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YAMABE FLOW WITH PRESCRIBED SCALAR CURVATURE

INAS AMACHA AND RACHID REGBAOUI

We study the Yamabe flow corresponding to the prescribed scalar curvature
problem on compact Riemannian manifolds with negative scalar curvature.
The long time existence and convergence of the flow are proved under appro-
priate conditions on the prescribed scalar curvature function.

1. Introduction

The prescribed scalar curvature problem on a compact Riemannian manifold (M, go)
of dimension n > 3, consists of finding a conformal metric g to gog whose scalar
curvature R, is equal to a given function f € C*°(M). If we set g = ut/ =g,
where 0 < u € C*°(M), then we have

R, = LF% (—cpAu+ Rou),

where A is the Laplace operator associated with g, Ry is the scalar curvature of
goand ¢, = 4;%.
Then the prescribed scalar curvature problem,

R, = f,

is equivalent to solving the nonlinear PDE
(1-1) ey A+ Rou = furs

on the space of smooth positive functions on M. The solvability of this equation
depends on R( and the prescribed function f. When f is constant, (1-1) becomes
the famous Yamabe equation whose resolution has been a challenging problem in
geometric analysis for a long time. See [Aubin 1976; Hebey and Vaugon 1993;
Lee and Parker 1987; Schoen 1984; 1991] for more details on the Yamabe problem,
and [Ambrosetti and Malchiodi 1999; Bismuth 2000; Escobar and Schoen 1986;
Kazdan and Warner 1975; Rauzy 1995; Vazquez and Véron 1991], concerning the
prescribed scalar curvature problem.

By changing go conformally if necessary, we may always assume that R satisfies
one of the conditions, Ry >0, Ry=0 or Ry < 0 everywhere on M. Equation (1-1)

MSC2010: 35K55, 53A30, 58]35.
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has a variational structure since there are different functionals whose Euler—Lagrange
equations are equivalent to (1-1). When Ry < 0, the following functional seems
more appropriate to handle the prescribed scalar curvature problem:

n

(1-2) £(g) =/ RedV, — ”_2f fdvy,
M M

where g = u*/"=2) gy belongs to the conformal class [go] of go, R, is the scalar

curvature of g and dV, = u*/"=2dV,, is the volume element of g.

Simple computations ([Besse 1987]) show the Lz-gradient of £1is %(Rg - e,
and then, after changing time by a constant scale, the associated negative gradient
flow equation is

0,g=—(R, — ,
(13 { 8 =—(R = g
8(0) =g",

where g =u go is a given metric in the conformal class of go.

Since (1-3) preserves the conformal structure of M, then any smooth solution
of (1-3) is of the form g (1) = u(t)*/ "= gy, where 0 < u () € C*°(M). For simplicity
we have used the notation u(t) :=u(t, - ), t € I for any function u defined on I x M,
where I is a subset of R. In terms of u(¢), the flow (1-3) may be written in the
equivalent form:

4/(n=2)
0

(1-4) {atuN = "2 (¢, Au— Rou + fu),

u(0) =uy e C*®°(M), uy >0,

n+2
n—2"
Our aim in this paper is to investigate this gradient flow by proving its longtime

existence and analysing its asymptotic behaviour when ¢ — +o00.
Our first result is the following existence theorem:

Theorem 1.1. Suppose that Ry < 0 and let f € C®(M). Then for any g° =
ug/("d)go with 0 < ug € C® (M), there exists a unique solution g(t) = u(t)4/("*2)g0
of (1-3) defined on [0, +00), where 0 < u € C*®([0, +00) x M). Moreover, the
functional £ is decreasing along the solution g(t), that is,

where N =

Do) <0 forallt €0, +00).

We note here that apart from the smoothness of f, no further assumptions on the
function f are needed in Theorem 1.1. However, for the longtime behaviour, it is
necessary to assume additional conditions in order to get the convergence of the
flow. Indeed, if f > 0, by applying the maximum principle to (1-4), we can easily
check that

u(r) = (min uy/ "2

n—2
)+mA/iIn|R0|t) ¥ > 400 ast — +oo.

So if we want to get the convergence of the flow, it is necessary to assume at least
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that f is negative somewhere on M. We note that this last condition is also necessary
for the resolution of (1-1) since it is well known that if the negative gradient flow
associated with a functional F converges (in some sense), then its limit is a critical
point of F.

Before giving conditions on f ensuring the convergence of the flow, let us fix
some notation: if & C M is an open set, we denote by A the first eigenvalue of the

conformal Laplacian L = —c, A+ Rg on 2 with zero Dirichlet boundary conditions,
that is,
cn|Vul? + Rou?) dV,
)\QZ inf fM( nl | : 0 ) go'
0#ueH! (Q) [y u?dVy,

We then assume the following conditions on f:
There exists an open set 2 C M such that

(H1) Ag>0and f<Oon M\Q
and

H2 su x)<Cgq inf x)],
(H2) sup f (1) < Co_inf 1 ()

where Cgq is a positive constant depending only on 2.
We then have the following result:

Theorem 1.2. Suppose that Ry < 0 and that f € C*° (M) satisfies conditions (H1)
and (H2). Then there exists a function 0 < u € C*°(M) such that for any smooth
metric g° = ug/(n_z)go with 0 < ug < i, the flow g(t) = u(t)*"=? gq given by
Theorem 1.1 converges in the C*°-topology to a conformal metric goo = uié(n_z)

whose scalar curvature is f, that is, R, = f.

A particular interesting case is when the function f satisfies f(x) <0 for almost
all x € M. In this case conditions (H1) and (H2) are automatically satisfied and
then we have the following corollary:

Corollary 1.3. Suppose that Ry < 0 and f € C®°(M) such that f < 0 almost
everywhere on M. Then there exists a function 0 < u € C*°(M) such that for
3/(n_2)go with 0 < ug < it, the flow g(t) = u(t)* " ?g,

given by Theorem 1.1 converges in the C*°-topology to a conformal metric g~ =
4/(1-2)
Uco

any smooth metric g% = u

go whose scalar curvature is f, that is, R, = f.

It is natural to ask if conditions (H1) and (H2) in Theorem 1.2 are necessary.
The following theorem gives a partial answer to this question:

Theorem 1.4. Suppose that Ry < 0 and let f € C*°(M) such that condition (H1)
is not satisfied, that is, for any open set Q@ C M such that f > 0 on M \ Q, we
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suppose Lo < 0. Then for any 0 < ug € C*(M), the solution u(t) of (1-4) satisfies,
for some constant C > 0 depending only on uy, go, f,

n=2
max u(t,x) > Ctr2 — +00 ast — +0o0.
xeM

We note here that condition (H1) is conformally invariant. Similar conditions to
(H1) and (H2) were found by many authors to solve (1-1) by the direct method of
elliptic PDEs; see [Bismuth 2000; Rauzy 1995; Vazquez and Véron 1991] for more
details. To our knowledge, the only known results on Yamabe type flow on dimen-
sion n > 3 concern the case where f is constant or M = S". The Yamabe flow was
first introduced by Hamilton [1988] and has been the subject of several studies; see
[Brendle 2005; 2007; Chow 1992; Schwetlick and Struwe 2003; Ye 1994]. For the
case when f is nonconstant, we mention the work of Struwe [2005] about the Niren-
berg’s problem on the sphere S and the results of Chen and Xu [2012] concerning
S§", n > 3. A general evolution problem related to the prescribed Gauss curvature
on surfaces was studied by Baird, Fardoun and Regbaoui [Baird et al. 2004].

The paper is organized as follows. In Section 2 we prove the global existence of
the flow by establishing local C*-estimates on the solution u of (1-4). In Section 3,
we study the asymptotic behaviour of the flow when t — +o00. In particular we prove
uniform CK-estimates on u which are necessary to get the convergence of the flow.

2. Global existence of the flow

In this section we shall establish some estimates on the solution u of (1-4) which will
be an important tool in proving that the flow g(¢) is globally defined on [0, +00).
In this section we suppose that Ry < 0 and f € C*(M).

As already mentioned in the previous section, (1-3) is equivalent to (1-4), so it
suffices to prove the existence of a solution u(¢) of (1-4) defined on [0, +00) to
obtain a metric g(¢) solution of (1-3) defined on [0, +00). Since (1-4) is a parabolic
equation (on the set of smooth positive functions on [0, T) x M, for any T > 0),
there exists a smooth solution u(¢) of (1-4) defined on a maximal interval [0, T*)
satisfying u(¢t) > 0 on [0, T*). Thus we have a solution g(¢) = u*/ =2 g of (1-3)
defined on a maximal interval [0, T*). For simplicity, we shall write u instead
of u(t) and g instead of g(r).

Now, we derive some properties of g which will be important later. One can
check by using (1-4) that the scalar curvature R, satisfies the equation

@1) 0 Ry = (n— D) Ag(Ry — )+ Re(Ry — ),
where A, is the Laplacian associated with g(z).
A simple computation using (2-1) gives

n—2

2

) se@=-"" [ ®—prav,
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so the functional £ is decreasing along the flow g(¢). If we set

E() :=£(g) = E(ur2go) = / (c,,|w|2 + Rou® — ”;zfu%) V.
M
then (2-2) can be written in terms of u:
d 8 2 4
(2-3) EE(I/{):—E /[;4|atbt| un-2 dVgo SO
The following lemma will be very useful to prove integral estimates on the

solution g.

Lemma 2.1. We have for any p > 1,
d 4n—1)(p—1) Lo,
E/M|Rg—f|l’dvg=—+ | IVlRe—f12 [V,

n
+(p—§)/M<Rg—f>|Rg—f|f’dvg+p/Mfle—fV’dv,
where V, is the gradient with respect to the metric g and | - |, is the Riemannian
norm with respect to g.

Proof. We have for any p > 1

d _

E/ |R,—f1PdV, :p/ |R,—f1” 2(Rg—f)8thdVg+%f Ry tre(d,8)dVy.
M M M

Using (1-3) and (2-1), it follows that

d _ FIP

G [ 1R p1rav,

— (- 1)p /M|Rg PRy — F)Bg(Rg — 1)
n

4 p/ Rg|Rg—f|P—2f Ry fI”(Ry — f)dV,
M M

4n—1)(p—1) .
=D [ iR, - £ RV,
p M

+(r=5) [ ®Re=pIR= 0 aVit p [ fiRe= P ave. O
M M

In order to prove that the solution g(r) = u(r)* "~ g is globally defined on
[0, +00), we need upper and lower bounds on u (7).

Proposition 2.2. Let g(t) = u(t)*"=? gy be the solution of (1-3) defined on a
maximal interval [0, T*). Then we have for any t € [0, T*),

(2-4) rnin(Co, min uo) <u(t) < max(l, max uo)eclt,
M M
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where

C, = nzz(mﬁx|Ro| +mA241x|f|).

n=2
7
)

Co = (min| Ro| /max]| £1)

Proof. The proof uses an elementary maximum principal argument. Indeed, fix
t €10, T) and let (t9, x¢) € [0, t] x M such that u(ty, xo) = min[o,,]xM u. If to =0,
min ¥ = min uo,

[0,/1x M M
so the first inequality in (2-4) is proved in this case. Now suppose that 7o > 0. We
have then 0,u(ty, xg) <0 and Au(ty, xo) > 0. Thus after substituting in (1-4) we
obtain that
0 > — Ro(xo)u(to, x0) + f (xo)u" (to, o)
which implies .
u(to, xo) > (HEH|R0|/mA?X|f|)ﬁ,

where N = "£2  This proves the first inequality in (2-4). In order to prove the second

n—=2"

inequality we set v = e~ 1"y instead of u, where C; = ﬁ(maleRm + maxy| f|).
As above, fixt € [0, T') and let (79, xo) € [0, #]x M such that v(to, xo) =maxo /xm V.
If #p = 0, then max|o sjx » v = maxy uo, which implies

Cit

max u < maxug e
[0,£]1x M M

so the second inequality in (2-4) is proved in this case. Now suppose that 7y > 0.
We have then 0;v (7, xg) > 0 and Av(zy, x9) < 0, that is, d,;u (g, x9) > Cru(tg, xg)
and Au(tg, xo) < 0. We obtain after substituting in (1-4) that

2
NCu® (10, %0) = "= (= Roo)uto, x0) + f (ro)u™ (f0, x0))
which implies that
(2-5) u(to, xo) <1
since NC| = "#(maxM|R0| + maxy| f|). It is clear that (2-5) implies that

max u < eCrt.

[0,1]x M
The proof of Proposition 2.2 is then complete. O
Now we prove integral estimates on R, which will imply estimates on 0, u:

Proposition 2.3. Let g(t) be the solution of (1.3) defined on a maximal interval
[0, T*). Then we have for any t € [0, T*),

(2-6) f Ry — f17 d Vi < CeC"
M

and C is a positive constant depending only on f, go, u.

2
where p = ﬁ
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Proof. In what follows C denotes a positive constant depending on f, go, ug, whose
value may change from line to line.
We have by Lemma 2.1 for any ¢ € [0, T*)

d 4n—1)(p—1 22
@1 4 [ 1R av,=-2=DE=D [ g R - g5 av,
M p M &

+(r=3) | Re=DIR= P aVer p [ fIR 70,
M M

where V, is the gradient with respect to the metric g and |- |, is the Riemannian
norm with respect to g. It follows from (2-7) that

d

2-8) —

4n—1)(p—1) P
/|Rg—f|f’dvg+—p/ IR, — 7122V,
M p M
<|p=3| [ 1R = f1rt1ave+C | IR~ f17av,.
2 M M
By (2-4) we have
22
(2-9) /|Vg|Rg_f|2|ngg
M
J2) 2 22
= [ (ViR = sE P avy = ¢ [ ViR g5 av,
M M
and
2n
(2-10) /|Rg—f|pdVg=/ IRy — f1Pui-2 dvgozc/ IRe — f1P dVy,.
M M M

By Sobolev’s inequality we have

pn_ n P
(/ |Rg_f|”_2dvgo) SC(/ |V|R8—f|2|2dvgo+/|Rg—f|pdVgo>
M M M

which, using (2-4), gives

n—2

pn_ n
(2-11) (/ |Rg — f|n—2 dVg)
M
P2
< ceC’(f |VIR, — £172]| dvg0+/ IRg—fll’dVgo).
M M
It follows from (2-8), (2-9) , (2-10) and (2-11) that

n—2

n

d P -1 _—Ct an
@12) g | [Re= fI7dVe+Cle | IR = f1772dV,

d1
< (p—%)/ |Rg—f|p+1dVg+C/ IR, — fI7dV,.
M M
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n

2
d
—/IRg—fI”dVgSC/IRg—fV’dV,
dt Jy I,

which implies that

By taking p = 5 in (2-12) we get

(2-13) / IR, — f12dV, < Ce“.
M

Now taking again p = % in (2-12) and integrating on [0, ¢],¢ € [0, T*), by
using (2-13) we obtain

! n? nn;2
(2-14) / ( / |Ry(s) — f120=2 dvg(s)) ds < Ce“".
0 M

We have by Holder’s inequality and Young’s inequality, for any ¢ > 0 and p > 7,

(2-15) f|Rg—f|P+ldvg
" n—2 2p—n+2

pn_ n __n 2p—n
58(/ |Rg—f|n—2dVg) +e& 21’_"(/ |Rg—f|pdVg) g
M M

If we combine (2-15) with (2-12) and taking e = (p — 5)~'C~'e™", we get

2;277n+2

d p=n

E/ |Rg—f|Pdvg§CeCf<f |Rg—f|pdVg> +c/ IR, — fI7 dVy,
M M M

that is,

2
2p—n
ilog(/ |Rg—f|Pdvg) 5c<eCf(/ |Rg—f|”dVg> ! +1)
dt 1, M

n?

In particular by choosing p = 2n=2)

obtain

o e
log(/ |Rg(ry— f 122 dvg(t)) < 10g</ |Rg0)— f 122 dVg(O))
M M
n=2

t n2 n
+Ce*! / ( / |R(s)— f|2<n—2>dVg(S)> ds+Ct
0 M

and integrating on [0, 7], ¢ € [0, T*), we

which by using (2-14) gives

112
10g</ |Rg(t) — f| 2(n-2) dVg(t)> < Cce'.
M

This proves Proposition 2.3. (]
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With the estimates of Proposition 2.2 we would like to apply the classical
Schauder estimates for parabolic equations. To this end we need C*-estimates:

Proposition 2.4. Let g(t) = u()¥ =2 8o be the solution of (1-3) defined on a
maximal interval [0, T*). Then we have for some a € (0, 1) and any T € [0, T*)

T
lullcoqro, T1xan) < CeCT,
where C is a positive constant depending only on uy, gy and f.

Proof. By using Propositions 2.2 and 2.3, the proof is identical to that of Proposi-
tion 2.6 in Brendle [2005]. ]

Proof of Theorem 1.1. Let g(t) = u()¥ =2 go be the solution of (1-3) defined on a
maximal interval [0, 7*). Assume by contradiction that 7* < 4+o00. Then by using
Propositions 2.2 and 2.4 we have
lullcoqo.r+)xmy < CeCT"  and min u > min(Co, min uo)
[0,T*)xM M
for some « € (0, 1), where C is a positive constant depending ug, f, go. The classical

theory of linear parabolic equations applied to (1-4) implies that u is bounded in
Ck([0, T*) x M) for any k € N, that is,

(2-16) lullckqo. %)< my < Crs

where Cy is a positive constant depending only on ug, go, f and k. It is clear
that (2-16) allows us to extend the solution beyond 7* contradicting thus the
maximality of T* We see from (2-2) that the functional £ is decreasing along the
flow. The proof of Theorem 1.1 is then complete. ([l

3. Long Time behaviour of the flow

In this section we study the asymptotic behaviour of the flow g(¢) when t — +o0.
First we prove the following proposition which gives a super solution of (1-1) when
conditions (H1) and (H2) are satisfied.

Proposition 3.1. Suppose that there exists an open set Q@ C M such that conditions
(H1) and (H2) are satisfied. Then there exists a conformal metric g = iu*/ "2 g,
0 <ueC®(M), satisfying

(3-1) Rz —f=0
or equivalently

(3-2) ey Aii 4 Roii — fiV =0, N = Zji
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Proof. By hypothesis, there is an open set 2 C M satisfying (H1) and (H2), that is,

(H1) Ag>0 and f<Oon M\Q
and

H2 inf

(H2) jlelgf(X) SCQXGIAI}\QM(X)"

where Cg, is a positive constant depending only on £2.
Let € > 0 and set

Qe={xeM:dx, Q) <e}.

For & > 0 sufficiently small we have from (H1) that Ag_ > 0, where Aq_ is the
first eigenvalue of the operator —c, A + Ro on 2, with zero Dirichlet boundary
conditions. Let D C M be an open set of smooth boundary such that @ C D C €.
Then we have Ap > Aq, > 0. Let ¢y an eigenfunction associated with A p, that is,

—cn Ao + Rowo = Apgo.

Then we have that gy € C*°(D) and using the maximum principle of elliptic
equations we have ¢y > 0 on D. By normalising if necessary, we may suppose that

(3-3) 0<¢@y<1 onD.

Let x € C°(D) suchthat 0 < y <1and x =1on Q. We define the function
i € C*(M) by setting
u=2=(xpo+1—x),

where § > 0 will be chosen later. By (3-3) and the definition of y it is easy to check

mo :=ilrvllf(x<po+ 1—-x)>0,
SO
(3-4) i > 8my.

Now let us prove that u satisfies (3-2). If we set

[\

_ _ _ _nt2
L) = —c,Au+ Rou — fun—2,

then (3-2) is equivalent to L£(u) > 0.
A simple computation shows that we have on € (using the fact that x = 1 on Q):

L(it) = rpdpo — [V gy =8po(hp — 8N folTh)
and by using (3-3) it follows that

(3-5) L(it) > 8go(rp — 8" sup f(x)).

xeQ
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It follows from (3-5) that if we want £(zz) > 0 on 2, we have to choose § > 0
satisfying
(3-6) N Lsup f(x) < Ap.

xeQ

Now we examine the sign of £(iz) on M\ 2. We have from the definition of u that
(3-7) L) = 8(=cn A+ Ro)(xgpo+ 1 — x) — fie.
By using (3-4) and the fact that f <0 on M \ €, it follows from (3-7) that
- > _ N N .
L) > —=my+8"my xelﬂl}£9|f(X)|,

where
my = sup|(—c, A+ Ro)(xepo+1— x)I.
M

Thus, if we want L(u#) > 0 on M \ 2, we have to assume
_ 8N—1 N f - 0’
my + mg xel}lvll\glf(X)l >
that is,
3-8 N1 inf >mymy ™.
(3-8) XGIAI}\QIf(X)I > mym
It is clear that the existence of § > 0 satisfying both (3-6) and (3-8) is equivalent
to condition (H2) with Cq = Apm} /m. O
Proposition 3.1 allows us to prove uniform L°°-estimates on the flow.

Proposition 3.2. Let 0 < ug € C*°(M) such that ug < u where u is given by
Proposition 3.1. Then the solution u of (1-4) satisfies, for any (¢, x) € [0, +00) x M,

(3-9) min(Co, minug) < u(r, x) < max i,
M M

where nZz

Co = (min|Rol /max| f1)

Proof. First observe that the first inequality in (3-9) has already been proved in
Proposition 2.2. It remains then to prove the second inequality, that is,

u(t,x) <maxu.
M

Let v =u — u. Since u satisfies (1-4) and u satisfies (3-2), we have

n+2
4

We have # — u = av, where

(3-10) O @ —uy > (ca AV — Rov + f (@™ —u™)).

1
a(t,x) = N/ (sia(e, x) + (1 = s)u(t, x))" " ds,
0
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so it follows from (3-10) that

n+2

(3-11) d;(av) > 4

(cnAv — Ryv +afv).

Since v(0, x) = u(x) —up(x) > 0, by applying the maximum principle to (3-11)
we get v(¢, x) > 0 for any ¢ > 0, that is,

u(t,x) <u(x). O

Now we prove that the integral estimate (2-6) in Proposition 2.3 can be improved
when t — +4-00. More precisely, we have:

Proposition 3.3. Let 0 < ug € C*®(M) such that uy < u where u is given by
Proposition 3.1. Let g(t) be the solution of (1-3) given by Theorem 1.1 such that
g(0) = ué/("_z)go. Then we have, for any p > 1,

t—

(3-12) lim Mlem — f17d Ve = 0.

Proof. In what follows C denotes a positive constant depending only on ug, go, f, p,
and its value may change from line to line.
We have by (2-2) for any ¢ > 0,

n—2

(3-13) > /0/Mle—fldeg=5(g(0))—5(g(t))-

On the other hand, we have

n—
n

2 2 2, 2
g(g(t))= v Cn|vl/l| +R0u — funf dVgo,

and since u is uniformly bounded by Proposition 3.2, we have £(g(¢)) > —C. So it
follows from (3-13) that

+00
(3-14) / |Rery — fI*dVguy < C.
0 M

Since by Proposition 3.2 the volume of g(¢) is uniformly bounded, it suffices
to prove (3-12) for a sequence py — +oo. We shall prove (3-12) by induction
when p = py, where

k
_n(n
Pk '_2<n—2) » kEN.

First we prove (3-12) for pg = 7. As in the proof of Proposition 2.3, if we use
Lemma 2.1 and the fact that u is uniformly bounded by Proposition 3.2, then we
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have for any p > 1:

n—2
n

d _ _pn_
(3-15) E/ |Rg—f|”dVg+C 1</ Ry — f|n—2 dVg)
M M

§C/ |Rg — f1PdVy + (p—%)/ |Rg—f|”+1dVg.
M M
Set

6, (1) =/ Ry — fIP dV,.
M

If po < 2, then by using Holder’s inequality and the fact that u is uniformly
bounded, we have

(3-16) Bpo < C5"/”.

So it follows from (3-15) by taking p = po = 5 that
d

(3-17) 00" = Con.

By (3-14) there is a sequence t, — 400 such that ft:roo ¢r(s)ds — 0 and
¢ (t,) — 0. So by integrating (3-17) on [t,, ¢] and using (3-16) we get

PP () < P (n,) + C / $2(s)ds < C¢a(1,) +C / 2(s) ds
ty ty

Letting t — +o00 and v — +00 we obtain ¢, (1) — 0 as t — +o0.
If po > 2, by using Holder’s inequality and Young’s inequality we have, for
any € > 0,
n—=2

[ ke~ simav,
M

n Po/2
58( / |Rg—f|f’°"/"‘2dvg) +s—"<f’°—2>/4( / |Rg—f|2dvg> -
M M

By taking ¢ = %C ~1, where C~! is the constant appearing in (3-15), we obtain
from (3-15)(where we take p = pg = %)’

d -1 ,(n=2)/ /2
(3-18) b+ C i "y < CRP,

But by Holder’s inequality, since the volume of g is uniformly bounded, we have

-2
$2 < COH™ and ¢, < Colr ")

Thus it follows from (3-18) that

d _
(3-19) Ed’%m +C7'pr < C.
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If we integrate (3-19) on [0, ] and use (3-14) we get

/O t ¢ (s)ds < C,
which implies, since ¢ > 0 is arbitrary,

+o00
/ ¢/ (s)ds < C.
0

Thus there exists a sequence f, — 400 such that ¢%” °(t,) = 0as v — +o0. If

we integrate again (3-19) on [#,, 7], we obtain
t
P (1) < 2P (1) + C f $2(s) ds.
t

By using (3-14), it follow that ¢727° (1) — 0 as t — +o0.
Now suppose by induction that

(3-20) dim ¢, (1) =0.
First let us prove that
t+1
(3-21) Jim /t pL 2/ (s)ds =0.

We may suppose k > 1. Indeed, if k =0 (that is, py = po= %), then (3-21) follows
directly from (3-15) (with p = %) by integrating on [¢, ¢ 4 1] and using (3-20). Thus
let us prove (3-21) when k > 1.

By using Holder’s inequality and Young’s inequality we have for any p > 5
and ¢ > 0,

(3-22) /|Rg—f|l’+1dvg
M n—=2

n n n l+ﬁ
§€</ |Rg_f|”p2dvg> +82P"</ |Rg_f|pdvg> :
M M

By taking p = py, € = %C*I, where C is the constant appearing in (3-15), from
(3-15) we obtain

d _ _ _
E¢Pk+%c 1¢gz+12)/" SC¢[1,k+2/(2pk n)+c¢pk-

Then (3-21) follows by integrating on [, f 4+ 1] and using (3-20).
Now if we apply (3-22) by taking p = pi41 and e = C ™' /(pry1 —n/2), where C
is the constant appearing in (3-15), we obtain from (3-15) (where we take p = py+1),

d
E¢Pk+l = Cd’;:f:k + C¢Pk+1’
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where o = Tiu — n. The last inequality is equivalent to

d
(3-23) S loggp,, < C(os,, +1).
By (3-21) there is a sequence t, — +oo such that v < t, < v + 1 satisfying
®pesy (1) — 0 as v — +oo. If we integrate (3-23) on [z, t] where ¢ € [v, v+ 1],
we obtain

v+1
(3-24) logM<C(f P (s)ds+1>.

Pper () P

We note here that oy < ”n;z, so by Holder’s inequality we have

noy

v vl n—
/ ¢, (s)ds < (/ ¢f,’,:12)/"(s) a’s) — 0 as v— 400
v v

by (3-21). Thus it follows from (3-24) that

tog 1@ _
¢Pk+1 (tV)

which implies that ¢,, ., () — 0 as t — +o00. The proof of Proposition 3.3 is then

complete. U

Now we can prove uniform C*-estimates on the solution.
Proposition 3.4. Let 0 < ug € C*®°(M) such that ug < u where u is given by
Proposition 3.1. Then the solution u of (1-4) satisfies, for some o € (0, 1),
llull oo, 400y xmy = C,
where C is a positive constant depending only on uy, gy and f.

Proof. By using Propositions 3.2 and 3.3, the proof is identical to that of Proposi-
tion 2.6 in Brendle [2005]. O

Now we are in position to prove Theorem 1.2.

Proof of Theorem 1.2. Let g = u* =2 g, be the solution of (1-3) given by
Theorem 1.1. By Proposition 3.2 we have that u is bounded from below and above
uniformly on [0, +00). As in the proof of Theorem 1.1, this implies that (1-4) is
uniformly parabolic and by Proposition 3.4 we have a uniform C“-bound on the
solution u# on [0, +00) x M. We then apply the classical regularity theory of linear
parabolic equations to obtain uniform C*-bound for any k € N, that is,

(3-25) (@l cxmy < Cs

for some constant Cy, independent of ¢. It follows from (3-25) that there is a sequence
t, — +oo such that u(t,) converges in Cck(M) for any k € N, to some function
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Uoo € C°(M). Since u(t) is uniformly bounded from below by Proposition 3.2,

then we have u,, > 0. By using Proposition 3.3 and passing to the limit when

v — 00, we see that R, . = f, where go = uié("fz)go, that is, f is the scalar

curvature of g.. By the general result of Simon [1983] on evolution equations,
is the unique limit of u(#) when r — +o0. O

Proof of Corollary 1.3. Since f < 0 almost everywhere on M, then for & > 0 small
enough, the open set

Qe={xeM: f(x)> —¢}

has arbitrary small volume. This implies that the first eigenvalue g, of —c, A on €2,
with zero Dirichlet conditions is arbitrarily large if € is small enough. But since

AQ, > UG, +mA}n Ro,

we have Lg, > 0 if ¢ is small enough. Thus the condition (H1) is satisfied with
Q = Q.. Condition (H2) is also satisfied since by continuity of f we have f <0
everywhere on M. O

Proof of Theorem 1.4. Suppose that condition (H1) is not satisfied, that is, for any
open set 2 C M such that f <0 on M \ 2, we suppose Lo <0. For ¢ > 0, consider
the following family of open sets:

Qe={xeM: f(x)> —¢}.
For simplicity of notation we set A, = Aq,. According to our hypothesis we have
(3-26) A <0 forall e > 0.

By using Sard’s theorem, there exists a sequence ¢, — 0 such that g, is a regular
value of f and then €2, has a smooth boundary

Qs ={x €M : f(x) =—&,).

Let ¢, an eigenfunction of —c, A+ Ry associated with A, . As already mentioned
in the proof of Proposition 3.2, we have by the maximum principle that

9
(3-27) ¢n>0on <, and —a“’” <0ondQ,,
v

where v is the outer normal vector to 9€2,,. By normalising if necessary, we may
assume that

(3-28) / Ond Vg = 1.
Q

&n
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If we multiply (1-4) by ¢, and integrate on €2,,, we have

d N
(3-29) dt/s; u” @, dVy,

&n

:”12/ (c,,Au—Rou)gondVgO+nj:2/ fuNg,dVy,.
Q Q

€n

&n

An integration by parts gives

d¢n
/ (cnAu — Rou)p, dVg, = S"f ugondVgO—cn/ 2 udVy,.
Q 99, OV

€n &n

Since A, <0, by using (3-27) and (3-28) we then obtain

. . 0
(3-30) /Q (cnAu — Rou)pn d Vg, > — A, 1113[fu —cp 11r31fu /mgn 89?)" dVg,.
On the other hand we have

1%
Cn / 2 dVgy =y f A@y dVy, = / (=Ae, + Ro)pn d Vg,
99, OV X Q.

n

and by using (3-28) we get, since Ry < 0,

1) .
(3-31) >y /d o, 3o 4V 2 hu Finf IRl

Combining (3-30) and (3-31) we obtain
o (cnAu — Rou)p, dVg, > izrtl; | Ro| i}lalfu.

If we substitute in (3-29) we get

(3-32) %/ N, dVy, > I inf | Ro infu +—/ FuNondVy,.
Qe

By Proposition 3.2 we have u > Cy, where Cj is a positive constant depending
only on ug, go and f. Using the fact that f > —¢, on €2, , it follows from (3-32) that

4 uN<pndVgozC—n+2 snf uandVgO,
Q, 4 Q

dt

en

where C is a positive constant depending only on ug, go and f. By integrating this
differential inequality on [0, ¢], we get

t
f uN(t)¢ndVgoZ/ uévfpndVgo+Ct—nT+2 Snf / u™ (s)pn dVy, ds,
Q 0 Jo,,

En QEn
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which, using (3-28), implies

t
n+2
maxuN(t,x) >Ct— + &n maxuN(s,x)ds.
xeM 0 XeEM

Letting n — +00, we obtain

maxuN(t, x)>Ct.
xeM

The proof of Theorem 1.4 is complete. O
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RIGIDITY OF PROPER HOLOMORPHIC MAPPINGS
BETWEEN GENERALIZED
FOCK-BARGMANN-HARTOGS DOMAINS

ENCHAO B1 AND ZHENHAN TU

A generalized Fock-Bargmann-Hartogs domain D,"?(n) is defined as a
domain fibered over C” with the fiber over z € C" being a generalized com-
plex ellipsoid X, (m, p). In general, a generalized Fock-Bargmann-Hartogs
domain is an unbounded nonhyperbolic domain without smooth boundary.
The main contribution of this paper is as follows. By using the explicit
formula of Bergman kernels of the generalized Fock-Bargmann-Hartogs
domains, we obtain the rigidity results of proper holomorphic mappings be-
tween two equidimensional generalized Fock-Bargmann-Hartogs domains.
We therefore exhibit an example of unbounded weakly pseudoconvex do-
mains on which the rigidity results of proper holomorphic mappings can be
built.

1. Introduction

A holomorphic map F : Q) — 2, between two domains 21, 2, in C" is said to be
proper if F~!1(K) is compact in €; for every compact subset K C 5. In particular,
an automorphism F : 2 — €2 of a domain 2 in C" is a proper holomorphic mapping
of €2 into 2. There are many works about proper holomorphic mappings between
various bounded domains with some requirements of the boundary, e.g., [Bedford
and Bell 1982; Diederich and Fornass 1982; Dini and Selvaggi Primicerio 1997; Tu
and Wang 2015]. However, very little seems to be known about proper holomorphic
mapping between the unbounded weakly pseudoconvex domains. There are also
some works about automorphism groups of hyperbolic domains, e.g., [Isaev 2007;
Isaev and Krantz 2001; Kim and Verdiani 2004]. In this paper, we mainly focus
our attention on some unbounded nonhyperbolic weakly pseudoconvex domains.
The Fock-Bargmann-Hartogs domain D, ,, (w) is defined by

2
Do) = {(z, w) € C" x C" s w|* < e I} for > 0,

MSC2010: 32A07, 32A25, 32H35, 32MOS.

