a natural map on Picard groups

Trop : Pic(X) — Pic(I").

Furthermore, since tropicalizations of effective divisors are effective, if Dy is a
divisor on X and f is a rational function in £(Dy), then trop( f) is in R(Trop(Dy)).
This leads to the following version of Baker’s specialization lemma:

Lemma 2.4. Let Dx be a divisor on X. Then r(Trop(Dyx)) > r(Dx).
Here, the rank r(Dy) is the dimension of the complete linear series of Dy on X.

Remark 2.5. The specialization lemma and Riemann—Roch theorem together imply
that Trop(Kx) = Kr, and hence tropicalization respects adjunction. In other words,
Trop(Kx — Dx) = Kr — Trop(Dy).

Remark 2.6. Note that trop(£(Dy)) is often much smaller than R(Trop(Dy)). It

is difficult in general to determine which piecewise linear functions in R(Trop(Dyx))
are tropicalizations of rational functions in £(Dy).

3. Tropical multiplication maps

We now introduce a basic tropical lemma for studying linear dependence of rational
functions and ranks of multiplication maps on linear series.

3A. Tropical independence. Let fy, ..., f, be rational functions on X. Suppose
{fo, ..., f+} is linearly dependent, so there are constants cy, ..., ¢, in K, not all
zero, such that

cofot+--+ec fr=0.
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Then, for any point v € X?", the minimum of the valuations

{valy(co fo). .., valy(cr fi)}

must occur at least twice. In particular, if fy, ..., f, are linearly dependent in K (X)
then there are real numbers by, ..., b, such that the minimum of the piecewise
linear functions {trop(fo) + bo, ..., trop(f») + b,} occurs at least twice at every

point of the skeleton I'. Here, take b; = val(c;) if ¢; is nonzero, and otherwise
make b; sufficiently large such that v; 4 b; is never minimal.

Definition 3.1. A set of piecewise linear functions {y, ..., ¥} is tropically de-
pendent if there are real numbers by, . .., b, such that the minimum

min{yo(v) + bo, ..., ¥r(v) + by}
occurs at least twice at every point v in I.

If there are no such real numbers by, .. ., b, then we say {Vr, . .., ¥} is tropically
independent.

Lemma 3.2. Let Dy and Ex be divisors on X, with { fy, ..., f;} and {go, . . ., g}
bases for (Dx) and £(Ex), respectively. If {trop( f;) + trop(g;)}; is tropically
independent, then the multiplication map

p:E(Dx) ® £(Ex) — £(Dx + Ex)
is injective.
Proof. The elementary tensors f; ® g; form a basis for £(Dy) ® £(Ex). The image
of f; ® g; under p is the rational function f;g;, and these are linearly independent,
since their tropicalizations are tropically independent. (|
Remark 3.3. The main difficulty in applying this lemma is that one must prove the
existence of rational functions in the algebraic linear series whose tropicalizations

have the appropriate independence property. Finding such piecewise linear functions
in the tropical linear series is not enough.

3B. Shapes of equivalent divisors. Here we prove a technical proposition about
how the tropical module structure on R(D) is reflected in the shapes of divisors in
| D|. The proposition will be particularly useful when combined with our notion of
tropical dependence of piecewise linear functions.

Lemma 3.4. Let D be a divisor on a metric graph I, with Y, ..., ¥, piecewise
linear functions in R(D), and let

0 = min{yo, ..., ¥}

Let T'; C T be the closed set where 6 = ;. Then div(0) + D contains a point
v eI’ ifand only if v is in either
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(1) the divisor div(y;) + D, or
(2) the boundary of T';.

Proof. 1f {; agrees with 6 on some open neighborhood of v, then ord,(6) =
ord, (), and hence div() + D contains v if and only if div(y;) + D does. On
the other hand, if v is in the boundary of I'; then there is an edge containing v
such that the incoming slope of 6 along this edge is strictly greater than that of v/},
and the incoming slope of 6 along any other edge containing v must be at least as
large as that of ;. By summing over all edges containing v, we find that ord, (0)
is strictly greater than ord,(/;). Since div; + D is effective, by hypothesis, it
follows that the coefficient of v in div(6) + D is strictly positive, as required. [

Proposition 3.5. Let D be a divisor on a metric graph U, with ¥y, ..., ¥, in
R(D), and
6 = min{yry, ..., ¥, }.

Let T C T be a connected subset, and suppose that div(y ;) + D contains a point
in T for all j. Then div(0) + D also contains a point in T,

Proof. Pick j such that 6 is equal to ¥; at some point in I', and let

Fi={vel|0@) =1y,)}.

If F} is properly contained in I'/, then its boundary is nonempty, since I'’ is con-
nected, and each of the boundary points is contained in div(6) + D, by Lemma 3.4.

Otherwise, if 0 agrees with ¥; on all of I'”, then div(6) + D contains the points
of div(y;) + D in I/, and the proposition follows. U

4. The chain of loops with bridges

We now restrict attention to the specific graph I' shown in Figure 1, consisting of a
chain of g loops separated by bridges. Throughout, we assume that the loops of "
have generic edge lengths in the same sense as in [Cools et al. 2012], meaning that
£;/m; is never equal to the ratio of two positive integers whose sum is less than or
equal to 2g — 2.

4A. Reduced divisors. Fix a point v € I'. Recall that an effective divisor D is
v-reduced if the multiset of distances from v to points in D is lexicographically
minimal among all effective divisors equivalent to D. Every effective divisor is
equivalent to a unique v-reduced divisor, and the rank of a v-reduced divisor is
bounded above by the coefficient of v. In particular, if D is a v-reduced divisor that
does not contain v, then (D) is zero. See [Luo 2011, Proposition 2.1].

It is relatively straightforward to classify v-reduced divisors on I". We will only
need the special case of w,-reduced divisors. For each i, let y; be the i-th loop
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Figure 2. A decomposition of I.

minus w;, the union of the two half-open edges [v;, w;), and let br; be the half-open
bridge [w;, vi+1). Note that I' decomposes as a disjoint union

=y ubriu---Uye U{wg},
as shown in Figure 2.
Proposition 4.1. An effective divisor D is wg-reduced if and only if it contains
(1) no points in the bridges bry, ..., brg_y, and
(2) at most one point in each cell yi, . .., y,.

Proof. This is a straightforward application of Dhar’s burning algorithm, as in
[Cools et al. 2012, Example 2.6]. O

4B. The shape of a canonical divisor. As mentioned in the introduction, our strat-
egy is a proof by contradiction; we assume that a multiplication map has nonzero
kernel and use Proposition 3.5 to construct a canonical divisor of impossible shape.

The following basic lemma, which we state and prove but do not use, restricts
the possibilities for the shape of a canonical divisor on an arbitrary graph:

Lemma 4.2. Let I'" be a metric graph of genus g, let ey, ..., e, be disjoint open
edges of T" whose complement is a tree, and let D be an effective divisor equivalent
to Kr. Then at least one of the open edges ey, . .., e, contains no point of D.

Proof. Suppose that each open edge ey, ..., e, contains a point of D, let p;
be a point in ¢;, and let D" = p; + --- + p,. Since K — D’ is effective, by
construction, the tropical Riemann—Roch theorem says that r(D’) is at least 1.
However, Dhar’s burning algorithm [1990] shows that D’ is v-reduced for any
point v in the complement of e; U- - - Ue,. Since D’ does not contain v, it follows
that r(D’) is zero. O

Remark 4.3. Lemma 4.2 also follows from the rigidity of effective representatives
for classes in the relative interiors of top-dimensional cells in the natural subdivision
of Pic, (I') into parallelotopes studied by An, Baker, Kuperberg, and Shokrieh [An
et al. 2014, Lemma 3.5].

On the chain of loops with bridges, we can use the classification of w,-reduced
divisors to refine the preceding lemma as follows:
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Lemma 4.4. Let D be an effective divisor equivalent to Kr. Then D contains no
point in at least one of the cells yy, ..., yq.

Proof. Suppose each cell yi, ..., y, contains a point of D. Let p; be a point of
Din y;, and let D' = p; +--- 4 p,. Then Kr — D' is equivalent to an effective
divisor, by construction, so the tropical Riemann—Roch theorem says that r(D’) is
at least 1. However, D’ is w,-reduced by Proposition 4.1 and does not contain wy,
so r(D’) is zero. O

Remark 4.5. Note that the point p; in the proof of Lemma 4.4 may be equal to
v; for some 2 <i < g, in which case the complement of {py, ..., pg} is not a tree.
For this reason, the lemma does not follow from Lemma 4.2. We use Lemma 4.4
to obtain contradictions and prove our main results at the end of Sections 6 and 7.

5. Preliminaries for the proof of injectivity

Let X be a curve over K with skeleton I', and let Dy be a divisor of degree d and
rank r on X. To prove that X is Gieseker—Petri general we must show that the
multiplication map uw is injective for every linear subspace W C £(Dy). It clearly
suffices to consider the case where W = £(Dyx). In other words, we must show that

w:L(Dx) @L(Kx — Dx) — £(Kx)

is injective.

Given Lemma 3.2, a natural strategy is to show that there are bases { f;} and {g;}
for £(Dyx) and (K x — Dyx), respectively, such that the set of piecewise linear
functions

{trop( f;) 4 trop(g;)}i;

is tropically independent. We prove the existence of such a basis when the Brill-
Noether number p(g, r, d) is zero. The following section, which treats this special
case, is not logically necessary for the proof of Theorem 1.1. However, the basic
strategy that we use is the same as in the general case, only the details are simpler.

Remark 5.1. When p(g, r, d) is positive, we do not know whether there are bases
{fi}, {g;} for £(Dx) and £(K x — Dx), respectively, such that {trop( f;)+trop(g;)}
is tropically independent.

6. A special case: Brill-Noether number zero

The results of this sections are not used in the proof of Theorem 1.1, but working
through this special case where p(g, r, d) is zero before proceeding to the proof of
the general case should be helpful for most readers. An overview of the argument
is as follows.
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We start by assuming that the multiplication map has a kernel, and therefore
the tropicalization of the image under p of any basis for £(Dx) @ $(Kx — Dyx) is
tropically dependent. We use this tropical dependence together with Proposition 3.5
to construct a divisor in | K| that violates Lemma 4.4, i.e., a canonical divisor of
impossible shape. When the Brill-Noether number is zero, the bases for £(Dy)
and £(Kx — Dyx) are explicit and canonically determined, and we only need to
choose one basis for each.

Additional subtleties in the general case include the choice of g different bases for
$(Dx) and L(Kx — Dx), one for each loop in I', and the application of Poincaré—
Lelong to control the slopes of tropicalizations along the bridges. Furthermore, the
bases are not explicit in the general case, but Lemma 7.2 gives the existence of
bases with the required properties.

Remark 6.1. For a completely different tropical proof of the Gieseker—Petri theo-
rem in the case p(g, r, d) = 0, using lifting arguments instead of tropical indepen-
dence, see [Cartwright et al. 2014, Proposition 1.6].

Suppose Dy is a divisor of degree d and rank » on X, with p(g, r, d) =0, and let
D be the v;-reduced divisor equivalent to Trop(Dyx). There are only finitely many
vi-reduced divisors of degree d and rank » on I', and they are explicitly classified
in [Cools et al. 2012]. These divisors correspond naturally and bijectively to the
rectangular standard tableau with (g —d +r) rows and (» 4 1) columns. Note that,
since p(g,r,d) =0, the genus g factors as

g=r+D(g—d+r).

In particular, the entries in the tableau corresponding to D are the integers 1, ..., g.
Fix the tableau corresponding to D. We label the columns from O to r and the
rows from O to g —d + r — 1. The tableau determines a Dyck path, consisting
of a series of points po, ..., p; in Z", as follows. We write ey, ..., e, for the
standard basis vectors on Z". The starting and ending point of the Dyck path is

pPo=pg=(r,.... 1),
and the i-th step p; — p;— is equal to

« the standard basis vector e; if i appears in the j-th column of the tableau, for
O0<j<r,or

o the vector (—1, ..., —1) if i appears in the last column.
The tableau properties exactly ensure that each p; lies in the open Weyl chamber
Xo > -+ >x,—1 > 0. We write p;(j) for the j-th coordinate of p;.

The divisor D can be recovered from the Dyck path as follows. The coefficient of
vy is r. If i appears in the j-th column of the tableau, for 0 < j < r, then D contains
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the point on the i-th loop at distance p;_1(j)m; modulo (¢; +m;) counterclockwise
from w; with coefficient 1. If i appears in the last column of the tableau, then D
contains no point in the i-th loop.

Remark 6.2. In this bijection, adjunction of divisors corresponds to transposition
of tableaux [Agrawal et al. 2013, Theorem 39]. Therefore, the v;-reduced divisor E
equivalent to Trop(Kx — Dy) is exactly the divisor corresponding to the transpose
of the tableau for D.

Proposition 6.3. For each integer 0 < j <r, there is a unique divisor D equivalent
to D such that Dj — jv; — (r — j)wy is effective. Moreover, y; contains no point of
Dj if and only if i appears in the j-th column of the tableau corresponding to D.

Proof. The divisor D, is exactly D. The remaining divisors D; are constructed
in the proof of Proposition 4.10 in [Cools et al. 2012] by an explicit chip-firing
procedure. One takes a pile of r — j chips from v; and moves it to the right. The
pile of chips changes size as it moves, and has p;(j) chips when it reaches v;. As
the pile moves across the i-th loop, there is a single chip left behind in the interior
of one of the edges unless i appears in the j-th loop, in which case the i-th loop is
left empty. When the pile reaches wy, it has p,(j) =r — j chips. Since j chips
were left at vy at the start of the procedure, D; — jv; — (r — j)w, is effective.
To see that D; is the unique divisor equivalent to D with this property, note that
D; — jv; — (r — j)w, does not move; it is effective and contains no points on the
bridges or at the vertices, and hence is v-reduced for every v in I'. (]

Similarly, for 0 <k < g —d +r — 1 there is a unique divisor E} equivalent to
the vi-reduced adjoint divisor E such that £y — kv — (g —d +r — 1 = k)w, is
effective, and y; contains no point of Ey if and only if i appears in the k-th row of
the tableau.

It follows that the g divisors D; + Ej are distinct and correspond to the loops of
I", as follows.

Corollary 6.4. The connected subset y; C I" contains no point of D; + Ej if and
only if i appears in the j-th column and k-th row of the tableau corresponding to D.

Proposition 6.5. There is a basis fy, ..., fr for £(Dx) such that
Trop(Dx + le(f])) = Dj.

Proof. Let x and y be points in X (K) specializing to vy and wyg, respectively. Since
Dy has rank r, there is a rational function f; € £(Dx) such that Dy + div(f;)
contains x with coefficient at least j and y with coefficient at least »r — j. Then
Trop(Dyx + div(f;)) is an effective divisor and contains vy and w, with coefficient
at least j and r — j, respectively. By Proposition 6.3, Trop(Dyx + div( f;) must be
equal to D;. (]
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Similarly, there is a basis {go, ..., §¢—d+r—1} for £(Kx — Dx) such that
Trop(Kx — Dx +div(gy)) = Ex.
We proceed to study the piecewise linear functions

¢; =trop(f;) and Yy = trop(gy).

Note that D +div(¢;) = D; and E +div(y) = E, and this determines each ¢,
and Y up to an additive constant.

Theorem 6.6. The set of g piecewise linear functions {¢; + Y} is tropically
independent.

Proof. Suppose that {¢; + Y} jx is tropically dependent. Then there exist real
numbers b, such that the minimum

0= njlikn{qu + Vi +bji}

occurs at least twice at every point in I'. Note that D 4+ E 4+ div(f) is an effective
canonical divisor, since R(D 4+ E) is a tropical module and D and E are adjoint.

We claim that D + E + div 6 contains a point in each y;. Choose jg and kg such
that i appears in the jyp-th column and ko-th row of the tableau corresponding to D.
Then Corollary 6.4 says that D + E +div(¢; + ¥ + b ;) contains a point in y; for
(j, k) # (jo, ko). Also, since the minimum of {¢; + ¥ + b} occurs at least twice
at every point of I', we have

f = min i+ Y+ b}
Gy P7 F Vit b
Therefore, by Proposition 3.5, the divisor D + E + div(6) contains a point in y;, as
claimed.
We have shown that D+ E +div(0) is an effective canonical divisor that contains
a point in each of y1, ..., y,. But this is impossible, by Lemma 4.4. O

7. Proof of Theorem 1.1

As in the previous two sections, let X be a smooth projective curve of genus g over
K with skeleton I'. Since skeletons are invariant under base change with respect to
extensions of algebraically closed valued fields, we can and do assume that K is
spherically complete.

Remark 7.1. Spherical completeness is equivalent to completeness for discretely
valued fields, but stronger in general. We use spherical completeness only in the
proof of Lemma 7.2, to ensure that normed K -vector spaces have orthogonal bases.
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Figure 3. The skeleton I'y.

Let Dy be an effective divisor on X. We must show that the multiplication map
n:E(Dx)RL(Kx — Dx) — £(Dx)

is injective. This is trivial if £(Kx — Dyx) is zero, so we assume there is an effective
divisor Ey equivalent to Ky — Dx. We may also assume v; and w, are type-2
points, and choose type-2 points wg and vg in the connected components of
X\ T with boundary points v; and wyg, respectively. Then

V={vi,..., 051, wo, ..., Wg}

is a semistable vertex set, with skeleton I'y D I' as shown in Figure 3.

Let &y be the semistable model of X associated to V, with X; the component
of the special fiber ¥y corresponding to v;, and x; € X; the node corresponding to
the edge e; = [w;_1, v;], for 1 <i < g+ 1.

Recall that the reduction of f in « (X;)* is the residue of af with respect to the
valuation val,, on K (X), where a € K* is chosen such that val,, (af) = 0 [Amini
and Baker 2014]. This reduction is defined only up to multiplication by elements
of «*, but its order of vanishing at x; is independent of all choices. Similarly, if
fo, ..., fr are rational functions in K (X)*, then the «-span of their reductions in
k(X;) is independent of all choices. In particular, it makes sense to talk about
whether these reductions are linearly independent.

Lemma 7.2. Let Dx be a divisor of rank r on X. For each 1 <i < g, there is a
basis fo, ..., fr for £(D) such that

(1) the reductions of fo, ..., fr in k(X;) have distinct orders of vanishing at x;,
and
(2) the reductions of fo, ..., fr in k(X;41) are linearly independent.

Proof. We consider £(Dy) as a normed vector space over K, with respect to the
norms | |; and | |;4+; whose logarithms are — val(v;) and — val(v; ), respectively,
and use the basic properties of nonarchimedean normed vector spaces developed in
[Bosch et al. 1984, Chapter 2]. Since K is spherically complete, the vector space
$(Dyx) is K-cartesian [Bosch et al. 1984, 2.4.4.2], and since v; and v;4 are type-2
points, the image of £(Dyx) under each of these norms is equal to the image of
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K under its given norm. Therefore, £(Dy) is strictly K-cartesian [Bosch et al.
1984, 2.5.1.2], which means that all of its subspaces have orthonormal bases. So,
first choose an orthonormal basis for £(Dyx) with respect to | |;. The reductions
of these basis elements are linearly independent [Bosch et al. 1984, 2.5.1.3], so
we can take suitable combinations with coefficients in R* to ensure that they have
distinct orders of vanishing at x;.

Let fo, ..., f; be a basis for £(Dyx) whose reductions in «(X;) have strictly
decreasing order of vanishing at x;. Then, for each j, we can replace f; by a suitable
linear combination of fy, ..., f; thatis orthogonal to the span of f, ..., fj—1 with
respect to | |;+1. This does not change the order of vanishing at x; of the reduction
in x(X;), but ensures that the reductions in « (X; ;) are linearly independent. [

This lemma, closely analogous to [Eisenbud and Harris 1983, Lemma 1.2], will
be especially useful in combination with the following identity relating orders of
vanishing of reductions of rational functions to the slopes of their tropicalizations.
For any piecewise linear function v on I'y, we write s; (1) for the incoming slope
of Y at v; along e;. Suppose ¥ = trop( f) for some rational function f in K (X)*.
Then Thuillier’s nonarchimedean analytic Poincaré-Lelong formula [Thuillier 2005;
Baker et al. 2011] says that s; (trop( f)) is the order of vanishing at x; of the reduction
of f in k(X;).

Fix a basis fy, ..., fr for £(Dx) whose reductions in « (X;) have distinct orders
of vanishing at x; and whose reductions at X;;; are linearly independent. Let
ap, ..., a, be constants in K. Define

Y = trop(ao fo+- - - +ar fr),
Y’ = min{trop( fo) + val(ap), ..., trop( f;) + val(a,)}.

Note that ¥ (v) > v¥’'(v) for all v, with equality when v is equal to v; or v;;.
This is because the reductions of the a; f; in both « (X;) and « (X;41) are linearly
independent.

Proposition 7.3. The piecewise linear functions W and ' are equal on some
nonempty interval (v, v;) C e;.

Proof. The two functions ¥ and ¥’ agree at any point v where the minimum
of {trop( fo)(v) + val(ay), ..., trop(f;)(v) + val(a,)} occurs only once. By con-
struction, the reductions of fy, ..., fr in K (X;) have distinct orders of vanishing
at x;, so the Poincaré—Lelong formula says that trop(fp), . . ., trop( f) have distinct
incoming slopes at v; along ¢;. It follows that the minimum occurs only once on
some open interval (v, v;), and ¥ and v agree on this interval. U

The final ingredient in our proof of Theorem 1.1 is the following proposition
relating slopes along bridges to shapes of divisors in a linear series on I'y:
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Proposition 7.4. Let D be an effective divisor of degree at most 2g —2 on 'y,
and let Vo, ..., ¥, € R(D) be piecewise linear functions with distinct incoming
slopes at v; along e;, for some 1 < i < g. Then at most one of the divisors
D +div(yy), ..., D +div(y,) contains no point in ;.

Proof. Let I be the union of the i-th loop together with a small closed subsegment of
[v, v;] C [w;—1, v;] along which ¥, . . ., 1, all have constant slope. We may choose
v sufficiently close to v; so that D contains no points in [v, v;). Let D’ = D|r and
wj’. = ¥ |r. Note that the coefficient of v in div(w}) is —s; (), and D"+ div(wl;.)
agrees with D + div(y/;) on y;. We now show that at most one of the divisors
D + diV(lﬁ}) contains no point in y;.

Suppose D’ + div(w}) and D"+ div(y;) both contain no point in ;. Then both
of these divisors are supported at v and w;. Subtracting one from the other, we find
an equivalence of divisors

(i (¥j) —si(W))v ~ (si(¥j) —s: (i) w;

on I'". Note that s;(;) is bounded above by the sum of the coefficients of D at
points to the left of v; and bounded below by minus the sum of its coefficients at v;
and to the right. Similarly, —s; (1) is bounded above by the sum of the coefficients
of D at v; and to the right, and bounded below by minus the sum of its coefficients at
points to the left of v;. Therefore, |s; (v;) — s; ()| is bounded by the degree of D.
The equivalence above then implies that £; /m; is a ratio of two positive integers
whose sum is less than or equal to the degree of D, contradicting the genericity
hypothesis on the edge lengths. (]

Proof of Theorem 1.1. Suppose the multiplication map
w:E(Dx) @ L(Ex) — £(Kx)

has nonzero kernel. For 1 <i < g, let {fé, el f,i} be a basis for £(Dy) consisting
of rational functions whose reductions in « (X;) have distinct orders of vanishing
at x; and whose reductions in «(X;4) are linearly independent. Similarly, let
{gé, cel, g;_ d+r—1) be abasis for $(Ex) consisting of rational functions satisfying
the same conditions.
Fix an element in the kernel of w. Then, for each i, we can express this element

uniquely as a sum of elementary tensors

D 4t ® g

jk
Define a piecewise linear function

6 = min{rop(f) +trop(g}) + val(a,)),

and note that the minimum must occur at least twice at every point in I'y.
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Replacing {fé, R fri} by {af(f, R afri} for some a € K*, we may assume
that 6; (vi4+1) = 6;+1(vi4+1) for 1 <i < g, and proceed by patching these piecewise
linear functions together.

Let 0 be the unique continuous piecewise linear function on I'y that agrees with
6; between v; and v;4 for 1 <i < g. A priori, it is not clear whether 6 is in the
tropical linear series R(D + E), where

D =Trop(Dx) and E =Trop(EY).

Nevertheless, we claim not only that D + E + div(0) is effective but also that
it contains a point in y;, for 1 <i < g. (Note that & may or may not be the
tropicalization of a rational function in £(Dx + Ex).)

First we show that D + E + div(9) is effective. In the open subgraph between
v; and v;41, the divisor D 4+ E 4 div(9) agrees with D + E + div(6;), which is
effective because R(D + E) is a tropical module that contains trop( f }) + trop(g,i)
for all j and k. It remains to check that the coefficient of v; is nonnegative. Since
D + E + div(6;) is effective, it will suffice to show

5i(0;—1) = 5:(6;).

We prove this by changing coordinates in two steps, first replacing the basis { f ]’ }i
with {f;—l}j and then replacing the basis {g}}; with {g}~'};.

Fix k, write
Dty =D bisfi
J J
and define
0 = rIJ;i](n{trop(f;_l) + trop(g;) +val(b; 1)}
Note that

min{trop(f; ") (vi) + val(b; 1)} = min{trop(f}) (v;) + val(a} )},
J J
since the reductions of bgth {f j’ }j and {f J’:_] }j in k(X;) are linearly independent.
By adding the constant g; (v;) and taking the minimum over all k, we see that
0" (vi) =6 (v;).
We now examine the slopes s;(#) and s;(0’). At any point v on the edge between

w;_1 and v;, we have

trop(Z bj,kf;'—l) (v) = min{trop(b) + trop(f;~ )} ().

J

Since this inequality holds with equality at v;, it follows that
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i (trOP(Z bj,kf}_l» <si (Injin{trol)(bj,k) + trOP(f}_l)})
j

Now Proposition 7.3 tells us that, on some nonempty interval (v, v;) C e;,
trop (Z bk fjf'l) = m/in{trop(aj.’k) + trop(fj)}.
J ’

Taking the minimum over all £ with min{trop(a;’k) +trop(f})}(vi) +trop(g]i)(vi) =
6 (v;), we see that !
5i(60;) < 5i(0").

A similar argument, fixing j and replacing the basis {gf(} with {g,i_l}, shows
that s;(0") < s;(6;_1), as required. This proves that D + E + div(0) is effective. It
remains to show that D + E + div(@) contains a point in each cell yi, ..., y,.

We now show that D+ E +div(6) contains a point in ;. By Proposition 7.4, there
is at most one index j such that D +div(trop( f ]’ )) contains no point in y;. Similarly,
there is at most one index k such that £ —i—div(trop(g,i)) contains no point in y;. Call
these indices jy and kg, respectively, if they exist. Note that, for (j, k) # (jo, ko),
the divisor D + E + div(trop( f ;)) + diV(trop(g,i)) contains a point in y;.

The minimum of the piecewise linear functions trop( f J‘ )+div(trop(g,"{))+val(a§.’ )
occurs at least twice at every point, by hypothesis. Thus

6; = (j’k)rgi&,ko){trop(f;) + div(trop(gy)) + Val(a}’k)}.
Then Proposition 3.5 says that D 4+ E 4 div(6;) contains a point in y;. Now,
D + E +div(9) agrees with D + E + div(6;) on y; \ {v;}. Furthermore, since
5;(6;) < s;(6;—1), the coefficient of v; in D + E + div(0) is greater than or equal
to the coefficient of v; in D + E + div(6;). It follows that D + E + div(@) also
contains a point in y;, as claimed.

Pushing forward the divisor D+ E +div(6) under the natural contraction 'y — I

gives an effective canonical divisor that contains a point in each cell y, ..., y,.
But this is impossible, by Lemma 4.4. (]
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We prove distribution estimates for primes in arithmetic progressions to large
smooth squarefree moduli, with respect to congruence classes obeying Chinese

remainder theorem conditions, obtaining an exponent of distribution % + %7@.

1. Introduction 2067
2. Preliminaries 2075
3. Applying the Heath-Brown identity 2083
4. One-dimensional exponential sums 2094
5. Type I and Type II estimates 2112
6. Trace functions and multidimensional exponential sum estimates 2138
7. The Type III estimate 2167
8. Animproved Type I estimate 2181
About this project 2195
Acknowledgements 2195
References 2196

1. Introduction

In May 2013, Y. Zhang [2014] proved the existence of infinitely many pairs of
primes with bounded gaps. In particular, he showed that there exists at least one
h > 2 such that the set

{p prime : p 4 h is prime}

is infinite. (In fact, he showed this for some even & between 2 and 7 x 107, although
the precise value of 4 could not be extracted from his method.)

Zhang’s work started from the method of Goldston, Pintz and Yildirim [Goldston
et al. 2009], who had earlier proved the bounded gap property, conditionally on
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distribution estimates concerning primes in arithmetic progressions to large moduli,
i.e., beyond the reach of the Bombieri—Vinogradov theorem.

Based on work of Fouvry and Iwaniec [1985; 1980; 1983; 1992] and Bombieri,
Friedlander and Iwaniec [Bombieri et al. 1986; 1987; 1989], distribution estimates
going beyond the Bombieri—Vinogradov range for arithmetic functions such as
the von Mangoldt function were already known. However, they involved restric-
tions concerning the residue classes which were incompatible with the method of
Goldston, Pintz and Yildirim.

Zhang’s resolution of this difficulty proceeded in two stages. First, he isolated a
weaker distribution estimate that sufficed to obtain the bounded gap property (still
involving the crucial feature of going beyond the range accessible to the Bombieri—
Vinogradov technique), where (roughly speaking) only smooth (i.e, friable) moduli
were involved and the residue classes had to obey strong multiplicative constraints
(the possibility of such a weakening had been already noticed by Motohashi and Pintz
[2008]). Secondly, and more significantly, Zhang then proved such a distribution
estimate.

This revolutionary achievement led to a flurry of activity. In particular, the
POLYMATHS project was initiated by T. Tao with the goal first of understanding,
and then of improving and streamlining, where possible, the argument of Zhang.
This was highly successful, and through the efforts of a number of people, reached
a conclusion in October 2013, when the first version of this paper [Polymath 2014a]
established the bounded gap property in the form

liminf(p,+1 — pn) < 4680,

where p, denotes the n-th prime number.

However, at that time, J. Maynard [2013] obtained another conceptual break-
through, by showing how a modification of the structure and of the main-term
analysis of the method of Goldston, Pintz and Yildirim was able to establish not
just the bounded gap property using only the Bombieri—Vinogradov theorem (in
fact the bound

liminf(pn4+1 — pn) < 600
obtained was significantly better than the one obtained by POLYMATHS), but also
the bounds

liminf(pp 4k — pn) < +00
for any fixed k > 1 (in a quantitative way), something which was out of reach of

the earlier methods, even for kK = 2. (Similar results were obtained independently
in unpublished work of Tao.)
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Because of this development, a part of the POLYMATHS paper became essentially
obsolete. Nevertheless, the distribution estimate for primes in arithmetic progres-
sions are not superseded by the new method, and they have considerable interest
for analytic number theory. Indeed, it is the best known result concerning primes in
arithmetic progressions to large moduli without fixing the residue class. (When the
class is fixed, the best results remain those of Bombieri, Friedlander and Iwaniec
[Bombieri et al. 1986], improving on those of [Fouvry and Iwaniec 1983].) The
results here are also needed to obtain the best known bounds on lim inf(py,+x — pn)
for large values of k; see [Polymath 2014b].

The present version of the work of POLYMATHS& therefore contains only the
statement and proof of these estimates. We note however that some of the earlier
version is incorporated in our subsequent paper [Polymath 2014b], which builds
on Maynard’s method to further improve many bounds concerning gaps between
primes, both conditional and unconditional. Furthermore, the original version of this
paper, and the history of its elaboration, remain available online [Polymath 2014a].

Our main theorem is:

Theorem 1.1. Let 60 = % + 37@. Let ¢ > 0 and A > 1 be fixed real numbers. For
all primes p, let a, be a fixed invertible residue class modulo p, and for q > 1
squarefree, denote by a, the unique invertible residue class modulo q such that
ay = a, modulo all primes p dividing q.

There exists § > 0, depending only on &, such that for x > 1, we have

> ‘w(x;q,a)— - ‘<< a—
7 9@@)] T (logx)A

q5x97£
qx‘s-smooth, squarefree
where the implied constant depends only on A, ¢ and &, and in particular is
independent of the residue classes (a,).

In this statement, we have, as usual, defined

Vg, a)= ) A,

n<x
n=a(q)

where A is the von Mangoldt function. Zhang [2014] established a weaker form
of Theorem 1.1, with § = % + ﬁ, and with the a, required to be roots of a
polynomial P of the form P(n) := ]_[lsjik;j#i (n+hj— h;) for a fixed admissible
tuple (hy,...,hx) andi =1, ..., k.

In fact, we will prove a number of variants of this bound. These involve either
weaker restrictions on the moduli (“dense-divisibility”, instead of smoothness,
which may be useful in some applications), or smaller values of 6 > %, but with
significantly simpler proofs. In particular, although the full strength of Theorem 1.1
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depends in crucial ways on applications of Deligne’s deepest form of the Riemann
hypothesis over finite fields, we show that, for a smaller value of 6 > %, it is possible
to obtain the same estimate by means of Weil’s theory of exponential sums in one
variable over finite fields.

The outline of this paper is as follows: in the next section, we briefly outline
the strategy, starting from the work of Bombieri, Fouvry, Friedlander, and Iwaniec
(in chronological order, [Fouvry and Iwaniec 1980; 1983; Friedlander and Iwaniec
1985; Bombieri et al. 1986; 1987; 1989; Fouvry and Iwaniec 1992]), and explain
Zhang’s innovations. These involve different types of estimates of bilinear or
trilinear nature, which we present in turn. All involve estimates for exponential
sums over finite fields. We therefore survey the relevant theory, separating that part
depending only on one-variable character sums of Weil type (Section 4), and the
much deeper one which depends on Deligne’s form of the Riemann hypothesis
(Section 6). In both cases, we present the formalism in sometimes greater generality
than strictly needed, as these results are of independent interest and might be useful
for other applications.

1A. Overview of proof. We begin with a brief and informal overview of the meth-
ods used in this paper.

Important work of Fouvry and Iwaniec [1980; 1983] and of Bombieri, Friedlander
and Iwaniec [Bombieri et al. 1986; 1987; 1989] had succeeded, in some cases, in
establishing distribution results similar to Theorem 1.1, in fact with 6 as large as
% + 11—4, but with the restriction that the residue classes a,, are obtained by reduction
modulo p of a fixed integer a > 1.

Following the techniques of Bombieri, Fouvry, Friedlander and Iwaniec, Zhang
used the Heath-Brown identity [1982] to reduce the proof of (his version of)
Theorem 1.1 to the verification of three families of estimates, which he called
“Type I”’, “Type I, and “Type III”. These estimates were then reduced to exponential
sum estimates, using techniques such as Linnik’s dispersion method, completion
of sums, and Weyl differencing. Ultimately, the exponential sum estimates were
established by applications of the Riemann hypothesis over finite fields, in analogy
with all previous works of this type. The final part of Zhang’s argument is closely
related to the study of the distribution of the ternary divisor function in arithmetic
progressions by Friedlander and Iwaniec [1985], and indeed the final exponential
sum estimate that Zhang uses already appears in their work (this estimate was
proved by Birch and Bombieri in [Friedlander and Iwaniec 1985, Appendix]). An
important point is that by using techniques that are closer to those of [Fouvry and
Iwaniec 1980], Zhang avoids using the spectral theory of automorphic forms, which
is a key ingredient in [Fouvry and Iwaniec 1983] and [Bombieri et al. 1986], and
one of the sources of the limitation to a fixed residue in these works.
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Our proof of Theorem 1.1 follows the same general strategy as Zhang’s, with
improvements and refinements.

First, we apply the Heath-Brown identity [1982] in Section 3, with little change
compared with Zhang’s argument, reducing to the “bilinear” (Types I/II) and “tri-
linear” (Type III) estimates.

For the Type I and Type II estimates, we follow the arguments of Zhang to reduce
to the task of bounding incomplete exponential sums similar to

Z (clfz+czn+l>
e\—— |,

N<n<2N q

(where e(z) = e?™%, and X denotes the inverse of x modulo ¢) for various parameters
N, c1, ¢3,1, q. We obtain significant improvements of Zhang’s numerology at this
stage, by exploiting the smooth (or at least densely divisible) nature of g, using the g-
van der Corput A-process of [Heath-Brown 1978] and [Graham and Ringrose 1990],
combined with the Riemann hypothesis for curves over finite fields. Additional
gains are obtained by optimizing the parametrizations of sums prior to application
of the Cauchy—Schwarz inequality. In our strongest Type I estimate, we also exploit
additional averaging over the modulus by means of higher-dimensional exponential
sum estimates, which now do depend on the deep results of Deligne. We refer to
Sections 4, 5 and 8 for details of these parts of the arguments.

Finally, for the Type III sums, Zhang’s delicate argument [2014] adapts and im-
proves the work of Friedlander and Iwaniec [1985] on the ternary divisor function in
arithmetic progressions. As we said, it ultimately relies on a three-variable exponen-
tial sum estimate that was proved by Birch and Bombieri in [Friedlander and Iwaniec
1985, Appendix]. Here, we proceed slightly differently, inspired by the streamlined
approach of Fouvry, Kowalski, and Michel [Fouvry et al. 2014b]. Namely, in
Section 7 we show how our task can be reduced to obtaining certain correlation
bounds on hyper-Kloosterman sums. These bounds are established in Section 6, by
fully exploiting the formalism of “trace functions” over finite fields (which relies on
Deligne’s second, more general proof of the Riemann hypothesis over finite fields
[1980]). The very general techniques presented in Section 6 are also used in the proof
of the strongest Type I estimate in Section 8, and we present them in considerable
detail in order to make them more accessible to analytic number theorists.

1B. Basic notation. We use |E| to denote the cardinality of a finite set E, and
1z to denote the indicator function of a set E; thus 1z(n) = 1 when n € E and
1z (n) = 0 otherwise.

All sums and products will be over the natural numbers N := {1, 2, 3, ...} unless
otherwise specified, with the exceptions of sums and products over the variable p,
which will be understood to be over primes.
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The following important asymptotic notation will be in use throughout most of
the paper; when it is not (as in Section 6), we will mention this explicitly.

Definition 1.2 (asymptotic notation). We use x to denote a large real parameter,
which one should think of as going off to infinity; in particular, we will implicitly
assume that it is larger than any specified fixed constant. Some mathematical
objects will be independent of x and referred to as fixed; but unless otherwise
specified we allow all mathematical objects under consideration to depend on x (or
to vary within a range that depends on x, e.g., the summation parameter n in the
sum . _, ., f(n)). If X and Y are two quantities depending on x, we say that
X =0(Y) or X <Y if one has |X| < CY for some fixed C (which we refer to as
the implied constant), and X = o(Y) if one has | X| < c¢(x)Y for some function c(x)
of x (and of any fixed parameters present) that goes to zero as x — oo (for each
choice of fixed parameters). We use X < Y to denote the estimate |X| < x°Dy,
X =< Y to denote the estimate ¥ <« X < Y, and X = Y to denote the estimate
Y < X < Y. Finally, we say that a quantity n is of polynomial size if one has
n=0x%").

If asymptotic notation such as O( ) or < appears on the left-hand side of a
statement, this means that the assertion holds true for any specific interpretation of
that notation. For instance, the assertion ), _ vy le(n)| =< N means that for each
fixed constant C > 0, one has ZIHISCN le(n)| < N.

If ¢ and a are integers, we write a | g if a divides q.
If ¢ is a natural number and a € Z, we use a (g) to denote the congruence class

a(q):={a+nqg:nelj,

and we denote by Z/qZ the ring of all such congruence classes. The notation
b=a (q) is synonymous to b € a (q). We use (a, gq) to denote the greatest common
divisor of @ and ¢, and [a, ¢] to denote the least common multiple.! More generally,
we let (q1, ..., qx) denote the greatest simultaneous common divisor of gy, . . ., gk.
We note in particular that (0, g) = ¢ for any natural number g. Note that a — (a, q)
is periodic with period ¢, and so we may also define (a, g) for a € Z/qZ without
ambiguity. We also let

(Z/q2)* :={a (q): (a,q) =1}

denote the primitive congruence classes of Z/qZ. More generally, for any commu-
tative ring R (with unity) we use R* to denote the multiplicative group of units. If
a € (Z/qZ)*, we use a to denote the inverse of a in Z/qZ.

I'When a, b are real numbers, we will also need to use (a, b) and [a, b] to denote the open and
closed intervals respectively with endpoints a, b. Unfortunately, this notation conflicts with the
notation given above, but it should be clear from the context which notation is in use. Similarly for the
notation a for a € Z/qZ, and the notation z to denote the complex conjugate of a complex number z.
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For any real number x, we write e(x) := e>7'*. We set eq(a):=e(a/q)= e?mialq
(see also the conventions concerning this additive character in Section 4A).
We use the following standard arithmetic functions:
(1) ¢(gq) :=1(Z/qZ)*| denotes the Euler totient function of g.
() t(g):=>_ dig 1 denotes the divisor function of ¢.
(iii)) A(g) denotes the von Mangoldt function of ¢, thus A(g) =logp if g is a
power of a prime p and A(g) = 0 otherwise.
(iv) 6(q) is defined to be equal to log g when ¢ is a prime and to be O otherwise.

(v) wu(gq) denotes the Mdobius function of ¢, thus w(g) = (— Dk if q is the product
of k distinct primes for some k& > 0 and u(g) = 0 otherwise.

(vi) (g) denotes the number of prime factors of ¢ (counting multiplicity).

The Dirichlet convolution ax 8 : N — C of two arithmetic functions &, 8 : N — C
is defined in the usual fashion as

axfn) = a(d (E>= a(a)B(b).
() ; @)B( bXZj (@Bb)

Many of the key ideas in Zhang’s work (as well as in the present article) concern
the uniform distribution of arithmetic functions in arithmetic progressions. For
any function « : N — C with finite support (that is, « is nonzero only on a finite
set) and any primitive congruence class a (q), we define the (signed) discrepancy
A(w; a (q)) to be the quantity

1
Alsa(g):= Y an)——: a(n). (1-1)
n=a @) v(@) ot

There are some additional concepts and terminology that will be used in multiple
sections of this paper. These are listed in Table 1.

We will often use the following simple estimates for the divisor function t and
its powers.

Lemma 1.3 (crude bounds on 7).
(1) (divisor bound) One has
7d) <1 (1-2)
whenever d is of polynomial size. In particular, d has o(log x) distinct prime
factors.
(ii) One has

> 1€(d) < ylog?™ x (1-3)
d<y

for any fixed C > 0 and any y > 1 of polynomial size.
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@ level of distribution Section 2

8 smoothness/dense divisibility parameter Section 2

i multiplicity of dense divisibility Definition 2.1
o Type I/III boundary parameter Definition 2.6

MPZ®"[w, 8] MPZ conjecture for densely divisible moduli Claim 2.3

Type![@, 8,01 Type I estimate Definition 2.6
Typeﬁ) [z, 8] Type II estimate Definition 2.6
Typeﬁl) [w,§,0] Type I estimate Definition 2.6
¥ squarefree products of primes in / Definition 2.2
P;  product of all primes in / Definition 2.2
9@ (y) i-tuply y-densely divisible integers Definition 2.1

FT,(f) normalized Fourier transform of f 4-11)
coefficient sequence at scale N Definition 2.5
Siegel-Walfisz theorem Definition 2.5
(shifted) smooth sequence at scale N Definition 2.5

Table 1. Notation and terminology.

(iii)) More generally, one has

Y ) « 2100 (g) log? D x 4 xV (1-4)
d<y 4

d=a (q)
for any fixed C > 0, any residue class a (q) (not necessarily primitive), and
any y > 1 of polynomial size.

Proof. For the divisor bound (1-2), see for example [Montgomery and Vaughan 2007,
Theorem 2.11]. For the bound (1-3), see Corollary 2.15 of the same book. Finally, to
prove the bound (1-4), observe using (1-2) that we may factor out any common factor
of a and ¢, so that a (¢) is primitive. Next, we may assume that ¢ <y, since the case
q > y is trivial by (1-2). The claim now follows from the Brun—Titchmarsh inequality
for multiplicative functions (see [Shiu 1980] or [Barban and Vehov 1969]). O

Note that we have similar bounds for the higher divisor functions

T (n) == Z 1

dy,....dy:dy--dy=n

for any fixed k > 2, thanks to the crude upper bound 1 (n) < T(n)k1.
The following elementary consequence of the divisor bound will also be useful:
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Lemma 1.4. Let g > 1 be an integer. Then for any K > 1 we have
> (kg) < KT(g).
I1<k<K
In particular, if q is of polynomial size, then we have

Y (@9 =g,

ael/qZ
and we also have

Y k.q) <Kq°+q
lk|<K

for any fixed ¢ > 0 and arbitrary q (not necessarily of polynomial size).

Proof. We have
k.q)< > d

dl(g.k)
and hence
Y k=) D d=<Ki(g. O
1<k<K dlg 1<k<K
dlk

2. Preliminaries

2A. Statements of results. In this section we will give the most general statements
that we prove, and in particular define the concept of “dense divisibility”’, which
weakens the smoothness requirement of Theorem 1.1.

Definition 2.1 (multiple dense divisibility). Let y > 1. For each natural number
i > 0, we define a notion of i-tuply y-dense divisibility recursively as follows:

(i) Every natural number 7 is O-tuply y-densely divisible.

(i1) If i > 1 and 7 is a natural number, we say that n is i-tuply y-densely divisible
if, whenever j, k > 0 are natural numbers with j +k=i—1,and 1 < R < yn,
one can find a factorization

n=gqr with y_1R§r§R 2-1)
such that ¢ is j-tuply y-densely divisible and r is k-tuply y-densely divisible.

We let ) (y) denote the set of i-tuply y-densely divisible numbers. We abbreviate
“I-tuply densely divisible” as “densely divisible”, “2-tuply densely divisible” as
“doubly densely divisible”, and so forth; we also abbreviate 9D (y) as F(y), and
since we will often consider squarefree densely divisible integers with prime factors
in an interval I, we will set

a3V =9 naD(y). (2-2)
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A number of basic properties of this notion will be proved at the beginning
of Section 2C, but the intent is that we want to have integers which can always
be factored, in such a way that we can control the location of the divisors. For
instance, the following fact is quite easy to check: any y-smooth integer is also
i-tuply y-densely divisible, for any i > 0 (see Lemma 2.10(iii) for details).

Definition 2.2. For any set / C R (possibly depending on x), let ¥; denote the
set of all squarefree natural numbers whose prime factors lie in 7. If I is also a
bounded set (with the bound allowed to depend on x), we let P; denote the product
of all the primes in /; thus in this case ¥ is the set of divisors of Pj.

For every fixed 0 < w < }l and 0 < § < i + o and every natural number i, we
let MPZ® [, 8] denote the following claim:

Claim 2.3 (modified Motohashi—Pintz—Zhang estimate, MPZ® (e, 8]). Let I C R
be a bounded set, which may vary with x, and let Q < x'/>72% _If a is an integer
coprime to Py and A > 1 is fixed, then

> 1AM ogia (@) < xlog ™ x. (2-3)
q9=<0
g€} (x)
We will prove the following cases of these estimates:

Theorem 2.4 (Motohashi—Pintz—Zhang-type estimates).

(i) We have MPZ® [, 8] for any fixed w, § > 0 such that 600w + 1808 < 7.

(ii) We can prove MPZ? [, 8] for any fixed w, § > 0 such that 168w + 488 < 1,
without invoking any of Deligne’s results [1974; 1980] on the Riemann hypoth-
esis over finite fields.

The statement MPZ) [z, 8] is easier to establish as i increases. If true for some
i > 1, it implies that

> |A(A L5 @ (@) K xlog™ x

q<xl/2+257—5

g x%-smooth, squarefree

for any A > 1 and ¢ > 0. Using a dyadic decomposition and the Chinese remainder
theorem, this shows that Theorem 2.4(i) implies Theorem 1.1.

2B. Bilinear and trilinear estimates. As explained, we will reduce Theorem 2.4
to bilinear or trilinear estimates. In order to state these precisely, we introduction
some further notation.
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Definition 2.5 (coefficient sequences). A coefficient sequence is a finitely supported
sequence « : N — R (which may depend on x) that obeys the bounds

()] < 70 () 1og P (x) 2-4)
for all n (recall that t is the divisor function).
(i) A coefficient sequence « is said to be located at scale N for some N > 1 if it
is supported on an interval of the form [cN, CN] for some 1 < ¢ < C K 1.
(i1) A coefficient sequence « located at scale N for some N > 1 is said to obey
the Siegel-Walfisz theorem, or to have the Siegel-Walfisz property, if one has
A1 n=1:a (@) K T(gr)?PNlog " x (2-5)

for any g, r > 1, any fixed A, and any primitive residue class a (g).

(iii) A coefficient sequence « is said to be shifted smooth at scale N for some
N > 1 if it has the form a(n) = ¥ ((n — x¢)/N) for some smooth function
¥ : R — C supported on an interval [¢, C] for some fixed 0 < ¢ < C and some
real number xg, with 1 obeying the derivative bounds

1w ()| <« logP™® x (2-6)

for all fixed j > 0, where the implied constant may depend on j, and where
¥ ) denotes the j-th derivative of 1. If we can take xo = 0, we call « smooth
at scale N; note that such sequences are also located at scale N.

Note that for a coefficient sequence « at scale N, an integer ¢ > 1 and a primitive
residue class a (q), we have the trivial estimate

N
v(q)

In particular, we see that the Siegel-Walfisz property amounts to a requirement that
the sequence « be uniformly equidistributed in arithmetic progressions to moduli
g < (logx)? for any A. In the most important arithmetic cases, it is established
using methods from the classical theory of L-functions.

Al a (q) < (logx)°W, (2-7)

Definition 2.6 (Type I, II, III estimates). Let 0 < @ < 1 0o<s < ‘l‘ + w, and
0<o < % be fixed quantities, and let i > 1 be a fixed natural number. We let I be
an arbitrary bounded subset of R and define P; =[] per P as before. Let a (Pr) be
a primitive congruence class.

(1) We say that Type%i)[w, 8, 0] holds if, for any I and a (P;) as above, any
quantities M, N > 1 with

MN = x (2-8)
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and

X270 « N < x1/272m—¢ (2-9)

for some fixed ¢ > 0, any Q < x!/2+2@ and any coefficient sequences «, 8

located at scales M, N respectively, with 8 having the Siegel-Walfisz property,
we have
D A Bia(g) < xlogx (2-10)

q9=0Q
qea} (x%)

for any fixed A > 0. (Recall the definition (2-2) of the set @' (x%).)

(i) We say that Typeﬁ) [z, 8] holds if, for any I and a (P;) as above, any quantities
M, N > 1 obeying (2-8) and

x1P2m—¢ o N« x1/? (2-11)

for some sufficiently small fixed ¢ > 0, any Q < x!/>*2® and any coefficient

sequences «, 8 located at scales M, N respectively, with 8 having the Siegel-
Walfisz property, we have (2-10) for any fixed A > 0.

(iii)) We say that Typeﬁl) [z, 8, o] holds if, for any I and a (P;) as above, for any
quantities M, Ny, N>, N3 > 1 which satisfy the conditions

MN1N2N3 =X,
NiNs, NiN3, NoN3 s x'/7+o, (2-12)
x2% < Ny, Ny, N3 < x'/?79 (2-13)

for any coefficient sequences «, V1, Y2, Y3 located at scales M, N1, Ny, N3, re-

spectively, with 1, ¥, %3 smooth, and finally for any Q < x /2727 we have
D Ay xPaxysia (@) < xlog™x (2-14)
q=0
qea (x*)

for any fixed A > 0.

Roughly speaking, Type I estimates control the distribution of Dirichlet convo-
lutions o * 8 where «, B are rough coefficient sequences at moderately different
scales, Type II estimates control the distribution of Dirichlet convolutions « * 8
where «, § are rough coefficient sequences at almost the same scale, and Type 111
estimates control the distribution of Dirichlet convolutions o * Y| x Y, * 13 where
Y1, Yo, Y3 are smooth and « is rough but supported at a fairly small scale.

In Section 3, we will use the Heath-Brown identity to reduce MPZ[w, 8] to a
combination of Typefi)[w, 5,0], Typeﬁ)[w, é], and Typeﬁl)[w, 8,0]:
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Lemma 2. 7 (combinatorial lemma). Leti > 1 be a fixed integer, and let 0 < w < 4,
0<é<+ + o, and 1 <o < 1 be fixed quantities with o > 2w, such that
the estimates Typel)[w 8,01, TypeH)[w 81, and Type\l [z, 8, o'] all hold. Then
MPZ [z, 81 holds.

Furthermore, if o > ¢, then the hypothesis TypeIH @, 8, o] may be omitted.

As stated earlier, this lemma is a simple consequence of the Heath-Brown identity,
a dyadic decomposition (or more precisely, a finer-than-dyadic decomposition),
some standard analytic number theory estimates (in particular, the Siegel-Walfisz
theorem) and some elementary combinatorial arguments.

In [Zhang 2014], the claims Type;[w, 8, o], Typeylw, &1, Typeyyl@, 8, o] are
(implicitly) proven with w =§ = 111W and o = % — 8w . In fact, if one optimizes
the numerology in his arguments, one can derive Type;[@, §, o] whenever 44w +
126 4+ 80 < 1, Typeylw, 8] whenever 116z + 208 < 1, and Typeylw, §, o]
whenever o > 23—6 + %w + %5 (see [Pintz 2013] for details). We will obtain the
following improvements to these estimates, where the dependency with respect

to o is particularly important:
Theorem 2.8 (new Type I, II, III estimates). Let @, §, 0 > 0 be fixed quantities.

(i) If 54w +158 + 50 < 1, then Type! [, 8, o] holds.
(i) If 56 + 165 + 40 < 1, then Type\” [, 8, o] holds.

(i) If 160w + 168 + 3 50 < land 64w + 185 + 20 < 1, then Type [w,&,a]
holds

(iv) If 68w + 148 < 1, then Typeg)[w 8] holds.

W) Ifo > = + zgw + 28 and w < then Typem)[w, 8, 0] holds.

12’

The proofs of the claims in (ii1) and (v) require Deligne’s work on the Riemann
hypothesis over finite fields, but the claims in (1), (ii) and (iv) do not.

In proving these estimates, we will rely on the following general “bilinear” form
of the Bombieri—Vinogradov theorem (the principle of which is due to Gallagher
[1968] and Motohashi [1976]).

Theorem 2.9 (Bombieri—Vinogradov theorem). Let N, M >> 1 be such that NM < x
and N > x? for some fixed ¢ > 0. Let o, B be coefficient sequences at scales M, N
respectively such that B has the Siegel-Walfisz property. Then for any fixed A > 0
there exists a fixed B > 0 such that

sup  |A(a*Bia(g)] < xlog™*x

X
g=x1/2 longx ae(Z/qZ)
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See [Bombieri et al. 1986, Theorem 0] for the proof. Besides the assumption of
the Siegel-Walfisz property, the other main ingredient used to establish Theorem 2.9
is the large sieve inequality for Dirichlet characters, from which the critical limitation
to moduli less than x!/? arises.

The Type I and Type II estimates in Theorem 2.8 will be proven in Section 5,
with the exception of the more difficult Type I estimate (iii), which is proven in
Section 8. The Type III estimate is established in Section 7. In practice, the estimate
in Theorem 2.8(i) gives inferior results to that in Theorem 2.8(ii), but we include it
here because it has a slightly simpler proof.

The proofs of these estimates involve essentially all the methods that have been
developed or exploited for the study of the distribution of arithmetic functions
in arithmetic progressions to large moduli, for instance the dispersion method,
completion of sums, the Weyl differencing technique, and the g-van der Corput A
process. All rely ultimately on some estimates of (incomplete) exponential sums over
finite fields, either one-dimensional or higher-dimensional. These final estimates are
derived from forms of the Riemann hypothesis over finite fields, either in the (easier)
form due to Weil [1948], or in the much more general form due to Deligne [1980].

2C. Properties of dense divisibility. We present the most important properties of
the notion of multiple dense divisibility, as defined in Definition 2.1. Roughly
speaking, dense divisibility is a weaker form of smoothness which guarantees
a plentiful supply of divisors of the given number in any reasonable range, and
multiple dense divisibility is a hereditary version of this property which also partially
extends to some factors of the original number.

Lemma 2.10 (properties of dense divisibility). Leti > 0and y > 1.
(0) If n is i-tuply y-densely divisible, and y| > y, then n is i-tuply y|-densely
divisible. Furthermore, if 0 < j <i, then n is j-tuply y-densely divisible.

(1) If n is i-tuply y-densely divisible, and m is a divisor of n, then m is i-tuply
y(n/m)-densely divisible. Similarly, if | is a multiple of n, then [ is i-tuply
y(l/n)-densely divisible.

(ii) If m, n are y-densely divisible, then [m, n] is also y-densely divisible.
(i) Any y-smooth number is i-tuply y-densely divisible.

(iv) If n is z-smooth and squarefree for some z >y, and

Zi
[Ir= 3 (2-15)
|
2y

then n is i-tuply y-densely divisible.
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Proof. We abbreviate “i-tuply y-densely divisible” in this proof by the shorthand
“(i, y)-d.d”

The monotony properties of (0) are immediate from the definition.

Before we prove the other properties, we make the following remark: in checking
that an integer n is (i, y)-d.d., it suffices to consider parameters R with 1 < R <n
when looking for factorizations of the form (2-1): indeed, if n < R < yn, the
factorization n = gr with r = n and g = 1 satisfies the condition y"'R <r <R,
and r =nis (j, y)-d.d. (or g =1 is (k, y)-d.d.) whenever j +k =i — 1. We will
use this reduction in (1), (ii), (iii), (iv) below.

We prove the first part of (i) by induction on i. For i =0, the statement is obvious
since every integer is (0, y)-d.d. for every y > 1. Now assume the property holds
for j-tuply dense divisibility for j < i, let n be (i, y)-d.d., and let m | n be a divisor
of n. We proceed to prove that m is (i, ym)-d.d.

We write n = mmj. Let R be such that 1 < R <m, and let j, k > 0 be integers
with j +k =i — 1. Since R <n, and n is (i, y)-d.d., there exists by definition a
factorization n = gr, where q is (j, y)-d.d., r is (k, y)-d.d., and y/R <r <y. Now
we write m; = nln’l, where ny = (r, m) is the gcd of r and m . We have then a

factorization m = g ry, where
r

) r=—,
ni

q1 =

S

and we check that this factorization satisfies the condition required for checking
that m is (i, ym)-d.d. First, we have

R r r
— =<—=—=r1 =R,
ymp mp  n
so the divisor r; is well-located. Next, by induction applied to the divisor r; =r/n
of the (k, y)-d.d. integer r, this integer is (k, yn;)-d.d., and hence by (0), it is
also (k, ymp)-d.d. Similarly, ¢, is (j, yn')-d.d., and hence also (j, ym)-d.d. This
finishes the proof that m is (i, ym)-d.d.

The second part of (i) is similar and left to the reader.

To prove (ii), recall that y-densely divisible means (1, y)-densely divisible. We
may assume that m <n. Let a = [m, nln—'. Now let R be such that 1 < R < [m, n].
If R < n, then a factorization n = gr with Ry_1 <r < R, which exists since n is
y-d.d., gives the factorization [m, n] = aqr, which has the well-located divisor r.
If n < R <[m,n], we get

l<-<—<n,

QS
SRS

and therefore there exists a factorization n = gr with R(ay)™' <r < Ra~'. Then
[m, n] = g(ar) with Ry_1 <ar < R. Thus we see that [m, n] is y-d.d.
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We now prove (iii) by induction on i. The case i = 0 is again obvious, so we
assume that (iii) holds for j-tuply dense divisibility for j < i. Let n be a y-smooth
integer, let j, k > 0 satisfy j +k =i — 1, and let 1 < R <n be given. Let r be the
largest divisor of n which is < R, and let ¢ = n/r. Since all prime divisors of n
are < y, we have

Ry '<r <R,

and furthermore both ¢ and r are y-smooth. By the induction hypothesis, ¢ is
(j, y)-d.d. and r is (k, y)-d.d., hence it follows that n is (i, y)-d.d.