Keywords: automorphism groups, Bergman kernels, generalized Fock—Bargmann—Hartogs domains,

proper holomorphic mappings.
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where || - || is the standard Hermitian norm. The Fock—Bargmann—Hartogs domains
D, () are strongly pseudoconvex domains in C"*" with smooth real-analytic
boundary. We note that each D, ,, () contains {(z, 0) € C" x C"} = C". Thus
each D, ,, () is not hyperbolic in the sense of Kobayashi and D,, ,, (1) can not be
biholomorphic to any bounded domain in C"*™ . Therefore, each Fock—-Bargmann—
Hartogs domain D, (1) is an unbounded nonhyperbolic domain in C"*™.

Yamamori [2013] gave an explicit formula for the Bergman kernels of the Fock—
Bargmann—Hartogs domains in terms of the polylogarithm functions. By checking
that the Bergman kernel ensures the revised Cartan’s theorem, Kim, Ninh and
Yamamori [Kim et al. 2014] determined the automorphism group of the Fock—
Bargmann—Hartogs domains as follows.

Theorem 1.1 [Kim et al. 2014]. The automorphism group Aut(D,, ,, (1)) is exactly
the group generated by all automorphisms of Dy, ,,(1t) as follows:

v (z,w) = (Uz, w), U elU(n),
pur i (z, w) = (2, U'w), U' eU(m),
@y (z,w) > (24, e MU=y gy e e

where U(k) is the unitary group of degree k and ( -, -) is the standard Hermitian
inner product on C".

Recently, [Tu and Wang 2014] has established the rigidity of the proper holomor-
phic mappings between two equidimensional Fock—-Bargmann—Hartogs domains.

Theorem 1.2 [Tu and Wang 2014]. If Dy, ,,(1t) and D,y .y (') are two equidimen-
sional Fock—Bargmann—Hartogs domains withm > 2 and f is a proper holomorphic
mapping of Dy (1) into Dy (1), then f is a biholomorphism between Dy, , (1)
and Dy (M/)

A generalized complex ellipsoid (also called generalized pseudoellipsoid) is a
domain of the form

X(n; p) = {@1,---,9) eC" x o x C Y [lo]PP < 1},
k=1

where n = (ny,...,n,) e N" and p = (py, ..., pr) € (R4)". In the special case
where all the p; = 1, the generalized complex ellipsoid X (r; p) reduces to the unit
ball in C"'F " Also, it is known that a generalized complex ellipsoid X (n; p)
is homogeneous if and only if py =1 for all 1 <k <r [Kodama 2014]. In general,
a generalized complex ellipsoid is not strongly pseudoconvex and its boundary is
not smooth. The automorphism group Aut(X(n; p)) of X (n; p) has been studied
by Dini and Selvaggi Primicerio [1997], Kodama [2014] and Kodama, Krantz and
Ma [Kodama et al. 1992].
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Kodama [2014] obtained the result as follows.

Theorem 1.3 [Kodama 2014]. (i) If 1 does not appear in p;, ..., py, then any
automorphism ¢ € Aut(X(n; p)) is of the form

(1_1) (p({ls sy é‘r) = ()/1 ({U(l))’ ey Vr(fa(r))%

where o € S, is a permutation of the r numbers {1, ..., r} such that n;y = n;,
Doy =Di for1 <i <randy, ..., Yy, areunitary transformations of C"', ..., C",
respectively.

@i1) If 1 appears in py, ..., pr, we can assume, without loss of generality, that
pi=1,p#1,..., pr #1. Then Aut(X(n; p)) is generated by elements of the
form (1-1) and automorphisms of the form

(1) @a(C1, &v oy &) = (Tu 1)y (Wa(C) 2P, o G (Wal€1) /2P),

where T, is an automorphism of the ball B"' in C*' which sends a point a € B"' to

the origin and
1—lal®

(1= (g1, ap?

In this paper, we define the generalized Fock—Bargmann—Hartogs domains
n,p
Dyt () as

wa(gl) =

Dy P(n) = {(z, W)y« oo W) €ECT X CM x - x C"

L
X _ 2
Y w1777 < eIl } (1> 0),

j=1

where p=(p1,..., p) e R\ n=(n1, ..., np) andwjy=(wj1, ..., wjn,) €CY,
in which n; is a positive integer for 1 < j < £. Here and henceforth, with no loss
of generality, we always assume that p; # 1 (2 <i <¥) for D:f(’]p ().

Obviously, each generalized Fock-Bargmann—Hartogs domain D;;;? (11) is an
unbounded nonhyperbolic domain. In general, a generalized Fock—Bargmann—
Hartogs domain is not a strongly pseudoconvex domain and its boundary is not
smooth.

In this paper, we prove the following results.

Theorem 1.4. Suppose Dz(;p (n) and D,',?(;q(v) are two equidimensional generalized
Fock—Bargmann—Hartogs domains. Let

[DyP(w) — Dyt (v)

be a biholomorphic mapping. Then there exists ¢ € Aut(D,'n"(;q (v)) such that
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A
I'

(1-3) o f(z,w) = (2, Wo(l)» - -» W) I :

Iy

where o € Sy is a permutation such that nsjy =m;, psjy =¢q; (1 < j < 40),
VV/ WA eUn) (n:=ng=my),and I'; e U(m;) (1 <i <¥0).
Corollary 1.5. Let f : Dp)P(n) — Dn¥(w) be a biholomorphic mapping with
f(0)=0. Then we have
A
Iy
FzZw) = (2, wey - Wee)) I ;
Iy
where o € S¢ is a permutation such that ne(jy = nj, psy = pj (1 < j <90),
AelU(nyg) and Ty eUU(n;) (1 <i <¥).

As a consequence, it is easy for us to prove the following results.

Theorem 1.6. The automorphism group Aut(DZ(;’J (w)) is generated by the follow-
ing mappings:

(pA:(Z, W(l)s -+ w(g)) [ad (ZA, W)y« w(g));
©p:(zZ, Wy, .. W) > (2, (W), - -+ W) D),

. —2u<z.a>—pllal*\1/2p —2ulz.a)—plall*y1/2pe
@a:(z, w) = (24a, way(e ) e wee(e ) ,

where a € C", A e U(ny), 0 € Sy is a permutation such that ng(jy =nj, ps(jy = p;

(1<j=<4t),and
Iy

Iy
inwhichT; eUU(n;) (1 <i <¥0).
Now, for p and ¢, we introduce the notation

{1, p=1, 5 {1, q =1
€ = =
0’ pl#la 0’ ql#l

Theorem 1.7. Suppose D,':(;p (n) and D,',','(;q (v) are two equidimensional generalized
Fock—Bargmann—Hartogs domains with min{nyc,ny, ..., ng,ny+---+ng} >2
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and min{m 4, my, -+, mg,my + --- +myg} > 2. Then any proper holomorphic
mapping between Dy’ (i) and Dy (v) must be a biholomorphism.

Remark 1.1. The conditions min{n;, n, ..., ne} > 2 cannot be removed. For
example, n; =1 (i.e, wy) € C), p1 # 1, and

F(Z, w) . (Z, W(l)s -+ w(z)) —> (Z, w(zl), W2y -+ w(g)).

Then F is a proper holomorphic mapping between D;;” (1) and Dy ? (1), where
q =(p1/2, p2, ..., pe). F is not a biholomorphism.

Corollary 1.8. Suppose Dy” () is a generalized Fock—Bargmann—Hartogs do-
main with
min{n| e, ny, ..., 00,01 +---+ng} > 2.

Then any proper holomorphic self-mapping of Dy.F (i) must be an automorphism.

Remark 1.2. The conditions n; + - - - + ny > 2 cannot be removed. For instance,
with no loss of generality, we can assume n; =1 and n; =0 (2 <i < £). Then

F: (Z, w(l)) — (\/EZ, w(zl))

is a proper holomorphic self-mapping of DZ(;I’ () which is not an automorphism.

The paper is organized as follows. In Section 2, using the explicit formula for the
Bergman kernels of the generalized Fock—Bargmann—Hartogs domains, we prove
that a proper holomorphic mapping between two equidimensional generalized Fock—
Bargmann—Hartogs domains extends holomorphically to their closures, and check
that Cartan’s theorem holds also for the generalized Fock—Bargmann—Hartogs
domains. In Section 3, we exploit the boundary structure of generalized Fock—
Bargmann—Hartogs domains to prove our results in this paper.

2. Preliminaries

The Bergman kernel of the domain D:,'(;p (). For a domain Q in C", let A%2(RQ)
be the Hilbert space of square integrable holomorphic functions on €2 with the inner
product

(f.8)= /Q f@g@dV(z) (f ge€0(Q)),

where dV is the Euclidean volume form. The Bergman kernel K (z, w) of A%(2)
is defined as the reproducing kernel of the Hilbert space A%(2), that is, for all
f € A*(Q) we have

f(Z)=/Qf(w)K(Z,w)dV(w) (z € 2).
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For a positive continuous function p on €2, let A>(2, p) be the weighted Hilbert
space of square integrable holomorphic functions with respect to the weight function
p with the inner product

(frg)= fQ F@IDPRAV(E) (f.g € OQ).

Similarly, the weighted Bergman kernel K 42(q ,) of A%(Q, p) is defined as the
reproducing kernel of the Hilbert space A%($2, p). For a positive integer m, define
the Hartogs domain €2,, , over 2 by

Q. p =1z, w) €2 xC™: |w|? < p2)}.

Ligocka [1985; 1989] showed that the Bergman kernel of €2,, , can be expressed
as infinite sum in terms of the weighted Bergman kernel of AXQ, pH *k=1,2,...)
as follows.

Theorem 2.1 [Ligocka 1989]. Let K,, be the Bergman kernel of Q2 , and let
K 2 pr) be the weighted Bergman kernel of A2, pF) (k=1,2,...). Then

m! & (m+ 1), k
Kn((z, w), (t,5)) = o kZ TKAZ(Q,];H"’)(L N{w, s)",
=0

where (a)y denotes the Pochhammer symbol (a)y =a(a+1)---(a+k —1).

The Fock-Bargmann space is the weighted Hilbert space A2(C", e=#IZI”) on
C" with the Gaussian weight function el (n > 0). The reproducing kernel of
A%(C", e"‘”z”z), called the Fock—Bargmann kernel, is etz /m"; see [Bargmann
1967]. Thus, the Fock—-Bargmann—Hartogs domain

Dy = {(z, w)eC"x C": |w|? < e‘“”zuz} (u>0)

and the Fock-Bargmann space A2(C", e #I2 ”2) are closely related. Using the above
Theorem 2.1 and the expression of the Fock—Bargmann kernel, Yamamori [2013]
gave the Bergman kernel of the Fock—-Bargmann—Hartogs domain D,, ,, as follows.

Theorem 2.2 [Yamamori 2013]. The Bergman kernel of the Fock—Bargmann—
Hartogs domain Dy, ,, is given by

mip" o= (m+ Dk +m)" et m)z.t) L
Kb, (@ w), (t,9) = — kX_(j) - e (w, 5)*,

where (a)y denotes the Pochhammer symbol (a)y =a(a+1)---(a+k —1).

Following the idea of Theorem 2.1, we compute the Bergman kernel for the
generalized Fock-Bargmann—-Hartogs domain Djy;” (). In order to compute the
Bergman kernel, we first introduce some notation.
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Let
o= (O[(l), N Ol(g)) S (R+)nl X -+ X (R_,.)ng,
where oy = (1, ..., ®ip;) € (Ry)" for 1 <i <{. For o € (R})", we define

n
[1T ()
i=l1

Bla) = ———;
I'(Jeel)

see [D’Angelo 1994]. Here I is the usual Euler Gamma function.

Lemma 2.3 [D’Angelo 1994, Lemma 1]. Suppose o« € (R4)". Then we have

/ 21 qy (ry = 2@

2|’
"
/ w* ' do (w) = —'B(i[l),
st 2"

where dV is the Euclidean n-dimensional volume form, do is the Euclidean (n — 1)-
dimensional volume form, and the subscript “+” denotes that all the variables are
positive, that is, B} = B" N (Ry)" and S_rf__l = §""'N(R})", in which B" is the
unit ball in R" and S"~" is the unit sphere in R".

Theorem 2.4. Suppose a = (a(yy, ..., @) € (Rp)™ x -+ x (Rp)", with each
agy = (1, ..., i) € (RP" (1 <i < ). Then we have the formula

(2-1) / w*w® dV (w)
illwey 177 <t

t n;

¢
1:[ [10 (e + 1)_]:[1F((|01(i)|+ni)/17i)

4

— (n)n1+'-~+nz

[
Di
i=1 i

1

¢
P e+ 00 (3 (el +n0)/pi) +1)
1 i=1
X thzl(\%')IJrn,')/p;.

Proof. For the integral

(2-2) f WTE AV (w),
w12 <t

by applying the polar coordinates w = se'? (namely, w;; = s;;¢'%, 1 < j <n;,
1 <i<{ s=(s1),...,5¢))), we have

. ni+--+n 20+1
2= Z/ S S AVE)

Sj,'>0, lfifnj, 1<j<¢t
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Using the spherical coordinates in the variables s(1), 52), . . ., S(r), we get

2a+1
/ Sl P <t av(s)

5ji>0,1<i<n;, 1<j<t

2]a(py|+2n1—1 2]a ey |4+2ne—1
= w_ P P dprdpa - --dpe
/Zf—l <t ! ¢

pi>0,1<i<t

20{(1)-‘1-1 20[(()-‘1-1
X /S”ll “.L"el W) C Wy do(wy) - - -do(w).
+ +

Let p;? =r;, 1 <i < £. Then we have dp; = ,ol.l_p"/p,- dr; = ri(l/p’)_l/pi dr;.
Therefore, Lemma 2.3 and the above formulas yield

I Blam+D)  Blaw+1D)
14 2}1171 2n¢71

l_[ Di
i=1

Qlam|4+2n1)/p1—1 Qlagey|+2ne)/pe—1
X /Zfl Pt r ey dry---dry.
ri>0,1<i<¢t

Let r = (r1,72,...,7¢) € (R and k := t~'/2r. Then dr = t*/>dk. After a
straightforward computation, we obtain that

(2_2) — (Zn)n1+~~-+nz

L Bleqy+1) o Bloey +1) .th:1(|°‘(i)|+”i)/Pi
? 2n1—1 2nz—1
pi
i=1
% / kf2|a(1)|+2n1)/m—1 » _kézla(z)\+2nz)/17z—1 dky - - - dk;.
B

14
+

(2_2) — (27.[)"1 +tng

Applying Lemma 2.3 to the above formula, we get

(@3) @2)= ("Bl 1) - Blay + DD Tl
&1 TTpi
i=l

ni

V4 V4
[T TIT (e + D T1T (i)l +n:)/pi)
— (gp)mttne 1 =1j=1 i=l

i
4 J4 4
pi TIT ey ] +n0T (X (| 1)/ pi +1)
=1 i=1 i=1

x IZle(IOl(i) I+ni)/ pi

1

where &' = ((layl +n11)/p1s - - - (e +10)/pe) € (Ry)E. O

Now we consider the Hilbert space AZ(D,':(;I’ (w)) of square-integrable holomor-
phic functions on Dy ” ().
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2/ P
Lemma 2.5. Let f € A“(Dp," (). Then

f@w) =Y faw,

where the series is uniformly convergent on compact subsets of the domain Dy,” (1),
2 .
ful(2) € A2(CM, e #*IZ1%) for any o = (@), - o)) € N oo N™ with
. . l . .
oGy = (ai1, ... ,ZOlin,.) eN% (1 <i<¥)andlr, = Zi:1(|a(i)| +n;)/pi, in which
A2(C", e~ <17y denotes the space of square-integrable holomorphic functions on
C" with respect to the measure e~ HrallZl? g Van.

Proof. Since D’ (1) is a complete Reinhardt domain, each holomorphic function
on Dy;P (1) is the sum of a locally uniformly convergent power series. Thus, for
fe AZ(DZ'(;p(/,L)), we have

f@w)=Y" fuw,

where the series is uniformly convergent on compact subsets of Dp”(1). We
choose a sequence of compact subsets Dy (1 <k < 00)

Dy = {(Z, W(1), ...,w(g)) eC""xC"x...xC":

L
3 llwep 1P < e — %} N B(0, k),
j=1

where B(0, k) is the ball in C"*"1+ ¢ of the radius k. Obviously, Dy @ Dy
and U,fi 1 D = DZ(;I’ (n). Since Dy, is a circular domain,

fa@uw® L fgwf  (a#B)

in the Hilbert space A%(Dy). Hence we have

o0
1£12s 0, = Y I fa@uw 32 p, -
(D) (Dy)

lee|=0

Since f(z, w) € A2(Dy;P (1)), we have
2 2 2
”fa(z)wa”LZ(Dk) = ”f”LZ(Dk) = ”f”LZ(Dﬁ(’)”(M))'

Then f, (z)w® € A%(Dy;? (w)). Therefore,

f | fa@Puf @ dV < oo
Dyl (1)

- |fa(Z)|2dV(Z)f w*w® dV (w) < oo.
¢

205 2
cno ,:1”“’(1‘)” Pj <e—nlzll
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By (2-1), it follows that
/ | fu @) Pe 2 qv (2) < 0.
Cno

Consequently, f,(z) € A>(C", e‘“a”z”z), where A, = Zf:1(|oe(i)| +n))/pi. O

Lemma 2.5 implies that {f(z)w“ . f(z) € A*(C™, e‘”’\a”z“z)} forms a linearly
dense subset of A2(Dj;;? (1)). Now we can express the Bergman kernel of Dj;;? (10).

Theorem 2.6. The Bergman kernel of D,','(’)p () can be expressed by the form

oo X”OMHO _
(2_4) KD:(’)"(/,L)[(Z’ U)), (S, [)] = Z Cy _(;l'[_”() e)‘aM<Z,S>wal’av
|a|=0

where o = (a1, - . ., o)) € NP -+ X N iy = (@i - - ., atin) €N T <0 <€,
and

¢ ¢ ¢

[1pi TIT (el +n,-)F<Z(|oe(i)| +n;)/pi + 1) ¢

i P h=Y ley |+
Coq = ¢ Vi ’ “ N Di )
(ym++ne [T [T T + D [T T (gl +n:)/pi) =
i=1j=1 i=1

Proof. Since D,':(;p (w) is a complete Reinhardt domain, it follows that

o0

Kprol@ w), (.01 =) cpgp(z, )wil,
181=0

where the sum is locally uniformly convergent, by the invariance of the Bergman
kernel K D () O Dp;? (1) under the unitary subgroup action

ev_w‘zl,...,ev_w’

(215 -+ Zng4in]) = ( ‘0+‘”'Zn0+|n|) 1, ..., Ongtin € R).

For any o = (Ot(l), cee Ol(g)) e N x ... x N" with oGy = (i1, ..., Olin,-) e N
(1 <i <), andany f(z) € A2(C", e #I2I") for A, = S (el +ni)/pi, we
have f(z)w® € A%(Dy;P (1)). Thus

F@uwe = / FOEK oz w), (s, )1dV
D (1) 0
by ey 1777 <emwisi?

Zf f(S)ZCﬁgﬁ(Z,S)w’S dV(S)/ %P av (1)
cro B=0 )y

— wa/ f(S)ga(Z, S)[eflLHSHZ]Zf:](|0l(i)|+ni)/pi dV(S) (by (2_1))
c"o

By [Bargmann 1967], we get that the Bergman kernel of AZ(C", e"”a“z”z) can
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be described by the form

(2-5) Ky(z, w) = Lekau(z,w>'

7710

Thus we obtain

This completes the proof. (Il

The transformation rule for Bergman kernels under proper holomorphic mapping
(e.g., Theorem 1 in [Bell 1982]) is also valid for unbounded domains (e.g., see
Corollary 1 in [Trybuta 2013]). Note that the coordinate functions play a key role in
the approach of [Bell 1982] to extend proper holomorphic mapping, but, in general,
are no longer square integrable on unbounded domains. In order to overcome this
difficulty, by combining the transformation rule for Bergman kernels under proper
holomorphic mapping in [Bell 1982] and our explicit form (2-4) of the Bergman
kernel function for Dy;” (1), we prove that a proper holomorphic mapping be-
tween two equidimensional generalized Fock—-Bargmann—Hartogs domains extends
holomorphically to their closures as follows.

Lemma 2.7. Suppose that f : Dy.¥ (1) — D! (v) is a proper holomorphic map-
ping between two equidimensional generalized Fock—Bargmann—Hartogs domains.
Then f extends holomorphically to a neighborhood of the closure of Dy (w).

In fact, using the explicit form (2-4) of the Bergman kernel function for D,','(;p (w),
we immediately have Lemma 2.7 by a slight modification of the proof of Theorem 2.5
in [Tu and Wang 2014].

Cartan’s theorem on D:,'(’,p (w). Suppose D is a domain in CV and let Kp(z, w)
be its Bergman kernel. From [Ishi and Kai 2010], we know that if the conditions
(a) Kp(0,0) >0,
(b) Tp(0, 0) is positive definite,
are satisfied, where Tp is an N x N matrix
82 log Kp(z, w)/dz19w; --- 9°log Kp(z, w)/dz1dWwy
Tp(z, w) = : :
8% log Kp(z, w)/dzydw; --- 32log Kp(z, w)/dzydWy
Then Cartan’s theorem can also be applied to the case of unbounded circular

domains. The above conditions are obviously satisfied by the bounded domain.
Kim, Ninh and Yamamori [Kim et al. 2014] proved the following result.

Lemma 2.8 [Kim et al. 2014, Theorem 4]. Suppose that D is a circular domain
and its Bergman kernel satisfies the above conditions (a) and (b). If ¢ € Aut(D)
preserves the origin, then ¢ is a linear mapping.
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Ishi and Kai [2010] proved the following generalization of Lemma 2.8.

Lemma 2.9 [Ishi and Kai 2010, Proposition 2.1]. Let Dy be a circular domain
(not necessarily bounded) in CN with 0 € Dy (k =1, 2), and let ¢ : Dy — D, be a
biholomorphism with ¢(0) = 0. If Kp, (0, 0) > 0 and Tp, (0, 0) is positive definite
(k =1, 2), then ¢ is linear.

Therefore, by using the expressions of Bergman kernels of generalized Fock—
Bargmann—Hartogs domains, we have the following result.

Theorem 2.10. Suppose that ¢ : D,'z'(;p (n) — D%’)q(v) be a biholomorphic map-
ping between two equidimensional generalized Fock—Bargmann—Hartogs domains
with ¢(0) = 0. Then ¢ is linear.

Proof. By using the expressions (2-4) of Bergman kernels of generalized Fock—
Bargmann—Hartogs domains and a straightforward computation, we show that the
Bergman kernel of every generalized Fock—Bargmann—Hartogs domain satisfies
the above conditions (a) and (b). So we get Theorem 2.10 by Lemma 2.9. U

3. Proof of the main theorem

To begin, we exploit the boundary structure of Dj;” (1), which is comprised of

bD}? () = boDjy:P (1) U by D (1) U by DiieP (1),

where

0

boDZ’p(,LL) = {(Z, Wy, - -, W) €CM0 x - x C'

4 _ o .
Zuwﬁwm=e”Mhnwmﬂ¢a1+esjs4,
j=1

Va

b]DZ(;p(,LL) = U {(Z, Wy, - W) €CMOx - x C
j=lte ¢

2p; —ulizl? 2
lw 1277 = e M Jlwy 1> =0, p; > 1},
J

1
14

byDy P () := U {(z, W(lys - W) €ECMOx oo x C

Jj=14€ 4 2p —ulzll? 2
> w27 = e a2 =0, p; < 1.
j=1

Proposition 3.1. (1) The boundary by D" (1) is a real analytic hypersurface in
Crotmittne gnd Dy () is strongly pseudoconvex at all points of bo Dy, ” (10).

2) D,','(;p (p) is weakly pseudoconvex but not strongly pseudoconvex at any point
of by D:,'(;p (n) and is not smooth at any point oszDZ(;p ().
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Proof. Let
¢

2p _ 2
oz, way, ..., W) 1= Z”w(j)” Pj _ p—HlIzl”
j=1

Then p is a real analytic definition function of boD,','(;’J (w). Fix a point
(20, W(1)05 - - - » W(ey0) € bo Dy P (1)

1,0 , .
and let T = (&, )y, -+ 1) € T w(g)o)(bODZOP(/‘L))‘ Then by definition,

.....

we know that

(3-1) U)(j)();éo (J=1+4e€,...,0),
¢
1) — — 2__
(3-2) D Pellwaool P Vigas - nay + e 1 G- ¢ =0,
k=1
¢ 2
(3-3) D lwol?Pr — eIl =,
j=1

Thanks to (3-1), (3-2) and (3-3), the Levi form of p at the point (zg, w10, - - ., We)0)
can be computed as follows:

L,(T,T)
'_”°+”§’:”+”‘f il (zo, w wo) i T;
. = 37}87_} 0, W0y - -+ W)0)Lidj
4 £
=" pelpi = DllwaoolI*P w00 - 11 + Y prllwaoolI*P D Ingo |12
k=1 k=1

—ulzoll® 12 _ 2 ,—mlzol? (== . #12
+ pe wlizoll Iz)1? — e wlizoll 1Zo- |

4

2(pr—2) | ——— 2 - 2 2 2 —ullzoll? 1 =— 2
> Pt lwaol P2 w00 - nao 1> + pe 10|72 — plemH 01z |
k=1

l
- 2 2 —_ 2
+ > pellwaool*P 2 (Ilwaoo I a0 I — 1Ba00 - 140 1)

k=1
4 —1 4 4
—2)|— 2 2Dk
:(Z“w(k)O”Zpk) (Zpkzuw(k)onZU’k 2w - e )(an(km” m)
k=1 k=1 k=1

2

¢
2pp—1) ——

E Pellwaoll* PP was - ne

k=1

¢ -1
- (Z ||w(k)0||2pk)
k=1

14

- 2 2 - 2 2
+ 3 pellwaoo P2 (lwwol* 1w I — B0 - naol?) + we 121 12|
k=1
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£ —1 4 4
2 pk 2 2(pk—2) | 77— 2 2pk
=(Z||w(k>o|| m) [(Zpk llweeyoll P >|w<k)o-n<k>|)(Z||w<k>o|| m)
k=1 k=1

k=1

¢
Z prllwaoll* P Voo - na

2
i| + 'ue—ltllzoll2 IS ”2
k=1

2pe—2 2 R pu— 2
+Zpk||w(k)0|| P2 (lwayo a1 = 1w - na 1)
k=1

> pe~ "ol > 0.
by the Cauchy—Schwarz inequality, for all

vy (BODISP (1)

1,
20, W(1)0s -+

0
T =&, nqay,----nw) €T,

Obviously, if ¢ #0, then L,(T, T) > 0.
On the other hand, combining with (3-1), (3-2) and (3-3), we know that the
equality holds if and only if

(3-4) ¢ =0,
(3-5) lwaoll2Inw 1> = W0 - nal* =0,
V4 V4
(3-6) [(Z P w72 [0 n<k>|2> (lewwwll””‘)
k=1 k=1

14

2pe—1) s
Zpk”w(k)OH PDiD 00 - 1
k=1

Ton

Suppose ¢ =0. Then T = (¢, nqy, - . ., N)) 7 0 implies that there exists ;) 7 0.
If L,(T, T)=0 for all
T#0eT)’ w B0 DT (1)),

(20, W(1)05-++»
then by (3-1), (3-2), (3-3) and (3-6), we have ny) =0 (1 <k < ¥¢). Thisis a
contradiction.

When there exists jo > 1 + € such that ||w(j0)o||2 = 0 and pj, > 1, then
(20, W(1)0s - - - » W(ey0) € b1 Dp? (). Let To = (0, ..., 0jpy> 0, - .-, 0), In¢jo)ll #O.
Then L,(Ty, Tp) = 0. Hence D,'f(;p (un) is weakly pseudoconvex but not strongly
pseudoconvex on any point of by Dp” ().

It is obvious that D,':(;p (u) is not smooth at any point of b, D,','(;p (). The proof
is completed. (]

Lemma 3.1 [Tu and Wang 2015]. Let X (n; p) and X (m; q) be two equidimen-
sional generalized pseudoellipsoids,n,m € N¢, p, g € (Ry)" (where py, qi # 1 for
2<k<¥). Leth:X(n; p) - X(m; q) be a biholomorphic linear isomorphism
between X (n; p) and X (m; q). Then there exists a permutation o € S, such that
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Ng (i) =M, Po(i) = qi and
Uy
U
h(¢i, .o 8) = Qo) -5 So(r) . ,
U,

where U, is a unitary transformation of C" (m; = ngyy) for 1 <i <r.

Define
Vii={G@ way, - w) €CXCMx- - x C rwgy =+ = wey =0},
V22:{(Z,W(l),...,w(£)>ECmoXle X"'XCmZ:w(l):"':w(E):o}

(so Vi1 =C" and V, = C™0). Then we have the following lemma.

Lemma 3.2. Suppose D;,'(’Jp (n) and D,',':(;q (v) are two equidimensional generalized
Fock—Bargmann—Hartogs domains, and f - D:,l(;p (u) — Dn'f(’)q (v) is a biholomorphic
mapping. Then we have f (Vi) C V, and fly, : Vi — V3 is biholomorphic, and
consequently, no = my.

Proof. Let f(z,0) = (f1(z), f2(z)). Then we get

4
Z ||f2i||2qf < e*V||fl(Z)||2§ 1.

i=1
Then we obtain that the bounded entire mapping f; (z) on C" is constant (1 <i <¢)
by Liouville’s theorem. Since f(z) is biholomorphic, fi(z) is an unbounded
function. Hence there exist {z;} such that fj(zx) — oo as k — oo. It implies
f2(z) = 0. This proves f(V;) € V,. Similarly, by making the same argument
for f —1 we have f (W) cv. Namely, f|y, : V1 — V is biholomorphic. Hence
no = my. U

Now we give the proof of Theorem 1.4.
Proof of Theorem 1.4. Let f(0, 0) = (a, b) (thus b = 0 by Lemma 3.2) and define

2v(z,a)—v|\a||2)1/2(]1 2v(z,a)—v||a|\2)1/2‘lz)'

¢(Z,w(1),...,w(g))::(z—a,w(l)(e ...,U)([)(e

Obviously, ¢ € Aut(Dy;;?(v)) and ¢ o £(0,0) = (0,0). Then ¢ o f is linear by
Theorem 2.10. We describe ¢ o f as follows:

¢of(z,w)=(z, w)(é g) =(ZA+wC,zB+wD).

According to Lemma 3.2, we have f(z,0) = (f1(z),0). Thus B = 0. Since
g = ¢ o f is biholomorphic, A and D are invertible matrices. We write g(z, w) as
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A 0O --- 0
- A0 B Ci1 Dy -+- Dy
gwy=@w| - 5)=Gwo, . we) SRR
Cy1 Dgy -+ Dy
which implies that
A7l 0
—1 —
8 (z,w)—(z,w)(_D_1CA—1 D—l)
A"l o ... 0
Eyy G -+ Gy
=(Z,w(1),---,w<€)) : . :
Eg] Gm GM
Set

12
Z(I’l; p) = {(w(l), ey u)(g)) eCM"x...xC": Z ||w(j)||2p-" < 1}

j=1
Then, if Zf&l ”w(j)||2pj < e HI0” = 1, we obtain
¢
i — 2
D lwayDyj 4+ wy Dy P9 < e < 1,
j=1

: . _ 2
and if Y0 lwj) 1% < e7" 19 = 1, we have

l
Y lway G+ wi Gyl < e HImEPTEATIE
j=1

Therefore, we conclude that the mapping g>(w) : X(n; p) — X (m; q) given by
Dy -+ Dy
2wy, .., we) =wD = (wqy, ..., we) :
Dyy -+ Dy
is a biholomorphic linear mapping. By Lemma 3.1, g, can be expressed in the form

Iy
)
&(way, ..., W) = (Wi (1)) -+ - » Wo(2))) . ,

Iy

where o € Sy is a permutation with n, ;) =mj, psjy =¢q; (j =1,...,¢) and
I'; eUd(m;) (1 <i <{). Hence g can be rewritten as follows:
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A
Co I't

A0
gz, w) = (z, w)<C D) = (2, W (1)), - -+ s Wo(e))) Co1 I

Co)1 Iy

Next we prove that C =0. The linearity of g yields g(bD,','(’Jp (w)= széq(v). Let
0, w)=(0,0, ..., w0, ...,0)€bDyP (1), namely, [|w;||*> = (e #1017y 1/ri =1.
As T'; (1 < j <{) are unitary matrices, moreover, assuming o (ip) = j, we have

. . _ . . 2
lwi) 1277 = Wi igy T [I40 = e~*1etion Coion 1™ — 1.

This implies w(;)C ;1 = 0 for all ||u)(j)||2 =1.S0C;; =0(1 <j <¥). Thus we
have
A

gz, way, ..., wey) = (2, W), -+ -» Wo ()

Lastly, we shozw JV/wAeU(n) (n:=no=mg). Forz € C", take (w(1), ..., We))
such that e~ #IzI7 = Z§:1 lw) [?7i. By g(bDyP () = bDy (v), we have

4

j — 2
D eyl = e 1A,
j=1

Since I';(j =1, ..., £) are unitary matrices, we get
2 ¢ ¢ 2
e klzl? — Z lwe (i 2770 = Z eyl 1129 = e IAI,
j=1 j=1
Therefore, v||zA||> = w||z]|* (z € C"). Then we get \/v/t A € U(n), and the proof
is completed. O

Proof of Corollary 1.5. In fact, the significance of the above ¢ is just to ensure
that ¢ o f(0) = 0. Then the proof of Theorem 1.4 implies that Corollary 1.5 is
obvious. (I

Proof of Theorem 1.6. Obviously, ¢4, ¢p and ¢, are biholomorphic self-mappings
of D,'f(;p (). On the other hand, for ¢ € Aut(DZ(;p (n)), we assume (0, 0) = (a, b)
(then b = 0 by Lemma 3.2). Hence ¢_, o ¢ preserves the origin. Then by
Corollary 1.5, we obtain ¢_,o0p =¢popa for some ¢4, ¢p. Hence ¢ =@ 090popy,
and the proof is complete. U
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Proof of Theorem 1.7. Let f be a proper holomorphic mapping between two equidi-
mensional generalized Fock—Bargmann—Hartogs domains D;f(’)p (n) and Dn”f(;q (v).
Then by Lemma 2.7, f extends holomorphically to a neighborhood €2 of the closure
Dy-P () with

FBDRP () CbDyd (v).

Then by Proposition 3.1 and Lemma 1.3 in [Pinchuk 1975], we have
(3-7) F(MNboD™%P (1)) C by DI (v) Uby DI (v),

where M := {z € Q : det(df; /0z;) = 0} is the zero locus of the complex Jacobian
of the holomorphic mapping f on .
IfMnN bD,'f(;p (n) # 9, then from

min{nl-‘réa nz,..., n[} = 2a

we have M N byDy,P (1) # @. Take an irreducible component M’ of M with
M’ N byDy;P (1) # @. Then the intersection Ey of M’ with by Dy;? (1) is a real
analytic submanifold of dimensional 2(ng +n; + - - - + n¢) — 3 on a dense, open
subset of Eyy. By (3-7), we have f(Eyp) C le,,":(;q (v)U sz,,":(;q (v). Hence

¢
(3-8) f(M'NDP(w)) C U Pr; (D4 (v)),
j=1+48
where Pr; (Di? () := {(z, wq1y, ..., wey) € Do (V) < lwp | =0} (1+8 <i <0)
by the uniqueness theorem. Since codim M’ =1,
¢
Codim[ U Pn-(DiZg‘f(v))} > min(mss, ..o me,my 4o+ me) 2 2
j=143
and f : DpP () — Dp(v) is proper, this contradicts (3-8). Thus we have
MNbDyP () = 2.
Let S := M N Dy;” (1). Then we have

S C DpP(w), SNbDYP () = 2.

If S # &, then S is a complex analytic set in C"0"1 ¢ glso. For any (z, w) € S,
we have |w,, 270 < 35_ llwj) 127 < e #1417 < 1. Thus

(3-9) lwen, 1> <1< 14z, w)],

where w = (w’, wgy,). Then S is an algebraic set of C"0T"1+ ¢ by §7.4, Theorem 3
of [Chirka 1989].

Suppose S; is an irreducible component of S. Let S; be the closure of S in
Protmit-+ne  Then by §7.2, Proposition 2 of [Chirka 1989], S| is a projective



HOLOMORPHIC MAPPINGS BETWEEN FOCK-BARGMANN-HARTOGS DOMAINS 295

algebraic set and dim Si=no+n;+---+n;—1. Let [€, z, w] be the homogeneous
coordinate in P"otmi++1¢ We embed Co+1+ -+ jpto Pro++ -+ o9 the affine
piece Uy = {[£, z, w] € Protnit+ne . & £ 0} by (z, w) = [1, z, w]. Then we have

£ 2p;
w17 iapser
D,'f(;p(ﬂ)ﬁUOZ{[S,z,w]:é#O,Z l;;m < e IR

j=1
Let H = {§ =0} C Protm++1_ Consider another affine piece

U = {[&, z, w] € PP s 7y 5£0)

with affine coordinate (£,1,5) = (L, t2, . . ., Ings S(1)s - - -5 S(py)- Lett' =1, 12, ..., ty,).
Since
lw) 172 Nwe) 1727 1202 s 1P
|&12Pi |z1[2Pi |&|?Pi ¢ [2Pi

e—MHZ||2/|$|2 — e—u(IIZHz/ImIz)(\Zl\Z/ISIZ) — e_l'L(1+|[2|2+"'+|tnO|2)/|§|2’
we obtain

(3-10) DpP () NUoNUy = {(é, 12y vy bngs S(1ys - - - S(py) € CHOTIEHRE,
¢ 2p;
Z—HSU)ZH Ly
g [P

Jj=l

Let §'=S8,NU, and H; = HNU; = {¢ =0} (note £ = /z;). Forevery u € S'NHj,
there exists a sequence of points {uy} C S1N((UyN U)\H}) such that uy — u
(k — 00). The formula (3-10) implies

(3-11) sy @OIPP < [¢ ug)| 2P HIIP/1E@P (1 < j < p),

Since u € Hy, that means ¢{(u) =0 and ¢ (ux) — 0 (k — 00). Therefore we have
llsjy@)II*P7 <0 (1 < j <£) as k — oo. Hence

S'NH C {¢ :OIS(l):”-:S(g) = 0}.
Then dim(S’ N H;) < ng— 1. Theorem 6 in §6.2 of [Shafarevich 1974] implies
no—1>dim(S'NH) >dimS +dimH; —ng—ny—---—ng >dimS — 1.

This means dim S’ < ng, and thus ng+n;+---+n,— 1 =dim 8’ < ng. Therefore,
we getny + - - - +ny <1, contradicting the assumption that

min{nye, ny, ..., ng, A1+ +ng} > 2.
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Therefore, S = @ and thus f is unbranched. Since the generalized Fock—
Bargmann—Hartogs domain is simply connected, f : Dp.¥(u) — Dl (v) is a
biholomorphism. The proof is completed. ([
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GALOISIAN METHODS FOR TESTING IRREDUCIBILITY OF
ORDER TWO NONLINEAR DIFFERENTIAL EQUATIONS

GUY CASALE AND JACQUES-ARTHUR WEIL

We provide a criterion to compute the Malgrange pseudogroup, the non-
linear analog of the differential Galois group, for classes of second order
differential equations. Let G be the differential Galois groups of their k-th
variational equations along an algebraic solution I'. We show that if the di-
mension of one of the Gy is large enough, then the Malgrange pseudogroup
is known. This in turn proves the irreducibility of the original nonlinear
differential equation. To make the criterion applicable, we give a method to
compute the dimensions of the variational Galois groups G, via constructive
reduced form theory. As an application, we reprove the irreducibility of the
second and third Painlevé equations for special values of their parameter.
In the appendices, we recast the various notions of variational equations
found in the literature and prove their equivalences.
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Introduction

The Malgrange pseudogroup of a vector field may be seen as a nonlinear analog of
the Galois group of linear differential equations. Our aim in this work is to provide
a criterion to compute Malgrange pseudogroups using an approach initiated by
Casale: we study variational equations along a given algebraic solution curve I" and
use the fact that their Galois groups lie, in a certain sense, in Mal(X). Our main
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theorem below shows that if the dimension of these Galois groups is large enough,
then Mal(X) is large and known.

In previous works, Casale applied this to integrability. We apply it to a stronger
notion; the irreducibility of nonlinear differential equations.

Irreducibility of differential equations. The first formalized definition of reducibility
appears in the Stockholm lessons of Paul Painlevé [1897]. A complete algebraization
of this definition was given by K. Nishioka [1988] and H. Umemura [1988]. Note
that Nishioka’s concept of decomposable extension may be more general than
reducibility. The first application was the proof of the irreducibility of the first
Painlevé equation [Painlevé 1900; Nishioka 1988; Umemura 1988; 1990]. Umemura
gave a simple criterion to prove irreducibility and the Japanese school applied it to
all Painlevé equations [Noumi and Okamoto 1997; Umemura and Watanabe 1997;
1998; Watanabe 1995; 1998]. These papers deal with reducibility of solutions; in
this paper, we will emphasize the (stronger) notion of reducibility of an equation
(see next section for proper definitions).

Painlevé [1902] suggested that irreducibility of a differential equation can be
proved by the computation of its (hypothetical) “rationality group”, as (incor-
rectly) defined by J. Drach [1898]. Such a group-like object was finally defined in
[Umemura 1996] (where it is a group functor) and in [Malgrange 2001] (where it
is an algebraic pseudogroup); see also [Pommaret 1983].

The Malgrange pseudogroup. Let X denote a vector field on a manifold M. The
smallest algebraic pseudogroup containing the flows of X is the Malgrange pseu-
dogroup, denoted by Mal(X) (see Appendix C2, and references therein for a more
precise definition).

The computation of the Malgrange pseudogroup of a differential equation is a
difficult (and currently wide open) problem. In this paper, we use differential Galois
groups of the variational equations along an algebraic solution of equations of the
form y” = f(x, y) to determine their Malgrange pseudogroup.

The study of an equation through its linearization is ancient. Applications to
integrability of differential equations were revived by S. L. Ziglin [1982], followed
by many authors, notably J. J. Morales-Ruiz and J.-P. Ramis [2001a; 2001b] and
then jointly with C. Sim6 [Morales-Ruiz et al. 2007] using the differential Galois
group of the variational equations along a solution.

Casale [2009] proved that these Galois groups provide a lower bound for the
Malgrange pseudogroup in the following way. This pseudogroup acts on the phase
space and the algebraic solution (along which we linearize) parametrizes a curve ¢
in this space. Then the group of k-jets of elements fixing a point in & contains the
Galois group of the k-th order variational equation along %.

Using techniques developed in [Morales-Ruiz and Ramis 2001a; 2001b; 2007]
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and the Malgrange pseudogroup following [Casale 2009], we will prove the follow-
ing theorem, which is the main result of this work.

Theorem 1. Let M be a smooth irreducible algebraic 3-fold over C and X be a
rational vector field on M such that there exist a closed rational 1-form a with
o(X) =1 and a closed rational 2-form y with 1xy = 0.

Assume € is an algebraic X-invariant curve with X4 # 0. Assume that the
following two conditions are satisfied:

(1) The differential Galois group of the first variational equation of X along € is
not virtually solvable;

(i) There exists an integer k such that the dimension of the differential Galois
group of the k-th variational equation is at least 6.

Then, the Malgrange pseudogroup is
Mal(X) ={¢ | ¢*a =a, "y =y}.

Moreover, if there exist rational coordinates x, y, z on M such that

0 ad ad
X_£+Z$+f(xayaz)a_z

then the equation " = f(x, y, ') is irreducible.

The proof will be given in Appendix C, essentially because it requires a number
of definitions and clarifications which we give there.

Another way to express the conclusion of the theorem is that the singular holo-
morphic foliation .#x of M defined by trajectories of X has no transversal rational
geometric structure except the transversal rational volume form given by y.

This theorem can be applied to compute the Malgrange pseudogroup of equations
of the form y” = f(x, y). Solutions x — (x, y(x), y'(x)) of such an equation are
trajectories of the vector field % + z% + f(x, y)aa—Z on the phase space. The forms
oa=dx and y =1x(dx ANdy Nndz) are closed and «(X) = 1, txy = 0. To apply
the theorem, a particular solution is needed.

Irreducibility and Malgrange pseudogroup. After Umemura, the Japanese school
proved irreducibility of solutions of Painlevé equations using the so-called J condi-
tion.

Theorem [Umemura 1990]. If E € C[x, y, y', y"] is a second order differential
equation and ¢ is a nonalgebraic reducible solution then there exists a differential
field extension C(x) C L and a first order differential equation F € L[y, y'] such
that F (@, ¢") =0.

Casale improved this condition under some assumptions:
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Theorem [Casale 2009]. If E € C[x, v, y', y"] is a second order differential equa-
tion and ¢ is a nonalgebraic reducible solution and the Malgrange pseudogroup of
E is big enough then there exists a first order differential equation F € Clx, y, y']
such that F(p, ¢") = 0.

This theorem can be rephrased as follows:

If the Malgrange pseudogroup of an equation is big enough then a re-
ducible solution cannot be a general solution.

This leads us to define reducibility of an equation as the existence of a reducible
general solution. A link with the Malgrange pseudogroup is given by the following.

Theorem 2 [Casale 2009]. Let M be a smooth irreducible algebraic 3-fold over C
and X be a rational vector field on M such that there exist a closed rational 1-form o
with «(X) = 1 and a closed rational 2-form y with 1xy = 0.

If the Malgrange pseudogroup is

Mal(X) ={¢ | ¢*a =a, ¢*y =y}

and there exist rational coordinates x, y, z on M such that

X 8—|— 8—l—f( )8
= ~ x’ b _’
ox Zay yzaz

then the equation y" = f(x, y, y’) is irreducible.

Casale [2008] applied this philosophy to reprove the irreducibility of the first
Painlevé equation. S. Cantat and F. Loray [2009] used this to reprove the irreducibil-
ity of the sixth Painlevé equation.

The strongest notion of solvability used in differential equations is Liouville
integrability of Hamiltonian systems (and derived notions such as Bogoyavlenskij
integrability [1998]). In this case, Mal(X) is commutative. In the case when the
system is integrable by quadratures, Mal(X) is solvable. In the reducible case, the
consequence on Mal(X) is more technical (see Appendix C and the proof of the
main theorem in [Casale 2009]).

Applications. The second Painlevé equation with parameter a is
(Pn(@)) Y'=xy+2y° +a.

There is a Backlund transformation ([Noumi and Okamoto 1997]) linking (P (a))
and (Pr(a + 1)). Hence, determining the Malgrange pseudogroup for (Pr(a))
determines it for all (Py(a +n)), n € 7.

M. Noumi and K. Okamoto [1997] proved that, apart from the rational solutions
when o € Z and hypergeometric solutions when o € 1/2 + Z, the solutions of this
equation are irreducible in the sense of Nishioka and Umemura.
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Painlevé equations can be presented as Hamiltonian systems with two degrees
of freedom. Morales-Ruiz applied Morales—Ramis theory to the Hamiltonian form
of (Prr(n)) in order to prove its non-Liouville-integrability. His work has been
continued in [Stoyanova and Christov 2007; Horozov and Stoyanova 2007; Zotadek
and Filipuk 2015]. These computations can be reinterpreted following [Casale 2009]:
the nonsolvability of the Galois group of the first variational equation implies the
nonsolvability of the Malgrange pseudogroup, and hence the nonintegrability by
quadratures of (Pr(n)).

For an ordinary differential equation, reducibility is much more general than
integrability by quadratures and the corresponding property of its Malgrange pseu-
dogroup is less easy to formulate precisely. The seminal work of Morales-Ruiz
has to be continued further and Galois groups of higher order variational equations
must be computed.

The approach presented here uses the Malgrange pseudogroup of the rational
vector field X on M = C? given by

d ad 3. 0
X2 = 54—254-()6}/4—2)7 )8—Z,
whose trajectories are parametrized by solutions of (Pp(n)). Using the notation of
the theorem, « =dx, y =1x(dx Andy Adz) and € = {y = z = 0}, we prove that

Mal(X) ={¢ |¢*a =a, ¢*y =y}.

This equality implies the irreducibility of (Pr(n)). Note that this property of the
Malgrange pseudogroup is stronger than irreducibility in the sense of Nishioka
and Umemura. However, it is not a purely algebraic property: it is formulated for
the differential field C(x) and seems to be specific to differential fields which are
finitely generated over the constants, whereas the definition of irreducibility can be
stated over any differential field.

The application of our theorem to prove the irreducibility of the second Painlevé
equation requires two steps.

First, one needs to check whether the Galois group of the first variational equation
is solvable after an algebraic extension (or virtually solvable). This differential
equation reduces to the Airy equation y” = xy and it is easy, for example by using
the Kovacic algorithm [1986], to show that its differential Galois group is SL(2, C).

Then, to check the dimension condition seems more hazardous at first sight. We
would need to compute Galois groups of higher order variational equations until
we found a Galois group of dimension at least 6. Until now, no bound is known on
the order of the required variational equation that one would have to study to prove
this. Moreover, the size of the (linearized) variational equations grows quickly and,
even though there are theoretical methods to compute differential Galois groups
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in [Hrushovski 2002], the computation of differential Galois groups of such big
systems is still unfeasible in general.

In our case, the situation is better because the methods of P. H. Berman and
M. F. Singer [Berman and Singer 1999; Berman 2002] could allow us to determine
the differential Galois group. We choose another approach, following the works of
A. Aparicio, E. Compoint, T. Dreyfus and J.-A. Weil on reduced forms of linear
differential systems (see [Aparicio and Weil 2012; Aparicio et al. 2013]), notably
[Aparicio and Weil 2011; Aparicio et al. 2016] where new effective techniques allow
the computation of the Lie algebra of the differential Galois group of a variational
equation of order k when the variational equation of order kK — 1 has an abelian
differential Galois group. We show how to extend their method to our situation.

These computations can be reused to compute the Malgrange pseudogroup and
prove irreducibility of a larger class of differential equations: y” = xy + y" P(x, y).
We will then show how this technique can be used to compute the Malgrange
pseudogroup of a family of Painlevé III equations and prove their irreducibility.

Organization of the paper. Section 1 contains the definitions of reducibility, varia-
tional equations and their differential Galois groups in order to state the main
theorem. The proof of the main theorem is postponed until Appendix C. In
Section 2, we elaborate a simple irreducibility criterion for equations of the form
y" =xy+ y"P(x,y) and give two irreducibility proofs for a Painlevé II equation.
In Section 3, we apply a similar scheme to prove the irreducibility of a Painlevé II1
equation from statistical physics.

In the appendices, we detail the constructions needed to prove the main theorem.
In Appendix A, we recast the Galois groups in the context of G-principal connections.
In Appendix B, we describe and compare various notions of variational equations
(arc space and frame bundle viewpoints), as the literature is occasionally hazy on
this point. In Appendix C, we give the definition of the Malgrange pseudogroup
of a vector field and give some of its properties regarding the reducibility and the
variational equations. Together with the Cartan classification of pseudogroups in
dimension 2 (in a neighborhood of a generic point), this allows us to finally prove
Theorem 1.

1. Definitions

1.1. Irreducibility. In the 21st of his Stockholm lessons, Painlevé [1897] defined
different classes of transcendental functions and gave the definition of second
order differential equations reducible to first order differential equations. Then he
proved that the so-called Picard—Painlevé equation, a special case of Painlevé’s
sixth equation discovered by E. Picard, is irreducible. This proof relies on the fact
that this equation has no moving singularities and that its flow gives bimeromorphic
transformations of the plane C. In this situation, reducible equations have a flow
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sending a foliation by algebraic curves onto another algebraic one. This is not the
case for the Picard—Painlevé equation.

Later, Painlevé claimed without proof that the computation of Drach’s rationality
group [Drach 1898] would prove the irreducibility of an equation. He tried to
compute it for the first Painlevé equation in [Painlevé 1902].

Definition 3 [Painlevé 1897; Nishioka 1988; Umemura 1988]. Let (K, §) be an
ordinary differential field, y be a differential indeterminate and

(E):8%y =F(y,8y) € K(y,8y)

be a second order differential equation defined on K. A solution of the equation (E)
is called a reducible solution if it lies in a differential extension L of K built in the
following way:

K=KoCK)iC---CK, =L

with one of the following elementary extensions for any i. Either

* K; C K;41 is an algebraic extension, or

. K C Ki41 is a linear extension, i.e., Kj+| = K; (f ;1 < p,j <n) with
=Y ANfL AL e Ky, or

o K,- C Ky is an abelian extension, i.e., K; 1| = K;(¢j(ai,...,a,); 1 < j <n)
with ¢’s a basis of periodic functions on C" given by the field of rational
functions on an abelian variety over C and a’s in K;, or

e K; C K, has transcendence degree 1, i.e., K;+1 = K;(z, §z) with P(z, §z) =0,
PeK;[X,Y]—{0}.

Note that Nishioka’s definition of decomposable extension seems more general
than reducibility. We do not know any example of a decomposable irreducible
extension nor any proof of the equivalence of the two notions. In the articles of
Umemura, the notion of reducibility appears together with the notion of classical
functions. The latter is similar except that the last kind of elementary extension is
not allowed.

This definition may not be the most relevant to understand the geometry of the
differential equation: a second order differential equation may have two functionally
independent first integrals in a Picard—Vessiot extension of C(x, y, z) without being
reducible. This is the case for the Picard—Painlevé equation as it is explained in the
21st lesson of Painlevé [1897]; see also [Casale 2007] and [Watanabe 1998].

The above definition is a property of individual solutions; however, the equation
may have an exceptional solution which is reducible whereas the others are not. For
example, any equation 82y = yF (v, 8y) +8yG(y, 8y) € K[y, y] admits y =0 as a
solution. Therefore we will introduce a notion of reducibility of the equation which



306 GUY CASALE AND JACQUES-ARTHUR WEIL

translates, in algebraic terms, the idea that the general solution of the equation is
reducible.

Definition 4. Let (K, §) be an ordinary differential field and

(E):8%y = F(y,8y) € K(y,8y)

be a second order differential equation defined on K. The equation (E) is called a
reducible differential equation over K if there exists a reducible solution f such
that the transcendence degree of K (f, §f)/K equals 2 (i.e., the general solution of
the equation is reducible).

Example 1. Consider the equation %y = 0. We want to show that it is reducible
over (C(x),8 = 9/0x). Its general solution is f = ax + b for arbitrary (i.e.,
transcendental) constants a and b. Here, K = C(x) and K(f, §f) = C(a, b)(x)
(with a and b transcendental over C) so that the transcendence degree of K (f, 5f)/K
does indeed equal 2. This is why, in the second condition for reducibility of solutions
(in Definition 3 above), we allow linear extensions with possibly new constants
(and not only Picard—Vessiot extensions).

Remark 5. Solutions of a reducible second order differential equation are reducible.
Reducibility of the equation means that one can choose a geometric model (M, X)
for the differential field K, and a dominant rational map 7 from M to A%( such that
the rational vector field X is -projectable on 9 + y’ 3% + F(y, y’)aiy,. A solution is
an integral curve of this vector field. Now the image of a rational map is constructible
so that either the solution is algebraic or it is in the image of . In each case, the
solution is reducible.

Using the Malgrange pseudogroup of a vector field and E. Cartan’s classification
of pseudogroups, Casale proved the following theorem.

Theorem 6 [Casale 2008, Annexe A]. Let X be a rational vector field on M, a
smooth irreducible algebraic 3-fold. Assume there exist a rational closed 1-form «
such that «(X) = 1 and a rational closed 2-form y such that 1xy = 0. Then one of
the following holds.

——al
o There exists a 1-form w with coefficients in the algebraic closure C(M )ag
such that w(X) = 0 and for any local determination of algebraic functions
wANdw=0.

o There exist 0\ and 6, two rational 1-forms vanishing on X, and a traceless
2 X 2 matrix (Gij) of rational 1-forms such that 6;(X) =0,d6; =), 91." A O

and do) =3, 6] NOF, for all (i, j) € {1,2)2
o The Malgrange pseudogroup is Mal(X) ={¢ | ¢*a = «a, ¢*(y) =y}.
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The systems of PDE given in the first two items of the statement are the analog
of the resolvent equations in classical Galois theory. The existence of a rational
solution to the resolvent equations would imply that the Malgrange pseudogroup is
small. Then in [Casale 2009], the claim of Painlevé is proved.

Theorem 7 [Casale 2009]. Let E be a rational equation of order two,

y'=F(x,y) € C(x,y),

and X =9/3x+293/dy+ F(x, y)d/dz be the rational vector field on C* associated
to E. If Mal(X) ={p | ¢*dx =dx, ¢*(txdx Ndy ANdz) = 1xdx Ndy Adz} then
E is irreducible.

1.2. Variational equations. Let X be a vector field on an algebraic manifold M
and ¥ C M an algebraic X-invariant curve such that X # 0. Variational equations
can be written easily in local coordinates. Intrinsic versions will be given in
the appendices. In local coordinates (xp, ..., x,) on M, the flow equations of
X =) a;(x)d/0x; are

d .
Exi:a,-(x), i=1,...,n.

This flow can be used to move germs of analytic curves on M pointwise. Let
€ — x(€) be such a germ defined on (C, 0). For any € small enough, one has

d _ P —
Exi(e) =ai(x(€)) i=1,...,n.

Analyticity allow us to expand this equality. Let

(k)ek (k)ek
X(E) = (le E, ...,Xk:)cn F),

k
then
j—tX,O =a;(x9),
d da;
o D=y, af:,-( 0)x P,
j—txi@) =Z,-%;(xo)x;z)-i-zj,z%(xo)x;l)xél)»
(VEO j_txiG) =2 %(Xo)xf) +2 3%&0)%@&5”,
+Zj,z,m%(xo)x?)xél)x,(r}),
j—txfk) = F@Pai(x0), xO i=1,....n Bl <k, £ <k),
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where the F’s are given by Faa di Bruno formulas (see formula (14) on page 860 in
[Morales-Ruiz et al. 2007]). The k-th order variational equation is the differential sys-
tem on k-th order jets of parametrized curves on M obtained in this way. Because €
is an algebraic X-invariant curve, the space of parametrized curves with x° € ¥
is an algebraic subvariety invariant by the variational equation. The variational
equation gives a nonlinear connection on the bundle over ¢ of parametrized curves
pointed on ¢. This restriction is the variational equation along .

The system (VEy) is a rank nk nonlinear system but it can be linearized. For
instance the third order variational equation is linearized using new unknowns
k= xél)xél)xﬁl), Zk,j = x(2)x(1) and z; = x,ﬁ ), which amounts to performing
some tensor constructions on lower order linearized variational equations (such as
symmetric powers of the first variational equation); see [Simon 2014; Aparicio and
Weil 2011; Morales-Ruiz et al. 2007]. The linear system obtained is

%x? =a;(x"),
j[ 20k = Dped <§ﬂ + gzk + 94 )(XO)Zb c.ds
WVE) § Lz =50 (B4 2) (600204 Xy 5 ()20
%zl —Z aa’ (xo)z]—i-Z]ZS aal (xo)zjg
+ Z]”g’m axjg%(xo)zj,g,m.

When X preserves a transversal fibration 7 : M — B, the parametrized curves € —
x(¢€) included in fibers of  give a subset of curves invariant by X. The restriction
of the variational equation to this subset is called the -normal variational equation.
The main case of interest is the normal variational equation of an ODE. Such a
differential equation gives a vector field d/dx; 4 - - - where x; is the independent
coordinate. The normal variational equation (with respect to the projection on the
curve of the independent coordinate) is obtained from the variational equation by
setting x{k) =0 whenk > 1.

The k-th order linearized normal variational equation is obtained from the k-th
order linearized variational equation by setting z, = 0 when a coordinate of « € N
is equal to 1. The induced system will be denoted by NLVE.

1.3. The Galois group and the main theorem. Following E. Picard and E. Vessiot,
the differential Galois group of a linear differential system %Y =AY with A €
GL(n, C(¢)) can be defined in the following way.

Select a regular point #( of the differential system and a fundamental matrix F(¢) €
GL(C{t —tp}) of holomorphic solutions at this point. Then the splitting field, called
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the Picard—Vessiot extension, is L = C(t, Fij (t) | 1 <i, j <n) and the differential
Galois group G is the group of C(¢)-automorphisms of L commuting with d/dt.

Picard proved that this group G is a linear algebraic subgroup of GL(n, C) and
Vessiot proved the Galois correspondence. In our context, the linearized normal
variational equation is a subsystem of the linearized variational equation so the
Galois correspondence implies that its Galois group is a quotient of the Galois
group of the variational equation.

Introductions to this theory may be found in [Magid 1994] or the reference book
[van der Put and Singer 2003]. Other variations on that theme can be found, for
example, in [Katz 1990; Kolchin 1973; Bertrand 1996]. We propose an overview
of the theory from the “principal bundle” point of view in the appendices.

The statement of our main theorem involves the Malgrange pseudogroup of a
vector field. We recall its definition in Appendix C2.

Theorem 1. Let M be a smooth irreducible algebraic 3-fold over C and X be a
rational vector field on M such that there exist a closed rational 1-form a with
o (X) =1 and a closed rational 2-form y with 1xy = 0.

Assume € is an algebraic X-invariant curve with X4 % 0. Assume that the
following two conditions are satisfied:

(1) The differential Galois group of the first variational equation of X along € is
not virtually solvable;

(i1) There exists an integer k such that the dimension of the differential Galois
group of the k-th variational equation is at least 6.

Then, the Malgrange pseudogroup is

Mal(X) ={¢ | p*a =a, 9™y =y}.
Moreover, if there exist rational coordinates x, y, z on M such that

0 0 0
X—a'i‘Z@'i‘f(X,y,Z)a—Z

then the equation " = f(x, y, y') is irreducible.

In the application, we will compute the Galois group of the normal variational
equation. As this group is a quotient of the group used in the theorem, one can
replace (VE) by (NVE) and (LVEy) by (NLVE;) without changing the conclusion
of the theorem. We postpone the proof of the theorem to the appendices because it
requires additional technology which is recalled there. In the next two sections, we
show applications of this theorem to the irreducibility of second order equations
such as the Painlevé equations (Pry) and (Pry).
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2. Irreducibility of d*>y/dx? = f(x, y) and the Painlevé II equation

We will compute the differential Galois group of some normal variational equation
along the solution y = 0 of differential equations of the form

d2
d—z =xy+y"P(x, y) with P € C(x, y) without poles along y =0 and n > 2.
X
The vector field of our equation is
9,9 n 9
X = oy +Z8y + (xy+y"P(x, y))az.

This equation has a solution y = z = 0. The first normal variational equation along

this curve is 5 5 5
il 1 M
0x te ayM +xy azM

Using a parametrization x = ¢ of this curve, we get a linear system,

d
—Y =AY, withA:(O 1).
dt t 0

It is easily seen, from the form of the equation, that the variational equations of
order less than n bring no new information, because of the term in y”. Letting

n
y=) yV€/G) and p(x)=nlP(x,0).
i=1
we have

n—1

xy 4+ Y P y) =Y xyPe + (ey™ + (V) px))e” +o(e”)

i=1

and the n-th order normal variational equation along the solution y =z =0 is

K SEZ(/«)L NG +z(”)L+(x ™ 4 p(x)( <1>)n)i
ax T\ ay® T m R MO,
The linearized normal variational system can be reduced to
: sym"(o 1) 0 )
(NVEn)di (Z)(y(l))n—k(z(l))k _ t 0 : (Z)(y(l))n—k(z(l))k
t : : :
0 0(0 1
(n) (n)
y y
o py - 010 s
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Example 2. For example, in the case of the second Painlevé equation with a =0
or (Pr), we have n = 3 and the linearized variational system is

0 100[00

3t 0 20[00

d , 0 2t 0300

(PNVE3) SY=AY, wih A=
0 000[01

12000/t 0

2.1. Reduced forms and a first irreducibility proof of (Pry). We introduce mate-
rial from [Aparicio et al. 2013; Aparicio and Weil 2012] concerning the Kolchin—
Kovacic reduced forms of linear differential systems.

Consider a differential system [A]: Y’ = AY with A € Mat(n, k). Let G denote
its differential Galois group and g its Lie algebra. Given a matrix P € GL(n, k),
the change of variable Y = P.Z transforms [A] into a system Z’' = B.Z, where

B=PAP ' —p'p

The standard notation is B = P[A]. The systems [A] and [ P[A]] are called equiva-
lent over k. The Galois group may change but its Lie algebra g is preserved under
this transformation.

We say that [A] is in reduced form if A € g(k). When this is not the case, we say
that a matrix B € Mat(n, k) is a reduced form of [A] if there exists P € GL(n, k)
such that B = P[A] and B € g(k). Our technique to find g, for the variational
equations, will be to transform them into reduced form.

Example 3. The first variational equation of Painlevé II has matrix

01
A= .
=(0o)
This corresponds to the Airy equation and its Galois group is known to be SL(2, C).
Obviously, A; € sl(2, C(¢)) so the first variational equation is in reduced form.

Let a;(x),...,a,(x) € k be a basis of the C-vector space generated by the
coefficients of A. We may decompose A as A = 2?21 a;(x)M;, where the M;
are constant matrices. The Lie algebra associated to A, denoted Lie(A), is the
algebraic Lie algebra generated by the M;: it is the smallest Lie algebra which
contains the M; and is also the Lie algebra of some (connected) linear algebraic
group H; see [Aparicio et al. 2013].
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Example 4. We compute the Lie algebra Lie(.4) associated to A in the system
(PNVE3). Let

0100[00
0020[00 o (O]
000300 ™ 1o o
X:=1o000j00|= o1l
0000[01 0 00
0000[00
000000
3000[00 o (00|
020000 ™10
Y'=1o0010l00|= 0o |
0000[00 0 10
0000[10
and
30 0 0lo 0
01 0 0/0 0
00—1 0/0 0
H=[XYI=140 0 -3/0 o0
00 0 0/1 0
00 0 00 —1

this is the standard sl, triplet with [H, X]=2X, [H, Y] = —2Y), and we introduce
the off-diagonal matrices

where
0000 +1 0 00 0-100
BO_(looo)’ Bl_(o —100)’ BZ_(O 0 10)’
00+1 0 000 —1
33_(00 0 —1)’ B“‘(ooo 0 )
We have [X, Ei]=( + 1) Eit1, [Y, Eil=C —i)E;—1, [H, Ei]=(—4+2i)E; and

[E;, E;]=0 (with E_; = E5 = 0). We now show that Lie(A) is generated (as a
Lie algebra) by X, Y and E;. Indeed, Lie(A) is generated (as a Lie algebra) by
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M, :=X+ E;and M, :=7Y; thus [M{, M,] = H and [M, H] = —2X —4E; so
[M;, H14+2M; = —2E and so E; € Lie(A).

The above calculations then show that Lie(4) has dimension 8 and that it has
{X,Y,H,Ey,..., E4} as a basis. We admit, as is proved later, that this Lie algebra
is actually an algebraic Lie algebra: there exists an algebraic group H whose Lie
algebra § is equal to Lie(A).

A theorem of Kolchin ([van der Put and Singer 2003, Proposition 1.31]), shows
that g C Lie(A) (and that G C H). A reduced form is obtained when we achieve
equality in that inclusion. Moreover, when G is connected (which will be the case in
this paper), the reduction theorem of Kolchin and Kovacic ([van der Put and Singer
2003, Corollaire 1.32]), shows that a reduced form exists and that the reduction
matrix P may be chosen in H (k).

Let us now continue the above examples with the third variational equation
of Painlevé II. Denote by bhgis; the Lie algebra generated by the block-diagonal
elements X, Y, H. Similarly, let hyyp be the Lie algebra generated by the off-
diagonal matrices E; (closed under conjugation by bgiag). Of course, hgiag is slp in
its representation on a direct sum Sym” (C?) @ C2

We see that b = hgjag @ bsup. It is easily seen that by, is a Lie subalgebra of b
and that by, is an ideal in b.