We now turn to (iv). The claim is again obvious for i = 0. Assume then that
i=1.Let Rbesuchthat ] <R <n. Let

slzl_[ps rlzl_[p'

pln pln

p<y P>y
Assume first that r; < R. Since n/r; = s is y-smooth, it is 1-d.d., and since
1< erl < s1, we can factor s; into gprp with R(rly)*1 <r< erl. Then
n = qa(ryiry) with

Ry '<rrn <R

So assume that r; > R. Since n and hence r; are z-smooth, we can factor r; into
rag> with Rz=! <r, < R. Let r3 be the smallest divisor of s; such that 37, > Ryfl,
which exists because s17, > zy~!r» > Ry~! by the assumption (2-15). Since s,
is y-smooth, we have r3r, < R (since otherwise we must have r3 % 1, hence r3 is
divisible by a prime p <y, and r3p~! is a smaller divisor with the required property
r3 p_lrz > R y_1 , contradicting the minimality of r3). Therefore n = g (r3rp) with

R
— <rr <R,

as desired.

Finally we consider the i > 1 case. We assume, by induction, that (iv) holds for
integers j < i. Let j, k > 0 be such that j +k =i — 1. By assumption, using the
notation ry, s; as above, we have

si=2y =2

We can therefore write s; = ninyn3, where

Jy—1 J
7y =n; <z,
ko~ k (2-16)
Ty =nm=z,
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and thus

n3 =

<N

Now we divide into several cases in order to find a suitable factorization of n.
Suppose first that n;y < R <n/n,. Then
R n

I<=—=<
ny - oninp

and the integer n/(nn,) = rins satisfies the assumptions of (iv) for i = 1. Thus,
by the previous case, we can find a factorization r1n3 = ¢'r’ with y~"'(R/n;) <
r’ < R/n;. We set r = nir’ and ¢ = nyq’, and observe that by (2-16), r and ¢
satisfy the assumption of (iv) for i = j and i = k respectively. By induction, the
factorization n = gr has the required property.

Next, we assume that R < nj. Since n; is y-smooth, we can find a divisor r of
such that y™'R <r < R. Then ¢ = n/r is a multiple of n,, and therefore it satisfies

[[pzn=y"

plq

Py
By induction, it follows that g is (k, y)-d.d. Since r is y-smooth, ¢ is also (j, y)-d.d.
by (iii), and hence the factorization n = gr is suitable in this case.

Finally, suppose that R > n/n, i.e., that nR~' < n,. We then find a factor ¢ of

the y-smooth integer 1, such that n(Ry)~' < g <nR~'. Then the complementary
factor r = n/q is a multiple of n;, and therefore it satisfies

1_[ p=z/y",

plr

Py
so that r is (j, y)-d.d. by induction, and since ¢ is also (j, y)-d.d. by (iii), we also
have the required factorization in this case. ([

3. Applying the Heath-Brown identity

The goal of this and the next sections is to prove the assumption MPZ®"[z, §]
(Claim 2.3) for as wide a range of @ and § as possible, following the outline in
Section 1A. The first step, which we implement in this section, is the proof of
Lemma 2.7. We follow standard arguments, particularly those in [Zhang 2014].
The main tool is the Heath-Brown identity, which is combined with a purely
combinatorial result about finite sets of nonnegative numbers. We begin with the
latter statement:
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Lemma 3.1. Let 11—0 <0< %, and let t, ..., t, be nonnegative real numbers such
that ty + - - - +1t, = 1. Then at least one of the following three statements holds:

(Type 0) Thereis at; witht; > % +o.
(Type /1) There is a partition {1, ...,n} = SUT such that
%—O‘<Zl‘i SZQ <%+0.
ieS ieT
(Type 1) There exist distinct i, j, k with20 <t; <t; <t < % —o and
ti+t, i+, lj—I-th%—l-O‘. (3-1)
Furthermore, if o > é, then the Type Il alternative cannot occur.

Proof. We dispense with the final claim first: if o > %, then 20 > % — o, and so the
inequalities 20 <1; <t; < < % — o of the Type III alternative are inconsistent.
Now we prove the main claim. Let o and (¢4, ..., t,) be as in the statement. We
assume that the Type 0 and Type I/II statements are false, and will deduce that the
Type I statement holds.
From the failure of the Type 0 conclusion, we know that

1< % +o (3-2)
foralli =1, ...,n. From the failure of the Type I/II conclusion, we also know
that, for any S C {1, ..., n}, we have

Zli ¢ (% — 0, %—Fd),

ieS
since otherwise we would obtain the conclusion of Type I/II by taking T to be the
complement of S, possibly after swapping the roles of S and T'.

We say thataset S C{1,...,n}islargeif ) ; ot; > %—l—a, and that it is small if
Zi esli < % —o. Thus, the previous observation shows that every set S C {1, ..., n}
is either large or small, and also (from (3-2)) that singletons are small, as is the
empty set. Also, it is immediate that the complement of a large set is small, and
that the converse holds (since t; +---+1, = 1).

Further, we say that an element i € {1, ..., n} is powerful if there exists a small
set S C {1,...,n}\{i} such that S U {i} is large, i.e., if i can be used to turn a
small set into a large set. Then we say that an element i is powerless if it is not
powerful. Thus, adding or removing a powerless element from a set S cannot alter
its smallness or largeness, and in particular, the union of a small set and a set of
powerless elements is small.

We claim that there exist exactly three powerful elements. First, there must be
at least two, because if P is the set of powerless elements, then it is small, and
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hence its complement is large, and thus contains at least two elements, which are
powerful. But picking one of these powerful i, the set {i}U P is small, and therefore
its complement also has at least two elements, which together with i are three
powerful elements.

Now, we observe that if i is powerful, then #; > 20, since the gap between a
large sum } ;) ¢; and a small sum } ¢ ¢; is at least 20", In particular, if i # j
are two powerful numbers, then

jes

t,-+tj24a>%—a,

where the second inequality holds because of the assumption o > —. Thus the set
{i, j} is not small, and is therefore large. But then if {i, j, k, [} was a set of four
powerful elements, it would follow that

1:t1+"'+tnZ(ti+tj)+(tk+tl)22(%+d)> 1,

a contradiction.
Let therefore i, j, k be the three powerful elements. We may order them so that
ti <tj < t;. We have

20<1ti<tj<tr<5—0

l\-)l'—

by (3-2) and the previous argument, which also shows that {7, j}, {i, k} and {j, k}
are large, which is (3-1). O

Remark 3.2. For - 9<0= 1 , the Type III case can indeed occur, as can be seen
by considering the examples (t1, b, 3) = (20, 3 — 0, 3 — ). The lemma may be
extended to the range ﬁ <0 < %, but at the cost of adding two additional cases
(corresponding to the case of four or five powerful elements respectively):

(Type IV) There ex1st distinct i, j, k,l with20 <t; <t; <t <t; < 5 — 0o and
i+t 23 e

(Type V) There exist distinct i, j, k,I[,m with20 <f; <t; <t <t; <t,, < % —0
and t; +1j+ 1> 5 +o0.
1

10°
the Type IV and Type V cases can indeed occur, as can be seen by con51der—

ing the examples (¢, f2, 13, t4) = (20, 20, % — 30, % — 0) and (11, t, 13, 14, t5) =
(20, 20, 20, 20 1—80). With this extension, it is possible to extend Lemma 2.7
to the regime 1 7 <0 < 5, but at the cost of requiring additional “Type IV”" and
“Type V” estimates as hypotheses Unfortunately, while the methods in this paper

We leave the verification of this extension to the reader. Again, for <0 =

do seem to be able to establish some Type IV estimates, they do not seem to give
enough Type V estimates to make it profitable to try to take o below 11—0.
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To apply Lemma 3.1 to distribution theorems concerning the von Mangoldt func-
tion A, we recall the Heath-Brown identity (see [Heath-Brown 1982] or [Iwaniec
and Kowalski 2004, Proposition 13.3]).

Lemma 3.3 (Heath-Brown identity). For any K > 1, we have the identity
K % .
A=Y (T )u w U 3-3
;( T Rt (3-3)

on the interval [ x, 2x], where 1 is the constant function 1(n) := 1, L is the logarithm
function L(n) :=logn, < is the truncated Mobius function

u<n) = pum), <ok,

and where we denote by f*/ = f x---x f the j-fold Dirichlet convolution of an
arithmetic function f, i.e.,

Iy =) flan - fap.

ay--aj=n
Proof. Write u = p<+pu~, where - (n) := u(n)1,,- (o)1/« . Clearly the convolution
M;K * 1*1(—1 « L

vanishes on [1, 2x]. Expanding out u~ =t — i< and using the binomial formula,
we conclude that

K
0:Z(_nf'(lj)u*“‘—-i)wg*1*<K—1)*L (3-4)
=0

on [x, 2x]. Since Dirichlet convolution is associative, the standard identities A =
L and § = 1 (where the Kronecker delta function §(n) := 1,—; is the unit
for Dirichlet convolution) show that the j = 0 term of (3-4) is

WK1 KDL = px L =A.

For all the other terms, we can use commutativity of Dirichlet convolution and
(again) ux1 =24 to write

M*K_j*ugj*l*K_l*L =M;j*l*(j_l)*L,

so that we get (3-3). (]
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We will now prove Lemma 2.7, which the reader is invited to review. Let
i, w,d, o satisfy the hypotheses of that lemma, and let Ag > 0 be fixed. By the
definition of MPZ(i)(w, 6), which is the conclusion of the lemma, it suffices to
show that for any Q < x!/>*2® any bounded set I C (0, +00) and any residue
class a (P;), we have

D IAM e 2ui @ (@) K xlog =40+ OD (3-5)
qel

where
9:={g<0:qedV ) (3-6)

(recalling the definition (2-2)) and the O(1) term in the exponent is independent
of A().
Let K be any fixed integer with

% <2 (3-7)

(e.g., one can take K = 10). We apply Lemma 3.3 with this value of K. By the
triangle inequality, it suffices to show that

D 1A« 1T Do a ()] K xlog #0200 x -  (3.8)
qeL

for each 1 < j < K, which we now fix.

The next step is a finer-than-dyadic decomposition (a standard idea going back at
least to [Fouvry 1984] and [Fouvry and Iwaniec 1983]). We define ® := 1+log’A° X.
Let ¥ : R — R be a smooth function supported on [—®, ®] that is equal to 1 on
[—1, 1] and obeys the derivative estimates

1Y (x)] <« log™™ x

for x € R and any fixed m > 0, where the implied constant depends only on m. We
then have a smooth partition of unity

1= yn(n)
NeD

indexed by the multiplicative semigroup
@ :={0" :m e NU{0}}

for any natural number n, where

v () ~0(%)
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is supported in [@~! N, @ N]. We thus have decompositions

1=ZWNs M§=ZWNM§, L=ZWNL-

Ne% Ne% Ne%D

For 1 < j <K, we have
(/,l,;j * 1*(j_1) * L)l[x,Zx]
=Y o Y AN ) R A (YN )R YN xR PN kPN L g

Ni,..., sze@
=D oY log(Na (Y <)k > (Y, <) * Y %o * U, * Wiy, M2,
Ni,..., szGQZ

where ¥, := ¥y (L/log N) is a simple variant of y/y.
For each Ny, ..., Ny, the summand in this formula vanishes unless
Ni,...,N; < xVk (3-9)
and
2K

In particular, it vanishes unless

1 1
x{1—-0 <N;---Ny; <2x( 14+ 0 . 3-10
( (logA" x )) : 2 < (logA" X )) G-10)

We conclude that there are at most

&« log?/ Aot (3-11)

tuples (Ny, ..., Nyj) € 9?2/ for which the summand is nonzero. Let € be the set of
these tuples. We then consider the arithmetic function

a=Y ") log(Na) (W, <) ke - > (Y, <) * Y, xe - * Uy, * Yy, )

(Ni,...,N2j)€€

— (A 1T S D1 (3-12)

Note that the cutoff 1j, 2, is only placed on the second term in the definition of «,
and is not present in the first term.
By the previous remarks, this arithmetic function is supported on

[x(1 — O (log=™ x)), x]U [2x, 2x(1 4+ O (log~™° x))],
and using the divisor bound and trivial estimates, it satisfies

a(n) < 7(n)°dogn) oW,
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where the exponents are bounded independently of Ag. In particular, we deduce
from Lemma 1.3 that

A(a; a (q)) < xlog=+t0M x

for all ¢ > 1. Using the estimate (3-11) for the number of summands in €, we see
that, in order to prove (3-8), it suffices to show that

D 1A * e xanjia (@) < xlog x (3-13)
qed

for A > 0 arbitrary, where each «; is an arithmetic function of the form vy, 1<,
Yy, or 1//1’\,1_, where (N, ..., Nyj) satisfies (3-9) and (3-10).
We now establish some basic properties of the arithmetic functions oy that may

arise. For a subset S C {1, ...,2j}, we will denote by
og = oy
keS

the convolution of the oy for k € S.
Lemma34. Let1l <k <2jand S C{1,...,2j}. The following facts hold:

(1) Each oy is a coefficient sequence located at scale Ny, and more generally, the
convolution a is a coefficient sequence located at scale [ [} g Ni.

(i) If Ni > x%°, then oy is smooth at scale Ny.

(i) If Ni > x® for some fixed ¢ > 0, then oy satisfies the Siegel-Walfisz property.
More generally, as satisfies the Siegel-Walfisz property if [ [;.cg Nk > x° for
some fixed & > 0.

(iv) Ni---Nyj < x.

Proof. The first part of (i) is clear from construction. For the second part of (i), we
use the easily verified fact that if «, 8 are coefficient sequences located at scales
N, M respectively, then o *x 8 is a coefficient sequence located at scale N M.

For (ii), we observe that since 20 > K !, the condition Ny > x%° can only
occur for k > j in view of (3-9), so that o takes the form ¥y, or wl’vk, and the
smoothness then follows directly from the definitions.

For (iii), the Siegel-Walfisz property for oy when k < j follows from the Siegel—
Walfisz theorem for the Mobius function and for Dirichlet characters (see, e.g.,
[Siebert 1971, Satz 4] or [Iwaniec and Kowalski 2004, Theorem 5.29]), using
summation by parts to handle the smooth cutoff, and we omit the details. For
k > j, oy is smooth, and the Siegel-Walfisz property for «; follows from the
Poisson summation formula (and the rapid decay of the Fourier transform of
smooth, compactly supported functions; compare with the arguments at the end of
this section for the Type O case).
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To handle the general case, it therefore suffices to check that if ¢, 8 are coefficient
sequences located at scales N, M, respectively, with x* <« M <« x€ for some fixed
e, C > 0, and B satisfies the Siegel-Walfisz property, then so does « x 8. This is
again relatively standard, but we give the proof for completeness.

By Definition 2.5, our task is to show that

IA((@*B)L(. g=1;a ()] L t(gr)° PN log™ x

for any ¢, r > 1, any fixed A, and any primitive residue class a (r). We replace
o, B by their restriction to integers coprime to gr (without indicating this in the
notation), which allows us to remove the constraint 1(, ,)—1. We may also assume
that r = O (log?* 92 x), since the desired estimate follows from the trivial estimate
(2-7) for the discrepancy otherwise.

For any integer n, we have

Y @xpymy= ). (Z a(d))( > ﬁ(m))

n=a (r) be(Z/rz)* “d=b (r) m=ba (r)
and
D (axp)(n) = <Za<d)> (Z ﬂ(m)) = > ( > a(d)) (Z ﬁ(m))
n d m be(Z/rZ)* “d=b (r) m
so that

Al*Ba()l< Y

be(Z)rZ)*

> a(d)‘mw;éa ()

d=b (r)

From (1-4) (and Definition 2.5), we have

Z ald) K gr(},)om logo(l) x + N°D
d=b (r)

for any b (r), and since $ has the Siegel-Walfisz property, we have
|AB: ba (M) < TNV M log™" x
for any b (r) and any fixed B > 0. Thus
|A@x B, a (] <) Vo) (X4 N7 M 1og~5+00 x
< t(r)°DMN log*B+0(1) X,

by the assumption concerning the size of r.
Finally, claim (iv) follows from (3-10). O
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We now conclude this section by showing how the assumptions Type%i) [, 4, 0],
Typeﬁ)[w, 8] and Typeﬁl) [, §, o] of Lemma 2.7 imply the estimates (3-13).

Let therefore (a1, ..., az;) be given satisfying the condition after (3-13). By
Lemma 3.4(iv), we can write Ny < x’* fork=1, ..., 2, where the ; are nonnegative
reals (not necessarily fixed) that sum to 1. By Lemma 3.1, the ¢; satisfy one of the
three conclusions (Type 0), (Type I/II), (Type III) of that lemma. We deal with each
in turn. The first case can be dealt with directly, while the others require one of the
assumptions of Lemma 2.7, and we begin with these.

Suppose that we are in the Type I/II case, with the partition {1, ...,2j}=SUT
given by the combinatorial lemma. We have

Oll*---*otzj =g *xUT.

By Lemma 3.4, og, a7 are coefficient sequences located at scales Ng, Nt respec-
tively, where

NsNT =X,

and (by (iii)) as and a7 satisfy the Siegel-Walfisz property. By Lemma 3.1, we
also have

x1/27% « Ng « Ny « x1/2+7

Thus, directly from Definition 2.6 and (3-6), the required estimate (3-13) follows
either from the hypothesis Type%i)[w, 8, o] (if one has Ng < x!/2727=¢ for some
sufficiently small fixed ¢ > 0) or from Typeg)[w, 8] GGf Ng > x1/272@=¢_for the
same value of ¢).

Similarly, in the Type III case, comparing Lemmas 3.4 and 3.1 with Definition 2.6
and (3-6) shows that (3-8) is a direct translation of Typegl) [, 6, 0].

It remains to prove (3-8) in the Type O case, and we can do this directly. In this
case, there exists some k € {1, ...,2j} such that #; > % + 0 > 20. Intuitively, this
means that o, is smooth (by Lemma 3.4(ii)) and has a long support, so that it is
very well-distributed in arithmetic progressions to relatively large moduli, and we
can just treat the remaining o trivially.

Precisely, we write

O *---*0pj =0 *xUg,
where S = {1, ..., 2j}\{k}. By Lemma 3.4, o is a coefficient sequence which is

smooth at a scale Ny > x'/>*? and «y is a coefficient sequence which is located
at a scale Ny with Ny Ng < x. We argue as in Lemma 3.4(iii): we have

Algxasia (@)= Y. Y as(®)A;ma(q)),

me(Z/qZ)* t=m (q)
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and since
> las(m)| < Ns
m
(by (1-3) and Definition 2.5), we get

D OIA@i*- - waia (@) < Ns Yy sup  [Alesb (@)l (3-14)
ged qSQbG(Z/qZ)X

Since «y is smooth at scale Ny, we can write
ap(n) =y (n/Ni)

for some smooth function i : R — R supported on an interval of size < 1 which
satisfies the estimates

v D) <1

for all ¢ and all fixed j > 0. By the Poisson summation formula, we have

N A N Ni N A N
Y == eq(mbw(%) = ?"wm) + ?" 3 eq(mb)w(%>

n=>b (q) mezZ m70

forg > 1 and b (g), where

U(s) = /R Y (t)e(—ts)dt

is the Fourier transform of 1. From the smoothness and support of v, we get the

bound
~ (mN, N\ 2
()= ()
q q

for m # 0 and g < Q, and thus we derive that

Ny ~ N
D )= fwm) + 0(7"<Nk/q>—2).

n=b (q)
Since by definition
1
Mewb@)= D am= o > ) el
n=>b (q) I ce(Z/q?)* n=c (q)
we get

. Ni -2
|Aa; b (g))] < ?(Nk/Q) .
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Therefore, from (3-14), we have

2
Z Ay *---xarj;a (q))| < NSNk(Ng) & x| 720t
k
qe2

and since 0 > 2w (by assumption in Lemma 2.7), this implies (3-13), which
concludes the proof of Lemma 2.7.

Remark 3.5. In the case ¢ > é, one can replace the Heath-Brown identity of

Lemma 3.3 with other decompositions of the von Mangoldt function A, and in
particular with the well-known Vaughan identity [1977]

As=pxL—pox Ax1+pus*xAs x1,
where
As(n) = AMn)1,>v, A(n):=Am1,cvy, (3-15)
p=(n) == pnml=v, p<n) = pnml<u, (3-16)

3

where U, V > 1 are arbitrary parameters. Setting U = V = x!/3, we then see that

to show (3-5), it suffices to establish the bounds

D IA(p<* D) a ()] < xlog A/2H0W (3-17)
qe2
D A< Acx Do a (9))] < x log /2 0W (3-18)
qed
D 1A= * As * D1 a; a ()] < xlog™40/2H0W (3-19)
qed

To prove (3-17), we may perform dyadic decomposition on . and L, much as in
the previous arguments. The components of L which give a nontrivial contribution
to (3-17) will be located at scales > x2/3. One can then use the results of the
Type 0 analysis above. In order to prove (3-19), we similarly decompose the
1>, As, and 1 factors and observe that the resulting components of u> and As x 1
that give a nontrivial contribution to (3-19) will be located at scales M, N with
x!'3 <« M, N «x*3and MN = x, and one can then argue using Type I and Type I
estimates as before since o > %. Finally, for (3-18), we decompose (-~ A~ and 1
into components at scales M, N, respectively, with M <« x*/3 and MN = x, so
N > x!'3.If N > x?/3, then the Type 0 analysis applies again, and otherwise we

may use the Type I and Type II estimates with o > (1:).

Remark 3.6. An inspection of the arguments shows that the interval [x, 2x]

used in Lemma 2.7 may be replaced by a more general interval [x{, x;] for any
x <x1 <xp <2x, leading to a slight generalization of the conclusion MPZ® [, 6].
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By telescoping series, one may then generalize the intervals [x;, x,] further, to the
range 1 < x| < xp <2x.

In the next sections, we will turn our attention to the task of proving distribution
estimates of Type I, II and III. All three turn out to be intimately related to estimates
for exponential sums over Z/qZ, either “complete” sums over all of Z/qZ or
“incomplete” sums over suitable subsets, such as reductions modulo g of intervals
or arithmetic progressions (this link goes back to the earliest works in proving
distribution estimates beyond the range of the large sieve). In the next section, we
consider the basic theory of the simplest of those sums, where the essential results
go back to Weil’s theory of exponential sums in one variable over finite fields.
These are enough to handle basic Type I and II estimates, which we consider next.
On the other hand, for Type III estimates and the most refined Type I estimates,
we require the much deeper results and insights of Deligne’s second proof of the
Riemann hypothesis for algebraic varieties over finite fields.

4. One-dimensional exponential sums

The results of this section are very general and are applicable to many problems in
analytic number theory. Since the account we provide might well be useful as a
general reference beyond the applications to the main results of this paper, we will
not use the asymptotic convention of Definition 1.2, but provide explicit estimates
that can easily be quoted in other contexts. (In particular, we will sometimes
introduce variables named x in our notation.)

4A. Preliminaries. We begin by setting up some notation and conventions. We
recall from Section 1B that we defined e, (a) = ¢*7/4 for a € Z and g > 1. This
is a group homomorphism Z — C*, and since gZ C ker ey, it naturally induces a
homomorphism, which we also denote by e,, from Z/gZ to C*. In fact, for any
multiple gr of g, we can also view e, as a homomorphism Z/qrZ — C*.

It is convenient for us (and compatible with the more algebraic theory for
multivariable exponential sums discussed in Section 6) to extend further e, to
the projective line P!(Z/qZ) by extending it by zero to the point(s) at infinity.
Precisely, recall that P!(Z/gZ) is the quotient of

X, ={(a,b)e (Z/qZ)2 : a and b have no common factor}

(where a common factor of @ and b is a prime p | g such that a and b are zero
modulo p) by the equivalence relation

(a, b) = (ax, bx)
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for all x € (Z/qZ)*. We identify Z/qZ with a subset of P!(Z/qZ) by sending x
to the class of (x, 1). We note that

1
P zani=a[](1+).
rlq
and that a point (a, b) € P1(Z/qZ) belongs to Z/qZ if and only if b € (Z/qZ)*,
in which case (a, b) = (ab™ ', 1).
Thus, we can extend e, to P'(Z/qZ) by defining

es((a, b)) =ey(ab™)

it be(Z/qZ)*, and e, ((a, b)) = 0 otherwise.

We have well-defined reduction maps P!(Z/qrZ) — P'(Z/qZ) for all integers
r > 1, as well as P! (Q) — P!(Z/qZ), and we can therefore also naturally define
eq(x) for x € P1(Z/qrZ) or for x € P1(Q) (for the map P(Q) — P'(Z/qZ), we
use the fact that any x € P'(Q) is the class of (a, b) where a and b are coprime
integers, so that (a (¢), b (q)) € X,).

We will use these extensions especially in the following context: let P, Q € Z[X]
be polynomials, with Q # 0, and consider the rational function f = P/Q € Q(X).
This defines a map P!(Q) — P!(Q), and then, by reduction modulo ¢, a map

f (@) :P'Z/q7) - P (2/q2).

We can therefore consider the function x — e, (f(x)) forx € Z/qZ. If x € Z is
such that Q(x) is coprime to g, then this is just e, (P(x)Q(x)). If Q(x) is not
coprime to g, on the other hand, one must be a bit careful. If g is prime, then
one should write f (¢g) = P;/Q1 with Py, Q1 € (Z/qZ)[X] coprime, and then
e (f(x)) =e,(P1(x)Q1(x)) if Q1(x) # 0, while e, (f(x)) = 0 otherwise. If g is
squarefree, one combines the prime components according to the Chinese remainder
theorem, as we will recall later.

Example4.1. Let P=X, Q=X+3and g =3, and set f := P/Q. Then, although
P (q) and Q (g) both take the value 0 at x =0 € Z/qZ, we have ¢, (f(0)) = 1.

In rare cases (in particular the proof of Proposition 8.4 in Section 8D) we will
use one more convention: quantities

(5)

may arise, where a and b are integers that depend on other parameters, and with b
allowed to be divisible by p. However, this will only happen when the formula is

to be interpreted as
(&) =v(1) = veo.
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where v/ (x) =e,(ax) defines an additive character of [,,. Thus we use the convention

, (g)_{o ifa#0(p),b=0(p),
PXb) " |1 ifa=0(p),b=0(p),

since in the second case we are evaluating the trivial character at oo

4B. Complete exponential sums over a finite field. As is well-known since early
works of Davenport and Hasse in particular, the Riemann hypothesis for curves over
finite fields (proved by Weil [1948]) implies bounds with “square root cancellation”
for one-dimensional exponential sums over finite fields. A special case is the
following general bound:

Lemma 4.2 (one-variable exponential sums with additive characters). Let P, Q €
Z[X] be polynomials over Z in one indeterminate X. Let p be a prime number such
that Q (p) € F,[X] is nonzero and such that there is no identity of the form

L =g —g+c (4-1)
g P=28"-¢8

in [, (X) for some rational function g = g(X) € [,(X) and some c € F(,. Then

we have
P(x)
4-2
Y (ga)| < v 2

xel,

where the implicit constant depends only on max(deg P, deg Q), and this depen-
dency is linear.

Note that, by our definitions, we have

P(x) L
Z[F (Q<X>> Z{F ep(PIx)Q1(x)).

Q1(x)#0

where P/Q (p) = P1/Q with Py, O € [,[X] coprime polynomials.
As key examples of Lemma 4.2, we record Weil’s bound for Kloosterman sums,

> ep(ar+?)| < vp (4-3)

xel,

namely,

when a, b € [, are not both zero, as well as the variant

b c d e
Ze,,<ax+;+x+l+x+m+x+l+m)‘<<ﬁ (4-4)
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fora,b,c,d,e,l,m € F, with b,c,d, e,l,m,] + m nonzero. In fact, these two
estimates are almost the only two cases of Lemma 4.2 that are needed in our
arguments. In both cases, one can determine a suitable implied constant, e.g., the
Kloosterman sum in (4-3) has modulus at most 2,/p.

We note also that the case (4-1) must be excluded, since g”(x) — g(x) +c=c
for all x € [, and therefore the corresponding character sum has size equal to p.

Proof. This estimate follows from the Riemann hypothesis for the algebraic curve
C over [, defined by the Artin—Schreier equation

Yy —y=Px)/0(x).

This was first explicitly stated by Perel’'muter [1969], although this was undoubtedly
known to Weil; an elementary proof based on Stepanov’s method may also be found
in [Cochrane and Pinner 2006]. A full proof for all curves, using a minimal amount
of the theory of algebraic curves, is found in [Bombieri 1974]. U

Remark 4.3. For our purpose of establishing some nontrivial Type I and Type II
estimates for a given choice of o (and in particular for o slightly above %) and for
sufficiently small o, &, it is not necessary to have the full square root cancellation
in (4-2), and any power savings of the form p!~¢ for some fixed absolute constant
¢ > 0 would suffice (with the same dependency on P and Q); indeed, assuming such
a power savings, one obtains a nontrivial bound on the relevant short exponential
sums arising in these estimates once one invokes the g-van der Corput method a
sufficient number of times (depending on ¢ and o), by an appropriate modification
of Proposition 4.12 below. The Type I and Type II estimates established in later
sections need such a power savings to overcome a variety of inefficiencies in the
remainder of the argument, but all of these losses are of the form O (x 9@ +d))
(with the most serious loss coming from the use of completion of sums, which
worsens the trivial bound by a factor of about H, where H is defined in (5-25)). The
power savings of p~—¢ will be attenuated by a number of applications of the Cauchy-
Schwarz inequality (each use of which, roughly speaking, halves the exponent ¢
in the power savings); however, this inequality is only used a bounded number
of times, and so any power savings in (4-2) will still lead to enough Type I and
Type II estimates to obtain a nontrivial equidistribution estimate for sufficiently
small @, § if one is willing to use the g-van der Corput method a sufficiently large
number of times. (In fact, even just Type II estimates alone are sufficient for this
task; see Remark 5.11.)

Such a power saving in (4-2) (with ¢ = }‘) was obtained for the Kloosterman
sum (4-3) by Kloosterman [1927] using an elementary dilation argument (see also
[Mordell 1932] for a generalization), but this argument does not appear to be
available for estimates such as (4-4).
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In order to prove parts (i), (ii) and (iv) of Theorem 2.8, we need to extend the
bounds of Lemma 4.2 in two ways: to sums over Z/qZ for g squarefree instead of
prime, and to incomplete sums over suitable subsets of Z/gZ (the other two parts
of the theorem also require exponential sum estimates, but these require the much
deeper work of Deligne [1980], and will be considered in Section 6).

4C. Complete exponential sums to squarefree moduli. To extend Lemma 4.2 to
squarefree moduli, we first need some preliminaries. We begin with a version of
the Chinese remainder theorem.

Lemma 4.4 (Chinese remainder theorem). If g1, g» are coprime natural numbers,
then for any integer a, or indeed for any a € P (Q), we have

€q1q92 (a) = €q, (£>eth (i> (4-5)
q2 q1

More generally, if q1, . .., qi are pairwise coprime natural numbers, then for any
integer a or any a € P1(Q), we have

k
€qy-qi (@) = 1_[ €q; (L>

i MIiz4

Proof. 1t suffices to prove the former claim for a € P'(Q), as the latter then follows
by induction.

If @ maps to a point at infinity in P'(Z/g1¢g>7), then it must map to a point at
infinity in P!(Z/q1Z) or P'(Z/q,Z), so that both sides of (4-5) are zero.

So we can assume that a € Z/q1g>Z. Let q1, g3 be integers such that ;g1 =1 (¢2)
and g»>q2 = 1 (q1), respectively. Then we have q;1q1 + ¢2q> = 1 (q192), and hence

€q19> (a) = €q19> (a(q1q1 +q292)) = €q19> (CIlaa)eqlqz (q2q2a).
Since ey, 4, (q191a) = ey, (a/q1) and ey, 4, (g292a) = e4,(a/q2), the claim follows. []

If g € Z is an integer, we say that ¢ divides f, and write g | f, if g divides f in
Z[X]. We denote by (g, f) the largest factor of ¢ that divides f (i.e., the positive
generator of the ideal of Z consisting of integers dividing f). Thus for instance
(¢,0) =¢q. We also write f (q) € (Z/qZ)[X] for the reduction of f modulo g.

We need the following algebraic lemma, which can be viewed as a version of (a
special case of) the fundamental theorem of calculus:

Lemma 4.5. Let f = P/Q € Q(X) with P, Q € Z[X] coprime, and let q be a
natural number such that Q (p) is a nonzero polynomial for all primes p | q
(automatic if Q is monic).
(1) If q | f’ and all prime factors of q are sufficiently large depending on the
degrees of P and Q, then there exists c € Z/qZ such that q | f — c.
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(i) If q is squarefree, if Q (p) has degree deg(Q) for all p | q and” deg(P) <
deg(Q), and if all prime factors of q are sufficiently large depending on the
degrees of P and Q, then (q, ') divides (q, f). In particular, if (¢, ) = 1
then (q, f') = 1.

Proof. We first prove (i). By the Chinese remainder theorem, we may assume that
g = p’ is the power of a prime. Write f' = P;/Qi, where P; and Q| € Z[X]
are coprime. By definition, the condition ¢ | f’ implies that P;(x) =0 (g) for all
x € Z/qZ. On the other hand, since Q1 (p) is nonzero in Z/pZ[X], the rational
function f’ (q) is well-defined at all x € Z/qZ except at most deg(Q) zeros of Q1,
and takes the value O at all these > g —deg(Q) values. If g is large enough in terms
of deg(P) and deg(Q), this implies that f' (¢) =0 € Z/qZ[X], and therefore that
f (@) =cforsomece”Z/qZ, ie. thatqg | f —c.

Now we prove (ii). If a prime p divides (g, f”), then by (i) there exists ¢ € Z/ pZ
such that p | f —c. If p{(q, f), we must have ¢ # 0. But then p | P — cQ, where
P —cQ (p) € Z/pZ[X] is (by assumption) a polynomial of degree deg(Q) > 1.
For p > deg(Q), this is a contradiction, so that p | (¢, f). [l

We use this to give an estimate for complete exponential sums, which combines
the bounds for Ramanujan sums with those from the Riemann hypothesis for curves.

Proposition 4.6 (Ramanujan—Weil bounds). Let g be a squarefree natural number,
and let f = P/Q € Q(X), where P, Q € Z[X] are coprime polynomials with Q
nonzero modulo p for every p | q (for instance, with Q monic). Then we have

> eg(f ()

neZ/qZ

< CQ(q)ql/z f', ql) .
f". )V

for some constant C > 1 depending only on deg(P) and deg(Q).

Example 4.7. (1) Let f(X) := b/ X for some integer b. We get, after changing the
summation variable, a slightly weaker version of the familiar Ramanujan sum bound

> eyl =i

nez/q7

<(b.q) (4-6)

since (g, f') = (b, q) and (g, f") = c(b, q) in this case for some ¢ =1, 2.

(2) More generally, let f :=a/X + bX for some integers a, b. We get a weaker
form of Weil’s bound for Kloosterman sums:

< 2Q(q)q1/2 (a,b,q)

n+bn)l - ,
Z eq(an +bn)lg g)=1 @)

neZ/qZ

which generalizes (4-3).

Zwe adopt the convention deg(0) = —oo.
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Proof. By Lemma 4.4, we can factor the sum as a product of exponential sums over
the prime divisors of g:

f(n)
Y oe(fen=]] > e,,(—)‘
neZ/qZ plg neZ/pz (q/p)

Since, for each p | g, the constant ¢/ p is an invertible element in Z/pZ, we see
that it suffices to prove the estimates

Z ep(f(n) L p when p | f’ (which implies p | "), (4-7)
neZ/pZ

Z ep(f(n) K1 when p | f” but pt f/, (4-8)
neZ/pZ

Z ep(f(n) < /p otherwise, (4-9)
neZ/pZ

where the implied constants, in all three cases, depend only on deg(P) and deg(Q).
Thus we may always assume that p | g is large enough in terms of deg(P) and
deg(Q), since otherwise the result is trivial.

The first bound is clear, with implied constant equal to 1. For (4-8), since p | f”,
we conclude from Lemma 4.5 (since p is large enough) that there exists c € Z/pZ
such that p | f" —c. Since p 1 f’, we see that ¢ must be nonzero. Then, since
f'—c=(f—ct), another application of Lemma 4.5 shows that there exists d € Z/ pZ
such that p | f —ct —d. This implies that f(n) =cn+d (p) whenever n is not a pole
of f (p). The denominator Q of f (which is nonzero modulo p by assumption)
has at most deg(Q) zeroes, and therefore we see that e, (f (n)) = e,(cn +d) for
all but < deg(Q) values of n € Z/pZ. Thus (by orthogonality of characters) we get

D ep(fm)— D eplen+d)| < deg(Q).

neZ/pZ neZ/pZ

> ep(fn)

neZ/pZ

Now we prove (4-9). This estimate follows immediately from Lemma 4.2, except
if the reduction f € [,(X) of f modulo p satisfies an identity

f=g"-g+c (4-10)

for some g € [,(X) and ¢ € [F,. We claim that if p is large enough, this can only
happen if p | f’, which contradicts the assumption of (4-9) and therefore concludes
the proof.

To prove the claim, we just observe that if (4-10) holds, then any pole of g would
be a pole of f of order p, and thus g must be a polynomial if p is large enough.
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But then (4-10) implies that f — ¢ either vanishes or has degree at least p. If p is
large enough, the latter conclusion is not possible, and thus p | f’. O

We also need a variant of Proposition 4.6, which is a slight refinement of an
estimate appearing in the proof of [Zhang 2014, Proposition 11]:

Lemma 4.8. Let di, d; be squarefree integers, so that [dy, dy] is squarefree, and let
c1, 2,11, Ir be integers. Then there exists C > 1 such that

Y ()5
1 2
neZ/ldr,d>17 n+lh nth

where §; :=d;/(d, d>) fori =1, 2.

S CQ([dl,dZ])(Cl’ 81)(62, 82)(61], dZ)a

Proof. As in the proof of Proposition 4.6, we may apply Lemma 4.4 to reduce to
the case where [d, d»] = p is a prime number. The bound is then trivial if (¢, 61),
(c2, 82), or (dy, d») is equal to p, so we may assume without loss of generality that
dy = p,d>» =1, and that ¢ is coprime to p. We then need to prove that

1
> e,,(—) <1,
neZ/pZ ntl

but this is clear since after the change of variable m = c;/(n +[) this sum is just a
Ramanujan sum. O

4D. Incomplete exponential sums. The bounds in the previous section control
“complete” additive exponential sums in one variable in Z/qZ, by which we mean
sums where the variable n ranges over all of Z/qZ. For our applications, as well as
for many others, one needs also to have good estimates for “incomplete” versions
of the sums, in which the variable n ranges over an interval, or more generally
over the integers weighted by a coefficient sequence which is (shifted) smooth at
some scale N.

The most basic technique to obtain such estimates is the method of completion of
sums, also called the Pélya—Vinogradov method. In essence, this is an elementary
application of discrete Fourier analysis, but the importance of the results cannot
be overestimated.

We begin with some facts about the discrete Fourier transform. Given a function

f:Z/qZ — C,

we define its normalized Fourier transform FT,(f) to be the function on Z/qZ
given by

1
FT,(f)(h) = —5 > f@)e (). (4-11)

q xeZ/qZ
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The normalization factor 1/¢'/? is convenient because the resulting Fourier trans-

form operator is then unitary with respect to the inner product

(fe)i= Y fx)gkx)

xeZ/qZ

on the space of functions Z/qZ — C. In other words, the Plancherel formula

Y f@el = ) FT(NHWFT,(g) ()

xeZ/ql heZ/qZ

holds for any functions f, g : Z/qZ — C. Furthermore, by the orthogonality of
additive characters, we have the discrete Fourier inversion formula

FT,(FTy(f)(x) = f(—x)
forallx e Z/qZ.

Lemma 4.9 (completion of sums). Let M > 1 be a real number and let rp; be a

function on R defined by
X — X0
Vm(x) = 1//( o >

where xo € R and  is a smooth function supported on [c, C] satisfying
1y ()] < log? P M

for all fixed j > 0, where the implied constant may depend on j. Let ¢ > 1 be an
integer, and let

M = Z Y (m) < M(log M)°W.

m>1
We have:

() If f:Z/qZ — C is a function, then

> f(m)‘

meZ/qZ

< q"*1og M)V sup  |FT,(f)(h)|. (4-12)
heZ /q7\(0}

M/
> Um(m) f(m) — —

In particular, if M < q(log M)° W then

> t/fM(m)f(m)‘ < q"*(1og M) DIFTy (Hllexz/q2)- (4-13)
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We also have the variant

)—7 > f(m)‘

meZ/qZ

M
<<(1ogM>O“>W Yo FT(HOMI+MA Y [fm)] (4-14)

O<|h|<gM—1+¢ meZ/qZ

for any fixed A > 0 and & > 0, where the implied constant depends on & and A.

(ii) If I is a finite index set, and for each i € 1, ¢; is a complex number and a; (q)
is a residue class, then for each fixed A > 0 and ¢ > 0, one has

Z Ci Z I#M(Wl)lm:a,- (q) — %/ Zci

iel m iel

M
« (log M)O(l)— Z
O<|h|<gM~1te

cheq(a,h)‘ +M AN el (4-15)

iel iel
where the implied constant depends on ¢ and A.

Remark 4.10. One could relax the derivative bounds on v to | (x)| <« M¢ for
various small fixed ¢; > 0, at the cost of similarly worsening the various powers of
log M in the conclusion of the lemma to small powers of M, and assuming the ¢;
small enough depending on ¢ and A; however this variant of the lemma is a little
tricky to state, and we will not have use for it here.

Proof. Define the function
Y g(X) =Y Yu(x+qn).
neZ
This is a smooth g-periodic function on R. By periodization and the Plancherel

formula, we have

Z Y (m) fm) =Y f)Paq(x)

xeZ/qZ

D FT(f)RFTy (W) (—h). (4-16)

hez/q7

The contribution of the frequency 4 = 0 is given by

FT, (f)(O)FT, (Y41, (0) = Z fmy Yy vqu<m>— Z fm).

meZ/qZ meZ/qZ meZ/ql
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We now consider the contribution of the nonzero frequencies. For h € Z/qZ, the
definition of ¥y 4 leads to

h
4Ty () = (7).
where the function W is defined on R/Z by

W(y) =Y Yu(m)e(—my).

This is a smooth function ¥ : R/Z — C. We then have

> FTq<f)<h>FTq<wM,q)<—h>‘

heZ/qZ\{0} h
< sup [FT,(f)(h)|g~"/? Z ‘\p(_>)
heZ/qZ\{0} —q/2<h=<q/2 g
h#0

Applying the Poisson summation formula and the definition v (x) =1 ((x —x0) /M),
we have

V() =My M@+ y)e(—(n+y)xo),

nezZ

where

V(s) = fR W (1)e(—st) dt.

By repeated integrations by parts, the assumption on the size of the derivatives of
gives the bounds

[ (s)] < (log MYOD (1 + s~
for any fixed A > 0, and therefore
W ()| < M1og M)V (1 + [y| M)A (4-17)

for any fixed A > 0 and any —% <y< % Taking, e.g., A =2, we get

= Bt $ i

—q/2<h=<q/2 1<h<q/2
h#0

and therefore we obtain (4-12). From this, (4-13) follows immediately.
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We now turn to (4-14). Fix A > 0 and ¢ > 0. Arguing as above, we have

> f(m)‘

meZ/qZ

M/
> Wm(m) f(m) — —

D DI (| RVRIET

7 _ypp<n<qp

h#0
om M
< (og M)V =2 N7 [FTy())(h)
O<lh|<gM-1+¢
Flog D Y rml Y M___
e S a0 RIMg)

Changing A to a large value, we conclude that
> s
meZ/qZ

< Mg~ '"Pog M)V X" FT(HWI+M D | fm)l,
O<|h|<gM~1+e nez/q?

M/
> W (m) f(m) — o

as claimed.
Finally, claim (ii) follows immediately from (4-14) by setting

1
fm)y:= Y ¢, sothat FT,(f)(h)=—=) ciegaih). 0
iel ﬂ iel

ai=m (q)
Remark 4.11. In Section 7, we will use a slightly refined version, where the
coefficients W (h/q) above are not estimated trivially.

By combining this lemma with Proposition 4.6, we can obtain nontrivial bounds
for incomplete exponential sums of the form

> Unmeq (f ()

for various moduli ¢, which are roughly of the shape

Y Un(meg(f(n) < q'/*+*

when N « ¢g. A number of bounds of this type were used by Zhang [2014] to obtain
his Type I and Type II estimates. However, it turns out that we can improve this
bound for certain regimes of ¢, N when the modulus ¢ is smooth, or at least densely
divisible, by using the “g-van der Corput A-process” of [Heath-Brown 1978] and
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[Graham and Ringrose 1990]. This method was introduced to handle incomplete
multiplicative character sums, but it is also applicable to incomplete additive charac-
ter sums. It turns out that these improved estimates lead to significant improvements
in the Type I and Type II numerology over that obtained in [Zhang 2014].

Here is the basic estimate on incomplete one-dimensional exponential sums that
we will need for the Type I and Type II estimates. Essentially the same bounds
were obtained in [Heath-Brown 2001, Theorem 2].

Proposition 4.12 (incomplete additive character sums). Let g be a squarefree
integer, and let f = P/Q € Q(X) with P, Q € Z[X], such that the degree of Q (p)
is equal to deg(Q) for all p | q. Assume that deg(P) < deg(Q). Set q1 :==q/(f, q).
Let further N > 1 be given with N < g°Y) and let vy be a function on R defined by

1[/ . X — X0
N(X)—t/f< N )

where xo € R and  is a smooth function with compact support satisfying
v )] < log? N
for all fixed j = 0, where the implied constant may depend on j.
(i) (Polyd—Vinogradov + Ramanujan—Weil) We have the bound

1/2

. N
3w, (f) < g (q1 + | Y eq.(f(n)/(f,q))D (4-18)

neZ/qZ

for any ¢ > 0. In particular, lifting the Z/q\Z sum to a Z/qZ sum, we have

> eq(f(n))’). (4-19)

neZ/qZ

N
Y Unme (f () < ¢° (q”z +—
(i1) (one van der Corput + Ramanujan—Weil) If g = rs, then we have the additional
bound
> e (f(m)

<<q€((N1/2r11/2+N1/2311/4)+%1N2q1 Z eql(f(n)/(f,q))D (4-20)

neZ/qZ

for any € > 0, where r1 := (r, q1) and s1 := (s, q1). In particular, we have

> eg(f ()

neZ/qZ

> u/N(n)eq(f(n))<<q€((N1/2r1/2+1v1/251/4)+ﬂ ) 4-21)

In all cases, the implied constants depend on ¢, deg(P), deg(Q) and the implied
constants in the estimates for the derivatives of V.
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Remark 4.13. The estimates obtained by completion of sums are usually inefficient
in the regime M = o(g), and they become trivial for M < ¢'/?. For instance, when
f is bounded in magnitude by 1, the trivial bound for the right-hand side of (4-13)
is g, whereas the trivial bound for the left-hand side is of size about M, which
means that one needs a cancellation at least by a factor ¢ /M in the right-hand side
to even recover the trivial bound. This becomes a prohibitive restriction if this
factor is larger than ~/M. In this paper, this inefficiency is a major source of loss
in our final exponents (the other main source being our frequent reliance on the
Cauchy-Schwarz inequality, as each invocation of this inequality tends to halve
all gains in exponents arising from application of the Riemann hypothesis over
finite fields). It would thus be of considerable interest to find stronger estimates for
incomplete exponential sums. But the only different (general) method we are aware
of is the recent “sliding sum method” of Fouvry, Kowalski and Michel [Fouvry
et al. 2013c], which however only improves on the completion technique when
M is very close to ¢!/, and does not give stronger bounds than Lemma 4.9 and
Proposition 4.12 in most ranges of interest. (Note however that uniformity of
estimates is often even more crucial to obtaining good results, and for this purpose,
the completion techniques are indeed quite efficient.)

Proof. We begin with some technical reductions. First of all, we may assume that g
has no prime factor smaller than any fixed B depending on deg(P) and deg(Q), as
the general case then follows by factoring out a bounded factor from ¢ and splitting
the summation over n into a bounded number of pieces.

Second, we also observe that, in all cases, we may replace f by f/(f, g) and g
by g and (in the case when g = rs) r by r| and s by s1, since if we write ¢ = q1¢>

we have
B P(n)
/) =ca (qum))'

Thus we can reduce to a situation where (f,g) =1,s0g =¢q;,r =r; and s = s1. In
this case, the condition deg(P) < deg(Q) implies also that (f’, ¢) = (f”, q¢) =1 by
Lemma 4.5(ii), provided g has no prime factor less than some constant depending
on deg(P) and deg(Q), which we may assume to be the case, as we have seen.

We now establish (4-18). We apply (4-14), and put the “main term” with 4 =0
in the right-hand side, to get

N1+£
Y Unme (f () < p >

\]’L\SqN_H'g

+1

> eg(f(n) +hn)

neZ/qZ

for ¢ > 0 arbitrarily small (by selecting A large enough in (4-14) using the assump-
tion N <« ¢%M).
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If N < g, Proposition 4.6 applied for all /4 gives

NH—E
ZWN(”)eq(f(n))<<W Y ().

Of\h\gqN*Hs

Since (f”, q) = 1, we also have (f'+ h, g) = 1, and therefore
D Un(me (f(m) K q'*N,
n

which implies (4-18). If N > g, on the other hand, we only apply Proposition 4.6
for h # 0, and we get in the same way

I+e
+ql/2N2€,

> eg(f ()

neZ/qZ

N
> Un ey (f(m) <

which is again (4-18).

Consider now (4-20). We may assume that N < s, since otherwise the claim
follows simply from (4-18), and we may similarly assume that » < N, since
otherwise we can use the trivial bound

> Un(meg(f () < N(log N)°D <« /2N (log N)O D).

n

Let K := | N/r]. Using translation invariance, we can write

K
D e () = = D Yt kr)eg (k.

n k=l
Since g =rs, we have
eq(f(n+kr)) =er(sf(n)es(f(n+kr))
by Lemma 4.4 (and periodicity), and hence we obtain

1
SEZ

n

N1/2
« (X

n

K
D N+ kr)es(F f (n+kr))
k=1

> ey (f(n)

2 ) 1/2
where the factor N '/~ arises because the summand is (as a function of n) supported
on an interval of length O(N). Expanding the square, we obtain

K
D Un(+kr)esFf (n+kr))
k=1

1/2

2
N
<z D AkD, (4-22)
1<k,I<K

> (g (f ()
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where

Ak, 1) = Z Unn+kr) Yy (n+1r) es(F(f(n+kr) — f(n+1r))).

We have
Ak, k)= 1¥n(n+kr)|* < N(log N)OO.

and therefore
3" 1At b < KN(log N)OO. (4-23)

I<k<K
It remains to handle the off-diagonal terms. For each k # [, we have

fm+kr)— f(n+lr) _

r

g(n),
where g = P/ Q) € Q(X) with integral polynomials

Pi(X)=PX+kr)Q(X +1r) — Q(X +kr)P(X +1r),
01(X) =rQ(X +kr)Q(X +1r).

Note that P; and Q) satisfy the assumptions of (4-18) with respect to the modulus s
(although they might not be coprime).
We now claim that (provided all prime factors of ¢ are large enough) we have

(s,8) | (s, k=1 and (s,g)| (s, k—=1).

Indeed, since deg(P) < deg(Q) and the degree of the reduction of Q modulo primes
dividing ¢ is constant, it is enough to show that (s, g) | (s, kK —[) by Lemma 4.5(ii).
So suppose that a prime p divides (s, g). Then, by a change of variable, we have

p (s, X+ Kk=Dr)— f(X).

By induction, we thus have

pl(s, FX +itk=Dr)— f(X))

for any integer i. If p{k—1, then (k —I)r generates Z/pZ as an additive group, and
we conclude that p | (s, f(X+a)— f(X)) foralla e Z/pZ. This implies that f (p)
is constant where it is defined. But since deg(P) < deg(Q) holds modulo p, for p
large enough in terms of deg(Q), this would imply that p | f (as in Lemma 4.5(ii)),
contradicting the assumption (s, f) = 1. Thus we have p | k — [, and we conclude
that (s, g) | (s, k —1), and then (s, g') | (s, k —[), as claimed.
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By (4-18) and Proposition 4.6, we have

N
Ak, 1) < q°f (Sm + ?lst/(s,k—l)

> es(gm))D

neZ/s?
ef a2, N 1/2
Lg|s'7+ m(& k=D Ans>g/¢s,k-1) |-
Summing over k and [, we have

DY IAK DI K P4 NsT 2 Y (5, k=D P Ay k. (4-24)
1<k#I<K 1<k#I<K

We use the simple bound

N
Ivzs/sk-1) <V (s, k—1), "

to estimate the last sum as follows:

_ N3/2
Ns™V2 3" (k=D ysyguen < — Y (k=1
skl <K S iskAzk

< N32571 % qus < K2%5124°,
using Lemma 1.4 and the bound N < s. We combine this with (4-23) and (4-24) in
the bound (4-22) to obtain

2
N
< qgﬁ(KN(log N)YOD 4 K212y « ¢*(Nr + Ns'/?),

> Un(m)eg(f(n)

from which (4-20) follows. [l

Remark 4.14. (1) Assuming that (f, g) = 1, the first bound (4-18) is nontrivial
(i.e., better than O(N)) as long as N is a bit larger than ql/ 2. As for (4-20), we see
that in the regime where the factorization ¢ = rs satisfies r &~ ¢'/3 & s!/2, the bound
is nontrivial in the significantly wider range where N is a bit larger than ¢!/.

(2) The procedure can also be generalized with similar results to more general
g-periodic functions than n + e, (f(n)), and this will be important for the most
advanced Type I estimates (see Section 6J.1).

Remark 4.15. One can iterate the above argument and show that

> wmn)eq(f(n))’

-1
i1/ 1.1 N

i=1

Y e (f)/(f, q))D

neZ/q1Z



New equidistribution estimates of Zhang type 2111

for any fixed / > 1 and any factorization g =ry - - - r; with 7; = (r;, q1); see [Graham
and Ringrose 1990; Heath-Brown 2001]. However, we have found in practice
that taking / to be 3 or higher (corresponding to two or more applications of the
g-van der Corput A-process) ends up being counterproductive, mainly because
the power of g that one can save over the trivial bound decays exponentially in /.
However, it is possible that some other variation of the arguments (for instance,
taking advantage of the Parseval identity, which would be a g-analogue of the van
der Corput B-process) may give further improvements.

In our particular application, we only need a special case of Proposition 6.20. This
is a strengthening of [Zhang 2014, Lemma 11], and it shows how an assumption of
dense divisibility of a modulus may be exploited in estimates for exponential sums.

Corollary 4.16. Let N > 1 and let Yy be a function on R defined by

X — X
WN(X)=W< N >,

where xo € R and  is a smooth function with compact support satisfying
Y9 ()] < 1og?® N

for all fixed j > 0, where the implied constant may depend on j.

Let dy, dy be squarefree integers, not necessarily coprime. Let c1, ¢z, 1, [ be
integers. Let y > 1 be a real number, and suppose that |d, d] is y-densely divisible.
Let d be a divisor of [dy, d2] and let a (d) be any residue class.

If N <[d, d>1°W, then we have

e
Z l//N(n)ed]( +11) (”-Hz)’

n=a (d)

/ !
< [d\. d2]8<d_1/2N1/2[d1, dy]'/6y1/6 +d—1MMN>

I

for any € > 0, where §; :=d;/(d;, dy) and 8; :=46;/(d, é;) fori =1, 2. We also have
the variant bound

(&)
Z ¢N(n)€d1< —|—l> (n—l—lz)‘

n=a (d)

~1/2 1/2 _](61751) (c2, (Sé)
< [dl,dzr(d Pldy, d)"* +ad ' —- N).

5 &

In both cases the implied constant depends on ¢.



2112 D. H. J. Polymath

Proof. Set g = [d;, d»]. We first consider the case d = 1, so that the congruence
condition n = a (d) is vacuous. Since R = y!/3¢!/? < yq, the dense divisibility
hypothesis implies that there exists a factorization g = rs for some integers r, s
such that

Y2313 < < y13g13

and
y—1/3q2/3 <5< y2/3q2/3.

Note now that, by the Chinese remainder theorem (as in Lemma 4.4), we can write

C1 (%)
€4, (n +ll)ed2(n +12) = eq(f(”))

for a rational function f = P/Q € Q(X) satisfying the assumptions of Proposition
4.12 (in particular deg(P) < deg(Q)). The first bound follows immediately from
Proposition 4.12(ii), combined with the complete sum estimate

c1 1o} .
, 0 ,8)(dy, d
Z €d, <n+ll>6d2(n+lz>‘ <L q°(c1,81)(c2, 82)(d1, dr)

nel/[dy,d)2

of Lemma 4.8. The second bound similarly follows from Proposition 4.12(i).

Now we consider the case when d > 1. Making the substitution n = n'd 4+ a
and applying the previous argument (with N replaced by N /d, and with suitable
modifications to xg and f), we reduce to showing that

Yoo e = ew =2 )| < gt (e, 8 (e, 85)(dj . db)
di I’l,+l1 dy I’l—"—lz » Y1 s U2 1“2/

neZ/ld,,d21Z
n=a (d)

where d] :=d;/(d, d;) for i =1, 2 (note that d(d}, d;)/[d\, d»] = 1/(8185)). How-
ever, this again follows from Lemma 4.8 after making the change of variables
n=n'd+a. O

5. Type I and Type II estimates

Using the estimates of the previous section, we can now prove the Type I and Type II

results of Theorem 2.8, with the exception of part (iii) of that theorem, for which

we only make a preliminary reduction for now. The rest of the proof of that part,

which depends on the concepts and results of Section 6, will be found in Section 8.
We recall the statements (see Definition 2.6):
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Theorem 5.1 (new Type I and Type Il estimates). Let @, &, o > 0 be fixed quantities,
let I be a bounded subset of R, let i > 1 be fixed, let a (Py) be a primitive congruence
class, and let M, N >> 1 be quantities with

MN =< x (5-1)
and
1270 « N < x'/2. (5-2)

Let o, B be coefficient sequences located at scales M, N respectively, with 8 satis-
fying the Siegel-Walfisz property. Then we have the estimate

> A@*Bia(d)] K xlog tx (5-3)
dea (x%)
d= x\/2H2@

for any fixed A > 0, provided that one of the following hypotheses holds:
1) i=1,54w +155+50 < 1,and N < x1/2_2w_cf0r some fixed ¢ > 0.
(i) i =2, 56w + 168 +40 < 1, and N < x'>727 =< for some fixed c > 0.

(iii) i =4, 'L + 165 + o < 1,64 + 185 +20 < 1, and N < x'/2727 ¢
for some fixed ¢ > 0.

(v) i =1,68w + 148 < 1, and N » x'/>72"=¢ for some sufficiently small fixed
c>0.

The proof of case (iii) uses the general form of the Riemann hypothesis over finite
fields [Deligne 1980], but the proofs of (1), (i), (iv) only need the Riemann hypothesis
for curves over finite fields.