We have seen that g C Lie(A). Furthermore, bhgjag C g (because VE| has Galois
group SL,(C)). It follows that g = hgiag ® g, Where g C hgyp is an ideal in g; in
particular, it is closed under the bracket with elements of bgjae (adjoint action of
hdiag on hsub)-

Now the only invariant subsets of hgy, under this adjoint action are seen to be {0}
and hgyp (this is reproved and generalized in Proposition 9 below and its lemmas).
So the Lie algebra g is either sl, (of dimension 3) or § (of dimension 8§).

As the Galois group of the block-diagonal part is connected, the differential
Galois group G of [A] is connected. Hence we know (by the reduction theorem of
Kolchin and Kovacic cited above) that there exists a reduction matrix P € H (k).
Furthermore, as the block-diagonal part of A is already in reduced form, the block-
diagonal part of the reduction matrix P may be chosen to be the identity. So there
exists a reduction matrix of the form

5
P=1d+) fi()E;, with fi(t) € C(t).
i=1

A simple calculation shows that PAP ' = A+ 2?21 fi(®[E;, X +1tY] and so

5 5
PIA|=X+tY+E + )Y fi(OIE. X+1Y]= ) f/(OE;.

i=l i=1
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We see that the case g = sl, happens if and only if we can find f; € C(¢) such
that Z?zl fiOE; = Zf:] fi(®O[X +1Y, E;]+ E;. Let ¥ denote the matrix of the
adjoint action [X + 1Y, ] of X +¢Y on by, We see that g = sl if and only if we
can find an F € C(r)> solution of the differential system

1
F'=V.F+ .
0
We now gather the properties of (Pp) elaborated in this sequence of examples.
Proposition 8. The Painlevé Il equation is irreducible when the parameter a = 0.

Proof. Using the Barkatou algorithm and its Maple implementation [Barkatou 1999;
Barkatou et al. 2012], one easily sees that the above differential system does not
have a rational solution. If follows that, using the notations of the above examples,
we have g = h of dimension 8. So, for (Py), we have: the Galois group of the first
variational equation is SL(2, C) which is not virtually solvable; the Galois group of
the third variational equation has dimension 8 > 5. Theorem 1 thus shows that the
Painlevé II equation is irreducible. (]

2.2. The Galois group of the n-th variational equation. We will now generalize
this process to all equations of the form 2127% =xy+y"P(x,y). We will elabo-
rate a much easier irreducibility criterion, which will allow to reprove the above
proposition without having to trust a computer.

The aim of this subsection is to prove the following:

Proposition 9. The Galois group of the n-th variational equation (LNVE,)) is
either SL,(C) or its dimension is n + 5 and then the differential equation y" =
xy+y"P(x,y) is irreducible.

2.2.1. Adjoint action.

Lemma 10. Let A be a 2 x 2 matrix of rational function of the variable t such
that the Galois group G| of the differential system ‘2—’; = AY has Lie algebra sl,.

Consider a system
d (Z\ _(sym"A|O Z
at\Y) B |A)\Y

with differential Galois group G. Then G has dimension 3 or n +3 orn+5 or
2n +5.
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Proof. Let g be the Lie algebra of G. It has a block lower triangular form shaped
by the form of the system, i.e., g C h C gl, 3 where

The south-east block A defines a subsystem, thus G contains a subgroup isomorphic
to SL,. The north-west block defines a quotient system so there is a surjective group
morphism from G onto SL;. The kernel of this map is a commutative ideal (the off-
diagonal matrices E;, in our examples) and inherits the structure of an sl,-module
for the inclusion of sl, in h via g. As a representation, g N (CHV® Sym”(@z)) is
a subspace of (CHY ® Sym” (C?). This representation is nothing but the adjoint
representation. The decomposition in irreducible representations is

(CZ)\/ ® Symn ((I:Z) — Symn—l (CZ) D Symn+1 ((CZ)

(see [Fulton and Harris 1991, Example 11.11]). So the Lie algebra g is either sl»,
or sl x Sym" ' (C?), or s, x Sym™ 1 (C?) or sl x (Sym"~(C?) @ Sym”" ! (C?)).
Its dimension is then 3 orn +3 or n + 5 or 2n + 5. O

2.2.2. Vector field interpretation. To simplify our computations, we will use the
following identification. The Lie algebra sl, may be viewed as a Lie algebra of
linear vector fields on C?, namely,

CX+CH+CY

with X = xd/dy, H = xd3/0x — yd/dy and Y = yd/dx. These are the same
standard X, Y and H as the matrices of Example 4.

The dual representation C’® Sym"((@z)v) is the space of vector fields on C?
whose coefficients are homogeneous polynomials of degree n. The decompo-
sition in irreducible representation is the decomposition of any vector field in
C? ® Sym" ((C?)V) as

ad ad d d 0K 0 0K 0
g o (e ) 1
ax T Bay O It Hyar ) Y e T ax 9y

with G € Sym" ™' ((C?)¥) and K € Sym" ! ((C?)Y).!

The symplectic gradient of a polynomial K will be denoted by

Jvk 0K KD

If we define

]
K; = ((”“)) =iy and E; = —— JV(K)),
I n+1

1774 __1 (0A dB _ 1
Using G = nT—l(W +Ty) and K = =5 (yA—xB).
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then calculation shows that, as in the previous section,
[X, Eil=(+DEi+1, [V, Eil=(n+2—i)E;—; and [H, E;]=Q2i—n—-1)E;.

Lemma 11. Let § := Lie(A) be the Lie algebra associated to the matrix A of
(LNVE,). Let G denote the differential Galois group of (LNVE,,) and g be its Lie
algebra. With the standard notation of Example 4, we have:

(1) b is generated, as a Lie algebra, by X, Y and Eg and hh = sl x Sym”+1 (C?).
(2) Either g = sl(2) (of dimension 3) or g = b (of dimension n + 5).

Proof. With the matrices of Example 4, we have A= X+tY +p(t)Eo. As[X, E;]=
(n+1—1i)E;+, the Lie algebra generated by X, Y and Ey has dimension n 45 and
may be identified with sl x Syrn"Jrl (C?%). Moreover, a Lie algebra containing X, Y
and any of the E; contains sl, X Sym"“(@z) (because [Y, E;]=(n+2—i)E;_1).

If 1, ¢ and p(¢) are linearly independent over C then Lie(A) is the algebraic
envelope of the Lie algebra generated by X, Y and Ey; because the latter is
algebraic (it is sl, x Sym"*!(C?)), we have Lie(A) = sl x Sym"*!'(C?). Now,
we have seen that g is either sl,, or sl X Sym”_] (C?), or sl x Sym’”rl (C?) or
5l 4 (Sym”_l(Cz) ® Sym”_l(Cz)). Among these, only sl, and sl x Sym”“(@z)
are in Lie(A), which proves the lemma in that case.

We are left with the case p(t) = a + bt with (a, b) € C% Then Lie(A) is the
algebraic envelope of the Lie algebra generated by M| := X + aFEg and M, :=
Y +bEy. If b =0, then [M1, My] = H and [M;, H] =2X +a(n + 1)Ej so
[My, H] —2M| = a(n — 1)Ey. So Lie(A) contains Ey and we are done. If b #0
then let M3 :=[M|, M]=H + (n+ 1)2bE1; then [M3,Y]=-2Y — (n+ 1)bEj
so 2M, — [M3, Y] is a multiple of Eq and the result is again true. O

Proof of Proposition 9. This follows from the above two lemmas and Theorem 1. [

2.3. Irreducibility criteria. Thanks to Proposition 9, to show the irreducibility of
y' =xy+ y"P(x,y)/(Q(x,y)), it is enough to show that (LNVE), has a Lie
algebra not isomorphic to s[(2). Using the Kolchin—Kovacic reduction theory, we
achieve this by proving (as in our first proof of irreducibility of Painlevé II) that
there is no reduction matrix that transforms our system to one with Lie algebra s[(2).
This gives us the following simple irreducibility criterion.

Theorem 12. We consider the equation (E) : y" = xy + y"P(x, y). Let p(t) :==
n!P(t,0). Let L,y := sym”“(at2 — t) denote the (n+1)-th symmetric power of
the Airy equation. Assume the equation L, 1(f) = p(t) does not admit a rational
solution. Then, if X is the vector fields 9/0x 4+ z9/9dy + (xy + y" P(x, y))d/0z,
oa=dx and yixdx Ndy ANdz, we have

Mal(X) ={¢ | p*a =, ¢*y =y}.
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Corollary 13. Under the assumption of Theorem 12, the equation (E) is irre-
ducible.

Lemma 14. Let A| = ((t) (1)) denote the companion matrix of the Airy equation. Let
AY = —AlT denote the matrix of the dual system. In a convenient basis, the matrix
W of the adjoint action [ Agiag, *] 0f Adgiag 0n hsup is ¥ = sym™ ! (A])Y.

Proof. We have

0 —(n+1)
-1 .. —nt 0
Symn+l(A)\/ — _2
0 LT 1
—n 0
We choose the following basis of hgp, using again the vector field representation.
Start from the same matrix Fy:= Ey and set F;1| := —HLI[X, F;]. Then, one can
check that [Y, F;] = —(n+2 —i)F;_1. So the matrix W of the map [X +tY, ¢] on
the basis (F;) is naturally sym"*!(A)Y. O

Proof of Theorem 12. Let us go backwards: assume that the equation y” = xy +
y"P(x,y) is reducible. Then we must have gz = sl, (otherwise, the dimension
of the Lie Algebra g3 would be n + 5, thus exceeding the bound of Theorem 1).
Reducing to sl, implies that we can find a rational solution to Y’ = WY + b, where

b= (p(1),0, ...,0)T. Transforming the latter to an operator, via the cyclic vector
(0, ...,0,1) reduces the system to the equation sym”Jrl (8t2 —1)Y =p(t). But 3> —¢
is selfadjoint, hence the result. (]

The proof of the corollary is a direct result of Theorem 2.
Corollary 15. The equation (Py) : y" = xy + 2y3 is irreducible.

Proof. In this case, n =3 and Ly = 3> —20¢3° — 309> + 64129 + 64¢. A solution of
L4(y) = 12 would be a polynomial (because L4 has no finite singularity); now the
image of a polynomial of degree N by L4 is a polynomial of degree N 4+ 1 so 12
cannot be in the image of L4. As equation L4(y) = 12 has no rational solution,
Theorem 12 shows that (Pyy) is irreducible. O

Corollary 16. Assume that p(t) has a pole of order k, 1 <k <n+2. Then the
equation y" = xy + y" P(x, y) is irreducible.

Proof. As Airy has no finite singularity, neither does L, 4. Thus, if a function
f € C(¢) has a pole of order d > 0, then L(f) has this pole of order d +n + 2. So
if p(¢) is in the image of f by L then all its poles have order at least n + 3. U
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3. Irreducibility of Painlevé I1I equations

The third Painlevé equation is

d?y 1 /dy\* 1ldy 1 1
—iz— i ———y+—(ay2+ﬁ)+yy3+8—
dx y\dx X y

P
(Pmr) T

with (o, B, v, 8) € C* For special values (o, B8,y,8) =Qu—1, —2u+1,1,-1),
w € C, this equation has a solution: y = 1. For u = %, this equation is related to the
2D Ising model in statistical physics; see [McCoy et al. 1977; Tracy and Widom
2011]. We will show that the latter equation is irreducible (in fact, we prove its
irreducibility for u & 7).

This equation has a time-dependent Hamiltonian form (see, e.g., [Clarkson 2006;
2010]). Letting

XH(x,y,2) =2y°2" — (xy> =2y — x)z — pxy,
we may consider the time-dependent Hamiltonian system
dy 0H dz  0H
&= &
Eliminating z between these equations shows that y satisfies (Ppy). It also means
that solutions of Py parametrize curves

xy'(x) +xy(x)* = 2uy(x) —x
4y (x)?
which are integral curves of the vector field X =d/dx+0dH /dzd/0y—dH/dy d/0z.

Proposition 17. Let (o, 8, y,08) := Ru—1,2u+1,1, —1), where u & Z. The
third Painlevé equation (Pry) with parameters (o, B, v, 8) is irreducible.

X = <x, y(x),

Before we prove the theorem, we remark that it includes the case u = 1/2: the
third Painlevé equation ( Pyy), as it appears in the study of the 2D Ising model in
statistical physics in [McCoy et al. 1977; Tracy and Widom 2011], is irreducible.

Proof. This vector field X satisfies the hypothesis of our theorem with the forms
o =dx, y =dyANdz+dH Adx and the algebraic invariant curve (I') given by

y=1,z=-5.
The first variational equation along I" has matrix
_n_9oH 4
X X
A= 5
—u—H 240H
X X
Conjugation by

2 1
o '_<—M2 0)
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puts it in Jordan normal formal at 0, giving us

1 1 1

; . 0 —~+-\ 1/01 o L
Al = Q] .Al.le 1 X :; 00 + n
4u 0 41 0

We have Trace(A;) = 0 so Gal(V E;) C SL(2, C). This first variational equation is
equivalent to the differential operator

Lr:= (i)2—4—4ﬁ.
dx X

This L, is reducible for integer u (it then has an exponential solution et2x P (x),
where P, is a polynomial of degree |u|) and it is irreducible otherwise. Moreover,
it admits a log in its local solution at 0, as shown by the Jordan form structure of
the local matrix at 0. So, for u & Z, the criterion of Boucher and Weil [2003] shows

Gal(V Ey) = SL(2, C) and that the first variational equation is in reduced form.
Let A; be the matrix of the second variational equation. As A is in reduced

form, we let
Q2 - ( Symz(Ql) ‘ O3x2 )
' 023 | O

and Az = Q;1 - Ay - Or. We obtain Az =Cx + %Co, where C; are constant
matrices. Indeed, setting M, := Cp and My := Coo — &CO, we have

0 1 0 0 0 0 0 0 0 O
0 0 2 0 0 8u 0 0 0 0

M, = 0 0 0O 0 O and M, = 0 40 0 0 O
—4p* 2 0 0 1 0 —-10 0 O

0 4u> 210 0 —12u2 0 1 4 O

Now, letting M3 := 8 LM, M>], a simple calculation shows [M|, M3] = —M, and
[My, M3] = M,. It follows that the Lie algebra Lle(Az) is equal to SL(2, C) (in a
5-dimensional representation). It follows that Gal(V E;) € SL(2, C). However, we
know that SL(2, C) € Gal(V E») (because Gal(V E|) = SL(2, C)) so Gal(VE,) =
SL(2, C) and Az is in reduced form.

We thus need to go to the third variational equation. Its matrix has the form

sym’ (A1) 5
©) 2 sym“(Aj)
Az = B, sym~(Aj) ,  where Ay = B)
16 20 |4 B, A
3 2 1

and 353) comes from Bf) so the really new part is the south-west block B3(3).
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The situation is strikingly similar to the (Pr) case from the previous section. Let

0757 | O7x2 077 07x2
N=] 0000 , Np = 000 ,
0 0
1000 2x2 \0_100 2 %2
077 | O7x2 07x7 07x2
N3 = 01 0O 0 , Ny= 001 O 0 ,
00 —10| > 000 —1| >

0757 | 0752
Ns=| 0001/,
0000 >

As in the study of the variational equation, we form a block-diagonal partial reduc-
tion matrix Q3 with blocks sym3(Q1), sym*(Q), Q1 and let A3 = 0" A3 0.
Again, we obtain A3 =Coo+ ~ Co, where C; are constant matrices. We set M :=Cy
and M, := C00 Co and M3 [M,, M;]. Then, direct inspection shows that
Lle(A3) is equal to Vect@ (M, My, M3, Ny, ..., Ns) and has dimension 8. Using
the results of the previous section, it follows that we have either g3 = s[(2) of
dimension 3 or g3 = Lie(ﬁ3) of dimension 8.

The adjoint maps Adyy, := [M;, ] acting on vectc(Ny, ..., Ns) have respective
matrices
00 0 00 040 0 O
10 0 00 0 0-30 O
vi=10-20 0 0| and ¥, =] 0 0 0 -2 O
00 -3 00 000 0 -1
00 0 —40 000 0 O

and W3 = [¥, W] (this follows from the Jacobi identities on Lie brackets). The
matrix of the adjoint action of A3 on vecty(Ni, ..., Ns)is W := (% —|—)lc)\111 +4pW,.

In order to have g3 = sl(2), we would need to find a find a gauge trans-
formation matrix P = Id9><9 + Zl | fiNi (with f; € k) such that Lie(P[A3]) =
vecte(My, My, M3). Leth = (by, ..., bs)” be defined by B =33 b; N;, namely

4 3 2 T
b= (—32 B gl a3t o, 0) .
X X x
Then, letting F= (fi,..., f5)T, the method developed for (Pyp) in the previous
section shows Lie(P[A3]) = vecte(M;, My, M3) if and only if the 5 x 5 system
F’ =W . F + b has an algebraic solution.
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It is easily seen that the latter is impossible. For example, the above system
converts to L( f;) = g where

4 4
g =8192 1 4 5100 Gt Dt
X x2

2 4 4 4
4512 @A HIOU=TIT 556 GLUEIMT | 765 1
X X X

and L = sym*(L,) where L, = (%)2 —4—4% When 1 ¢ Z (as assumed here),
the differential Galois group of L, (and hence of L) is SL(2, C)). So the equation
L(f1) = g has an algebraic solution if and only if it has a rational solution. Let us
prove that the latter is impossible.

The exponents of L at zero are positive integers; it follows that, if f; had a pole
of order n > 1 at zero, L( f;) would have a pole of order n + 5 > 6 at zero. As g
only has a pole of order 5 at zero, f; must be a polynomial. But then L( f;) would
have a pole of order at most 4 at zero, contradicting the relation L(f}) = g.

Reasoning as in Section 2, it follows that the Lie algebra of the Galois group of

the third variational equation is g3 = Lie(Ag) vectc (M, My, M3, Ny, ..., N5) and
has dimension 8. Our Theorem 1 thus implies that ( Pyyp) is irreducible for these
values of its parameters. ]

Appendix A: Review on principal connections

The G-principal connections are the version of linear differential systems in fun-
damental form for an algebraic group G that may not be a linear group or not
be canonically embedded in a GL,. They are a geometric version of Kolchin’s
strongly normal extensions [1973]. The differential systems in vector form appear
as a quotient of this fundamental (or principal) form.

Al. G-principal partial connection. Consider an algebraic group G and a smooth
algebraic manifold M. A principal G-bundle is a bundle P > M over M such
that G acts on P and the map P x G — P x P given by (p, g) — (p, pg) is an
isomorphism.

Let .# be an algebraic singular foliation on M. A connection along Z (or a
partial connection) on a bundle P %> M is a lift of vector field tangent to .# on P.
If0— T(P/M)— TP =5 TMxyP — 0is the tangential exact sequence then
a connection along .# is a splitting above .# given by V : T.% x s P — T P. Such
a partial connection is called a rational partial connection when the splitting is
rational.

We are interested in the case where .# is defined by a rational vector field X
on M. In this situation, it is enough to lift X to P by a rational vector field Vx such
that 7, Vx = X. Then V is defined on a vector collinear to X by linearity.
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A G-principal connection along % is a G-equivariant splitting V:T.% x3; P—TP
such that V(X)(pg) = g.V(X)(p) where g, : TP — TP is the map induced by
the action of g on P.

If G C H is an inclusion of algebraic groups and P is a G-principal bundle then
one defines an H-principal bundle HP = (H x P)/G where (h, p)g = (hg, pg).
A partial G-connection V : T.% x s P — T P can be composed with the inclusion
HXxTPCT(HxP)and weobtainamap 7% x yy(H x P) — T (H x P). This map
is G-equivariant. By taking quotients, we get the induced H -principal connection
along %, given by HV : T# x ,y(HP) — T (H P). It is the extension of V to H.
In particular, if G is a linear group then the extension of a partial G-principal
connection to GL(n, C) is a usual linear connection in fundamental form with
respect to variables tangent to .%.

A2. G-connections and their Galois groups. In this paper, a G-bundle E — M is
given by: the typical fiber E, (an affine variety with an action of G), a G-principal
bundle P — M and a quotient £ = (P x E,)/G for the diagonal action of G. A
principal connection along .% on P will induce a connection along .% on E. Such
a connection is called a partial G-connection on E.

A connection V on a bundle £ — M may be viewed as a G-connection for many
different groups (and maybe for no group). If we know that such a group G exists,
we denote by G E the principal bundle and GV the G-principal connection. The
Galois group of the G-connection will be a good candidate for such a group.

If C(M)7 = C, i.e., when the foliation has no rational first integrals, then there
exists a smallest algebraic group Gal V C G such that V is birational to a Gal V-
connection. This group is well defined up to conjugation in G and is called the
Galois group of V. Its existence is proved following the classical Picard—Vessiot
theory in the following way. A Gal V-principal bundle is obtained as a minimal G V-
invariant algebraic subvariety O C GE dominating M and Gal V is the stabilizer
of O in G. It is easy to prove that this group is a well-defined subgroup of G up to
conjugacy.

When a connection V is given, it is not easy to find a group G which would
endow V with a structure of G-connection. If such groups exist, we have to prove
that our result does not depend on the choice of one of these groups. In the case of
linear connections, there is a canonical choice (up to the choice of a point on M).

Given a vector bundle E, we say that V is a linear connection when, for any X € F,
V(X) preserves the module £ of functions on E which are linear on the fibers.
Then there is a canonical way to obtain a principal connection. Following Picard
and Vessiot, if E,, is the fiber of E at m € M then the tensor product E ® E;, of our
vector bundle with the dual of the trivial vector bundle M x E,, is endowed with

« a connection given by the connection on the first factor,
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« an action of GL(E,) on the second factor, thus preserving the connection,

» a canonical point id € E,, ® E;; in the fiber at m.

Then the space max(E ® Ej,) of tensors of maximal rank is a GL(E,,)-principal
bundle endowed with a principal partial connection. From the action of GL(E,;)
on E,,, we see that linear connections are GL-connections.

The Galois group obtained from a linear connection using this principal bundle
and the minimal invariant subvariety Q containing id is called Gal,, V.

A3. Principal bundle and groupoids. Given P~> M, a G-principal bundle over M,
one obtains a groupoid G by taking the quotient G := (P x P)/G of the cartesian
product by the diagonal action of G (see [Mackenzie 1987] for more details; the
main example is described in Appendices B2 and C2). The identity is the subvariety
quotient of the diagonal in P x P. From a G-principal connection V on P, one
derives a connection V @ V on the product P x P defined in an obvious way
from the decomposition T(M X M) X pyyx g (P X P)=TM X3y P®pT M x py P. This
connection is the so-called flows matrix equation.

Let G C H be an inclusion of algebraic groups and HP — M and HV be an
extension of the principal connection to H. One gets a groupoid inclusion G — H
such that (HV@® HV)|g=V @ V.

Remark 18. The following claims are not used in this paper. They may help the
reader to understand the links between the various definitions of differential Galois
groups appearing in the literature [Bertrand 1996; Katz 1990; Pillay 2004; Cartier
2009].

o The smallest algebraic subvariety of G which contains the identity and is
V @ V-invariant is the Galois groupoid of V.

o Its restriction above {x} x M C M x M is the Picard—Vessiot extension pointed
atx € M.

o Its restriction over the diagonal M C M x M is a Dy,-group bundle called the
intrinsic Galois group of V in the sense of Pillay [2004].

Appendix B: Variational equations

Various types of variational equations appear in the literature. Morales-Ruiz, Ramis
and Simo discuss three of them in [Morales-Ruiz et al. 2007]. More precisely, there
are various ways to obtain a linear system from the variational equation seen as an
equation on germs of curves. In this paper, for the theoretical result, we consider the
frame variational equation (see below) as the principal connection coming from the
variational equation. However, for practical calculations, one generally linearizes
the variational equation.



324 GUY CASALE AND JACQUES-ARTHUR WEIL

In this appendix, we give the definitions and the proofs needed to compare these
different approaches. Some of these results can be found in [Morales-Ruiz et al.
2007, Propositions 8 to 12].

B1. Arc bundles and the variational equation. This variational equation does not
appear in [Morales-Ruiz et al. 2007]. It has been used by several authors as a
perturbative variational equation; see [Boucher and Weil 2003] for refeﬂces.
The set of all parametrized curves on M is denoted by CM = {c: (C, 0) — M}.
It has a natural structure of proalgebraic variety. Let C[M] be the coordinate ring
of M and C[§] be the C-vector space of linear ordinary differential operators with
constant coefficients. The coordinate ring of CM is Sym(C[M] & C[5])/L, where

« the tensor product is a tensor product of C-vector spaces,
o Sym(V) is the C-algebra generated by the vector space V,

o Sym(C[M] ® C[4]) has a structure of a §-differential algebra via the right
composition of differential operators,

o the Leibniz ideal L is the §-ideal generated by fg® 1 —(f ®1)(g® 1) for all
(f, &) € CIM]~

Local coordinates (xq, ..., x,) on M induce local coordinates on CM via the
Taylor expansion of curves c at 0:

€ 0 €
ce) = (ch H,...,ch F)

Let xl.(k) : CM — C be defined by xl.(k) (c) = cl.(k). This function is the element x; ® 8
in C[CM] and we have the following facts.

(1) C[CM] is the 5-algebra generated by C[M]. The action of § : C[CM] — C[CM]
can be written in local coordinates and gives the total derivative operator
S x D 0x0.

(2) Morphisms and derivations of C[M] act on C[CM] as morphisms and deriva-
tions, respectively, via the first factor (it can be easily checked that the Leibniz
ideal is preserved).

(3) The vector space C[4] is filtered by the spaces C[8]=* of operators of order
less than k. This gives a filtration of C[CM] by C-algebras of finite type.

(4) These algebras are coordinate rings of the space of k-jets of parametrized
curves Cy M = {jic | c € CM}.

(5) The action of § has degree +1 with respect to the filtration.
(6) Prolongations of morphisms and derivations of C[M] on C[CM] have degree 0.
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Set theoretically, the prolongations are obtained in the following way. Any
holomorphic map ¢ : U — V between open subsets of M can be prolonged on
open sets C,U of Cy M of curves through points in U by Crp : C;tU — C;V;
Jkc > jir(@ o). One easily checks that Ci (¢ 0 ¢2) = Cre1 o Creo. This equality
can be used to prolong holomorphic vector fields defined on open subsets U C M by
the infinitesimal generator of the local 1-parameter group obtained by prolongation
of the flow of X, i.e., Cr(exp(t X)) = exp(tCi X).

When X is a rational vector field on M, its prolongation Cy X on Cy M is also
rational. Let X =) a;(x)d/dx; be a vector field on M in local coordinates. One
gets X =Y, ;. 8%(a)d/ox;.

If .7 is the foliation by integral curves of X on M then C; X defines a rational
connection along .# on C;M: for a vector V tangent to .%# at x € M with X (x) #0
or 0o, one defines Vy (jic) = V/(X (x)) Ry X (jic). It is the k-th order variational
connection /equation of X.

Usually, the variational equation is studied along a given integral curve of X:
if € is an invariant curve and if Cy M is the subspace of Cy M of curves through
points in &, the vector field Cy X preserves Cy M. Its restriction to Cy M is called
the k-th order variational connection /equation along €.

B2. Frame bundles and the frame variational equation. This variational equation
is the one used in the theoretical part of [Morales-Ruiz et al. 2007, Section 3.4] as
well as in [Casale 2009].

The set of all formal frames on M is denoted by

—

RM = {r : (C",0) - M | det(Jac(r)) # 0}.

Like the arc spaces, this set has a natural structure of proalgebraic variety. Let
Cl[0y, ..., d,] be the C-vector space of linear partial differential operators with
constant coefficients. The coordinate ring of RM is
Sym(C[M]® Cl0, ..., 3,1)/L)[1/ Jac],
where
« the tensor product is a tensor product of C-vector spaces;
* Sym(V) is the C-algebra generated by the vector space V;

e Sym(C[M] ® C[d1, ..., d,]) has a structure of a C[dy, ..., d,]-differential
algebra via the right composition of differential operators;

o the Leibniz ideal L is the C[0y, ..., d,]-ideal generated by

fe®@1—-(fD(E®1)
for all (f, g) € C[M%;
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« the quotient is then localized by Jac, the sheaf of ideals (not differential!),
generated by det([x; ® 9,]; ;) for a transcendental basis (x1, ..., x,) of C(M)
on a Zariski open subset of M where such a basis is defined.

Local coordinates (xy, ..., x,) on M induce local coordinates on RM via the Taylor
expansion of maps r at O:

60{ EO(
o o
r(el...,en)_—<g rl—!,...,g rn—!).

Let x}* : RM — C be defined by x{*(r) = r{*. This function is the element x; ® 9%
in C[RM].
(1) The action of 9; : C[RM] — C[RM] can be written in local coordinates and

. . 1;
gives the total derivative operator Y X /(9x{).

i,o0 Vi
(2) We leave to the reader the translation of the properties from Appendix B1 in
this multivariate situation.

All the remarks we have made about arc spaces extend mutatis mutandis to the
frame bundle. There is one important difference: RM is a principal bundle over M.
Let us describe this structure here.

The proalgebraic group

={y: (ﬁ,\O) = (@,\0), where y is formal invertible}
is the projective limit of groups
T ={jy |y : (C",0) = (C", 0), where y is holomorphic invertible}.

It acts on RM and the map RM xTI" — RM x s RM sending (r, y) to (r, roy) is an
isomorphism. The action of y € I' on RM is denoted by Sy : RM — RM as it acts
as a change of source coordinates of frames. At the coordinate ring level, this action
is given by the action of formal change of coordinates on C[dy, ..., d,] followed
by the evaluation at O in order to get an operator with constant coefficients. This
action has degree 0 with respect to the filtration induced by the order of differential
operators. For any k, this means that the bundle of order £ frames Ry M is a principal
bundle over M for the group I';.

When X is a rational vector field on M, its prolongation R; X on Ry M is also
rational. Let X = ) a;(x)d/9x; be a vector field on M in local coordinates. One
gets Ry X = Zi,\alik 3%(a;)d/0xy".

If .# is the foliation by integral curves of X on M then R; X defines a rational
connection along .# on Ry M. Moreover the prolongation is defined by an action of
the first factor on a tensor product whereas 'y acts on the other factor. These two
actions commute, meaning that R; X is a I'y-principal connection along .#. It is
the k-th order frame variational connection /equation of X.
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As for variational equations, one can restrict this connection above an integral
curve ¢ of X: one gets the k-th order frame variational connection/equation
along €. This connection is a principal connection of a bundle on ¥. After choosing
a point m € ¢ where /X-E defined, we obtain a Galois group Gal,, (Ry X|¢) C k.

From a frame r : (C", 0) — M, one derives many parametrized curves such that
CM is a I'-bundle. More precisely: if Vi denotes the vector space of k-jets of
maps @ — (61,\0) then C;M = (RyM x Vi)/T'". The k-th order variational
connection is a I';-connection.

B3. The linearized variational equations. The variational equations are usually
given in the linearized form described in Section 1.2. In [Morales-Ruiz et al.
2007], another linear variational equation is introduced, using a faithful linear
representation of I'. Let us recall these constructions and their relations with the
frame variational equations above.

B3.1 The Morales—Ramis—Simd linearization. The theoretically easier linearization
of variational equation is done through linearization of frame variational equations.
This is the approach followed by Morales-Ruiz, Ramis and Simé. It is based on
the fact that 'y is a linear group. Let Vj be the set of k-th order jets of map form
(C", 0) — (C", 0) without invertibility condition. Using coordinates on (C", 0) one
can check that Vj, is a vector space (the addition depends on the choice of coordinates)
and, using Faa di Bruno formulas, one can check that (jis, jky) > jk(soy) defines
a faithful representation of I'; on V. Then, from this inclusion I'y € GL(V;), one
gets an extension of the principal variational equation to the jet-linearized principal
variational connection.

B3.2 The geometric explanation of the linearization. The second linearization
(see Section 1) is done in the following way. The coordinate ring of the arc
space has a natural degree from the filtration. It is defined on generators of the
algebra by d°(f ® 8') = i. The Leibniz rule implies that the Leibniz ideal L (see
Appendix B2) is generated by homogeneous elements and then the degree is well
defined on C[CM].

This degree gives a decomposition C[CM] = @& in subspaces of homogeneous
functions of degree k called jet differentials of degree k [Green and Griffiths 1980].
It is a straightforward to verify the following properties:

o & is alocally free C[ M ]-module of finite rank.

e If o : U — V is a biholomorphism on open sets of M then C¢, sending
Oy ®cimCICM] to Oy @cimCICM] preserves Oy Q E.

o If X is an holomorphic vector field on a open set U of M then & is CX-
invariant.
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Now X is a rational vector field on M and E| is the dual vector bundle of £;. From
these properties, we find that Ej, endowed with the action of X through CX, is a
linear .#-connection. It is the degree-linearized k-th order variational equation.

The choice of an invariant curve % and a point ¢ € ¢, such that X, is defined and
not zero, will give the Galois group of the degree-linearized variational equation
along ¢ at ¢ denoted by Gal.(LV;¥) (even though it depends on X).

The right composition with d gives an inclusion & — &4 and thus a projection
Gal,(LVy4+1%) onto Gal.(LV;%). The inductive limit of differential systems is
denoted by LV, it is the degree-linearized variational equation. The projective
limit of groups is denoted by Gal.(LV¥).

Proposition 19. The Galois group of the degree-linearized variational equation is
isomorphic to the Galois group of the frame variational equation.

The proof will be given in Appendix C.

B4. The covariational equations. This variational equation is the one used in
[Morales-Ruiz et al. 2007, p. 861] to linearize the variational equation.
The set of all formal functions on M is denoted by

FM ={f:(M,m)— (C,0)).

Its structural ring is C[F M| = Sym(Df,Il), the C[M]-algebra generated by the mod-
ule of differential operators on M generated as an operator algebra by derivations.
From this definition, F M is the vector bundle over M dual of Dfll. It is a projective
limit of Fy M, the bundle of k-jets of functions (the dual of operators of order less
than k).

A vector field X on M acts on Dﬁl by the commutator P +— [X, P] and this
action preserves the order. This gives a linear .% -connection on each Fi M. This is
the linearized variational equation of [Morales-Ruiz et al. 2007]. In this paper, it is
called the covariational equation. The following comparison result is proved in
Appendix C1 below:

Proposition 20. The covariational equation of order k and the variational equation
of order k have the same Galois group.

BS. Normal variational and normal covariational equations. When the vector
field X preserves a foliation ¥ on M then its prolongation CyX on the space
Ci M of k-jets of parametrized curves on M preserves the subspace C;¥ of curves
contained in leaves of ¢. The subspace C;¥ is an algebraic subvariety of C;y M and
the restriction of Cy X on Cy¥ is the k-th order variational equation tangent to ¢.
When ¥ is generically transversal to the trajectories of X, this equation is called the
k-th order normal variational equation. We don’t know how this equation depends
on the choice of such a foliation 4. However, in our situation of a vector field given
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by a differential equation, there is a canonical transversal foliation given by the
levels of the independent variable.

Let B be the curve with local coordinate x and = : M --+ B be the phase space
of a differential equation with independent variable x. The foliation ¢ is given by
the level subsets of 7. Using local coordinates xj, ..., x, on M such that x; = x,
the subvariety Cy¥ C Cy M is described by the equations xf =0,1<¢<k. The
variational equation in local coordinates is the system (VEy) page 307. By setting
xf =0, 1 < ¢ <k into this system, one gets the differential system for the normal
variational equation.

The linearization of the normal variational equation is done by the linearization
of the variational equation. Let I C C[C;M] be the ideal defining the subvariety
Cy%. Then & N1 C & C C[CyM] are finite rank linear spaces invariant under the
action of Cy X. The induced action on the quotient & /(& N 1) is the linearized k-th
order normal variational equation.

The normal covariational equation is more intrinsic. Let F kX M C FyM be the
space of k-jets of first integrals f of X,

f:M, %)~ (€0,
such that X. f = 0. It is a linear subspace defined by its annihilator
1 1
Dy, - X C Dy, .

The commutator P — [X, P] preserves Df} - X. So, it defines a linear connection
on F kX M this is the normal covariational equation.

Appendix C: The proofs

We recall the definitions and results of Casale [2009] using the frame bundle RM
of M. It has a central place in the theory. In this appendix, it is used to present the
Malgrange pseudogroup and in the previous one it was used to have the variational
equation in fundamental form.

Because it is a principal bundle, it has an associated groupoid: Aut(M) =
(RM x RM)/ T'". The I'-orbit of a couple of frames (r, s) is the set of all (roy, soy)
for y € I'. It is characterized by the formal map r o sl (]\m)) — (m)).
The quotient Aut(M) is the space of formal selfmaps on M with its natural structure
of groupoid. For an m € M, we define Aut(M),, p» to be the space of maps with
source at m and target anywhere on M. The choice of a frame r : (6’,\0) — (ﬂ)
gives an isomorphism between Aut(M),, » and RM.

C1. Proofs of the comparison propositions.

Proof of Proposition 19. We will first compare these variational equations for a
fixed order, then study their projective limits.
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In order to compare all the variational equations, we will need to look more
carefully at the frame bundle. The proof is then just another way to write the prop-
erties of &;. Its second property says that we have a group inclusion Auty (M), . —
GL(E(c)) and a compatible inclusion of principal bundles,

Auty(M),.¢ — Ex(%) ® (Ex(c)".

This inclusion is compatible with the action of the vector field X. This means that
the fundamental form of the k-th order degree-linearized variational equation (i.e.,
Ci X action on max(E (%) ® (Ei(c))*)) is an extension of the frame variational
equation. Thus, their Galois groups are the same.

The comparison of limit groups is not direct because the family (GL(Ey(c))x is
not a projective system. The module & is filtered by

Eos  C&os o
Let T;, C GL(Ej(c)) denote the subgroup preserving this filtration. Now,

o there is a natural projection T — Tj_1,

« the Galois group of the k-th order degree-linearized variational equation is a
subgroup of T, and

« the inclusion Auty (M), . — Tk is compatible with the projections.
This proves the proposition. ([

Proof of Proposition 20. There is a direct way to see that the variational equation
and the covariational equation will have the same Galois group. Instead of using
the Picard—Vessiot principal bundle for the covariational equation, one can build a
better principal bundle. Consider the bundle of coframes

R 'M= {f: (ﬂ) — (ﬁ,\O), where f is formal and invertible}

whose coordinate ring is Sym(Df,l1 ®C™")[1/ Jac]. This is a I'-principal bundle. The
action of X by the commutator defines a I"-principal connection. This connection
is called the coframe variational equation. The map R — R~! sending a frame r to
its inverse ! is an isomorphism of principal bundles (up to changing the side of
the group action) conjugating the frame and the coframe variational equations.
Now let F; be the vector space of k-jets of f@a\l mapﬁC\", 0) — (C, 0) and
Cy be the vector space of k-jets of formal maps (C, 0) — (C", 0); then one has

FxM = (R;'M x Fy)/ T

and CyM = (RyM x Cy)/ I'x. Moreover these two isomorphisms are compatible
with the various variational equations. So, the Galois group of the covariational
equation equals the one of the variational equation. U
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C2. The Malgrange pseudogroup. The Malgrange pseudogroup of a vector field
X on M is a subgroupoid of Aut(M). We choose here to call it a pseudogroup as its
elements are formal diffeomorphisms between the formal neighborhoods of points
of M satisfying the definition of a pseudogroup; see [Casale 2009].

It is defined by means of differential invariants of X, i.e., rational functions
H € C(RM) such that RX - H = 0. Let Inv(X) C C(RM) be the subfield of
differential invariants of X. Let W be a model for Inv and 7 : RM --» W be the
dominant map from the inclusion Inv C C(RM). Let Mal(X) be (RM xwRM)/ " C
Aut M. To define properly this fiber product, one needs to restrict 7 : (RM)° — W
on its domain of definition. Then, RM x w RM is defined to be the Zariski closure
of (RM)°xw(RM)° in RM x RM. By construction, any Taylor expansion of the
flow of X belongs to Mal(X).

Malgrange [2001] showed that there exists a Zariski open subset M of M
such that the restriction on Mal(X) to Aut(M?) is a subgroupoid. This result was
extended by Casale [2009] and allows us to view the Malgrange pseudogroup as a
set-theoretical subgroupoid of Aut(M).

From the Cartan classification of pseudogroups [1908], one gets the following the-
orem for rank two differential system; see the appendix of [Casale 2008] for a proof.

Theorem 21 [Cartan 1908; Casale 2008]. Let M be a smooth irreducible algebraic
3-fold over C and X be a rational vector field on M such that there exist a closed
rational 1-form a with «(X) = 1 and a closed rational 2-form y with txy = 0. One
of the following statements holds.

e On a covering M5 M of a Zariski open subset of M, there exists a rational
1-form w such that o ANdw =0 and w(w*X) = 0. Then

Mal(X) Clg | ¢ =0, (¢ 0) Ao =0},
where @ stands for any lift of ¢ to M. The vector field is said to be transversally
imprimitive.
o There exists a vector of rational 1-forms ® = (g;) such that 0y N6, =y and a
trace free matrix of 1-forms 2 such that

dO=QA0O and dQL=—-QAQ.
One has Mal(X) C{e |p*a=a, ¢*®@ = DO, and dD =[D, 2]}. The vector
field is said to be transversally affine.
s Mal(X) ={¢ |¢p*a =a, ¢*y =y}

In order to compute dimensions of Malgrange pseudogroups and of Galois
groups of variational equations, it will be easier to work with the Lie algebra of
the Malgrange pseudogroup. Roughly speaking, mal(X) is the sheaf of Lie algebra
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of vector fields whose flows belongs to Mal(X). The reader is invited to read
[Malgrange 2001] for a formal definition.

C3. Proof of our main theorem.

Proof. The assumptions made on X, o and y ensure that the first variational
equation is reducible to a block-diagonal matrix with a first block in SL,(C) and a
second equal to the identity matrix.

Using theorems above, the proof of this theorem is reduced to Lemmas 22 and 26.

Lemma 22. [f there exists a finite map  : M — M and an integrable 1-form on M
vanishing on w* X then the Lie algebra of the Galois group of the first variational
equation along any solution is solvable.

Proof. This lemma is proved in the spirit of Ziglin and Morales and Ramis (see, for
example, [Audin 2001]).

First we have to descend from the covering to M. Remark that w is a 1-form
on M whose coefficients are algebraic functions. Letting w;, i =1, ..., ¢, be the
conjugates of w, the product @ = [Jw; € Sym*Q' (M) is a well-defined rational
symmetric form on M. For any holomorphic function f on open subsets of M,
f o satisfies all hypotheses so that one can assume that the rational symmetric form
@ is holomorphic at the generic point of €.

At generic p € €, the section @ : M --» Sym*T*M vanishes at order k, thus
one can write @ = wg(p) + - - -, where wy(p) is lowest order homogeneous part
of @. It is a well-defined symmetric form ¢ on the tangent space T, M, that is,
@ (p) : T,M — Sym*T*(T,M); note that @y (p)(Av)(uw) = Akl (p)(v) for
any v € TpM and any w € T,,(T,M). We may say that @ is a symmetric £-form on
the space T, M, homogeneous of degree k.

Sublemma 23. The vanishing order of @ is constant on a Zariski open subset of €.

Proof. Let p € € be such that X (p) # 0. One can choose rectifying coordinates
X1, ..., Xy such that x(p) =0, X =09/0x; and

»= Z We (X) ﬁdxf”.

aex N1 i=2
|a|=¢

Since Zx A w =0, one has that, for any ¢ € C small enough, wg(x1+c, ..., x,) =
Je(X)wgy(xy, ..., x,) where f. is a holomorphic function depending on ¢ not on «.
Now fo =1 thus f.(0) # 0O for ¢ small enough and the vanishing order of w at 0
equals the one at (c, 0, ..., 0). |

This sublemma enables us to define a rational section
r - TyM --» Sym* V*(Ty M),
where V*(Ty M) = T*(TyM) ] T*%.



GALOISIAN METHODS FOR THE IRREDUCIBILITY OF ODE 333

Remember that from X, we get a vector field C1 X on Tix M called the first order
variational equation along %.

Sublemma 24. Lo, xox Aoy =0.

Proof. Here again, we will prove the sublemma in local analytic coordinates. Let
p € € be such that X (p) # 0. One can choose rectifying coordinates x, ..., X,
such that x(p) =0, X = 09/0x; and

p= Y we(x) li[dxf”.

aexN1 i=2
| =¢

For any ¢ € C small enough, w, (x; +c, ..., x,) = fe(x)wy (X1, ..., X,) so the zero
set of @ in Ty M is a subvariety invariant under translations collinear to X. One can
get local equations for this zero set in the form

n
n= Z ng (X2, ..., xXp) l_[dxl‘.”"
i=2

aexN1
la|=¢

and there exists a holomorphic / such that @ = hn. Now, by taking the lowest
order homogeneous parts, one gets wy = hy, Nk,. Since 1 is x1-independent so is 1, .
In local coordinates induced on Ty M, C1X = 0/9x1 so Z¢,xNk, = 0 and a direct
computation proves that Z¢, xwx A wx = 0. U

Sublemma 25. Gal(C,X) is virtually solvable.

Proof. The rational form @y defines in each fiber of 7x M a homogeneous £-web.
This fiberwise rational web is Cy X-invariant. This implies that the action of the
Galois group on a fiber T, M must preserve this web. In other words, the Galois
group at p preserves the set of symmetric forms on 7}, M which are rational multiples
of @i (p).

The form 1 given in the previous sublemma shows that the web is a pull-back of
a web defined on the normal bundle of € in M. The group Gal(C;X) is included in
a block diagonal group with a block (1) and a 2 x 2 block given by a subgroup of
SL(2, C). As SL(2, C) does not preserve a web on C2, the 2 x 2 block is a proper
subgroup of SL(2, C). This proves the sublemma, and thus concludes the proof of
Lemma 22. ]

Lemma 26. If X is transversally affine then the Galois group of the formal varia-
tional equation along any solution has dimension smaller than 5.

Proof. We will see that this lemma is a consequence of theorems and lemmas from
[Casale 2009]. From Theorem 2.4 there, the Galois group of the formal variational
equation along % is a subgroup of

Mal(X), ={¢: (M, p) > (M, p) | ¢ € Mal(X)}
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for a generic p € ¥. Its Lie algebra is included in
ma[(X)?7 = {Y a vector field on (M, p) | Y(p) =0, Y € mal(X)}.
From Lemma 3.8 of [Casale 2009], the dimension of
mal(X), = {Ya vector field on (M, p) | Y € mal(X)}

for p € € is smaller than the dimension of the same Lie algebra for generic p € M.

Assume X is transversally affine and choose a point p € M such that the 1-form o
and the forms ©° and ®! from the definition are holomorphic and & A 9{) A 93 # 0.
Then we choose local analytic coordinates such that @« = dx; and [Zﬁ] = FO with
dF + F®! = 0. In these coordinates, ¢ € Mal satisfies p*a = o, ¢*@®° = DO

and dD = [D, ®'] if and only if
©(x1, x2, x3) = (x1 + co, c1X2 + c2X3 + €3, Cax1 + ¢5X2 + C6)

with ¢ € C7 such that det[i‘1 Z] = 1. The infinitesimal version of these calculations
shows that the dimension of mal(X), is smaller than 6. The Lie algebra mal(X )(1)7 is
strictly smaller than mal(X),, as it does not contain X = 9/dx; so the dimension of
the Galois group of the formal variational equation is smaller than or equal to 5. [J

Combining these two lemmas, we see Theorem 1 follows from Theorem 21. [J
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COMBINATORIAL CLASSIFICATION
OF QUANTUM LENS SPACES
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We answer the question of how large the dimension of a quantum lens space
must be, compared to the primary parameter r, for the isomorphism class to
depend on the secondary parameters. Since classification results in C*-algebra
theory reduce this question to one concerning a certain kind of SL-equivalence
of integer matrices of a special form, our approach is entirely combinatorial
and based on the counting of certain paths in the graphs shown by Hong and
Szymanski to describe the quantum lens spaces.

1. Introduction

In a seminal paper by Hong and Szymarski [2003], an important class of quantum
lens spaces C(Ly(r; (my, ..., my)))) was given a description as C*-algebras arising
from certain graphs— or their adjacency matrices—in the vein of Cuntz and
Krieger [1980]. These graphs can be read off directly from the data (r; (my, ..., my))
determining the quantum lens space, where r > 2 are integers and m; are units
of Z/rZ. Using this characterisation, it is easy to see that C(L,(r; (m1, ..., my)))
can only be isomorphic to C(L,(r'; (m'y, ..., m’'y))) when r =r" and n = n’, and
this raises the important question of to what extent the choice of the units can
influence the C*-algebras.

To answer such questions, one appeals naturally to the classification theory for
C*-algebras by K-theory, as indeed a large class of Cuntz—Krieger algebras were
classified by Restorff [2006]. Unfortunately, the quantum lens spaces fall outside
this class, and indeed, outside any class considered at the time [Hong and Szymanski
2003] was written. Thus, apart from noting that the m; can obviously not influence
the C*-algebras when n < 3, Hong and Szymarniski left the question open.

Quantum lens spaces are still a subject of interest, however, see for instance
Arici, Brain, and Landi [Arici et al. 2015] and Brzezinski and Szymanski [2018],
and using recent classification results obtained for Cuntz—Krieger algebras with
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uncountably many ideals, Eilers, Restorff, Ruiz, and Sgrensen in [Eilers et al. 2018]
managed to reduce this question to elementary matrix algebra and to prove that
when n =4 there are precisely two different C(L,(r; (my, ..., m,))) whenr is a
multiple of 3, and only one when r is not.

Sgren Eilers conducted computer experiments for other » and n which suggested
that the quantum lens spaces are unique when n < s for s the smallest even number
strictly larger than the smallest divisor of » which is not 2, and that at least two
choices of m; give different C*-algebras when n > s. It is the aim of the paper
at hand to provide the combinatorial insight needed to prove that this in fact is
the case, and to study the number of different C*-algebras that can be obtained by
varying the m;.

We will not work directly on questions of isomorphism of the C*-algebras, and
hence, no prior knowledge on C*-algebras or their classification theory is required.
Instead we study the equivalent notion of SL equivalence of the graphs associated
to the given data. Indeed, a result of [Eilers et al. 2018] states that the following
are equivalent:

e C(Ly(r; (my,....,mp))) QK= C(Ly(r; (m'y,...,m'p))) K.

 There exist integer matrices U, V both of the form

1 % * *
1 =

so that U(A(r;(ml,...,mn)) - I) = (A(r;(m/l ,,,,, m'y)) — I)V

The exact notation and definitions will be given in Section 2 together with the
rudimentary results needed for our classification. Section 3 handles the most
general case, basically establishing the influence of the odd prime divisors of the
parameter r on the number of C*-algebras emerging by varying the m;. A lower
bound on the number of such C*-algebras is found and for 4 { r the exact s such
that the C*-algebra is unique for n < s is determined. The special case of finding s
when 4 | r is then dealt with in Section 4.

The main result of the paper is Theorem 5.1 which combines the results of
Sections 3 and 4 to find for every r > 2 the s such that the C*-algebra is unique
for every n < s. The other major achievement is Theorem 3.9 which bounds the
number of different quantum lens spaces arising for some » > 2 and n € N. Based on
computer experiments, we conjecture that this bound is in fact an equality when 4 { r
(Conjecture 5.3).
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2. Preliminaries

We dedicate this section to setting the stage. We establish notation, definitions, and
find initial results that will assist in showing the later sections’ classification results.

Number theoretical notation.

Definition 2.1. We let Z, denote the multiplicative group of integers modulo #.
That is Z,, = (Z/nZ)*.

Notation 2.2. We write p*|n if p* |n and p**!{n, i.e., k is the greatest power
of p dividing n.

Notation 2.3. To ease notation, we write the reduction of an integer a calculated
modulo r as [a],, i.e., we always have 0 < [a], <r — 1.

The graph. This section will introduce a definition of the graph M¢.(m,,....m,))»
arising from the quantum lens space C(L4(r; (my, ..., my))) as defined in [Hong
and Szymanski 2003]. Further, we introduce another graph N.u,.....m,)), which
is easier to work with in the combinatorial setting, but has similar properties in a
sense that will be made clear.

.....

Definition 2.4. Let r > 2 and m = (my, ..., m,) € (Z,)" for some n € N. Then
we define a directed graph M,.7;) in the following way:

 For every pair s, # with 1 <s <n and 0 <t < r there is a vertex g ;.

 There is a directed edge from g, ;, to gs,.1, if and only if s; < s, and 1, =
(11 + Mg, 1r.

For every s € N we will call the subgraph consisting of the vertices {g; » |0 <x <r}
the s-th subgraph of M., and we will call a vertex of the form g . a c-vertex.

An example of the graph M(s.(1,2,1)) is sketched in Figure 1.

Figure 1. Example of M(,.;;) withn =3, r=5and m = (1,2, 1).
The bold 3 in a darker circle denotes the vertex g 3.
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Figure 2. Example of N..;;) wheren =3, r =5, and m = (1, 2, 1).

Definition 2.5. Let r > 2 and m = (my, ..., m,) € (Z,)" for some n € N. Then
we define a directed graph N,.7) in the following way:

 For every pair s, t with 1 <s <n and 0 <t < r there is a vertex c; .
¢ There is a directed edge from cy, 4, to cy, ;, in the following two cases:

O s1+1=spand r, =1;.
0 s1=s2 and tr = [t +my, ).

For every s we will call the subgraph consisting of the vertices {c; » | 0 < x < r}
the s-th subgraph of N(,.77), and we will call a vertex of the form c; ; a ¢t-vertex.

Here is the graph we would rather look at. Instead of having edges from a
subgraph to all the subgraphs after it, it only has edges to the one just after it.
This edge will always go from ¢, to cs41,;. We show an example of the graph
on Figure 2.

Definition 2.6. Let r > 2 and m = (my, ..., m,) € (Z,)" for some n € N. Then
we let A7) be the matrix such that A7) (i, j) is the number of directed paths
in M(,.7%) from the O-vertex of the i-th subgraph to the O-vertex of the j-th subgraph
that does not pass through the 0-vertex of any other subgraph. We call a path that
satisfies these criteria legal.

Definition 2.7. Let r > 2 and m = (my, ..., m,) € (Z,)" for some n € N. Then
we let B, be the matrix such that B, (i, j) is the number of directed paths on
N(.m) from the O-vertex of the i-th subgraph to the O-vertex of the j-th subgraph
which do not exclusively visit O-vertices and which do not visit the 0-vertex of any
other subgraph except if all the following vertices of the path are O-vertices. We
will call a path that satisfies these criteria legal.

We introduce this new graph definition N,.7;) because it is easier to work with
than M,.7;). Note we always calculate indices in subgraphs modulo r.

Lemma 2.8. Letr > 2 andm € (Z,)" be given. Then A¢.m) = B(.m)-
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Proof. There is a bijection between the edges of M.y and paths of N7 as
follows. The edge g5, .1, = &s,.1 g, of M. corresponds to the path

Cs1.t1 = Csii4mg, = Csi+Ln4mg = " = Csyni+my,

on N¢..7). That this is a bijection follows immediately from the fact that the edge
and path are both uniquely determined by s;, 57, and #;.

Now, we need to establish a bijection between the legal paths on M(,.7;) and the
legal paths on N;.7). This happens naturally by translating any edge in a legal path
on M. into a subpath of the form above of a legal path on N(,,.7). That this map
has an inverse follows easily since any legal path in N(,.7z) consists of subpaths of
the above form where a new subpath starts whenever we stay in the same subgraph.
Further, we have that the constraint of Definition 2.6 translates into the constraint of
Definition 2.7: an edge from the ¢-th subgraph to the O-vertex of the n-th subgraph
in Definition 2.6 corresponds to going to the 0-vertex in the 7-th subgraph and then
visiting O-vertices exclusively until reaching the O-vertex of the n-th subgraph in
Definition 2.7. U

Equivalence classes. The overall aim of the article is to classify the quantum lens
spaces, which is a problem that Theorem 7.1 of Section 7.2 of [Eilers et al. 2018]
reduces to a question of SL equivalence, hence elementary matrix algebra.

Theorem 2.9 (Eilers, Restorff, Ruiz, and Sgrensen). Letr > 2 andm, m’ € (Z,)"
be given. The following are equivalent:

o C(Ly(r; (my,...,my))) K= C(Ly(r; (m},...,m),))) @K
o There exist matrices U, V both of the form

1 % *
1

*
*
1 =%

1

so that UAeiomy.,.ompy — 1) = (A(r;(m’1 ..... mh)) — nyv.
Thus, determining whether two quantum lens spaces, C (L, (r; (m), ..., m})))
and C(Ly(r; (my, ..., my))), are isomorphic comes down to whether or not the

matrices A and A5y (or By and B,y by Lemma 2.8) are equivalent with
respect to the equivalence relation, ~, defined below.

Definition 2.10. We will say that two matrices C and D are upper triangular
equivalent, written C = D, if there exist upper triangular matrices, X, ¥, with 1 in
every entry of the diagonal such that XC = DY.
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Equivalently, the matrices C and D are upper triangular equivalent, if there is a
series of pivots transforming C into D with the restrictions that

(1) a multiple of row k can only be added to row [ if k > [,
(2) a multiple of column k can only be added to column / if k < /.

Note that this is clearly an equivalence relation since such upper triangular matrices
are invertible.

Definition 2.11. We say that two matrices, A and C, are equivalent, if
A-I=C-1.
In that case we write A ~ C.

In particular, we are interested in efficiently deciding the number of equivalence
classes given n and r > 2 and deciding whether or not two graphs belong to the
same equivalence class.

Definition 2.12. Let r > 2 and n € N be given. Then we define
Sr,n = {A(r;ﬁ) | m e (Zr)n} = {B(r;ﬁ) | m e (Zr)n}
as the set of all matrices produced by vectors of length n with parameter r.

Definition 2.13. Let r > 2 and n € N be given. Then ¢, (n) denotes the number of
elements of S, ,/~ and @(r) denotes the least n such that ¢, (n) > 1.

Thus, our goal in this paper is to find a bound for ¢, given r and to express ¢ in
closed form.

Invariants. In this section we establish some invariants and properties in relation
to changes to the vector 72 in N¢,.7).

Lemma 2.14. The matrix B(.m) does not depend on the choice of my and m,,.

Proof. If n=1 this is obvious, so assume n > 1. Consider legal paths in N(,. ou,,....m,,))
from the O-vertex of the first subgraph to the 0-vertex of the j-th subgraph for j > 1.
No matter what m is there is exactly one way to reach any of the vertices of the
second subgraph from the O-vertex of the first subgraph. Thus, the number of such
directed paths is independent of m; and the first part follows.

Now, consider the last subgraph. Once it is reached, there is exactly one way to
reach the O-vertex, once it is reached, so this does not depend on m,,. O

Lemma 2.15. Letr > 2, m € (Z,)",and b € Z,. Then B.;) = B¢.p.m)-

Proof. We will show that there is a bijection between the legal paths of B,.7z) and
B(r.»m) as follows. Let y be a legal path

Cs1,0 = Csy.1 - Csy.tr — > qu,tq = qu,O
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on N¢..). Our bijection sends the legal y to the path @ on N..m)) given by

Cs1,0 = Csy,[b-t1], ™ Csp,[bta], = = Csy [bety], = Csy,0-

That the map is injective follows since multiplication by b € Z, is an injection
Z, — Z,. Further, it is easy to see that all legal paths on N,.) will be mapped to
legal paths on N, (».77)) since multiplication by b does not change the positions of
the O-vertices in a path. Thus, there is an injection from the legal paths on N7z to
the legal paths on N...m)) and by the same argument there must be an injection
from the legal paths on N .7 to the legal paths on N,.7;). It follows that said
map is a bijection and we are done. (I

Corollary 2.16. Let m = (my,ma, ..., m,_1,m,) € (Z,)". Then there exists an
m' € (Z,)" with 1 in the first, last and k-th index, i.e.,

m =, my,....m_;, Lmiy,...,m,_, 1),
such that By = By
Proof. Take b to be the inverse in Z, of m; in Lemma 2.15. Then
B(f;ﬁ) = B(r;mk_l-ﬁ) = B(F;ﬁ’)?

where the last equality follows from Lemma 2.14. U

Entry specific properties and formulae. To proceed with any further results we
need some combinatorial formulae and properties to be in place.

Theorem 2.17. Let 1= (1,...,1). Then B, y,(i, j) = ("1J.+_<{"')).

Proof. Since every directed edge in N(r;T) either goes from ¢y to cs41; or from c; ;
to ¢y 141, we can characterise any directed path from the 0-vertex of the i-th subgraph
to the O-vertex of the j-th subgraph satisfying Definition 2.7 by a j —i + 1-tuple
(ap, ...,aj—;), such that a, is the number of edges of the form ¢,; — ¢, 41
that occur in the path. A necessary and sufficient condition for such a tuple to
characterise a directed path of the desired form is that Zl]:_(; a=vr, a; > 0 for
all s > 0, and ag > 0.

Thus, B(,.1)(i, j) is equal to the number of ways that » can be written as the sum
of j —i + 1 nonnegative integers, where the first one has to be at least 1. This is
equivalent to the number of ways to write r — 1 as the sum of j —i 4+ 1 nonnegative
integers. The latter being a known combinatorial problem, we get

. r—=1+0—1i)
B(r;1)<l’]>:< j—i >
Corollary 2.18. Letr>2andm € (Z,)". Then By (i, i)=1, By = (i, i+1)=r,
and B (i, i +2) = "L for all i.

O
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Proof. When we consider only B (i, i), Bom) (i, 1 +2), and B (i, i +2),
their values depend solely on the vector (m;, m;+1, m;+2), SO we can assume by
Corollary 2.16 that

m; =mjy1 =mi=1.
The conclusion then follows trivially from Theorem 2.17 (]

From the corollary we immediately obtain the following result, which also
appeared in [FEilers et al. 2018] and we will note for future use:

Corollary 2.19. Let r > 2. Then ¢(r) > 4.

Proof. By Corollary 2.18 we have that for n < 3 the matrices B, do not depend
on m. Thus, they are all equal when 7 varies and we can only have one equivalence
class. (]

In fact, Eilers et al. [2018] established that ¢(r) =4 if and only if 3 | r. As stated
earlier, we shall see a general closed expression for ¢ in a later section.

Equivalence of matrices. To show equivalence of matrices we need to do some
manipulations with matrices that might be a bit technical. So the following lemma
simply establishes the equivalence of two matrices where every entry except for the
diagonal is divisible by either r or 5 when r is even.

Lemma 2.20. Letr r > 2 be given such that r = 2's for some t € {0, 1} and odd
s € N. Suppose that the two n x n upper triangular integer matrices A, B have

w on the

1’s in their diagonal, r on the diagonal from (1, 2) to (n — 1, n), and
diagonal from (1, 3) to (n — 2, n). Further, suppose s divides every entry of A — I

and B — 1. Then A ~ B.

Proof. We need to show that we can transform the matrix A — [ into B — I by
integer row and column operations. If r is odd, every entry of A— 1 and B — [ is
divisible by r by assumption, and the matrices are of the form

O O
O
—

o O e
o O e

0 1

0 0

with integer entries in the upper right corner. All such matrices can easily be
transformed into an upper triangular matrix with zeros everywhere except for the
diagonal from (1, 2) to (n — 1, n) by row and column operations, so since ~ is an
equivalence relation, we get A ~ B.
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Now, assume that 2 | r, but 4 1 r. Then the matrices A—I and B—1 are of the form

0 2 r+l
00 2 r+l
ar=t|: -
2100 0 2 r+l
00 0 o0 2
00 --- 0 O 0

with integer entries in the upper-right corner. We show that such a matrix can be
transformed by row and column operations into the matrix

02 r41 0 - - 0
00 2 r41 0 --- 0
C—Izgoo 0o 2 r+1 0 |,
00 0 0 2 rgl
00 0 0 0 2
Koo 0 0 0 0

which by transitivity shows A ~ B.

We proceed by induction on n. For n =1, 2, 3 all matrices on the described form
will be identical and thus equivalent to C.

Now, assume that for k£ < n every matrix on the described form is equivalent
to C, and consider the n x n matrix A on that form. By the induction hypothesis
and considering A as an n — 1 x n — 1 matrix with an added row and column, we
can reduce A by row and column operations to a matrix with diagonals like C — I
and zeroes everywhere else except for in the rightmost column.

Using column operations we can now make every entry of that rightmost column
(except for the r—1-entry) even without changing the rest of the matrix. If an
entry of the column is odd, we can just subtract r — 1 from it by subtracting the
appropriate column.

Having made all those entries even they can all be eliminated by subtracting
the 2 in the (n—1)-st row an appropriate amount of times. Then the matrix C — [
is achieved, which concludes the proof. (I

Another useful result on when matrices are not equivalent is the following:

Lemma 2.21. Let A and B be n x n upper-rectangular matrices with 1 in their
diagonal. If every entry of A — I and B — I except for the entry (1, n) is divisible
bykeNand (A—1)(1,n)# (B —1){1,n) (mod k), then A # B.

Proof. Since every entry of A — I and B — I except the upper right is divisible by
k, the upper right entry is invariant modulo k£ under row and column operations. [l
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3. The general case

In general it is very difficult to find an explicit formula for B, (i, j) given
arbitrary r and m. However, for the purpose of bounding ¢, (n) from below and
deciding @(r) in the case where 4 1 r, it turns out to be sufficient to be able to
compute B.7) (i, j) modulo r.

Thus, this section aims to develop techniques for assessing B, (i, j) modulo r.
The main technical result is Theorem 3.2 from which the exact value of ¢ (r) follows
for 4 t r and a lower bound on ¢, (n), which appears to be an equality when 4 1 r
(see Conjecture 5.3). Throughout the section, we will define 0° = 1 and 0! = 1 for
the sake of simplicity.

We start with the following lemma, which formally captures the technique which
will be used multiple times in the proof of Theorem 3.2:

Lemma 3.1. Suppose D is a finite set, p is a prime, s,b: D — Z are functions,
k, jeN,anda:Nyx Ny — Z satisfies gcd(a(m, m), p) =1 forallm < j. Define
the function

l
w(l) = Z s(d) Za(t, Db(d)

deD t=0
and assume that p* | w(l) for 0 <1 < j. Then

w(j) =) a(j, s(d)bd)’ (mod p).
deD

Proof. First, we show by strong induction over ¢ that p*| Y, , s(d)b(d)" for
all t < j. For t =0 we have pk | ZdeD s(d)a(0, 0) and since gcd(pk, a(0,0) =1
we get pX | Y 4cp $(d). Now, assume that ki Y aep S(@)b(d)" for all ¢ satisfying
0 <t <m for some m < j. Then,

O=wm)=)Y sd)) alt,mbd) =) a(m,m)sd)bd)" (mod p*),

deD t=0 deD

so pX | Y ycp s(@)b(d)™ as ged(a(m, m), p*) = 1.
Second, the fact that p* | >° dep S(@)b(d)" for all t < j yields

J
w()=Y_s(d) Y alt, Hbd)' = a(j, )Hsd)bd)’ (mod p*). O

deD t=0 deD

Having proved the lemma we now turn to the main technical theorem of the
section from which the remaining results follow naturally.

Theorem 3.2. Let p be an odd prime, r > 2 and n < p + 1 be given, and m =
(my, ..., my). Suppose that p*|r and p*| B(.5) (1, a) for every s € (Z)P*! and
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every a < n. Then

B (1) = (71" 2)1'[mk (mod pb).

Proof. For every vector m we can reduce the problem to considering a vector m’
which satisfies m| = m/, = m, = 1 as follows. First, recall that no matter what
vector we consider, we can always assume without loss of generality that its first
and last entry is 1 since it does not affect any of the sides of the above expression
by Lemma 2.14. Second, as in the proof of Corollary 2.16 we can multiply 7 by a
my Uto getm’ = my 1.7, which means that m’, = 1. Then the left hand side will
not change since B(..m)(1, n) = (r;ﬁ)(l, n) by Lemma 2.15 and the right hand
side will satisfy

<r—|—n 2)1—[m <r+n 2>Hbmk (modp)

since for n < p+1, p*[(""7?), and for n = p+1, »""2=1(mod p) and
prt (r:ffz) Now, assuming m)| = m, = 1 yields the above. Thus, for the
remaining proof we will assume that m| =my =m, = 1.