Before we begin the rigorous proof of Theorem 5.1, we give an informal sketch
of our strategy of proof for these estimates, which is closely modeled on the
arguments of [Zhang 2014]. The basic idea is to reduce the estimate (5-3) to a
certain exponential sum estimate, of the type found in Corollary 4.16 (and, for
the estimate (iii), in Corollary 6.24 of the next section). The main tools for these
reductions are completion of sums (Lemma 4.9), the triangle inequality, and many
techniques related to the Cauchy—Schwarz inequality (viewed in a broad sense), for
instance, Vinogradov’s bilinear form method, the g-van der Corput A-process, the
method of Weyl differencing, and the dispersion method of Linnik.

5A. Bilinear form estimates. We begin with a short discussion of typical instances
of applications of the Cauchy—Schwarz inequality (some examples already appeared
in previous sections). We want to estimate a sum

>

seS
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of (typically) complex numbers ¢, indexed by some finite set S of large size.
Suppose we can parametrize S (possibly with repetition) by a nontrivial product
set A x B, i.e., by a product where neither factor is too small, or otherwise prove

an inequality
ch Z Zaaﬂbka,h

sES acA beB

=

for certain coefficients «,, Bp and k, 5. The crucial insight is that one can often derive
nontrivial estimates for an expression of this type with little knowledge of the coef-
ficients «,, B, by exploiting the bilinear structure and studying the coefficients k, .

Precisely, one can apply the Cauchy—Schwarz inequality to bound the right side by

(Z |oza|2)l/2 (Z > Bokay 2>l/2.

acA acA'beB
The first factor in the above expression is usually easy to estimate, and the second
factor can be expanded as

1/2
. CBD)Y=) kavkap.

acA

> BBy Cb,b)

b,b’'eB

One can then distinguish between the diagonal contribution defined by b = b’ and
the off-diagonal contribution where b # b'. The contribution of the former is

D0 1B lkasl?

beB acA

which is (usually) not small, since there cannot be cancellation between these
nonnegative terms. It may however be estimated satisfactorily, provided B is large
enough for the diagonal {(b, b) : b € B} to be a “small” subset of the square B x B.
(In practice, there might be a larger subset of B x B than the diagonal where the
coefficient C (b, b’) is not small, and that is then incorporated in the diagonal; in
this paper, where b and b’ are integers, it is the size of a greatest common divisor
(b —b', g) that will dictate which terms can be considered diagonal.)

On the other hand, the individual off-diagonal terms C (b, ") can be expected
to exhibit cancellation that makes them individually small. In order for the sum
over b # b’ to remain of manageable size, one needs B to remain not too large. In
order to balance the two contributions, it turns out to be extremely useful to have a
flexible family of parametrizations (a, b) — s of S by product sets A x B, so that
one can find a parametrization for which the set B is close to the optimum size
arising from various estimates of the diagonal and nondiagonal parts. This idea
of flexibility is a key idea at least since Iwaniec’s discovery [1980] of the bilinear
form of the error term in the linear sieve.
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One of the key ideas in [Zhang 2014] is that if one is summing over smooth
moduli, then such a flexible range of factorizations exists; to put it another way, the
restriction to smooth moduli is essentially a “well-factorable” weight in the sense
of Iwaniec. In this paper, we isolated the key property of smooth moduli needed for
such arguments, namely, the property of dense divisibility. The general strategy is
thus to keep exploiting the smoothness or dense divisibility of the moduli to split the
sums over such moduli into a “well-factorable” form to which the Cauchy—Schwarz
inequality may be profitably applied. (Such a strategy was already used to optimize
the use of the g-van der Corput A-process in Corollary 4.16.)

5B. Sketch of proofs. We now give a more detailed, but still very informal, sketch
of the proof of Theorem 5.1, omitting some steps and some terms for sake of
exposition (e.g., smooth cutoffs are not mentioned). For simplicity we will pretend
that the quantities @, § are negligible, although the quantity o will still be of a
significant size (note from Lemma 2.7 that we will eventually need to take o to be
at least 1/10). The first step is to exploit the dense divisibility of the modulus d to
factor it as d = gr, with g, r located at certain scales O, R which we will specify
later; with z negligible, we expect QR to be approximately equal to x'/? but a bit
larger. Our task is then to obtain a nontrivial bound on the quantity

DO 1A@*Bia g,

g=<Qr=R

or equivalently to obtain a nontrivial bound on

3> cqrAlaxpiagr)

g=<0Qr=R

for an arbitrary bounded sequence ¢, .. We suppress here, and later, some additional
information on the moduli ¢, r, e.g., that they are squarefree and coprime, to
simplify this informal exposition. For similar reasons, we are being vague on what a
“nontrivial bound” means, but roughly speaking, it should improve upon the “trivial
bound” by a factor of log™* x, where A is very large (or arbitrarily large).

If we insert the definition (1-1), and denote generically by EMT the contribution
of the second term in that definition (which is the “expected main term”), we see
that we need a nontrivial bound on the quantity

> > cqr Y. axp(n)—EMT.
g=<Q r=R n=a (qr)

For simplicity, we will handle the r averaging trivially, and thus seek to control
the sum

D cqr > axB(n)—EMT
q=Q

n=a (qr)
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for a single r < R. We rearrange this as

Y am Y cqr Y. B(n)—EMT.

m=M q=Q nmn:yc\ll\(/qr)

Note that for fixed m coprime with ¢, the number of pairs (g, n) with g < Q,
n= N, and nm = a (gr) is expected to be about (QN)/(QR) = N/R. Thus, if we
choose R to be a little bit less than N, e.g., R = x ¢ N, then the number of pairs
(g, n) associated to a given value of m is expected to be nontrivial. This opens up
the possibility of using the dispersion method of [Linnik 1963], as the diagonal
contribution in that method is expected to be negligible. Accordingly, we apply
Cauchy—Schwarz in the variable m, eliminating the rough coefficient sequence «,
and end up with the task of controlling an expression of the shape

Y1 e > Bm)—EMT

m=<M'g=<Q n=xN
nm=a (qr)

2

Opening the square as sketched above, this is equal to

> s LS popan (Y 1)

q1,92<Q ny,ny=<N m=M

nim=a (qir)

nam=a (qor)
Note that, since a (gr) is a primitive residue class, the constraints nym = a (qr)
and nym = a (gor) imply ny = np (r). Thus we can write n, = ny + £r for
some £ = O(N/R), which will be rather small (compare with the method of Weyl
differencing).

For simplicity, we consider only? the case £ = 0 here. We are thus led to the task

of controlling sums such as

E : Cq1.rCqn.r
0

q1,92=

Zﬂ(n)W( Z 1—EMT>. (5-4)

n=N m=M

nm=a (q1r)

nm=a (q2r)
It turns out (using a technical trick of Zhang which we will describe below) that
we can ensure that the moduli g1, g appearing here are usually coprime, in the
sense that the contribution of the noncoprime pairs g, g» are negligible. Assuming
this, we can use the Chinese remainder theorem to combine the two constraints

nm=a (q1r), nm = a (qor) into a single constraint nm = a (q1q>r) on m. Now, we

3Actually, for technical reasons, in the rigorous argument we will dispose of the ¢ = O contribution
by a different method, so the discussion here should be viewed as an oversimplification.
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note that if R is slightly less than N, then (since M N is close to x, and QR is close
to x'/2) the modulus ¢;¢,r is comparable to M. This means that the inner sum

Z 1 —EMT

m=M
nm=a (q142r)
is essentially a complete sum, and can therefore be very efficiently handled by
Lemma 4.9. This transforms (5-4) into expressions such as

Z ch Z Cq1,rCqnr Z ﬁ(n)ﬁ(n)eq]qzr<ah)’

O<lhl<H  q1,92x0Q n=N

where H ~ Q?R/M is a fairly small quantity and the coefficients c;, are bounded.
At this point, the contribution of the zero frequency 4 = 0 has canceled out with
the expected main term EMT (up to negligible error).

This expression involves the essentially unknown (but bounded) coefficients ¢y, ,,
Cq.r» B(n), and, as before, we cannot do much more than eliminate them using the
Cauchy-Schwarz inequality. This can be done in several ways here, depending
on which variables are taken “outside” of the Cauchy—Schwarz inequality. For
instance, if we take n to eliminate the ﬂ(n)m term, we are led, after expanding
the square and exchanging the sum in the second factor of the Cauchy—Schwarz

inequality, to expressions such as
Z ah1 ahz
e — e —
q192r n S182F n
n=N

0<|h|%h:2|51'1 LII,%?W%;Q
The sum over n has length N close to the modulus [g;gar, s1s2r] & 0*R, and
therefore can be estimated nontrivially using Corollary 4.16. As we will see, this
arrangement of the Cauchy—Schwarz inequality is sufficient to establish the Type II
estimate (iv).

The Type I estimates are obtained by a slightly different application of Cauchy—
Schwarz. Indeed, note for instance that as the parameter o (which occurs in the
Type I condition, but not in Type II) gets larger, the length N in the sum may
become smaller in comparison to the modulus g;g,s1s2r in the exponential sum

ah ahy
Z €q1qar n Csisar | — n )
n=<N

and this necessitates more advanced exponential sum estimates to recover nontrivial
cancellation. Here, the g-van der Corput A-method enlarges the range of parameters
for which we can prove that such a cancellation occurs. This is one of the main
reasons why our Type I estimates improve on those in [Zhang 2014]. (The other main
reason is that we will adjust the Cauchy—Schwarz inequality to lower the modulus
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in the exponential sum to be significantly smaller than g;go>s1sor < O*R, while still
keeping both the diagonal and off-diagonal components of the Cauchy—Schwarz
estimate under control.)

5C. Reduction to exponential sums. We now turn to the details of the above
strategy. We begin with preliminary manipulations (mostly following [Zhang
2014]) to reduce the estimate (5-3) to a certain exponential sum estimate. This
reduction can be done simultaneously in the four cases (i), (ii), (iii), (iv), but the
verification of the exponential sum estimate requires a different argument in each
of the four cases.

In the remainder of this section @w, 6, 0, I,i,a, M, N, «, § are as in Theorem 5.1.
First of all, since g satisfies the Siegel-Walfisz property, the Bombieri—Vinogradov
theorem (Theorem 2.9) implies

> lA@#pBia(d)| < xlogtx (5-5)

d<x'2log B x

for any fixed A > 0 and some B depending on A. From this and dyadic decomposi-
tion, we conclude that to prove (5-3), it suffices to establish the estimate

> |A(aB;a (d)] < xlog™ x
dea\ (x*)N[D,2D]

for any fixed A > 0 and for all D such that
x1? « D« x!/?+® (5-6)

(recall that this means x'/? « x°DD and D « x!'/2+?@+°() for any & > 0).
We now fix one such D. In the spirit of [Zhang 2014], we first restrict d to
moduli which do not have too many small prime factors. Precisely, let

Dy := exp(logl/3 x), (5-7)
and let €(D) be the set of d € [D, 2D] such that

l_[ p > exp(logz/3 X). (5-8)
pld
p=Dy
We have (compare [Fouvry 1985, Lemme 4]):

Lemma 5.2. For any fixed A > 0, and D obeying (5-6), we have

|€(D)| <« Dlog™* x.
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Proof. If d > 1 satisfies (5-8), then

1/3
l_[ p > exp(logz/3 X)= D(l)Og *.

rld
p=<Dy

In particular, d has at least log'/? x prime factors, and therefore
(d) = 22",
On the other hand, we have

Z 15% Z t(d)<<§logx

D<d<2D D<d<2D
T(d)>k

for any « > 0 by the standard bound
Z 7(d) < Dlogx
D<d<2D
(see (1-3)), and the result follows. ]
This allows us to dispose of these exceptional moduli:
Corollary 5.3. We have

> A@*Bia(d)] K xlog tx

dea (x%)
de¥(D)
for any fixed A > 0.

Proof. From (1-4) we derive the trivial bound
|A(axB; a (d)| < xD~'t(d)?V 1og?W x,

for every d < D, and hence the Cauchy—Schwarz inequality gives

172
Y 1A@spia @)l < |%<D>|”2xbllog0‘”x< ) r<d>0<1>>

dea (x%) de®(D)
e < xlog™x
by Lemma 5.2 and (1-3). ]
It therefore suffices to show that
> |A*Bia(d)| < xlog *x (5-9)
dea (x%)

de[D,2D]\é(D)

for any fixed A > 0.
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Let ¢ > 0 be a small fixed quantity to be chosen later. From (5-2) and (5-6) we have
1<x*N<D
for x large enough. Let j > 0 and k£ > 0 be fixed integers such that
i—1=j+k. (5-10)

Then any integer d € Qby)(x‘s) can by definition (see Definition 2.1) be factored as
d = qr, where g € QD(/)(x‘S), re ngk)(x‘s), and

xTEIIN <r<x¥N.

Remark 5.4. The reason that r is taken to be slightly less than N is to ensure that
a diagonal term is manageable when the time comes to apply the Cauchy—Schwarz
inequality. The factor of 3 in the exponent is merely technical, and should be
ignored on a first reading (¢ will eventually be set to be very small, so the constants
in front of ¢ will ultimately be irrelevant).

Letd € [D,2D\€(D), so that

s = Hp«l.

pld
p=<Do

Then replacing g by q/(g, s) and r by r(q, s), we obtain a factorization d = gr
where ¢ has no prime factor < Dy and

x¥ON <« r<x7¥N. (5-11)
By Lemma 2.10(0), (i), we have
q €3V (sx%) =DMy p e @B (sx%) =3B (1O Ty,

In particular, g € QD(Jj)(x5+”(1)), where J := 1N (Dg, +00). Asi > 1, we also have
gr=d e D;(x%) =" (x%).

Remark 5.5. The reason for removing all the small prime factors from g will
become clearer later, when the Cauchy—Schwarz inequality is invoked to replace
the single parameter g with two parameters g1, g, in the same range. By excluding
the small primes from ¢q1, g», this will ensure that ¢; and g, will almost always be
coprime, which will make things much simpler.
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The next step is to perform dyadic decompositions of the range of the g and r vari-
ables, which (in view of (5-1)) reduces the proof of (5-9) to the proof of the estimates

>3 |A@xBia(@r) < MNlog™*
€a) (x+°0)N[,20]
rea® (x$+oM)N[R 2R]
qreED;(x’s)
for any fixed A > 0 and any Q, R obeying the conditions
XTFON <« R <x *N, (5-12)

12 « QR < x!/2+27 (5-13)
We note that these inequalities also imply that
NQ < x!/2+2m+543¢. (5-14)
For future reference we also claim the bound
RO < x. (5-15)

In cases (i)—(iii) of Theorem 5.1, we have 0 +4w +§ < % (with plenty of room
to spare), and (5-15) then easily follows from (5-12), (5-13), and (5-2). For case (i),
we have 6 + 6 < % and we may argue as before, but with (5-2) replaced by the
bound N > x!/2=2@—c,

Let O, R be as above. We will abbreviate

Y A= > A, (5-16)
q

g€ (xd+e)N[Q,20]

and

4, = 3 A, (5-17)

rea\P (xd+oM)N[R,2R]

for any summands A,, A,.
We now split the discrepancy by writing

Alaxpia(gr)) =Ai(axf;a(qr))+ AxaxB;a(qr)),

where
ArlaxBia(gr):= Y  (axp)n)— () Z (a*B)(n),
n=a (qr) _u(r)
Ao(axB;a(gr)) = — Z (a* ﬁ)(n)—ﬁ > @xpmn).

(n,qr)=1
n a(r)
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The second term can be dealt with immediately:
Lemma 5.6. We have
Z Z |As(a % B a (gr))| < NMlog™*
q,r:qre®;(x%)
for any fixed A > Q.

Proof. Since r <2R K xV/2to=3¢ the Bombieri—Vinogradov theorem (Theorem
2.9), applied for each g to oy x B, where oy = al(, ¢)=1, By = L(n,9)=1, gives

YD) @xpm - —

R<r<2R '(n,q)=1
qrev (x‘s) n=a (r)

Z (oz *B)(n)| < NMlog™*

()

since B, inherits the Siegel-Walfisz property from 8. Dividing by ¢ (¢) and summing
over g <20, we get the result using the standard estimate

Z%«logx U

To deal with Ay, it is convenient to define

AolaxB;a,bi,by)= Y (@xB)n) — Y (axp)(n)
n=a (r) n=a (r)

n=b (q) n=by (q)

for all integers a, by, by coprime to P;. Indeed, we have

DO 1A xB; a(qr))|<ﬁ Y D> Ao pia,a, b))

. b (Pp) q.r
qred(x?) (b, Pr)=1 qre%; (x%)

by the triangle inequality and the Chinese remainder theorem. Hence it is enough

to prove that

ZZ |Ao(er B a, br, by)| < NM log™ (5-18)

qre?bl(x‘g)

for all a, by, by coprime to Py, and this will be our goal. The advantage of this
step is that the two terms in A behave symmetrically, in contrast to those in A
(or A), and this will simplify the presentation of the dispersion method: in the
notation of [Bombieri et al. 1986; Linnik 1963; Zhang 2014], one only needs to
control &1, and one avoids dealing explicitly with &, or 3. This is mostly an
expository simplification, however, since the estimation of ¥ is always the most
difficult part in applications of the dispersion method.
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The fact that r < R is slightly less than N ensures that the constraint n = a (r)
leaves room for nontrivial averaging of the variable n, and allows us to profitably
use the dispersion method of Linnik. We begin by writing

ZZ|Ao(a*ﬁ;a,b1,bz)|=ZZcq,r( D @pm— Y (a*ﬂ)(n)>,
r q,r

, n=a (r) n=a (r)
qred; (x%) qred; (x%) n=b1 (q) n=>by (q)

where ¢, , are complex numbers of modulus 1. Expanding the Dirichlet convolution
and exchanging the sums, we obtain

YD 1Ao@xBia, bi, byl
regi,(xS)
! = Z Za(m)(z Z Cq, rﬂ(n)<1mn =by (q) — mn:b2 (q)))-

mn=a (r)
qred; (x%)

By the Cauchy—Schwarz inequality applied to the » and m sums, (2-4), (2-6) and
Lemma 1.3, we have

DY 1Aole*B;a, by, by)| < RVZM'*(log x) OO

q.,r
(Z Z wM(m) Z Z Cq, r,B(n)(lmn =by (q) — 1

qre; (x°)
mn=a (r)

qred; (x%)

>1/2

for any smooth coefficient sequence Vs at scale M such that ¥y, (m) > 1 for m in
the support of 8. This means in particular that it is enough to prove the estimate

ZZWW

2

Z Z Cq, rlg(n)(lmn =b; (q) — mn:bz (q))

mn=a (r)
qreEDI(xa)

&K N’°MR 'log™*x  (5-19)

for any fixed A > 0, where ¥, is a smooth coefficient sequence at scale M.
Let X denote the left-hand side of (5-19). Expanding the square, we find

X =X(b1,b1) — X (b1, by) — X(by, by) + Z(b2, by), (5-20)
where
X (b1, by)
= Z Z Yy (m) Z Z Cq1,rCqn, rﬂ(nl)ﬂ(”lZ)lmnl =b; (ql)lmnz—bz (q2)
q1,92,n1,n2

mni=mny= a(r)
qir.qor €% (x%)



2124 D. H. J. Polymath

for any integers b; and b, coprime to P; (where the variables ¢; and ¢, are subject
to the constraint (5-16)). We will prove that

Y (b1, b)) =X+ ON*MR "log™* x) (5-21)

for all by and b,, where the main term X is independent of b; and b,. From (5-20),
the desired conclusion (5-19) then follows.

Since a is coprime to gr, so are the variables n; and n; in the sum. In particular,
they satisfy the congruence n; = n, (r). We write n, = n; + £r in the sum, rename
ni as n, and therefore obtain

Z(b1, by) = Z Z > (cql,rmZﬂ(nmm +0r)

q1,92
q17,q2r €D (x%)

X Y U M) Lty o) Lnneter)=b2 g Lin=a <r>>
m
after some rearranging (remembering that (n, g17) = (n + £r, gor) = 1). Note that
the sum over £ is restricted to a range 0 < [¢| < L :== NR™!.
We will now complete the sum in m (which is long since M is just a bit smaller
than the modulus [gq1, ¢2]r < 0%R) using Lemma 4.9(ii), but first we handle sepa-
rately the diagonal case n; =nj, i.e., £ =0. This contribution, say T (b1, by), satisfies

|T<b1,bz)|<Z N Zw(nn Zx/fmm)lmn b1 (@ Ymn=b, () Lmn=a (1

41,92
q17,q2r €Dy (x°)

< Z ZZZT(S)]-S:b] (@ Ls=b (@ Ls=a ()

r=R q1,q2<Q $=x

< ZZZ < x KL NZMR_llog_Ax

<R q1,2<0 rlg1. qo]

(since RQ? <« x (from (5-15)) and R < x 3¢ N).
Now we consider the contributions where £ # 0. First, since n and n + £r are
coprime to gir and g,r respectively, we have

lmn:hl (ql)lm(n-i—ir):hz (q2) lmn:a ry = lm:y ([q1,q217) (5-22)

for some residue class ¥ ([q1, g2]r) (which depends on by, b>, £, n and a). We
will denote (g1, g2) by qo, and observe that since g, g» have no prime factor less
than Dy, we have either go = 1 or go > Dy. (The first case gives the principal
contribution, and the reader may wish to assume that go = 1 in a first reading.) The
sum over n is further restricted by the congruence

by by

2 nxer (q0) (5-23)
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and we will use
Cn) = 1b|/n=(b2)/n+€r (qo) (5-24)

to denote the characteristic function of this condition (taking care of the fact that it
depends on other parameters). Observe that, since gg is coprime to rby, this is the
characteristic function of a union of at most (b, — b», qqo, £rb) < (qo, £) congruence
classes modulo ¢y.

By applying Lemma 4.9(ii) to each choice of g1, g2, , £ (where [ is the range of
the remaining parameter n) and summing, we derive

S (b1, by) = Zo(by, by) + 1 (by, by) + O(MN?R ™' log™ x),

where
Xo(b1, b2)
Cq.rlarr
(Zm(m)z YYDy - TP Zﬂ(n)ﬂ(nHr)C(n)
m r @;éO q1,92 q q
q11,q2r €D (x°)
and
i(b1, by) K 1+x°31(by, by)
with
£1(b1.b)
1 -
=00 D Canlar g D |2 BMBUHINC e, g (vh)|.
r £#£0 q1,92 1<|h|<H' n
q17,q2r €D (x%)
where

H:=x°[q1, IrM ™' <« x*Q*RM ", (5-25)

We caution that H depends on ¢g; and ¢, so one has to take some care if one is to
interchange the & and ¢, ¢go summations.

Remark 5.7. Before going further, note that H is rather small, since M and R are

close to x!/? and & > 0 will be very small: precisely, we have

2 N1
H <« Hy:=x*x(QR) XRXNM

and using (5-12), (5-13) and (5-1), we see that

x* <« Hy < x*@ T8 (N/R) < x*oHi+4e (5-26)

As we will be using small values of @, 4, ¢, one should thus think of H as being
quite small compared to x.
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We can deal immediately with Xq (b1, by). We distinguish between the contri-
butions of g; and g, which are coprime, and the remainder. The first is indepen-
dent of by and b, (since these parameters are only involved in the factor C(n) =
1y, /n=by/(n+er) (g0)» Which is then always 1) and it will be the main term X; thus

X = (wan))z YNy Cerler SILOVICEADE

r 0 4142 lg1. q2] 3
q17,q2r €Dy (x%)
(q1,92)=1

The remaining contribution to Xo(by, by), say X 0(b1, b2), 18

o(l)
<L Y ZZ Z(r(n>r<n+m>0“>0<n>

r=<R \€\<<L17éq0<<Q qn = Q/qo
qoedy

We rearrange to sum over £ first (remember that C(n) depends on ¢ also). Since
rby is coprime with gg, the condition by/n = by/(n + £r) (go) is a congruence
condition modulo gg for ¢, and therefore

Z T(n+2r) oa )1b|/n =by/(n+Lr) (q0) < (1 + — ) logo(l) <1 —+ R) 1Og0(1)
€| <L 0

by Lemma 1.3. Since all gy % 1 in the sum satisfy Dy < g9 < Q, we get

MN (log x)°M
Eo(bh bZ) < & Z Z q0< C[()R) Z Z q1492

r=<R Dp<qo<Q q1,92<Q/q0

<« MN log®® x E L(1 +i)
D q0 qoR
0<qo<K Q0

2
<K MN1og?® x + DL—MI]?V log?® x
&K MN?*R 'og™ x

since R < x %N and Dy > log” x for all A > 0.
Hence we have shown that

(b1, b)) = X+ O |1Z1(b1, bo)|) + O(MN?>R™ ' log™* x). (5-27)

From the definition, and in particular the localization of r and the value of H, we have

PICRSIED DD % 2

r {#£0 q1.92 O<|h|<H
qir.qor €% (x%)

> C)BmPBmn+Lrey, g (vh)

n

<x” Q2 o> a0y Yerbibsqo), (5-28)

1<[€|<L ok Q r



New equidistribution estimates of Zhang type 2127

where ¢qg is again (g1, g») and

Yo, (b1, b2; qo) =

1 .
Z Z ( 90q1,q0q2€D (x50

q1,92<0Q/q0 q0917,q0q21 €D (x%)
(q1,92)=1

x> X CmBmBn+ N D(h.n,r.qo. q1. q2)1). (5-29)
epo2
1<l
The latter expression involves the phase function ®,, which we define for parameters
p = (h,n,r q0, 491, 92) by

®u(p) ( ah ) ( bih ) ( byh ) (5-30)
=e, e e ) -
©p nqoq1q2) " \nrqy )\ (n+ €ryrqoq

Here we have spelled out and split, using (5-22) and the Chinese remainder theorem,
the congruence class of y modulo [q1, g2]r, and changed variables so that g is
q0q1, 92 1 qoq2 (hence [q1, g2]r becomes qoq1q2r). Moreover, the r summation
must be interpreted using (5-17). It will be important for later purposes to remark
that we also have

21(b1,b2) =0
unless
x*Q°R
qoM

> 1, (5-31)

since otherwise the sum over A is empty.
Gathering these estimates, we obtain the following general reduction statement,
where we pick a suitable value of (j, k) in each of the four cases of Theorem 5.1:

Theorem 5.8 (exponential sum estimates). Let @, §, 0 > 0 be fixed quantities,
let I be a bounded subset of R, let j, k > 0 be fixed, let a (Py), by (Py), by (Pr)
be primitive congruence classes, and let M, N > 1 be quantities satisfying the
conditions (5-1) and (5-2). Let ¢ > 0 be a sufficiently small fixed quantity, and let
0O, R be quantities obeying (5-12), (5-13). Let € be an integer with 1 < |{| K N/R,
and let B be a coefficient sequence located at scale N.

Further, let ®,(p) be the phase function defined by (5-30) for parameters p =
(h,n,r, qo, q1, q2), let C(n) be the cutoff (5-24) and let Y (b1, ba; qo) be defined
in terms of B, ®, C by (5-29). Then we have

> Yer(br, ba; qo) < x~* Q*RN (o, £)qy (5-32)

for all gy € ¥, where the sum over r is over r € Qb(lk) (x3t°MyN[R, 2R], provided
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that one of the following hypotheses is satisfied.:

(i) (j,k)=1(0,0), 54w +158+50 < 1, and N < x'/>=2 =< for some fixed ¢ > 0.
(i) (j,k)=(1,0), 56w +168 +40 < 1, and N < x'/>727=¢ for some fixed ¢ > 0.

(i) (j,k)=(1,2), ' Lw+168+3'0 <1,64w+185+20 <1,and N <x/2727~¢
for some fixed ¢ > 0.

(iv) (j, k)= (0, 0), 68w +148 < 1, and N = x'/>727=¢ for some sufficiently small
fixed ¢ > 0.

The proof of the estimate (iii) requires Deligne’s form of the Riemann hypothesis for
algebraic varieties over finite fields, but the proofs of (1), (i1), (iv) do not.

Indeed, inserting this bound in (5-28) we obtain

- 1
X|S (b1, b) | <xMN Y — > (0. 0) <x *MN’R”!

G0k Q 0 1<[{|«NR-!

(by Lemma 1.4, crucially using the fact that we have previously removed the £ =0
contribution), and hence using (5-27), we derive the goal (5-21).

Remark 5.9. As before, one should consider the gy = 1 case as the main case,
so that the technical factors of qg, (£, go), and C(n) should be ignored at a first
reading; in practice, we will usually (though not always) end up discarding several
powers of gg in the denominator in the final bounds for the gy > 1 case. The
trivial bound for Yy, (b1, ba; qo) is about (Q/qo)>N H, with H = x*RQ*M~'¢; .
Thus one needs to gain about H over the trivial bound. As observed previ-
ously, H is quite small, and even a modestly nontrivial exponential sum estimate
can suffice for this purpose (after using Cauchy—Schwarz to eliminate factors
such as B(n)B(n + £r)).

It remains to establish Theorem 5.8 in the four cases indicated. We will do this
for (1), (ii), (iv) below, and defer the proof of (iii) to Section 8. In all four cases, one
uses the Cauchy—Schwarz inequality to eliminate nonsmooth factors such as 8(n)
and B(n + €r), and reduces matters to incomplete exponential sum estimates. In
the cases (i), (ii), (iv) treated below, the one-dimensional exponential sum estimates
from Section 4D suffice; for the final case (iii), a multidimensional exponential
sum estimate is involved, and we will prove it using Deligne’s formalism of the
Riemann hypothesis over finite fields, which we survey in Section 6.

5D. Proof of Type II estimate. We begin with the proof of Theorem 5.8(iv), which
is the simplest of the four estimates to prove. We fix notation and hypotheses as in
this statement.
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To prove (5-32), we will not exploit any averaging in the variable r, and, more
precisely, we will show that

Yo (b1, b2; go) < x°Q*N(qo, £)qq (5-33)

foreach gp > 1, r < R and £ < N/R. We abbreviate Y = Y, (b1, ba; qo) in the
remainder of this section, and set

H=x*RQ*M'q;".
By (5-29), we can then write

=YY Y cng qZZC(n)ﬂ(n)ﬂ(n+€r)<De(h n,7,40,41,92) (5-34)

q1, quQ/q01<|h|<H
(q1,92)=
for some coefficients ¢y, 4, 4, With modulus at most 1. We then exchange the order
of summation to move the sum over n (and the terms C (n)8(n)B(n + £r)) outside.
Since C(n) is the characteristic function of at most (qo, £) congruence classes
modulo gq (as observed after (5-23)), we have

(g0, ©)
q0

ZC(n)Iﬂ(n)I B(n+€r)]> < N (5-35)

by Lemma 1.3 (and the Cauchy—Schwarz inequality), using the fact that 9 < N.

By another application of the Cauchy—Schwarz inequality, and after inserting
(by positivity) a suitable coefficient sequence ¥y (1), smooth at scale N and > 1
for n in the support of g(n)B(n + €r), we obtain the bound

ZZ Z Ch.qu. qzq)ﬁ(h n,r, LIO»QI»CIZ)

q1, quQ/qo 1<|h|<H
(q1,92)=

(qo,@) DT Y A8 ha. g1 g2 51,8,

q1.92:51, SZAQ/QO 1<hi,ha<|H|
(q1,92)=(s1,52)=

(QO,

7% < Zwm)cm)

where the exponential sum S; , = S¢ - (h1, ha, q1, g2, 51, 52) is given by

Ser =Y C)Yym)Pe(hr, n, 7. g0, q1, ) Pe(ha, 7, qo, $1.52).  (5-36)

n

We will prove the following estimate for this exponential sum (compare with
[Zhang 2014, (12.5)]):
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Proposition 5.10. For any
p = (hi, h2, q1, 92, 51, 52)
with (qoq1925152, ) = 1, any £ # 0 and r as above with
q09i, qosi K Q, r <R,
we have

2012, N
|Se.-(P)] =< (g0, O\ gy "O°R +q—R(h151S2—h2€I1612» r)).
0

Assuming this, we obtain

(@] T8 TF (Low unban)

q1,92,51, SZAQ/‘IO 1<hi,ha<|H|
(q1,92)=(s1,82)=

(since S¢,» =0 unless (goq1925152, r) = 1, by the definition (5-30) and the definition
of e, in Section 4).

Making the change of variables A = hys1s, — h2q192, and noting that each A
has at most 73(A) = |{(a, b, ¢) : abc = A}| representations in terms of h», g1, g2
for each fixed A, 51, 52, we have

ZZ ZZ (h1s1s2 — h2q1q2, 1)

q1,92,51,52X0/qo 1<hy,ha<|H|

(q1,92)=C(s1,52)=1
< Y @anY S atunsn-a)

|A|<H(Q/q0)? hi,s1,52

2
< H<g> Z (A,r)

D7 o< al<H Qg0
2 2
H
< H<g> < g + R)
q0 q5

by Lemma 1.3 (bounding 73 < 2) and Lemma 1.4. Therefore we obtain

0 2 H2 2R1/2 4 H2N 4 2
|T|2<<N(q02) { 9 <g> + <g> +NH(2> }
q q0 qo0 R \qo q0
N2Q4(qo 5)2 H2Q2R1/2 H2 H }
« bt
7 N R 02
V0. & {ng Q°R>/? +x2€RQ4 xER}
4 2 2 ’
7 M2N M2 M

(5-37)
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where we have discarded some powers of gg > 1 in the denominator to reach the
second and third lines. We now observe that

Q6R5/2 (NQ)(QR)S x1+12w+5+38 x1+12w+78/2+218/2

M2N X2 R5/2 =~ R5/2 =~ N3/2 ’
Q4R NZRQ4 (QR)(N Q)3 x8w’+38+98
= = << s
M? x2 x2N N
R NR
— = —— <« xITEN? T
M X

by (5-13) and (5-14) and the bound N < M. Under the Type II assumption that
N » x!/2727=¢ for a small enough ¢ > 0 and that & > 0 is small enough, we see
that (5-37) implies (5-33) provided @ and § satisfy

1+ 2w+ 2 <3(3 —2w), 68 + 148 < 1,
—
8w +38 < § — 2w, 20w + 68 < 1,

both of which are, indeed, consequences of the hypotheses of Theorem 5.8(iv)
(the first implies the second because @ > 0 so0 § < ﬁ .
To finish this treatment of the Type II sums, it remains to prove the proposition.

Proof of Proposition 5.10. For fixed (r, £, qo, a, b1, by) we can use (5-30) to express
the phase @, in the form

h h h
o (o} (56 )
o( 490,41, 92) =€, aian )\ gy )2 \ G ogem

where eff) denotes various nontrivial additive characters modulo d which may
depend on (r, ¢, qo, a, by, by) and T = £r.

We set CD] (l’l) = q)g(/’ll , N, 1, 40,41, qz) and CDQ(I’l) = q)g(hz, n,r,qo,Si, Sz), and
thus we have

- hy hy hi hy
1) I} — e _ e® [ = )e® [ =
1) Paln) =e; gigon  sison) 1 \ngy ) P\ nsy

h h
x e (—‘ )e§j> (——2 ) (5-38)
(n+1)q091 (n+1)q0s1

and this can be written

Ry @[fC1L) 6 2
S 1(n)Py(n) =e — Je _—
1() 2() dl(n)dz(n-i-‘f)
for some ¢; and c;, where

dy :=rqolq1, s11, dr:=1q2, s2].
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Now, since C(n) is the characteristic function of < (gq, £) residue classes modulo
qo, we deduce that

|Sﬂ,r|=

’

> C)py (n)@1(n) Pa(n)

> Unm) @i () D2 (n)

<(gp, £) max
<(qo0, ) X,
n=t (qo)

and by the second part of Corollary 4.16, we derive

[di,d>]"? N (c1,8)) (c2. 8%)
|SZ,}’|<< (q07£)( ! 1/22 - ! ! 2

90 q0 8/1 8&
2 /
N , 0
~ (qo’z)(Rm(g) _|__(C1 : 1))’
q0 q0 &
where 8; = d; /(d1, d») and 8] = 8; /(qo, 8;), since
4 ’
, 8
[d1, d2] < rqoqiq2s152 K qu(g) , M <1.
q0 82

Finally, we have

(Clsai) — l_[ p< (Cl’r)

/
d r

pléi
pfei.qo
(since r | 61 and (r, gg) = 1). But a prime p dividing r divides c; precisely when the
r-component of (5-38) is constant, which happens exactly when p | hys;s2 —haq192,
so that )
,ON
Ser < (qo,@RW(g) + @O 15— o). O
q0 qoR

1/2=2m=¢ with the lower bound

Remark 5.11. By replacing the lower bound N - x
N s x'/279 the above argument also yields the estimate Type§ D [z, 8§, o] whenever
48w + 145 + 100 < 1. However, as this constraint does not allow o to exceed %,
one cannot use this estimate as a substitute for Theorem 2.8(ii) or Theorem 2.8(ii1).
If one uses the first estimate of Corollary 4.16 in place of the second, one can
instead obtain Typefl)[w, 8, o] for the range 56 + 166 + 60 < 1, which now
does permit o to exceed %, and thus gives some version of Zhang’s theorem after
combining with a Type III estimate. However, o still does not exceed &, and so
one cannot dispense with the Type III component of the argument entirely with
this Type I estimate. By using a second application of g-van der Corput, though
(i.e., using the [ = 3 case of Proposition 4.12 rather than the / = 2 case), it is
possible to raise o above %, assuming sufficient amounts of dense divisibility; we
leave the details to the interested reader. Thus it is in fact possible to obtain a

nontrivial equidistribution estimate of the form MPZ[z, 6] using only the Type 11
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argument, if one is willing to use a sufficient number of applications of g-van der
Corput, and using any nontrivial power savings on complete exponential sums as
input. However, the Cauchy—Schwarz arguments used here are not as efficient in
the Type I setting as the Cauchy—Schwarz arguments in the sections below, and so
these estimates do not supersede their Type I counterparts.

5E. Proof of first Type I estimate. We will establish Theorem 5.8(i), which is the
easiest of the Type I estimates to prove. The strategy follows closely that of the
previous section. The changes, roughly speaking, are that the Cauchy—Schwarz
argument is slightly modified (so that only the g, variable is duplicated, rather than
both ¢; and ¢») and that we use an exponential sum estimate based on the first part
of Corollary 4.16 instead of the second.

As before, we will establish the bound (5-33) for each individual . We abbreviate
again Y = Yy (b1, ba; qo) and set

H=x*RO*M 'q;".

We begin with the formula (5-34) for YT, move the ¢; and » sums outside, apply
the Cauchy—Schwarz inequality (and insert a suitable smooth coefficient sequence
Y (n) at scale N to the n sum), so that we get
71> <12
with N Ow@o. O
q07
Y= Y Y COIBmPIBn+Lr)) <« ——F—
a1=Q/qo " o

(as in (5-35)), and

T2 —vaN(n)C(n) > ‘ D chare®ehn,rqo 41, qz)

q1=0/q0" ¢2<Q/q0 1<|h|<H
(g1,92)=1

= Z ZZ ZZ Chi.q1.0:Chy.q1.5.50.r (M1, h2, g1, 2, q1,4 52),
q

1X0/q0  q2,52<0/q0  1=hy,ha<|H]|
(q1,92)=(q1,52)=1

where Sy, is the same sum (5-36) as before and the variables (g1, g2, s2) are
restricted by the condition gogq17, gogar, qosar € Dy (x®) (recall the definition (5-29)).
We will prove the following bound:

Proposition 5.12. For any
p=(h1,h2,q1, 92, q1, 52)
with (qoq19252, v) = 1 and for any £ # 0 and r as above with

qoqir, qosar € D(x°) and qoqi € Q, qos2 <K Q, r <R,
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we have

1Se.,(P)| < g3/ N2 (QP RO + RN (hy52 — haga, 7).

We first conclude assuming this estimate: arguing as in the previous section to
sum the greatest common divisors (h1sy — haqo, 1), we obtain

3 2

N
T, < <g) Hz{qé/GNl/z(Q3R)1/6x‘s/6+—}+HN<2) ,
q0 R 40

and therefore

3 3 2 2
IT)?< —NQ(zO’ N {qé/6(q2> HZN]/z(Q3R)1/6x5/6+(g> HRN—I—HN(g) }
0

4o 90 q0
N2Q4(q0’£)2 H2Q1/2R1/6x6/6 H2 H
< +_+_ )
4 { N1/2 R 0 }

where we once again discard some powers of gg > 1 from the denominator. Using
again (5-13) and (5-14) and N < M, we find that

2n1/2p1/6,.58/6 13/6 n9/2 3/2 9/2
H?Q'2R'/0x% ~ x8/6+25R °Q% <<x—2+8/6+28N (R
N1/2 M2N1/2 R7/3
X 1/44+9@ +55/2+9¢
<< N5/6 s
H2 x8w’+38+ll£
—_—
R N
H RQ xl/2+2w’+€

— <= —— < ,
0 M M

and using the assumption N > x /279 from (5-2), we will derive (5-33) if ¢ = 3¢,
& > 0 is small enough, and

T +9m +55 <3(3 —o0), 54w + 158 +50 < 1,
—
8w +38 <1 —o, 16w + 68 +20 < 1.

For @, §, o0 > 0, the first condition implies the second (as its coefficients are larger).
Since the first condition is the assumption of Theorem 5.8(i), we are then done.
We now prove the exponential sum estimate.

Proof of Proposition 5.12. We set
®y(n) = Q¢(hy,n,1,q90,q1,92),  DPa(n) = Py(ha, n, 1, qo, q1, 52),

as in the proof of Proposition 5.10, and we write

D OY SRS 2
D1 (n)Dy(n) =e — Je e
1() 2() d‘(n)dz(n+r)
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for some c; and c;, where

d\ :==rqoq1, d> = [q2, 52].

Since rqoq1, rqog> and rqos» are x°-densely divisible, Lemma 2.10(ii) implies
that the least common multiple [d1, d>] = [rqoq1, rq0q2, rqos2] is also x‘s—densely
divisible.
Splitting again the factor C(n) into residue classes modulo ¢gg, and applying the
first part of Corollary 4.16 to each residue class, we obtain
N1/2 +E(c1, 8)) (c2, 5;))

Se.r| < (g0, &) | ——-[d1, da]"/®x%/6

where §; =d; /(d;, d») and 8; =46;/(qo, 8;). Again, as in the proof of Proposition 5.10,
we conclude by observing that [d}, d;] < Q3R/q0 and (c, 83)/8’ <1, while

(c1,8)) _(c1,1)
8" = ro
1

and inspection of the r-component of ®(n)®,(n) using (5-30) shows that a prime
p | r divides c; if and only if p | hysy — hago. U

5F. Proof of second Type I estimate. We finish this section with the proof of
Theorem 5.8(ii). The idea is very similar to the previous Type I estimate, the main
difference being that since g; (and ¢») is densely divisible in this case, we can split
the sum over g; to obtain a better balance of the factors in the Cauchy—Schwarz
inequality.

As before, we will prove the bound (5-33) for individual r, and we abbreviate
T =Yy, (b1, b2; qo) and set

H=x*RQ*M 'q;".

We may assume that H > 1, since otherwise the bound is trivial. We note that goq;
is, by assumption, x%T°(D_densely divisible, and therefore by Lemma 2.10(i) ¢; is
y-densely divisible with y = gox®+°"). Furthermore we have

x ¥Q/H » x73¢
by (5-13) and M » x!'/2+2@+¢ and
8+o(1)

XT*¥Q/H < q1y = q1qox

since q1qo < Q and H > 1. Thus (assuming ¢ > 3¢) we have the factorization

qr =uvy,
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where u |, v are squarefree with

qo_]x_‘s_zeQ/H «u; < x*Q/H,

qo_lngH <« v < x0T H

(either from dense divisibility if x~2% Q/H < q, ortaking u; =q1, v; =1 otherwise).
Define Yy, v to be

)EDID DD

I1<|h|<H uipxU vixV  @x0/q0
(u1v1,9092)=1

Y CmBm)BU+Lr)®e(h, n, 1, qo, urv1, 42)),

n

where u 1, v are understood to be squarefree.
By dyadic decomposition of the sum over g; = ujv; in Y, it is enough to
prove that

Yu,v < x (g0, ) 0*Ngy* (5-39)
whenever
g5 'x ¥ Q/H < U < x"*¥Q/H, (5-40)
gy 'X*H <V < x**H, (5-41)
UV = Q/qp. (5-42)

We replace the modulus by complex numbers ¢y, i, v,,4, Of modulus at most 1,
move the sum over n, u| and ¢, outside and apply the Cauchy—Schwarz inequality
as in the previous sections to obtain

1Ty vI* < Y171,
with
NQU
Y=Y Y CIBmPIBn+Lr)|* < (g0, £) qu
u=<xU n 0

2=0/q0

as in (5-35) and

2= Y YnmCn) > D G

wuy<xU n vV (u1v1,q092)=1 1<|h|<H
72=0/q0 2

X ®y(h,n,r,qo, uivi, g2))

=220 2> 2 (nwmethuns

urxU vy, vxV;@uiviva,qoq2)=1 1<|hy|,|h2|<H
2<0/q0

x Tor(h1, ha, uy, v1, 2, 42, 90)),
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where the exponential sum 7y, is a variant of S, , given by

Tori=Y  C)Yn(m)®e(hr, n, 7, go, urvr, g2) ¢ (hy, 1, 7, qo, t1v2, 4a). (5-43)

n

The analogue of Propositions 5.10 and 5.12 is:
Proposition 5.13. For any

p = (hi, hy, uy, vy, v2, g2, o)
with (ujv1va, 90q2) = (g0, q2) = 1, any € # 0 and r as above, we have
_ N
|Te.r(P)] < (4o, @( VENV2OBE (R QYO+ R —havn, r)).

Assuming this, we derive as before that

Y7 < (qo, E)H2UV2<2) {Nl/Z(RHQ2)1/6x8/3+s/3 + = o } + HNUV(%)
q0 q5

and then
Tu.vl? 2 3ar1/2 2 RY1/68/3+¢/3 INQ3 2
NQU [ H2Q*N'/*(H Q*R T HN
< (g0, 0)* 2 { 2 e * Q3 +HN(Q_3)}
90 Ugp U R4y %
< ( €)2N2Q4 HEOQIERO el + H2 + i
q0, a N1/2 Vqo

since UV =< Q/qo, where we have again discarded a factor of gg in the first line.
Using again (5-13), (5-14) and (5-41), we find that

13/6 1/3 p1/6.6/3+¢/3 73 (143 53
H/OQIP RO el L35 n R7P0M <<x1/6+28w/3+6/3+55/2N/
N2 N1/2f13/6 R73
(280 /3485/3+1/6-+10¢ /2
< N3 ,
H2 x8w+38+11£
—_—
R N
H
— <x7,
Vqo

and therefore (5-39) holds for sufficiently small ¢ provided
Fri+e<ili-o) 56w + 168 +40 < 1,
8w +35 < 5 —o, 16w +65+20 < 1.

Again the first condition implies the second, and the proof is completed. (]
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Proof of Proposition 5.13. We proceed as in the previous cases. Setting
®1(n) := Py(h1,n,r, qo, u1vi, q2),  P2(n) :=Pe(ho, n, 1, qo, uiv2, g2)

for brevity, we may write

& (P = e@ [ L) e ( 2
1(n)®2(n) €4 (n €4 it
by (5-30) for some c; and ¢, and 7, where

di :=rqoui[vi, v2], dr:=qo.

Since rqou vy, rgou1vy and rqgoq, are x‘s—densely divisible, Lemma 2.10(ii) implies
that their gcd [d}, db] is also x‘s—densely divisible.

Splitting again the factor C(n) into residue classes modulo ¢, and applying the
first part of Corollary 4.16 to each residue class, we obtain

N1/2 N (¢ ,8/) s, 5/
|Ty.r| < (qo,ﬁ)(w[dl’d2]1/6x8/6+_(1—/1( 2/ 2)>’
qO q0 8] 82

where 8; =d; /(dy, d>) and 6; =4;/(qo, ;). We conclude as before by observing that
HOQ?R
q

by (5-41) and (5-42), that (c;, §2)/8> < 1 and that (cy, §)/6; < (c1,r)/r, where
inspection of the »-component of ®(n)®P,(n) using (5-30) shows that a prime p | r
divides c; if and only if p | hjvy — hpvy. O

[dy, dr] € QRUV?* < x312¢

6. Trace functions and multidimensional exponential sum estimates

In this section (as in Section 4), we do not use the standard asymptotic convention
(Definition 1.2), since we discuss general ideas that are of interest independently of
the goal of bounding gaps between primes.

We will discuss some of the machinery and formalism of £-adic sheaves & on
curves* and their associated Frobenius trace functions tg. This will allow us to
state and then apply the deep theorems of Deligne’s general form of the Riemann
hypothesis over finite fields for such sheaves. We will use these theorems to
establish certain estimates for multivariable exponential sums which go beyond the
one-dimensional estimates obtainable from Lemma 4.2 (specifically, the estimates
we need are stated in Corollary 6.24 and Corollary 6.26).

4In our applications, the only curves U we deal with are obtained by removing a finite number of
points from the projective line Pl
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The point is that these Frobenius trace functions significantly generalize the
rational phase functions x — e, (P (x)/Q(x)) which appear in Lemma 4.2. They
include more general functions, such as the hyper-Kloosterman sums

m—1
MGG DI ST
P2 Vi Ym€Ep
YL ym=x
and satisfy a very flexible formalism. In particular, the class of Frobenius trace
functions is (essentially) closed under basic operations such as pointwise addition
and multiplication, complex conjugation, change of variable (pullback), and the
normalized Fourier transform. Using these closure properties allows us to build a
rich class of useful trace functions from just a small set of basic trace functions. In
fact, the sheaves we actually use in this paper are ultimately obtained from only
two sheaves: the Artin—Schreier sheaf and the third hyper-Kloosterman sheaf’
However, we have chosen to discuss more general sheaves in this section in order
to present the sheaf-theoretic framework in a more natural fashion.
Because exponential sums depending on a parameter are often themselves trace
functions, one can recast many multidimensional exponential sums (e.g.,

Y. (X))

X150, Xn €Fp

for some rational function f € F,(Xj, ..., X,)) in terms of one-dimensional sums
of Frobenius trace functions. As a very rough first approximation, [Deligne 1980]
implies that the square root cancellation exhibited in Lemma 4.2 is also present
for these more general sums of Frobenius trace functions, as long as certain degen-
erate cases are avoided. Therefore, at least in principle, this implies square root
cancellation for many multidimensional exponential sums.

In practice, this is often not entirely straightforward, as we will explain. One
particular issue is that the bounds provided by Deligne’s theorems depend on a
certain measure of complexity of the ¢-adic sheaf defining the trace function, which
is known as the conductor of a sheaf. In estimates for sums of trace functions,
this conductor plays the same role that the degrees of the polynomials f, g play in
Lemma 4.2. We will therefore have to expend some effort to control the conductors
of various sheaves before we can extract usable estimates from Deligne’s results.

This section is not self-contained, and assumes a certain amount of prior formal
knowledge of the terminology of ¢-adic cohomology on curves. For readers who
are not familiar with this material, we would recommend as references such surveys

50ne can even reduce the number of generating sheaves to one, because the sheaf-theoretic Fourier
transform, combined with pullback via the inversion map x — 1/x, may be used to iteratively build
the hyper-Kloosterman sheaves from the Artin—Schreier sheaf.
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as [Iwaniec and Kowalski 2004, §11.11; Kowalski 2010; Fouvry et al. 2014c], and
some of the books and papers of Katz, in particular [1980; 2001; 1988], as well
as Deligne’s own account [SGA 1977, Sommes trigonométriques]. We would like
to stress that if the main results of the theory are assumed and the construction
of some main objects (e.g., the Artin—Schreier and hyper-Kloosterman sheaves)
is accepted, working with £-adic sheaves essentially amounts to studying certain
finite-dimensional continuous representations of the Galois group of the field [, (X)
of rational functions over [,.

Alternatively, for the purposes of establishing only the bounds on (incomplete)
multivariable exponential sums used in the proofs of the main theorems of this paper
(namely the bounds in Corollary 6.24 and Corollary 6.26), it is possible to ignore
all references to sheaves, if one accepts the estimates on complete multidimensional
exponential sums in Proposition 6.11 and Theorem 6.17 as “black boxes”; the
estimates on incomplete exponential sums will be deduced from these results via
completion of sums and the g-van der Corput A-process.

6A. L-adic sheaves on the projective line. For p a prime, we fix an algebraic
closure [F_p of [, and denote by k C [F_p =k a finite extension of [,. Its cardinality is
usually denoted |k| = pkFrl = pdee®) = 4 For us, the Frobenius element relative
to k means systematically the geometric Frobenius Fry, which is the inverse in
Gal(k/ k) of the arithmetic Frobenius, x — x4 on k.

We denote by K = [,(¢) the function field of the projective line [p[le and by
K> E some separable closure; let 7 = Spec(K) be the corresponding geometric
generic point.

We fix another prime £ # p, and we denote by ¢ : @, < C an algebraic closure
of the field Q; of £-adic numbers, together with an embedding into the complex
numbers. By an £-adic sheaf ¥ on a noetherian scheme X (in practice, a curve),
we always mean a constructible sheaf of finite-dimensional Q;-vector spaces with
respect to the étale topology on X, and we recall that the category of £-adic sheaves
is abelian.

We will be especially interested in the case X = [P’,i (the projective line) and we
will use the following notation for the translation, dilation, and fractional linear
maps from P! to itself:

[+H]:x+—>x+1,

[xa]:x — ax,
ax+b

cx+d

b
YiX> Yy -x= fory:(ccl d)eGLz([Fp).

We will often transform a sheaf & on [P’,i by applying pullback by one of the above
maps, and we denote these pullback sheaves by [+I]*%, [ xa]*F and y*%.
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6A.1. Galois representations. The category of {-adic sheaves on [P’,i admits a
relatively concrete description in terms of representations of the Galois group
Gal(K /k.K). We recall some important features of it here, and we refer to [Katz
1980, 4.4] for a complete presentation.

For j:U — IP’,i some nonempty open subset defined over k, we denote by
m1(U) and J'rig (U) the arithmetic and geometric fundamental groups of U, which
may be defined as the quotients of Gal(K /k.K) and Gal(K /k.K), respectively, by
the smallest closed normal subgroup containing all the inertia subgroups above
the closed points of U. We have then a commutative diagram of short exact
sequences of groups

1 —— Gal(K /k.K) —— Gal(K /k.K) — Gal(k/k) — 1

N

| —— 78 (U) ————— m(U) —— Gal(k/k) — 1

Given an £-adic sheaf & on IP}{, there exists some nonempty (hence dense, in the
Zariski topology) open set j : U — IP}C such that the pullback j*% (the restriction
of ¥ to U) is lisse, or in other words, for which j*% “is” a finite-dimensional
continuous representation pg of Gal(K /k.K) factoring through 7 (U)

pg : Gal(K /k.K) — 7 (U) — GL(F5),

where the geometric generic stalk %5 of & is a finite-dimensional Qg-vector space.
Its dimension is the (generic) rank of ¥ and is denoted rk(%). There is a maximal
(with respect to inclusion) open subset on which % is lisse, which will be denoted
by Ug.

We will freely apply the terminology of representations to £-adic sheaves. The
properties of pg as a representation of the arithmetic Galois group Gal(K /k.K)
(or of the arithmetic fundamental group 71 (U)) will be qualified as “arithmetic”,
while the properties of its restriction p; to the geometric Galois group Gal(K /k.K)
(or the geometric fundamental group nf (U)) will be qualified as “geometric”. For
instance, we will say that & is arithmetically irreducible (resp. geometrically irre-
ducible) or arithmetically isotypic (resp. geometrically isotypic) if the corresponding
arithmetic representation pg (resp. the geometric representation ,0;) is.

We will be mostly interested in the geometric properties of a sheaf; therefore
we will usually omit the adjective “geometric” in our statements, so that “isotypic”
will mean “geometrically isotypic”. We will always spell out explicitly when an
arithmetic property is intended, so that no confusion can arise.
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6A.2. Middle-extension sheaves. An {-adic sheaf is a called a middle-extension
sheaf if, for some (and in fact, for any) nonempty open subset j : U < [I:D}< such
that j*% is lisse, we have an arithmetic isomorphism

F >~ ' F,
or equivalently if, for every X € P! (k), the specialization maps (see [Katz 1980, 4.4])
Sx - 97} —> T%Y

are isomorphisms, where I5 is the inertia subgroup at x. Given an £-adic sheaf, its
associated middle-extension is the sheaf

for some nonempty open subset j : U — [P)}( on which & is lisse. This sheaf is a
middle-extension sheaf, and is (up to arithmetic isomorphism) the unique middle-
extension sheaf whose restriction to U is arithmetically isomorphic to that of .
In particular, #™¢ does not depend on the choice of U.

6B. The trace function of a sheaf. Let & be an £-adic sheaf on the projective line
over [F,,. For each finite extension k/[F,, % defines a complex valued function

X > tg(x; k)

on k U {oo} = P! (k), which is called the Frobenius trace function, or just trace
function, associated with & and k. It is defined by

PLk) 3 x > t5(x; k) := t(Tr(Fry & |F5%)).

Here ¥ : Spec(k) — IP,i denotes a geometric point above x, and Fx is the stalk of &
at that point, which is a finite-dimensional Q,-vector space on which Gal(k/k) acts
linearly, and Fr, ; denotes the geometric Frobenius of that Galois group. The trace
of the action of this operator is independent of the choice of x.

If k = [, which is the case of importance for the applications in this paper, we
will write f(x; p) or simply #5(x) instead of 7 (x; [)).

If x € Uz (k), the quantity 75 (x; k) is simply the trace of the geometric Frobenius
conjugacy class of a place of K above x acting through the associated representation
Fi, 1.e., the value (under ¢) of the character of the representation at this conjugacy
class:

15 (x; k) = t(Tr(Fry . [F5)).
If & is a middle-extension sheaf one has more generally

t5(x; k) = (Tr(Fry ¢ |F5)).
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For any sheaf %, the trace function of % restricted to Uz (k) coincides with the
restriction of the trace function of F#™¢,

6B.1. Purity and admissibility. The following notion was introduced in [Deligne
1980].

Definition 6.1 (purity). For i € Z, an £-adic sheaf on IP’[IFP is generically pure
(or pure, for short) of weight i if, for any k/F, and any x € Uz (k), the eigenvalues
of Fry ; acting on J; are Q-algebraic numbers whose Galois conjugates have
complex absolute value equal to ¢'/* = |k|//2.

Remark 6.2. Deligne proved (see [1980, (1.8.9)]) that if & is a generically pure
middle-extension sheaf of weight i, then for any k/F, and any x € P!(k), the
eigenvalues of Fr, ; acting on %%7 are (Q-algebraic numbers whose Galois conjugates
have complex absolute value < g/

In particular, if & is a middle-extension sheaf which is generically pure of

weight i, then we get
|t (x; k)| = |o(Tr(Fry |F7) )| < rk(F)g'/? (6-2)
for any x € P! (k).

We can now describe the class of sheaves and trace functions that we will
work with.

Definition 6.3 (admissible sheaves). Let k be a finite extension of F,. An admissible
sheaf over k is a middle-extension sheaf on [F",l which is pointwise pure of weight 0.
An admissible trace function over k is a function k — C which is equal to the trace
function of some admissible sheaf restricted to k C P! (k).

Remark 6.4. The weight-0 condition may be viewed as a normalization to ensure
that admissible trace functions typically have magnitude comparable to 1. Sheaves
which are pure of some other weight can be studied by reducing to the O case by
the simple device of Tate twists. However, we will not need to do this, as we will
be working exclusively with sheaves which are pure of weight 0.

6B.2. Conductor. Let & be a middle-extension sheaf on IP}C. The conductor of %
is defined as

cond(F) :=rk(F) +|P' —Us)®)|+ Y swan, (%),
xe(P'-Ug) (k)

where swan, (%) denotes the Swan conductor of the representation pg at x, a non-
negative integer measuring the “wild ramification” of pg at x (see, e.g., [Katz 1988,
Definition 1.6] for the precise definition of the Swan conductor). If swan, (%) =0,
one says that & is tamely ramified at x, and otherwise that it is wildly ramified.
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The invariant cond (%) is a nonnegative integer (positive if & #0), and it measures
the complexity of the sheaf % and of its trace function . For instance, if % is
admissible, so that it is also pure of weight 0, then we deduce from (6-2) that

|t5:(x; k)| < 1k(F) < cond(F) (6-3)
for any x € k.