Now, let 7; denote the vector (my, ..., m,—;, 1;), where 1; is the vector of 1’s
of length j, and note that with the above assumption, 7; =m and n,,_p = 1. Our
approach will be to show that for all 1 < j <n — 1 we have

(1) Boarp(l,n) =m, ! gj(my,...,my_j1) (mod p*)

for some integer function g;: (Z,)" /7! —> Z which is independent of m,_; and
where m, 1s the inverse of m,,_ ; modulo p*. Noting that (1) yields B (l,n)=
QUi 1, - ma_j 1) (mod p), we get

B(r n;) (1 n)—B(r n/+l)<1 I’l) (mOdP )

and applying this together with Theorem 2.17 and m, = 1 gives us

B (1. 1) = Braip) (1, 1) = By (1, m)m,

n—1 n—1
=B (L) [ [mc =B85 L) [ [m
k=3

k=3
r4n—2\" _
:( 0 )l_[mkl(modpk).
k=2

Thus, all we need to do is prove that we can indeed write an expression for
B (1, n) of the form (1).
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To do so, fixa j with 1 < j <n—1 and consider the graph N,.7;). We may write

r—1

@) Bern (1, n) =Y Lj(9)S,(9),

q=0

where S;(g) denotes the number of paths on Nm7) from ¢y to ¢, 4 that are
subpaths of a legal path from cj ¢ to ¢,,¢ and that do not traverse any edges in the
(n—j)-th subgraph, and similarly L;(g) is the number of paths on N.z;) from
Cn—j,q 10 cp 0 that are subpaths of a legal path from ¢y o to ¢, .

We start our analysis by finding a formula for L;(g). First, we consider the
(n— j+1)-th subgraph of N:5) and count the number of paths from ¢, 11, to ¢, 0
on N.z;) that are subpaths of a legal path from ¢ g to ¢,,0 foreach0 <i <r. Asin
the proof of Theorem 2.17 one can see choosing such a path as choosing a partition
of [r —i], into a sum of j — 1 nonnegative integers since m,_j | = m,_j42 =
.-+ =my, = 1. Thus, the number of such paths equals ([r_"]].’flj_l).

Second, there are three cases to consider. When i, g > 0 there is exactly one path
from ¢, 4 t0 ¢,—j41,; not traversing any edges in the (n—j+1)-th subgraph that
is a subpath of a legal path from ¢ ¢ to ¢, ¢ if and only if [m;_qu], < [m;_lji]r.
Otherwise there are none. This is clear since such a path would be of the form

Cn—j.q = Cn—jlg+ma_jl, —> """ > Cn—j,i = Cn—j+1,i

and zero is not a member of {g, g+m,_;, ..., i}if and only if [mn__qu], < [m;_lji],.
For i =0 there is exactly one such subpath for every g and for g = 0 there is exactly
one such subpath if and only if i = 0. Thus, for g > 0,

r—1
[r—il,+j—1

i=0
_ Z ([r—imn_j]rﬂ—l)
- . 1 )
i=[m;qu], J

where 1poolean 18 an indicator function assuming the value 1 if true and O otherwise,
and where we changed i = 0 terms into i = r terms. Introducing the new variable
o =r —i we rewrite the sum as

(=m, " ql

n—jlr —1
3) L= Y. (wm JJ]_JI” )

o=0

Since evidently L;(0) = 1, this formula holds even for ¢ = 0 and thus for all
O0<g<r.
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For j =1, (3) yields L;(q) = [—m;_llq], and inserting this into (2) yields

r—1 r—1
B = »_ [—m, 1 1q1:Si(g) = —m; ! > S;(q)q (mod p).
q=0 q=0
Since S;(q)q only depends on my, my, ..., m,_>, it follows that we can write

Bz in the form (1).
So let us consider the case when j > 1. Inserting the expression (3) into (2) and
substituting d = r — g and noting that the d = 0 is equal to the d = r term yields
et m!d),

(= D! B (1, n) = Z Z S(r—d])]‘[(omn jle+0).

Expanding the product and introducing s(d) = S;([r — d],) we get the sum

-1
r—1 [mn ]d]' ] 1

(j = D! By (1, n) = Z Z Za(u—l)([amn, »'s(d)

for an integer function a: Ny x Ng — Z, where a(j — 1, j —1) = 1. Now, note
that by the same reasoning we must also have for every 0 </ < j — 1 that

w(l) =1 Ba(l,n—j+1+1)

| Imyd), !

=Z Y. s@) a@ Dlom,j1),
d=0 o=0

t=0

where a(l, ) = 1. By assumption, p* divides Bep(l,n —j+1+1) for every
| < j—1. Hence, p*|w(l) for 0 < < j — 1. Applying Lemma 3.1 with the
functions s, a, b(o) :=[om,_;],, prime p, and exponent 7, we get

@ G=D!Beap(l,n) =w( -1

e myd),
—Z Z a(j—1, j—Ds@(om,_;1,) "
d=0 o=0
e md),

f_j > > sdo’™" (mod pb).

d=0 o0=0
By Faulhaber’s formula ([Graham et al. 1989, Chapter 6.5]) in the convention
B, = %, we can write

3 aj_l—% <j_j_l)B, 1 (Imy L d1) ™,
o=0

t

&‘

Il
=}
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where B, is the n-th Bernoulli number. Inserting this into (4), noting that phlr
and multiplying both sides by j, we find that

'B(rn )(1 n) = S(d)d Z( > j—t— l(mn Jd)t (modpk)

As itis a well-known fact that j!B;, [ < j, is an integer, we multiply by j !(mj —2y-

y
n—j
to ensure that each factor of each term is an integer

r—1 j—1 .
i—2 1 . J
(mfl_i) IJ!ZB(r;Wj)(l,n)EE s(d)d E (j—t—l) 'Bj_;_ 1(m d)t (modp)
d=0 1=0

To apply Lemma 3.1 again we write

§(d) = s(d)d.
1
A1) = (ll:>(l+ !B,

S
b(d) = [m; " dl,.
and considering the vectors v, = (my, ma, ..., m,_j, 1;4) one finds:

r—1

l
b(l) =Y 5(d) Y at, Hb@)'

d=0 =0
= (mf;lj)_l(l + DB (l,n—j+1+1) (mod p").
= (my, )7 A+ 1P By (1, n — j+1+1) (mod pb).
Now,

al,l)= <l+ >(l+ DBy = (I + D!

soforO0<l<j—1<n—1<pwehave gcd(a(l, 1), p) = 1. Further, by assumption,
P IBean(l,n—j+1+1)for0<l < j—1,s0 p*|w(l) for0 </ < j — 1. Thus,
Lemma 3.1 yields

_2 _ . 7, "
=)™ 7 B (L) = 0(j = 1)
r—1

—Zs(a’)da(]—l J—D(m, ld)] !

q=0

r—1
=m, 2" jls(d)d’ (mod p*).

q=0
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This means that

r—I1

By (L) =my L Y~ j17 s(d)d’ (mod pb),
q=0

where we note that j!~! is well defined because j <n —1 < p so ged(j!, p) = 1.
Since s(d) only depends on my, ..., m,_;_1, it is clear that we can find g; satis-
fying (1) and we are done. (]

Having proved the above theorem we can apply it to find ¢(r) whenever 4 { r.
We first use the theorem to prove the following lemma, which will give the first
half of the proof.

Lemma 3.3. Let r > 2, p be an odd prime, and p*||r for some k € N. For every
vector m with entries in Z, and every pair a, b satisfying 0 < b —a < p, we have

P* | B (a, b).

Proof. We proceed by induction on the difference n = b —a. When n = 1 we have
P | B (a, b) =r. Now, suppose that p¥ | B(,.7z) (a’, b') for every a’, b’ satisfying
0 <b'—a’ <n for some n with 1 <n < p and let b —a = n. Then we can apply
Theorem 3.2 with the indices (1, n) shifted to (a, b) to get

b—1
r—14+®—a) _
B(r;m) (a, b) = ( b—a ) l_[ my, 1

k=a+1
b—1
_re(r=1+((Mb-a)) 1
_ L I m
( Cl). k=a+1

=0 (mod p~),
where the last equivalence follows since p* divides

re--(r—14+(®-—a))

b—a)!

because b —a < p and r divides the numerator. |

Now, using the previous lemma and Theorem 3.2 we obtain an upper bound on ¢
simply by pointing to two graphs that are not equivalent. In Theorem 3.9 below we
will establish a lower bound for the number of equivalence classes from which the
result will follow. But for clarity we now give a short independent proof.

Theorem 3.4. Let r > 2 be given and let p be the smallest odd prime dividing r.
Then ¢(r) < p+ 1.

Proof. Let k be such that pX||r, set
a=(ps)andb=(1,~1,1,1),
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and consider the matrices A = B(,.z), B = B(r;E)- Then by Lemma 3.3 we have
p*| A{a, b) and p* | B{a, b) for a < b and (a, b) # (1, p+1). Using Theorem 3.2
twice and noting that (r +1)--- (r+ p—1)= (p — 1)! (mod pk), we get

rep—1N\ 1t
A<1,p+1>=( P ) a;'
P k=2

r k
= (mOd ),
D p

rp—1\ 17,
(7)1
k=2

and

B(l,p+1)
p

r k
= —— (mod p),
» p

since by = —1. It follows that p* divides every entry of A — I and B — I except
for the entry (1, p+1). Applying Lemma 2.21 we get B(..a) 7 B, implying
¢r(p+1) > 1 and the conclusion follows. U

Now, using Theorem 3.4, we determine @ (r) whenever 4 1 r.

Theorem 3.5. Let r > 2 be given such that 41 r and let p be the smallest odd prime
dividing r. Then ¢(r) = p + 1.

Proof. It follows from Lemmas 2.20 and 3.3 that for every n < p and every m € (Z,)"
we have B¢ ~ B(r;T)’ so ¢, (n) =1 for n < p. Thus, ¢(r) > p. The conclusion
now follows from Theorem 3.4. O

The remainder of this section deals with the number of equivalence classes, ¢, (n).

Notation 3.6. Let A = (a;;) be a matrix. Then we denote by A[c, d] the partial
square matrix
Aee -+ Qed

Adc **+ ddd

Lemma 3.7. Let A, B be upper triangular matrices with A ~ B. Then A[b, b+c]~
B[b, b+ c] for b, c € N whenever the partial matrices are well defined.

Proof. By definition, we have A ~ B if and only if A — I can be transformed
into B — I by pivots where a row can only be added to a row above it and a
column can only be added to a column on its right. Noting that any such series of
pivots on A will act on the submatrix (A — I)[b, b+ c] as though they were simply
pivots carried out on (A — I)[b, b + c] as an independent matrix, it follows that
(A—DI[b,b+c]=A[b, b+ c]— I can be transformed into B[b, b + c] — I with
pivots as described in our definition and the result follows. (]
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We introduce a necessary condition for two vectors i and 7 to have graphs with
equivalent matrices.

Theorem 3.8. Let r > 2 have prime factorisation r =2/ p{' --- pi*, j € No, for
distinct odd primes p;. Further, letm, m’ € (Z,)" be given such that B, .j;m) ~ B )
Then for every i with 1 <i <k and every t with 1 <t <n — p; we have

t+pi—1 t+pi—1

1_[ m = 1_[ m; (mod p;).

I=t+1 I=t+1
Proof. Assume for contradiction that for some i, ¢t we have

t+pi—1 t+pi—1

[T m# [] m (modp)

I=t+1 I=t+1

and consider the matrices
A=Bemlt,t + pillt,t + pi] and B =Bzt t + pillt, t + pil.

By Lemma 3.7 we must have A ~ B and by Lemma 3.3, pf‘i divides every en-
try of A— I and B — I except the entry (1, p;). For the entry (1, p;) note that
pu (r+‘;§_1) and that given integers a, b, ¢ such that a # b (mod p) and p*~!||c
for a prime p, then ac # bc (mod p*). Combining these two observations yields

I+pi—

A(l, pi) = (H_pl_l) l_[ m;

I=t+1

l+]7,'—1

r+pi—1 -1
( Pi ) 1_[ "y

[=t+1

ik

= B(1, p;) (mod p;").
Thus, by Lemma 2.21 we have A 7 B, which is a contradiction. U

This necessary condition on equivalence translates directly into a lower bound
on the number of equivalence classes, ¢, (n).

Theorem 3.9. Let r > 2 have prime factorisation r =27 p{' --- pi*, j € Ny, for
odd distinct primes p;. Then

k
orm) = [ [r(pi = 1" 71,

i=1
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Proof. For every 1 <i <k we define a function T;: (Z,,)" — (Z,,)"" 7' given by

t+pi—1 n—pi
(] )
I=t+1 pi/ t=1

In the case n < p;, T; is simply the function 7;: (Z,,)" — {1}. To show that each
T; is surjective, let m’ € (Z p)" P be a vector and define m € (Z),)" as follows:

1, I < pi
-1

/ —1 .
i T m] L zn
Pi

q=l—pi+2

mj; =

Since the ¢-th entry of T; () is given by

t+pi—1 t+pi—2
/
[ I1 mz} :|:mt+p,-—l I1 mz} =mj,
Pi Pi

I=t+1 I=t+1

it follows that m’ € T; ((Z p)") and thus, T; is surjective.

Now, define the map T: (Z,)" — (Z,)""P' X --- x (Zp)" Pk by T(m) =
(Ty(m), Tr(m), ..., T (m)) in the natural way. Since each T; is surjective on
(Z,)" — (Z,,)" P it follows by the Chinese remainder theorem that 7' is also
surjective. Now, for any two vectors m, n € (Z,)" such that B(,.7;) ~ B(.) we must
have T'(m) = T (n) by Theorem 3.8. Thus, T is an invariant of the equivalence
relation ~, it is surjective, and its codomain has ]_[fv‘:1 [(p;i — 1)"~Pi] elements and
it follows that, indeed,

k
orm) = [ [1(pi = 1" 71, O

i=1

By Theorem 3.9, we now have a lower bound on the number of equivalence
classes, but we conjecture that the condition in Theorem 3.8 is actually sufficient
whenever 4 1 r. This would then result in equality in Theorem 3.9; see Conjec-
tures 5.3 and 5.2. Note further that using the inequality we can obtain Theorems 3.4
and 3.5 since when n = p 4 1, where p is the least odd prime dividing r, we will
get at least (p — 1) classes.

4. The case of multiples of 4

Until now we have not determined ¢(r) in the special case where 4 divides r. This
section will show that for 4 | r we have ¢(r) < 6 with equality if and only if 3 { r. To
this end, we start with a few lemmas regarding specific entries of By,.7;). Throughout
the section we will change our notation slightly to make our calculations more
natural, identifying the r-th vertex of any subgraph of N(,.;7) with the 0-th.
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Lemma 4.1. Let r > 2 be given with2' |r, t > 1, and let m € (Z)* Then
2| B (1, 4).

Proof. By Corollary 2.16 we can assume without loss of generality that m =
(1, ma, 1, 1) for some my € Z,. We calculate B(,.;7)(1, 4) by counting the number
of legal paths from c o to c4,9. We will sum over the last vertex ¢, 1 < g <r, of
the second subgraph that each path visits. Denote by S>(¢) the number of paths
from ¢y o to ¢z 4 that are subpaths of a legal path from ¢y o to c4,0 and similarly,
let L>(g) denote the number of paths from c¢; , to ¢4, that do not traverse any edges
of the second subgraphs and that are subpaths of a legal path from ¢ ¢ to ¢4 0.Then

By (1,4) = 252(61)L2(61)
g=1

First, it is not hard to see that L,(q) =r —q + 1 as m3 = 1. Second, if we write
q = [tm>],, 1 <t <r we can see that for every subpath ¢ counted by S»(g) there
must be a first vertex ¢, of the second subgraph that it visits. We must have
v € {lwmy], | 1 < w <t} for else ¢ could never legally visit c¢» 4. Further, there is
exactly one subpath ¢ going through ¢, , as specified, the path

Cl,0 > Cl,1 —> "+ —> Cly —> C2p = C2 [vtms], —> C2,t-
It follows that
—1
Sa(q) = [{fwma), |1 <w <1}| =t =gm;" (modr),

so we can calculate

Bem(l,4) = quz (r—q+1)—m2lzq(r—q+1) (mod r).
g=1 g=1

By noting that B(r;T)<1’ 4) = 22:1 q(r —q+1) (mod r), it follows that

B (1, 4) =m3 ' Biqy (14 =m; ' ("2) =0 (moa2)

B(.1) 3
by use of Theorem 2.17. ([

Lemma 4.2. Let r > 2 be given and assume that 2'||r forat > 1 and let m € (Z,).
Then
22 Bm (1, 5).

Proof. By Corollary 2.16 we can assume without loss of generality that m =
(1, ma, 1, my, 1). We calculate B,.7)(1, 4) by counting the number of legal paths
from ¢y 0 to ¢5,0. We will sum over the last vertex g, 1 < g < r, of the second
subgraph that each path visits. Denote by S>(g) be the number of paths from cy o
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to ¢, 4 that are subpaths of a legal path from ¢y ¢ to ¢5 and similarly, let L;(g)
denote the number of paths from ¢, , to ¢5 o that do not traverse any edges of the
second subgraph and are subpaths of a legal path from ¢ ¢ to ¢s5 . Then,

B (1. 5) ZSz(q)Lz<q)
q=1

As in the proof of Lemma 4.1, S>(g) = qmz_1 (mod r). It follows that

.
5 B (1.5) =) qmy'La(q) =m5" Bt 1.1ma 1y (1, 5) (mod 7).
qg=1

We proceed to calculate B (1,1,1,m,,1)) (1, 5) by almost the same approach as before.
Write

Br:(1,1,1,mq,1) (1, 5) 253(6])14(6])
q=1

where S3(q) is the number of paths on N ((1,1,1,m4,1))) from ¢y to ¢34 that are
subpaths of a legal path from ¢ ¢ to ¢5,. Further, L4(q) is the number of paths
from c3 4 to ¢5,o that do not traverse any edge of the third subgraph and are subpaths
of a legal path from ¢ to ¢50. Let ¢ be a path counted by L3(g) and let ¢4,
be the last vertex of the fourth subgraph that ¢ visits. By L3(g, v) we count the
number of such ¢. Then,

Bers(1.1. L1 (1, 5) Zss<q)ZL3(q v) = Z Zss<q)L3(q v)

v=1 g=1
r—=1 r
= 253(61)L3(f] PN+ Y Y Si@)Lalg, v).
g=1 v=1 g=I1

Since Z;: 153(q)L3(q, r) simply counts the number of legal paths from c; o to
c4.r = c4,0 that are subpaths of a legal path from c; ¢ to ¢s 9, we have

-
> $5@)L3(g ) =Bttty (1,4 = (757) =0 (mod 21)
q=1
by Theorem 2.17 and Lemma 2.14. Considering the case 1 < v < r yields that
Li(g,v) =0if [qmzl]r > [val]r since there is no legal path from ¢4 4 t0 ¢4,
because such a path would visit ¢4 0 and v # 0. Further, if [qmgl]r < [vmgl]r we
have L3(g, v) = 1 since only the path

C3,g —> Cd,qg => Chg+my —> """ —> C4p —> C5py =+ —> C50



COMBINATORIAL CLASSIFICATION OF QUANTUM LENS SPACES 359

satisfies the criteria. It follows that

r—=1 r

Bers(t 1t (1, 5) =D >~ S3(q) La(q. v)
v=1 g=I

—Z > S

1<v<r
[qm4 1= [Um4 1r

=Y [r—qm}"'1+53(q) (mod 2",
q=1

1

where the last equality follows since multiplying by m, " modulo r induces a

bijection on the set {1, ..., r — 1}, yielding
(oIl =v<rAlgmy'] < lomg )] = [r —gmy ',

So we get
-

Bt tma (1. 5) = D [r —gm} "1, S3(q)
qg=1

=m;' Y —qS3(9)

g=1
=m; " B.7(1,5) (mod2).

Inserting this into (5) then finally yields
B (L, 5) =my ' Besat, 1, 1ma1(1, 5)

=m;'my" B.1,(1.5)

r+3
=my'm; ( 4 )

= 52'72 (mod 2")
for some odd integer s since 2/ 72| (r 13 ) as4|r. O

Lemma 4.3. Let r > 2 be given. Then
Bi:a,1,-1.1.1.1)(1, 6) = 20r+ 3p2 —Sr + 1,4 +40r

Proof. In the graph N¢.(1,1,-1,1,1,1)), again let S3(g) be the number of paths from
vertex 1o to ¢34 that are subpaths of a legal path from ¢y o to ¢, such that c3 4 is
the last vertex visited in the third subgraph and let L3(q) be the number of paths
from ¢34 to ¢ that does not traverse any edges of the third subgraph and are
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subpaths of a legal path from c; ¢ to ¢ 9. We will find a closed form for each
function.

First, let 0 < g < r. Counting the paths of S3(g), we notice that there is exactly
one path from ¢y to ¢34, for every path from ¢y to ¢z ; for p > i > g. This is the
path

C1,0 — - *Ci — C3j — C3i—1 — e —> C3’q.
Since m| = my =1 in this case, the number of paths from c; ¢ to ¢ ; that are part
of a legal path from ¢ ¢ to ¢ o is i. Thus,

-1

z: U—qxr+q—U

S3(q) , O<g<r.

The function L3(q) is only counting paths that are traversing subgraphs with
parameter m; = 1. We see by Corollary 2.18 that

(r—q+1)(r—q+2)

L3(q) = B(,»_q_H;T)(la 3)= )

Second, for g = 0 we have S3(0) = w by Corollary 2.18 since this is simply
B(:(1.1.—1.1,1) (1, 3). Further, there is only one legal subpath from c4 ¢ to cg,0 of a
legal path from c; g to c,0 so L3(0) = 1.

Thus, we have

r—1
Bt 1,-1,1,1)(1,6) = Y S3(q)L3(9)
q=0
_rrH) =g+ DO —g+2)(+g—1)
=5 T 7

q=1
= é—(l)rﬁ— %rz— %r3+%r4+%r5,
where the last equality follows by writing out the expression and applying Faul-
haber’s formula ([Graham et al. 1989, Chapter 6.5]). U

Theorem 4.4. Let r > 2 be given such that 4 | r. Then ¢(r) < 6 with equality if and
only if 31r.

Proof. If 3 | r, we have ¢(r) < 4 by Theorem 3.4, so we will now only consider the
case when 3 1r.

First, we show that ¢(r) > 5. Let m, m’ € (Z,)° be given and let X = A..77) and
Y = A, 7). We will demonstrate that X ~ Y, proving that ¢, (5) = 1. Since 3 {r
it follows from Lemma 3.3 that if r = s2', 215, then s will divide every entry
of B(;m) and By,..5y except for the diagonal. Thus, by Lemmas 4.1 and 4.2 the
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matrices are of the form

0r %r(r—l—l) xir %xzr
00 r %r(r+1) x3F
X-I=]l00 0 rosrer+D |,
00 0 0 r
00 0 0 0 )
0r %r(r—i—l) yir %yzr
00 r %r(r—i—l) y3r
Y—-I=|l00 0 ro s+
00 0 0 r
\0oo0 o0 0 0

for integers xi, x2, X3, y1, 2, ¥3, where 2t x2, y2. Now, reducing according to
Definition 2.11 in a number of steps, we get

Or%r 0 3xr
oo ire+ 0
X—-1=2]1000 r %r
000 0 r
000 0 0
Or%r 0 %yzr
> | 00 r dre+1) 0 3
=]1000 r 3" =Y-1I
000 0 r
000 0 0

Step 1 reduces the entries of the first row and last column of X — I modulo r by
subtracting the fourth row and second column from the others. Step 2 adds the
third column to the last column %(yz — x») times and then subtracts the fourth row
from the second %(yg — xp) times. Step 3 is simply the reverse of Step 1 except
with Y — I instead of X — I. It follows that X ~ Y.

Second, we show that ¢(r) < 6, which completes the proof. Suppose that 5 | r.
Then it follows by Theorem 3.4 that ¢(r) < 6. So assume that 3,51 r. Now,
since 4 | r, Theorem 2.17 yields

r+4
r|B.1(L,6)= ( 5 )

Using Lemmas 4.1, 4.2, and 4.3 and noting that since 4 | » we have

1,,32_ 13 14, 3 5_ 1
sof +3r =g +gr g0 =% (modr)
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we get by Lemma 4.3 that

Or%r 0 }Txlr :i:ir
00 r irg+1)  xor  txsr
11000 r rr+1) 0
Borai-11.11n)—1 = 2
11111 000 0 ro L
000 O 0
000 0 0
Or%rO%xlr%r 07‘%}"0%}”%}”
OOT%VXQV%)QF OOr%rO%r
21000r 355 0 321000 r 3r 0
“loooo0o r | JOOO O r i
0000 O r 00 0 O O r
000O0 O 0 00 0 0 0 O
and
Or%r 0 %ylr 0
1 00 r %r(r—i—l) | YVor iy3r
~1 000 r sr(r+1) 0
B,y —1 000 0 , Ly
000 0 0 r
000 0 0 0
Or%rO}Ty]rO Or%rO%rO
OOr%r Yor %y;r OOr%rO%r
21000 4r 0 |[2]000 riro
o000 r 3 |T]000O0 3
000O0 O r 000O0O0Tr
000O0 O 0 000O0O0O0

for odd x1, x3, X3, y1, y2, ¥3 by the following steps. Step 1 reduces the first row and
last column modulo » by subtracting the second column and fifth row repeatedly
from the other columns and rows. Step 2 subtracts the third column (fourth row) %
times from the fourth column (third row) and adds the second column (fifth row) er
times to the fourth column (third row). Step 3 reduces the entries (1, 5), (2, 5), and
(2, 6) modulo 5 by subtracting the fourth column and third row repeatedly from the
fifth and sixth column and first and second row repeatedly. Note that the changes
to entries (4, 1), (4,2), (5, 3), and (6, 3) can be inverted by adding the second and
third column to the fourth column and by adding the fourth and fifth row to the
third row.
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Now, dividing every entry by er’ it follows that we have B(,;T) ~Be1,1,-1,1,1,1)
if and only if

04201=I 042010
004201 004201
000420 ]~.1000420
00004 2| ]000O042
00000 4 000004
00000 O 000000

However, this can be checked to not be the case simply by solving the system of
linear equations induced by Definition 2.11 and finding that there are no solutions.
Our conclusion follows. O

5. Concluding remarks

Combining the results of the previous sections, we arrive at our main result, which
answers the question of for which parameters n and r there only is a single, unique
quantum lens space.

Theorem 5.1. Let r > 2 and let p be the smallest odd prime dividing r. Then

p+1, 44r

506y —
) min{6, p+ 1}, 4]|r.

Proof. For 41r this follows directly from Theorem 3.5. Thus, let 4|r. By
Corollary 2.19, ¢(r) > 4, and it follows that if p = 3 we have @(r) = 4 by
Theorem 3.4 and if p # 3 we have ¢(r) = 6 by Theorem 4.4. O

We recall that ¢(r) is the minimum 7n for which there exists an m such that
C(Ly(r, DK % C(Ly(r,m)) @ K so that our result explains exactly how to find
the smallest dimension where the m-vector influences the stable isomorphism class
of the quantum lens space for any fixed r. In fact, using Proposition 14.5 in [Eilers
et al. 2016] we get that ¢(r) is the minimum » for which there is an m such that
C(Ly(r, 1)) # C(Ly(r,m)).

Further, for the case when the quantum lens space is not uniquely given, we
studied the number of equivalence classes arising by varying the parameter m € (Z,)".
In Theorem 3.8, a lower bound on the number of such equivalence classes was
found by giving a necessary condition for two quantum lens spaces to be isomorphic.
However, computer experiments suggest that this necessary condition is in fact even
sufficient when 4 t r. We thus conjecture the following which we have confirmed
by computer experiments for r € {3,5, 6,9} and n < 8, and for r € {10, 15, 21}
andn <7.
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Conjecture 5.2. Let r =2"- p{'--- pt*, t € {0, 1}. Further, letm, m’' € (Z,)" be
given. Then By ~ B if and only if for every 1 <i <kand1 <t <n— p;,

t+pi—1 t+pi—1
— !/
1_[ m; = 1_[ m; (mod p;).
[=t+1 [=t+1

This conjecture is true if and only if we have equality in Theorem 3.9 when 4 { r,
so an equivalent conjecture is the following.

Conjecture 5.3. Let r > 2 have the prime factorisation r =2"-p{' - - pi*, 1 €{0, 1}.
Then

k
o) =T Irpi =717,

i=1
Proving these conjectures seems hard to do using the methods of this paper,
however, since determining equivalence of matrices once they become sufficiently
large is a complex task unless one can find better invariants to rely on. Worth noting
is that proving Conjectures 5.2 and 5.3 would yield the following satisfactory result,

which resounds well with the overall findings of this paper.

Conjecture 5.4. The equivalence classes of Sy, /~ all have the same number of
members.
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ON GENERIC QUADRATIC FORMS

NIKITA A. KARPENKO

Based on Totaro’s computation of the Chow ring of classifying spaces for
orthogonal groups, we compute the Chow rings of all orthogonal Grass-
mannians associated with a generic quadratic form of any dimension. This
closes the gap between the known particular cases of the quadric and the
highest orthogonal Grassmannian. We also relate two different notions of
generic quadratic forms.

1. Introduction

Let k be a field of characteristic different from 2 and let F, = k(t,...,t,) be
the field of rational functions over k in variables 7, ..., #, for some n > 2. We
call generic the diagonal quadratic form g, := (1, ..., ,) over F,. Thus g, is

the n-dimensional quadratic form Fy — F, on the vector space Fy' given by the
formula
qg: (X1,...,X) Z tixiz.
1<i<n

The Chow ring of the projective quadric defined by g, has been computed
in [Karpenko 1991, Corollary 2.2]. The Chow ring of the highest orthogonal
Grassmannian of a generic quadratic form has been computed in [Petrov 2016]
(see also [Smirnov and Vishik 2014]), but this was done for a different notion
of generic, which we call here standard generic. As shown in Section 3, the
n-dimensional standard generic quadratic form ¢ lives over the field of rational
functions F = k(t;j)1<i<j<n in n(n + 1)/2 variables #;; and can be defined (in
arbitrary characteristic including characteristic 2) by the formula

F'—> F, (x1,...,x,)—~ LijXixj.
I<i<j=zn

In the present paper we determine the Chow ring CH X of all orthogonal Grass-
mannians X associated with the generic and the standard generic quadratic forms.

This work has been supported by a Discovery Grant from the National Science and Engineering Board
of Canada.

MSC2010: 14C25, 20G15.
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(The characteristic # 2 assumption is removed in the latter case; the characteristic 2
analog for the first case is provided in Section 9.) Namely, our main theorem
(Theorem 6.1; see also Corollary 8.2 and Proposition 9.2) affirms that the ring
CH X is generated by the Chern classes of the tautological vector bundle of X.
A complete list of relations satisfied by these Chern classes (in general, not only in
the generic situation) is provided in Theorem 2.1. All the (well-known) relations
that hold over an algebraic closure of the base field actually already hold over
the base field itself. This way we obtain a description of the ring CH X in terms
of generators and relations. It also follows that the additive group of CH X is
torsion-free (see Corollary 6.2).

To prove the main theorem, we use the computation of the Chow ring of classify-
ing spaces for orthogonal groups O (n) performed in [Pandharipande 1998], as well
as in [Totaro 1999] over the field of complex numbers, and later in [Molina Rojas
and Vistoli 2006] over an arbitrary field of characteristic # 2. We actually need
only a piece of this computation which is made in [Totaro 1999] over arbitrary
fields (of arbitrary characteristic); see Section 5.

Note that the algebraic group O (n) over a field k is not connected if n is even
or char k 7 2. In the remaining case (when n is odd and char k = 2), the algebraic
group O (n) is not smooth. In contrast, the special orthogonal group O (n) is always
smooth and connected. But since O (n)-torsors correspond to all nondegenerate
n-dimensional quadratic forms while O (n)-torsors correspond to quadratic forms
of trivial discriminant, it is more appropriate to work with O (n) for the question
raised in this paper. On the other hand, since orthogonal Grassmannians depend only
on the similarity class of the quadratic form in question and any odd-dimensional
quadratic form is similar to that of trivial discriminant, O(n) can be replaced
by O™ (n) for odd n.

2. Tautological Chern subring

In this section we consider an arbitrary nondegenerate quadratic formg : V — F
of an arbitrary dimension n > 2 over an arbitrary field F. (Characteristic 2 is not
excluded; nondegenerate quadratic forms are defined as in [Elman et al. 2008, §7.A].
We require n > 2 everywhere in the paper because the varieties we are interested
in, introduced below, do not occur for n = 1.) In particular, V is an n-dimensional
F-vector space. We fix an integer 1 < m < n/2 and write X for the orthogonal
Grassmannian of isotropic m-planes (i.e., totally isotropic m-dimensional subspaces)
in V. Note that the variety X is smooth projective; it is geometrically connected if
and only if m # n/2.

Let 7 = Tx be the tautological (rank-m) vector bundle on X: the fiber of 7
over a point of X, given by an isotropic m-plane, is this very m-plane itself. We
define the rautological Chern subring CT X in the Chow ring CH X as the subring
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generated by the Chern classes ¢;(7), ..., ¢, (T). The goal of this section is to
determine the ring CT X by providing a list of defining relations on its generators.

The variety X is a closed subvariety of the usual Grassmannian I" of all m-planes
in V. The Chow ring CHT is known to be generated by the Chern classes of the tau-
tological (rank-m) vector bundle on I". Therefore the pull-back CHI" — CH X with
respect to the closed imbedding X < I" provides an epimorphism CHI" — CT X.
Since a description of the ring CHI" by generators and relations is available (see
[Buch et al. 2009, Lemma 1.2] or [Fulton 1984, Example 14.6.6]), we fulfill
our goal if we describe the kernel of the epimorphism CHI" — CT X in terms
of generators of CHI'. For this, it is more convenient to use the generators
€1, ..., Ch—m € CHT given by the Chern classes of —[7] rather than of 7 = Tp
itself. By [7] here we mean the class of 7 in the Grothendieck ring K (I"). The
Chern classes of —[7] are the Segre classes of 7, i.e., the components of the
multiplicative inverse to the total Chern class ¢(7). The tautological vector bundle
T is a subbundle of the trivial (rank-n) vector bundle V and ¢y, ..., ¢, are the
Chern classes of the quotient V /7. We define ¢; € CH'(I') for every integer i by
setting ¢; :==c¢;(—[T]) =¢;i(V/T). Therefore co =1 and ¢; =0 for i <0 as well as
fori >n—m.