6B.3. Dual and tensor Product. Given admissible sheaves & and % on IP}{, their ten-
sor product, denoted by F®4, is by definition the middle-extension sheaf associated
to the tensor product representation pg ® pg (computed over the intersection of Ug
and Uy, which is still a dense open set of [P’,i). Note that this sheaf may be different
from the tensor product of & and % as constructible sheaves (similarly to the fact
that the product of two primitive Dirichlet characters is not necessarily primitive).

Similarly, the dual of %, denoted 5, is defined as the middle extension sheaf
associated to the contragredient representation pz.

We have

Uz NUg C Uzgy, Uz=Ug.

It is not obvious, but true, that tensor products and duals of admissible sheaves
are admissible. We then have

Igee(X; k) = t5(x; K)tg(x; k), 15(x; k) = t5:(x; k) (6-4)

for x € Uz (k) NUg(k) and x € P! (k), respectively. In particular, the product of two
admissible trace functions ¢4 and f4 coincides with an admissible trace function
outside a set of at most cond(%) + cond(%9) elements, and the complex conjugate
of an admissible trace function is again an admissible trace function.
We also have
cond(?#v*) = cond(%) (6-5)

(which is easy to check from the definition of Swan conductors) and
cond(F ® 9) < k(%) rk(9) cond(%F) cond(9) < cond(F)* cond(9)?,  (6-6)

where the implied constant is absolute (which is also relatively elementary; see
[Fouvry et al. 2014a, Proposition 8.2(2)] or [Fouvry et al. 2013b, Lemma 4.8]).

6C. Irreducible components and isotypic decomposition. Let k be a finite field,
let & be an admissible sheaf over [P’}(, and consider U = Ug and the corresponding
open immersion j : U — IP’}(. A fundamental result of Deligne [1980, (3.4.1)]
proves that pg is then geometrically semisimple. Thus there exist lisse sheaves %
on U x k, irreducible and pairwise nonisomorphic, and integers n(%9) > 1, such that

5~ @9
4
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as an isomorphism of lisse sheaves on U x k (the ¢ might not be defined over k).
Extending with j, to IP’%, we obtain a decomposition

F~ P j9?,
4

where each j, is a middle-extension sheaf over k. We call the sheaves j,% the
geometrically irreducible components of &F.

Over the open set Uz, we can define the arithmetic semisimplification o3 as
the direct sum of the Jordan—Ho6lder arithmetically irreducible components of the
representation pg. Each arithmetically irreducible component is either geometri-
cally isotypic or induced from a proper finite index subgroup of 7| (Ug). If an
arithmetically irreducible component 7 is induced, it follows that the trace function
of the middle-extension sheaf corresponding to 7 vanishes identically. Thus, if
we denote by Iso(%) the set of middle-extensions associated to the geometrically
isotypic components of p3’, we obtain the identity

tg= Y g (6-7)
Gelso(F)

(indeed, these two functions coincide on Ug and are both trace functions of middle-
extension sheaves), where each summand is admissible. For these facts, we refer to
[Katz 1980, §4.4, §4.5] and [Fouvry et al. 2014a, Proposition 8.3].

6D. Deligne’s main theorem and quasiorthogonality. The generalizations of com-
plete exponential sums over finite fields that we consider are sums

S(F k) =) 15(x; k)
xek

for any admissible sheaf & over I]j’,i. By (6-3), we have the trivial bound
|S(%F; k)| < cond(F)|k| = cond(F)gq.

Deligne’s main theorem [1980, Théoreme 1] provides strong nontrivial estimates
for such sums, at least when p is large compared to cond(%).
Theorem 6.5 (sums of trace functions). Let F be an admissible sheaf on P!, where
|k| = q and U = Ug. We have

S(F; k) = q Tr(Fry |(9¢ﬁ),,lg(U)) + O(cond(F)?q'/?),

where (@ﬁ)nlg(m denotes the nf(Ug)-coinvariant space6 of pz, on which Gal(%/ k)
acts canonically, and where the implied constant is effective and absolute.

ORecall that the coinvariant space of a representation of a group G is the largest quotient on which
the group G acts trivially.
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Proof. Using (6-3), we have

S(F; k) = Z t5(x: k) + O(cond(F)?),
xeU (k)

where the implied constant is at most 1. The Grothendieck—Lefschetz trace formula
(see, e.g., [Katz 1988, Chapter 3]) gives

2
S3(U.k) = (—1) Tr(Fry | H.(U @4 k. F)),
i=0

where H (U ®; k, F) is the i-th compactly supported étale cohomology group of
the base change of U to k with coefficients in %, on which the global Frobenius
automorphism Fry acts.

Since U is affine and % is lisse on U, it is known that HCO(U Qx k, %) = 0. For
i =1, Deligne’s main theorem shows that, because % is of weight 0, all eigenvalues
of Fr; acting on HJ (U xi k, F) are algebraic numbers with complex absolute
value < |k|'/2, so that

ITr(Fry |HN (U ®1 k, F))| < dim(H (U @ k, F))q'/>.

Using the Euler—Poincaré formula and the definition of the conductor, one easily
obtains

dim(H! (U ®; k, F)) < cond(F)?

with an absolute implied constant (see, e.g., [Katz 1988, Chapter 2] or [Fouvry et al.
2013a, Theorem 2.4]).

Finally for i = 2, it follows from Poincaré duality that H>(U ® k, F) is
isomorphic to the Tate-twisted space of nlg (U)-coinvariants of Fy (see, e.g., [Katz
1988, Chapter 2]), and hence the contribution of this term is the main term in
the formula. O

6D.1. Correlation and quasiorthogonality of trace functions. An important appli-
cation of the above formula arises when estimating the correlation between the trace
functions ¢z and f associated to two admissible sheaves &, %, i.e., when computing
the sum associated to the tensor product sheaf F ®%9. We define the correlation sum

C(F. G k)= ta(x; b)tg(x: k).

xek

From (6-3) we have the trivial bound
|C5.4(k)| < cond(%F) cond(9)q.

The Riemann hypothesis allows us improve this bound when %, % are “disjoint”:
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Corollary 6.6 (square root cancellation). Let %, G be two admissible sheaves on
[P’,l{ for a finite field k. If & and § have no irreducible constituent in common, then
we have

|C(F,%; k)| < (cond(F) cond(9))*q'/?,

where the implied constant is absolute. In particular, if in addition cond(%) and
cond(%9) are bounded by a fixed constant, then

IC(F, % k)| < g%
Proof. We have
e (X3 k) = 15.(x; k)1 (x; k)
for x € Uz (k) N Ug(k) and
lt5eq(i bl Itz (x: K)rg(x: k)| < cond(F) cond(9).

Thus the previous proposition applied to the sheaf F ® G gives

C(%#,%6k=SFQ C:é; k) + 0((cond(97’) + cond(%9)) cond(%F) cond(%))

=g Tr(Frx |(F ® @)ﬁ>nf(U)) + O ((cond(F) cond(9))*q'/?)

using (6-5) and (6-6). We conclude by observing that, by Schur’s Lemma and
the geometric semisimplicity of admissible sheaves (proved by Deligne [1980,

(3.4.1)]), our disjointness assumption on & and % implies that the coinvariant space
vanishes. U

6E. The Artin—Schreier sheaf. We will now start discussing specific important ad-
missible sheaves. Let p be a prime and let ¥ : (F,, +) — C* be a nontrivial additive
character. For any finite extension k of [, we then have an additive character

o {k — CX,
“ e ¥ (Trgr, (),

where Tryr, 1s the trace map from & to [F).
One shows (see [Katz 1988, Chapter 4; SGA 1977, §1.4; Iwaniec and Kowalski

2004, pp. 302-303]) that there exists an admissible sheaf ¥, called the Artin—
Schreier sheaf associated to v, with the following properties:

o The sheaf &, has rank 1, hence is automatically geometrically irreducible,
and it is geometrically nontrivial.

o The sheaf £y, is lisse on Alp, and wildly ramified at oo with swan. (££y) =1,
so that in particular cond(¢¥y,) = 3, independently of p and of the nontrivial
additive character .
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o The trace function is given by the formula
ty, (x5 k) = Y (x)
for every finite extension k /[, and every x € Al(k) =k, and
te, (00; k) = 0.

Let f € [, (X) be a rational function not of the shape g” — g + ¢ for g € [,(X),
¢ € [, (for instance whose zeros or poles have order prime to p). Then f defines
a morphism f : [P’[le — I]:D[IFP, and we denote by ¥y () the pull-back sheaf f*¥,,
which we call the Artin—Schreier sheaf associated to f and vr. Then £y (r) has the
following properties:

« It has rank 1, hence is geometrically irreducible, and it is geometrically non-
trivial (because f is not of the form g” — g + ¢ for some other function g,
by assumption).

« It is lisse outside the poles of f, and wildly ramified at each pole with Swan
conductor equal to the order of the pole, so that if the denominator of f has
degree d (coprime to p) we have cond(£y (s)) = 1 + e +d, where e is the
number of distinct poles of f.

« It has trace function given by the formula
18y, (65 k) = ¥ (e, (f (1))

for any finite extension k/F, and any x € P! (k) which is not a pole of f, and
tﬁ&/,(f) (-x, k) =0ifxisa pOle of f

In particular, from Theorem 6.5, we thus obtain the estimate

> W(f(x))’ < deg(f)*p'/?

xelF,

for such f, which is a slightly weaker form of the Weil bound from Lemma 4.2.
Note that this weakening, which is immaterial in our applications, is only due to
the general formulation of Theorem 6.5, which did not attempt to obtain the best
possible estimate for specific situations.

6F. The (-adic Fourier transform. Let p be a prime, k/[, a finite extension and
Y a nontrivial additive character of k. For a finite extension k /[, and a function
x > t(x) defined on k, we define the normalized Fourier transform FTt(x) by
the formula

I
FTy1(0) 1=~ 75 DtV )

yvek
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(which is similar to (4-11) except for the sign). It is a very deep fact that, when
applied to trace functions, this construction has a sheaf-theoretic incarnation. This
was defined by Deligne and studied extensively by Laumon [1987] and Katz [1988].
However, a restriction on the admissible sheaves is necessary, in view of the
following obstruction: if 7(x) = {(bx) for some b € k, then its Fourier transform
is a Dirac-type function

—g'? ifx=—-b
FTy () (x) = —¢'26_p(x) = | * ’
y (1) (x) q b(x) {() otherwise.

But this cannot in general be an admissible trace function with bounded conductor
as this would violate (6-2) at x = —b if ¢ is large enough. We make the following
definition, as in [Katz 1988]:

Definition 6.7 (admissible Fourier sheaves). An admissible sheaf over P} is a
Fourier sheaf if its geometrically irreducible components are neither trivial nor
Artin—Schreier sheaves &£y, for some nontrivial additive character .

Theorem 6.8 (sheaf-theoretic Fourier transform). Let p be a prime and k/F, a
finite extension, and let \ be a nontrivial additive character of k. Let & be an
admissible £-adic Fourier sheaf on I]j’,i. There exists an £-adic sheaf

G =FTy (%),

called the Fourier transform of %, which is also an admissible {-adic Fourier sheaf,
with the property that for any finite extension k' [k, we have
tg(- s k') =FTy, 15(-; k);

in particular

1
ta(xi k) = > 15 (v Y (xy).

yek
Moreover, the following additional assertions hold:

o The sheaf § is geometrically irreducible, or geometrically isotypic, if and only
if Fis.

o The Fourier transform is (almost) involutive, in the sense that we have a
canonical arithmetic isomorphism

FTy %~ [x(—D]*F, (6-8)

where [ x (—1)]* denotes the pull-back by the map x — —x.

o We have
cond(%) < 10 cond(@)z. (6-9)
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Proof. These claims are established for instance in [Katz 1988, Chapter 8], with the
exception of (6-9), which is proved in [Fouvry et al. 2014a, Proposition 8.2(1)]. [J

6G. Kloosterman sheaves. Given a prime p > 3, a nontrivial additive character
Y of [, and an integer m > 1, the m-th hyper-Kloosterman sums are defined by

the formula
1
Kl k) o= —— > Y+ + ym) (6-10)

for any finite extension k /[, and any x € k. Thus, we have for instance Kl (x; k) =
Y (x), while Kl is essentially a classical Kloosterman sum.

The following deep result shows that, as functions of x, these sums are trace
functions of admissible sheaves.

Proposition 6.9 (Deligne; Katz). There exists an admissible Fourier sheaf 34,
such that, for any k/F, and any x € k*, we have
tte,, (s k) = (= 1) Ky (x5 k).

Furthermore:

o 90, is lisse on G,, = P! — {0, oo}; if m > 2, it is tamely ramified at 0, and
form =1 it is lisse at 0; for all m > 1, it is wildly ramified at oo with Swan
conductor 1.

o K2, is of rank m, and is geometrically irreducible.

o If p is odd, then the Zariski closure of the image pyy,, (nf (G)), which is
called the geometric monodromy group of ¢, is isomorphic to SL,, if m is
odd, and to Sp,, if m is even.

It follows that cond(H€,,) = m + 3 for all m > 2 and all p, and that cond(¥£,) = 3.

Proof. All these results can be found in [Katz 1988]; more precisely, the first two
points are part of Theorem 4.1.1 in [Katz 1988] and the last is part of Theorem 11.1
in the same reference. O

Remark 6.10. In particular, for x # 0, we get the estimate
| KLy (x5 )| < m,

first proved by Deligne. Note that this exhibits square-root cancellation in the
(m — 1)-variable character sum defining Kl(x; k). For x = 0, it is elementary that

Klm(o, k) — (_l)m—lq—(m—l)/Z'

We have the following bounds for hyper-Kloosterman sums, where the case
m = 3 is the important one for this paper:
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Proposition 6.11 (estimates for hyper-Kloosterman sums). Let m > 2 be an integer
and ' an additive character of F,,, which may be trivial. We have

‘Z Kl,, (x; p)¥' ()| < p'72. (6-11)

X
xelp,

Further, let a € I]:;. If either a # 1 or V' is nontrivial, we have

'Z Kl (x; p)Kly (ax; )y’ (x)| < p'/2. (6-12)

X
xel,

In these bounds, the implied constants depend only, and at most polynomially, on m.

Proof. The first bound (6-11) follows directly from Corollary 6.6 and (6-6) be-
cause J{,, is, for m > 2, geometrically irreducible of rank > 1, and therefore not
geometrically isomorphic to the rank-1 Artin—Schreier sheaf £,

For the proof of (6-12), we use the identity’

1
Kl (1) = —17 > Kl (7D ) = =FTy (Iy ™ 17Kl (),
yeF)

which is valid for all x € [, (including x = 0). If we let b € [, be such that
Y’ (x) = ¥ (bx) for all x, then by the Plancherel formula, we deduce

Y Kl (s pKly(ax; p)y' )= Y Klyo1 (3Kl 1@y +b)~")

xeF, yeF,\{0.~b)
= Y Kl p)Kli(r - i p),
yeF,,
VA0, ~1/b
where

()

We are in the situation of Corollary 6.6, with both sheaves K¢, and y*¥¢,,_
admissible and geometrically irreducible. If m > 3, 3¢, is tamely ramified at O
and wildly ramified at co, and y*¥¢,,_ is therefore tame at y‘l (0) and wild at
y‘l (00), so that a geometric isomorphism K¢, >~ y*¥X{,,_ can only occur if
y(0) =0 and y (00) = 00, or in other words if b = 0. If b =0, we have y*H¥,,_1 =
[xal*¥¢,,—1 which is known to be geometrically isomorphic to H¢,,_; if and only
if a = 1, by [Katz 1988, Proposition 4.1.5]. Thus (6-12) follows from Corollary 6.6
for m > 3, using (6-6) and the formulas cond(¥£,,—1) = cond(y*H{€,,—1) = m + 3.

7One could use this identity to recursively build the hyper-Kloosterman sheaf from the Artin—
Schreier sheaf, Theorem 6.8, and pullback via the map x +— 1/x, if desired.
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The case m = 2 is easy since the sum above is then simply

Y Yy —ay/by+1)),
velF,,
y#0.,—=1/b
where the rational function f(y) = y —ay/(by + 1) is constant if and only if
a=1,b =0, so that we can use Lemma 4.2 in this case. O

Remark 6.12. A similar result was proved by Michel [1998, Corollaire 2.9] using a
different method. That method requires more information (the knowledge of the geo-
metric monodromy group of K¢,,) but gives more general estimates. The case m =3
is (somewhat implicitly) the result used in [Friedlander and Iwaniec 1985], which is
proved by Birch and Bombieri in the Appendix to the same paper (with in fact two
proofs, which are rather different and somewhat more ad hoc than the argument pre-
sented here). This same estimate is used by Zhang [2014] to control Type III sums.

6H. The van der Corput method for trace functions. Let t = tg be the trace
function associated to an admissible sheaf %. In the spirit of Proposition 4.12,
the g-van der Corput method, when applied to incomplete sums of ¢, followed by
completion of sums, produces expressions of the form

> @G+ Dy (hx)

xe[Fp

for (h,1) €F, x [F; and for some additive character . We seek sufficient conditions
that ensure square-root cancellation in the above sum, for any / # 0 and any 4.
Observe that if

1(x) = ¥ (ax> + bx),

then the sum is sometimes of size p. Precisely, this happens if and only if 4 = 2al.
As we shall see, this phenomenon is essentially the only obstruction to square-root
cancellation.

Definition 6.13 (no polynomial phase). For a finite field k and d > 0, we say
that an admissible sheaf & over [P’,i has no polynomial phase of degree < d if no
geometrically irreducible component of F is geometrically isomorphic to a sheaf
of the form £y, (p(r)) where P(X) € [,[X] is a polynomial of degree <d.

Thus, for instance, an admissible sheaf is Fourier if and only if it has no polyno-
mial phase of degree < 1.

Remark 6.14. An obvious sufficient condition for & not to contain any polynomial
phase (of any degree) is that each geometrically irreducible component of & be irre-
ducible of rank > 2, for instance if % itself is geometrically irreducible of rank > 2.
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The following inverse theorem is a variant of an argument of Fouvry, Kowalski
and Michel [Fouvry et al. 2013a, Lemma 5.4].

Theorem 6.15. Let d > 1 be an integer, and let p be a prime such that p > d. Let
F be an isotypic admissible sheaf over P[IF,, with no polynomial phase of c\l/egree <d.
Then either cond(¥) > p + 1, or for any | € [} the sheaf F Q [+I]*F contains
no polynomial phase of degree <d — 1.

In all cases, for any | € I]:;f and any P(X) € F,[X] of degree d — 1, we have

D e +Dig)Y (P()| < p'l?, (6-13)

xel,

where the implied constant depends, at most polynomially, on cond(%F) and on d.
Furthermore, this estimate holds also if | = 0 and P(x) = hx with h # 0.

Proof. First suppose that [ = 0. Observe that if cond(F) > p 4+ 1, the bound (6-13)
follows from the trivial bound

|t5:(x + Dig ()Y (P (x))] < 1k(F)* < cond(F)?,
and that if the sheaf [-+/]*F ® F contains no polynomial phase of degree <d — 1,
then the bound is a consequence of Corollary 6.6.
We now prove that one of these two properties holds. We assume that [+/]*F ® F
contains a polynomial phase of degree <d —1, and will deduce that cond(¥F) > p+1.
Since % is isotypic, the assumption implies that there is a geometric isomorphism

for some polynomial P(X) € [,[X] of degree < d — 1. Then, considering the
geometric irreducible component % of % (which is a sheaf on P[IT) we also have
P

[+l]*(§2(g®$w(p(x)). (6-14)

If  is ramified at some point x € A!(k), then since Ly (p(v)) is lisse on Al (k), we
conclude by iterating (6-14) that 4 is ramified at x, x +/, x+2I, ..., x4+ (p — 1),
which implies that cond(%) > cond(%) > p 4 rk(%9). Thus there remains to handle
the case when 4 is lisse outside co. It then follows from [Fouvry et al. 2013a,
Lemma 5.4(2)] that either cond(9) > rk(%) + p, in which case cond(%F) > p + 1
again, or that % is isomorphic (over [,) to a sheaf of the form £y (o()) for some
polynomial of degree < d. Since 4 is a geometrically irreducible component of %,
this contradicts the assumption on %.
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Finally, consider the case where / = 0 and P(x) = hx with 1 # 0. Using
Corollary 6.6 and (6-6), the result holds for a given i € [} unless the geometrically
irreducible component 4 of & satisfies

G~ (Q®§£¢(hx).

Since d > 1, F is a Fourier sheaf, and hence so are 9 and 4 ® £y (). Taking the
Fourier transform of both sides of this isomorphism, we easily obtain

[+h]*FT,% ~ FT, %,

and it follows from [Fouvry et al. 2013a, Lemma 5.4(2)] again that cond(FT%) >
p + 1. Using the Fourier inversion formula (6-8) and (6-9), we derive

cond(%) > cond(9) > p'/?,
so that the bound (6-13) also holds trivially in this case. O

Remark 6.16. For later use, we observe that the property of having no polynomial
phase of degree < 2 of an admissible sheaf % is invariant under the following
transformations:

o Twists by an Artin—Schreier sheaf associated to a polynomial phase of degree
< 2, i.e., F 9;®$1/f(ax2+bx)'

e Dilations and translations: & — [xa]*% and &F — [+b]*F, where a € [F;
and b € T),.

o Fourier transforms, if & is Fourier: & — FTy %. Indeed, the Fourier transform
of a sheaf & (p(x)) with deg(P) =2 is geometrically isomorphic to £y (o))
for some polynomial Q of degree 2.

61. Study of some specific exponential sums. We now apply the theory above
to some specific multidimensional exponential sums which appear in the refined
treatment of the Type I sums in Section 8. For parameters (a, b, ¢, d, e) € [F,,, with
a # ¢, we consider the rational function

1
S (Y +aX+b) (Y +cX+d)

fX, ¥): +eY eFH(X,Y).

For a fixed nontrivial additive character v of [, and for any x € [F,,, we define the
character sum

1
Ky(xip)i=——3 > V(). (6-15)
ef,
(y-+ax-+b) (4 ex-+d)£0
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For any x € [, the specialized rational function f(x, Y) € [,(Y) is nonconstant
(it has poles in A[IFP), and therefore by Lemma 4.2 (or Theorem 6.5) we have

|Kf(x; p)l =4 (6-16)
We will prove the following additional properties of the sums K ¢ (x; p):

Theorem 6.17. For a prime p and parameters (a, b, c,d, e) € [FIS) with a # c, the
function x — K ¢(x; p) on [, is the trace function of an admissible geometrically
irreducible sheaf & whose conductor is bounded by a constant independent of p.
Furthermore, & contains no polynomial phase of degree < 2.

In particular, we have

> Ky p)y(hx)| < p'? (6-17)

xelF,

forall h € F, and

Y Ky YK+ 1 p)yr(hn)| < p'? (6-18)

xelF,

forany (h,l) € [FlzJ —{(0, 0)}, where the implied constants are absolute.

Proof. Note that the estimates (6-17) and (6-18) follow from the first assertion
(see Theorem 6.15).
We first normalize most of the parameters: we have

py= _Yieax —eb) 1
Ky¢(x; p)= pl/2 Zw(ez+z(z+(c—a)x+d—b))’

zel,

and by Remark 6.16, this means that we may assume that c =d = 0, a # 0.
Furthermore, we have then

Ky(x; p) =K j(ax +b; p),

where f is the rational function f with parameters (1,0,0,0,e). Again by
Remark 6.16, we are reduced to the special case f = f, i.e., to the sum

1 1
Krwp) = Cpl2 2 w((y—lrx)y +ey)'

yel,
(+x)y#0
We will prove that the Fourier transform of K r is the trace function of a geomet-
rically irreducible Fourier sheaf with bounded conductor and no polynomial phase
of degree < 2. By the Fourier inversion formula (6-8) and (6-9), and the invariance
of the property of not containing a polynomial phase of degree < 2 under Fourier
transform (Remark 6.16 again), this will imply the result for K .
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For z € [, we have
1 1
FT«//(Kf)(Z)Z—ZZVf Gy +ey+zx ).
p y+x.y#0 Y Y

If z # 0, the change of variables

i 2 :=2z(y +x)

RGN
is a bijection
(G, y) eFp xFpiyx+y) #0} = {1, y2) €F) xF}

(with inverse y = z/(y1y2) and x = y»/z — z/(y1y2)) which satisfies

ez z? 72(e —2)
oo teytx=y+t——+n—-———=y1+tn+
y+x)y yiy2 yiy2 yiy2
for y(x +y) # 0. Thus
1 z(e —2)
FTw(Kf)(Z)=;ZZW Ykt = ) =KiGe-2): p)
1

yi.y2€Fy

for z(e — z) #0.

Similar calculations reveal that this identity also holds when z =0 and z = e (treat-
ing the doubly degenerate case z = e = 0 separately), i.e., both sides are equal to 1/ p
in these cases. This means that FTy, (K ) is the trace function of the pullback sheaf

(Qf = ¢*3{f3,

where ¢ is the quadratic map ¢ : z — z(e — 2).

The sheaf 9 has bounded conductor (it has rank 3 and is lisse on U =
IP[IFP — {0, e, oo}, with wild ramification at oo only, where the Swan conductor
can be estimated using [Katz 1988, 1.13.1], for p > 3). We also claim that 4 is
geometrically irreducible. Indeed, it suffices to check that nf (U) acts irreducibly
on the underlying vector space of p3¢,. But since z — z(e — z) is a nonconstant
morphism [P’[le — I]j’[le, nf(U ) acts by a finite-index subgroup of the action of
nf (Gy,) on H3. Since the image of JTig (G,,) 1s Zariski-dense in SL3 (as recalled
in Proposition 6.9), which is a connected algebraic group, it follows that the image
of nf (U) is also Zariski-dense in SL3, proving the irreducibility.

Since % is geometrically irreducible of rank 3 > 1, it does not contain any
polynomial phase (see Remark 6.14), concluding the proof. (]
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Remark 6.18. Another natural strategy for proving this theorem would be to start
with the observation that the function x — K ¢(x; k) is the trace function of the
constructible £-adic sheaf

Wy =R, Ly (1/2), Ly =Ly,

where | : A%ﬁ — A[}p is the projection on the first coordinate and R'm; , denotes
the operation of higher-direct image with compact support associated to that map
(and (%) is a Tate twist). This is known to be mixed of weights < 0 by [Deligne
1980], and it follows from the general results® of Fouvry, Kowalski and Michel
in [Fouvry et al. 2013b] that the conductor of this sheaf is absolutely bounded
as p varies. To fully implement this approach, it would still remain to prove that
the weight-0 part of J s is geometrically irreducible with no polynomial phase of
degree < 2. Although such arguments might be necessary in more advanced cases,
the direct approach we have taken is simpler here.

Remark 6.19. In the remainder of this paper, we will only use the bounds (6-17)
and (6-18) from Theorem 6.17. These bounds can also be expressed in terms of the
Fourier transform FTy, (K ¢) of K ¢, since they are equivalent to

IFTy (K 5)(h)| < p'/?

and

> FTy(Kp)(x + WFTy (K ) () ¥ (—Lx)| < p'/2,

xel,

respectively. As such, we see that it is in fact enough to show that FTy, (K ), rather
than K ¢, is the trace function of a geometrically irreducible admissible sheaf with
bounded conductor and no quadratic phase component. Thus, in principle, we could
avoid any use of Theorem 6.8 in our arguments (provided that we took the existence
of the Kloosterman sheaves for granted). However, from a conceptual point of view,
the fact that K has a good trace function interpretation is more important than
the corresponding fact for FT, (for instance, the iterated van der Corput bounds in
Remark 6.23 rely on the former fact rather than the latter).

6J. Incomplete sums of trace functions. In this section, we extend the discussion
of Section 4 to general admissible trace functions. More precisely, given a squarefree
integer ¢, we say that a g-periodic arithmetic function

t:7—17/q7 — C

8Which were partly motivated by the current paper.
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is an admissible trace function if we have

t) =[]t p) (6-19)

plq

for all x, where, for each prime p | g, x — t(x; p) is the composition of reduction
modulo p and the trace function associated to an admissible sheaf %, on [P’ép.

An example is the case discussed in Section 4: for a rational function f(X) =
P(X)/Q0(X) € Q(X) with P, Q € Z[X] and a squarefree integer ¢ such that
0 (q) # 0, we can write

P(x)
Q(x)

eq(f(x))zeq( ) =| |ep(@,f(x)), where q,=q/p
plg

(by Lemma 4.4). In that case, we take

Fp=Lys), where ¥(x)=e,(@px).

Another example is given by the Kloosterman sums defined for g squarefree and
x € Z by

1
Khng)= S D ealwrt-+om), (6-20)

for which we have

Kl (x5 ) = [ [ Kln@"x; p) = [ J(0x" 7 Kl (- 5 p))(x),
rlq rlg
and hence
Kl (x5 q) = (= 1)~ D@g (),
where

t(x) = H(—l)’"’lt% (x; p)  with &, = [x@m]*%ﬁm
plg

is an admissible trace function modulo q.
Given a tuple of admissible sheaves F = (%) |4, we define the conductor
cond(%F) by
cond(%) = l_[ cond(%)).
plg

Thus, for the examples above, the conductor is bounded by C#@ for some
constant C depending only on f or m, respectively. This will be a general feature
in applications.
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6J.1. A generalization of Proposition 4.12. Thanks to the square root cancellation
for complete sums of trace functions provided by Corollary 6.6, we may extend
Proposition 4.12 to general admissible trace functions to squarefree moduli.

Proposition 6.20 (incomplete sum of trace function). Let g be a squarefree natural
number of polynomial size and let t (- ; q) : Z — C be an admissible trace function
modulo q associated to admissible sheaves F = (F) pq-

Let further N > 1 be given with N < q°" and let Yy be a function on R

defined by
X —Xg
Yn(x) = W( N >,

where xo € R and  is a smooth function with compact support satisfying
Y9 (x)] < log? ™ N
for all fixed j > 0, where the implied constant may depend on j.

(i) (Pélya—Vinogradov + Deligne) Assume that for every p | q the sheaf ¥, has
no polynomial phase of degree < 1. Then we have

ZWN(n)z(n;q)‘ < q1/2+8(1+g) (6-21)

forany e > 0.

(ii) (one van der Corput + Deligne) Assume that for every p | q the sheaf % , has
no polynomial phase of degree < 2. Then, for any factorization ¢ = rs and
N < gq, we have

> Ynmi(n; q)’ L g (NP2 N2, (6-22)

In all cases the implied constants depend on ¢, cond(%F) and the implied constants
in the estimates for the derivatives of \r.

Remark 6.21. In the context of Proposition 4.12, where t (n; q) = e, (P (n)/Q(n)),
the assumptions deg P < deg QO and deg(Q (p)) =deg(Q) (for all p | g) ensure that
the sheaves £, 7, P(x)/0(x)) do not contain any polynomial phase of any degree.

Remark 6.22. For future reference, we observe that in the proof of (6-22) below
we will not use any of the properties of the functions x — #(x; p) for p | r for a
given factorization g = rs, except for their boundedness.
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Proof. For each p | g, the trace function 75, decomposes by (6-7) into a sum of at
most tk(%F ) < cond(%F,) < cond(%F) trace functions of isotypic admissible sheaves,
and therefore n > 1 (n; ¢) decomposes into a sum of at most C®?) functions, each
of which is an admissible trace function modulo g associated to isotypic admissible
sheaves. Moreover, if no %, contains a polynomial phase of degree < d, then
all isotypic components share this property (in particular, since d > 1 for both
statements, each component is also a Fourier sheaf). Thus we may assume without
loss of generality that each %, is isotypic.
We start with the proof of (6-21). By (4-12), we have

> w0 q>‘ <g" > (14 ) sup 11T, a0 90)

heZ/q7

<<q1/2+8<1 + ﬁ) sup [FT,(z(h; q))]
497 hezjq7

for any ¢ > 0, where N' =), y(n). By Lemma 4.4, (6-19) and the definition of
the Fourier transform, we have

FT,( (-5 9)(h) = ]_[FTp(t(- s P)(qph).
rlg

Since 7(- ; p) =tg, is the trace function of a Fourier sheaf, we have
IFT,(t(- ; p))(@ph)| < 10cond(F,)* < 10 cond(F)*

for all & by (6-9) (or Corollary 6.6 applied to the sheaves F;, and ¥, (—z;x))-
Combining these bounds, we obtain (6-21).

The proof of (6-22) follows closely that of (4-20). It is sufficient to prove this
bound in the case r <s. We may also assume that » < N < s, since, otherwise, the
result follows either from the trivial bound or (6-21). Then, denoting K := [N /r],
we write

K
1
;W(mr(m = ;;wwkmr(nwr; q).
Since g = rs, we have

t(n+kr;q)=t(n;r)t(n+kr;s),

where

t; ) =[]t p), 1) =]t p)

pir pls
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are admissible trace functions modulo r and s, respectively. Hence

<<—Z

n

1/2
<<N_<Z
N1/2 1/2
<<T( > A(k,l)) :

1<k,lI<K

Z Yy +kr)t(n+kr; s)

Z YN+ kr)t(n+kr;s)

>1/2

where

Ak, = Z YN+ kr)Ynm+Ir)t(n+kr; s)t(n+1r;s).

The diagonal contribution satisfies

> Alk.k) <q°KN
I<k<K
for any & > 0, where the implied constant depends on cond(%).
Instead of applying (6-21) for the off-diagonal terms, it is slightly easier to
just apply (4-12). For given k # [, since kr,lr < N, the sequence Wy (n) =
Y (n+kr)yy (n 4+ 1r) satisfies the assumptions of (4-12). Setting

wn;s)=tmn+kr;s)t(n+l1r;s),

we obtain

Ak, )| = < gs'2 sup |FT,(w(-:)()|

heZ/sz

Z Yy (mwn; s)

by (4-12) (since N <s). We have

FTyw(-:9)(h) = [ [FT,(w(-; p))(ph)

pls

with s, =s/p. For p | k — [, we use the trivial bound
FT,(w(-; p)Gph)| < p'/?
and for p 1k — [, we have
FT,(w(-; p)(ph) = p1/2 Z t(x+kr; p)t(x+Ir; ple,(s,hx) K< 1
xelF,

by the change of variable x — x + kg and (6-13), which holds for %, by our as-
sumptions. In all cases, the implied constant depends only on cond(% p). Therefore
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we have
Ak, 1) < (k—1,5)2q¢s1/2,

and summing over k # [, we derive

qe 1/2

1/2
(KN 1203 k-1 s)l/z)

N
K 1<k#I<K

memuw*<

12
< QSZ (K\2NV2 1 g1y,

which gives the desired conclusion (6-22). [l

Remark 6.23. Similarly to Remark 4.15, one can iterate the above argument and
conclude that for any / > 1 and any factorization g = ¢q; - - - q;

-1

i i _ 1
E Yy (n)t(n; q)‘ < q° ((§ :lel/z qil/z > +N171/2[ lqll/z )’
n

i=1

assuming that N < ¢ and the %, do not contain any polynomial phase of degree </.
Specializing Proposition 6.20 to the functions in Theorem 6.17, we conclude:

Corollary 6.24. Let g > 1 be a squarefree integer and let K (- ; q) be given by

1
K@iq)=_5 ) ea(f(x.y),

veZ/qZ

where
1

+e
(y+ax+b)(y+cx+d)

flx,y)= y

anda, b, c,d, e are integers with (a — c, q) = 1. Let further N > 1 be given with
N < q°W and let y be a function on R defined by

X — X
WN(X)=W< N ),

where xo € R and  is a smooth function with compact support satisfying
W00l < log” "V N

for all fixed j > 0, where the implied constant may depend on j.
Then we have

> UnmK q)‘ <" (1 +g) (6-23)

forany ¢ > 0.
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Furthermore, for any factorization q =rs and N < q, we have the additional
bound

D YN K (n; q)‘ L g (N'2r12 4 N2, (6-24)

Indeed, it follows from Theorem 6.17 and the assumption (a — ¢, g) = 1 that
K ¢(-; q) is an admissible trace function modulo g associated to sheaves which do
not contain any polynomial phase of degree < 2.

6J.2. Correlations of hyper-Kloosterman sums of composite moduli. Finally, we
extend Proposition 6.11 to composite moduli:

Lemma 6.25 (correlation of hyper-Kloosterman sums). Let s, ry, ry be square-
free integers with (s,r)) = (s,rp) = 1. Leta; € (Z/r1s)*, ax € (Z/rps)*, and
nelZ/([r1,r2]s)Z. Then we have

Y. Kis(aih; ris)Kls(ash; ras)epy, 15 (nh)
he(Z/slr1,r]Z)*

1/2 1/2 1/2 3 3
L (s[r1, 2Dfs'2 ey, 1]V (ay — ay, m, ry, 1) V2 (agr? — arrs, ny )

1/2
for any € > 0, where the implied constant depends only on &.

Proof. Let S be the sum to estimate. From Lemma 4.4, we get
Kl3(a;h; ris) = Kls(a;5h: r;) Klz (@i h 5)
fori =1, 2, as well as

e[rl,i’z]s (l’lh) = e[rl,rz](gnh)es([rl k) rz]nh)y
and therefore S = S;.5; with

Si= Y K@ h; r)KI3(@5h: ra)epy, ) (Gnh),
he(Z/lr1,r212)*

Sr= Y Kly(@m’h; $)Kls(arz h; s)e([r1, ralnh).
he(Z/s7)*

Splitting further the summands as products over the primes dividing [ry, ;] and s,
respectively, we see that it is enough to prove the estimate

Y. Kbk d)K(bohs doe,(mh)| < p'/(b1—by, m, di, do)'/? (6-25)
he(Z/p2)*

for p prime and integers dy, d» > 1 such that [d{, d2] = p is prime, and allm € Z/ pZ,
and by, by € (Z/pZ)*.
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We now split into cases. First suppose that d, = 1, so that d; = p. Then we have
Kl3(b2h; dy) = 1, and the left-hand side of (6-25) simplifies to

Y. Kisbih; ple,(mh) < p'’?
he(z/p2)*

by the first part of Proposition 6.11. Similarly, we obtain (6-25) if d; = 1.

Ifdy =dy = p and by — b, =m =0 (p), then the claim follows from the bound
| KI3(h; p)| < 1 (see Remark 6.10).

Finally, if dy = dy = p and by — by # 0 (p) or m # 0 (p), then (6-25) is a
consequence of the second part of Proposition 6.11. ([l

Finally, from this result, we obtain the following corollary:

Corollary 6.26 (correlation of hyper-Kloosterman sums, II). Let s, ry, rp be square-
free integers with (s,r)) = (s,ry) = 1. Leta; € (Z/r1s)*, ap € (Z]/rps)*. Let
further H > 1 be given with H < (s[r1, r21)°V and let Yy be a function on R

defined by
X — X0
Y (x) = l//( )

H

where xo € R and  is a smooth function with compact support satisfying
Y9 ()] < log® ™V H

for all fixed j > 0, where the implied constant may depend on j. Then we have

> Wu(h)Kls(arh; r15)Klz(azh: r25)
(h,slri,r2])=1

+ 1>S1/2[F1, 1" (ay —ay, 11, 1”2)1/2(612F13 —alrzz', 5)!/?

&L (s[ry, 1”2])€<

[r1, r2ls

for any € > 0 and any integer n.

This exponential sum estimate will be the main estimate used for controlling
Type I sums in Section 7.

Proof. This follows almost directly from Lemma 6.25 and the completion of sums
in Lemma 4.9, except that we must incorporate the restriction (4, s[ry, r2]) = 1.
We do this using Md&bius inversion: the sum S to estimate is equal to

PIIOEONION

38|s[ri,r2]
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where #,(8) satisfies |t1(8)| < 8§72, because Kl3(0; p) = p~! for any prime p, and

$1(8) = Z Wy (h) Klz(aih; ris/(8, ris)Klz(azh; r2s /(8, r2s))
Slh

= Z Wy s(h) Klz(8ayh; rys/(8, r18)Klz(8azh; s/ (8, ras))
i

for some «; € (Z/r;s/(8, ris)Z)*. By Lemma 6.25 and Lemma 4.9, we have

S1(8)

H stri, ra]\'?
<<(s[r1,r2])8<m+1)< 5 ) (@—ai,ri,r) " *(azr; —arr3, s)"/?
1,712

(the gced factors for S1(8) are divisors of those for § = 1). Summing over & | s[ry, 2]
then gives the result. U

6J.3. The Katz Sato-Tate law over short intervals. In this section, which is in-
dependent of the rest of this paper, we give a sample application of the van der
Corput method to Katz’s equidistribution law for the angles of the Kloosterman
sums Kl (#; q).

Given a squarefree integer ¢ > 1 with w(q) > 1 prime factors, we define the
Kloosterman angle 6 (n; q) € [0, ] by the formula

2°@ cos(6(n; q)) = Kly(n: q).

As a consequence of the determination of the geometric monodromy group of the
Kloosterman sheaf 3{¢,, Katz [1988] proved (among other things) a result which
can be phrased as follows:

Theorem 6.27 (Katz’s Sato—Tate equidistribution law). As p — 00, the set of angles
{0(n; p):1<n<p}cCl0,n]

becomes equidistributed on [0, w] with respect to the Sato—Tate measure LT
with density

2 in2(0) do,
bis
i.e., for any continuous function f : [0, 7] — C, we have

/ f@dusr ()= lim_ —— 3 f@: p).

p—+oo p—1 15mep

By the Pélya—Vinogradov method one can reduce the length of the interval [1, p]:
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Proposition 6.28. For any ¢ > 0, the set of angles
{0(:p):1<n<p'/* )0, 7]

becomes equidistributed on [0, ] with respect to the Sato—Tate measure |LsT as
p — +00.

(In fact, using the “sliding sum method” [Fouvry et al. 2013c], one can reduce
the range to 1 < n < p'/2W(p) for any increasing function ¥ with W(p) — 400).

As we show here, as a very special example of application of the van der Corput
method, we can prove a version of Katz’s Sato—Tate law for Kloosterman sums of
composite moduli over shorter ranges:

Theorem 6.29. Let g denote integers of the form g = rs where r, s are two distinct
primes satisfying

sV2 <r <2sl/?,

For any € > 0, the set of pairs of angles
{O05* 1), 007 5) 1 1 <n<q'P*} [0, 7]

becomes equidistributed on [0, 71? with respect to the product measure |[LsT X [LST
as ¢ — +00 among such integers.
Consequently the set

{0(n;q):1<n<q'3*)cl0, 7]

becomes equidistributed on [0, ] with respect to the measure [LsT > obtained as the
pushforward of the measure st X st by the map (0, 0’) — acos(cos 9 cos§’).

Proof. The continuous functions

sin((k + 1)0) sin((k + 1)0”)
sin @ sin 6’

symy (6, 0") 1= sym; (6) sym;, (8") =

for (k, k") € N>o — {(0, 0)} generate a dense subspace of the space of continuous
functions on [0, 77]* with mean 0 with respect to st X (sr. Thus, by the classical
Weyl criterion, it is enough to prove that

Z symk(G(Ezn; r)) symk,(g(#n; ) = 0(q'/3+%).

l<n<q!/3+e

By a partition of unity, it is sufficient to prove that

> () syme@Gn: 1) syme (0Fns ) < g0 (6:26)

n
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for any N < ¢'/3+¢ log ¢ and any smooth function ¥ as above, where the subscript
in <y indicates that the implied constant is allowed to depend on &, k". For any
fixed (k, k"), the function

X symk/(9(72x; s))

is a trace function modulo s, namely, the trace function associated to the lisse sheaf
obtained by composing the representation corresponding to the rank-2 pullback of
the Kloosterman sheaf [ x72]*%¢, with the k-th symmetric power representation
symy, : GL, — GLy41. By [Katz 1988], this sheaf sym;, #¢; is nontrivial if &’ > 1,
and geometrically irreducible of rank k" + 1 > 1. Therefore, if k¥’ > 1, the van der

Corput method (6-22) (see also Remark 6.22) gives

> Wy (n) symy (0(5%n; 1)) symy (0(Fn; 8)) < N'2g"V0 <o g P91,
n

Indeed, symy, J{¢,, being geometrically irreducible of rank > 1, does not contain
any quadratic phase.

If ¥’ = 0 (so that the function modulo s is the constant function 1), then we have
k > 1 and sym; J{€, is geometrically irreducible of rank > 1. Therefore it does not
contain any linear phase, and by the P6lya—Vinogradov method (6-21), we obtain

> Wy () symi (0(7n: 1) symy (0 n; ) < r'PH(1+ N/r) < /o1

n

for any n > 0. ]

7. The Type III estimate
In this section we establish Theorem 2.8(v). Let us recall the statement:

Theorem 7.1 (new Type Il estimates). Let @, &, 0 > 0 be fixed quantities, let I be
a bounded subset of R, let i > 1 be fixed, let a (Pr) be a primitive congruence class,
and let M, Ny, Na, N3 > 1 be quantities with

MN|N>N; < x, (7-1)
NiNy, NiN3, NyN3 s x'/2%7, (7-2)
x2% < Ni, Ny, N3 < x'/?79, (7-3)

Let a, Yy, Yo, Y3 be smooth coefficient sequences located at scales M, N1, Ny, N3,
respectively. Then we have the estimate

Z |A(a %y * Y2 x¥3; a (d))| < xlog™ x

de;(x%)
d<< x 1242w
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for any fixed A > 0, provided that

w<é, O’>%+29—8ZD'+%8. (7-4)
Our proof of this theorem is inspired in part by the recent work of Fouvry,
Kowalski and Michel [Fouvry et al. 2014b], in which the value of the exponent of
distribution of the ternary divisor function 73(n) in arithmetic progressions to large
(prime) moduli is improved from the earlier results of [Fouvry and Iwaniec 1992]
and [Heath-Brown 1986]. Our presentation is also more streamlined. The present
argument moreover exploits the existence of an averaging over divisible moduli to
derive further improvements to the exponent.

7A. Sketch of proofs. Before we give the rigorous argument, let us first sketch the
solution of the model problem (in the spirit of Section 5B) of obtaining a nontrivial
estimate for

D 1AW Y * Y3, a ()] (7-5)
Y

for Q slightly larger than x !/? in logarithmic scale (i.e., out of reach of the Bombieri—
Vinogradov theorem). Here 1, ¥, Y3 are smooth coefficient sequences at scales
N1, N3, Nj, respectively, with NN, N3 =< x and Ny, N, N3 < 4/x, and ¢ is
implicitly restricted to suitably smooth or densely divisible moduli (we do not
make this precise to simplify the exposition). The trivial bound for this sum is
<« 1og®® x, and we wish to improve it at least by a factor log=* x for arbitrary
fixed A > 0.
This problem is equivalent to estimating

Y AW * Yo x Y3, a (9))
q=<Q

when ¢, is an arbitrary bounded sequence. As in Section 5B, we write EMT for
unspecified main terms, and we wish to control the expression

Y cg D Yix¥axys(n) —EMT
g=<Q  n=a(q)

to accuracy better than x. After expanding the convolution and completing the
sums, this sum can be transformed to a sum roughly of the form

%ZZZ Z ¢q ZZZ eq(hiny + hany + h3n3),

I<|hi|<H; q=Q ni,ny,n3el/qZ
ninznz=a (q)
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where H; := Q/N; and H := H HyH3 < Q3/x, the main term having canceled out
with the zero frequencies. As we are taking Q close to x!/2, H is thus close to x'/?
as well. Ignoring the degenerate cases when h1, /iy, h3 share a common factor with
q, we see from (6-20) that

E E E eq(hiny + hany + hznz) = g Klz(ahihahs; q),
ny,n2,n3€l/qZ
ninanz=a (q)

so we are now dealing essentially with the sum of hyper-Kloosterman sums

% 2.0 cqKhahihahsiq) = % Y B Y ¢ Klsah; q),

1<|hi|<H; ¢q<Q 1<|h|«<H q=Q

where

By =) > Y 1

1<|h;| < H;
hihohs=h

is a variant of the divisor function 3.
A direct application of the deep Deligne bound

| Klz(ah; )| <1 (7-6)

for hyper-Kloosterman sums (see Remark 6.10) gives the trivial bound < Q2, which
just fails to give the desired result, so the issue is to find some extra cancellation in
the phases of the hyper-Kloosterman sums.

One can apply immediately the Cauchy—Schwarz inequality to eliminate the
weight 73(h), but it turns out to be more efficient to first use the assumption that ¢
is restricted to densely divisible moduli and to factor g into rs where r < R, s < S,
in which R and § are well-chosen in order to balance the diagonal and off-diagonal
components resulting from the Cauchy—Schwarz inequality (it turns out that the
optimal choices here will be R, S ~ x4,

Applying this factorization, and arguing for each s separately, we are led to
expressions of the form

% 3 B0 e Kis(ah; rs),

1<|h|<H r=R

where we must improve on the bound < Q R coming from (7-6) for any given s < S.
If we then apply the Cauchy—Schwarz inequality to the sum over 4, we get
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% Y. B Y e Khah:rs)

1<|h|<H r=<R Q 2 1/2
= H1/2( > )
I<|h|<H

N V.
< %(ZZ Z Kl3(ah;rlS)K13(ah;r2s)) '

r,rn=<R 15‘h‘<<H

Z crs Kls(ah; rs)

r=<R

The inner sum over % is now essentially of the type considered by Corollary 6.26,
and this result gives an adequate bound. Indeed, the contribution of the diagonal
terms r; = r, is << RH (using (7-6)) and the contribution of each nondiagonal sum
(assuming we are in the model case where ry, r are coprime, and the other greatest
common divisors appearing in Corollary 6.26 are negligible) is

> Kl(ah; r15)Kls(ah; r1s) < (r1r28)'/> < RS'/?
I<|n|l<H

by Corollary 6.26, leading to a total estimate of size

Q 1/2 ¢g71/2 3/2¢l/4

If R =S~ x!/4, this is very comfortably better than what we want, and this strongly
suggests that we can take Q quite a bit larger than x /2,

Remark 7.2. It is instructive to run the same analysis for the fourth-order sum

D IA@ * Y x Y3 Y. a ()],

q=Q
where V1, Vs, V3, ¥4 are smooth at scales Ny, Np, N3, Ny with N --- N4 < x and
N1, ..., Ny < x!'2 & Q. This is a model for the “Type IV’ sums mentioned in

Remark 3.2, and is clearly related to the exponent of distribution for the divisor
function 4.
The quantity H is now of the form H ~ Q*/x ~ x, and one now has to estimate

the sum
Y @l Y e Kliah: )

1<|h|«<H =0
to accuracy better than Hx / Q3> ~ x/4_ If we apply the Cauchy—Schwarz inequality
in the same manner after exploiting a factorization ¢ = rs with r < R, s < § and

RS = Q ~ x'/2, we end up having to control

2.2

r1,r2<R

D" Kly(ah; r1s)Kly(ah; ras)
I<|h|<H
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with accuracy better than (x>/4/S)?/ H ~ x3/? /S?. The diagonal contribution r| = r,
is < RH ~ x3/?/8, and the off-diagonal contribution is ~ R*(R*S)/? ~ x3/2 /§3/2,
However, even with the optimal splitting § &~ 1, R & (, one cannot make both
of these terms much smaller than the target accuracy of x3/2/S2. Thus the above
argument does not improve upon the Bombieri—Vinogradov inequality for Type IV
sums. (It is known, due to Linnik, that the exponent of distribution for 74 is at least
%, in the stronger sense that the asymptotic formula holds for all moduli < x!/2—¢
for ¢ > 0.) The situation is even worse, as the reader will check, for the Type V

sums, in that one now cannot even recover Bombieri—Vinogradov with this method.

We will give the rigorous proof of Theorem 2.8(v) in the next two sections, by
first performing the reduction to exponential sums, and then concluding the proof.

7B. Reduction to exponential sums. By Theorem 2.9 (the general version of the
Bombieri—Vinogradov theorem) we have

Y Al@xy )| < xlogtx

g=<x'/21og=B® x

for some B(A) > 0. We may therefore restrict our attention to moduli ¢ in the range
x172/1ogB x < g < x1/2127
We also write N = Ny N> N3. From (7-2) and (7-3), we deduce that

X2 (N NY) V(NI N3) A (NaN3) 2 = N <273 (7-7)

It is convenient to restrict ¢ to a finer-than-dyadic interval $(Q) in order to
separate variables later using Taylor expansions. More precisely, for a small fixed
& > 0 and some fixed ¢ > 1, we denote by $ = $(Q) a finer-than-dyadic interval of
the type

$(Q):={g: Q1 —cx™") =g < QI +cx)},

(assuming, as always, that x is large, so that cx ~¢ is less than, say, %), and abbreviate

;qu > A,

g€y (x%)
qe9(Q)

for given expression any A, .
Theorem 7.1 will clearly follow if we prove that, for ¢ > O sufficiently small,
we have

D A @* Y * Yo x P a (@) < x *MN (7-8)
q

for all Q such that
2« Q< x1/22 (7-9)
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We fix Q as above and denote by X(Q; a) the left-hand side of (7-8). We have

T(Q:a) =Y cqAla* Y+ Ya*vsia(q))
q

for some sequence ¢, with |c,| = 1. We will prove that, for any a (q), we have

e Y. @xprixynrys)(n) =X+ 0¥ DMN) (7-10)

q n=a(q)

for some X that is independent of a (but that can depend on all other quantities,
such as ¢y, o, or Y1, Y2, ¥3). Then (7-8) follows by averaging over all a coprime
to P; (as in the reduction to (5-18) in Section 5).

The left-hand side of (7-10), say ¥{(Q; a), is equal to

£1(Q; )
=Y e, Y am Y 3N i) Y3013 Lunmamma - (7-11)
q (m,q)=1 ni,ny,n3

The next step is a variant of the completion of sums technique from Lemma 4.9.
In that lemma, the Fourier coefficients of the cutoff functions were estimated
individually using the fast decay of the Fourier transforms. In our current context,
we want to keep track to some extent of their dependence on the variable g. Since
we have restricted ¢ to a rather short interval, we can separate the variables fairly
easily using a Taylor expansion.

Note first that for i = 1, 2, 3, one has

Ni < x'?7% «x7°0,

so in particular v; is supported in (—¢q/2, g/2] if x is large enough. By discrete
Fourier inversion, we have

nw=2 3 w(l)e(%). (7-12)
—q/2<h=q/2
where

Wi(y) =) Yi(me(—ny)

is the analogue of the function W in the proof of Lemma 4.9. As in that lemma,
using the smoothness of y/;, Poisson summation, and integration by parts, we derive
the bound

W (v)| < N; (14 N[y~

for any fixed C > 0 and any —% <y <5 (see (4-17)). More generally, we obtain

1
2

1w () < N1+ Ny €
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for any fixed C > 0, any j > 0 and any —% <y< %
Denoting H; := Q/N; » x°, we thus have

lIji(j)(g) « x—100

(say) for x*/?H; < |h| < ¢/2 and all fixed j. On the other hand, for |h| < x*/*H;
and g € 9, a Taylor expansion using the definition of $ and H; gives

J
Lu(B) =13 wlmsom + o nl
g "\a) g =

for any fixed J, where « is the g-dependent quantity

hoh hQ—-q) h 1
nNi=———=—"<Kx "=<KLx —.
g 0 q0 0 N;

Thus we obtain
L o(h\ UG G (h\(hY (a—0Q)
- EE ) (59 oo
a \q/ aqizjt " \Q/\Q q
Taking J large enough, depending on & > 0 but still fixed, this gives an expansion
1 (h 1 g Q(q-0QY\
=7 <5) = Ljjexerzg,— D €i(j, h>?<T) +0™',  (7-13)

1 i

with coefficients that satisfy

ci(j, h) = lw(ﬁ) (ﬁ)jﬂ <1
=5 \o)\e) 0 S

99 =

H:= H H,H; = Q°/N. (7-14)

as well as

Let

Inserting (7-13) for i =1, 2, 3 into (7-12) and the definition (7-11) of X;(Q; a),
we see that X1 (Q; a) can be expressed (up to errors of O(x~'9)) as a sum of a
bounded number (depending on &) of expressions, each of the form

X(Q5a)
1
= ﬁ E Nq E a(m) E c(h) E eq(hlnl+h2n2+h3n3)1mn1n2n3=a (q)»

q (m,q)=1 h ne(Z/q7)3
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where 7, is a bounded sequence supported on $N%Y; (x%), h:=(hy, h, h3) and c(h)
are bounded coefficients supported on |A;| < x¢/2H;, and n denotes (ni, na, n3).
Our task is now to show that

(0 a) = Xa + O (x 2Dy N)

for some quantity X, that can depend on quantities such as n,, a, ¢, H, but which
is independent of a.
We use F(h, a; q) to denote the hyper-Kloosterman type sum

1
Fhoasq):i== > eg(himi+hmny+hin)lymny=aiqy  (7-15)
ne((Z/q2)*)?

for h = (hy, hy, h3) € (Z/qZ)3 and a € (Z/qZ)* (note that the constraint njnyn; =
a (q) forces ny, ny, n3 to be coprime to g), so that

D=2, Y wm Y e, amrg),

q (m,q)=1 h

where n; = (q/Q)ny is a slight variant of .

We next observe that F'(h, am; g) is independent of a if h1hohs =0 (as can be
seen by a change of variable). Thus the contribution X, to the sum from tuples &
with h1hoh3 = 0 is independent of a. The combination of these terms X, in the
decomposition of X1(Q; a) in terms of instances of X,(Q; a) is the quantity X
in (7-10). We denote by X (Q; a) the remaining contribution. Our task is now to
show that

25(Q,a) < x*¥MN. (7-16)

We must handle possible common factors of g and hjhyh3 for hihyhs # O (the
reader may skip the necessary technical details and read on while assuming that
q is always coprime to each of the 4;, so that all the b-factors appearing below
become equal to 1).

Fori =1, 2, 3, we write

hi = bil;,

where (I;,q) = 1 and b; | g*° (i.e., b; is the product of all the primes in /;, with
multiplicity, that also divide g). We also write

b= l_[ p=(h1h2h3,q), (7-17)
plbibabs

so that we have a factorization ¢ = bd, where d € 9, (bx?) by Lemma 2.10(i), since
g is x°-densely divisible.
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By Lemma 4.4, we have
F(h,am; q) = F(dh, am; b)F (bh, am: d),

where bh := (bhy, bhy, bh3). By an easy change of variable, the second factor
satisfies

b — bi1bybs 1111
F(bh,am; d) =K13(ah1h2h3mb3;d) :K13(a 12273 12 3'd>.

b3 m

We observe that the residue class ab1b2b3ﬁ (d) 1s invertible.
Setting b := (b1, ba, b3), l := (1, [, [3), we can thus write

Q=2 Y e Y w Y (a(m)mh,am;m
b 1

de%; (bx®) (m,bd)=1

(d, bl lr13)=1 « Kls ab1b2b3lllzl3;d ’
b3 m

where b is defined as in (7-17), ¢(b, 1) := c(b1l;, byl>, b3l3), and the sum over [; is
now over the range

8/2Hi

0<ll]<=

(7-18)
i

To control the remaining factor of F, we have the following estimate, where

we denote by 1” the largest squarefree divisor of an integer n > 1 (the squarefree

radical of n). Note that b = (b;byb3)".
Lemma 7.3. Let the notation and hypotheses be as above.
(1) We have oy
|F(dh, am; b)| < %.
(2) The sum F(dh, am; b) is independent of d and m.
Proof. By further applications of Lemma 4.4 it suffices for (1) to show that

(c1, p)(c2, p)(c3, p)

|F(e,a; p)l = 5
p

whenever p is prime, ¢ = (c1,¢2,¢3) € (Z/pZ)S, with cjcoc3 = 0 (p), and
a € (Z/pZ)*. Without loss of generality we may assume that c3 =0 (p), and then

1
F(c,a;p)ZE Y)Y eplami+am),

ny1,n2€(Z/pZ)*

from which the result follows by direct computation of Ramanujan sums (see, e.g.,
[Iwaniec and Kowalski 2004, (3.5)]). Similarly, we see that the value of F(c, a; p)
only depends on which ¢; are divisible by p and which are not, and this gives (2). [
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This lemma leads to the estimate

125(Q; a)

0 «— bbb,
<<E; b23z

, ab1b2b3lllzl3 .
Z Npa Z a(m) Kl3 (T, d)'

de®; (bx®) (m,bd)=1
(blila13,d)=1

0 < bibyb;
<<ﬁ£b: 2T M), (7-19)

with

albibyb
Yo M Dl Ol(m}Kls(—bimz 3;d>';

deb™ 1'%, (bx®Ng (m,bd)=1
(bt,d)=1

T(b):= Y. wn@®

0<|¢|<x3/2H /by bybs

following [Heath-Brown 1986] (particularly the arguments on p. 42), we have
collected common values of £ = [1/,/3, and also replaced the bounded coefficients
1,4» Supported on 9, with their absolute values. This is the desired reduction of
Type III estimates to exponential sums.

7C. End of the proof. We now focus on estimating 7 (b). First of all, we may
assume that

Q 36/2
=>1, ¢/ 1, 7-20
b > X bibabs > ( )
since otherwise 7 (b) =
Let y = bx? and let S be a parameter such that
0 x°Q
l<S<y—=—F". (7-21)

2b 2

The moduli d in the definition of T (b) are y-densely divisible and we have 1 <§ <dy
(for x sufficiently large), so that there exists a factorization d = rs with
1 o yQ
S<s<S§,
y <s< b S LKrkLK— ok
and (r,s) =1 (ifd < S <dy,wetake s =d and r = 1).
Thus we may write

aﬁb1b2b3.
Th< Y. Y. r3(z)‘ Myrs D oz(m)Kh(W,rs)

y15<s<8 0<|€|<Hp reS’, (m,brs)=1
Y besre] L <r« ‘b?
(bes,r)y=

’
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where 7, , - is some bounded sequence and

x38/2H
" bbby

We apply the Cauchy—Schwarz inequality to the sum over s and /. As usual, we
may insert a smooth coefficient sequence ¥y, at scale Hyp, equal to 1 on [—Hp, Hp],
and derive

IT(b)> < T\ T»,

where

Z % Z 73(0)2 < Hy

y-1§<s<§ O<|{|<Hp

(by Equation (1-2)) and

afb1b2b3 2
Z ZSWH;,(E)‘ ng),r,s Z (X(m)Kl3(W,rS)‘ .

y"S<s<S 4 I'Ef[ (m,brx):l
L<r<il
(be,rs)=(r,s)=1

We expand the square and find

Tl < Y s Y D D lam)llam)l|Ur, ra, s, my, mo)l,

y*ISSSSS ri,r mi,my

where we have omitted the summation conditions

ri€9r; 2 Lr; <<yQ

b S be,ris)y=(ri,s) =(m;,bris) =1 fori=1,2

on ry, rp and my, m; for brevity, and where

£b1byb Lb1byb
UGrira.s.mimy)i= Y z/m,,(f)lﬂg("bl—z]3 ) 13<u;r2s)

b3m2
L:(L,r1rys)=1

is exactly the type of sum considered in Corollary 6.26 (recall that ab;byb3 is
coprime to r17,s).
We first consider the “diagonal terms”, which here mean the cases where

abibyby ;3 abibabs 5 abibybs

ry, — r
b3m1 2 b3m2 1= b3m1

( mar; —mri) = 0.
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Using the Deligne bound | Kl3(x; d)| < 1 when (d, x) = 1 (Remark 6.10), this
contribution 7, satisfies the bound

TZ,«H”ZZ Z s ZZ loe(my)a(m2)]

rre yl§<s<S§ m31,m2 s
mir{=mary

~« HyM > (2)2

bl’]
Q/(bS)Kr1KyQ/(bS)

since each pair (r1, m) determines < 1 pairs (7, m>), and since s is, for each ry,

constrained to be =< Q/(bry) by the condition r;s < Q/b. Summing, we obtain

HyMQS

T, < (7-22)

We now turn to the off-diagonal case mlri% — mgrg # 0. By Corollary 6.26,
we have

U(ry, ra, s,my, my)

< < s + 1>(S[r1, raD 2 (1, ra, my — m)' 2 (myry —mar3, $)'?
[r1, r2ls

in this case. We now sum these bounds to estimate the nondiagonal contribution

T, to T>. This is a straightforward, if a bit lengthy, computation, and we state the

result first:

Lemma 7.4. We have
M202 / Hib'/2 [ bS 1/2 1/2 /.8 1/2
B (o (o) < (5) )

b2 Ql /2 Q b1/2 S
We first finish the proof of the Type III estimate using this. We first derive
MQHbS MZQsl/ZHb yl/2M2Q3
+ b b3§1/2
We select the parameter S now, by optimizing it to minimize the sum of the first
and last terms, subject to the constraint S < (yQ)/(2b). Precisely, let

somin((2) 212 y0
b) w2 )

b

h=T,+T, <

This satisfies (7-21) if x is large enough: we have S < (yQ)/(2b) by construction,
while S > 1 (for x large enough) follows either from (y Q)/(2b) > y/2 (see (7-20)),
or from

0\'yM? _ (b1b2b3)? (MN)*xP3
b) H} b bQ?

> x2+8—3£ Q—3 > x1/2+8—6w—35 > Xt
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if € > 0 is small enough (using » < Q and w < %).
This value of § leads to

1/3

M3307/3 1/6H2/3M7/3 5/3 5/2
: r(5))

1/3H
2
|T (b)|” < Hb( I 573 p

(where the third term only arises if § = (yQ)/(2b)), which gives
5¢/4

8/6 112/3 115/6 ()7/6 4 8/12 115/6 117/6 15/6 1 1/2 p5 )5/4
— x"H°M +x"H"°M +H'"M
(b1b2173)1/2b( ¢ ¢ e

T(b) <

using the definition of Hp and the bound b; > 1 (to uniformize the three denominators
involving b and b).
We will shortly establish the following elementary fact:

Lemma 7.5. The unsigned series
b b b
;E; (171192193)1/25?3
converges to a finite value.

Now from (7-19) and this lemma, we get

5e/4

¥5(Q; a) < 0 (x¥/O H23 M16 97/6 1 x/12 516 14 7/6 0516 4 F1/2 pg 95/4.

We now show that this implies (7-16) under suitable conditions on §, @ and o.
Indeed, we have

58/
HQ(x8/6H2/3M5/6Q7/6+x5/12H5/6M7/6Q5/6+H1/2MQ5/4)
< MN(E|+ E,+ E3),
where
5¢/4+6/6 13/6 5¢/4+8/6—1/6 17/6
E =X S/areloghy/ _x slaremifo g « Q7/656/4+8/6=30/4=13/24
U= THIBAMUGN T N1/2 ’
5e/4+458/12 H11/6 147/6 56/448/1241/6 H4/3
p ol A2 QU6 pT/6 xe/40/1241/6 93/ « QH3y 5 /4+/12-30/2-7/12
S HUSMN - N ’
5¢/4 19/4 Se/4 )3/4
Ey:= x¢/ 0 / X e/ 0 / ~ Q3/4x58/4—3/8—30/4

HI2N — N2

using the definition (7-14) of H and the lower bound (7-7) for N. Using O <
x1/2+27 we see that we will have E| + E; + E3 < x~2¢ for some small positive
& > 0 provided
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%(%+2W)+%—370—%—2<0, o>29—8w+§5+11—8,
4/1 $ 3 7 16 1 1
;G+t2@)+5-F -5 <0, = 0> 3w+ gdtg,
2 -2 <o o= 2o

However, the first condition implies the second and third. Thus we deduce Theorem
7.1, provided that we prove the two lemmas above, which we will now do.

Proof of Lemma 7.4. We will relax somewhat the conditions on ry, r, and s. We
recall first that

0 yQ  x°Q
bS Lr, <K bs S

Furthermore, the summation conditions imply r1s < Q/b < rys, and in particular ry
and r; also satisfy r| < r,. In addition, as above, we have s < Q/(bry) for a given r;.
Using this last property to fix the size of s, we have

. Hy(br)'?  (Qlry, ra)'/?
b2 «_ 2.2 rl((er A2 T )12 )

L<ri=n<ig
12 3 12
S rrormi—m)'? > imy = rimy, )2,

my,my=<M s=<Q/(br)
rlz’mlyérgmz

By Lemma 1.4, the inner sum is < Q/(bry) for all (ry, ro, m{, my), and similarly,
we get

Z Z (r1, 2, my —ma)'/? < M? + M(ry, r2)'/2,

mi,my=<M

so that

4 Q 2 1/2 Hy(br1)'/? (Qlr1.rD'?
Tz«(b) 20 _(M M) )(<Q[r1,rz]>l/2+ G2 )

L<ri=n<ig

We set r = (rq, rp) and write r; = rt;, and thus obtain

., (oY M2 +r12M Hyb'?  (Q1)'/?
TZ«(Z) Z 2 ZZ _((Qt2)1/2+ pl/2 )

r<ig Lo<n=n<ig
= E Z r2 Z 1/2 3/2 + b1/2 1/2
Yo Q t t2
r<ss bS rbS <<t2<< rbS

MO\ (Hpb'? (@ \T'2 02 (y0\'?
() (5= (%) 5= 6) )

as claimed. (Note that it was important to keep track of the condition r| < r;.) U
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Proof of Lemma 7.5. If we write t; := b?, b; = tju;, then we have #; | b, u; | t7° and
bbby 1 131 ;

(b1bab3)'2b3 b3

and thus we can bound the required series by

Z%(ZII/ZZ #)3

b>1 tlb ult®

Using Euler products, we have

1
o)
> s =T
ult®

and thus
1
1/2 o 1/2
21D i ST
1lb ulro
and the claim now follows from another Euler product computation. (]

8. An improved Type I estimate

In this final section, we prove the remaining Type I estimate from Section 5, namely
Theorem 5.1(iii). In Section 5C, we reduced this estimate to the exponential sum
estimate of Theorem 5.8(iii).

8A. First reduction. The reader is invited to review the definition and notation of
Theorem 5.8. We consider the sum

Y=Y Terbi, b qo)
g

of (5-32) foreach 1 <|¢| < N/R, where Y, , was defined in (5-30) and the sum over
r is restricted to r € 3P (x*+(D) N [R, 2R] (the property that r is doubly densely
divisible being part of the assumptions of 5.8(iii)). Our task is to show the bound

T < x " Q?RN(qo0, 0)q,°

under the hypotheses of Theorem 5.8(iii).

In contrast to the Type I and II estimates of Section 5 (but similarly to the Type III
estimate), we will exploit here the average over r, and hence the treatment will
combine some features of all the methods used before.

As before, we set

H:=x*RQ*M'q;". (8-1)
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We recall that, from (5-31), we have H > 1. We begin as in Section 5F by exploiting
the x°-dense divisibility of goq1, which implies the x°go-dense divisibility of ¢; by
Lemma 2.10(i). Thus we reduce by dyadic decomposition to the proof of

Y Yuv <x (g, )RQ*Ng;” (8-2)
p

(which corresponds to (5-39) with the average over r preserved), where

TU,V =

)EDIDIEDD

I1<|h|<=H uy=xU vixV  @2x0/q0
(u1v1,9092)=1

ZE:CXn)ﬂ(n)ﬁ(n-%Kr)qw(h,n,F,QO,M1v1,Q2)

n

as in Section 5F, whenever

gy 'x ¥ Q/H < U <x"*Q/H, (8-3)
qo_lngH <V <x¥*qH (8-4)
UV =< Q/qo (8-5)

(which are identical to the constraints (5-40), (5-41) and (5-42)), and whenever the
parameters (@, §, o) satisfy the conditions of Theorem 5.8(iii). As before, uj, vy
are understood to be squarefree.

We replace again the modulus by complex numbers ¢, j, 4,4, 0f modulus <1,
which we may assume to be supported on parameters (r, i, uy, vy, g») with

(u 1V1, qz) - 1
and with
qou1vir, qogar squarefree.
(These numbers ¢, 4 4, v,,¢4, are unrelated to the exponent ¢ in Theorem 5.1.) We

then move the sums over r, n, u; and g, outside and apply the Cauchy—Schwarz
inequality as in the previous sections to obtain

Z Tu,v

2
<"1,

with

= Y Y ClBmPIB+ )P < o 0 25

2
r u<xU n 49
42<0/q0
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(again as in (5-35)) and

2
T, :ZZZZW(’”C(’” Z Z Choruyvr.q0 Pe(hon, 1, qo, uiv1, q2)
r uyyxU n v <V 1<|h|<H
42<0/q0
=2.2.2.2.0 220 (mnuna@rima
roouxU v,unxV <] h | <H
42<0/q0 X Ty (h1,ha,uy,v1,v2,42)),

where T; , is defined by (5-43) and ¥y is a smooth coefficient sequence at scale N.
The analysis of T, will now diverge from Section 5F. In our setting, the modulus
r is doubly x3+°(M_densely divisible. As in the previous section, we will exploit
this divisibility to split the average and apply the Cauchy—Schwarz inequality a
second time.
Let D be a parameter such that

1<« D= xR, (8-6)

which will be chosen and optimized later. By definition (see Definition 2.1) of doubly
densely divisible integers, for each r, there exists a factorization r = dr; where

x D <d=<D

and where r; is x‘”o(l)—densely divisible (and (d, r;) = 1, since r is squarefree).
As before, in the case D > R one can simply take d =r and r| = 1.
We consider the sums

Tii= Y Y Y YD Tean by ha,un,vi, v, g0))s

d=<A 1<|hi|,|h2|]<H v, <V
(d,r1)=1 (v1v2,drigouigz)=1

with d understood to be squarefree, for all A such that
max(1, x_‘SD) < A<D (8-7)
and all (r1, uy, g2) such that
rn=R/A, urxU, q2x<0Q/qo, (8-8)

and such that rqou1g> is squarefree and the integers ry, gou1v1, gou1v2 and qog>
are x9t°(D_densely divisible.
For a suitable choice of D, we will establish the bound

T3 < (g0, x> AN Vg, (8-9)
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for all such sums. It then follows by dyadic subdivision of the variable d and by
trivial summation over ry, u; and g, that

RU
T2 < (qo, E)x‘zeNVZquQ = (g0, OXx " ENRUV?Q,

and hence that
2

0 4
=< (qo, E)Zx_2€N2R2<—) ,
q0

Z Tu,v

which gives the desired result.

We first write Y3 = Y} + Y5, where Y} is the diagonal contribution deter-
mined by hyvy = hyvi. The number of quadruples (k1, vy, hy, vy) satisfying this
condition is << HV by the divisor bound, and therefore a trivial bound < N for
T (hy, ho,uy, v1, v2, q2) gives

T, < AHNV < (g0, £)x * AN V?3qq

by (8-4). We now write

”

Yi= > Yalhi.vi hav),
(h1,v1,h2,v2)
hiva#hpv;

where /1, vy, ha, vy obey the same constraints as in the definition of Y3, and
Ya(hy, v1, o, v2) = Z [Te,ar (h1, ho, uy, v, v2, @2)1.
d=A
(d.r)=1
We will shortly establish the following key estimate:

Proposition 8.1. If ¢ > 0 is small enough, then we have

Yy4(h1, v1, ha, v2) < (g0, )X 2 AN H 2qo (h1va — havy, qogariui[vi, val),

if we take
—5S¢ N
D:=x m (8-10)
and if
W +168 + 3o < 1, &11)
64w + 185 +20 < 1.

Assuming this proposition, we obtain
T < (g0, Ox * ANV?qp,

and hence (8-9), by the following lemma, which will be proved later:
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Lemma 8.2. We have

DY (hva—havy, qogariun vy, val) < H V2.

(h1,v1,h2,v2)
hiva#hovg

8B. Reduction of Proposition 8.1 to exponential sums. We now consider a specific
choice of parameters r, u1, g» and (hy, vy, hy, v2), so that Y4 = Y4(hy, vy, hp, v2)
is a sum with two variables which we write as

Ti=Y_

d=A

Y UnmCmw . ),

n

where C(n) restricts n to the congruence (5-23) and

V(d,n) = ®y(hy,n,dry, qo, u1vy, q2)®¢(h2, n,dry, go, u1v2, q2).  (8-12)

We define D by (8-10), and we first check that this satisfies the constraints (8-6).
Indeed, we first have

N  x%ggNM*

— 1/2—0—16w —45-2l¢
H* Q8R4 N3

D=x* > X

by (5-2) and (5-12). Under the condition (8-11), this gives D » 1 if ¢ > 0 is taken
small enough.
Moreover, since H > 1, we have

5. N _ _
D=x Sem <« x N < x 2R < xR,

We apply the van der Corput technique with respect to the modulus d. Let

L= x_SL%J. (8-13)

Note that from (8-6) and (5-12), it follows that L s x *NR~' > 1 for x sufficiently
large.
For any [ with 1 </ < L, we have

D UnmCm)W(d. n) = Yy +d)Cn+d)¥(d, n+dl),

and therefore

LTEED DY

d=<A n&N

L
> U +dDCn+dD)W(d, n+dl)|.
=1
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By the Cauchy—Schwarz inequality, for some smooth coefficient sequence ¥ at
scale A, we have

, NA
|4 SFITsl, (8-14)
where

L 2
Y U +dDCn+dDV(d, n+dl)| .
=1

Ysi=) vald))

d=A
Lemma 8.3. Let

m = goriui[vi, v2]qs.

There exist residue classes a (m) and  (m), independent of n and I, such that for
all n and l we have

(07
W(d,n+dl) =&, d)e, (M)’

where |E(n, d)| < 1. Moreover we have (o, m) = (hyvy — hovy, m).

Proof. From the definitions (8-12) and (5-30), if W(d, n) does not vanish identically,
then we have

V(d,n+dl)
_, a(hy —hy) . bihy . _ bihs
— dn (n+dDqouviqn dorty (n+dhdriq; dorvz (n+dhdriq

bah, byhy
X €q ep\ — .
(n+dl+dery)drigou;v; (m+dl+der)drigouivs

By the Chinese remainder theorem, the first factor splits into a phase e, ( - - - ) that
is independent of /, and an expression involving e,,, which, when combined with
the other four factors by another application of the Chinese remainder theorem,
becomes an expression of the type

o
ém (d(n Yld+ ﬂd))

for some residue classes o and 8 modulo m which are independent of /. Further-
more («, m) is the product of primes p dividing m such that the product of these
four factors is trivial, which (since (g2, qou1[v1, v2]) = 1) occurs exactly when
p | hpvy — hyvy (recall that by and b, are invertible residue classes). O
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Using this lemma, and the notation introduced there, it follows that

2

L
D U +dDCn+d)W(d, n+dl)
=1

< Y YnO+dl)Yy(n+db)C(n+dh)C(n+db)
1511,125[,

o o
em (d(n +ﬂd+lld))em (_d(n +pd +12d))

— a(lr —10)
= 1<ZIZ[2<L Yy(n+di)yy(n +d12)em((n+,8d+lld)(n+ﬂd+lzd)>’

and therefore, after shifting n by dl;, writing [/ := [, — [, and splitting n, d into
residue classes modulo ¢, that

Ts5 < Z C(no)Ys(no, do),
no,do€Z/qoZ

where

Ysno,do):=)_Y | D Yald) D Ynmynn+dl)
IIZISZL—Ll d=dy (q0) n=no (qo)
<h=

x em( o ) . (8-15)
1+ Bd)(n+ (B +D)d)

Note that m is squarefree. Also, as m is the least common multiple of the x®+°()-

densely divisible quantities r1, gouvi, gou1v2, and gog2, Lemma 2.10(ii) implies
that m is also x®+°()-densely divisible.
The contribution of / = 0 to Y'5(ng, dp) is trivially

NLA

2 b
Ul

(8-16)

and this gives a contribution of size

NA
<+ (qo, E)m

to Y4, as can be seen by summing over the go(go, £) permitted residue classes
(no (90), do (q0)). Using (8-10), we have

N
A< D=x""—,
H4

and we see from (8-13) that this contribution is certainly

< (q0, O)x"* AN H*qy,
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and hence suitable for Proposition 8.1.

Let Tg (no, dy) and Tg denote the remaining contributions to Y's(ng, dp) and Ys,
respectively. It will now suffice to show that

NA _ _ 2
—7 1051 =< ((qo, Ox > ANH 2qo (h1va — havi, qogariui[vi, v2]))".  (8-17)

We have
Yi(no.do) = Y _ ¥ |Te(no. do)l. (8-18)
Ty
where
Ye(no, do)
= Y s Y wm)w(nwz)em( ol ) (8-19)
d=dy (q0) n=ny (q0) (n+pd)(n+(B+Dd)

For given [ # 0 and [}, the sum Y¢(n9, dg) over n and d in (8-15) is essentially
an incomplete sum in two variables of the type treated in Corollary 6.24. However,
before we can apply this result, we must separate the variables n and d in ¢y (n+dl).
As in the previous section, we can do this here using a Taylor expansion.

Let J > 1 be an integer. Performing a Taylor expansion to order J, we have

o (ndl\ (AN 1 (A (n el
moran=v(*55) =3(3) 5(F) v () o

Jj=

since dl < AL < x~¢N by (8-13). We can absorb the factor (d/A)’ into Y5, and
after taking J large enough depending on &, we see that we can express Y (70, dp)
as a sum of finitely many sums

/ ~ ) al
Y} (no, do) = Z Yra(d) Z %v(n)em<(n_Hgd)(n_,_(ﬁ-i-l)d))

d=dy(qo) n=ny (qo)

for some residue classes n; (qo), where Y5 and v, are coefficient sequences
smooth at scales A and N respectively, possibly different from the previous ones.

We will prove in Section 8D the following exponential sum estimate, using the
machinery from Section 6:

Proposition 8.4. Let m be a y-densely divisible squarefree integer of polynomial
size for some y > 1, let A, N >0 be of polynomial size, and let o, B, y1, y2,l€Z/mZ.
Let Y, Yy be shifted smooth sequences at scale A and N respectively. Then for
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any divisor qy of m and for all residue classes dy (qo) and ng (qo), we have

/ al

d=dy (q0) n=no (q0)

N A\'? A
=< (al, m)( 7 +m1/2) (1 + (—) ml/ﬁyl/6 + (—)m_lﬂ). (8-20)
qom q0 q0

We also have the bound

/ al

d=dy (q0) n=n0 (q0)
N A
< (al, m)(T +m1/2) (m1/2 + (—)m—lﬂ). (8-21)
qom / q0

Remark 8.5. Suppose go = 1 for simplicity. In practice, the dominant term on
the right-hand side of (8-21) will be («l, m)m'/> A1/2m'/6y1/% which in certain
regimes improves upon the bound of ((«!, m)~12m'/2) A that is obtained by com-
pleting the sums in the variable n only without exploiting any additional cancellation
in the variable d.

Note that if the phase

ol
n+Bd+y)n+(B+Dd+y)

was of the form f(d) + g(n) for some nonconstant rational functions f and g, then
the two-dimensional sum would factor into the product of two one-dimensional sums,
and then the estimates we claim would basically follow from the one-dimensional
bounds in Proposition 4.12. However, no such splitting is available, and so we are
forced to use the genuinely multidimensional theory arising from Deligne’s proof
of the Riemann hypothesis over finite fields.

Applying Proposition 8.4, we have

N A
Y4 (n0, do) < (al, m) <m1/2 + —/lf’,f) (1 (A Jgo)2m 686 4 _/1720)
m m

as well as

N/qo A/qo
Y/ (no. d . 1/2 1/2 .
6(no, do) < (al, m) (m + i\ + .Y

Distinguishing the cases N/qo < m and N/qgo > m, and summing over the finitely
many cases of Té (no, dp) that give Yg(no, dp), we see that

I6(”0’(10)
1/2 A 12 1/6..5/6 A/CIO N/Clo 1/2 A/QO

0 mi/2 mi/2 mi/2
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Note that (al, m) < (&, m)(l, m) and hence, summing over [ and /; in (8-18) (using
Lemma 1.4), we get
AN A N NA
Y5(no, do) < (o, m)Lz{m”ZJr (—) m* 0y — 4 — 4 —— }
q0 q0 q0 qO

Next, summing over the < (go, £)qo residue classes (ng, dp) allowed by the congru-
ence restriction (5-23), we get

NA
T35 < (90, O)(, m)LZ{QOml/Z + (o) Pm* X0 + A4+ N + —}
qom
and ﬁnally, by inserting some additional factors of gg and (qo, £), we derive

NA
|T5|<< (g0, €) (@, m)NA{qom“2+(q A 2m?3 “/6+A+N+q—m}
0

NA
< (g0, *(a, m)zquA{ AV2mBx%0 L A4 N + —}
m
In fact, since A < D < N, we see that
A NA
—7 1051 =< (90, 0% (@, m)zquA{A”zmwxa/ﬁ +N+ 7}.

We have m = qoriu1[vi, v2]g2 (see Lemma 8.3) and therefore (using (8-5) and
(8-4)) we can bound m from above and below by

R 2Rv RH
m<<qo><ZxeV2 Q Q°RV 5+2€Q

qo A A
and .
R
m>>q0x—><U><V><g Q
A g0 qoA’
which leads to
A 2 2 2 58/6-‘,—43/3(Q2RH)2/3 N A2
?|T5|<< (qo, O) (a, m)"qgygN A x T+N+ﬁ
— (o, 2@, my2q2 A [ oo HUQPRID | HY | H'A
q0, H4 NA7/6 A QZR
up to admissible errors. Since
s 4
H N
A_l -« % 5+58 N , A<D =x—58m,
this leads to
NA T
2

NA H28/3 4/3R2/3 5+58H8 —5€N
< (g0, £)*(ar, m)*q3 s (VA)? {x +ee 0 a a }

H4 N13/6 + N + QZR



New equidistribution estimates of Zhang type 2191
up to admissible errors. From the assumptions (5-2) and (5-13), we have

N < x'? « OR,

and thus

On the other hand, from the value of H (see (8-1)) we get

H28/3 0473 R2/3 R10020
26418 —28/34+28+18 10 120 A743/6
« xPF8e__—__= o —28/3420+18s p10. 20 \j43/6

N13/6 M28/3N13/6
5+5¢ 178 816
X H R
« O H13e 0
N NM?

x28+8£

Using the other conditions x!/? /2427 and

< OR < x
Rsx"%79N, N»x/?7,

these quantities are in turn bounded respectively by

28/3 n4/3 p2/3 43/6
y20+8¢ H™/ZQ" R < x2/3+28+40m+18¢ L N & x /31254400 —17/6(1/2—0)+48¢
N13/6 — R10 ’
8+35¢ 8 7
X H 6+32w+13e N < x96+32w+37e—(1/2—a)
N - RS

Thus, by taking € > 0 small enough, we obtain (8-17) (and hence Proposition 8.1)
provided

{ 2+1264+40w — (3 —0) <0, -

o + 165+ 3o <1,
98 +32w — (3 —0) <0,

64w + 185 +20 < 1.

These are exactly the conditions claimed in Proposition 8.1.

8C. Proof of Lemma 8.2. This is a bit more complicated than the corresponding
lemmas in Sections SD-5F because the quantity m = gogar1u1[v1, v2] depends also
on v; and v,.

We let w := gogqariu1, S0 m = wlvy, v2] and w is independent of (h1, hs, vy, v2)
and coprime with [vy, vz].

Since (w, [v, v2]) = 1, we have

(h1vy — hovy, wlvy, 12]) = Z <P(d)§zd Z e,

d|hiva—havy dlw e|[vy,v2]
d|w[vy,vs] de|hjvy—hav
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and therefore

Y3 (v —havi qogarimlvi ) < Y Y Y d Y e

(h1,v1,h2,v2) (h1,v1,h2,v2) dlw el[vy,v2]
hiva#hov hiva#hav de|hyv2—havy

e Y e Yo
dlw d.e)=1  ([vi,v2],w)=1
ek V? delhjva—hav,
e squarefree el[vi,v2]
hiva#hov
The variable d is unrelated to the modulus d appearing previously in this section.
Let d, e be integers occurring in the outer sums, and (k1, hs, v, v2) satisfying
the other summation conditions. Then e is squarefree, and since e | [v;, v;] and
e | hivy—hyvy, any prime dividing e must divide one of (vy, v2), (h1, v1) or (h2, v2)
(if it does not divide both v| and vy, it is coprime to one of them, and /vy —hyv) =
0 (p) gives one of the other divisibilities). Thus if we factor e = eje;e3, where

ei:=[[p. e=]]r. ea:= ] pr

ple ple ple
plvi Pl pl(vi,v2)
2 plvz

then these are coprime and we have

er|hi, ey|hy, erez|vy, exez|us.

We write
hy=eir1, hy=eky, vi=eje3v], V2 =ere30.

Then we get

hivy —hovy = e(Av2 — Aavp),

and since de | hjvy — hovy, it follows that d | Ajvy — Aovy.

Now fix some e < V2. For each choice of factorization e = e;ese3, the num-
ber of pairs (A1v2, Aov1) that can be associated to this factorization as above for
some quadruple (A1, hy, vy, v2) is K (HV/e)Z/d, since each product Avy, Axvy
is < HV/e, and d divides the difference. By the divisor bound, this gives
< (H V)Z/de2 for the number of quadruples (41, ho, v1, v2). Summing over d | w
and e, we get a total bound

< (HV)2t(w) Z e« H2V2,
ekV?

as desired.



New equidistribution estimates of Zhang type 2193

8D. Proof of Proposition 8.4. It remains to establish Proposition 8.4. We begin
with the special case when e = 1 and («l, m) = 1. For simplicity, we set

ol
(n+pd+y)n+B+Dd+y)

By completion of the sum over n (see Lemma 4.9(i)), we have

D VA vy (m)en(f(n. d))
d n

(1)
<|—4+1) sup
m heZ/mZ

fn,d)=

me Y en(f(r,d)+hn)

neZ/mZ
N
=|—=+ ﬂ) sup
(\/ﬁ heZ/mZ
where, for each h € Z/m7Z, we define
Kp(dim):=—= " en(f(n,d)+hn).

\/_ neZ/mz

By the first part of Corollary 6.24 (i.e., (6-23)), we get

<«m'?+ Am~12, (8-22)

(d)Kp(d; m)

and this combined with (8-22) implies the second bound (8-21) (in the case
e =1, (al,m) =1, that is). Furthermore, it also implies the first bound (8-20)
for A > m?3y=1/3,

In addition, from the Chinese remainder theorem (Lemma 4.4) and (6-16), we

deduce the pointwise bound
|Kn(d, m)| <1 (8-23)

which implies the trivial bound

< 14+ A,

> ¥ald)Kn(d; m)
d

which gives (8-20) for A < m'/3y1/3_ Thus we can assume that

1/3.1/3

m Byl < A < 23y <

We can then use the y-dense divisibility of m to factor m into mm,, where

-2/3,, 13,

Y2 Pm'? <my < y'Pm

Yy Bm3 < my < y2B3m?3,
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Now the second part of Corollary 6.24 (i.e., (6-24)) gives

~ A2, +A1/2 4 A2, 1/6,,1/6,

Z Ya(d)Kn(d; m)

which together with (8-22) gives (8-20).

This finishes the proof of Proposition 8.4 for the special case e =1 and («/, m) =1.
The extension to a divisor e | m is done exactly as in the proof of Corollary 4.16
in Section 4.

We now reduce to the case (al, m) = 1. Let

m' :=m/(al, m),
y' = y(al, m),

o/(o, m)
(al,m)/(c,m)’

where one computes the reciprocal of («al, m)/(«a, m) inside Z/m'Z, so that o’
is viewed as an element of Z/m'Z. The integer m’ is y’-densely divisible by

o ==a/(al,m) =

Lemma 2.10(ii), and it is also squarefree and of polynomial size. We have (a’l, m") =
1, and furthermore

> Z Y)Yy (e (f (1, d))
d

—sz(d)wzv(n)em (S0 d) [T A= Lpisparm s peiasy)-

pl(al,m)

where
a'l
(n+Bd+y)n+B+Dd+y)
(here we use the convention explained at the end of Section 4A that leads to
ep(ax) = 1if p is prime, @ = 0 (p) and x = +00 € P(Z/pZ)).
Set

f'(n,d)=

gn,d)y=n+pd+y)n+(B+Dd+y).

Then, expanding the product (as in inclusion-exclusion), we get

DY VA @ynmen(fn,d) = Y w®) D Y valdyymen(f (n,d)

d n 8| (al,m) d,n
3lg(n,d)

(this usage of § is unrelated to prior usages of § in this section). Splitting the sum
over n and d in residue classes modulo &, this sum is then equal to

doou@® DY D D vadynmen(f (n, d)).

8| (cel,m) (do,n0)e(Z/82)* n=ng (n) d=dy (8)
8(no,do)=0 (8)
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For each choice of (ng, dy), we can apply the previously proved case of Proposition
8.4 to deduce that

Yo Y vadynmen (f(n, d))

n=ng (n) d=dp (8) 1/2
N A A
~ / 1= — —(m/'VHVoor —
<,/m+8 /)( +81/2my) +8«/_’

and

Yad)yn e (f'(n, d)) < ( )( )
n %(n)d %{8) 8\/_ (S\/_

Moreover, by the Chinese remainder theorem, there are < § solutions (ng, dp) €
(Z/(SZ)2 of g(ng, dy) =0 (8), and therefore we find

D VA @y m)en(f(n, d))

d 1/2
N A A
> s Vm' 1+ — ey ——
<<8\(Otlm) < " +5vm/)( - 8172 o'y 5«/m/

and
YA Ynen(f(n, d)) < <f+ )( )
2": Z”: anl,: ) s/m’ sv/m’

It is now elementary to check that these give the bounds of Proposition 8.4 (note
that m'y’ = my).
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Relations between Dieudonné displays
and crystalline Dieudonné theory

Eike Lau

We discuss the relation between crystalline Dieudonné theory and Dieudonné
displays of p-divisible groups. The theory of Dieudonné displays is extended
to the prime 2 without restriction, which implies that the classification of finite
locally free group schemes by Breuil-Kisin modules holds for the prime 2 as well.
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Introduction

Formal p-divisible groups G over a p-adically complete ring R are classified by
Zink’s nilpotent displays [Zink 2002; Lau 2008]. These are projective modules
over the ring of Witt vectors W(R) equipped with a filtration and with certain
Frobenius-linear operators. A central point of the theory is a description of the
Dieudonné crystal of G in terms of the nilpotent display associated to G.

Arbitrary p-divisible groups over R can be classified by displays only when R
is a perfect ring. In certain cases, there is the following refinement.

Assume that R is a local Artin ring with perfect residue field k of characteristic p
and with maximal ideal AN'g. Then W(R) has a unique subring W(R), here called
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the Zink ring of R, which is stable under the Frobenius and which sits in an
exact sequence

0 —> W(NR) — W(R) — W(k) —> 0,

where W means Witt vectors with only finitely many nonzero components. Let
us call R odd if p > 2 or if p annihilates R. The Verschiebung homomorphism v
of W(R), which appears in the definition of displays, stabilises the subring W(R)
if and only if R is odd. In this case, Zink [2001a] defines Dieudonné displays
over R as displays with W(R) in place of W(R), and shows that they classify all
p-divisible groups over R.

The restriction for p = 2 can be avoided with a small trick: The ring W(R) is
always stable under the modified Verschiebung v(x) = v(ugx), where ug € W(R)
is the unit defined by the relation v(ug) = p —[p]. This allows to define Dieudonné
displays without assuming that R is odd. It turns out that the Zink ring and
Dieudonné displays can be defined for the following class of rings R, which we
call admissible: the order of nilpotence of nilpotent elements of R is bounded, and
Riq is a perfect ring of characteristic p.

Theorem A. For each admissible ring R there is a functor
DR : (p-divisible groups over R) — (Dieudonné displays over R),
which is an equivalence of exact categories.

The equivalence easily extends to projective limits of admissible rings, which
includes complete local rings with perfect residue field. If R is perfect, the theorem
says that p-divisible groups over R are equivalent to Dieudonné modules. This is a
result of Gabber, which is used in the proof. We repeat that for Artin rings (which
is certainly the case of interest for most applications!), Theorem A is known when
R is odd; in this case, ® g is the inverse of the functor BT of [Zink 2001a] and
[Lau 2009]. But the present construction of the functor ® g based on the crystalline
Dieudonné module is new, and also gives the following second result.

Let D(G) denote the covariant Dieudonné crystal of a p-divisible group G.
Following [Zink 2001b], to a Dieudonné display & over an admissible ring R one
can associate a crystal in locally free modules D(2?).

Theorem B. For a p-divisible group G over an admissible ring R with associated
Dieudonné display 2 = ®g(G), there is a natural isomorphism

D(G) = D(2).

In subsequent work, Dieudonné displays over a larger class of base rings will be used to study
the image of the crystalline Dieudonné functor over l.c.i. schemes.
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This compatibility was not known before and can be useful in applications; see
for example [Viehmann and Wedhorn 2013]. Our proofs of Theorems A and B are
closely related. The main point is to construct the functor ® g and variants of it.
Let [r be the kernel of the natural homomorphism W(R) — R.

First, if R is an odd admissible ring, the ideal [ carries natural divided powers.
Thus the crystalline Dieudonné module of a p-divisible group over R can be
evaluated at W(R), which gives a filtered F-V -module over W(R). We show that
this construction can be extended to a functor ®g as in Theorem A. This is not
evident because a filtered F'-V -module does not in general determine a Dieudonné
display. But the construction of ®g can be reduced to the case where R is a
universal deformation ring; then the Dieudonné display is determined uniquely
because p is not a zero divisor in W(R).

Next, for a divided power extension of admissible rings S — R, one can define
Dieudonné displays relative to S — R, called triples in the work of Zink. They are
modules over an extension W(S/R) of W(S). If R is odd and the divided powers
are compatible with the canonical divided powers of p, then the evaluation of the
crystalline Dieudonné module at the divided power extension W(S/R) — R can
be extended to a functor

®g/ g : (p-divisible groups over R) — (Dieudonné displays for S/R).

Again, this is not evident; the proof comes down to the fact that p is not a zero
divisor in the Zink ring of the divided power envelope of the diagonal of the universal
deformation space of a p-divisible group. Once the functors ®g,g are known to
exist, Theorems A and B for odd admissible rings are straightforward consequences.

Now let R be an admissible ring which is not odd, so p = 2. In this case, the
preceding constructions do not apply directly because the ideal [z does not in
general carry divided powers. This changes when W(R) is replaced by the slightly
larger v-stabilised Zink ring W (R) = W(R)[v(1)]. With an obvious definition of
v-stabilised Dieudonné displays, we get a functor

dD; : (2-divisible groups over R) — (v-stabilised Dieudonné displays over R),

which is, however, not an equivalence. In order to construct a functor ® g as in
Theorem A, we have to descend from W™ (R) to W(R). This can be reduced to
the minimal case where 2N g = 0. Then the ideal g carries exceptional divided
powers, which allows us to evaluate the crystalline Dieudonné module at W(R). In
order to get the functor ® g, we need some lift towards characteristic zero, which
is provided by the fact that the exceptional divided powers exist on [z /(v([4])) as
soon as 4N g = 0. Once P g is known to exist in general, Theorems A and B follow
again quite formally.
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Breuil-Kisin modules. Now let R be a complete regular local ring with perfect
residue field k of characteristic p. Theorem A implies that the classification of
p-divisible groups over R by Breuil windows derived in [Vasiu and Zink 2010] and
[Lau 2010] for odd p holds for p =2 as well. Let us recall what this means: We write
R = G6/EG, where G is a power series ring over W(k) and where E has constant
term p; we also have to choose an appropriate Frobenius lift 0 on &. A Breuil win-
dow is a free G-module Q equipped with an &-linear map ¢ : Q — Q@) whose cok-
ernel is annihilated by E; this is equivalent to the notion of a Breuil-Kisin module.
As usual, one also gets a classification of finite locally free p-group schemes over R.

In the case of discrete valuation rings this completes the proof of a conjecture of
Breuil [1998], which was proved in [Kisin 2006] if p is odd, and in [Kisin 2009]
for connected p-divisible groups if p = 2. Shortly after the first version of this
article was posted, independent proofs of Breuil’s conjecture by W. Kim [2012]
and T. Liu [2013] appeared online.

Assume that R has characteristic zero, and let S be the p-adic completion of the
divided power envelope of the ideal EG C G. As a consequence of Theorem B,
we show that for a p-divisible group over R the value of its crystalline Dieudonné
module at S coincides with the base change of its Breuil window undero : & — S.

The functor BT. The original proof of Theorem A for odd local Artin rings in
[Zink 2001a] depends on the construction of a functor BT from Dieudonné displays
to p-divisible groups, which is a combination of the functor BT from nilpotent
displays to formal p-divisible groups and a calculation of extensions. A modified
construction of this functor is given in [Lau 2009]. Once the definition of Dieudonné
displays for nonodd local Artin rings is available, all these arguments can be carried
over almost literally to give an alternative proof of Theorem A in that case. In
the present approach this construction serves only as an explicit description of the
inverse of the functor ® g; this is used in [Lau 2012].

All rings are commutative with a unit unless the contrary is stated. For a p-
divisible group G, we denote by D(G) the covariant Dieudonné crystal.

1. The Zink ring

In this section we study the Zink ring W(R), which was introduced in [Zink 2001a]
under the notation W(R), and variants of W(R) in the presence of divided powers,
following [Zink 2001b]. The definitions are stated in more generality, allowing
arbitrary perfect rings instead of perfect fields. The modified Verschiebung Vv for
p = 2 1is new.

1A. Preliminaries. We fix a prime p. A commutative ring without unit N is called
bounded nilpotent if there is a number n such that x” = 0 for every x € N. We will
consider the following type of base rings.
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Definition 1.1. A ring R is called admissible if its nilradical AV'g is bounded nilpo-
tent and if R.qg = R/NR is a perfect ring of characteristic p.

Local Artin rings with perfect residue field are admissible. The ring O¢, / p is
not admissible. We will also consider projective limits of admissible rings:

Definition 1.2. An admissible topological ring is a complete and separated topo-
logical ring R with linear topology such that the ideal Mg of topologically nilpotent
elements is open, the ring Ry.q = R/NR is perfect of characteristic p, and for each
open ideal N of R contained in Mg, the quotient Ng/N is bounded nilpotent. Thus
R is the projective limit of the admissible rings R/N.

Examples of admissible topological rings include complete local rings with
perfect residue field. Admissible topological rings in which A’k is not topologically
nilpotent arise from divided power envelopes; see Lemma 1.13.

Notation 1.3. For a commutative, not necessarily unitary ring A, let W(A4) be
the ring of p-typical Witt vectors of A. We write f and v for the Frobenius and
Verschiebung of W(A). Let 14 = v(W(A)), let w; : W(A) — A be given by the
i-th Witt polynomial, and let W(A) be the group of all elements of W(A) with
nilpotent coefficients which are almost all zero.

Let us recall two well-known facts:

Lemma 1.4. Let A be a perfect ring of characteristic p and let B be a ring with
a bounded nilpotent ideal J  B. Every ring homomorphism A — B/ J lifts to a
unique ring homomorphism W(A) — B.

Proof. See [Grothendieck 1974, Chapitre IV, Proposition 4.3]; the ideal J there is
assumed nilpotent, but the proof applies here as well. O

Lemma 1.5 [Zink 2001b, Lemma 2.2]. Let N be a nonunitary ring which is
bounded nilpotent and annihilated by a power of p. Then W(N) is bounded
nilpotent and annihilated by a power of p. O

1B. The Zink ring. Let R be an admissible ring. By Lemma 1.4, the exact sequence
0— W(NR) — W(R) — W(Ryeq) — 0

has a unique ring homomorphism section s : W(Rq) — W(R), which is f-
equivariant by its uniqueness. Let

W(R) = sW(Rrea) ® W (NR).

Since Vf/(/\/' R) is an f-stable ideal of W(R), the group W(R) is an f -stable subring
of W(R), which we call the Zink ring of R.
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Lemma 1.6. The ring W(R) is stable under the Verschiebung homomorphism
v:W(R) - W(R) if and only if p > 3 or pR = 0. In this case we have an
exact sequence
0 —s W(R) > W(R) —25 R —> 0.

Proof. See [Zink 2001a, Lemma 2]. For some r > 0, the ring Ro = Z/p"Z is a
subring of R, and we have W(Ro) = W(Rp) NW(R). The calculation in [loc. cit.]
shows that the element v(1) € W(Ryp) lies in W(Rp) if and only if p >3 orr = 1.
For a € W(Req) we have v(s(f(a))) = v(f(s(a))) = v(1)s(a). Since W(/\/'R) is
stable under v and since f is surjective on W(Ryeq), the first assertion of the lemma
follows. The sequence is an extension of

0 —> W(Rpeq) L) W(Red) —> Rrea — 0
and .
0— W(NR) —> W(NR) — Ng — 0,

which are both exact. O

With a slight modification the exception at the prime 2 can be removed. The ele-
ment p—[p] of W(Z,) lies in the image of v because it maps to zero in Z,. Moreover,
v~ (p —[p]) maps to 1 in W(F,), so this element is a unit in W(Z,). We define

v I2-[2) ifp=2,
Uo = .
1 if p>3.
The image of ug in W(R) is also denoted by ug. For x € W(R), let
V(x) = v(uox).

One could also take g = v~ (p — [p]) for all p, which would allow us to state
some results more uniformly, but for odd p this would be overcomplicated.

Lemma 1.7. The ring W(R) is stable under v : W(R) — W(R), and there is an
exact sequence
0 — W(R) —> W(R) — R —> 0.

Proof. By Lemma 1.6, we can assume that p = 2. For a € W(Ryeq), we have

V(s(f(a))) = v(uo f(s(a))) = v(ug)s(a) = (2 —[2])s(a), which lies in W(R).
Since W (NR) is stable under v and since f is surjective on W(Req), it follows
that W(R) is stable under v. The sequence is an extension of

0— W(Rred) L) W(Rred) — Rred —>0
and y
0— W(WNR) — W(WNR) — Ng — 0.

They are exact because in both cases V = v o ug, where ug acts bijectively. O



Relations between Dieudonné displays and crystalline Dieudonné theory 2207

1C. The enlarged Zink ring. Let us recall the logarithm of the Witt ring. For a
divided power extension of rings (B — R, §) with kernel b C B, the §-divided Witt
polynomials define an isomorphism of W(B)-modules

Log: W(b) = bV,

where x € W(B) acts on b by [bg, b1,...] = [wo(x)by, w1(x)b1,...]. The
Frobenius and Verschiebung of W(b) act on b" by

f([bOabl"-']) = [Pbl,PbZ»«n]» v([bo’b17--‘]) = [O’bo’b17-"]‘

Moreover, Log induces an injective map W(b) — ™) which is bijective when
the divided powers § are nilpotent; see [Zink 2002, (149)] and the subsequent
discussion. In general, let

W (b) = Log 1 (6™).

This is an f-stable and v-stable ideal of W(B) containing W(b).

Assume now that (B — R, §) is a divided power extension of admissible rings
(it suffices to assume that R is admissible and that p is nilpotent in B, because then
b is bounded nilpotent due to the divided powers, so B is admissible as well). Let

W(B, §) = W(B) + W (b).

This is an f-stable subring of W(B), which we call the enlarged Zink ring of B
with respect to the divided power ideal (b, §). We also write W(B/R) for W(B, §).
If the divided powers § are nilpotent then W(B, §) = W(B). We have the following
analogues of Lemmas 1.7 and 1.6:

Lemma 1.8. The ring W(B, §) is stable under v : W(R) — W(R), and there is an
exact sequence

0 —> W(B, §) —> W(B, §) —2 B —> 0.

Proof. The ring W(B, §) is stable under v, because W(B) and W(b) are; see
Lemma 1.7. We have W(B, §)/ W(b) = W(R). Thus, the exact sequence follows
from the exactness of 0 —> W(b) N W(b) —> b — 0 together with the exact
sequence of Lemma 1.7. O

Lemma 1.9. The ring W(B, §) is stable under v : W(R) — W(R) if p > 3, or if
p € b and the divided powers § on b induce the canonical divided powers on pB.
In this case we have an exact sequence

0 —> W(B, §) —> W(B, ) —25 B —> 0.
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Proof. If p > 3 then W(B, §) is stable under v because W(B) and W (b) are stable
under v; see Lemma 1.6. Assume that p € b and that § induces the canonical divided
powers on pB. Let £ = p—v(1) € W(B). This element lies in W(pB) € W(b) and
satisfies Log(¢) = [p,0,0,...]. Thus £ € W (b), which implies that v(1) € W(B, §).
Using this, the proof of Lemma 1.6 shows that W(B, §) is stable under v. The exact
sequence follows as usual. O

1D. The v-stabilised Zink ring. Assume that p = 2. For an admissible ring R,
let y be the canonical divided powers on the ideal 2R. We denote the associated
enlarged Zink ring by

WT(R) = W(R, y) = W(R) + W(2R) € W(R).

The kernel of the projection W1 (R) — W(Rq) will be denoted W+ (Wg). In
view of the following lemma, we call W (R) the v-stabilised Zink ring.

Lemma 1.10. Let p = 2. We have
WT(R) = W(R) + W(R)v(1).

The ring W (R) is equal to W(R) if and only if 2R = 0. The W(R)-module
WH(R)/W(R) is an Ryeq-module generated by v(1).

Proof. By Lemma 1.9, we have v(1) € WT(R). Clearly 2R = 0 implies that
W+ (R) = W(R). In general, we consider the filtration

W(2NR) € W(2ZR) € W(R)

and the graded modules for the induced filtrations on W(R) and W™ (R). First, the
restriction of the divided powers y to the ideal 2 g is nilpotent, which implies that

W (R) N WQ2NR) = W(2NR) = W(Q2NR) = W(R) N W(2NR).
Next we have W' (R /2R) = W(R/2R), or equivalently
WH(R)/WT(R)NW(Q2R) = W(R)/W(R) N W(2R).
Let ¢ = 2R /2 Ng. By the preceding remarks, we have an isomorphism
W¥(R)/W(R) = W (9)/ W (0).

This is an R/Ng-module. Assume that 2R # 0, which implies that ¢ # 0. For some
ideal Ng C b C R, multiplication by 2 induces an isomorphism R /b = ¢. Modulo 2,
the divided Witt polynomials are w;(x) = y2(x;j—1) + X;, so the isomorphism
Log : W(c) — ¢N takes the form

Log(2ap,2ay,...) = 2[a0,a(2) —I—al,a% +a2,a§ +as,...],



Relations between Dieudonné displays and crystalline Dieudonné theory 2209

with a; € R/b. It follows that W (c)/ W(c) can be identified with the direct limit of
the Frobenius homomorphism R /b — R /b — ---, which is isomorphic to R /~/b.
Under this identification, the element § =2 —v(1) of W (c) maps to 1 in R/~/b,
because we have Log(£) = [2,0,...]. Hence W*(R)/W(R) is generated by v(1),
with annihilator \/E O

Assume again that p = 2. Let (B — R, §) be a divided power extension of
admissible rings with kernel b € B such that § is compatible with the canonical
divided powers y on 2B. Let § be the divided powers on b™ = b +2B that extend
8 and y. In this case, we write

Wt (B, 8) =W(B,§T) =W(B)+ W(b™).

Clearly W(B, §) CW* (B, §) 2 WT(B). If the divided powers on b™ /2B induced
by § are nilpotent, then W (B, §) = WT(B).

1E. Passing to the limit. The preceding considerations carry over to the topological
case as follows. For an admissible topological ring R, let

W(R) = lim W(R/N),
N

the limit taken over all open ideals N of R with N € A/g. Then Lemmas 1.6 and 1.7

hold for admissible topological rings. The enlarged Zink ring can be defined for

topological divided power extensions in the following sense.

Definition 1.11. Let B and R be admissible topological rings. A topological
divided power extension is a surjective ring homomorphism B — R whose kernel b
is equipped with divided powers § such that b is closed in B, the topology of R
is the quotient topology of B/b, and the linear topology of B is induced by open
ideals N for which N N b is stable under §. Let §/N be the divided powers on
N/N Nb induced by §. We say that § is topologically compatible with the canonical
divided powers of p if the topology of B is induced by open ideals N such that
8/ N is defined and compatible with the canonical divided powers of p.

Remark 1.12. The existence of divided powers on b implies that b € Ng. If B
is a noetherian complete local ring, then every ideal b of B is closed; moreover,
if b is given, for each n there is an open ideal N C m’, such that b N N is stable
under arbitrary divided powers 6 on b. Indeed, by Artin—Rees there is an / with
mLb D mh N b; then take N = m’,b + mb, which implies that b N N = m’b.

Given a topological divided power extension of admissible topological rings
(B — R, §) with kernel b C B, we define

W(B,8) = LimW(B/N,§/N),
N
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where N runs through the open ideals of B contained in Mg such that N N b is
stable under §. Lemmas 1.8 and 1.9 hold in the topological case.
Assume that p = 2. Then for an admissible topological ring, we put

+(RY — Tim W+
WH(R) = limW*(R/N),
N
the limit taken over all open ideals N of R contained in Ng. If (B — R,§) is
a topological divided power extension of admissible topological rings which is
topologically compatible with the canonical divided powers of 2, we can define

W (B, §) = 1(i£1W+(B/N, §/N),
N
where N runs through the open ideals of B contained in Mg such that §/N is
defined and compatible with the canonical divided powers of 2.
The following example of admissible topological rings is used in Section 3:

Lemma 1.13. Let R be a ring which is I-adically complete for an ideal I C R
such that K = R/ 1 is a perfect ring of characteristic p. Assume that I = J + pR
for an ideal J C R such that R/J" has no p-torsion for each n. For a projective
R-module t of finite type, we consider the complete symmetric algebra

R[] = [ | SymR ().
n>0
Let (a C S, 8) be the divided power envelope of the ideal tR[[t]] C R[[t]], and let S
be the I-adic completion of S. Then:

() S — Ris naturally a topological divided power extension of admissible topo-
logical rings which is topologically compatible with the canonical divided

powers of p.
(ii) S has no p-torsion.

Proof Let R, = R/(p"R+J")and S, = S®R R,. We have S = R & a and thus
S, =R, ®a, with a, = a ® g R,,; moreover, the ideal a,, carries divided powers
dn induced by &; see [Berthelot 1974, Chapitre I, Proposition 1.7.1]. In particular,
S, is admissible. Since § — R is the projective limit over n of S,, — R,,, to prove
(1) it suffices to show that §, is compatible with the canonical divided powers of p.
Now, Spec R — Spec R[[t]] is a regular immersion by Lemma A.3, and thus S is
flat over R by Proposition A.1. Since R has no p-torsion the same holds for §,
so the divided powers on a extend canonically to the ideal b = a + pS. We have
S/b = R/pR. The assumptions imply that Torf (R/J™ R/pR) is zero. Hence
there is an exact sequence

0—b/J"60—S/J"S — R/(pR+J") — 0,
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which in turn gives an exact sequence
0—> (b/J"b)/p"(S/J"S) — S/(J"S + p"S) — R/(pR+J") — 0.

In both sequences the kernels carry divided powers which extend the canonical
divided powers of p, since the ideals J"b of S and p"(S/J"S) of S/J"S are
stable under the given divided powers. Thus the divided powers §, on a, are
compatible with the canonical divided powers of p, which proves (i).

Let S, = S/J"S, and let S, be its p-adic _completion. Since S is flat over
R and since R/J" has no p- -torsion, S, and S, have no p-torsion. Using that
S = hm S, it follows that S has no p-torsion, which proves (ii). O

1F. Completeness. For an admissible ring R, the Zink ring W(R) is p-adically
complete. Indeed, W(Rq) is p-adically complete, and W(/\/' R) is annihilated by a
power of p because this holds for W(Ng) by Lemma 1.5. The following topological
variant of this fact seems to be less obvious:

Proposition 1.14. Let R be an I-adically complete ring such that the ideal I is
finitely generated and K = R/ 1 is a perfect ring of characteristic p. Then the ring
W(R) is p-adically complete. If p = 2, the ring W™ (R) is p-adically complete too.

This is similar to [Zink 2002, Proposition 3], which says that W(R) is p-adically
complete if this holds for R.

Proof. Thering W(R) is p-adically separated, because this holds for each W(R/I™).
Thus W(R) is p-adically separated too. Let S = W(K)[t1,...,t],and let S — R
be a homomorphism which maps 71, ..., to a set of generators of //12. Then
S — R is surjective, and so is W(S) — W(R). Since W(R) is p-adically separated,
in order to show that W(R) is p-adically complete we may assume that R = S.
Consider the ideals J, = p" W(R)+W(I") of W(R) and J,, =W(R)NJ, of W(R).
Then

W(R)/Jn = Wa(K) ®W(I/I™), W(R)/Ip = Wu(K)®W(U/I").

It follows that W(R) and W(R) are complete and separated for the linear topologies
generated by the ideals J, and J,, respectively; moreover, W(R) is closed in W(R).
The ring W(R) is also complete and separated for the linear topology generated
by the ideals J,;’m = Ker(W(R) — W,,(R/I™)). The J-topology is finer than the
J'-topology because Jo, € J, ,,

We claim that for each r > 1 the ideal p” W(R) of W(R) is closed in the J'-
topology. This is a variant of [Zink 2002, Lemma 6] with essentially the same proof.
First, for s > 1, an element x = (xo, ..., X;m) of Wj,4+1(R) satisfies x; € I° for all i
if and only if w;(x) € 1 i+ for all i; see the proof of [Zink 2002, Lemma 4]. Then
the proof of Lemma 5 in that work shows that an element x € W, (R) is divisible
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by p” if and only if for each s the image X € W;,,(R/I®) is divisible by p”. Using
this, the claim follows from the proof of [Zink 2002, Lemma 6].

Thus p” W(R) is closed in the finer J-topology as well. Assume that we have
pW(R) = pW(R) N W(R). Then p"W(R) is closed in the J-topology, which
implies that W(R) is p-adically complete; see [Zink 2002, Lemma 7]. Thus for
p > 3, the proof is completed by Lemma 1.15 below. For p = 2 the same reasoning
shows that W (R) is p-adically complete. Now W (R)/W(R) is isomorphic to
K as abelian groups by the proof of Lemma 1.10. We get exact sequences

0 — K — W(R)/2"W(R) — W (R)/2"WT(R) — K — 0,

where the transition maps from n 41 to n are zero on the left-hand K and the identity
on the right-hand K. It follows that W(R) is p-adically complete as well. O

Lemma 1.15. For a perfect ring K of characteristic p, let R = W(K)[[t1,...,t],
with the (p,t1, ..., ty)-adic topology. If p > 3 then

pW(R) NW(R) = pW(R).
If p =2 then
2W(R) N"WT(R) = 2WT(R).

Proof. Assume p = 2. Let I be the kernel of R — K and let / = I/pR. The
filtration 0 C W(pR) C W(I ) € W(R) induces a filtration of W(R) with successive
quotients W (pR):= hm W (pR/I" pR) and W(I) = hm W(I/I”) and W(K).
To prove the lemma it sufﬁces to show that

pW(HNW(I)=pW()
and B B
pW(pR)NW (pR) = pW (pR).

The first equality holds since multiplication by p on W(I) s given by (ag,ay,...)—
(0,af,a?,...),andfora € I with a? € IP" we have a € I". The second equahty
holds because the isomorphism Log : W(pR) = (pR)N induces an isomorphism
between W( pR) and the group of all sequences in (pR)N that converge to zero
I -adically. The proof for p > 3 is similar. O

1G. Divided powers. In Section 3, we will use that the augmentation ideals of the
Zink ring and its variants carry natural divided powers, with some exception when
p = 2; see also Section 4A.