Theorem 2.1. The kernel of the epimorphism CHI' — CT X is generated by the
elements

(22) 2 —2ci_1ciy1 +2¢i aciin— -+ (=D)2¢oc0i,  withi >n/2—m,

and cp—p. The abelian group CT X is free with a basis consisting of the images of

the products c‘l)‘1 . cz"_‘n';’:'l withoay+- -+ ay_m—1 <mando; <1 fori >n/2—m.

Proof. Let us first check that the elements (2.2) lie in the kernel. The i-th element is
mapped to the Chern class ¢5; (—[7]— [T "]) € CT X, where T = Tx and T is the
dual vector bundle. The isomorphism V/T+ =TV, where T is the vector bundle
given by the orthogonal complement, shows that —[7] — [T Y] = —[T]1+ [T 1=
[7+/T]. Since the rank of the quotient 7+/7 is n — 2m (see [Elman et al. 2008,
Proposition 1.5]), its Chern classes vanish in degrees > n — 2m.

In order to show that ¢, —, is in the kernel, we proceed similarly to [Vishik 2009,
proof of Proposition 2.1]. Notice that the projective bundle P(7) over X can be
identified with the variety of flags of totally isotropic subspaces in V of dimensions 1
and m. In particular, besides the projection & : P(7) — X, we have a projection
w1 : P(T) — X, to the projective quadric X (the orthogonal Grassmannian of 1-
planes). Moreover, the tautological line bundle on the projective bundle P(7) is the
pull-back 7 (77) of the tautological line bundle 7; on X . It follows by [Elman et al.
2008, §58] or [Fulton 1984, Chapter 3] that ¢; (—[7]) = m«(7w1)*¢itm—1(—[T1]) for
any i. Since dim X| = n — 2, the Chern class ¢,_;(—[7;]) vanishes, implying the
vanishing of ¢,,—,, (—[T]).
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In order to show that the kernel is generated by the elements (2.2) and ¢,
we construct additive generators of the quotient C of the ring CHTI" by the ideal
generated by the elements (2.2) and ¢, —,,. We recall that the group CHT is free; a
basis is given by the products ¢{" - - - ey with oy + -+ -+, < m. Using the
additional relations in C, we can eliminate squares of ¢; for i > n/2 —m. Indeed, in
the quotient of C by the subgroup generated by the products satisfying the additional
condition, any element is divisible by an arbitrary 2-power and therefore is O since
C is finitely generated.

It follows that the group C is generated by the products ¢} - - - cs”_‘,;l”jll satisfying
the additional condition o; < 1 for i > n/2 — m. It turns out that these are free
generators. Moreover, they remain free when we map them to CT X and this finishes
the proof of the theorem.

Our products are free in CT X because their images in the Q-vector space
Q®CH X are free, where X is X over an algebraic closure of F. For odd n this
follows from [Buch et al. 2009, Theorem 2.2(b) and formula (15)] (see Remark 2.3).
For even n it follows from [Buch et al. 2009, Theorem 3.2(b) and formula (40)]. [J

Remark 2.3. The paper [Buch et al. 2009], applied in the above proof, actually
deals with the singular cohomology ring instead of the Chow ring. The link is
explained by the following two well-known facts: the variety X is cellular and the
ring CH X does not depend on the base field. If the base field is C, then the cycle
map from CH X to the corresponding singular cohomology ring is an isomorphism,
[Fulton 1984, Example 19.1.11(b)].

Remark 2.4. In the case of the highest orthogonal Grassmannian, the ring CH X
has been described in [Vishik 2005] (see also [Elman et al. 2008, Proposition 86.16
and Theorem 86.12]).

Remark 2.5. Theorem 2.1 shows that the ring CT X only depends on the integers
n and m.

Remark 2.6. For odd n, the ring CT X can be identified with the full Chow ring
CHY of the variety of isotropic m-planes in an n—1-dimensional vector space
endowed with a nondegenerate alternating bilinear form: there is an isomorphism
CHY — CT X mapping the Segre classes of the tautological vector bundle on Y to
the Segre classes of Tx. (See [Buch et al. 2009, Theorem 1.2] for a description of
the ring CH Y by generators and relations.) This funny observation in the case of
the highest orthogonal Grassmannian turned out to be very useful in [Totaro 2005].
We do not use it here.

Our next and ultimate goal is to show that CT X = CH X in the case of generic g.
First we need to clarify what is meant by generic. We start with the notion of the
standard generic quadratic form.
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3. The standard generic quadratic form

For a field k (of any characteristic) and an integer n > 2, the standard generic
n-dimensional quadratic form is defined as follows.

We consider the orthogonal group O (n) over k and its tautological imbedding
into the general linear group GL(n). The generic fiber of the quotient map

GL(n) - GL(n)/0O(n)

is an O (n)-torsor over the function field F := k(GL(n)/O (n)). It determines an
n-dimensional quadratic form over F (via the identification of [Demazure and
Gabriel 1970, Chapitre I1I, §5, 2.1]; for the case of smooth O(n) see also [Knus
et al. 1998, (29.28)]) which we call the standard generic one.

In order to describe it explicitly, we first recall the interpretation of the quotient
variety GL(n)/O (n) as the variety Q of nondegenerate quadratic forms on the
vector space V :=k".! The variety of all quadratic forms on V is an affine space (of
dimension n(n + 1)/2) and Q is its open subvariety. The group GL(n) acts on Q
in the evident way. The action is such that for any algebraically closed field K D k,
the abstract group GL(n)(K) of K-points of GL(n) acts transitively on the set
Q(K) of K-points of Q. Finally, the algebraic group O(n), by its very definition,
is the stabilizer of the split quadratic form gy € Q(k), defined by the formulas
(7.1) and (7.2).% Tt follows by [Demazure and Gabriel 1970, Proposition 2.1 of
Chapter III §3] that Q is the quotient variety GL(n)/O (n).

For any field extension L/ k, an L-point of Q is a nondegenerate quadratic form ¢
on the L-vector space Vy; the fiber of the quotient map GL(n) — Q over this point
is an O(n)-torsor E over L, and ¢ is the quadratic form corresponding to E. In par-
ticular, the quadratic form given by the generic fiber of GL(n) — Q is defined over
the field of rational functions F' = k(#;;)1<i<j<n (Where #;; are indeterminates, and
F / k is purely transcendental of the transcendence degree n(n+1)/2) by the formula

X1y ooy Xp) > Z LijXiXj.

I<i<j<n

4. Chow rings of classifying spaces

Let F be a field (of arbitrary characteristic) and let G be an affine algebraic group
over F, not necessarily smooth. The Chow ring CHg of the classifying space of G,
introduced in [Totaro 1999], is the G-equivariant Chow ring CHg (Spec F). This is
a graded ring; the grading is given by codimension of cycles.

The ring CHg; if cofunctorial in G: a homomorphism G’ — G of affine algebraic

I This interpretation is mentioned in [Totaro 1999, §15]; however, due to the context, k = C there.
ZA quadratic form over k is called split if it is isomorphic to gg.
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groups produces a homomorphism of graded rings CHg — CHg (see [Molina Rojas
and Vistoli 2006, §2]).

By [Edidin and Graham 1997, Lemma 4] (see also [Karpenko 2012, §3]), if G is
a split torus, the homomorphism of graded rings S (G) - CHg is an isomorphism,
where G is the character lattice of G, S(G) is the symmetric Z-algebra, and a
character x € G = S'(G), viewed as a G-equivariant line bundle over Spec F, is
mapped to its first equivariant Chern class in CHIG.

We return to the situation where G is an arbitrary affine algebraic group over F:

Proposition 4.1. Let G’ be a closed normal subgroup of G such that the quotient
T := G/G’ is a split torus. Then the restriction homomorphism CHg — CHg is
surjective and its kernel is generated by some elements in CHE. More precisely, the
kernel is generated by the image of the (additive) homomorphism

T =S"(T') = CH} — CH;
induced by the quotient homomorphism G — T.
Proof. For any integer i, let us consider a generically free G-representation V
possessing an open G-equivariant subset U C V such that codimy(V \ U) > i
and there are a G-torsor U — U/G and a G'-torsor U — U/G’. By definition

of CHg (and similarly for G’ in place of G), we have a ring homomorphism
CHg — CH(U/G) which is bijective in codimensions < i. Moreover, the diagram

CHG E— CHG/

l l

CH(U/G) —> CH(U/G")

commutes, where the bottom map is the pull-back homomorphism with respect to the
T-torsor U/G" — U/G. Therefore, in order to prove surjectivity of CHg — CHgr,
it suffices to prove surjectivity of CH(U/G) — CH(U/G’). Moreover, to get
the description of the kernel for CHg; — CHg it suffices to prove the similar
description for the kernel of CH(U/G) — CH(U/G’), where the homomorphism
T — CH'(U/G) is the composition T — CHL, — CH' (U/G).

Let us first consider the case of T = G,. Let £ be the line bundle

((U/Gyx AT

over U/G. Then U/ G’ is an open subvariety in £ and its complement is the zero sec-
tion. By the homotopy invariance and the localization property of Chow groups ([El-
man et al. 2008, Theorem 57.13 and Proposition 57.9]) we have an exact sequence,

CH(U/G) — CH(U/G) — CH(U/G') — 0,

where the first map is the multiplication by the first Chern class of £. This finishes
the proof for T = Gy,.
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In the general case, we induct on the rank of 7. We decompose T as Gy, x T}
and define an intermediate subgroup G; with G’ € Gy C G as the kernel of
the composition G — T — Tj. The quotient G/G is then T and the quotient
G1/G’ is Gy,. The homomorphism CHg — CHg' decomposes into the composition
CHg — CHg, — CHg'. The surjectivity statement follows because both maps in
the composition are surjective by induction. It remains to determine the kernel.

Let x € CHg be an element vanishing in CHg/, then the image of x in CHg, is
the product yx; for some x; € CHg,, where y € CHIGI is the image of a character
of Gn. Extending the character to 7, we get an element y’ € CHg lying in the
image of T — CH}; and mapped to y. Using the surjectivity of CHg — CHg,,
we find an element x| € CHg mapped to x;. The difference x — y’x] is then in the
kernel of CHg — CHg, and therefore, by induction, lies in the ideal generated by
the image of 7. It follows that x itself lies in the ideal. (I

Corollary 4.2. In the situation of Proposition 4.1, if the ring CHg is generated by
Chern classes (in the sense of [Karpenko 2018, §5]), then the ring CHg is also
generated by Chern classes.

Proof. For any i > 0 and any x € CH’., since the image of x in CH’., is a polynomial
in Chern classes, there exists an element x’ € CH., lying in the Chern subring, such
that the difference x — x’ vanishes in CHg/. By Proposition 4.1, x — x” belongs to
the ideal in CH¢ generated by CHIG so we can induct on i. O

Example 4.3. Taking G to be a split connected reductive algebraic group and
G’ C G to be the semisimple group given by the commutator subgroup of G, we are
in the situation of Proposition 4.1: G/G’ is a split torus. Therefore Proposition 4.1
describes the relation between the Chow ring of the classifying space of a split
reductive group G and that of its semisimple part G'. In particular, by Corollary 4.2,
if CHgr is generated by Chern classes, then CHg is also generated by Chern classes.
This has been proved (by a different method) in [Karpenko 2018, Proposition 5.5]
in the case of special (split reductive) G, where special means that every G-torsor
over any field extension of the base field is trivial.

5. Chow rings of classifying spaces for orthogonal groups

The following proposition is a (slightly modified) particular case of [Totaro 1999,
Proposition 14.2]. We provide a proof because it is shorter than that of the original
statement.

Proposition 5.1. For any algebraic group G (over any field ) and any imbedding
of G into a special algebraic group H, the homomorphism CHyg — CHg is surjec-
tive provided that the Chow groups of the quotient H/ G over any field extension of
the base field are trivial in positive codimensions.
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Proof. As usual, we replace the homomorphism in question by the pull-back homo-
morphism CH(U/H) — CH(U/G) with respect to the morphism U/G — U/H,
where U is an open subvariety in an H -representation, an H -torsor over U/H, and
a G-torsor over U/G. Since H 1is special, every H-torsor is Zariski—locally trivial,
[Chevalley et al. 1958]. It follows that the fiber of U/G — U/H over any point
x € U/H is isomorphic to the quotient variety H/G with scalars extended to the
residue field of x and therefore has trivial Chow groups in positive codimensions.
The statement follows from the spectral sequence of [Rost 1996, Corollary 8.2] (see
also [Karpenko and Merkurjev 1990, §3]) computing the K-cohomology groups of
the total space of the fibration U/ G — U/ H in terms of the K-cohomology groups
of the base and of the fibers. (]

We get the following statement for arbitrary base fields of arbitrary characteristic:

Corollary 5.2. For any n > 2, the homomorphism CHgrL) — CHo), given by
the tautological imbedding O (n) — GL(n), is surjective.

Proof. As explained in Section 3, the quotient variety GL(n)/O(n) is identified
with the variety Q of n-dimensional nondegenerate quadratic forms. Since Q is an
open subvariety in the affine space of all n-dimensional quadratic forms, we have
CH>°(Q) = 0 by the homotopy invariance and the localization property of Chow
groups. U

6. Main theorem and its consequences

In this section, k is a field (of any characteristic), »n is an integer > 2, F is the
function field k(GL(n)/O(n)), E is the standard generic O (n)-torsor given by
the generic fiber of GL(n) — GL(n)/ O (n), and q is the corresponding standard
generic quadratic form.

For m with 1 <m <n/2, let X be the m-th orthogonal Grassmannian of g. We
would like to determine the ring CH X. The main result is expressed in terms of
the tautological (rank-m) vector bundle on X. Its proof will be given in the next
section.

Theorem 6.1. The ring CH X is generated by the Chern classes of the tautological
vector bundle.

Theorem 6.1 claims that CH X = CT X, and the ring CT X has been computed
in Section 2.

Before proving Theorem 6.1, let us list some consequences. Let Y be any (partial)
flag variety of totally isotropic subspaces in g. Let us consider the standard graded
epimorphism CHY — G K (Y) onto the graded ring associated with the topolog-
ical filtration (i.e., the filtration by codimension of support) on the Grothendieck
ring K (Y).
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Corollary 6.2. The abelian group CHY is free and, in particular, torsion-free. The
ring epimorphism CHY — G K (Y) is an isomorphism. The topological filtration
on K (Y) coincides with the gamma filtration.

Proof. The variety Y is the variety of flags of totally isotropic subspaces in g
of some dimensions m; < --- < my. Let X be the orthogonal Grassmannian of
m-planes with m = my. The projection ¥ — X is a partial flag variety of subspaces
in the tautological vector bundle on X. Therefore, it suffices to prove Corollary 6.2
for X instead of Y.

We have that CH X = CT X (Theorem 6.1) and that CT X is a free abelian group
(Theorem 2.1).

The kernel of the epimorphism is contained in the torsion subgroup. Since CH X
is torsion-free, the epimorphism is an isomorphism.

Since the Chow ring CH X is generated by Chern classes, the topological filtration
on K (X) coincides with the gamma filtration; see [Karpenko 1998, Remark 2.17].

(]

7. Proof of the main theorem

We continue to work over a field k of arbitrary characteristic. We realize the
orthogonal group O (n) as the automorphism group of the following split quadratic
form qo : V — k on the k-vector space V := k":

(7.1) K" 3 (X1, .., Xn/2, Ynj2s oo s Y1) > X1Y1+X2Y2+ - 4 Xp/2Vn)2

if n is even, and

(7.2) k"> (X1, s X(a=1)/2: T, Yn=1)/25 - - - » Y1)
=Xy +xay2+ -+ Xa-1)2Y0-1)/2 + 72

if n is odd.

Instead of the m-th orthogonal Grassmannian X¢ (for some m with 1 <m <n/2),
we consider the variety Yy of flags of totally isotropic subspaces in go of dimensions
1,...,m. The group O(n) acts on Yy and for any algebraically closed field K D k
the action of the group O(n)(K) on the set Yy(K) is transitive. Therefore, by
[Demazure and Gabriel 1970, Proposition 2.1 of Chapter III §3], the variety Y is
the quotient O(n)/ P, where P is the stabilizer of the rational point of Y given
by the standard flag V; C - - - C V},, with V; being the span of the first i vectors in
the standard basis of V. (Note that for any m, the variety X is also the quotient
of O(n) by the stabilizer of any rational point on Xo; this includes m = n/2 even
though neither X nor Yy are connected in this case: recall that the orthogonal group
O(n) is also nonconnected for even n.)
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Any orthogonal transformation stabilizing this flag also stabilizes the orthogonal
complements

Vi =V C - C Vit =V,
Let F be the variety of flags of all subspaces in V of dimensions
1,....mn—m,...,n—1.

The group GL(n) acts on F and F = GL(n)/S, where S is the stabilizer of the
standard flag Vi C --- CV,, C Vupy C -+ C Vj_1.

Let E be the standard generic O (n)-torsor given by the generic fiber of GL(n) —
GL(n)/O(n). Let £ be the corresponding GL(n)-torsor obtained via the imbedding
O(n) — GL(n). We have a commutative square,

CHs — CH(/S)

l l

CHp — CH(E/P)

with surjective horizontal mappings (cf. [Karpenko 2017a, Lemma 2.1]).
We claim that the homomorphism CHg — CHp is surjective. Admitting the
claim for the moment, we conclude that the pull-back homomorphism

CH(E/S) — CH(E/P)=CHY

from the above commutative square is surjective too. Since the group GL(n) is
special, the GL(n)-torsor £ is trivial, implying that £/S = F. We get a surjection
CHF — CHY implying that the ring CHY is generated by the Chern classes of
the m tautological vector bundles on Y (given by the components of the flags). It
follows (see [Karpenko 2017b, Lemma 4.3]) that CH X = CT X.

We finish by proving the claim. The subgroup §" := G} x GL(n —2m) x Gjp C S
is a Levi subgroup of S, its intersection with P C S is P' := G x O (n —2m). The
imbedding P’ — S’ is the product of the map G — G x G,
the tautological imbedding O (n — 2m) — GL(n — 2m).

In the commutative square

x+— (x,x ") and

CHy —— CHy

l l

CHP e CHP/

the horizontal maps are isomorphisms (see [Karpenko 2018, proof of Proposi-
tion 6.1]). Therefore, in order to prove the claim, it suffices to prove that the
homomorphism CHg: — CHp- is surjective.
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In the commutative square

CHy —— CHgLu—2m)

l !

CHpr —— CHo@u-2m)

the horizontal maps are epimorphisms by Proposition 4.1. The map on the right is
an epimorphism by Corollary 5.2. We can now prove the surjectivity of the map on
the left in every codimension i > 0 using induction on i.

For i = 0 there is nothing to prove. For i = 1, we have a commutative diagram

G xGt —— CHg —— CHGL(n—Zm)

L

@r\nﬁ EE— CHI P CHlO(n72m)
with a surjection on the left. Since the lower row is exact (by Proposition 4.1), the
statement for i = 1 follows.

For i > 2, it suffices to show that any element x € CH;,,, vanishing in the group
CHo@—2m), 1s in the image of CHg. Since x = y1x1 + - - - + y,x, for some r > 0,
some yi, ..., yr € CH}D,, and some x{, ..., X, € CH"P_,1 by Proposition 4.1, we are
done.

8. The generic quadratic form in characteristic # 2

For a field k of characteristic # 2 and an integer n > 2, we defined in the introduction
the generic n-dimensional quadratic form g, := (11, ..., t,) over the field of rational
functions F, :=k(ty, ..., ,), and the standard generic quadratic form g over the
field of rational functions F := k(#;;)1<i<j<,. Now we are going to compare g,
with g.

Proposition 8.1. The field F, can be k-identified with a subfield in F the way that
the field extension F | Fg is purely transcendental and the generic quadratic form q,
with the scalars extended to the field F becomes isomorphic to the standard generic
form q.

Corollary 8.2. Theorem 6.1 as well as Corollary 6.2 hold for the generic quadratic
form in place of the standard generic one.

Proof. In case of a purely transcendental field extension, the change of field
homomorphism for Chow rings is an isomorphism (see [Kahn and Sujatha 2000,
Lemma 1.4a)). O

3The upper row is also exact but we don’t care.
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Proof of Proposition 8.1. Let us apply the standard orthogonalization procedure to
the standard basis ey, ..., e, of F", where the orthogonality refers to the symmetric
bilinear form associated with g. This means that we construct an orthogonal basis
e}, ..., e, by taking for e; the sum of ¢; and a linear combination of ey, ..., ¢;_1,
where the coefficients of the linear combination are determined by the condition
that el’. is orthogonal to ey, ..., e;_1. The procedure works for g because its restric-
tion to the span of ey, ..., e; is nondegenerate for every i.

Then ¢; := q(eg) equals #; plus a rational function in #11, ..., t;_1;—1 and in ¢,
with 1 <r < s <n. It follows that the elements 7, (1 <r <s <mn)and t{,...,1,
all together generate the field F' over k and therefore — since their number is
the transcendence degree — are algebraically independent over k. In particular,
f1, ..., t, are algebraically independent so that the field F, is identified with the
subfield k(#1, . .., t,) C F. This identification has the required properties. ([

9. The generic quadratic form in characteristic 2

In characteristic 2 (actually, in arbitrary characteristic), any nondegenerate quadratic
form, depending on the parity of n, is isomorphic to the form

a1, a2]L - Llay—1,a,] or [ai,az]Ll---Lla,—2, ay—1]1{ay),

where ay, ..., a, are constants from the base field and a, # 0 in the case of odd ».
The notation [a;, a;] stands for the 2-dimensional form

(X1, %2) > @1X] +X1X2 + apX3.
So, the generic n-dimensional quadratic form g, will be defined as the form
9.1 (t1, 0] L L[ty—1,8,] or [fy, 0] L. L[t,—2, th—1]L(tn)
over the rational function field F, :=k(t1, ..., t,).

Proposition 9.2. Proposition 8.1 and Corollary 8.2 hold in characteristic 2 as well.

Proof. We only need to identify the field F, with a subfield in F = k(#;;)1<i<j<n
(over k) the way that the field extension F/F, is purely transcendental and the
generic quadratic form g, with the scalars extended to the field F' becomes isomor-
phic to the standard generic q.

Starting with the standard basis ey, ..., e, of the vector space F", we construct
a new basis e/l, ..., e, as follows. For every odd i, the vector elf is e; plus a linear
combination of ey, ..., e;_ and if i < n then the vector el’.Jrl is ej 41 plus a linear
combination of ey, ..., e;_;, where the coefficients of the linear combinations
are determined by the condition that the new vectors are orthogonal to each of
el,...,ei—1. Additionally, for every even i, we divide the vector elf by the nonzero

scalar (¢;_,, e}).
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With respect to the new basis, the standard generic quadratic form ¢ has the
shape (9.1), where ¢; := q(elf). For odd i, t; equals #;; plus a rational function in
H1y..-5ti—1i—1 and in #,; with 1 <r < s < n. For even i, ; equals #;/f; plus a
rational function in 11, ..., t;_p;—» and in #,; with 1 <r < s < n, where f; is also
a rational function in #11, ..., t_1;—1 and in t,;, with 1 <r < s <n.

It follows that the elements #,; (1 <r <s <m)and ¢, ..., t, all together generate
the field F over k and therefore are algebraically independent over k. In particular,
t1, ..., t, are algebraically independent so that the field F, is identified with the
subfield k(#1, ..., t,) C F. This identification has the required properties. ]
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RANKIN-COHEN BRACKETS AND
IDENTITIES AMONG EIGENFORMS

ARVIND KUMAR AND JABAN MEHER

We investigate the cases for which the Rankin—Cohen brackets of two quasi-
modular eigenforms give rise to eigenforms. More precisely, we characterise
all the cases in a subspace of the space of quasimodular forms for which
Rankin-Cohen brackets of two quasimodular eigenforms are again eigen-
forms. In the process, we obtain some new polynomial identities among
quasimodular eigenforms. To prove the results on quasimodular forms, we
prove several results in the theory of nearly holomorphic modular forms.
These new results in the theory of nearly holomorphic modular forms are
of independent interest.

1. Introduction

For an even positive integer k, let M; and S; be the respective spaces of modular
forms and cusp forms of weight k for the full modular group SL,(Z). For an even
positive integer k, the Eisenstein series of weight k is defined by

o
_ 2k 2mwin
E@)=1-%- 2ok_1(n)e :,
n—=

where By is the k-th Bernoulli number, oy (n) = din d*1and z is in the complex
upper-half plane . We know that for k > 4, E; € M, but E is not a modular
form, rather it is a quasimodular form of weight 2 for SL;(Z). There are numerous
identities among modular forms. A direct implication of these identities are nice
relations among Fourier coefficients of various modular forms. For example, it is
well known that Ef = Eg and by comparing the Fourier coefficients of both sides
of this identity, we obtain

n—1
@) 07(n) = 03(n) + 120 Y _ o3(m)o3(n —m)

m=1

for n > 1. Since Ej is an eigenform for any even integer k > 4, the identity

MSC2010: primary 11F25, 11F37; secondary 11F30, 11F67.
Keywords: eigenforms, nearly holomorphic modular forms, quasimodular forms, Rankin—Cohen
brackets.
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Ei = Eg can be interpreted as an identity where the product of two eigenforms
results in an eigenform. So it is natural to look for other identities which can be
obtained in this way, i.e., those identities in which the product of two eigenforms
is an eigenform. The investigation for such identities in the space of modular forms
for the full modular group SL,(Z) has been done by Duke [1999] and Ghate [2000]
independently. They explicitly provided all of the cases in which the product of two
eigenforms for the full modular group SL,(Z) gives an eigenform. The phenomenon
of the product of two eigenforms giving rise to an eigenform can be generalized in
two different ways. One generalization is, instead of taking two eigenforms, one may
take products of an arbitrary number of eigenforms. Another generalization is by
taking the Rankin—Cohen brackets of two eigenforms. Here we note that the product
of two modular forms is a particular case of a Rankin—Cohen bracket of two modular
forms. Both of these generalizations have been well studied, and we have satisfactory
answers for them. Products of arbitrary numbers of eigenforms giving eigenforms
have been classified by Emmons and Lanphier [2007], and Rankin—Cohen brackets
of eigenforms have been studied by Lanphier and Takloo-Bighash [2004]. In this
paper we study the Rankin—Cohen brackets of quasimodular eigenforms. We note
that quasimodular forms are a generalization of modular forms. The motivation for
studying Rankin—Cohen brackets of quasimodular eigenforms is the well-known
identity EoA = DA, where D = %i is the differential operator and

idz
00

Az) = o2z l_[(l _ eZninz)24 — Z r(n)eZHinz

n>1 n=1
is the Ramanujan delta function. The identity E,A = DA is an identity between
quasimodular forms for the group SL,(Z) in which the product of two quasimodular
eigenforms gives rise to an eigenform. The phenomenon of the product of two
quasimodular eigenforms giving an eigenform has been studied in [Meher 2012]
and [Das and Meher 2015]. The phenomenon of products of arbitrary numbers of
quasimodular eigenforms giving eigenforms has been studied in [Kumar and Meher
2016]. To state our main result we first recall the notion of Rankin—Cohen brackets
on quasimodular forms.

Rankin—Cohen brackets for quasimodular forms have been defined by Martin
and Royer [2009]. Let f and g be two quasimodular forms of weights k£ and / and
depths s and ¢ respectively. Then for any integer v > 0, the v-th Rankin—Cohen
bracket of f and g is defined by

® Ul = Z (e (k=) (Imt40=1) e p oy,
a=0

V—o o

Let M,fs be the space of quasimodular forms of weight k and depth at most s
for the full modular group SL,(Z). Note that the differential operator D maps
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M - 1nt0 M k< j; ! It is known from [Martin and Royer 2009] that if f € M ,fs and

g€ M=, then [ [f.glheM k< J:;j:ZU We now state the main result of this paper:

Theorem 1.1. Let f and g be two quasimodular eigenforms such that the depth
of each of the forms f and g is strictly less than the half of the weight of the form.
Then there are only finitely many triples (f, g, v) with the property that f and g are
quasimodular eigenforms and [ f, g1, is again an eigenform. All the possible cases
(up to some constant multiple) are the following:

* [E4, E4lo = Es, [E4. Eslo = Eho,
[E4, Erolo = [Eg, Eslo= E14, [Es, DEslo = 5DEs.

e If k,1€{4,6,8,10, 14} and v > 1 with k+142v € {12, 16, 18, 20, 22, 26},

then
[Ex, Eily = cv(k, D) Ajgigov,
where
_ 2 v+-1) v+12k(v+k—1>
ok, 1) = Bz( A R G !
o Ifke{4,6,8,10,14} and v =0 withl, k+1+2v € {12, 16, 18, 20, 22, 26},
then
[Ex, Arly = v (D) Argr420,
where
=),
o [E4, DE4]; =960A 12, [E4, DEg]y = [Es, DE4]y = 1920A 6,

[Es, DEg]1 = —3024A16, [Es4, DEglo = —5040A1s,
[Ee, DE4], = 5040A 16, [E4, DE4]3 =4800A 16,
[Es, DEg]; = 3840A,, [Es, DE¢glz = —28224 Ay,
[E4, DE4]s = 13440A.

e [E4, D*E4]1 = 960D A, [E4, DEgl; = —2016D A1y,
[Ee, DE4], = 1440D A5, [E4, DE4l> = 2400D A 5,
[Ee, D?Egl; = —3024DA1s,  [Ee, DEglr = —10584D A,
[E4, D*E4]3 = 4800D A6, [E4, DE4ls = 8400D A,
]
1
]

[Es, D*Egly = 3840D Ao [Es, DEg], = 17280D Ay,
[Eg¢, D*Egls = —28224DA>, [Eg, DEgls = —63504D Ay,
[E4, D*E4]s = 13440D Ay, [E4, DE4le = 20160D Ay.
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We see from the list of identities in the above theorem that there are some new
identities. These identities give new relations among the Fourier coefficients of
modular forms. From the list we also see that in some cases the Rankin—Cohen
brackets of two quasimodular forms give rise to modular forms. It would be
interesting to further investigate the cases for which Rankin—Cohen brackets of two
quasimodular forms give rise to modular forms.

The idea of the proof of the above theorem is to prove a similar result in the
space of nearly holomorphic modular forms in certain cases and then use the
isomorphism between the space of nearly holomorphic modular forms and the
space of quasimodular forms to prove the result in the space of quasimodular forms.
The advantage of using the space of nearly holomorphic modular forms is the
existence of the Petersson inner product. To prove Theorem 1.1, we define the
Rankin—Cohen brackets on nearly holomorphic modular forms and prove various
results involving certain operators on nearly holomorphic modular forms. Rankin—
Cohen brackets and properties of various operators on nearly holomorphic modular
forms are of independent interest.

The article is organized as follows. In Section 2, we recall some basic results
and prove some new results in the theory of nearly holomorphic modular forms.
In Section 3, we state some basic results in the theory of quasimodular forms. In
Section 4, we define the Rankin—Cohen brackets on nearly holomorphic modular
forms and prove some basic results which will be useful for our purpose. In
Section 5, we prove some results which are generalizations of a result of Shimura
[1976] to the case of Rankin—Cohen brackets of nearly holomorphic modular forms.
These results are the main ingredients in the proof of Theorem 1.1. In Section 6,
we prove Theorem 1.1.

2. Nearly holomorphic modular forms

Notations and basic results.

Definition 2.1. A nearly holomorphic modular form f of weight k and depth < p for
SL,(Z) is a polynomial in 1 /Im(z) of degree < p whose coefficients are holomorphic
functions on H with moderate growth such that

az+b

(z+a) ™ F(512) = .

for any (‘C‘ Z) € SLy(Z) and z € H, where Im(z) is the imaginary part of z.

We denote by M kfp the space of all nearly holomorphic modular forms of weight &
and depth < p for SL,(Z). We also denote by M; = | J » Mkip the space of all
nearly holomorphic modular forms of weight k.
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Definition 2.2. The Maass—Shimura operator R, on f € My is defined by
k
R )
Q=5 (211m(z) F@.

The operator R, takes Mk into Mk+2. Thus it is also called the Maass-raising
operator. We write Ry := Ritom—20 -0 Ripo 0 R with R) =id and R} = Ry,
where id is the identity map. We state the following decomposition theorem of the
space of nearly holomorphic modular forms [Shimura 2012, Theorem 5.2].

Theorem 2.3. Let k > 2 be even. If f € MZ" and p < k/2 then

P
= @ R o My,
r=0

and if p > k/2 then
k1

Mg’ EBRk M2 ®CR; ' ES,
r=0

where E(z) := Ez(z) — %@ is a nearly holomorphic modular form of weight 2
and depth 1 for the group SL,(Z).

Following Shimura [2012 pp- 32], we define the slowly increasing and rapidly
decreasing functions in M. Shimura has defined slowly increasing and rapldly
decreasing functions in a broader space than M. Here we define those for M.

Definition 2.4. Let f € My. Then f is called a

« slowly increasing function if for each o € SL,(Q) there exist positive constants
A, B and ¢ depending on f and « such that

Im(2)*”? f(az)] < Ay if y =Im(z) > B;

« rapidly decreasing function if for each « € SL,(Q) and a positive real number c,
there exist positive constants A and B depending on f, « and ¢ such that

Im(az)*/? f(az)| < Ay~ if y =Im(z) > B.

Remark 2.5. If f € My, then f is a slowly increasing function. In addition, if f € S
then f is a rapidly decreasing function. From the above definitions we observe that
the product of a rapidly decreasing function with any nearly holomorphic modular
form gives a rapidly decreasing function.

We state the following result [Shimura 2012, Lemma 6.10].

Lemma 2.6. If f € My, then R}" f is a slowly increasing function for any integer
m > 0. Moreover, it is a rapidly decreasing function if f € S;.
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If f,ge My, are such that the product fg is a rapidly decreasing function, then
the Petersson inner product of f and g is defined by

— . dxd
3) TR B C T
SLy(Z)\H y

where z = x +iy. The above integral is convergent since fg is a rapidly decreasing
function.
The Maass-lowering operator is the differential operator defined by

a
L:= —yza—z

The operator L maps Mk-i—Z to Mk. From the definition of L, it is clear that L
annihilates any holomorphic function. We state the following result [Shimura 2012,
Theorem 6.8] which shows that under certain conditions, the operators L and Ry
are adjoint to each other with respect to the Petersson inner product.