Let us first recall the canonical divided powers on the Witt ring. If R is a Zp)-
algebra, then W(R) is a Z,)-algebra as well, and the ideal /g carries divided
powers y which are determined by (p — 1)!y,(v(x)) = p?~2v(x?). Assume that
(B — R, ) is a divided power extension of Z,)-algebras with kernel b C B. Let
Ig /R be the kernel of W(B) — R. If i : b — W(b) is defined by Log(i (b)) =
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[6,0,0,...], we have Ig;g = Ip ®i(b), and the divided powers y on /g extend
to divided powers y’ =y @ 8 on I/ such that y, (i(b)) = i(8,(b)) for b € b. If
p € b and if § extends the canonical divided powers of p, then y @ § extends the
canonical divided powers of p, and f preserves y @ §. This is clear when B has no
p-torsion; the general case follows because (B — R) can be written as the quotient
of a divided power extension (B’ — R’), where B’ is the divided power algebra of
a free module over a polynomial ring R” over Z(,), and R" = R"/pR".
These facts extend to the Zink ring as follows:

Lemma 1.16. Let | €W be one of the following:

(1) 1 =1r and W = W(R) for an admissible ring R with p > 3.
@) 1= I]E and W = W (R) for an admissible ring R with p = 2.

Then the divided powers y on Ig induce divided powers on .

Proof. Since W is a Z)-algebra, it suffices to show that [ is stable under the map
Yp : Ir — IR, which is true because | = v(W) by Lemmas 1.6 and 1.9. O

Lemma 1.17. Let (B — R, §) be a divided power extension of admissible rings
with kernel b C B, and let I be the kernel of W(B, §) — R. Assume that p > 3;
or that p =2 and p € b and § extends the canonical divided powers of p. Then
the divided powers y © 8 on I/ induce divided powers on lg,g. If p € b and
if § extends the canonical divided powers of p, then the divided powers on lg/gr
induced by y @ § extend the canonical divided powers of p and are preserved by f.

Proof. Let I’ be the kernel of W(B/R) — B. Then lg,g =3 ®i(b), and we have
I’y =v(W(B/R)) by Lemma 1.9. Thus [y is stable under y, and [ g, g is stable under
y @4. The second assertion follows from the corresponding fact for the Witt ring. [

2. Dieudonné displays

In this section, Dieudonné displays and a number of variants related to divided power
extensions are defined. We use the formalism of frames and windows introduced in
[Lau 2010]. First of all, let us recall a well-known fact:

Lemma 2.1. Let A be a commutative, not necessarily unitary ring. For x € W(A)
we have f(x) = xP modulo pW(A). Similarly, for x € W(A) we have f(x) = x?
modulo pW (A).

Proof. For x € W(R) write x = [xo] + v(y) with xo € R and y € W(R). Then
fx) = [xé’] = x? modulo pW(R) because fv = p and v(y)? = p?~lv(y?).
The same calculation applies with W in place of W. O
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2A. Frames and windows. We recall the notion of frames and windows from [Lau
2010], with some additions. A preframe is a quintuple

F=(S,1,R,0,01)

where S and R = S/ are rings, where 0 : S — S is a ring endomorphism with
o(a) = a? modulo pS, and where o1 : I — S is a o-linear map of S-modules
whose image generates S as an S-module. Then there is a unique element 6 € S
with o(a) = 001 (a) for a € I. The preframe F is called a frame if

I + pS < Rad(S).

If, in addition, all projective R-modules of finite type can be lifted to projective S
modules, then F is called a lifting frame.

A homomorphism of preframes or frames « : F — F’ is a ring homomorphism
o: S — S witha(l) C I’ such that 0’ = a0 and o] = u - oy for a unit u € S,
which is then determined by «. It also follows that ar(6) = u6’. We say that « is a
u-homomorphism of preframes or frames. If ¥ = 1 then « is called strict.

Now let F be a frame. An F-window is a quadruple

P=(P,0Q.F, F)

where P is a projective S-module of finite type with a submodule Q such that
there exists a decomposition of S-modules P = L @ T with Q =L @ I T, called a
normal decomposition, and where F : P — P and F; : Q — P are o-linear maps
of §-modules with

Fi(ax) = 01(a) F(x)

for a € I and x € P; we also assume that F;(Q) generates P as an S-module.
Then F(x) = 0F;(x) for x € Q. If F is a lifting frame, every pair (P, Q) such
that P is a projective S-module of finite type and P/Q is a projective R-module
admits a normal decomposition. In general, for given (P, Q) together with a normal
decomposition P = L@ T, giving o-linear maps (F, F) which make an F-window
& is equivalent to giving a o-linear isomorphism

V:LeT — P

defined by F; on L and by F on 7. The triple (L, T, W) is called a normal
representation of .

A frame homomorphism « : F — F’ induces a base change functor o, from
F-windows to F’'-windows. In terms of normal representations, it is given by

(L. T,¥)~ (S'®sL,S'®s T, V)
with W/'(s' ® 1) = uo’'(s) @ ¥(l) and ¥V'(s' ® 1) = o/(s") @ ¥(¢).
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A frame homomorphism « : F — F' is called crystalline if the functor ax is an
equivalence of categories. For reference, we recall [Lau 2010, Theorem 3.2]:

Theorem 2.2. Let a : F — F' be a homomorphism of frames which induces an
isomorphism R = R’ and a surjection S — S’ with kernel a. We assume that there is
a finite filtration of ideals a =a9 2 --- 2D a, =0witho1(a;) Ca; and o(a;) C aj 41,
that o1 is elementwise nilpotent on each a; /a; +1, and that all projective S’-modules
of finite type lift to projective S-modules of finite type. Then « is crystalline. O

Let us recall the operator V# of a window. For an S-module M we write
M©@ =g ®o,s M. A filtered F-V-module over F is a quadruple

(P,Q,F*, vh

where P is a projective S-module of finite type, Q is a submodule of P such that
P/ Q is projective over R, and F¥: P — P and V#: P — P©) are S-linear
maps with F#V# =@ and VHF# = 9.

Lemma 2.3. There is a natural functor from F-windows to filtered F-V -modules
over F, which is fully faithful if 8 is not a zero divisor in S.

Proof. The functoris (P, Q, F, F1)+ (P, Q, F* V#), where F* is the linearisation
of F, and V* is the unique S-linear map such that V¥#(F;(x)) = 1 ® x for x € Q.
Clearly this determines V¥ if it exists. In terms of a normal representation (L, T, W)
of 2, thus P = L & T, one can define V# = (1 @ 0)(¥*)D. The required
relation F#V# = 0 on P is equivalent to F*V#F; = 0F; on Q, which is clear
since @F; = F. The required relation V#F# = 6 on P©) holds if and only if
it holds after multiplication with o;(a) for all a € I. For x € P we calculate
o1(@)VPF 1 ®x) =V Fi(ax) =0(a) ® x = 001 (a)(1 ® x).

Assume that 6 is not a zero divisor in S. It suffices to show that the forgetful
functors from windows to triples (P, Q, F') and from filtered F'-V -modules to triples
(P, Q, F*) are fully faithful. In the first case this holds because 0F; = F. In the
second case, for an endomorphism « of P with o F # = Fia (@) we calculate Viaf =
ViaF#VE = Vi@ Y = 9o(@ V# which implies that Via =@V O

Finally, we recall the duality formalism. Let F denote the F-window (S, I, g, 01).
A bilinear form between F-windows

B:PxP — F

is an S-bilinear map B : P x P’ — S such that $(Q x Q') € I and B(Fix, F{x') =
o1(B(x,x")) for x € Q and x’ € Q’. For each 2, the functor 2’ > Bil(£ x &', F)
is represented by an F-window Z’, called the dual of &2. The tautological bilinear
form & x ' — § is a perfect bilinear map P x P! — §. There is a bijection
between normal representations P = L @ T and P! = L' @ T' determined by
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(L,L"Y =0= (T, T"). The associated operators ¥ : P — P and ¥’ : P! — P!
are related by (Wx, U'x’) = o (x, x').

There is also an obvious duality of filtered F'-V-modules over F: the dual of
M=(P,Q,F* V¥ is M! = (P*, Q', V¥ F#) where P* = Homg(P, S) and
Q' is the submodule of all y in P* with y(Q) C I. It s easy to see that the functor
in Lemma 2.3 preserves duality.

2B. Frames associated to the Witt ring. For an arbitrary ring R let f1 : Ir —
W(R) be the inverse of the Verschiebung v. Then

#r=(W(R),IR. R, [, f1)

is a preframe with 6 = p. If R is p-adically complete, # is a lifting frame because
W(R) is I gr-adically complete by [Zink 2002, Proposition 3], and windows over
Wg are displays over R.

For a divided power extension of rings (B — R, §) with kernel b € B, one can
define a preframe

Wz/r = (W(B), Ig/r. R, f, f1)

with Ip,g = Ig + W(b) such that fl : Ip/r — W(B) is the unique extension of f1
whose restriction to W (b) is given by [ag, a1,d2,...]— [a1, a2, ...] inlogarithmic
coordinates; see Section 1C. The projection #p — #g factors into strict preframe
homomorphisms #p — #g/r — /R.

As a special case, assume that R is a perfect ring of characteristic p. Then f is
an automorphism of W(R), and Ig = pW(R). Let us define a Dieudonné module
over R to be a triple (P, F, V') where P is a projective W(R)-module of finite type
equipped with an f-linear endomorphism F and an f~!-linear endomorphism V'
such that F'V = p, or, equivalently, VF = p.

Lemma 2.4. Displays over a perfect ring R are equivalent to Dieudonné modules
over R.

Proof. To a display (P, Q, F, F1) we associate the Dieudonné module (P, F, V),
where the linearisation of V : P — P is the operator V# defined in Lemma 2.3.
Then VF; : Q — P is the inclusion. Here Fj is surjective since f is bijective.
Thus Q = V(P), and the functor is fully faithful; see Lemma 2.3. It remains to
show that for every Dieudonné module (P, F, V') the R-module M = P/V(P) is
projective. For p € Spec R let £37(p) be the dimension of the fibre of M at p. Let
N = P/F(P). Then £y + ¢y = Lp;pp as functions on Spec R. Since M and
N are of finite type and since P/pP is projective, the functions £js and £y are
upper semicontinuous, and £p, ,p is locally constant. It follows that £ is locally
constant, which implies that M is projective because R is reduced. O
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2C. Dieudonné frames. For an admissible ring R in the sense of Definition 1.1,
let [ be the kernel of wg : W(R) — R, and let f{ : [g — W(R) be the inverse of v,
which is well-defined by Lemma 1.7. If p is odd, then v=v and f; = fj.

Lemma 2.5. The quintuple

2r = (Wg, IR, R, f,T1)

is a lifting frame.
We call 2 the Dieudonné frame associated to R.

Proof. In order that 9 is a preframe we need that f(a) = a” modulo pW(R)
for @ € W(R), which follows from Lemma 2.1 applied to W(Ryeq) and to W (V).
Since W(N R) is a nilideal by Lemma 1.5 and since the quotient W(R)/ W(N R) =
W (Ryeq) is p-adically complete with pW(Ryeq) = IR, the kernel of W(R) — Ryeq
lies in the radical of W(R), and projective R;q-modules of finite type lift to
projective W(R)-modules of finite type. It follows that 2, is a lifting frame. O

The inclusion W(R) — W(R) is a ug-homomorphism of frames I — #x.
Thus for Zg we have 6 = p if p is odd and 6 = 2ug =2 —[4] if p = 2.

Definition 2.6. A Dieudonné display over R is a window over Zg.

Thus a Dieudonné display is a quadruple & = (P, Q, F, F;) where P is a
projective W(R)-module of finite type with a filtration [g P € Q € P such that
P/Q is a projective R-module, F : P — P and F; : Q — P are f-linear maps
with F1(ax) =f1(a)F(x) foraelg and x € P, and F1(Q) generates P. We write

Lie(£) = P/ Q.

The height of &7 is the rank of the W(R)-module P, and the dimension of 22 is
the rank of the R-module Lie(£?), both viewed as locally constant functions on
Spec R. As in the case of general frames, we also denote by Zg the Dieudonné
display (W(R), IR, f,f1) over R.

2D. Relative Dieudonné frames. Let (B — R, §) be a divided power extension
of admissible rings with kernel b € B. Let W(B/R) = W(B, §) as in Section 1C
and let [g/ be the kernel of the projection W(B/R) — R; thus

I]B/R = |]B + W(b)

Lemma 2.7. There is a unique extension of T1 :lg — W(B) to an f -linear map
f1:1g/r — W(B/R) of W(B/R)-modules such that the restriction of 1 to W (b)
is given by

%1([30,015612, .. ]) = [wO(u(Tl)al’ wl(uo_l)a2’ .. ] (2'1)
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in logarithmic coordinates. The quintuple

I8/r = ZB/R,s = (W(B/R),Ig/r, R, f.T1)
is a lifting frame.

Proof. Clearly f; is determined by (2-1). Let I’y be the kernel of W(B/R) — B.
By Lemma 1.8, the inverse of v is an f-linear map ] : I, — W(B/R) which
extends ;. In logarithmic coordinates, the restriction of v to W(b) is given by
[ao.ai....]— [0, wo(uo)ao, wi(ug)ai,...]. Thus f| extends to the desired fi.
As in the proof of Lemma 2.5, the kernel of W(B/R) — Ryeq lies in the radical of
W(B/R), and projective R.4-modules of finite type lift to W(B/R). O

We call Zp/g the relative Dieudonné frame associated to the divided power
extension (B/R, §), and g, g-windows are called Dieudonné displays for B/R.
There are natural strict frame homomorphisms

.@B —> QB/R —> _@R.
If the divided powers § are nilpotent, then W(B) = W(B/R).

Proposition 2.8. The frame homomorphism 9g/g — 7R is crystalline.

Proof. This follows from Theorem 2.2. Indeed, let a denote the kernel of the
surjective homomorphism W(B/R) — W(R); thus a = I/T/(b) ~ b™). The endo-
morphism fl of a is elementwise nilpotent by (2-1). The required filtration of a
can be taken to be a; = pia; this is a finite filtration by Lemma 1.5. We have
f1(a;) = a; by (2-1), and f(a;) = a;4 because the endomorphism f of a is given
by [ag,a1,...]— [pai, paz,...] in logarithmic coordinates. O

2E. v-stabilised Dieudonné frames. Assume that p = 2. The preceding construc-
tions can be repeated with W+ and v in place of W and v. More precisely, for an
admissible ring R, let I; be the kernel of W+ (R) — R and let f; : 1} — W™ (R) be
the inverse of v, which is well-defined by Lemma 1.9. The v-stabilised Dieudonné
frame associated to R is defined as

7% = (WH(R).IL. R. f. f1).
This is a lifting frame by the proof of Lemma 2.5. The inclusion W(R) — W™ (R)

is a up-homomorphism of frames Zgr — @;g, which is invertible if and only if
2R = 0. Windows over @; are called v-stabilised Dieudonné displays over R.

Assume again that p = 2, and let (B — R, §) be a divided power extension of
admissible rings with kernel b € B which is compatible with the canonical divided
powers of 2. Let I]‘g /R be the kernel of the natural map W;‘ /R R; thus

+ _tow
15 R =15+ W ().
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There is a unique extension of f7 : I]Z — W™ (B) to an f-linear map of W+ (B/R)-
modules f] : I]E;/R — W (B/R) such that its restriction to W (b) is given by

[ag,a1,az,...]— [a1,az,...] in logarithmic coordinates, and the quintuple
Tgr = WH(B/R).Uf p. R. f. 1)

is a lifting frame. This follows from the proof of Lemma 2.7. We have a uo-
homomorphism of frames g, g — @;/ g> Which is invertible if and only if 2R =0,
and strict frame homomorphisms

+ ot +
Dy _)QB/R_)QR'

If the divided powers induced by § on (b +2B)/2B are nilpotent, then W (B) is
equal to W* (B/R).

Corollary 2.9. The frame homomorphism @;/ R 914{ is crystalline.

Proof. This follows from the proof of Proposition 2.8. O

2F. The crystals associated to Dieudonné displays. Let R be an admissible ring.
We denote the category of divided power extensions (Spec A — Spec B, §), where
A is an R-algebra which is an admissible ring, and where p is nilpotent in B, by
Crisagm(R). Then the kernel of B — A is bounded nilpotent, so B is an admissible
ring as well.

Let 2 be a Dieudonné display over R. For (Spec A — Spec B, §) in Crisyam(R),
we denote the base change of & to 4 by %4 and the unique Dieudonné display for
B/ A which lifts 24 by

Zpia = (Ppja, Op/a, F, F1);

see Proposition 2.8. A homomorphism of divided power extensions of admissible
rings o« : (B — A,8) — (B’ — A’, §') induces a frame homomorphism %, : 7,4 —
98’/ 4’ and we have a natural isomorphism

(Za)+(PBja) = PBrjar-

In more sophisticated terms, this can be expressed as follows: The frames Zp, 4
form a presheaf of frames %y« on Cris,am(R), and Proposition 2.8 implies that the
category of Dieudonné displays over R is equivalent to the category of crystals in
Pxx-windows on Crisagm(R). Then &g 4 is the value in (Spec A — Spec B, §) of
the crystal associated to .

For a Dieudonné display &2 = (P, Q, F, F1) over R, we define the Witt crystal
K(£) on Crisyam(R) by

K(Z)p/a = Ppja-



2220 Eike Lau

This is a projective W(B/A)-module of finite type. The Dieudonné crystal D(2?)
on Crisygm(R) is defined by

D(Z)pja = Pp/a ®w(B/4) B.

This is a projective B-module of finite type. The Hodge filtration of & is the
submodule

Q/IgP C P/IgP =D(Z)R/Rr-

Corollary 2.10. Let (B — R, §) be a nilpotent divided power extension of admissi-
ble rings. The category of Dieudonné displays over B is equivalent to the category
of Dieudonné displays &7 over R together with a lift of the Hodge filtration of & to
a direct summand of D(Z)p/R.

Proof. If the divided powers are nilpotent, then W(B/R) = W(B), and lifts of
windows under the frame homomorphism g — Zg g are in bijection with lifts of
the Hodge filtration. O

The preceding definitions have a v-stabilised variant. Let Cris,am(R/Zp) be the
full subcategory of Crisygm (R) where the divided powers are compatible with the
canonical divided powers of p. Assume now that p =2, and let 2 be a v-stabilised
Dieudonné display over R, i.e., a window over @;. For (Spec A — Spec B, §) in
Crisaam(R/Z2) we denote by @: the base change of 27 to @: and by

+ _(p+t +
PBjA= (PB/A’QB/A’F’ F1)

the unique lift of 9’: toa 9; 4-window, which exists by Corollary 2.9. The v-
stabilised Witt crystal K+ (2%) and the v-stabilised Dieudonné crystal DT (1)
on Crisygm (R /Z5) are defined by K+(9+)B/A = PI;F/A and

D (2 ") pja = Pg, 4 ®w+(s/a) B-

Corollary 2.11. Assume that p = 2. Let (B — R, §) be a divided power extension
of admissible rings which is compatible with the canonical divided powers of 2 such
that the divided powers induced by § on the kernel of B/2B — R /2R are nilpotent.
Then the category of v-stabilised Dieudonné displays over B is equivalent to the
category of v-stabilised Dieudonné displays 2% over R together with a lift of the
Hodge filtration of 2™ to a direct summand of ID"'(QZ"')B/R.

Proof. This is analogous to Corollary 2.10, using that W*(B/R) = W (B) under
the given assumptions on §; see the end of Section 1D. O

Lemma 2.12. Let & be a Dieudonné display over an admissible ring R with p =2,
and let 27 be its base change to @;. Then D(2) is naturally isomorphic to the
restriction of D(2) to Crisaam(R/7Z3).
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Proof. For each (Spec A — Spec B, §) in Crisagm(R/Z>2), the @;/ 4~Wwindow 9;/ A
is the base change of #g,4 by the frame homomorphism Zp,4 — @; /A by its
uniqueness. The lemma follows easily.

Remark 2.13. Lemma 2.12 does not imply that the infinitesimal deformations of
2 and of 27 coincide: Let B be an admissible ring with 4B = 0 and 2B # 0 and
let R = B/2B. The ideal 2B carries the canonical divided powers y and the trivial
divided powers §. Corollary 2.10 applies to (B — R, §) but not to (B — R, y),
while Corollary 2.11 and Lemma 2.12 apply to (B — R, y) but not to (B — R, §).

2G. Passing to the limit. The preceding considerations extend easily to the case
of admissible topological rings with a countable base of topology. Let us begin with
a standard lemma. For a ring A, let V(A) be the category of projective A-modules
of finite type.

Lemma 2.14. Let A = l(iLnne Ay be an inverse limit of rings such that the tran-
sition maps mwy . A, — An—1 are surjective with Ker(m,) C Rad(A,). Then the
natural functor p : V(A) — l(lnn V(A,) is an equivalence.

Proof. Since for P € V(A) we have P = l(lr_nn (P ®4 Ap), the functor p is fully faith-
ful. For a system of P, € V(A,) with isomorphisms P, ®4 An—1 = P,—1, we have
to show that the A-module P = 1imn Py, lies in V(A). Choose a surjective homo-
morphism g1 : A7 — P1 and lift this to a compatible system of homomorphisms ¢y, :
Al — Py. All the g, are surjective by Nakayama’s Lemma. Let S, be the set of lin-
ear sections of ¢,. Since S, carries a simply transitive action of Hom( P, Ker(g,)),
the reduction maps S, — S,—1 are surjective. Thus the limit map g : A” — P has
a section, and we have P € V(A). This proves that p is an equivalence. O

For a ring A4, let BT(A) be the category of p-divisible groups over A.

Lemma 2.15. For an inverse limit A = limn Ay as in Lemma 2.14, the natural
functor v : BT(A) — 1<lr_nn BT(A,) is an equivalence.

Proof. See [Messing 1972, Chapter I, Lemma 4.16]. The functor p of Lemma 2.14
preserves tensor products, and a complex P — P’ — P” — 0in V(A) is exact if and
only if its reduction to A; is exact. As in [Messing 1972, Chapter II, Lemma 4.16]
it follows that v is an equivalence. O

For an admissible topological ring R, let I = limN PR/N»> Where N runs
through the open ideals of R contained in Ng. As before, Zg-windows are called
Dieudonné displays over R.

Lemma 2.16. If R is an admissible topological ring with a countable base of
topology, then Dieudonné displays (or p-divisible groups) over R are equivalent to
compatible systems of Dieudonné displays (or p-divisible groups) over R/ N for
each open ideal N contained in Ng.
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Proof. One can write R = l(in R,, for a surjective system of admissible rings R,
with Rieq = (Rp)req for each n. Then the case of p-divisible groups follows from
Lemma 2.15, and the case of Dieudonné displays follows from Lemma 2.14 applied
to R and to W(R) = 1(31’1 W(Rp); here the successive kernels are nilideals due to
Lemma 1.5. See [Lau 2010, Lemma 2.1]. O

3. From p-divisible groups to Dieudonné displays

In this section we define a functor from p-divisible groups over odd admissible
rings to Dieudonné displays. In the nonodd case there is a v-stabilised version of
this functor, which will serve as a first step towards the true functor in the next
section. We begin with some preparation.

3A. Finiteness over admissible rings. We show that the categories of p-divisible
groups or Dieudonné displays over an admissible ring R are the direct limit of
the corresponding categories over the finitely generated W(R.q)-subalgebras of R,
with fully faithful transition maps.

Proposition 3.1. Every Dieudonné display over an admissible ring R is defined
over a finitely generated W(Ryeq)-subalgebra of R. For an injective homomorphism
of admissible rings R — S such that Rieq — Sted is bijective, the base change of
Dieudonné displays from R to S is fully faithful.

Proof. For aring A, let V(A) be the category of projective A-modules of finite type.
Since the ring W(R) is the filtered union of W(R’), where R’ runs through the
finitely generated W (R.q)-subalgebras of R, the category V(W(R)) is equivalent
to the direct limit over R” of V(W(R’)). Since a Dieudonné display over R can be
given by L, T € V(W(R)) together with an f'-linear automorphism ¥ of L & T,
the first assertion of the proposition follows. Similarly, every homomorphism
of Dieudonné displays over R is defined over some finitely generated R’. Thus
for the second assertion we may assume that Ng = 0. Let S=3S /./\/g_1 and
R=R/R NNG~L Let R” C S be the inverse image of R C S. By induction on r,
the base change of Dieudonné displays from R to S is fully faithful. It follows that
the base change from R” to S is fully faithful as well. By Corollary 2.10, using
trivial divided powers, Dieudonné displays over R or over R” are equivalent to
Dieudonné displays over R together with a lift of the Hodge filtration to R or to
R”, respectively. Since R — R” is injective, it follows that the base change of
Dieudonné displays from R to R” is fully faithful. O

For the case of p-divisible groups we first recall some standard facts.

Lemma 3.2. Let B — A be a surjective ring homomorphism with kernel I such
that pI = 0 and x? = 0 for all x € 1. For an affine flat group scheme H over B,
the kernel of H(B) — H(A) is annihilated by p.
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Proof. Let Bo = B/pB and Hy = H ®p Bg. The abelian group By & I becomes a
ring with multiplication (a ®i)(a’®i’) = aa’ ® (ai’+a’i +ii’), and one can identify
B x4 B with B xg, (Bo @ I). Since the evaluation of affine schemes commutes
with fibred products of rings, we obtain an isomorphism of abelian groups

Ker(H(B) — H(A)) = Ker(Ho(Bo ® 1) — Ho(By)).

The right-hand side lies in the kernel of the Frobenius Fy, of Ho, which lies in
Hyl[p] since Vg, o Fu, = p by [SGA 1970, VIIA 4.3]. This proves the lemma. O

Lemma 3.3. Let B — A be a surjective ring homomorphism with kernel I such
that p is nilpotent in B and I is a nilideal. For a p-divisible group G over B, the
homomorphism G(B) — G(A) is surjective.

Proof. For a given x € G,(A), since G, is finitely presented there is a finitely
generated ideal 7’ C I such that x lifts to an element x” € G, (B/I’). Now we can
use that G is formally smooth by [Messing 1972, Chapter II, Theorem 3.3.13]. O

Lemma 3.4. Let B — A be a surjective ring homomorphism whose kernel is
bounded nilpotent and such that p is nilpotent in B. Then there is a number r such
that for two p-divisible groups G and H over B, the reduction homomorphism
Hom(G, H) — Hom(Gy, Hy) is injective with kernel annihilated by p".

Proof. This is an easy consequence of Lemmas 3.2 and 3.3; see the proof of [Katz
1981, Lemma 1.1.3]. O

Proposition 3.5. Every p-divisible group over an admissible ring R is defined over
a finitely generated W(Ryeq)-subalgebra of R. For an injective homomorphism
of admissible rings R — S such that Rieq — Sred is bijective, the base change of
p-divisible groups from R to S is fully faithful.

Proof. For a p-divisible group G over R, let Go = G ® g Ryeq. Using Lemma 3.4,
we chose r such that for two p-divisible groups G and H over R, the cokernel of
Hom(G, H) — Hom(Gy, Hyp) is annihilated by p”. Now let G be given, let G” be
alift of Go to W(Ryeq) and let G’ = G” ®w(g,,,) R. There are homomorphisms ¢ :
G’ — G and ¥ : G — G’ which each lift the multiplication p” : Gy — G¢. Thus gy
and V¢ are multiplication by p2”. We obtain an isomorphism G = G’/ K¢, where
K € G’ is a finite locally free group scheme annihilated by p?”; see Lemma 3.6
below. In particular K is finitely presented, and the first assertion of the proposition
follows. To prove the second assertion, we consider two p-divisible groups G and H
over R and a homomorphism @q : Gog — Hg over Rieq = Steq. There is a unique lift
of p" o to ahomomorphism ¥ : G — H, and there is a lift of ¢g to R if ¥ vanishes
on G[p"]. Since R — § is injective, this holds if and only if the scalar extension
Y s vanishes on Gg[p"], which is equivalent to the existence of a lift of pg to S. [
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Lemma 3.6. Let ¢ : G — H and ¥ : H — G be homomorphisms of p-divisible
groups over a scheme S with oy = p" and Y¢ = p". Then Ker(¢p) and Ker(yr)
are finite locally free group schemes.

Proof. Clearly Ker(¢) and Ker(y/) are finite group schemes of finite presentation.
Thus we may assume that S = Spec R for a local ring R with residue field k. Let
Ker(y) = Spec A and G, = Spec B. Choose elements ay,...,a,r € A which
map to a k-basis of Ay, so they generate A as an R-module. We have a surjective
homomorphism of fppf sheaves ¢ : G, — Ker(). It follows that By is a locally
free Ag-module of some rank p*, thus a free Ax-module since Ay, is finite. Choose
b1,...,bps € B which map to an Ag-basis of By. The elements a;b; € B map to
a k-basis of By. Since B is a free R-module they form an R-basis of B. It follows
that A is free over R with basis a;. O

3B. Deformation rings. Let A — K be a surjective ring homomorphism with
finitely generated kernel I € A such that A is [-adically complete. The ring K is
not assumed to be a field. Let Nil, /g be the category of A-algebras A together
with a homomorphism of A-algebras A — K with nilpotent kernel. We consider
covariant functors

F :Nilp g — (sets)

with the following properties (cf. [Schlessinger 1968]):
(3-1) The set F(K) has precisely one element.

(3-2) For a surjective homomorphism A; — A in Nily /g, the induced map
F(A1) — F(A) is surjective.

(3-3) For each pair of homomorphisms A; — A <— A3 in Nilp /g such that one
of them is surjective, the natural map F (A1 X4 A2) — F(A1) XFp(4) F(A2)
is bijective. Then for each K-module N the set F(K @ N) is naturally a
K-module. In particular, tr = F(K]|¢]) is a K-module, which is called the
tangent space of F'.

(3-4) For each K-module N the natural homomorphism of K-modules tr ® g N —
F(K & N) is bijective.

(3-5) The K-module 7 is finitely presented.

The first three conditions imply that the functor N — F (K @ N) preserves exact se-
quences of K-modules. Thus (3-4) is automatic if N is finitely presented. Moreover
(3-1)—(3-4) imply that the K-module F is flat, so (3-5) implies that g is projective.
Proposition 3.7. Assume that F satisfies (3-1)—(3-5). Then F is prorepresented by
a complete A-algebra B. Let t be a projective A-module of finite type which lifts

tr. Then B is isomorphic to the complete symmetric algebra A[[t*], where the *
means the dual. This is a power series ring over A if tg is a free K-module.
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Proof. The K-module ¢x is projective as explained above. Thus 7 exists. Let
B = A[[{*] and let B = K & t%. We have an obvious projection B — B. Let
£ € F(B)=tF ®ty =End(¢F) correspond to the identity of 7 and let £ € F(B)
be a lift of £. We claim that the induced homomorphism of functors £ : B — F is
bijective. Note that the functor B satisfies (3-1)—(3-5). By induction it suffices to
show that if A — A is a surjection in Nil sk Whose kernel N is a K-module of
square zero and if B(A) — F(A) is bijective, then B(A) — F(A) is bijective as well.
We have a natural isomorphism A4 x 7 A = A xg (K @ N). It follows that the fibres
of B(A) — B(A) and the fibres of F(A) — F(A) are principal homogeneous sets
under the K-modules B(K @ N) and F (K @& N), respectively. The homomorphism
tp — tF induced by £ is bijective by construction, so B(K @ N) - F(K @& N) is
bijective, and the proposition follows. O

Corollary 3.8. A homomorphism of functors which satisfy (3-1)—(3-5) is an isomor-
phism if and only if it induces an isomorphism on the tangent spaces. O

Remark 3.9. Let A’ — K’ be another pair as above and let g : A’ — A be aring
homomorphism which induces a homomorphism g : K’ — K. For given functors F
onNil /g and F’ on Nilp/ g/, a homomorphism /2 : F — F’ over g is a compatible
system of maps

h(A): F(A) — F'(Axg K')

for AinNily /g ; here Ax g K’ is naturally an object of Nil o+ . If F and F” satisfy
(3-1)~(3-5) and if B and B’ are the complete algebras which prorepresent F and F’,
respectively, then /1 corresponds to a homomorphism B’ — B compatible with g
and g. If h(A) is bijective for all A, the induced homomorphism B’®/A — B is
an isomorphism.

Definition 3.10. Assume that p is nilpotentin K = A /I as above. For a p-divisible
group G over K let

Defg : Nilp,x — (sets)

be the deformation functor of G. This means that Defg (A) is the set of isomorphism
classes of p-divisible groups G’ over A together with an isomorphism G’ @4 K = G.
Let tg = Lie(GY) ®k Lie(G).

Proposition 3.11. The functor Defg is prorepresented by a complete A-algebra B.
Explicitly, if t is a projective A-module which lifts tG, then B is isomorphic to the
complete symmetric algebra A[[t*].

We note that Lemma 2.15 gives a universal p-divisible group over B.

Proof. The functor Defg satisfies (3-1)—(3-5) with tangent space ¢g because for
a surjective homomorphism A" — A in Nil g whose kernel N is a K-module
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of square zero and for H € Defg(A), the set of lifts of H to A’ is a principally
homogeneous set under the K-module g ® k N by [Messing 1972]. O

Remark 3.12. Let g : A’ — A over g : K’ — K be as in Remark 3.9, such that
p is nilpotent in K’. Let G over K be the base change of a p-divisible group G’
over K'. For A in Nila g we have a natural map

Defg/ (A xg K') — Defg (A).

This map is bijective, and its inverse is a homomorphism Defg — Defg’ over g in
the sense of Remark 3.9. If B and B’ prorepresent Defg and Defg/, respectively,
we get an isomorphism B’® /A = B.

Definition 3.13. Assume that K = A /[ is an admissible ring. For a Dieudonné
display & = (P, Q, F, Fy) over K, we denote by

Def : Nilp /g — (sets)

the deformation functor of &. Let t5 = Hom(Q/lx P, P/ Q).

We are mainly interested in the case where K is perfect and A = W(K). Then
Dieudonné displays over K are displays because W(K) = W(K).

Proposition 3.14. The functor Def » is prorepresented by a complete A-algebra B.
Explicitly, if t is a projective A-module which lifts t », then B is isomorphic to the
complete symmetric algebra A[[t*]).

We note that Lemma 2.16 gives a universal Dieudonné display over B.

Proof. The functor Def » satisfies (3-1)—(3-5) with tangent space ¢4 because for
a surjective homomorphism A" — A in Nil /g whose kernel N is a K-module
of square zero and for 2’ € Def »(A), the set of lifts of 2’ to A’ is a principally
homogeneous set under the K-module t» ® g N by Corollary 2.10. O

Remark 3.15. Let g: A’ — A over g : K/ — K be as in Remark 3.9, such that K
and K’ are admissible rings. Assume that Z is the base change of a Dieudonné
display &’ over K'. If B and B’ represent Def and Def s, respectively, then
B'®a/A = B. This is analogous to Remark 3.12.

3C. Crystals and frames. Let F = (S, 1, R,0,01) be a frame as in Section 2A,
such that S and R are p-adically complete, S has no p-torsion, I carries divided
powers, and ¢ = poy on I. Thus (S, 0) is a frame for each R/ p” R in the sense
of [Zink 2001b]. By a well-known construction, the crystalline Dieudonné functor
allows us to associate to a p-divisible group over R an F-window; this is explained
in the proof of [Zink 2001b, Theorem 1.6] for the Dieudonné crystal of a nilpotent
display, and in [Kisin 2006; 2009] for p-divisible groups.

The construction goes as follows. First, one can define a filtered F-1-module;
here it is not necessary to assume that S has no p-torsion.
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Construction 3.16. Let 7 = (S, 1, R, 0,01) be a frame such that S and R are
p-adically complete, I is equipped with divided powers § which are compatible
with the canonical divided powers of p, and 0 = poq on I. Let §’ be the divided
powers on I’ = I + pS which extend § and the canonical divided powers of p. We
assume that o preserves §’, which is automatic if S has no p-torsion. Then one can
define a functor

®? : (p-divisible groups over R) — (filtered F-V -modules over F),
G (P,Q,FH v

as follows. Let Rg = R/pR and let og be its Frobenius endomorphism. For a
given p-divisible group G over R put P = D(G)s/r = D(Go)s/R,. Wwhere D(G)
is the covariant?> Dieudonné crystal of G, and let Q be the kernel of the natural
map P — Lie(G). Since o preserves &', there is a natural isomorphism

P©@ = D(05Go)s/r,-

Thus we can define V#: P — P (@) to be induced by the Frobenius F : Go — 0§ Go
and F*: P(©) — P to be induced by the Verschiebung V : o5 Go — Go.

In the second step one associates Fj.

Proposition 3.17. Let F be a frame as in the beginning of Section 3C. For a p-
divisible group G over R let ®°(G) = (P, Q, F* V%) be the filtered F-V -module
over F given by Construction 3.16. There is a unique Fy : Q — P such that
(P, Q. F, Fy) is an F-window, and it gives back V# by the functor of Lemma 2.3.

Proof. We have functors (P, Q, F, Fy) — (P, Q, F}, V) (P, 0, F*), which
are fully faithful; see Lemma 2.3. Thus we have to show that F(Q) lies in pP
so that F] = p~!F is well-defined, that F;(Q) generates P, and that the pair
(P, Q) admits a normal decomposition. Since R and S are p-adically complete
and since the kernel of S/pS — R/pR is a nilideal due to its divided powers, all
projective R-modules of finite type lift to S. Thus a normal decomposition exists.
The existence of F; and the surjectivity of its linearisation are proved in [Kisin
2006, Lemma A.2] if S is local with perfect residue field, but the proof can be
easily adapted to the general case. To prove surjectivity, for each maximal ideal of
S, which necessarily comes from a maximal ideal m of R, we choose an embedding
of R/m into a perfect field k. There is a ring homomorphism « : S — W(k) which
lifts R — k such that fa = a0 it can be constructed as S — W(S) — W(k). Then
o is a homomorphism of frames F — #%, and the assertion is reduced to the case
of #4, which is classical. O

2 This differs from the notation of [Berthelot et al. 1982], where D(G) is contravariant. One can
switch between the covariant and contravariant crystals by passing to the dual of G or of D(G), which
amount to the same thing by the crystalline duality theorem [Berthelot et al. 1982, 5.3].
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Remark 3.18. The surjectivity of F; in the proof of Proposition 3.17 can also
be deduced from the crystalline duality theorem. Let P = L & T be a normal
decomposition and let ¥ : P — P be given by F; on L and by F on 7. We have to
show that the linearisation ¥ : P(°) — P is an isomorphism. Let (P’, Q', F', F})
be the quadruple associated to the Cartier dual GV. The duality theorem gives a
perfect pairing P x P’ — § such that (F(x), F'(x")) = po(x, x’). It follows that
(F(x), F{(x")) = 0(x,x’) and (Fi(x), F'(x")) = o (x, x’) whenever this makes
sense. The unique decomposition P’ = L' @ T’ with (L, L) =0= (T, T') is a
normal decomposition of P’, and the dual of the associated W’ # is an inverse of WH.

3D. The Dieudonné display associated to a p-divisible group. For an admissible
ring R with p > 3, we consider the Dieudonné frame % defined in Lemma 2.5.
The ring W(R) is p-adically complete by the remark preceding Proposition 1.14.
By Lemma 1.17 the ideal lg carries natural divided powers compatible with the
canonical divided powers of p, and the induced divided powers on the kernel
of W(R) — R/pR are preserved by the Frobenius. Thus Construction 3.16
gives a functor

% © (p-divisible groups over R) — (filtered F-V-modules over Zg)

which is compatible with base change in R.

Theorem 3.19. For each admissible ring R with p > 3, there is a unique functor
DR : (p-divisible groups over R) — (Dieudonné displays over R)

which is compatible with base change in R such that the filtered F-V -module
over 9 associated to ®R(G) is equal to ®%(G). In particular there is a natural
isomorphism Lie(G) =~ Lie(®r(G)).

Proof. Clearly ®%(G) = (P, Q, F*, V'¥) is functorial in R and G. We have to
show that there is a unique operator F; : Q — P which is functorial in R and G
such that ®g(G) = (P, Q, F, Fy) is a Dieudonné display over R.

Let K = Ryeqg and A = W(K). Let G = G ®g K and let B be the complete
A-algebra which prorepresents the functor Defg on Nilp /x5 see Proposition 3.11.
Let ¢4 be the universal deformation of G over B. If I denotes the kernel of B — K,
we can define

%(9) = 1<i£1d>‘]’3/1,, (9 ®p B/I"™).
n
On the other hand, the ring W(B) is p-adically complete by Proposition 1.14.
Therefore we can also define ®% (%) be a direct application of Construction 3.16,
and this agrees with the limit definition. The ring W(B) has no p-torsion because
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B has no p-torsion. Thus by Proposition 3.17 there is a unique operator F; which
makes ®% () into a Dieudonné display ®g (%) over B.

By Proposition 3.5 there is a unique homomorphism B — R of augmented
algebras such that G = 4 ®p R as deformations of G. Necessarily we define
®R(G) as the base change of ®p(¥) under B — R. It remains to show that
®r(G) is functorial in R and G.

Assume that G is the base change of a p-divisible group G’ over R’ under a
homomorphism of admissible rings R’ — R. Let K/, A’, G’, B’, 4’ have the
obvious meaning. We have a natural homomorphism of W(K’)-algebras B’ — B
together with an isomorphism ¥’ ® pr B =~ ¢; see Remark 3.12. By the uniqueness
of F1 over B, we see that ®g(¥) coincides with the base change of ®p/(¥’). It
follows that ®g(G) is the base change of ®/(G’).

Assume that ¥ : G — G is a homomorphism of p-divisible groups over R. Let
G1, Bi1, % have the obvious meaning. We have to show that CD(I)Q (1) commutes
with F;. We may assume that u is an isomorphism because otherwise one can
pass to the automorphism (; (1)) of G ® G. This reasoning uses that the natural
isomorphism ®% (G ®G1) = P4 (G) ® D% (G1) preserves the operators F defined
on the three modules, which follows from the uniqueness of F; over the ring which
prorepresents Defg x Defg . Anisomorphism u : G — G induces an isomorphism
u : G = G1, which gives an isomorphism B = B; together with an isomorphism
U:9 ®p B = % that lifts u. By the uniqueness of F; over Bj it follows that
dD"Bl (1) preserves Fy. Since u is the base change of # by the homomorphism
B1 — R defined by Gy, it follows that ®% (u) preserves Fy as well. O

In order to analyse the action of the functors ® g on infinitesimal deformations, we
need the following extension of Theorem 3.19. Let (R" — R, §) be a divided power
extension of admissible rings with p > 3 which is compatible with the canonical
divided powers of p. Again, the ring W(R’/R) is p-adically complete, and g/ g
carries natural divided powers compatible with the canonical divided powers of p
such that f preserves their extension to the kernel of W(R’/R) — R/pR. Thus
Construction 3.16 gives a functor

D%/ /R" (p-divisible groups over R) — (filtered F'-V -modules over Zg//R)
which is compatible with base change in the triple (R’ — R, §).

Theorem 3.20. Assume that p > 3. For each divided power extension of admissible
rings (R’ — R, 8) compatible with the canonical divided powers of p, there is a
unique functor

®r/R : (p-divisible groups over R) — (Dieudonné displays for R'/R)
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which is compatible with base change in the triple (R" — R, §) such that the filtered
F-V-module over Pg: g associated to g/ r(G) is equal to q)(l)e//R(G)'

Proof. For a given p-divisible group G over R we choose a lift to a p-divisible
group G’ over R’, which exists by [Illusie 1985, Théoreme 4.4]. The Dieudonné
display ®z/(G') is well-defined by Theorem 3.19, and necessarily ®//g(G) is
defined as the base change of ®g/(G') by the frame homomorphism g’ — Zg/ /.
We have to show that the operator F; on 99, /R (G) defined in this way does not
depend on the choice of G'. If this is proved it follows easily that ®g//g(G)
is functorial in G and in (R" — R, §); here, instead of arbitrary homomorphisms of
p-divisible groups, it suffices to treat isomorphisms.

Let K, A, G, B, ¢ be as in the proof of Theorem 3.19. We have an isomorphism
B = A[[t] for a finitely generated projective A-module ¢. Let C = B® B. The
automorphism 7 = ( (1) }) of t @t defines an isomorphism

C=At dt] — At ®1] = B[[t5]

under which the multiplication homomorphism @ : C — B corresponds to the
augmentation B[[tg]] — B defined by ¢p > 0. Let [ be the kernel of B — K, let
S be the divided power envelope of the ideal 15 B[[tg]] € B[¢g], and let C’ be the
I -adic completion of S. By Lemma 1.13, u extends to a divided power extension
of admissible topological rings 1" : C’ — B which is topologically compatible with
the canonical divided powers of p.3

Assume that G and G are two lifts of G to p-divisible groups over R’. Let %
and ¥, be the p-divisible groups over C which are the base change of ¢ by the
two natural homomorphisms B — C. By Proposition 3.5 there are well-defined
homomorphisms @ : B — R and « : C — R’ such that G = 4 ®p 4 R and
Gi =% ®c,o R as deformations of G. We have the commutative diagram of rings

o

CT—C ---3F

RN

B—2% 4R

where ' is constructed as follows. There is a unique homomorphism «” : § — R’
which extends o and which commutes with the divided powers on the kernel of
S — B and of R’ — R. Each of the two homomorphisms B — C — R’ factors
over B/I" for some n. Thus «” induces a homomorphism S/I"S — R’, which

3The construction of C’ seems to depend on choosing one of the two natural maps B — C, but
actually it is independent of the choice as the /-adic topologies defined on S by these two maps
coincide.
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gives the required o’. We obtain the following commutative diagram of frames,
where ¢ is given by C — C’, and ( is given by the identity of R’:

Pc —— Pc'/B

4

.@R’ L—> -@R’/R

We have to show that the isomorphism of filtered F-V -modules over Zg//g
(PR (G1)) = D%y R (G) = U (PR(G2)) (3-6)

commutes with the operator F; defined on the outer terms by the functor ®g/. The
construction of ®° can be extended to topological divided power extensions of
admissible topological rings by passing to the projective limit. Then (3-6) arises by
o}, from the natural isomorphism of filtered F-V -modules over Z¢//p

(DL (1)) 2= DLy 5 (D) = 1 (DL (%)). (3-7)

Since a preserves F it suffices to show that (3-7) commutes with the operators
F defined on the outer terms by the functor ®¢. This follows from the relation
pF1 = F because W(C’/B) has no p-torsion by Lemma 1.13. O

Corollary 3.21. Assume that p > 3. For a p-divisible group G over an admis-
sible ring R with associated Dieudonné display &2 = ®r(G), there is a natural
isomorphism of crystals on Crisaam(R/Zp)

D(G) = D(2)
which is compatible with the natural isomorphism Lie(G) = Lie(2).

The category Crisagm and the crystal D(£?) were defined in Section 2F.

Proof. Let (R — R,y) be a divided power extension of admissible rings with
p > 3 compatible with the canonical divided powers of p. The Dieudonné display
®r//r(G) given by Theorem 3.20 is the unique lift of & under the crystalline
frame homomorphism Zg/;g — Zg. By the construction of the underlying filtered
F-V-module ®%, / g(G) and by the definition of the crystal K(£) in Section 2F
we obtain a natural isomorphism of W(R’/R)-modules

D(G)wr)/rR = K(P)R/R-

The tensor product with the projection W(R'/R) — R’, which is a homomor-
phism of divided power extensions of R, gives a natural isomorphism of R’-
modules D(G) g/ g = D(Z?) g/ g Which is compatible with the natural isomorphism
Lie(G) = Lie(£). O
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Now Theorem B for odd primes can be deduced quite formally:

Corollary 3.22. Assume that p > 3. For a p-divisible group G over an admis-
sible ring R with associated Dieudonné display & = ®g(G), there is a natural
isomorphism of crystals on Crisyqm (R)

D(G) = D(2)
which is compatible with the natural isomorphism Lie(G) = Lie(2?).

Here the covariant Dieudonné crystal D(G) can be defined for divided power
extensions that are not necessarily compatible with the canonical divided powers of p
by [Mazur and Messing 1974, Chapter II §9]; see also [Berthelot et al. 1982, §1.4].

Proof. Let D'(G) = D(®R(G)). Consider a divided power extension R’ — R of
admissible rings which need not be compatible with the canonical divided powers
of p. We claim that for two lifts G; and G, of G to R’ the following diagram of
natural isomorphisms commutes:

D(G2)r/r +—— D(G)gyr —— D(G1)r/r’ (3-8)

D'(G2)r/ /g — D'(G)ryr +— D'(G1)r//r

This gives a well-defined isomorphism «(G) : D(G) g/ g = D'(G) g//R- It is easy
to see that «(G) is compatible with the natural isomorphism Lie(G) = Lie(4?), that
«(G) is functorial in the divided power extension R’ — R and that (G @ H) =
a(G) @ a(H). In order to show that « is functorial in G it suffices to consider
isomorphisms. So let ¥ : G — H be an isomorphism of p-divisible groups over R.
We can choose lifts G; of G and H; of H to R’ such that u extends to %7 : G1 — Hj.
Then the following diagram shows that @ commutes with u:

D(G)rjr —— D(G)pyrr —— D' (G gpyrr —— D' (G)r/R

[[D(u)l D(ﬁ)l lﬂ)/(ﬁ) lﬂ)’(u)

[D(H)R’/R ;> ID(HI)R’/R’ ;> [D/(Hl)R’/R’ ; D,(H)R’/R

It remains to show that (3-8) commutes. Let K, A, G, B be as in the proof of
Theorem 3.19. Let C = B&, B and C’ be as in the proof of Theorem 3.20 so
that the multiplication homomorphism u : C — B extends to a topological divided
power extension i’ : C’ — B of admissible topological rings without p-torsion
which is topologically compatible with the canonical divided powers of p. We
have homomorphisms B — R defined by G and C — R’ defined by (G, G»),
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which extend to a homomorphism of divided power extensions from (C’ — B) to
(R’ — R). Thus (3-8) is the base change of a similar diagram for (C’ — B), which
commutes by Corollary 3.21. ([l

3E. A v-stabilised variant. Let R be an admissible ring with p = 2. The v-
stabilised Zink ring W™ (R) considered in Section 1D and in Section 2E is 2-adically
complete, and its ideal I];; carries natural divided powers which are compatible with
the canonical divided powers of 2. The proof of Theorem 3.19 with W in place
of W shows the following:

Proposition 3.23. For each admissible ring R with p = 2 there is a unique functor
CID; : (2-divisible groups over R) — (Qﬁ—windows)

which is compatible with base change in R such that the filtered F -V -module over
@; associated to CD}F(G) is given by Construction 3.16. O

Corollary 3.24. For each admissible ring R with p = 2 and 2R = 0 there is a
unique functor

® R : (2-divisible groups over R) — (Dieudonné displays over R)

which is compatible with base change in R such that the filtered F-V -module over
R associated to ®r(G) is given by Construction 3.16.

Proof. Proposition 3.23 gives the functors ® g since @; = 9g when 2R = 0. The
uniqueness follows as in the proof of Theorem 3.19, using B/2B instead of B. [

Let (R’ — R, §) be a divided power extension of admissible rings with p = 2
which is compatible with the canonical divided powers of 2. The ring Wt (R’/R)
is 2-adically complete, and its ideal I];F/ /R carries natural divided powers compatible
with the canonical divided powers of 2. The proof of Theorem 3.20 with W™ in
place of W gives the following:

Proposition 3.25. For each divided power extension of admissible rings (R’ — R, §)
with p = 2 such that § is compatible with the canonical divided powers of 2 there
is a unique functor

CD;, /R (2-divisible groups over R) — (91'; / R-windows)

which is functorial in the triple (R’ — R, 8) such that the filtered F -V -module over
@Z, /R associated to CD;, /R (G) is given by Construction 3.16. d

The proof of Corollary 3.21 then shows the following:
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Corollary 3.26. Assume that p = 2. For a 2-divisible group G over an admissible
ring R with associated v-stabilised Dieudonné display 2+ = CD;(G) there is a
natural isomorphism of crystals on CriSygm(R/Z7)

D(G) =Dt (2™
which is compatible with the natural isomorphism Lie(G) = Lie(2 ™). O

There is no analogue of Corollary 3.22 for CD;F because DT (27) is only a
crystal on Crisagm(R/Z2) and not on Crisagm (R), but see Corollary 4.10.

4. From 2-divisible groups to Dieudonné displays

In this section we construct a functor ® g from p-divisible groups over an admissible
ring R with p = 2 to Dieudonné displays. When 2R = 0, this has been done in
the previous section, and the extension to all R is unique, as will be shown in the
end of this section. The construction relies on the following definition of divided
powers on the ideal lg € W(R) when 4R = 0.

4A. Divided powers on Zink rings. We note that for a Z ,)-algebra B and an ideal
b C B, divided powers on b are equivalent to a map y : b — b such that

y(xy) =x2?y(y) forx e Band y € b, 4-1)
y(x+y)=y(x)+xy+y(y) forx,y€b. (4-2)

Here (4-1) and (4-2) also give 2y(x) = x2 for x € b, since we can calculate
4y(x) = y(2x) = p(x +x) = 2y(x) + x2.

For an admissible ring R with p = 2, the canonical divided powers on the ideal
IR € W(R) defined by y(v(a)) = v(a?) induce divided powers on Ig € W(R)
only if 2R = 0; see Section 1G. Using Vv instead of v we get a little further.

Proposition 4.1. For an admissible ring R with p = 2 we consider the map

yilg—1Ir,  y((a) =v(a?).

If4R = 0, then y defines divided powers on |g which are compatible with the
canonical divided powers of 2, and the corresponding extension of y to lg +2W(R)
is stable under the Frobenius f of W(R).

If8R = 0, let U C W(R) be the set of all Witt vectors of the form v([x]) =
(0,x,0,...) with x € 4R. This is an ideal. Let S = W(R)/U. Then vy induces
divided powers on the ideal lg /U of S, which can naturally be extended to divided
powersonlg/U + 28 that commute with the endomorphism o on S induced by f,
and the extended divided powers stabilise the ideal 28.
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Proof. We will only consider the case 8 R = 0 and show that the extended divided
powers satisfy y(2) = 2 — [4]. Then the case 4R = 0 follows.

Since 4R is an ideal of square zero, we have W(4R) = (4R)N as W(R)-
modules, where W(R) acts on the i-th component of the right-hand side by the i-th
Witt polynomial w;, and f annihilates W(4R). Thus U is an ideal of W(R), and
f induces o : S — S. Let us show that y factors over a map lg/U — . Indeed,
for a € W(R) and x € 4R we have

y(v(@) + v([x]) = y(v(a) + V([x]) = V(@ + [x])?) = V(@®) = y(V(a));

here v([x]) = v([x]) because ug maps to 1 in W([F;) and thus ug[x] = [x]. Let us
verify axiom (4-1) for the map y : g — [r. For a,b € W(R) we have

y(av(h)) = y(V(f(a)b)) = v(f(a®)b?) = a®v(b*) = a®y (V(D)).
Consider now axiom (4-2). For a,b € W(R) we calculate
y(V(a) + V(b)) =V((a +b)*) = y(V(a)) + V(2ab) + y(v(b))
so that v(2ab) has to be related with v(a)v(b), which is
V(@)V(b) = v(uoa)v(uob) = v(2utab) = v(2ugab).
Since 2ug = 2 — [4], we get
v(2ab) —v(a)v(b) = v([4]ab) = v([4aobo)]) € U.

Thus (4-2) holds for y : [ /U — Ig/ U, and y defines divided powers on this ideal.
We want to extend these to divided powers on the ideal

T=1g/U+285 =1g/U+W(QR)/U.
Let
b ={(2ao.4a1.0,...) |a; € R} C W(2R).

This is an ideal of W(R) with Ilg N b = U, and we have
T=Ig/U®b/U.

Thus the extension of y to T corresponds to giving arbitrary divided powers on
b/U = 2R. We take y([2a]) = [-2a?] for a € R. Using v(1) = 2 — [2] we obtain

y(@) =y(2]+v(1) =[-2]+v() =[-2]+2-[2] =2—-[4]
in S, as announced. Let us show that yo =0y on I:forae W(R), we have

yo(v(a)) = y((2—[4)a) = y(2 - [4)a® = y(2)a?
= (2—[4)a* = 0 (v(a®)) = oy (v(a)).
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Finally we have [4] = 2[2] in b/ U, which implies that y(2) € 2S. This finishes the
proof of Proposition 4.1. O

Remark 4.2. The proof shows that the extension of y is uniquely determined by
the condition that it commutes with o. By choosing y([2a]) = [2a?], we get an
extension with y(2) = 2 but which does not commute with o.

Let R be an admissible ring with 4R = 0. Proposition 4.1 implies that its
Dieudonné frame Zg satisfies the hypotheses of Construction 3.16 so that we
obtain a functor

% © (2-divisible groups over R) — (filtered F-V-modules over Zg).

However, we cannot argue as in Theorem 3.19 in order to get a Zg-window, because
the divided powers on [g do not exist for universal deformation rings, and thus
Proposition 3.17 cannot be applied directly. The following modification will be
sufficient for our purpose.

4B. A frame lift. Assume we are given a strict frame homomorphism
F =('"11R. 0. 0)Z>F=(S1R 0.01)

such that both 7 : S — § and I’ — I are surjective, and an ideal U C Ker(r)
which is stable under o’. Let

S=S8"/U J=Ker(n)/U, I=Ker(S— R);

thus S = S/J and R=S/I.Let5 : S — S be the homomorphism induced by o”,
let 8" € S’ be the element defined by the relation o’ = 6’0} on I, and let 6eS and
0 € S be its images. We assume that F satisfies the conditions of Construction 3.16;
i.e., S and R are p-adically complete, / carries divided powers compatible with
the canonical divided powers of p and with o, and 6 = p. Then Construction 3.16
gives a functor

@ : (p-divisible groups over R) — (filtered F-V-modules over F).

We also assume that the following conditions are satisfied.

(4-3) We have 6(J) =0and J = {x € § | px =0}.

(4-4) We have 6 = pu for a unit i € S,

(4-5) The ideal T + p§ is equipped with divided powers which lift the given diVideg
powers on / + pS, which commute with &, and which stabilise the ideal pS.

(4-6) There is an ideal a € S with o(a) € a € Rad S such that the ring S/a has
no p-torsion.
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If S has no p-torsion one can take 7/ = F and all axioms are clear. The following
extends Proposition 3.17. Note that the prime p is arbitrary here.

Proposition 4.3. In this situation there is a well-defined functor
@ : (p-divisible groups over R) — (F-windows)

such that for ®°(G)= (P, Q, F 8 V) the filtered F -V -module associated to ©(G)
is equal to (P, Q, F¥, uV%), where u € S is the image of ii € S.

Proof. Conditions (4-3) and (4-4) imply that multlphcatlon by 6 on S induces
an injective map 6:S5 — § with i image 68 = pS Moreover ¢ induces a homo-
morphism & : § — S that lifts 0. The relation 8’0} = o’ on I’ gives f o0y = &
as maps [ — S.

Let G be a p-divisible group over R and let ®°(G) be as above, i.e.,

P =D(G)s/r =D(GRry)s/Rry

with Rp = R/pR, the submodule Q C P is the kernel of P — Lie G, and F#
and V¥ are induced by the Verschiebung and Frobenius of Gg,. The proof of
[Kisin 2006, Lemma A.2] shows that F(Q) C pP. Let us recall the argument: for
So = S/pS, the kernel of Sg — Ry is a nilideal because it carries divided powers.
By [Illusie 1985, Théoreme 4.4] there is a lift Gs, of Gg, to Sp, and we have
P =D(Gs,y)s/s,- Let Q1 = Ker(P — Lie Gg,). Then Q € Q1 + I P, and the
image of F applied to both summands lies in pP.
Since pJ =0 and S is p-adically complete, so is S. By (4-5) we can define

P = D(G)S"/R = D(GR0)§/RO-

Here we use the (dual of the) Dieudonné crystal of [Mazur and Messing 1974, Chap-
ter II §9], which is defined for divided power extensions that are not necessarily com-
patible with the canonical divided powers of p; see also [Berthelot et al. 1982, §1.4].
Let Q C P be the kernel of P — Lie G; this is the inverse image of Q under the
pI'OJeCtIOIl P—>P /J P =P Agaln the Verschlebung and Frobenius of Gpg,
induce S-linear maps F#: P©@ — P and V#: P — P©_ Since the divided
powers stabilise the ideal pS the argument of [Kisin 2006, Lemma A.2] again
shows that F (Q) - pP 6 P, where F : P — P is the G-linear map corresponding
to F*. Since & annihilates J, the map F induces a map F : P — P which lifts F.
Let F; : QO — P be the composition

F ~~ 48
F1:0— 0P «— P,

ie., F1 = 6~1 o F. We define ®(G) = (P, O, F, F1). In order that this is an
F-window we have to verify that
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(i) for x € P and a € I we have Fi(ax) = o1(a)F(x);

(ii) the image F1(Q) generates P.
Moreover, uV'# is the operator associated to ®(G) as we have claimed if and only if
(iii) for x € Q we have uV#(Fj(x)) =1®x in P,

The equatlon in (i) is equivalent to F(ax) = 6(01 (a)F(x)). Since F(ax) =
o(a)F (x) and 6 = 6 o o1, this is clear. To prove (ii), it suffices to show that for
each maximal ideal m of R and perfect field extension R/m C k the vector space
P ®c gkis generated by F1(Q). Using (4-6) we get a sequence of o- equlvarlant
maps S — S/a — W(S/a) — W(k); the second arrow exists uniquely since S/a
has no p-torsion and carries a Frobenius lift induced by &; see [Bourbaki 1983,
IX, §1.2, Proposition 2] and the explanation following [Zink 2001b, Theorem 4].
By functoriality we are reduced to the case where 7' = F = %4, which is classical.
Assertion (iii) is equivalent to uVﬁ(F(x)) = 9(1 ® x) for x € Q, which holds since
VE(F(x)) = p(1®x)in P@ forall x € P. O

Now we construct an example for Proposition 4.3 with p = 2. Let A4 be
a perfect ring of characteristic 2 and let A = W(Areq)[[#]], where ¢ is a finitely
generated projective W(Areq)-module. Let m = (2, ¢) be the kernel of A — Aeq.
We write A, = A/2" A and A,+ = A/2"m. Only the rings
Az — A1+ > Ay

will play a role. We consider the frames 7' = Z4,, — F = 24, . i.e.,
S=W(A1+), =14,
=W(A24), I'=l4,,, R =A24.

Then 6’ =2—[4]in S" and thus 6 =2 in S. Let U C S’ be the ideal of all Witt
vectors v([x]) with x € 4454, and let S = S’/ U. As above, we write

J =Ker(S > §) = W(2m/4m)/U
and
I =Ker(S — R) = (I' + W(2m/4m))/ U.
Proposition 4.4. These data satisfy the axioms (4-3)—(4-6).

Proof. The divided powers required in (4-5) are given by Proposition 4.1. Since
2m/4m C A, is an ideal of square zero, we have

J' = W(2m/4m) = 2m/4m)™

as W(Az+)-modules, where W(A54) acts on the i-th component of the right-hand
side via the i-th Witt polynomial. We have o/(J') =2J"=0and J = J'/U. Thus
& :S — S is defined and vanishes on J,and 2J = 0.
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Lemma 4.5. Multiplication by 2 induces an isomorphism of groups
W(@A11) = W(4424)/U.

Proof. The divided Witt polynomials for the canonical divided powers of 2 give an
isomorphism Log : W(24) = 2A4N. The composition

Log N N
W(2A4) —> 24N —> (24/44)

is given by (2ap,2ay, ...) — 2[ao, ag + al,a% +as,...], while the composition

Log N N
W(4A) — 44" — (4A/8A)
is simply (4ag, 4ay,...) — 4[ag,ay,...]. It follows that the homomorphism of
the lemma is isomorphic to the homomorphism

Ag\(? — Ar(g\(‘j), (ao,al, .. ) — (ao,a% —I-(lz,a% +as,.. )

Since Areq is perfect this map is bijective. O

Let us continue with the proof of Proposition 4.4. To verify (4-3), let x € S with
2x = 0. Since W(A;) has no 2-torsion we have x € W(2A2+)/U. Lemma 4.5
implies that x € J, and (4-3) is proved. Let u = 1 —[2] in W(A2+), which is a unit.
By the proof of Lemma 4.5 we have 2u =2 —(4,4,0,...) =2 —[4] = 6’ modulo
U, which proves (4-4). In (4-6) we can take a = W(2A1+). O

4C. The Dieudonné display associated to a 2-divisible group. Let p = 2 and let
u =1—[2] in W(Z,). We begin to construct the functor ®x in an initial case.
Recall that ®% was defined in the end of Section 4A when 4R = 0.

Proposition 4.6. For each admissible ring R with p = 2 and 2Ng = 0 there is
a functor
@R : (2-divisible groups over R) — (2gr-windows)

compatible with base change in R such that for ®4(G) = (P, Q, F4 V) the
filtered F -V -module associated to ®r(G) is equal to (P, Q, F& uvh.

Proof. This is similar to the proof of Theorem 3.19. Propositions 4.3 and 4.4 give
the desired system of functors g for topological admissible rings R of the type
R = A1+ as above. For a p-divisible group G over an admissible ring R as in the
proposition, let A = W(Rq) and G = G ®R Req. Let A be the A-algebra that
prorepresents the functor Defg on Nily /g (this A was denoted by B in Section 3),
let 4 over A be the universal deformation, and let 41+ =¥ ® 4 A1+. The unique
homomorphism of A-algebras A — R with G = % ®4 R as deformations of G
factors over a homomorphism A4+ — R, and we define ®g(G) as the base change
of @4, (41+) under this map. We have to show that the operator F; attached to
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®%(G) in this way is functorial in G and in R. This is analogous to the proof of
Theorem 3.19, using that F; is functorial with respect to homomorphisms of rings
of the type A1 4. O

For an admissible ring R, leti : Zp — 9; be the natural homomorphism.

Proposition 4.7. Let R be an admissible ring with p = 2 and 2Ng = 0. For each
2-divisible group G over R there is a natural isomorphism of @;-windows

PFH(G) =i PR(G).
The functor CD; was defined in Proposition 3.23.

Proof. Let us write VR(G) = i« Pr(G) so that we have two functors
CD;, Wp : (2-divisible groups over R) — (@;—Windows).

When 2R =0, thus Zr = @I’;, these functors coincide by the uniqueness assertion
of Corollary 3.24. The rest is quite formal. Let Ry = R/2R. For a p-divisible
group G over R, let G; = G ®R Ry and G = G ®R Ried. The canonical divided
powers of 2 make R — R; into a divided power extension. By Corollaries 2.11
and 3.26, the Qg—windows @; (G) and W (G) correspond to two lifts of the Hodge
filtration of G to D(G1)g/R, - Their difference is measured by a homomorphism
of Ri-modules
hg : V(Gi) — Lie(G1) QR 2R,

where V(G) is the kernel of D(G)g — Lie(G). We have to show that & is zero
for all G. Since hy; is functorial in R we may assume that R = A4 /m" for
some n > 2, where A is the universal deformation ring of G. Then 2R is a free
R cq-module of rank one, so h’G corresponds to an element

hg € Hom(V(G), Lie(G)).

Now an injective homomorphism Ryeq — R/, gives an injective homomorphism of
the associated rings R — R’, while a product decomposition Ryeq = [ [ Rj rea gives
R =T]]R;. Since R;eq embeds into the product of its localisations at minimal prime
ideals, we may assume that k := Ri¢q is a field. There is a deformation G’ of G over
R/, := k[[x]P*" with ordinary generic fibre. Let A’ be its universal deformation
ring and let G’ over R’ = A /m”" be given by the universal deformation. By
functoriality it suffices to show that hgr = 0. Again we can pass to the field
of fractions k((x))P". Thus we are left to show that hg = 0 if G is ordinary
over R = A14+/m", where k = Ryq is a perfect field. There is a deformation
G” of Gy over R"” := W,(k) which decomposes into the direct sum of its étale
and multiplicative part. Let R — R” be the unique homomorphism such that
G” = G Qg R” as deformations of G. Since this does not change &G we may
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replace G by G”. Since W and CD;F both preserve direct sums we may assume that
G is étale or of multiplicative type. Then A vanishes since Hom(V(G), Lie(G))
is zero. O

Lemma 4.8. Let R be an admissible ring with p = 2 and let R1+ = R/2NR. The
commutative diagram of frames

IR ——— D

|

i +
DRy, — .@RH_
is Cartesian on each component of the frames, and the associated diagram of
window categories is 2-Cartesian.

Proof. The vertical arrows are surjective, and the horizontal arrows are injective
with equal cokernel by Lemma 1.10 and its proof. Thus the diagram of frames is
Cartesian on each component. For a ring A4, let V(A) be the category of projective
A-modules of finite type. The functor

V(W(R)) = V(W (R)) Xy+(r,4)) VW(R1+))

is fully faithful since the diagram is Cartesian, and it is essentially surjective
since V(IW(R)) — V(W(R;4+)) and V(W (R)) = V(W™ (R14)) are bijective on
isomorphism classes and surjective on automorphism groups. It follows easily that
the diagram of window categories is 2-Cartesian. O

Theorem 4.9. For each admissible ring R with p = 2 there is a functor
®r : (2-divisible groups over R) — (2gr-windows)

compatible with base change in R such that ® g is given by Proposition 4.6 when
2NRg =0, and such that there is a natural isomorphism of 91-12- -windows

D} (G) = ixPr(G).
Proof. This is clear from Propositions 3.23 and 4.7 and Lemma 4.8. O

Corollary 4.10. Let p = 2. For each 2-divisible group G over an admissible ring
R with associated Dieudonné display &2 = ®r(G), there is a natural isomorphism
of crystals on CriSygm (R)

D(G) = D(2)

which is compatible with the natural isomorphism Lie(G) = Lie(2).
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Proof. We have a natural isomorphism of crystals on Crisyqm(R/Z>)
D(G) = D(P%(G)) = D(PR(G))

by Corollary 3.26, Theorem 4.9, and Lemma 2.12. The isomorphism of crystals on
Crisaam (R) follows as in the proof of Corollary 3.22. O

4D. Uniqueness of the functor ® .

Proposition 4.11. Assume that for each admissible ring R with p = 2 we have
a functor

'y : (2-divisible groups over R) — (ZRr-windows)

compatible with base change in R such that ® = ® g when 2R = 0. Then there is
a natural isomorphism CD'R =~ ®p which is functorial in R and equal to the identity
when 2R = 0.

Proof. We first show that &, =~ ®r when 4R = 0. Let Ry = R/2R. For a
p-divisible group G over R, let G; = G ®g R; and let

P1 =0, (G1) = (P, 0, F, F1)

be its Dieudonné display. If we take the trivial divided powers on the ideal 2R,
Corollary 2.10 implies that the difference between ®g(G) and @', (G) as lifts of
21 is measured by a homomorphism

Wy :Q/Ig, P — P/Q ®g, 2R.

Let V(G) = Lie(G")". By Corollary 3.24 and by the construction of ®%(G) we
can view hy; as a homomorphism

hg : V(G1) — Lie(G1) ®R, 2R.

We want to show that g = 0. We may assume that R = A/(m" +4A4), where A is
the universal deformation ring of G ® g R;eq and m is the kernel of A — Rieq. As in
the proof of Proposition 4.7, one reduces to the case where k = Ryeq is a field and
G is ordinary. Assume that G is an extension 0 — ppo00c — G — Q,/Z, — 0.
Then V(G) = V(Qp/Zp) = R and Lie(G) = Lie(up>=) = R, so that hg € 2R.
Thus G +— hg defines a map g :E_xtl(@p/Zp,upoo) — G, of functors on the
category of local Artin rings with residue field k and annihilated by 4. It is easy to
see that g is additive. Here Ext!( ) = upoo, and it follows that g = 0. This implies
easily that h’G = 0 when G is ordinary. Thus ®g = &', when 4R = 0. If for some
n > 1 we know that ®p =~ C[)’R when 2" R = 0, the same reasoning shows that
®p = @’ when 2"*T1R = 0, and the proposition follows. O
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5. Equivalence of categories

Let R be an admissible ring. Dieudonné displays over R..q are displays, and they are
equivalent to Dieudonné modules over R;.q by Lemma 2.4. Under this equivalence,
the functor ®g . corresponds to (D(I]?red‘

red

Proposition 5.1. For an admissible ring R the following diagram of categories is
2-Cartesian:

[
(p-divisible groups over R) —r (Dieudonné displays over R)

l q, l

(p-divisible groups over Rieq) fw (Dieudonné modules over Rieq)

Proof. The categories of p-divisible groups and Dieudonné displays over R are
the direct limit of the corresponding categories over all finitely generated W(Req)-
algebras contained in R; see Section 3A. Thus we may assume that the ideal Ng
is nilpotent. If a C R is an ideal equipped with nilpotent divided powers and if the
proposition holds for R /a, then it holds for R. This follows from the comparison of
crystals in Corollaries 3.21 and 4.10, since lifts from R/a to R of p-divisible groups
and of Dieudonné displays are both classified by lifts of the Hodge filtration by
[Messing 1972] and by Corollary 2.10. When a? = 0, we can take the trivial divided
powers on a. The result follows by induction on the order of nilpotence of Ng. O

Remark 5.2. Since p-divisible groups and Dieudonné displays over a perfect ring
K have universal deformation rings which are twisted power series rings over A =
W(K), in order to prove Proposition 5.1 the case R = K|[¢] is sufficient. In particular,
for p = 2 this means that as soon as the functors ® g defined in Corollary 3.24 when
2R =0 are known to exist for all R, Proposition 5.1 is automatic. This reasoning
does not apply to the functors @; (which also extend the functors ® g for 2R =0 to
all R but which are not an equivalence in general) because the deformation functors
of v-stabilised Dieudonné displays are not prorepresentable.

We have the following result of Gabber, which is classical when R4 is a field.
It is also proved in [Lau 2013, Corollary 6.5].

Theorem 5.3. The functor ®g_, is an equivalence of categories. O

red

Corollary 5.4. For every admissible ring R the functor ® g is an equivalence of
exact categories.

Proof. By Theorem 5.3 and Proposition 5.1, the functor ®g is an equivalence of
categories. A short sequence 0 — A — B —> C — 0 of p-divisible groups
or of Dieudonné displays over R is exact if and only if all its scalar extensions to
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perfect fields are exact. Thus ® g and its inverse preserve exact sequences, since
this holds over perfect fields. O

This proves Theorem A. Using Lemmas 2.15 and 2.16, we also get:

Corollary 5.5. For every admissible topological ring R with a countable base of
topology, p-divisible groups over R are equivalent to Dieudonné displays over R. [

Finally we note the following consequence of the crystalline duality theorem.
The duality of windows is recalled in the end of Section 2A.

Corollary 5.6. Let G be a p-divisible group over an admissible ring R and let GV
be its Cartier dual. There is a natural isomorphism

PR(GY) = PRr(G)".

Proof. Assume first that p is odd. The crystalline duality theorem [Berthelot et al.
1982, 5.3] gives an isomorphism of filtered F-V-modules ®% (GV)! =~ D%(G).
Since the functor from windows to filtered F-V -modules preserves duality, the
uniqueness part of Theorem 3.19 implies that this isomorphism preserves Fi, i.e., it
is an isomorphism of Dieudonné displays ®g(G")! = ®g(G). For p = 2, using the
uniqueness part of Corollary 3.24 we similarly get an isomorphism of Dieudonné
displays ®g(G")" = ®r(G) when 2R = 0. Then Proposition 4.11 gives such an
isomorphism for all R. O

6. Breuil-Kisin modules

We recall the main construction of [Lau 2010] without restriction on p. Let R be a
complete regular local ring with maximal ideal mg and with perfect residue field k
of characteristic p. Choose a representation R = &/ ES with

S =Wwk)[x1,...,x-]

such that E is a power series with constant term p. Let J C & be the ideal generated
by x1, ..., xr. Choose a ring endomorphism ¢ : & — G which lifts the Frobenius
of §/p& suchthato(J) C J. Let o1 : EG — & be defined by 01(Ex) = a(x)
for x € &. These data define a frame

#=(6,EG,R,0,01).
For each positive integer a, let R; = R/m% and &, = &/J“. We have frames
%a = (60’ EG(I’ Ra,U, O—l)’

where ¢ and o7 are induced by the corresponding operators of 4.
The frames % and %, are related with the Witt and Dieudonné frames of R
and of R, as follows. Let § : & — W(&) be the unique lift of the identity of &
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such that 8 = §o, or equivalently w,8 = ¢” for n > 0; see [Bourbaki 1983, IX,
§1.2, Proposition 2] and the explanation following [Zink 2001b, Theorem 4]. The
composition of § with the projection W(&) — W(R) is a ring homomorphism

x:6 —> W(R)

which lifts the projection & — R such that fx = xo. The same construction gives
compatible homomorphisms

%q 1 6q —> W(Ry)

for a > 1, which induce x in the projective limit. Since the element »(E) maps to
zero in R it lies in the image of v : W(R) — W(R). Let

u=v"'(x(E)) = f1(x(E)).
We will denote the image of u in W(R,) also by u.

Lemma 6.1. The element u € W(R) is a unit. The homomorphisms x and x4 are
u-homomorphisms of frames »x : % — Wg and xq : Bq — WR,-

Proof. See [Lau 2010, Proposition 6.1]. Since W(R) — W(k) is a local homomor-
phism, in order to show that u is a unit we can work with x1, i.e., consider the case
where R =k and & = W(k). Then E = p and u = 1. In order that x and x, are
u-homomorphisms of frames we need that f1% = u - x0,. For x € & we calculate
Sie(Ex)) = fi(e(E)x(x)) = fi(x(E))- f(x(x)) =u-x(0(x)) =u-x(01(Ex)),

as required. O

Let & be the semilinear endomorphism of the free W(k)-module J/J? induced
by o. Since o induces the Frobenius modulo p, ¢ is divisible by p.

Proposition 6.2. The following conditions are equivalent:
(1) The image of x : & — W(R) lies in W(R).

(ii) The image of § : & — W(S) lies in W(G).

1

(iii) The endomorphism p~'G of J/J? is nilpotent modulo p.

Remark 6.3. In the special case o (x;) = xlp the conditions of Proposition 6.2 hold.
This is easy to see directly: we have §(x;) = [x;], which gives (i) and (ii), moreover
(iii) holds since o is zero.

Proof of Proposition 6.2. For odd p the equivalence between (i) and (iii) is [Lau
2010, Proposition 9.1]; its proof shows that (i) = (iii)) => (i) = (1). The proof
also applies for p = 2 if [Lau 2010, Lemma 9.2] is replaced by Lemma 6.4. [
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Lemma 6.4. For x € G let t(x) = (06(x) —x?)/p. Let m be the maximal ideal
of 6. Forn > 0, the map t preserves " J and induces a o-linear endomorphism
gr,, () of the k-module gr, (J) =m"J /m™ 1], The endomorphism gr () is equal
to p~YG modulo p. For n > 1, there is a surjective k-linear map

Ttp gy (J) — gro(J)

such that gry(v)m, = mp gr,(t) and such that gr,(v) vanishes on Ker(mwy,). In
particular, p~1G is nilpotent modulo p if and only if gro(t) is nilpotent, which

implies that gr,(t) is nilpotent for each n.

Proof. We have 6(J) € J? 4+ pJ CmJ and thus o(m”J) € m"+1J. It follows
that pt(m"J) € pSNm*T1J = pm”J and t(m*J) Cm"*J. For x, y € m" J the
element 7(x+ y)—1(x)—1(y) is a multiple of xy and thus lies in m?>”*1J. Hence t
induces an additive endomorphism gr,, (7) of gr,, (J). Itis o-linear because fora € &
and x € m"J the element t(ax) —o(a)t(x) = t(a)x? lies in m?"JP Cm*T1]J.
Let us write o (x;) = xlp + py; with y; € J. Wehave t(x;) = y; and p~ 16 (x;) = y;
modulo J2. Thus gry(z) coincides with p~15 modulo p.

For each n > 0, a basis of gr, (J) is given by all elements p?x¢ with ¢ € N” and
I<|c|<n+1land b+|c|=n+1. Letn > 1, and define m;, to be the k-linear map
with 7, (p"x;) = x; and 7, (pPx€) = 0if |c| > 1. Then gr, (7) vanishes on Ker(,,)
because o(J) € mJ, thus o(J?) € m?J2, and because for x € m"J we have x? €
m”+2 ] . The relation gry(t)m, =, gr, (7) holds since T(p"x;) = p”_le +p"y;
modulo m”t1(J). The last assertion of the lemma is immediate. O
Lemma 6.5. If the equivalent conditions of Proposition 6.2 hold, then x and x,
are U-homomorphisms of frames

n:B—> DR, Kq:PBa— DR,
where the unit U € W(R) is given by
u=v"'(x(E)) = fi(x(E)).
In W(R) we have u=u if pis odd andu = (v"'2—[2]) " luifp=2.

Proof. The proof of Lemma 6.1 with fj replaced by f; shows that u is a unit of
W(R) and that x and x, are U-homomorphisms of frames as indicated. The relation
between U and u follows from the fact that g — #g is a ug-homomorphism,
where ug = 1 if p is odd and v(ug) =2 —[2] if p = 2. O

Theorem 6.6. If the equivalent conditions of Proposition 6.2 hold, the frame homo-
morphisms x : B — D and xg : Ba — DR, are crystalline.

Proof. The proof for odd p in [Lau 2010, Theorem 9.3] works almost literally for
p = 2 as well. Let us recall the essential parts of the argument. Fix an integer
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a > 1. One can define a factorisation of the projection %41 — %, into strict frame
homomorphisms

Lo~ 7
Ba+1 —> Ba+1 —> Pa (6-1)

such that Z,4+1 = (G441, T , Ra,0,01). This determines T and 01 uniquely as
follows. Let J¢ =J2/J%t! Wehave | = ESyq14+J%and ES, 4 1 NJ% = pJe.
The endomorphlsm & of J% induced by o is divisible by p?, and the operator

T - G441 is the unique extension of oq such that 51(x) = p~!5(x) for
x € J%. On the other hand, we consider the factorisation

/7 4

L
@Ra—H — 9Ra_|-1/Rg L) @Ra (6-2)

with respect to the trivial divided powers on the kernel m% / maJrl Then 5441 is
a u-homomorphism of frames %, — 2 Ra+1/Rq- Indeed, the only condition to
be verified is that for x € J¢ we have

f1(at1(x)) = U-2041(51(x)) (6-3)

in the k-vector space W(m ®/ m““) On this space U acts as the identity. Let

y = (Y0, 1, ...) in W(J?) be defined by y, = 61 (x). Then §(x) = y because the
Witt polynomlals give wy(y) = p"of (x) =g" (x) = wp(6(x)) as required. Thus
xa+1(x) is the reduction of y. Since f; acts on W(m 2/ maH) by a shift to the
left, the relation (6-3) follows. We obtain compatible u-homomorphisms of frames
%% : (6-1) = (6-2). The homomorphisms 7 and 7’ are crystalline; see the proof of
[Lau 2010, Theorem 9.3]. Lifts of windows under ¢ and under ¢’ are both classified
by lifts of the Hodge filtration from R, to R;+1 in a compatible way. Thus if x,
is crystalline then so is %441, and Theorem 6.6 follows by induction, using that
x1 is an isomorphism. O

Following the terminology of [Vasiu and Zink 2010], a Breuil window relative
to & — R is a pair (Q, ¢) where Q is a free G-module of finite rank and where
¢:0— Q(") is an G-linear map with cokernel annihilated by E. For such (Q, ¢)
there is a unique linear map ¥ : Q@) — Q with ¢ = E; the pairs (Q, ¥) are
usually called Breuil-Kisin modules or Kisin modules. The category of #-windows
is equivalent to the category of Breuil windows relative to & — R by the assignment
(P,Q,F, F1)—(Q, ¢), where ¢ is the composition of the inclusion Q — P with
the inverse of F f‘ : Q(") >~ P; see [Lau 2010, Lemma 8.2].

Corollary 6.7. If the equivalent conditions of Proposition 6.2 hold, there is an
equivalence of exact categories between p-divisible groups over R and Breuil
windows relative to S — R.

Proof. This is analogous to [Lau 2010, Corollary 8.3], using Corollary 5.4. O
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Following [Vasiu and Zink 2010] again, a Breuil module relative to & — R
is a triple (M, ¢, ) where M is a finitely generated G-module annihilated by a
power of p and of projective dimension at most one and where ¢ : M — M (©)
and ¥ : M(®) — M are G-linear maps with ¢ = E and ¥¢ = E. If R has
characteristic zero, such triples are equivalent to pairs (M, ¢) or (M, ¥); see [Lau
2010, Lemma 8.6]. Again, the pairs (M, 1) are usually called Breuil-Kisin modules
or Kisin modules.

Corollary 6.8. If the equivalent conditions of Proposition 6.2 hold, there is an
equivalence of exact categories between commutative finite locally free group
schemes of p-power order over R and Breuil modules relative to S — R.

Proof. This is analogous to [Lau 2010, Theorem 8.5]. O

Example 6.9. Let R = W(k) and & = W(k)[[¢]] with o(¢) = t?. Define S — R
byt p;thus E = p—t. We have »(E) = p —[p] and thus u = v~ (p —[p]).
Assume that p = 2. Then u = ug, and & — Zg is a strict frame homomorphism.
This example has motivated the definition of Dieudonné displays for p = 2.

7. Breuil-Kisin modules and crystals

We keep the notation of Section 6 and assume that the equivalent conditions of
Proposition 6.2 hold. Assume that R has characteristic zero. Let S be the p-adic
completion of the divided power envelope of the ideal ES C &, and let / be
the kernel of S — R. Since 0 : & — & preserves the ideal (E, p), it extends to
0:5— S. Itiseasytoseethato(/) C pS,thus o : S — S is a Frobenius lift again.

Proposition 7.1. Let (Q, ¢) be a Breuil window relative to & — R and let G be
the associated p-divisible group over R; see Corollary 6.7. There is a natural
isomorphism

D(G)s/r =S ®s 0@

such that the Hodge filtration of D(G) g/ corresponds to the submodule generated
by ¢(Q) + 10, and the Frobenius of D(G)s R corresponds to the o-linear
endomorphism of Q@) defined by x — 1 ® ¢~ (Ex).

In Kisin’s theory (when R is one-dimensional) the analogous result is immediate
from the construction. To prove Proposition 7.1, we consider the frame

< =(S,1,R,0,01)

with 01(x) = o(x)/p for x € I. The inclusion & — S is a u-homomorphism
of frames  : Z — . withu = o(E)/p € S. This element is a unit as required,
since the arrow & — R is mapped surjectively onto W(k) — k, which gives a
local homomorphism S — W(k) that maps u to 1. Recall that we have frames
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DR — @IJ{ when p = 2 and let us write @; = 9 when p > 3. Then we have the
commutative diagram of frames

Bt s 7

|l

IR — D}

Indeed, since W (R) — R is a divided power extension of p-adically complete
rings, the ring homomorphism x : & — W™ (R) extends to xg : S — W™ (R), which
is a strict frame homomorphism . — @;' Here x is crystalline by Theorem 6.6.
The proof of Proposition 7.1 will use the following fact:

Theorem 7.2. The frame homomorphism xg is crystalline.

This is a variant of the main result of [Zink 2001b]. It is easy to see that S is an
admissible topological ring in the sense of Definition 1.2 if and only if r =1, i.e.,
if R is a discrete valuation ring. In that case, the methods of [Zink 2001b] apply
directly, but additional effort is needed to prove Theorem 7.2 in general. The proof
is postponed to the next section.

Proof of Proposition 7.1. Let 29 = (P, Q, F, F1) be the Z-window associated to
(0.¢); thus P = Q%) the inclusion map Q — P is ¢, and F : P — P is the
o-linear endomorphism of Q(") defined by x — 1 ® ¢~ (Ex). By definition we
have ®Rr(G) = x+(Fp), which implies that QD"RZ(G) = x5xlx(Pp); here we use
Theorem 4.9 when p = 2. On the other hand, the frames . and 9}; both satisfy the
hypotheses of the beginning of Section 3C. Thus Construction 3.16 and Proposition
3.17 applied to G give an .-window %71 with an isomorphism x4 (%) = QD’I;(G),
using the characterisation of q);g in Theorem 3.19 and Proposition 3.23. Since
the base change functor xg is fully faithful by Theorem 7.2, the isomorphism
xsx () = @; (G) = x54tx(P) descends to an isomorphism £; = 14(H),
which proves the proposition. O

7A. Proof of Theorem 7.2. Let us begin with a closer look on the p-adically
complete ring §. For m > 0 let S,y € S be the closure of the G-algebra generated
by E'/i! fori < p™.

Proposition 7.3. For m > 1, there is a surjective homomorphism of &-algebras
Slt1, ... tm] = Sym) defined by t; — EP' /p'!.

In particular, Sy, is a noetherian complete local ring.

Lemma 7.4. Let A be a noetherian complete local ring with a descending sequence
of ideals ADag2a; D---. Then A — 1(iLnl_ A/a; is surjective.
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Proof. Let m be the maximal ideal of A. For each r, the images of a; — A/m”
stabilise for i — oo to an ideal a, € A/m”. We have

hmA/u, = hmA/(a, +m’) = hm(A/m’)/ar

l ll’

Since the ideals a, form a surjective system, taking the limit over r of the exact
sequences 0 —> a, —> A/m” —> (A/m”)/a, —> 0 proves the lemma. O

Proof of Proposition 7.3. Since the image of E? i /p'!in S/ p™S is nilpotent, there is
a well-defined homomorphism 7, , : S[[t1, . ... tiw] — S/ p"S with t; — EP" / p'1.
By definition, S, is the projective limit over n of the image of my . The

proposition follows by Lemma 7.4. O
Let K =W(k)®Q and Gg = K[[x1,...,xr]. Since 0 : & — & preserves the
ideal J = (x1,...,xr), it extends to a homomorphism ¢ : Sg — Sq. Forr =1

it is easy to describe S and Sy, as explicit subrings of Sg, since instead of the
divided powers of E one can take the divided powers of x{, where e is defined by
pR =m%. For r > 2 the situation is more complicated.

Proposition 7.5. The natural embedding G — Gq extends to an injective homo-
morphism S — Gq that commutes with o.

Thus Sy, is the image of &[[t1, ..., ] — Sq as in Proposition 7.3.

Proof of Proposition 7.5. Recall that J = (x1,...,x,) as an ideal of &. Choose
E' € J¢ with E — E' € p& such that e is maximal; thus p € m% \mﬁjl. Let us
write gr'y (&) = E"S/E" 116, etc.

Lemma 7.6. The map of graded rings gr /() — grg/(Sq) is injective.

Proof. It suffices to show that §/E'S — Sq/ E'Sq is injective. The choice of E’
implies that the image of E’ in the regular local rings S/ pS and G lies in the same
power of the maximal ideals. Therefore the k-dimension of &/(p& + E'S + J™)
is equal to the K-dimension of Sg/(E'Sg + J"Sg). Since the last module is
isomorphic to §/(E'S + J™) ® Q, it follows that §/(E'S + J") is a free W(k)-
module and injects into Sq/(E'Sq + J"Sgq). Since §/E’S and Sg/E'Sg are
J -adically complete the lemma follows. O

Let So € &g be the G-algebra generated by E’ /i! for i > 1, or equivalently
by E'/i!fori > 1, so S is the p-adic completion of Sp. Let So,n be the image
of So - Sq/E™Sg and let S = 1(21” So.n. Each So , is a noetherian complete
local ring with residue field k£ and thus a p-adically complete ring. Since Sy , has
no p-torsion it follows that S is p- adlcally complete. We obtain a homomorphism
S—>Sc S which extends So € S c Go.

Lemma 7.7. We have So N pS = pSo inside S.
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Proof. Let x € So N p§ be given. We have to show that x lies in p.Sy. Assume that
x # 0 and choose an expression (x) x = Y ;_, a; E™i /n;! with a; € & such that
ng < --- < ng. We use induction on ny — ng.

Suppose E’ divides ag in S. Thenag E™0 /ng! = a()E/"f)/(n{))! withng =no+1
and ay =ngae/E'. If s > 0 this allows us to find a new expression of x of the type
(%) with a smaller value of ng—ng, and we are done by induction. If s =0 we replace
the expression () by x = ayE’ "o / ny!; call this a modification of the first type.

Suppose E’ does not divide ag in &. Lemma 7.6 implies that the image of x
in gr']i,‘i(G@) is nonzero. In So ,,+1 we have x = py. Choose an expression y =
272 (G E' 1/i! with ¢; € & such that £ is maximal. Then E’ does not divide c; in
G, and Lemma 7.6 implies that y has nonzero image in gr%,(G@). Thus £ = no.
Using Lemma 7.6 again, it follows that the image of ag in &/ E’® is divisible by p.
Letag = pbo+b1 E’ with b; € S and let x’ = x— pbo E"™°/ng!. Then x—x’ € pSy;
thus x” € So ﬂp§, and we have to show that x” € pSy. If s > 0 we get an expression
of x’ of the type (%) with a smaller value of ng —ng, and we are done by induction.
If s = 0 we replace x by x’ and take for (x) the expression x’ = a{)E/”f)/n()! with
ny =no+ 1 and ag = nyby; call this a modification of the second type.

If s > 0 the inductive step is already finished. So we may assume that s = 0. We
successively apply modifications of the first or second type depending on whether
E’ divides ag. After at most p steps, the new value of ag becomes divisible by p,
and thus x lies in pSp. O

Lemma 7.7 implies that So/ p"So — S/ p™S is injective, so the projective limit
S — Sis injective, and thus § — G is injective. In order that this map commutes
with ¢ it suffices to show that S — &q/J" Sg commutes with ¢ for each n; this
is true since So — Sq/J"Sg commutes with ¢, and the image of this map is
p-adically complete. Thus Proposition 7.5 is proved. O

We turn to the frames associated to the rings S and S ,).

Lemma 7.8. For m > 1 we have a subframe of ¥ = (S, 1, R, 0,01),
Y(m) = (S(m), [(m>, R,o0,01).

Proof. Necessarily I,y = I N S(;,y. We have to show that o : § — § stabilises Sy;,)
and that 07 = p~lo : I — S maps () into S(y,y. We will show that o(S) and
o1([1) are even contained in S(;). Namely, we have o (E) = px with x € S[E?/p].
Thus 01(E"/i!) = (p-i) " (px) lies in G[E?/ p], using that 1 + v, (i!) <i for
i > 1. Since I/p"I is the kernel of S/ p™S — R/p"R, this ideal is generated
as an G-module by the elements E/i! for i > 1. Thus the image of the map
I/p"t1I — S/p"™S induced by o lies in the image of S(1), and it follows that
01(1) € S1y. Since § =G + 1, we get o(S) € Sqy). O

Proposition 7.9. For m > 1 the inclusion ;) — .7 is crystalline.
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Proof. This is a formal consequence of the relations o (S) € S,y and 01 (1) € S
verified in the proof of Lemma 7.8.

Indeed, let 22 = (P, Q, F, F1) be an .¥/-window. Choose a normal decomposition
P=L®T,andlet V: L dT — P be the o-linear isomorphism defined by
Fyon L and by F on T. Then P,y := SiyW(L & T) is a free S(;,)-module
with S ®s,,,, Pim) = P. Moreover, F1(Q) C Py and F(P) C Ppyy. Let
Qm)y = O N Pyyy. Then P,y /Qumy = P/Q is a projective R-module. Let
Piny = L m) ® Ty be a normal decomposition and let W,y @ L () © Ty — P
be the o-linear map defined by F; on L) and by F on Tj,). In order that
the quadruple Z,,) = (Piy, Q (), F. F1) is an .7,y-window with base change
& we need that the determlnant of Wy, is invertible. But the determinant of
W () becomes invertible in § because & is a window, and Sy,,) — § is a local
homomorphism. Thus the base change functor from .#;,y-windows to .#-windows
is essentially surjective.

In order that the functor is fully faithful it suffices to show that it induces a
bijection End(#,,)) — End(2). Clearly the map is injective. We have to show that
every h € End(2) stabilises P,). But 1(F1(Q)) = F1(h(Q)) € F1(Q) C Py,
and F1(Q) generates Py, as an S,)-module. This proves the proposition. [

Proposition 7.10. For m > 1, the composition ./ ;) —> -’ s, @; is crystalline.

This is the main step in the proof of Theorem 7.2. The proof of Proposition 7.10

is a variant of the proof of Theorem 6.6.

Proof. We choose e such that p € m% \meJrl and consider the index set N =

{1,2,...}U{e+}, ordered by the natural orderof Zande <e+ <e+1. Forne N
let n4 € N be its successor. Let m = m;'H + pR. Forn € N let R, = R/m’,.
We equip the ideal m’,/ m”+ of R, + with the trivial divided powers if n # e+ and
with the canonical d1v1ded powers of p if n = e+; these are again trivial if p is odd.
In all cases the divided powers are compatible with the canonical divided powers
of p, and we obtain frames

g;g_ n+/Rn (W+(Rn+)v|]—£n+/Rn,Rn»f’fl)-

Let T}, be the image of S, SaiIN W+ (R) — WT(R,). Since xS0 = frs,
the ring T, is stable under f. Let K, be the kernel of T, — R, and let K}, be the
kernel of T,,+ — R;.

We claim that ﬂ(fn) CTht.

To prove this, let M}, be the kernel of S,y — R, so En is the image of M,, —
WY (Ry+). Since xg0 = fxgs and since f1 is f-linear it suffices to show that a set
of generators x; of the ideal M,, with images xs(x;) = %; € K, satisfies f; (%) €
Ty+. Since mg = JR, for n # e+ the ideal M}, is generated by (,,,) and J", while
M, is generated by I,y and J ¢*+1 and p. We check these generators case by case.
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First, for x € I,y we have f1(X) € Ty+ because .#{,,) — @EM is a frame
homomorphism.

Assume that n # e+. The homomorphism § : J*/J"*T1 — W(J"/J"F1) is
given by §(x) = (x, 01(x), (61)%(x), ...). Indeed, applying the Witt polynomial wj,
to this equation gives 0" (x) = p™(01)"(x), which is true. Since the divided powers
on m’% /m are trivial, the endomorphism f; of W(m” R/ /my +) is given by a shift
to the left. Thus the map xg : J"/J"*T1 — W(m% /m7 ) satlsﬁes x5O0 = f1 xS,
and we see that f1(x) € T4 for x € J".

Assume now that n = e+. Since J¢*! maps to zero in W(R,41), it remains
to show that f~1(p) € Ty+. Now Log(p —v(1)) = [p,0,0,...]; see the proof of
Lemma 1.9. Thus f~1(p) = f1(v(1)) = 1, and the claim is proved.

We obtain frames

<7n=(TnaKn’Rn»f,f1), %—i—/n:(Tn—i-’EnaRn,f,];l),
and a commutative diagram of frames with strict homomorphisms

/ /

Tnt ——— Tnsn ——— T

@;n+ 1// 9+n /Rn L) @;—n

Here 7 is crystalline because the hypotheses of Theorem 2.2 are satisfied; see
the proof of Corollary 2.9. Since the vertical arrows are injective, it follows that 7’
satisfies the hypotheses of Theorem 2.2 as well, and thus 7’ is crystalline. Moreover,
lifts of windows under ¥ and under v/’ correspond to lifts of the Hodge filtration
from R, to R,y in the same way. Since ¢; is bijective, it follows that ¢, is crystalline
for each n. Consider the limit frame

7 =lim % = (T. K. R. f. f1).

n
The inclusion ¢ : .7 — @;g is the projective limit over n of ¢, and thus crystalline.
Since Sy, is noetherian by Proposition 7.3, Lemma 7.4 implies that T = 1(&1 T, is
the image of xg : S — WT(R). If xg is injective, we get Sim)y = 7, S0
L m) — @; is crystalline as required.

Since we have not proved that g is injective we need an extra argument. Let a be
the kernel of xg : S;,,) — W (R) and let a, = aNJ" &g for n > 1; here we use that
S is a subring of Gg by Proposition 7.5. We have a = ay. The ideals a; of Sy, are
stable under o, and they are also stable under o1 since S(;,)/a and a, /a,+1 have no
p-torsion. Thus we can define frames .7,y » = (S(m)/@n. L(m)/on. R, 0,01). We
have .“;,y,1 = 7, and the projective limit over n of Y(m),n is isomorphic to -7{;)
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by Lemma 7.4 and Proposition 7.5. The ideal a, /a,+1 is a finitely generated W (k)-
submodule of (J"/J"T1)® Q. Since the conditions of Proposition 6.2 are satisfied,
the endomorphism o of a /a, 41 is p-adically nilpotent. Thus .} y4+1—> L) n
is crystalline; see the proof of [Lau 2010, Theorem 9.3]. It follows that %,y — 7
is crystalline, s0 ;) — 9}' is crystalline too. O

Theorem 7.2 follows from Propositions 7.9 and 7.10. O

Remark 7.11. Assume that r = 1; i.e., R is a discrete valuation ring. If pR = m%,
the ring S is the p-adic completion of W(k)[[t]][{t¢"/m!}m>1]. It is easy to see
that each quotient S/p”"S is admissible, so the p-adically complete ring S is an
admissible topological ring. In particular, W+ (S) is defined. Since we assumed
that the image of § : & — W(S) lies in W(S), it follows that the image of
§:8 — W(S) lies in WT(S), using that W+ (S) — R is the projective limit of
the divided power extensions W (S/p"S) — R/p" R and that each W (S/p"S)
is p-adically complete. If p is odd this means that . is a Dieudonné frame in
the sense of [Zink 2001b, Definition 3.1], and Theorem 7.2 becomes a special
case of [Zink 2001b, Theorem 3.2]. For p = 2 the proof of [loc. cit.] works as
well. The starting point is the construction of an inverse functor of xg; it maps a
@; -window Z to the value of its crystal D* (2) g /R> €quipped with an appropriate
#-window structure.

If r > 2, the ring S is not admissible and thus the crystal of a 9+—window can
not be evaluated at S/R. However, one can define by hand a subframe QS /R of
Wsr such that .@+/ — Q+ is crystalline. This allows us to evaluate the crystal
at S/R and to define an inverse functor of xg. as before. The underlying ring
of 9;_/13 is defined as follows. Let S, , be the image of S,y — S/p"S and
let I, , be the kernel of S, » — R/p" R. The divided Witt polynomials define
an isomorphism Log : W(I/p"I) = (I/p™I)", and our ring is 11m 11m of the
rings W (So.») + Log ' (I;m.n) (N)Y. The hm of these rings for ﬁxed m>1
gives a frame @ /R with a crystalhne homornorphlsrn to 9+ This allows us
to construct the i mverse functor from 27 g -Windows to .7,,,)-windows. We leave out
the details.

8. Rigidity of p-divisible groups

In this section, we record a rigidity property of the category of p-divisible groups
that will be used in Section 9. As preparation, for a local ring R we consider the
additive category F g of commutative finite locally free p-group schemes over R.
It is known that Fg is equivalent to the full subcategory of the bounded derived
category of the exact category of p-divisible groups over R formed by the complexes
of length one which are isogenies; see [Kisin 2006, (2.3.5)]. In elementary terms
this equivalence can be expressed as follows:
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Proposition 8.1. For a local ring R, let g be the category with isogenies of
p-divisible groups over R as objects and homomorphisms of complexes modulo
homotopy as homomorphisms. The set S of quasi-isomorphisms in Lgr allows a
calculus of right fractions. In particular, the localised category S~ Ig is additive.
It is equivalent to the additive category FR.

For completeness let us prove this directly.

Proof. Let TR be the category with isogenies of p-divisible groups over R as objects
and homomorphisms of complexes as homomorphisms. We denote isogenies by
X = [X° - X!]. Let n°(X) be the kernel of X® — X!. A homomorphism
f:X—Yin TR is homotopic to zero if and only if 2°( f) is the zero map; the
homotopy is unique if it exists. We claim:

(%) For each homomorphlsm f:X—>Yin 7 R, one can find a quasi-isomorphism
t:Z—>XinZganda homomorphism g: Z — Y in Zr which is an epimorphism
in both components such that ¢ is homotopic to g. Namely, embed 4°(X) into
Z°=X°@ Y% by (1, f) and put Z! = Z°/h%(X). Define ¢ and g by the
projections Z% — X% and Z% — Y°. There is a homotopy between ft and g
because ft = g on h°(Z), and (%) is proved.

Next, for given homomorphisms X i> Y < Y'in Zr, where s is a quasi-
isomorphism, one can find an isogeny X’ with a homomorphism g : X’ — Y’ and a
quasi-isomorphism ¢ : X’ — X such that f7 is homotopic to sg. Indeed, by (x) we
can assume that the components of f are epimorphisms. Then take X' = X xy Y’
componentwise. It follows easily that S allows a calculus of right fractions. We
have an additive functor 4% : ST1Z — F. It is surjective on isomorphism classes
by a theorem of Raynaud [Berthelot et al. 1982, Théoréme 3.1.1]. Let X and Y be
isogenies. The functor 4 is full, because for a given homomorphism fo : h%(X) —
h°(Y), the construction in (x) allows us to represent fo as #°(g¢~1). The functor
is faithful because if a right fraction gz~! : X — Y induces zero on /° then g
induces zero on 4%, and thus g is homotopic to zero. O

Let (Art) be the category of local Artin schemes with perfect residue field of
characteristic p, and let (p-div) — (Art) be the fibred category of p-divisible groups
over schemes in (Art).

Lemma 8.2. Assume that u is an exact automorphism of the fibred category (p-div)
over (Art) such that for the group E = Q, /7, over Spec [, there is an isomorphism
u(E) = E. Then u is isomorphic to the identity functor.

Proof. For each U in (Art) we are given a functor G — G* from the category of p-
divisible groups over U to itself, which preserves short exact sequences, compatible
with base change in U, such that Hom(G, H) = Hom(G¥, H*). We have to show
that there is an natural isomorphism G¥ = G for all G, compatible with base change
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in U. Let (p-fin) — (Art) be the fibred category of commutative finite locally free
p-group schemes over schemes in (Art). By Proposition 8.1, u induces an automor-
phism of (p-fin) over (Art). Let H € (p-fin) over U € (Art) be given. Assume that
p" annihilates H and HY. For each T — U in (Art) there is a natural isomorphism

H(T) ~Homr(Z/p"Z, Hr) = Homr(Z/p"Z, Hy) = H"(T),

using that (Z/p"Z)* =~ 7Z/p"Z. Since commutative finite locally free group
schemes over U form a full subcategory of the category of abelian presheaves
on (Art)/U, we get a natural isomorphism H =~ HY, which induces a natural
isomorphism G = G* for all p-divisible groups G over U. O

9. The reverse functor

We fix an admissible ring R which is local of dimension zero; thus kK = R¢q is
a perfect field of characteristic p. In this case, one can write down an inverse of
the functor ® g as follows. The construction appears in [Lau 2009] when p > 3 or
pR = 0 and extends to the general case with appropriate changes.

Definition 9.1. Let Jg be the category of R-algebras A such that A4 is bounded
nilpotent and Aieq is the union of finite dimensional k-algebras.

We call a ring homomorphism A — B ind-étale if B is the filtered direct limit
of étale A-algebras.

Lemma 9.2. Every A € JR is admissible. The category JRr is stable under tensor
products. If A — B is an ind-étale or a quasi-finite ring homomorphism with

A € Jr then B € Jg.

Proof. Since a reduced finite k-algebra is étale and thus perfect, every A in Jg
is admissible. Let A — B a ring homomorphism with A € Jg. Then A4 B is
bounded nilpotent, so B is lies in Jg if and only if B/Ay4 B lies in Jg. For given
homomorphisms B <— A — C in Jg we have to show that B ®4 C lies in Jg. By
the preceding remark, we may assume that A, B, C are reduced. Then B ®4 C is
the direct limit of étale k-algebras and thus lies in Jg. Let g : A — B be an ind-étale
or quasi-finite ring homomorphism with A € Jg. In order to show that B € Jr we
may assume that A is reduced. Then every finitely generated k-subalgebra of A4 is
étale. Thus each étale A-algebra is defined over an étale k-subalgebra of A. If g
is ind-étale it follows that B lies in [Jg. Assume that g is quasi-finite. Then B is
defined over an étale k-subalgebra of A. Since all finite k-algebras lie in Jg and
since Jg is stable under tensor products, it follows that B € Jg. O

Let S = Spec R and let Js be the category of affine S-schemes Spec A with
A € Jr. If t is either ind-étale or fpqc, we consider the t-topology on Jg in
which coverings are finite families of morphisms (Spec B; — Spec A) such that
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the associated homomorphism A — [[; B; is faithfully flat, and ind-étale if 7 is
ind-étale. Let S 7 ; be the category of r-sheaves on Js.

Lemma 9.3. The presheaf of rings W on Js is an fpqc sheaf.

Proof. See [Lau 2009, Lemma 1.5]. Since the presheaf W is an fpqc sheaf, it
suffices to show that for an injective ring homomorphism A — B in Jr we have
W(A) =W(B)NW(A) in W(B). This is easily verified using that Aeq — Breq is
injective and W (Ny) = W(Ng) N W(A) in W(NB). d

Let & be a Dieudonné display over R. For Spec A € Js let 24 = (P4,04,F, F1)
be the base change of & to A. We define two complexes Z(£) and Z'(Z) of
presheaves of abelian groups on Jg by

Z(2)(Spec A) = [04 —=5 Py]. ©-1)
Z'(2)(Spec A) = [04 % Pal®@[Z — 71/ p]l. 9-2)

such that Z(2) lies in degrees 0,1 and Z’() lies in degrees —1,0, 1, so the
second tensor factor lies in degrees —1, 0.

Proposition 9.4. The components of Z' () are fpqc sheaves on Js. The ind-étale
(and thus the fpqc) cohomology sheaves of Z'(2?) vanish outside degree zero, and
the cohomology sheaf in degree zero is represented by a well-defined p-divisible
group BTR(2?) over R. This defines an additive and exact functor

BTg : (Dieudonné displays over R) — (p-divisible groups over R).

One can also express the definition of the functor BT g by the formula

Fi—1
BTR(?) = [0 — P1®" Qy/Z,
in the derived category of either ind-étale or fpqc abelian sheaves on Js.

Proof. This is essentially proved in [Lau 2009], but we recall the arguments for
completeness and because there is a small modification when p = 2. To begin with,
p-divisible groups over R form a full subcategory of the abelian presheaves on Jg
because finite group schemes over R lie in Jg; see Lemma 9.2. Hence BTg is a
well-defined additive functor if the assertions on the cohomology of Z’'(£?) hold.
Since an exact sequence of Dieudonné displays over R induces an exact sequence of
the associated complexes of presheaves Z’, the functor BT is exact if it is defined.

The components of Z(£?) and Z'(£?) are fpqc sheaves on Jg by Lemma 9.3.
These complexes carry two filtrations. First, a Dieudonné display is called étale
if O = P, and nilpotent if V'* is topologically nilpotent. Every Dieudonné display
over R is naturally an extension of an étale by a nilpotent Dieudonné display, which
induces exact sequences of the associated complexes Z(...) and Z'(...). Thus we
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may assume that &7 is étale or nilpotent. Second, for every & we have an exact
sequence of complexes of presheaves

0—> Z(P) —> Z(P) —> Zea(P) —> 0,

defined by Zq(2)(Spec A) = Z(2)(Spec Areq). The same holds for Z’ instead
of Z. We write Z(2) = [0 — P].

Assume that & is étale. Then F; : P — P is an f-linear isomorphism. Thus
Fy: P — P is elementwise nilpotent, and the complex Z (2) is acyclic. It follows
that Z(4?) is quasi-isomorphic to the complex Z4(4?) = Zq, Which is the
projective limit of the complexes Zreqn = Zred/ P" Zrea- In the étale topology, each
Zed,n 1 a surjective homomorphism of sheaves whose kernel is a locally constant
sheaf G, of free Z/p"Z-modules of rank equal to the rank of P. The system
(Gpn)»n defines an étale p-divisible group G over R, and Z,¢q is quasi-isomorphic
to T,G = l(gl G as ind-étale sheaves. It follows that Z'(2) >~ Z/ ,(2) is quasi-
isomorphic to the complex [7,G — T,G ® Z[1/p]] in degrees —1, 0, which is
quasi-isomorphic to G in degree zero (as ind-étale sheaves).

Assume that & is nilpotent. Then the complex Zq4(Z?) is acyclic because its
value over Spec Aisisomorphicto [1—V: Py ,— Pga,,], where Visa topologlcally
nilpotent £ ~!-linear homomorphism. Thus Z (%) is quasi-isomorphic to Z (P). To
& we associate a nilpotent display by the ug-homomorphism of frames Y — #g.
By [Zink 2002, Theorem 81 and Corollary 89] there is a formal p-divisible group G
over R associated to this display such that for each A € Jg there is an exact sequence

0— 0(A) 2274 Pa) — G(4) —0;
this is the direct limit of the corresponding sequences for the finitely generated
(nilpotent) subalgebras of Ny. Since ug € W(Zp,) maps to 1 in W(F,), there is
a unique ¢ € W(Z,) which maps to 1 in W(F,) such that ug = cf(c™), namely
¢ = ug f(uo) f?(ug) ---. Multiplication by ¢ in both components defines an iso-
morphism of complexes

[0(4) SN P(a)]=[0(4) P(A)]
It follows that Z'( %) ~ Z'(2) is quasi-isomorphic to G in degree zero. O

Remark 9.5. Recall that Zr = (W(R), lg, f, f1) is viewed as a Dieudonné display
over R. We have BTgr(ZR) = jpo by [Zink 2002, (211)].

Lemma 9.6. Let R — R’ be a homomorphism of admissible rings which are local
of dimension zero. For each Dieudonné display &7 over R there is a natural
isomorphism

BTr(Z)r = BTr (ZRr).
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Proof. If the residue field of R’ is an algebraic extension of k, every ring in Jg’ lies
in Jg, and the assertion follows directly from the construction of BT g. In general,
let &g be the category of all R-algebras which are admissible rings, and let &5 be
the category of affine S-schemes Spec A with A € &g, endowed with the ind-étale
topology. The complexes of presheaves Z (<) and Z’(#) on Js defined in (9-1)
and (9-2) extend to complexes of presheaves on &g defined by the same formulas.
The proof of Lemma 9.2 shows that for an ind-étale ring homomorphism A — B
with A € &g we have B € &g as well. Using this, the proof of Proposition 9.4 shows
that the ind-étale cohomology sheaves of Z’(4?) on &g vanish outside degree zero,
and H%(Z'()) is naturally isomorphic to BTg(2) as a sheaf on &s. Since every
ring in &g lies in &g, the lemma follows as in the first case. O

Proposition 9.7. The functor BT is an equivalence of exact categories which is a
quasi-inverse of the functor ®pg.

Proof. By Section 3A we may assume that R is a local Artin ring. Since p-divisible
groups and Dieudonné displays over k have universal deformation rings which are
power series rings over W(k), once the functor BTy is defined, in order to show
that it is an equivalence of categories it suffices to consider the cases R = k and
R = k[e]. In particular, if p = 2, we may assume that pR = 0, so that the results of
[Zink 2001a] and [Lau 2009] can be applied. The category Cg used in [Lau 2009]
is the category of all A € Jg such that Ny is nilpotent. Since this subcategory
is stable under ind-€étale extensions, it does not make a difference whether the
functor BTg is defined in terms of Cg or Jg. Thus BT is an equivalence by [Lau
2009, Theorem 1.7], which relies on the equivalence proved in [Zink 2001a]. It
is easily verified that BTg(®r(Qp/Zp)) is isomorphic to Q,/Z,. Thus BTg is a
quasi-inverse of ®g by Lemmas 8.2 and 9.6. It is easily verified that the functors
BTpg and ® g preserve short exact sequences. O

Appendix: PD envelopes of regular immersions

This section provides a reference for the flatness of the divided power envelope of a
regular immersion, which is used in the proof of Lemma 1.13. Let us recall regular
immersions following [SGA 1971, VII]. For a ring A, a projective A-module M of
finite type, and a linear map f : M — A, one defines the Koszul complex

Ki(A, f)=[-— A’M - A'M — A]

with differential given by x1 A---Axp > Y (=1 T f(x;)x1 A---Ri -+~ AXp. Let
I = f(M) C A. One calls f regular if the augmentation K« (A, f) — A/I is
a quasi-isomorphism. If xq,..., x, is a regular sequence in A and f : A" — A
is given by f(a) = Y_a;x;, then f is regular in the previous sense. For a ring
homomorphism 4 — A’, let f': M’ — A’ be the scalar extension of f, and let
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I’ = f/(M’). If both f and f” are regular, then TorlA(A/I,A’) =0fori >1and
thus I’ =1 ®4 A’. A closed immersion of schemes ¥ — X is called regular if
locally in X it takes the form Spec A/I — Spec A, where [ = f (M) for a regular
homomorphism f : M — A.

Proposition A.1. Let S be a scheme and i : Y — X be a regular closed immersion
of flat S-schemes. Then the divided power envelope Px (Y') is flat over S.

Under additional hypotheses, this is proved in [Berthelot et al. 1982, Lemme 2.3.3].
We use the following description of the divided power polynomial algebra:

Lemma A.2. Foraring R, let Ao = R[T1,...,T,], and let Bo = R(T1,...,Ty)
be the divided power envelope of 1o = (T1,...,T,) C Ag. Then one can write
By = limr Moy, as an Ag-module, the direct limit taken over r € N ordered multi-
plicatively, such that there are exact sequences of Ag-modules

00— Jo,, —> Mo, —> No,r — 0

with Jo,, = (T],...,T,) and where Ny, has a finite filtration with quotients
isomorphic to Ay/Iop = R.

Proof. The assertion is stable under base change in R, so we may take R = Z. Then
By is the Ag-subalgebra of 49®Q generated by all 7" /m!. Let Mo , = Bonr~14g
inside A9 ® Q. Then ! Jo,r is contained in My ,, and the quotient Ny, coincides
with the image of My, in (4¢/Jo,r) ® Q. Any maximal filtration of the latter by
monomial ideals gives the required filtration of Ny ;. O

Proof of Proposition A.1. We may assume that S = Spec R, X = Spec A and
Y = Spec A/I, where [ is the image of a regular map f : A" — A. We have
f(a) = > a;x; for a sequence xq,...,x, in A. Let A9 = Z[T1,...,Ty] and
My = A} with fo : Mg — Ag given by a — > a;T;. Let Ig = fo(Mo). We
consider the homomorphism Ag — A defined by 7; — x;. Let B = 24(1) and
Bo = 24,(1p) be the divided power envelopes. Since f and fy are regular, we
have I = Ip ®4 Ao. As in [Berthelot 1974, (3.4.8)] it follows that B = By ®4, A
Usmg Lemma A.2, we get B = hm M, with M, = My, ® 4, A. Moreover, since

Tor} 0(Ao /1o, A) =0, we obtam exact sequences of A-modules

0—J,—M,— N, —0

with J, = Jo,r ®4, A and N, = Ny » ®4, A, and we obtain filtrations of N, with
quotients isomorphic to A/ /. Similarly there are exact sequences of A-modules

0—J,—A—A/J,—0

and filtrations of A/J, with quotients isomorphic to A/I. Since A and A/ are
flat over R, it follows that J, and M, and B are flat over R. O
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We will use the following example of regular immersions.

Lemma A.3. For a ring R and a projective R-module T of finite type we consider
the complete symmetric algebra A = R[[T] = [[,>o Syma(T)and M =T Qp A.
Then the homomorphism f : M — A given by t ® a — ta is regular.

Proof. The complex K. (M, f') is the direct product over m > 0 of complexes K 5!")
with K,(,m) = A"T @g Sym” " (T), using the convention Sym’ (7T") = 0 for r < 0.
Since the complexes Kim) are compatible with base change in R, the general case
can be reduced to the case where T is free. Then an R-basis of T is a regular
sequence in A, and the assertion follows. O
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Finiteness of unramified deformation rings
Patrick B. Allen and Frank Calegari

We prove that the universal unramified deformation ring R"™ of a continuous
Galois representation p : G g+ — GL, (k) (for a totally real field F* and finite
field k) is finite over 0 = W (k) in many cases. We also prove (under similar
hypotheses) that the universal deformation ring R*" is finite over the local
deformation ring R'°°.

Introduction

Let k be a finite field of characteristic p, and let 0 = W (k). Let F be a number
field, and consider a continuous absolutely irreducible Galois representation

p:Gr — GL,(k),

where G p = Gal(F / F) for some fixed algebraic closure F of F. If (A, m) is a com-
plete local O-algebra with residue field k, then a deformation p of p to A unramified
outside a finite set of primes S consists an equivalence class of homomorphisms

0:Grp— GL,(A)

such that the composite of p with the projection GL,(A) — GL,(A/m) = GL, (k)
is p, and such that the extension of fields F(ker(p)) over F (ker(0)) is unramified
away from places above primes in S (see [Mazur 1997]). The nature of such
deformations is quite different depending on whether S contains the primes above p
or not. If S contains all the primes above p, we denote the universal deformation
ring by R"; if § contains no primes above p, we denote the corresponding
universal deformation ring by R"™. According to the Fontaine—-Mazur conjecture
(see [Fontaine and Mazur 1995, Conjecture 5al), any map R"™ — Q p gives rise to
a deformation p of p with finite image. (This form of the conjecture is known as the
unramified Fontaine—-Mazur conjecture.) Boston’s strengthening of this conjecture
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[Boston 1999, Conjecture 2 and the subsequent corollary] is the claim that the
universal unramified deformation

""" : Gr — GL,(R"™)

has finite image. In contrast, the ring R"™" is typically of large dimension (see
§1.10 of [Mazur 1989]). A conjecture of Mazur predicts that the relative dimension
of R over O is (in odd characteristic)

(I+7r)+@* = DIF :Q] = dim H(D,. ad"(p)),

v|oo

where ad’ (p) denotes (in any choice of basis) the trace zero matrices in Hom(p, p).
A choice of basis for the universal deformation makes R"™" an algebra over a local

deformation ring
Rloc — ® Rll)oc’
vlp

where R})"C is the universal framed local deformation ring of p|D, for v|p. The
R'°°_algebra structure may depend on the choice of basis, but it is canonical up
to automorphisms of R'°°. It is not true in general that Spec(R"™") — Spec(R!*°)
is a closed immersion, even in the minimal case where S is only divisible by
the primes dividing p. A simple example to consider is the deformation ring
of any one-dimensional representation p : Gr — k*; the corresponding map
Spec(R"Y) — Spec(R'°) is a closed immersion if and only if the maximal
everywhere-unramified abelian p-extension of F in which p splits completely
is trivial. It is, however, reasonable to conjecture that this map is always a finite
morphism. Indeed, one heuristic justification for the Fontaine—-Mazur conjecture is
to imagine that the generic fibers of the image of Spec(R"™") and the locus of local
crystalline representations of a fixed weight are transverse, and to infer (from a
conjectural computation of dimensions) that the intersection is finite, and hence that
there are only finitely many global crystalline representations of a fixed weight (see
pp.- 191-192 of [Fontaine and Mazur 1995]); this line of thinking at least presumes
that the global-to-local map is quasifinite.
We prove the following:

Theorem 1. Let F be a totally real field, and let p : G p+ — GL, (k) be a contin-
uous absolutely irreducible representation. Suppose that:

(H p>2
2) ad® (PIGF+ () is absolutely irreducible and p > 2n* —1, or, ifn=2andpis
totally odd, p|G +,) has adequate image.

Then R"™ is a finite O-algebra, and R*™ is a finite R'**-algebra.
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The second condition holds, for example, when p has image containing SL,, (k)
and p is greater than 2n> — 1. The finiteness of R'"™" over R'°° can be deduced
from an appropriate “R = T theorem, since one proves that the maximal reduced
quotient of R"™ modulo an ideal of R'° is isomorphic to a finite O-algebra T.
However, in dimension greater than 2, without a conjugate self-dual assumption, the
current R = T theorems are contingent on conjectural properties of the cohomology
of arithmetic quotients (see Part 2 of [Calegari and Geraghty 2012]).

We shall deduce from Theorem 1 the following corollaries:

Corollary 2. For any p satisfying the conditions of Theorem 1, Boston’s strength-
ening of the unramified Fontaine—Mazur conjecture is equivalent to the unramified
Fontaine—Mazur conjecture.

Corollary 3. Suppose that p : G p+ — GL; (k) satisfies the conditions of Theorem 1.
Assume further that:

(1) p is totally odd.

(2) If p =5 and p has projective image PGL,(Fs), then [FT(¢s5) : FT] =4.
Then Boston’s conjecture holds: the representation p*™™ : G p+ — GL(R"™) has
finite image.

Whenn =2, p>2, F=Q, and p is totally odd and unramified at p, R"™ can be
identified with the ring of Hecke operators acting on a (not necessarily torsion-free)
coherent cohomology group (see [Calegari and Geraghty 2012]).

Let 4, be the group scheme over Z that is the semidirect product
(GLy x GL1) x {1, 7} = 6 {1, ),

where ; acts on GL, x GL; by (g, ,u)J*1 = (;ﬁgil, ). Letv:9, — GL; be the
character that sends (g, ) to uw and j to —1. Let F be a CM field with maximal
totally real subfield F, and let

r:Gp+r —> 94,(k)

be a continuous homomorphism with -1 ((Qg (k)) =GpF. If (A, m) is a complete
local O-algebra with residue field &, then a deformation r of 7 to A unramified
outside a finite set of primes S consists of an equivalence class of homomorphisms

r:Grp+ > %9,(A)

such that the composite of » with the projection %4, (A) — 4,(A/m) =%, (k) is 7,
and such that the extension of fields F(ker(r)) over F(ker(r)) is unramified away
from places above primes in S. We say two lifts are equivalent if they are conjugate
by an element of GL, (A) that reduces to the identity modulo m. If r is Schur
(see Definition 2.1.6 of [Clozel et al. 2008]), then this deformation problem is
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representable. By abuse of notation, we will again denote the universal deformation
ring of 7 by R" if S contains all the primes above p, and by R"™ if S contains
no primes above p. This shouldn’t cause any confusion, as we shall be very
explicit regarding which deformation problem we refer to. As with the GL,-valued
theory, for each v|p in F, there is a universal framed deformation ring RvD which
represents the lifts of 7|D,, and a choice of lift in the equivalence class of the
universal deformation of 7 makes R"™" an algebra over

Rloc — ® RLOC.
vlp

We shall deduce Theorem 1 from the following result.

Theorem 4. Let F be a CM field with maximal totally real subfield F*. Let S
denote a finite set of places of FT not containing any v|p, and let v : G p+ — 4, (k)
be a continuous homomorphism with 7~ (ng (k)) =G and such that vor(c,) =—1
for each choice of complex conjugation c,. Assume that p > 2(n+ 1), that the image
of T|Gp(z,) is adequate, and that §, ¢ F. Let R™ be the universal deformation
ring of ¥ unramified outside S, and let R"™ be the universal deformation ring of
unramified outside S and all primes v|p. Then R™ is a finite O-algebra, and R*™"
is a finite R'-algebra.

It turns out that the proof of this theorem is almost an immediate consequence
of the finiteness results of [Thorne 2012] for ordinary deformation rings. The
only required subtlety is to understand the relationship between the local ordinary
deformation ring Rﬁ}{‘” constructed in [Geraghty 2010] and the unramified local

deformation ring R"".

1. Some local deformation rings

Recall & is a finite field of characteristic p, and 0 = W (k). Let K be a finite extension
of Q, and let Gx = Gal(K /K). Fix a continuous unramified representation

5:Gx — GL,(k)

and let R" be its universal framed deformation ring. Let R" be the quotient of R"
corresponding to unramified lifts.

Lemma 5. The ring R is isomorphic to a power series ring over O in n* variables.
In particular, it is reduced and its Q ,-points are Zariski dense in Spec(R").

Proof. Fixing a choice of lift g € GL,,(0) of p(Frob), it is easy to see that the lift to
Oll{xij}1<i, j<n ]l given by Frob +— g(I + (x;;)) is the universal framed deformation.
O
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Let Ila(b be the inertia subgroup of the abelianization of Gk, and let Ila(b( p) beits
maximal pro-p quotient. Let Ax = @[[(I;éb(p))"]] and let ¢ = (Yq, ..., ¥,) be the
universal n-tuple of characters v; : Ix — AIX(. Set REK = RUQ¢Ak.

We briefly recall the construction of the universal ordinary deformation ring R /A\K
by Geraghty (see §3 of [ibid.]). Let & be the flag variety over O whose S-points, for
any O-scheme S, is the set of increasing filtrations 0= Fo C F C - - - C F;, =0 of O'g
by locally free submodules with rank(F;) =i foreachi =1, ..., n. Lemma 3.1.2
of [ibid.] shows that the subfunctor of

RY ®¢F
corresponding to pairs (o, {F;}) such that
o {F;} is stabilized by p, and
o the action of Ix on F;/F;_; is given by the pushforward of y;,

is represented by a closed subscheme . He then defines R/A\K as the image of

Ry — Og(4[1/p)).

Since scheme-theoretic image commutes with flat base change, R,%K [1/p]is the
scheme-theoretic image of

9[1/p] — Spec(RY, [1/p)).

Since this map is proper, %4[1/ p] surjects onto Spec(RﬁK[l/p]). Because % is of
finite type over RAK, we deduce that any Q,-point of Spec(R/A\K[l /p)) lifts to a

Q,-point of 4[1/p]. This proves the following.

Lemma 6. Let x € Spec(R%K)(@ p), and let (px, V) denote the pushforward via x
of the universal framed deformation and n-tuple of characters of Ix. Then x factors
through R,A\K[l/p] if and only if there isa full flag0=FyC F; C---C F, = @’Z,
stabilized by p, such that the action of Ix on F;/F;_1 is given by v;  for each
i=1,...,n.

If p is the trivial representation, then Geraghty defines a further quotient Rﬁ;(‘”
of RﬁK as follows. Let Qy,..., O, be the minimal primes of Ag. For each
J=1....mlet9; =46Qx, Ax/Q;. Let W; C Spec(Ak/Q ;) be the closed
subscheme defined by ¥, = €, for some 1 <r < s <n, and let U; be the
complement of W;. Geraghty shows (see §3.4 of [ibid.]) that there is a unique
irreducible component §}" of %; lying above U;. We then set 4*" = Ui< j<m 9
and define Rﬁ;{‘” to be the image of

R, — Ogur (47 [1/p]).

a

The construction of R[A\;( " together with Lemma 6 yields the following.
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Lemma 7. Assume that p is trivial. Let x € Spec(REK)(@p), and let (py, Vy)
denote the pushforward via x of the universal framed deformation and n-tuple of
characters of Ix. Assume that there is a full lag 0= FyC F, C---C F, = @’;,
stabilized by p, such that the action of Ix on F;/F;_1 is given by v;  for each
i=1,....n If Yix # €y foranyi < j, then x factors through Rﬁ;{“r.
Remark 8. If [K : Q,] > %n(n —1)+1 and p is trivial (which, for our applications,
we could assume), then Thorne proves that R3:*” = Ry, (see Corollary 3.12 of
[Thorne 2014]).

There is a natural map Ax — R"" given by modding out by the augmentation
ideal a of Ag. We thus have a natural surjection

O un
Ry, — R™.

Proposition 9. The surjection REK — R"™ factors through R,%K. If p is trivial,
then it further factors through RIA\}{‘” .

Proof. The image of an unramified representation is the topological closure of
the image of Frobenius. Since any element of GL, (Q p) 1s conjugate to an upper
triangular matrix, that the image of any unramified representation into GL,,(Q »)
fixes a full flag for which the action of inertia on the corresponding quotients is
trivial. It follows that the projection from R/D\K to any @ p-point of R"" factors
through RﬁK by Lemma 6 and, if p is trivial, through RIA\;(“: , by Lemma 7. The
result then follows from the fact that R"" is reduced and its Q,-points are Zariski
dense, by Lemma 5. (|

2. Proof of Theorem 4

We first prove the statement concerning R"™ over 0. Take a representation 7 as
in Theorem 4. For each v|p in FT, let F,\ be the completion of F* at v and let
Ay = Aps with Ap+ as in Section 1. Let A = ®u|p,@Av-

We note that, using Lemma 1.2.2 of [Barnet-Lamb et al. 2014], we are free to
make any base change disjoint from the fixed field of ker(r). After a base change,
we may assume that 7 is everywhere unramified, and that 7| D, is trivial for all
v|p as well as any finite set of auxiliary primes. In particular, after a suitable
base change, we may restrict ourselves to considering deformation rings which
are unipotent at some finite set of auxiliary primes v € § (which corresponds to
the local deformation condition R}) of [Thorne 2012, §8]). By Proposition 3.3.1 of
[Barnet-Lamb et al. 2014], we may assume, after a further base change, that 7 lifts
to a minimal crystalline ordinary modular representation (this is where we use the
assumption that p > 2(n 4 1)). From Corollary 8.7 of [Thorne 2012], we deduce
that the corresponding ordinary deformation ring Ry is finite over A. If we can
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show that R"™ is a quotient of Ry ® A/a, where a is the augmentation ideal of A,
then the result follows immediately by Nakayama, since A /a = 0. By definition,
the local condition at v|p for Ry is determined by the ordinary deformation ring
Rﬁ;‘”. By Proposition 9, the ring R" is a quotient of R,A\;‘" /a. Hence R"™ is a
qudtient of Ry ® A/a and we are done.

The finiteness of R"™ over R!°° then follows from the finiteness of R" over O
and Nakayama. Indeed, let RP'' = RUY @ rioc k and let 7Pt be the specialization
of the universal deformation to R*P, Then r*Pit| D, = 7| D,, for any v|p in F, so
the quotient R'™Y — Rt factors through R ®g k.

3. Some corollaries

3.1. Proof of Theorem 1. Let p satisty the statement of Theorem 1. Consider
ado(ﬁ) restricted to a suitable quadratic CM extension F/F*. Since p 1 n, the
representation ad’(p) is a direct summand of p¢ ® p* = 5 @ p* and is conjugate
self-dual. The assumption of irreducibility together with the inequality p > 2n% — 1
imply that ad’(p) is adequate by Theorem A.9 of [Thorne 2012]. If n is even, then
ad’(p) has odd dimension and so is automatically totally odd. If 7 is odd, then
ad’(p) is orthogonal (the conjugate self-duality is realized by the trace pairing,
which is symmetric) and exactly self-dual (up to trivial twist) and so has trivial
multiplier, which means that it is also totally odd. Both uses of totally odd refer to
the properties of the multiplier character rather than the determinant of complex
conjugation, and are the exact sign conditions required for automorphy lifting
theorems for unitary groups (that is, totally odd means U-odd rather than GL-odd in
the notation of [Calegari 2010]; see also §2.1 of [Barnet-Lamb et al. 2014]). Hence
adO([))lG r extends to a homomorphism (see Lemma 2.1.1 of [Clozel et al. 2008])

FiGpe — G, (k)

which we fix, satisfying the conditions of Theorem 4. On the other hand, any
deformation of p gives rise to a deformation of 7 in the natural way. By Yoneda’s
lemma, there is a corresponding morphism R"™(r) — R""(p). It suffices to
prove this is finite. By Nakayama’s lemma, this reduces to showing that the only
deformations p of p to k-algebras such that ado(p)|G FE ado(ﬁ)|G r are finite.
The kernel of such a deformation must be contained in the maximal abelian pro-p
extension of F(ker(p)) unramified outside S, which is finite by class field theory.
As in the final paragraph of the proof of Theorem 4, the finiteness of R"™ implies
the finiteness of R and hence that R"™ is a finite R'°°-algebra.

If n =2 and p is totally odd, we may work directly with p. We first use Corol-
lary 1.7 of [Taylor 2002] to conclude that p is potentially modular and Theorem A
of [Barnet-Lamb et al. 2013] to assume it is potentially ordinarily modular. Then,
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restricting p to a suitable CM field F, the proof is exactly as in the proof of
Theorem 4 (without the appeal to Proposition 3.3.1 of [Barnet-Lamb et al. 2014]).

3.2. Proof of Corollary 2. This follows immediately from Theorem 1 and the
following proposition.

Proposition 10. Let F be a number field and let p : G — GL,, (k) be continuous
and absolutely irreducible. Then

""" : Gr — GL,(R"™)

has finite image if and only if the following two properties hold:
(1) R“™ is finite over O,
(2) for any minimal prime p of R"™[1/ p], the induced representation

Gr — GL,(R™[1/p]/p)
has finite image.

Proof. If p"™ has finite image, then (2) is clearly satisfied, and (1) follows from
Théoréme 2 of [Carayol 1994], which shows that R"™ is generated over O by traces.
Now assume (1) and (2), and let E be the fraction field of 0. Since R"™ is a
finite O-algebra, the map R"™ — R"™[1/p] has finite kernel. Hence it suffices to
prove that the map
p:Gr — GL,(R"™[1/p])

has finite image, assuming (2). Since R"™ is finite over O, the ring R"™[1/p]
is a semilocal ring which is a direct sum of Artinian E-algebras A with residue
field H for some finite [H : E] < oco. In particular, the representation p breaks
up into a finite direct sum of representations to such groups GL,(A). If A= H,
then assumption (2) implies that the image of such a representation is finite. If
A # H, then A admits a surjective map to H[e]/€>. In particular, there exists an
unramified deformation

p:Gr— GL,(H[e)/€?).

By assumption (2) again, the corresponding residual representation with image in
GL, (H) is finite, and is given by some representation V on which G ¢ acts through
a finite group. Moreover, p is then given by some nontrivial extension

0O—-V->W-—->V->0.

Consider the restriction of this representation to a finite extension L/ F such that G,
acts trivially on V. Then the action of G; on W factors through an unramified
Z p-extension, which must be trivial by class field theory. It follows that the action
of G, on W is trivial, and hence that the extension W is trivial, a contradiction. [



Finiteness of unramified deformation rings 2271

3.3. Proof of Corollary 3. By Theorem 0.2 of [Pilloni and Stroh 2013] (see also
[Kassaei 2013]), one knows the unramified Fontaine-Mazur conjecture for p under
the given hypothesis, hence the result follows from Corollary 2.
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We show that techniques inspired by Kollar and Viehweg’s study of weak positiv-
ity, combined with vanishing for log-canonical pairs, lead to new generation and
vanishing results for direct images of pluricanonical bundles. We formulate the
strongest such results as Fujita conjecture-type statements, which are then shown
to govern a range of fundamental properties of direct images of pluricanonical
and pluriadjoint line bundles, like effective vanishing theorems, weak positivity,
or generic vanishing.
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1. Introduction

The purpose of this paper is twofold: on the one hand we show that techniques
inspired by Kollar and Viehweg’s study of weak positivity, combined with vanishing
theorems for log-canonical pairs, lead to new consequences regarding generation
and vanishing properties for direct images of pluricanonical bundles. On the other
hand, we formulate the strongest such results as Fujita conjecture-type statements,
which are then shown to govern a range of fundamental properties of direct images
of pluricanonical and pluriadjoint line bundles, like effective vanishing theorems,
weak positivity, or generic vanishing.
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Vanishing, regularity, and Fujita-type statements. All varieties we consider in
this paper are defined over an algebraically closed field of characteristic zero.
Recall to begin with the following celebrated conjecture.

Conjecture 1.1 (Fujita). If X is a smooth projective variety of dimension n, and L
is an ample line bundle on X, then wyx ® L% is globally generated for [ > n + 1.

It is well known that Fujita’s conjecture holds in the case when L is ample and
globally generated, based on Kodaira vanishing and the theory of Castelnuovo—
Mumford regularity, and that this can be extended to the relative setting as follows:

Proposition 1.2 (Kollar). Let f : X — Y be a morphism of projective varieties,
with X smooth and Y of dimension n. If L is an ample and globally generated line
bundle on Y, then

R fowx ® Lo
is 0-regular, and therefore globally generated for all i.

Recall that a sheaf & on Y is O-regular with respect to an ample and globally
generated line bundle L if

H(Y,F®QL® ) =0 forall i>0.

The Castelnuovo—Mumford Lemma says that every O-regular sheaf is globally
generated (see, e.g., [Lazarsfeld 2004a, Theorem 1.8.3]); the proposition is then a
consequence of Kollar’s vanishing theorem, recalled as Theorem 2.2 below.

An extension of Fujita’s general conjecture to the relative case was formulated
by Kawamata [1982, Conjecture 1.3], and proved in dimension up to four; the
statement is that Proposition 1.2 should remain true for any L ample, at least as long
as the branch locus of the morphism f is a divisor with simple normal crossings
support (when the sheaves R! f«wx are locally free [Kollar 1986]). However, at
least for i = 0, we propose the following unconditional extension of Conjecture 1.1:

Conjecture 1.3. Let f : X — Y be a morphism of smooth projective varieties,
with Y of dimension n, and let L be an ample line bundle on Y. Then, for every
k > 1, the sheaf

f*w?gk ® L®l
is globally generated for [ > k(n + 1).

Our main result in this direction is a proof of a stronger version of Conjecture 1.3
in the case of ample and globally generated line bundles, generalizing Proposition 1.2
for i = 0 to arbitrary powers.
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Theorem 1.4. Let f: X — Y be a morphism of projective varieties, with X smooth
and Y of dimension n. If L is an ample and globally generated line bundle on Y ,
and k > 1 an integer, then

f*wg?k ® L®l
is O-regular, and therefore globally generated, forl > k(n 4+ 1).

This follows in fact from a more general effective vanishing theorem for direct
images of powers of canonical bundles, which is Kollar vanishing when k£ = 1; see
Corollary 2.9. We also observe in Proposition 2.13 that just knowing the (kIt version
of the) Fujita-type Conjecture 1.3 for k = 1 would imply a similar vanishing theorem
when L is only ample. Using related methods, we find analogous statements in the
contexts of pluriadjoint bundles and of log-canonical pairs as well. We will call a
fibration a surjective morphism whose general fiber is irreducible.

Variant 1.5. Ler f : X — Y be a fibration between projective varieties, with X
smooth and Y of dimension n. Let M be a nef and f-big line bundle on X. If L is
an ample and globally generated line bundle on Y, and k > 1 an integer, then

fulox @ M)®* @ LY
is O-regular, and therefore globally generated, forl > k(n 4+ 1).

Variant 1.6. Let f : X — Y be a morphism of projective varieties, with X normal
and Y of dimension n, and consider a log-canonical R-pair (X, A) on X. Consider
a line bundle B on X such that B ~r k(Kx + A+ f*H) for some k > 1, where H
is an ample R-Cartier R-divisor on Y. If L is an ample and globally generated line
bundle on Y, and k > 1 an integer, then

fBL® withl>k(n+1—1)
is 0-regular, and so globally generated, where t := sup{s € R | H — sL is ample}.!

All of these results are consequences of our main technical result, stated next. It
can be seen both as an effective vanishing theorem for direct images of powers, and
as a partial extension of Ambro—Fujino vanishing (recalled as Theorem 2.3 below)
to arbitrary log-canonical pairs.

Theorem 1.7. Let f : X — Y be a morphism of projective varieties, with X normal
and Y of dimension n, and consider a log-canonical R-pair (X, A) on X. Consider
a line bundle B on X such that B ~g k(Kx + A+ f*H) for some k > 1, where H

IThis is of course a generalization of Theorem 1.4. We chose to state it separately in order to
preserve the simplicity of the main point, as will be done a few times throughout the paper.
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is an ample R-Cartier R-divisor on Y. If L is an ample and globally generated line
bundle on Y , then

H (Y, f,BQL®)Y=0 foralli>0andl>(k—-1)(n+1—1)—1+1,
where t :=sup{s € R| H — sL is ample}.

The proof of this result relies on a variation of a method used by Viehweg in the
study of weak positivity, and on the use of the Ambro—Fujino vanishing theorem.
Shifting emphasis from weak positivity to vanishing turns out to lead to stronger
statements, as was already pointed out by Kollar [1986, §3] in the case k = 1;
his point of view, essentially based on regularity, is indeed a crucial ingredient in
the applications.

One final note in this regard is that all the vanishing theorems used in the paper
hold for higher direct images as well. At the moment we do not know, however, how
to obtain statements similar to those above for higher direct images, for instance
for R f*w;%k with i > 0.

Applications. The Fujita-type statements in Theorem 1.4 and its variants turn out
to govern a number of fundamental properties of direct images of pluricanonical
and pluriadjoint bundles. Besides the vanishing statements discussed above, we
sample a few here, and refer to the main body of the paper for full statements.
To begin with, we deduce in Section 4 an effective version of Viehweg’s weak
positivity theorem for sheaves of the form f*a)%‘ y for arbitrary k > 1, just as Kolldr
did in the case k = 1; we leave the rather technical statement, Theorem 4.2, for
the main text. The same method applies to pluriadjoint bundles (see Theorem 4.4)
and in this case even the noneffective weak positivity consequence stated below is
new. The case k =1 is again due to Kolldr and Viehweg; see also [Horing 2010,
Theorem 3.30] for a nice exposition.

Theorem 1.8. If f : X — Y is a fibration between smooth projective varieties,
and M is a nef and f-big line bundle on X, then fi(wx/y ® M)®K s weakly
positive for every k > 1.

With this result at hand, Viehweg’s machinery for studying litaka’s conjecture
can be applied to deduce the adjoint bundle analogue of his result on the additivity
of the Kodaira dimension over a base of general type.

Theorem 1.9. Let f : X — Y be a fibration between smooth projective varieties,
and let M be a nef and f-big line bundle on X. We denote by F the general fiber
of f, and by Mp the restriction of M to F. Then:

(1) If L is an ample line bundle on Y, and k > 0, then

k(wx @M)®*Q f*L) = k(wr @ Mp) +dim Y.
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(11) If Y is of general type, then
K(wx QM) =«(wr @ Mp) +dimY.

In a different direction, the method involved in the proof of Theorem 1.4 (more
precisely Corollary 2.9) leads to a generic vanishing statement for pluricanonical
bundles. Let f : X — A be a morphism from a smooth projective variety to an
abelian variety. Hacon [2004] showed that the higher direct images R’ f,wy satisfy
generic vanishing, i.e., are GV-sheaves on A; see Definition 5.1. This refines the
well-known generic vanishing theorem of Green and Lazarsfeld [1987], and is
crucial in studying the birational geometry of irregular varieties. In Section 5 we
deduce the following statement, which is somewhat surprising given our previous
knowledge about the behavior of powers of wy.

Theorem 1.10. If f : X — A is a morphism from a smooth projective variety to an
abelian variety, then f*a)gk is a GV-sheaf for every k > 1.

We also present a self-contained proof of this theorem based on an effective result,
Proposition 5.2, which is weaker than Corollary 2.9, but has a more elementary proof
of independent interest. Theorem 1.10 leads in turn to vanishing and generation
consequences that are stronger than those for morphisms to arbitrary varieties; see
Corollary 5.4. Similar statements are given for log-canonical pairs and for adjoint
bundles in Variants 5.5 and 5.6.

2. Vanishing and freeness for direct images of pluri-log-canonical bundles

In this section we address results related to Conjecture 1.3, via vanishing theorems
for direct images of pluricanonical bundles. The most general result we prove is
for log-canonical pairs; this is of interest from a different perspective as well, as it
partially extends a vanishing theorem of Ambro and Fujino.

Motivation and background. To motivate the main technical result, recall that,
given an ample line bundle L on a smooth projective variety of dimension 7,
Conjecture 1.1 implies that wy ® L®"*! is a nef line bundle; this is in fact follows
unconditionally from the fundamental theorems of the minimal model program. As
a consequence, Kodaira vanishing implies that for every k > 1 one has

H (X, oF @ LP*TD=1y =0 forall i > 0, 2.1

an effective vanishing theorem for powers of wy.
We will look for similar results for direct images. Recall first that for £k = 1 there
is a well-known analogue of Kodaira vanishing, for all higher direct images.

Theorem 2.2 (Kollar vanishing [Kollar 1986, Theorem 2.1]). Let f : X — Y be a
morphism of projective varieties, with X smooth. If L is an ample line bundle on Y ,
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then
H/(Y, Rif*wx Q®L)=0 forall i andall j > 0.

Moreover, of great use for the minimal model program are extensions of vanishing
and positivity theorems to the log situation, in particular to log-canonical pairs; see,
e.g., [Fujino 2011; 2014b]. For instance, Kollar’s theorem above has an extension
to this situation due to Ambro and Fujino; see, e.g., [Ambro 2003, Theorem 3.2]
and [Fujino 2011, Theorem 6.3] (where a relative version can be found as well).

Theorem 2.3 (Ambro and Fujino). Let f: X — Y be a morphism between projective
varieties, with X smooth and Y of dimension n. Let (X, A) be a log-canonical log-
smooth R-pair,> and consider a line bundle B on X such that B~y Kx + A+ f*H,
where H is an ample R-Cartier R-divisor on Y. Then

H/(Y,R' f.B)=0 forall i and all j > 0.

Just as Proposition 1.2 follows from Theorem 2.2 via the Castelnuovo—-Mumford
Lemma, so Theorem 2.3 has the following consequence:

Lemma 2.4. Under the hypotheses of Theorem 2.3, consider in addition an ample
and globally generated line bundle L on Y. Then

Ri f*B ® L®n
is 0-regular, and therefore globally generated, for all i.

Main technical result. We will now prove our main vanishing theorem, which can
be seen as an extension of both vanishing of type (2.1) for powers of canonical
bundles, for L ample and globally generated, and of Ambro—Fujino vanishing
(Theorem 2.3) to log-canonical pairs with arbitrary Cartier index.

Proof of Theorem 1.7. Step 1. We will first show that we can reduce to the case
when X is smooth, A has simple normal crossings support, and the image of the
adjunction morphism

f*f«B— B

is a line bundle. A priori the image is b ® B, where b is the relative base ideal of B.
We consider a birational modification

uw: X —X
which is a common log-resolution of b and (X, A). On X we can write
Ky —pn"(Kx+A)=P—N,

2This means that A is an effective R-divisor with simple normal crossings support, and with the
coefficient of each component at most equal to 1.
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where P and N are effective R-divisors with simple normal crossings support,
without common components, and such that P is exceptional and all coefficients
in N are at most 1. We consider the line bundle

B:= uw*B@OzKk[P]).
Note that by definition we have
B~gpk(Kg+N+[P1—P+u f*H).
Since [ P] is u-exceptional, we have M*E ~ B for all k. Moreover,
Ay =N+[P|—-P

is log-canonical with simple normal crossings support on X.

Going back to the original notation, we can thus assume that X is smooth
and A has simple normal crossings support, and the image sheaf of the adjunction
morphism is of the form B ® Ox(—E) for a divisor E such that E + A has simple
normal crossings support.

Step 2. Now since L is ample, there is a smallest integer m > 0 such that
f+B ® L®™ is globally generated, and so using the adjunction morphism we have
that B Oy (—E) ® f*L®" is globally generated as well. We can then write

BQ® f*L®" ~0x(D+E),

where D is an irreducible smooth divisor, not contained in the support of E + A,
and such that D 4+ E + A has simple normal crossings support. Rewriting this in
divisor notation, we have

k(Kx +A+ f*H)4+mf*L ~g D+ E,

and hence

(k=K +a+ 1)~ oy g L
Note that A and £ may have common components in their support, which may
cause trouble later on; therefore their coefficients need to be adjusted conveniently.

Let’s start by writing

mf*L. 2.5)

1
A:ZaiDi, a;, €eRwithO<aq; <1,
i=1

and
!

E=) siDi+E sieN,
i=1

where the support of E; and that of A have no common components.
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Observe now that for every effective Cartier divisor E’ < E we have
f«(B®0Ox(—E") >~ f.B. (2.6)

Indeed, it is enough to have this for E itself; but this is the base locus of B relative
to f, so by construction we have

f*fuB— B®0x(—E) — B,

and so the isomorphism follows by pushing forward to get the commutative diagram

id
f*B — f*(B®©X(_E)) — f*B.

Define now

yl-:=a,-+u-s,- fori=1,...,1.

k

We claim that we can find for each i an integer b; such that
05)/,'—1?,'51 and 0<b; <s.

This is the same as y; — 1 < b; < y;, while on the other hand, y; < 1+s;, soitis
clear that such integers exist. We define

!
E':= ZbiDi + LEEJ =E,

and for this divisor (2.6) applies.

Step 3. Using (2.5), for any integer [ we can now write

B—E +If*L ~g KX+A+kk;1E—E’+kk;1D+f*(H+<Z—%-m)L).

We first note that the R-divisor

H/:=H—|—<l—k%1-m)L
on Y is ample provided / + ¢ — ((k — 1)/ k)m > 0. On the other hand, the effective
R-divisor with simple normal crossings support
r k=1, ., k=1
A ._A—i-—k E—F +—k D
on X is log-canonical. Indeed, the only coefficients that could cause trouble are
those of the D;. Note however that these are equal to y; — b;, which are between 0
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and 1 by our choice of b;. Putting everything together, it means that on X (which
1s now smooth) we have written

B—E' +If'L~gr Kx+A'+ f*H’,

where A’ is log-canonical with simple normal crossings support, and H' is ample
on Y. The pushforward of the left-hand side is f, B ® L®!, while for the right-hand
side we can now apply Theorem 2.3 to conclude that

H (Y, f,BQL®)=0 fora11i>0andl>’%1-m—t. (2.7)
We therefore have that for every [ > ((k — 1)/k)m — t + n the sheaf f,B ® L® s
O-regular, hence globally generated. Given our minimal choice of m, we conclude
that for the smallest integer /o which is greater than ((k — 1)/k)m — ¢t we have

m < lp+ n. This implies

milo+n§k%l-m+n+l—t,

which is equivalent to m < k(n + 1 —¢), and in particular the vanishing in (2.7)
holds for

I>Gk—Dn+1—1)—t+1. O

Note that the inequality m < k(n + 1 —t) obtained above implies the statement
of Variant 1.6. Just as with the statement of Theorem 1.7 compared to that of
the Ambro—Fujino Theorem 2.3, one notes that, even for k = 1, Variant 1.6 is
slightly more general than the case i = 0 in Lemma 2.4. This is not surprising,
but particular to zeroth direct images, as after passing to a log-resolution of the
log-canonical pair there is no need to appeal to local vanishing for higher direct
images; the Ambro—Fujino theorem and the lemma cannot be stated in this form in
the case i > 0.

Special cases. We spell out the most important special cases of Theorem 1.7. They
are obtained by taking H = L in the statement of Theorem 1.7, so that r = 1.

Corollary 2.8. Let f : X — Y be a morphism of projective varieties, with X normal
and Y of dimension n. Consider a log-canonical pair (X, A) and an integer k > 0
such that k(K x + A) is Cartier. If L is an ample and globally generated line bundle
onY, then

H (Y, f.0xk(Kx +A)QL®)Y=0 forall i >0andl>k(n+1)—n.

In particular, we have an extension of (2.1) to direct images, and of Proposition 1.2
for i =0 to arbitrary k:
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Corollary 2.9. Let f: X — Y be a morphism of projective varieties, with X smooth
and Y of dimension n. If L is an ample and globally generated line bundle on Y ,
and k > 0 is an integer, then

H (Y, f,o ® L®)Y=0 forall i >0andl>k(n+1)—n.

Remark. Note that if we perform the proof of Theorem 1.7 only in the “classical”
case considered in Corollary 2.9, the second step is unnecessary since A = 0,
while A’ in the third step is klt. This means that one does not need to appeal to the
Ambro—Fujino vanishing theorem, but rather to the klt version of Theorem 2.2, still
due to Kollar; see for instance [Kollar 1995, Theorem 10.19].

The regularity statement in the introduction is an immediate consequence.

Proof of Theorem 1.4. We note that k(n + 1) = k(n + 1) — n 4+ n, and apply the
vanishing statement in Corollary 2.9 by successively subtracting n powers of L. [

A rephrasing of Theorem 1.4 is a useful uniform global generation statement
involving powers of relative canonical bundles.

Corollary 2.10. Let f : X — Y be a morphism of smooth projective varieties,
with Y of dimension n. If L is an ample and globally generated line bundle on Y,
k > 1 an integer, and A == wy @ L®"*!, then

f*CUX/Y X A®k

is globally generated.

Question. The arguments leading to Corollary 2.9, and more generally Theorem 1.7
and its applications, do not extend to higher direct images. It is natural to ask,
however, whether the statements do hold for all R’ f*a)g?k and analogues, just as
Theorem 2.2 and Theorem 2.3 do.

Example: the main conjecture over curves. We record one case when the main
Fujita-type Conjecture 1.3 can be shown to hold, namely when the base of the
morphism has dimension one. This is not hard to check, but it uses important
special facts about vector bundles on curves.

Proposition 2.11. Let f : X — C be a morphism of smooth projective varieties,
with C a curve, and let L be an ample line bundle on C. Then, for every k > 1, the
vector bundle

froZt @ L

is globally generated for m > 2k.
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Proof. First, note that the sheaf in question is locally free (since C is a curve). We
can rewrite it as

f*a) ® L®™ ’Vf*a)X/C@a) ke Lem.

Now Theorem 1 of [Kawamata 2002] says that f*a)ﬁ?lfc is a semipositive vector
bundle on C, while

deg 0@ @ L®" > k(2g —2) +mdeg L > 2g,

with g the genus of C, as deg L > 0. The statement then follows from the following
general result. ([

Lemma 2.12. Let E be a semipositive vector bundle and L a line bundle of degree
at least 2g on a smooth projective curve C of genus g. Then E ® L is globally
generated.

Proof. 1t is enough to show that, for every p € C, one has
H'(C,E®L®0c(—p)) =0
or equivalently, by Serre duality, that there are no nontrivial homomorphisms
E— oc®0c(p)@L".

But the semipositivity of £ means precisely that it cannot have any quotient line
bundle of negative degree. ([

Remark. For curves of genus at least 1, the argument in Proposition 2.11 shows,
in fact, that f* ® L®? is always globally generated.

Relative Fujita conjecture and vanishing for ample line bundles. 1t is worth ob-
serving that it suffices to know Conjecture 1.3 and its variants for k = 1 in order to
obtain vanishing theorems for twists by line bundles that are assumed to be just
ample, and not necessarily globally generated. For simplicity we spell out only the
case of pluricanonical bundles, i.e., the analogue of Corollary 2.9.

Proposition 2.13. Assume that Conjecture 1.3 holds for k = 1.> Then for any
morphism f : X — Y of smooth projective varieties with Y of dimension n, any
ample line bundle L on Y, and any integer k > 2, one has

H (Y, f,o ® L®)Y =0 forall i >0andl>k(n+1)—n.

3Or, more precisely, its klt version: if Y is smooth of dimension n, L is ample on Y, and (X, A)
is a klt pair such that B = Ky + A + «f *L is Cartier for some « € R, then fxB ® L® is globally
generated for any [ + o > n + 1.
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Proof. This is a corollary of the proof of Corollary 2.9. Indeed, the only time
we used that L is globally generated and not just ample was to deduce the global
generation of a sheaf of the form f,B ® L® from its O-regularity with respect
to L, where B is Q-linearly equivalent to something of the form Kx + A +«f*L
with (X, A) kit and o € Q; see also the remark on page 2282. The kit version of
Conjecture 1.3 for k = 1 would then serve as a replacement. ([

A natural version of Conjecture 1.3 can be stated in the log-canonical case,*

with the same effect regarding the result of Theorem 1.7, but this would take us far
beyond what is currently known.

3. Vanishing and freeness for direct images of pluriadjoint bundles

We now switch our attention to direct images of powers of line bundles of the
form wxy ® M, where M is a nef and relatively big line bundle. Recall first that
Proposition 1.2 has the following analogue:

Proposition 3.1. Let f : X — Y be a fibration between projective varieties, with X
smooth and Y of dimension n. Consider a nef and f-big line bundle M on X, and
(X, A) a klt pair with A an R-divisor with simple normal crossings support. If B is
a line bundle on X such that B ~r Kx + M + A+ f*H for some ample R-Cartier
R-divisor H on Y, then

H(Y, f.B)=0 forall i >0.
In particular, if L is an ample and globally generated line bundle on Y, then
f+B®L®"

is O-regular, and therefore globally generated.

Proof. We include the well-known proof for completeness, as it is usually given in
the case A =0 (see, e.g., [Horing 2010, Lemma 3.28]). Note first that M + f*H
continues to be a nef and f-big R-divisor on X. The local version of the Kawamata—
Viehweg vanishing theorem (see [Lazarsfeld 2004b, Remarks 9.1.22 and 9.1.23])
applies then to give

R f.B=0 forall i>O0.

We conclude that it is enough to show
H (X,B)=0 forall i>0.

This will follow from the global R-version of Kawamata—Viehweg vanishing as
soon as we show that M + f*H is in fact a big divisor. Since it is nef, it suffices

“In the absolute case, an Angehrn—Siu type statement has been obtained by Kollar [1997, Theorem
5.8] in the kit case, and further extended by Fujino [2010, Theorem 1.1] to the log-canonical setting.
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to check that (M + f*H)™ > 0, where m = dim X. Now (M + f*H)™ is a linear
combination with positive coefficients of terms of the form

MS . f*Hm—s
which are all nonnegative. Moreover, since M is f-big, the term M™~" - f*H" is
strictly positive, which gives the conclusion. U

We now prove an analogue of Corollary 2.9 in this context. Just as with
Theorem 1.4, Variant 1.5 is its immediate consequence.

Theorem 3.2. Let f : X — Y be a fibration between projective varieties, with X
smooth and Y of dimension n. Let M be a nef and f-big line bundle on X. If L is
an ample and globally generated line bundle on Y, and k > 1 an integer, then

H (Y, fllox @M QL®)Y=0 forall i >0andl>k(n+1)—n.

Proof. The strategy is similar to that of the proof of Theorem 1.7, so we will be brief
in some of the steps. We consider the minimal m > 0 such that f,(wx @ M)®*@ L®"
is globally generated. Using the adjunction morphism

[* felox @ M)® — (0x ® M)®F,
after possibly blowing up, we can write
(0x @ M)®* @ f*LE" = Ox(D + E),

with D smooth and D + E a divisor with simple normal crossings support. In

divisor notation, we obtain
1 1 m
Kx+M @kD-i—kE kf L. 3.3)

For any integer / > 0, using (3.3) we can then write the equivalence

k(Kx + M) — L"k;lEJ FIFL

= Ky 4+ M+ (k—1)(Kx+M)— LEEJ L

k
~@KX+M+A+(1—%-m>f*L,

where

k—1 k—1 k—1
A= kD+kE_LkEJ

is a boundary divisor with simple normal crossings support. Since E is the base
divisor of (wy ® M)®F relative to f, just as in the proof of Theorem 1.7 it follows
that

£.0x (k(KX +M)— V‘k;lEJ n lf*L) ~ fu(wx @ M) @ L



2286 Mihnea Popa and Christian Schnell

On the other hand, on the right-hand side we can apply Proposition 3.1, to deduce that

H (Y, fllox ® M)®*QL®)=0 forall i>0and!/> kk;lm

We conclude that f,(wx @ M)®*® L% is globally generated for I > ((k—1)/k)m+n.
Since m was chosen minimal, we conclude as in Theorem 1.7 that m < k(n + 1),
and that vanishing holds for all [ > k(n + 1) —n. U

Remark. Fujita’s conjecture and all similar statements have more refined numerical
versions, replacing L®"*! by any ample line bundle A such that AY™Y .V >
(dim V)4™V for any subvariety V C X. Similarly, the analogues of Conjecture 1.3
and Proposition 2.13 make sense replacing wy by wx ® M as well.

4. Effective weak positivity, and additivity of adjoint litaka dimension

Recall the following fundamental definition (see, e.g., [Viehweg 1983, §1]):

Definition 4.1. A torsion-free coherent sheaf & on a projective variety X is weakly
positive on a nonempty open set U C X if for every ample line bundle A on X
and every a € N, the sheaf SI*’!F @ A®” is generated by global sections at each
point of U for b sufficiently large. (Here S'P!% denotes the reflexive hull of the
symmetric power S”%.) As noted in [Viehweg 1983, Remark 1.3], it is not hard to
see that it is enough to check this definition for a fixed line bundle A.

Kollar [1986, §3] introduced an approach to proving the weak positivity of
sheaves of the form fiwyx,y based on his vanishing theorem for fiwy, which in
particular gives effective statements. Here we first provide a complement to Kollar’s
result, using Theorem 1.4, in order to make this approach work for all f*w%‘y with
k > 1. Concretely, below is the analogue of [Kollar 1986, Theorem 3.5(1)]; the
proof is very similar, and we only sketch it for convenience.

Theorem 4.2. Let f : X — Y be a surjective morphism of smooth projective
varieties, with generically reduced fibers in codimension one.> Let L be an ample
and globally generated line bundle on Y, and A = wy ® L®"*! where n = dimY.
Then for every s > 1, the sheaf

fe@3h )P @ A%

is globally generated over a fixed open set U containing the smooth locus of f; here
fx (a)g?]; Y)[&"] denotes the reflexive hull of fy (w;cgl/cy)@ .

3This means that there exists a closed subset Z C Y of codimension at least two such that over
Y — Z the fibers of f are generically reduced. This condition is realized for instance if there is such a
Z such that over Y — Z the branch locus of f is smooth, and its preimage is a simple normal crossings
divisor; see [Kollar 1986, Lemma 3.4].
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Proof. As in [Viehweg 1983, §3] and in the proof of [Kolldr 1986, Theorem 3.5],
based on Viehweg’s fiber product construction one can show that there is an open
set U C Y, whose complement Y — U has codimension at least two, over which
there exists a morphism

k k
Q: f*(S)(wg(s)/Y) — f*(w?g/y)[@ﬂ

which is an isomorphism over the smooth locus of f. Here u : X®) — X* is a
desingularization of the unique irreducible component X* of the s-fold fiber product
of X over Y which dominates Y; we have natural morphisms f*: X* — Y and
f® = fSou:X® — Y. The reason one can do this for any k > 1 is this: the
hypothesis on the morphism implies that X* is normal and Gorenstein over such
a U (contained in the flat locus of f) with complement of small codimension; see
also [Horing 2010, Lemma 3.12]. In particular, for every k > 1 there is a morphism

. ®k ®k
r: /’L*wx(s)/y — wXS/Y
which induces ¢.
Now, without changing the notation, we can pass to a compactification of X,
and the morphism ¢ extends to a morphism of sheaves on Y, since it is defined in
codimension one and the sheaf on the right is reflexive. Corollary 2.10 says that

f*(s‘) (C()®k

Xm/y) ® A®k

is globally generated for all s and k, which implies that
f*(wgfy)[@m] ® A®K
is generated by global sections over the locus where ¢ is an isomorphism. U

Corollary 4.3 [Viehweg 1983, Theorem III]. If f : X — Y is a surjective morphism
of smooth projective varieties, then f*w()g(’l/‘ y 1S weakly positive for every k > 1.

This follows in standard fashion from Theorem 4.2, by passing to semistable
reduction along the lines of [Viehweg 1983, Lemma 3.2 and Proposition 6.1]. This
was already noted by Kollar [1986, Corollary 3.7 and the preceding comments] in
the case k = 1. As mentioned above, the theorem has the advantage of producing an
effective bound, at least for sufficiently nice morphisms. We note also that Fujino
[2014a] has used the argument above in order to deduce results on the semipositivity
of direct images of pluricanonical bundles.

We now switch our attention to the context of direct images of adjoint line bundles
of the form wxy ® M, where M is anef and f-big line bundle for a fibration f: X — Y.
Given Theorem 3.2, we are now able to use the cohomological approach to weak
positivity for higher powers of adjoint bundles as well. Concretely, Theorem 1.8
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again follows via Viehweg’s semistable reduction methods from the following
analogue of the effective Theorem 4.2.

Theorem 4.4. Let f : X — Y be a fibration between smooth projective varieties,
with generically reduced fibers in codimension one. Let M be a nef and f-big
line bundle on X, L an ample and globally generated line bundle on Y, and
A=wy®L®* N withn =dimY. Then

fel(wx/y @ M)®*)[®1 @ A

is globally generated over a fixed nonempty open set U for any s > 1.

Proof. Using the notation in the proof of Theorem 4.2, over the same open subset
U C Y with complement of codimension at least two, one has a morphism which is
generically an isomorphism:

01 [ (@xoy @ M) — fi(wx)y ® M), 4.5)
Here M is the line bundle on the desingularization X*) defined inductively as
M® = piM @ psM©Y,

with p; and ps the projections of X to X and X“~1, respectively. The morphism
in (4.5) is obtained as a consequence of flatness and the projection formula; an
excellent detailed discussion of the case k = 1, as well as of this whole circle of ideas,
can be found in [Horing 2010, §3.D], in particular Lemma 3.15 and Lemma 3.24.
The case k > 1 follows completely analogously, given the morphism # in the proof
of Theorem 4.2.

Finally, Variant 1.5 immediately gives the analogue of Corollary 2.10 for twists
by nef and relatively big line bundles, implying that £\ ((wy Jy @ M)k @ A%k
is globally generated for all s and k. Combined with the reflexivity of the right-hand
side, this leads to the desired conclusion. O

We conclude by noting that Corollary 4.3 has a natural extension to the setting
of log-canonical pairs; see [Campana 2004, §4], and also [Fujino 2014b, §6]. It is
an interesting and delicate problem to obtain an analogue of Theorem 4.2 in this
setting as well.

Subadditivity of Iitaka dimension for adjoint bundles. Theorem 1.8 allows us to
make use of an argument developed by Viehweg in order to provide the analogue in
the adjoint setting of [Viehweg 1983, Corollary IV] on the subadditivity of Kodaira
dimension for fibrations with base of general type.

Proof of Theorem 1.9. Note that the < inequalities are consequences of the easy
addition formula; see [Mori 1987, Corollary 1.7]. The proof of the reverse inequali-
ties closely follows the ideas of Viehweg [1983] based on the use of weak positivity,
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as streamlined by Mori with the use of a result of Fujita; we include it below for
completeness. Namely, we will apply the following lemma (but not directly for the
line bundles on the left-hand side in (i) and (ii)).

Lemma 4.6 [Fujita 1977, Proposition 1; Mori 1987, Lemma 1.14]. Let f : X - Y
be a fibration with general fiber F, and N a line bundle on X. Then there exists a
big line bundle L on Y and an integer m > 0 with f*L < N®™ if and only if

k(N)=k(Np)+dimY.

To make use of this, note first that, according to [Viehweg 1983, Lemma 7.3],
there exists a smooth birational modification 7 : ¥/ — Y and a resolution X’ of
X xy Y’ giving a commutative diagram

X —5 X
]
Y ——Y
with the property that every effective divisor B on X’ that is exceptional for f” lies
in the exceptional locus of t’. Note that in this case r;a);‘?,k (kB) ~ a)?k for every
k > 0. Also, T"*M is still nef and f’-big.
Fix now an ample line bundle L on Y, and consider the big line bundle L' = t*L

on Y’. By Theorem 1.8 we have that for any k > 0 (which we can assume to be
such that f(wyx/y' ® T/ M)®* 3 0) there exists b > 0 such that

S Ly @ M @ L'

is generically globally generated. On the other hand, there exists an effective
divisor B on X', exceptional for f’, such that the reflexive hull of

fllwx )y @t M)®P
is equal to
fllwxy (B) @t M)®P

for every p < kb. Using the nontrivial map induced by multiplication of sections
on the fibers, we obtain that

* 2 b
flloxy(B)Y@T" M o L’
has a nonzero section, and hence we obtain an inclusion

f/*L/®h s (CI)X’/Y’(B) ® T/*M)®2kb ® f/*L/®2b
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According to Lemma 4.6, we obtain that

k((@xy(B)@T" M ® L) = k(wp & (" M) p) +dim Y’
=k(wr @®Mp)+dimY,

where F’ is the general fiber of f’.

To deduce (i), note that, as we have observed that t;a);‘?,k (kB) ~ w%k, we have

o ((0xyr (BT M)® @ f7L) = (wx)y @ M)® @ f*L.

To deduce (ii), since Y’ is of general type, recall that by Kodaira’s lemma there
exists an inclusion L’ <> w?,r for some r > 0. This implies that

K(wx @ M) =k (wx(B) @t M) = k((wxy(B) @t M)® @ f"L’),

which is equal to x (wr ® Mp) + dim Y by the above. O

5. Generic vanishing for direct images of pluricanonical bundles

We concentrate now on the case of morphisms f : X — A, where X is a smooth
projective variety and A is an abelian variety. We denote by P the normalized
Poincaré bundle on the product A x Pic’(A), and by P, its restriction to the slice
A x {a}; this is of course just a different name for the point o € Pic’(A).

Definition 5.1 [Pareschi and Popa 201 1a, Definition 3.1]. A coherent sheaf % on X
is called a GV-sheaf (with respect to the given morphism f) if it satisfies

codim{x € Pic’(A) | HX(X, F Q@ f*P,) #0} > k
for every k > 0.

If f is generically finite, then by a special case of the generic vanishing theorem
of Green and Lazarsfeld [1987], wyx is a GV-sheaf. This was generalized by Hacon
[2004] to the effect that for an arbitrary f the higher direct images R’ f,wx are
GV-sheaves on A for all i. On the other hand, there exist simple examples showing
that even when f is generically finite, the powers a)??k with k > 2 are not necessarily
GV-sheaves; see [Pareschi and Popa 2011a, Example 5.6]. Therefore Theorem 1.10
in the introduction is a quite surprising application of the methods in this paper.

Proof of Theorem 1.10. Let M be a very high power of an ample line bundle on A,
and let ¢y : A — A be the isogeny induced by M. According to a criterion of
Hacon [2004, Corollary 3.1], the assertion will be proved if we manage to show
that

H (A, ¢}y fro$*@M)=0 foralli> 0.
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Equivalently, we need to show that
H'(A, g5 @ M)=0 foralli>0,

where g : X| — A is the base change of f : X — A via ¢p. We can, however,
perform another base change 1 : A — A by a multiplication map of large degree,
such that u*M ~ L® where L is an ample line bundle, which we can also assume
to be globally generated, and d is arbitrarily large. The situation is summarized in

the diagram
X
|
A

o

%
=

(%7

=)
=

It is then enough to show that
H'(A, hyo3 @ L) =0 foralli> 0.

Note that we cannot apply Serre vanishing here, as all of our constructions depend
on the original choice of M. However, we can conclude if we know that there
exists a bound d = d(n, k), i.e., depending only on n = dim A and k, such that the
vanishing in question holds for any morphism 4.

At this stage we can of course apply Corollary 2.9, which allows us to take
d > k(n+ 1) —n. We stress, however, that as long as we know that such a uniform
bound for d exists, for this argument its precise shape does not matter. We therefore
choose to present below a weaker but more elementary result that does not need
vanishing theorems for Q-divisors, making the argument self-contained.

Indeed, Proposition 5.2 below shows that there exists a morphism ¢ : Z — A
with Z smooth projective, and m < n + k, such that h*a)X ® L®™*=D ig a direct
summand in ¢,wz. Applying Kollar vanishing (Theorem 2.2), we deduce that

H' (A hof@L®) =0 foralli>0andalld> (n+k)(k—1)+1,

which suffices to conclude the proof. ([l

Proposition 5.2. Let f : X — Y be a morphism of projective varieties, with X
smooth and Y of dimension n. Let L be an ample and globally generated line bundle
onY,and k > 1 an integer. Then there exists a smooth projective variety Z with a
morphism ¢ : Z — Y, and an integer 0 <m < n + k, such that f*a)?k ® L®mk=1)
is a direct summand in g,wyz.

Proof. This is closer in spirit to the arguments towards weak positivity used in
[Viehweg 1983, §5]. Note first that f*wgk ® L®Pk is globally generated for some
sufficiently large p. Denote by m the minimal p > 0 for which this is satisfied.



2292 Mihnea Popa and Christian Schnell

We are going to use a branched covering construction to show that m < n + k.
First, consider the adjunction morphism

f*f*a)ﬁk — a)?k.

After blowing up on X, if necessary, we can assume that the image sheaf is of the
form w?k ®0x (—E) for a divisor E with normal crossing support. As f*a)gk QLMK
is globally generated, we have that the line bundle

o @ f*LE" @ Ox(—E)

is globally generated as well. It is therefore isomorphic to Ox (D), where D is an
irreducible smooth divisor, not contained in the support of E, such that D + FE still
has normal crossings. We have arranged that

(wx ® f*L®®* ~0x (D + E),

and so we can take the associated covering of X branched along D + E and resolve
its singularities. This gives us a generically finite morphism g : Z — X of degree &,
and wedenote o = fog:Z — Y.

Now by a well-known calculation of Esnault and Viehweg [Viehweg 1983,
Lemma 2.3], the direct image g.wz contains the sheaf

oxs @xe 1o oy (-| S0+ )

as a direct summand. If we now apply f,, we find that

s oo 5e e e

is a direct summand of ¢,wz. At this point we observe, as in the proof of
Theorem 1.7, that, since E is the relative base locus of a)f?k , we have

(o8t 00|55 ) = o

In other words, fiw$* ® L&"*=D is a direct summand in g,wz. Applying
Proposition 1.2, we deduce in turn that f,w$* ® L& *=D+1+1 jg globally generated.
By our minimal choice of m, this is only possible if

mk—1)+n+1>@m—-Dk+1,
which is equivalent to m < n + k. O

Remark. With slightly more clever choices, the integer m in Proposition 5.2 can
be chosen to satisfy m < n + 2, but the effective vanishing consequence is still
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weaker than that obtained in Corollary 2.9. Note also that one can show analogous
results in the case of log-canonical pairs and of adjoint bundles, with only small
additional technicalities.

Going back to the case when the base is an abelian variety, once we know generic
vanishing the situation is in fact much better than what we obtained for morphisms
to arbitrary varieties.

Corollary 54. If f : X — A is a morphism from a smooth projective variety to an
abelian variety, for every ample line bundle L on A and every k > 1 one has:

@) f*a)ﬁ?k is a nef sheaf on A.
(i) H'(A, frog* ® L) =0 foralli > 0.
(iii) f*a)ﬁ?k ® L®? is globally generated.

Proof. For (i), note that every GV-sheaf is nef by [Pareschi and Popa 2011b,
Theorem 4.1]. Part (ii) follows from the more general fact that the tensor product of
a GV-sheaf with an ITj locally free sheaf is ITy; see [ibid., Proposition 3.1]. Finally,
(iii) follows from [Pareschi and Popa 2003, Theorem 2.4], as by (ii) f*a)ﬁk ® L is
an M-regular sheaf on A. ([

Question. It is again natural to ask whether, given a morphism f : X — A, the
higher direct images R’ f*wg?k are GV-sheaves for all ;.

The exact same method, with appropriate technical modifications, gives the
following analogues for log-canonical pairs and pluriadjoint bundles, either based
on Corollary 2.8 and Theorem 3.2, or on the analogues of Proposition 5.2; we will
not repeat the argument.

Variant 5.5. Let f : X — A be a morphism from a normal projective variety to an
abelian variety. If (X, A) is a log-canonical pair and k > 1 is any integer such that
k(Kx + A) is Cartier, then f,Ox(k(Kx + A)) is a GV -sheaf for every k > 1.

Variant 5.6. Let f : X — A be a fibration between a smooth projective variety and
an abelian variety, and M a nef and f-big line bundle on X. Then f,(wx @ M)®k
is a GV-sheaf for every k > 1.
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