Lemma 2.7. Let f € Mk and g € Mk_z be such that fg, f(Ri—28) and (Lf)g
are rapidly decreasing functions. Then we have

(f’ Rk—28> = <Lfs g)

In a particular case of the above result, we obtain the following result which
plays a crucial role in the proof of our main result.

Lemma 2.8. Let f € S. Then (f, Ry_>g) =0 forevery g € My_» such that both g
and Ry_»g are slowly increasing functions.

e a4 7) ez

For any integer k > 0, z € H and s € C, the Eisenstein series Ey(z, s) is defined by

Eisenstein series. Let

Ezso)= Y jora iyl

Y €loo\ SLa(Z)

where j(y,z) = (cz +d) for y = (‘;z) The series of Ei(z,s) is absolutely

convergent for Re(2s) > 2 — k. It is well known that

“4) RyEx(2) = (—4my) ™" ———Ejy2r(z, —1),

where y = Im(z).
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Following [Diamantis and O’Sullivan 2010], we also recall the completed nor-
malized nonholomorphic Eisenstein series, defined by

; —k
(5) Ef(z.s)=0(s) ) (Im(yz))S(—’,(”’Z))

Y €T\ SLa(2) [j (¥, 2)l

where

b
Or(s) = T'(s +k/2)¢(2s) and yz:= Zf—-::d fory = (Ccl Z)'

We observe that
ysk/2

(6) E(z, S)=m

Ef(z.s+k/2).

Hecke operators. For f € My and any integer n > 1, the action of the n-th Hecke
operator on f is defined by

bd
™ (@ =n Y d ka("” )

dln

For each integer n > 1, T, maps My to My. A nearly holomorphic modular form
is called an eigenform if it is an eigenvector for each Hecke operator 7, (n > 1).
We recall the following commuting relation between Maass—Shimura operators and
Hecke operators [Beyerl et al. 2012, Propositions 2.4 and 2.5].

Proposition 2.9. Let f € My. Then
(RI'(T, ))(2) = nlm(Tn(R;"f»(z)

for any integer m > 0. Moreover, R f is an eigenvector for T, if and only if f is.
In this case, if A, is the eigenvalue of T, corresponding to f then the eigenvalue
of T, corresponding to R f is n" A,,.

The following result characterizes all nearly holomorphic eigenforms for the full
modular group SL,(Z). The result has been proved in [Kumar and Meher 2016,
Theorem 1.1].

Proposition 2.10. Let f be a nearly holomorphic eigenform of weight k and
depth p for the full modular group SLy(Z). If p < k/2 then f = Rk 2p fp, where
fp € My_2p is an eigenform, and if p =k /2 then f € CR k2= ]E’zk.

Properties of raising and lowering operators. We first recall the following relation
[Shimura 2012, 6.13c, pp. 34].

(8) LRy =Ry L+ ]é—i
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Using the above identity we prove the following lemma.
Lemma 2.11. Let m and r be two positive integers. Then:
« L'Ry=Ry_p L'+ Jrk—r+ 1L L
« LR" =R ,L+ im(k+m— DR},
e Form <r we have
LR} = R 5 L' + 1R L™+ R L7 2 el
where
o = %r(r—l) e i) (ki — ) (ki —r 1) - (k20— —1).
o For any positive integer r and any nonnegative integer m, we have

rpr+m __ pr r pm r—1 r—1 pm
L'R,™ =Ryiopmo L' Ry +c1R 5, 0,0l R+

-+ 1 Rkjom— LR + ¢, R},
where c; is as defined in the previous identity.

Proof. For r = 1 the first identity is true by (8). Then the first identity can be proved
by using induction on r. Similarly for m = 1, the second identity is true by (8), and
then the second identity can be proved by using induction on m. The third identity
can be proved by using the first identity and induction on m. The fourth identity is
a direct application of the third identity. O

Using the above lemma, we now prove the following result which is of indepen-
dent interest and is also useful for our purposes.

Theorem 2.12. Let f € Sy and g € M,. Assume that r and s are positive integers
such that k +2r =1+ 2s. Then

o (f, gy ifr=s,

(R f, ng):{o ifr s,

where
¢ = ;—r!k(k+1)"'(k+r— 1).
Proof. If r = s then k = [ and by using Lemma 2.7, we obtain
(Rif. Rig) = (f. Ly R;g)-
Using the fourth identity of Lemma 2.11 in the above expression we obtain

(Rif. Ri.g)
= (f2 Riyomo L 8+ 1R 3y _np ol '@+ +Cro1 Riyam2Lg +¢r8).
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Now applying Lemma 2.8 to the right-hand side of the above expression, we obtain

the required result in this case. If r # s, without loss of any generality we may

assume that r < s. Let r = s + m for some positive integer m. Then again by the

fourth identity of Lemma 2.11 we get

<R/Cf’ R;cg> = <f’ er+2nl—2rLrleg +C1er-:21m—2r+2l’r_1leg +

R | RH_zm_zLR;ng + CrR;ng).

Applying Lemma 2.8 to the right-hand side of the above expression, we deduce that

(Ri.f Ryg) =0. U

Let S; be the subspace of M, consisting of rapidly decreasing functions. As an

application of the above theorem, we have the following result.

Corollary 2.13. There exists an orthogonal basis of Sy consisting of Hecke eigen-
forms with respect to the Petersson inner product.

Proof. Using the property of rapidly decreasing functions and the decomposition
theorem for the space of nearly holomorphic modular forms, given in Theorem 2.3,

it follows that
k/2—1

Sc= P Ri o Scr
r=0

Since S; has an orthogonal basis consisting of Hecke eigenforms with respect to the
Petersson inner product, the result follows from Proposition 2.10 and Theorem 2.12.
O

3. Quasimodular forms

Definition 3.1. A holomorphic function f on # is called a quasimodular form
of weight k and depth p for SL,(Z) if there exist holomorphic functions fy, fi,
f2,-.., fp on H with moderate growth such that

(c +d)‘kf<az+b>—if'()( ‘ )j
¢ cz+d _j:O I\ ez vd

for all (‘C‘ Z) € SLy(Z), and f), is not identically vanishing.

We denote by M ,fp the space of all quasimodular forms of weight k and depth < p
for the full modular group SL,(Z). We also denote by My = U » M kfp the space of
all quasimodular forms of weight k. Any quasimodular form f of weight k£ and
depth p for SL;(Z) can be written as

()] f(@) =20 +g1(RE2(x) +- -+ gp(2) EJ (2),
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where g; € My_; for 0 <i < p and g, # 0. For any integer n > 1, the action of
the Hecke operator T,, on a quasimodular form is the same as the action on a nearly
holomorphic modular form as given in (7). For each integer n > 1, T,, maps Mk
to itself. A quasimodular form is called an eigenform if it is an eigenvector for
each Hecke operator 7,, (n > 1). We state the following result [Das and Meher
2015, Proposition 3.1] which characterises all quasimodular eigenforms for the full
modular group SL;,(Z).

Proposition 3.2. Let f be a quasimodular eigenform of weight k and depth p
for SLo(2). If p < k/2 then f = DP f,, where f, € My_», is an eigenform, and if
p=k/2then f € CD¥*71E,,

We also recall the following results on quasimodular eigenforms [Kumar and
Meher 2016, Lemma 4.3, 4.4].

Lemma3.3. If f = Z;’io a(n)e*™inz ¢ Mk is a nonzero eigenform then a(1) # 0.

Lemma 3.4. A quasimodular eigenform f € My with nonzero constant Fourier
coefficient is an eigenform if and only if f € CEy.

Let M=" be the space of all nearly holomorphic modular forms of depth at
most p for the group SL,(Z), and let M7 be the space of all quasimodular forms
of depth at most p for the group SL;(Z). Then there is an isomorphism between
pr and pr given in the next theorem [Ouled Azaiez 2008, Theorem 1].

Theorem 3.5. The map

~ fi@)
F@=2 i = F@
j=0

=< ~ < . . .
from M7 to MZ" is an isomorphism.

The map above induces a ring isomorphism between M, and M,. Also if
f € M, then the above isomorphism from M* and 1\7* maps R;" f to D™ f and
RYEJ to D™E; for any integer m > 0. Thus from Propositions 2.10 and 3.2 we
have the following result.

Proposition 3.6. A polynomial relation among eigenforms in M, gives rise to a
corresponding polynomial relation in M, and vice versa.
4. Rankin-Cohen brackets and Rankin-Selberg L-functions

Rankin—-Cohen brackets. Let F and G be two nearly holomorphic modular forms
of weights k and /, and depths s and ¢, respectively, for the group SL,(Z). Analogous
to the Rankin—Cohen brackets defined for quasimodular forms in (2), we define the
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Rankin—Cohen brackets for nearly holomorphic modular forms. For any integer
v > 0, the v-th Rankin—Cohen bracket of F and G is defined by

a0 [F.Cl = Xv:(_1)a(k—s+v—1)(l—t—;v—l)(Rz{F)(R;;—aG).
a=0

V—uo

By abuse of notation, the v-th Rankin—Cohen bracket of two nearly holomorphic
modular forms is denoted by the same notation as the v-th Rankin—Cohen bracket
of two quasimodular forms.

Theorem 4.1. Let F and G be as above. Then for any integer v > 0 we have

[F.Gl, e MZ),

Proof. From the definition of Rankin—Cohen brackets in (10), it is easy to see
that [F, G], € Mk< Jf;:f;)” Thus it remains to show that the depth of [F, G], is in
fact at most s +¢. Let f and g be the respective constant coefficients of F and G
when we write both F' and G as polynomials in 1/Im(z). Then we know that f
and g are quasimodular forms of weights k and / and depths s and ¢, respectively.
From (10) and (2) we see that if we write [F, G], as a polynomial in 1/Im(z), then
the constant coefficient of [F, G], is [ f, g],. But we know that the depth of the
quasimodular form [ f, g], is at most s + . Hence by Theorem 3.5, the depth of

[F, G], is at most s + ¢. O

Rankin-Selberg L-functions. Let f =) > a(m)ezn "z e M. The L-function
attached to f is defined by

L(f,s):za;n:).

m=1

If f € S, then L(f,s) is analytically continued to the whole complex plane and it
satisfies the functional equation

L*(f,s) = Q) *T()L(f,s) = (D2 L*(f, k —5)

If f(2) =Y 0 qa(m)e*™ ™ and g(z) = Y oo, b(m)e*™ ™ are modular forms
of weights k and / for SL,(Z), respectively, then the Rankin—Selberg L-function
associated with f and g is defined by

o0

L(f % g.5 Z (m)b(m)

We recall a result of Zagier [1977, Proposition 6].

Theorem 4.2. Let ki, ko, k and n be integers satisfying ky > k; +2 > 2 and k =
ki+ka+2n. Let f(z) =Y o ja(m)e®™ ™ e Sy and g(z) =) oo b(m)e*™ ™ € My, .
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Then

['(k— DI (ky +n)
(Am) = 1n!T (k)

Remark 4.3. In the hypothesis of Theorem 4.2, the condition k» > k1 +2 > 2 can

be removed if g is a cusp form.

([, 18, Eiyln) = (=D)" L(fxg kit+ka+n—1).

If g = Ey,, then we have the following result; see [Lanphier and Takloo-Bighash
2004, Theorem 2.2].

Theorem 4.4. Let ki, ky; > 4 be even integers and let n be a nonnegative integer
and k = k| + ky + 2n. Suppose that f € Sy is a normalized eigenform. Then

(f, [Eks Exyln)

= (_1)k2/2+n&& Pk=1

Bk1 Bk2 n!2’<—1F(k —n— 1)
Remark 4.5. Note that we have an extra (—1)" appearing in the right-hand sides

of both the expressions given in Theorems 4.2 and 4.4. This is because an extra
(—1)" appears in the definition of Rankin—Cohen brackets given in [Zagier 1977].

L*(f,k—n—1)L*(f, ko +n).

We now recall an interesting nonvanishing result of the L-function L(f,s)
associated with the cusp form f [Lanphier and Takloo-Bighash 2004, Corollary 3.2]
at the center critical point.

Lemma 4.6. Suppose that k > 20 and k=0 (mod 4). Then there are two eigenforms
f,g € Sywith L*(f, k/2) #0and L*(g, k/2) #0.
Remark 4.7. We know that [E4, E4]» =4800A 1, for some nonzero constant ¢ € R.

Also we have
(A12, App) =4800(A12, [E4, E4]2) # 0.

Thus by Theorem 4.4, L*(A13, 6) # 0. Similarly one proves that L*(Ayg, 8) #0
and L*(Ajg, 10) # 0. Therefore by Lemma 4.6 we deduce that for each integer
k > 12 with k = 0 (mod 4), there exists a nonzero eigenform f € S; such that

L*(f.k/2) #0.
5. Preparatory results

We start the section with the following result of Shimura [1976, Theorem 2], who
has proved the result for modular forms of higher level with characters. Here we
state the result for the group SL,(Z) for our purpose.

Theorem 5.1. Suppose [ € Si, g € My,, and ki + 2ry < k with a nonnegative
integer rp. Then

(fagR]';iEkz) :CL(f Xg’k_ 1 —I’Z),
where kpy =k —ky —2ry,andc =T (k— 1 —r)'(k —ky —r) /T (k — k1 — 2r).



RANKIN-COHEN BRACKETS AND IDENTITIES AMONG EIGENFORMS 393

The following result generalizes Theorem 5.1 and may be of independent interest.
We follow the idea of Shimura to prove the result. We obtain Theorem 4.2 as a
special case of the following result.

Theorem 5.2. Let ki, kp, k, r1, ry, v be nonnegative integers such that ky > 4,
k+2r = ki + ky + 2r; + 2rp 4+ 2v. Suppose that f = Z;’lozl a(n)e*™"z ¢ S
andg =7y "2, b(n)e*™ " ¢ My, . Assume that either g is a cusp form or ky > ki +2.
Then we have

r k k k

(1) (RLf. R} g, RZEly) = c(k, i ki ka, 1) L(fxg,2+ byl )
where
clk,riky,ri, ko, ) =

(—1)r2+v v r r+to ) o (1)

r r o
WZ ZZ( 1) “= UPukPU]i F(k+21" rn—v+o—u—v— 1)
= u=0 v=0

with

A — <k1+r1+v—1><k2+r2+v—l> Lk +r+v—a)
) v—a o I (ka)

and

r _ (T F(k+7’)
P”»"_( )F(k+r—u)'

Moreover, for r =0 we have
(12)  c(k, 05 ky, 11, ko, r2)
(=D Tk 4ri+r+0ki +hka+ri+r+2v—1)
T @n! Ch)T 0+ 1)
Proof. Using the definitions of Rankin—Cohen brackets and the Petersson inner
product we have

r r k1+r1+v—1 ky+ry+v—1
KL s REEw = 3 )=

£0.

— dx d
x / RLf Ry T g REF By
SLy(2)\H

Using the identity (4) for RZJ”’_“ Ey, in the above expression we obtain

(13) (Rif.[R,8. R E L) =

v
AO{ r+a
e | R, fR,
ag() @)= Jsuam 2 K

Y €loo\ SLa(Z)

———— - o dx dy
2) ko—2r> 2v+2a|J( 2(—r2—u+a)|yk+2r r—v+o y2 )

x j(y, V,2)~
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To interchange the sum and integral in (13), we observe that

Z |R£f R]’;i‘i‘ag ](V’ Z)7k272r272v+20[|j(y’ Z)|2(}’2+l}7(¥)

SLy(Z)\H y€loo\ SLa(2)
k+2r—r—v+a dx dy

Xy
y2
dx d
SL2(2)\M vele\l

For k, > 4 note that
Yo iyl stk -,

Y €loo\ SLa(Z)

Also, since f is a cusp form, R; f is a rapidly decreasing function and so is
(R, f )(R,Z:Jr“ g). Hence, the integral in the right-hand side of above inequality is a
finite quantity. Interchanging the sum and integral in (13), we obtain

(R} f,[R} g, R Ex,)y)
v A -
= (_I)WZW > / R{f(2) R ™g(2)
=0 veloa\SLa(D) g1, 70\ 1

2r=2v+2a —2(=ry—v+a) yk—|—2r—r2—v—|—a dx dy

1j (v, 2l
y2

X j(y,z2) 7k

Changing the variable z — y~!z in the above expression and unfolding we obtain

(Rif. IR} g. R Ep,)y)

v

A oo pl o B
= DY e fo /O R, F (R g(2) y*H2rrmv a2y gy,
a=0

From the Fourier expansions of f and g we get

v r ri+a

A Cu—
= (DY e 2 P D P A
u v=0

a=0 =0

oo pl
% / / Z a(m)mmr—unrl+a—v82n'ix(m—n)e—2r{y(m+n)
0 0

m>1,n>0 K2 — Py — VD —t—
Xy r—ry—v4a ”vdxdy.

Since either g is a cusp form or k» > k; 4+ 2, by using the bounds of Fourier
coefficients we can interchange the sum and integration of the above expression,
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and using the fact that the integral over the variable x will be nonzero only when
m = n, we obtain

(sz’ [R]';1 g’ R]';Ekz]v>
A rit+o

— Y e Y R S

u=0

00
Za(m)mmr-i-rl-i-a—u—vf e—47rym yk+2r—r2—v+a—2—u—v dy.
0

m>1

Using the definition of the Gamma function above gives (11). It remains to simplify
the constant for r = 0. The proof is straightforward and purely combinatorial.
We use the following two binomial identities, which hold for nonnegative integers
x, j,n with x, j > n. The first identity (see [Quaintance and Gould 2016, pp. 74]) is

(15) g(—l)"(?)(x;i)=(j:2)

and second is the well-known Vandermonde’s identity, given by

a6 >(0(L0)=(7)

In the expression of c(k, O; k1, r1, kp, r2), we first apply (15) to the sum over the
variable v, simplify the obtained expression and then use (16) to obtain its required
form as given in (12). ]

Next we prove a result similar to Theorem 5.2 in the case when g is the Eisenstein
series Ey, and ki, ko > 4 are any even integers. We first recall a result of Diamantis
and O’Sullivan [2010, Proposition 2.1].

Lemma 5.3. Let ki, ky be even and nonnegative with k = ki + k. Then for any
normalized eigenform f € Sy and for all s, w € C, we have

(f.y ME; (2 W E} (2, D)) = (D227 2 L* (£, ) L* (f. w),
where2u=s+w—k+1and2v=—s+w-+1.
We show the following result.

Theorem 5.4. Let k1, ky be even nonnegative integers and ry, rp > 0 be integers.
For any integer v > 0, let k = k| + ko + 2r| + 2ry 4+ 2v. Then for any normalized
eigenform f € Si, we have

(f. IR} Ex,, R2Ep,,)

=c(k;k1,r1,k2,r2)-L*(f §+%—1622>L*<f +/€21+%_ ),
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where .
(=D 1/2=n 2kl 2k; (k] +ky+ri+r+2v— 2)
2k—1 Bk1 Bkz v

Proof. Using the definition of Rankin—Cohen brackets

clk; ky,ri, ko, ) =

an (f, [erEklaerEkQ] )

_Z( 1)a<k1+r1+v—1)<k2+rzo;l-v )f(R”+°‘E1)(R,Z§+”‘°‘Ek2)>.

For any 0 < o < v, by (4) we write

(fs (R E) (R Ey,))
Fki+r+o)lke+rn+v—a)
T (k)T (k2)

X(f, y TV Er vor 120 (2, =11 — &) Egy 42, 42v—20 (2, =12 — v +@)).

— (_47_[)7"1 —rp—v

Using the relation given in (6) between the Eisenstein series Ex(z,s) and the
completed Eisenstein series E*(z, s), the above identity can be rewritten as

(f. (R E) (R Ey,))

(4T (kA 4 )T (k1 v — )
I (k)T (k2) Ok, 421, +2a (k1 /2) Oty 425 +20—20 (k2 /2)
X Af YR PER o120 @ kU E}, 15010202 K2/2)).

Now using Lemma 5.3 in the above identity and substituting it into (17), we obtain

(f. [R} Ex,, R Ei, 1)

=l ki do ) L (L 5+ 5 -2 ) (£ 4 K 2 ),

where

c(k; kl,rl,kz, r2)
_ Z( l)a(kl—i—rl—i—v—1)(k2+r2+v—1)

o

(_ 1)k2/2+r1+a2nk1+k2
4742007 (k) (k)T (k)T (ko)

Using (16) we further simplify the above expression and deduce that

2(_1)k2/2—r17.[k|+k2 (k1+k2+r1—|—r2—|—2v—2)
4tV (k)T (ko) (k)¢ (k2) v '

For any positive even integer m, we get the required result by using the well-known
relation ¢ (m) = —%(2711’ )™ By, /m!, in the above expression. ([

c(k; ki, r1,ka, r2) =

We also need the following result which we will use in the proof of Theorem 1.1.
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Theorem 5.5. Let k, ki, ky, r1, r» and v be as in the Theorem 5.4. Then for any
normalized eigenform f € Si_ we have

(Ri2f, [R}) Exy» RiZEr D)
_ g .*’iﬁ_@_>*(’£ﬁ’2_>
= (ks ky, 1. ko, 1) L(f,2+2 2oL (fa+ 2+ 2-1),
where

v

(=DK/2 2k, 2k,
S e

1
kiki,ri, ky, ) =
c (ki ki,ri,ka, r2) 2T B By,

a=0

with ty = (=) " (r14a) (k1 +r1+a— D+ (= D2 Y tv—a) (ka+r+v—a—1)
and
A, = <k1+r1+v—1)<k2+r2+v—1)_

V— o
Furthermore, we have
(18) e (ki k1,0, ko, ) £0  forr #0.

Proof. Using the definition of Rankin—Cohen bracket and Lemma 2.7 we have

(Ri—2f, [R;} Ex,, Ri2Ex, 1)

=Y (=% A {{f. (LR Er) (R Er ) +(f. (R Ex ) (LR Egy))
a=0

Now using the second identity of Lemma 2.11 and then Lemma 2.8 in the last two
inner products, we obtain

(Ri—2f, [R}) Exys R Er 1)

2 _laAa rita— nt+v—o
= 30 C0 e i ook b= DU R B RE T E)
a=0
+(rt+v—a)ka+r+v—a—1(f, (R,Q*"‘Ek])(R,g*”*"‘*lEkz))}.

Applying the same method as used in the proof of Theorem 5.4 for both the terms
on the right-hand side of the above identity, we get the main result. To complete the
proof, we prove (18) by using simple combinatorial methods. Let r; =0 and r, # 0.
If r, + v is even or v = 0, the result follows trivially and hence we assume that
rp+vis odd and v > 1. After simplifying the expression for #,, we see that

v vV vV
Y Aata=—(k=2)> Aga+mt+v)latr+v—1)) A,

a=0 a=0 a=0

Using Vandermonde’s identity (16) for both the sums in the above expression, a
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simple calculation gives

’ raky+ra+v =Dk —v—r2—2) (k| +ky4+ry4+20—3
ZAata: v ( U—l )’

which is nonzero. This completes the proof. ([

6. Proof of Theorem 1.1
By Proposition 3.2, Lemma 3.3 and Lemma 3.4, to prove Theorem 1.1 we need to
check only whether the following cases give eigenforms:
o [Ey,, D?E, ], for ki # ka.
* [Ek,, D" Ex,y.
[D"' f, Ex,],, where f € S, is an eigenform.

By Theorem 3.5 it is equivalent to check the following cases of Rankin—Cohen
brackets of nearly holomorphic modular forms are eigenforms:

* [Ekl ) R]ZiEkz]y fOI‘ kl # k2
® [Ek|’ Rzi Ek]]y.
[R,Zi S5 Ex,]v, where f € §, is an eigenform.

Consider the first case. Let [ E,, R,Z Ey, ]y be an eigenform, where k| # ky. Put
k=ki+ky+2r,+2v and a = k| + ky +ro + v. By Proposition 2.10 we have

(19) [Ekls R],ciEkZ]V = R£_2r’ga

where g € My_p, is an eigenform and ' > 0 is an integer.
If k = 24 or k > 28, then the dimension of S; is at least 2. Therefore if ' =0
and k =24 or k > 28 in (19), there exists a nonzero eigenform A € S; such that

(hv g) - <ha [Ekw R]zEkz]U> = 0
Then by Theorem 5.4 we deduce that
(20) L(h,a—1)L(h,a—k;)=0

Since L(h, s) has an Euler product in the region Re(s) > k“, L(h, s) does not
vanish for Re(s) > k“ . We see that a — k“ and therefore L(h,a—1) #0. We
will also prove that L(h a—ky)#0. Flrst assume that k, > kq. Since kp > k; and k4
and k, are even positive numbers, we have k| < k» + 1. Thus L(h,a — k1) # 0 as
a—ky > w If ki, > kp, thenk —a + k| > w and by the functional equation
of L—functlons we deduce that L(h,a — k1) # 0 Therefore, the above discussion
gives a contradiction to (20). Thus if ' =0 and k =24 or k > 28, [Ey,, R,:i Ep 1y
is not an eigenform whenever k; # k.
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For r’ = 0, k # 24 and k < 28, we have finitely many cases to verify. We
find that there are the following cases for which Rankin—Cohen brackets of nearly
holomorphic eigenforms give rise to eigenforms:

o The holomorphic modular cases listed in Theorem 1.1 for which k; # k.

o The nonholomorphic cases given by [E4, RgEg]y = [Es, R4E4];1 = 1920A 6,
[E4, ReEgly = —5040A16, [Es, R4E4]> = 5040A 6.

By Theorem 3.5, we get the corresponding cases for quasimodular eigenforms.

If ¥/ > 1 and k # 14, by employing Lemma 2.8 as done in the case when r’ =0
and k =24 or k > 28, we deduce that the Rankin—Cohen brackets of eigenforms do
not result in eigenforms. If ' > 1 and k = 14, we get the following cases for which
we get eigenforms:

[Ee, DE4]; =1440D A2, [E4, DEgl) = —2016DA;.

Now consider the second case. Assume that
@1 [Ex. R} Eq )y = Ri_,, f.

where f € Mj_», is an eigenform and r’ > 0 is an integer. Put k = 2k; + 2r1 + 2v.

If v =0, the Rankin—Cohen bracket reduces to the product of two nearly holomor-
phic eigenforms. This has been done in [Kumar and Meher 2016]. By Theorem 3.5
we see that the only case for which the product of quasimodular eigenforms is an
eigenform, is

E4(DEy) = 1DE;s.

Assume that v > 1. If ' = 0, comparing the Fourier expansion of both sides of (21),
we deduce that f has to be a cusp form. Since (f, f) # 0, we have

(f, [Eny, R Eg 1) #0.
Thus by Theorem 5.4 we have

L*(f, k/2+ ki —1D)L*(f, k/2) #0.

Since k/2 + ki — 1 lies in the region in which L(f, s) has an Euler product, we
have L(f, k/2+4 ki —1) #0. Thus L*(f, k/2) # 0. From the functional equation
of L(f,s) we see that L*(f, k/2) =0 if k =2 (mod 4). Therefore k =0 (mod 4).
If £k > 20 and k =0 (mod 4), by Lemma 4.6, there exist two eigenforms g, i € Sk
such that

(&, f)#0 and (h, f) #0.

This contradicts the fact that f is an eigenform. If £ < 20, there are only finitely
many cases to verify, and we obtain the following cases for which the Rankin—Cohen
brackets of two nearly holomorphic eigenforms give rise to eigenforms:

 The holomorphic modular cases listed in Theorem 1.1.



400 ARVIND KUMAR AND JABAN MEHER

» The nonholomorphic modular cases

[E4, R4E4]1 =960A 5, [E6, ReEsli = —3024 Ay,
[E4, R4E4]3 = 4800A 6, [Es, RgEg]) = 3840A,,
[Es, RoEglz = —28224 A5, [E4, R4E4]s = 13440A7.

Then by Theorem 3.5 we get the corresponding result for quasimodular eigenforms.
Let #/ > 1. By (21) and Lemma 2.8, for any eigenform g € S; we have

(g, [Ex,» R} Ei, 1) = 0.

As done in the case when r’ = 0, we deduce that L*(g, k/2) = 0. By Remark 4.7
this implies that k = 2 (mod4). If v = 1 then [Ej,, R,:i Ei, 1y = Ri—2f and
k—2=0 (mod4). Alsoif k —2 > 20 and k —2 =0 (mod 4), by Lemma 4.6 there
exist two normalized eigenforms f] and f> in S;_, such that

L*(fl, %) £0 and L*(fz, %) £0.

Then by Theorem 2.12 we have

1
(Ri—2f1, [Ex,, R Exy1b),

! (Re2f1, Re2f) = —
c1

_Cl

(fi. )

and

(Fo f) = (R s fo Riaf) = 2

ri
o a(Rk—th [Ex,, Ry Ex, 1v)-

Thus by applying Theorem 5.5 (in view of (18)) we deduce that there are two
normalized eigenforms f; and f, in Sx_; such that

(i, /)#0 and (o, f) #0.

This gives a contradiction.

If k —2 < 20, we verify the finitely many remaining cases and deduce that if
r’=1and v > 1, we get the following cases for which Rankin—Cohen brackets of
two nearly holomorphic modular forms are again eigenforms:

o The holomorphic modular cases listed in Theorem 1.1.

o The nonholomorphic cases:
[E4, RIE4]l1 = 960R A 12, [E4, R4E4]r = 2400R 12 A2,

[Ee, RZE6]; = —3024R16A16, [Es, RoEglo = —10584R16A 16,
[E4, RZE4]3 =4800R6A 16, [E4, R4E4]s = 8400R 1A 16,
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[Es, R3Es]1 = 3840R2 Az, [Es, RgEg]y = 17280R20 A2,
[E6, REEe)s = —28224Ry0A2, [Es, ReEgla = —63504Rz0 A0,
[E4, RE4]s = 13440R50 Az, [E4, R4E4le = 20160 R0 A2p.

By Theorem 3.5 we have the corresponding cases for quasimodular forms.
Let r’ > 2. If g € Sy_, is any eigenform, then Theorem 2.12 implies that

<Rk—28» [Ekla R]’;: Elq]v) = (Rk—28, R]';/_Zr’f> = O

Thus by Theorem 5.5 (in view of (18)), the above identity implies L*(g, %) =0.
We have already proved that if 7’ > 1, then k =2 (mod 4). Since k —2 =0 (mod 4)
and g is an arbitrary eigenform, if k —2 > 20, Lemma 4.6 gives a contradiction. If
k —2 <20, by checking the remaining finitely many cases, we deduce that if ' > 2,
we do not get any case where Rankin—Cohen brackets of two nearly holomorphic
eigenforms give rise to eigenforms. Thus by Theorem 3.5, we get the corresponding
result in the case of quasimodular forms.

Now consider the third case. Let [R,g f> Ex, 1, be an eigenform, where f € Sy is
an eigenform. Let k = k| + ko 4+ 2ry 4 2v. By Proposition 2.10 we have

(R} f. Ex, ]y = Ri_5.8.

where r’ is a nonnegative integer and g € M5, is an eigenform. If either k = 24
or k > 28, the dimension of S is at least 2. Therefore if ' = 0 and either k = 24
or k > 28, there exists a nonzero eigenform & € S; such that

<h9 g> = (h’ [R];;i f7 Ekz]l)) = O
Applying Theorem 5.2 (in view of (12)), we get

k ki, k

(22) L(hxf,§+3+5—1)=o.

Since h and f are both eigenforms of weight k and k, respectively, L(h x f, s) has
an Euler product in the region Re(s) > & +4 and hence L(h x f, §+5 +%2 —1) £0.
This contradicts (22). Therefore, when ' = 0 and either k = 24 or k > 28, the
Rankin—Cohen brackets do not result in eigenforms. If ' =0, k # 24 and k < 28,
we verify these finitely many cases and deduce that we obtain only the modular
cases listed in Theorem 1.1. If ' > 1, by employing Lemma 2.8 as done in the
case when r’ = 0 and either k = 24 or k > 28, we deduce that the Rankin—Cohen
brackets of eigenforms do not result in eigenforms. This proves Theorem 1.1.
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7. Further remarks

Although Theorem 1.1 is a result about quasimodular eigenforms, it is clear from
the proof of Theorem 1.1 that one can state a similar result in the case of nearly
holomorphic eigenforms. The result in the case of nearly holomorphic eigenforms
is a generalization of the main result of [Beyerl et al. 2012] to the case of Rankin—
Cohen brackets. Thus in this way we give a different proof of the main result of
[Beyerl et al. 2012]. Our proof has the same flavor as the proofs of the main results
given in [Duke 1999; Ghate 2000; Lanphier and Takloo-Bighash 2004].
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DUALITY FOR DIFFERENTIAL OPERATORS OF
LIE-RINEHART ALGEBRAS

THIERRY LAMBRE AND PATRICK LE MEUR

Let (S, L) be a Lie-Rinehart algebra over a commutative ring R. This
article proves that, if S is flat as an R-module and has Van den Bergh
duality in dimension n, and if L is finitely generated and projective with
constant rank d as an S-module, then the enveloping algebra of (S, L) has
Van den Bergh duality in dimension n 4+ d. When, moreover, S is Calabi-
Yau and the d-th exterior power of L is free over S, the article proves that
the enveloping algebra is skew Calabi-Yau, and it describes a Nakayama
automorphism of it. These considerations are specialised to Poisson envelop-
ing algebras. They are also illustrated on Poisson structures over two- and
three-dimensional polynomial algebras and on Nambu-Poisson structures
on certain two-dimensional hypersurfaces.
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Introduction

Rinehart [1963] introduced the concept of Lie—Rinehart algebra (S, L) over a
commutative ring R and defined its enveloping algebra U. This generalises both
constructions of universal enveloping algebras of R-Lie algebras and algebras of
differential operators of commutative R-algebras. Huebschmann [1999] investigated
Poincaré duality on the (co)homology groups of (S, L). This duality is defined by
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the existence of a right U-module C, called the dualising module of (S, L) such
that, for all left U-modules M and k € N,

(0-1) Ext}, (S, M) = Tory_,(C, M).

Chemla [1999] proved that for Lie—Rinehart algebras arising from affine complex
Lie algebroids, the algebra U has a rigid dualising complex, which she determined,
and has Van den Bergh duality [1998]. Having Van den Bergh duality in dimension n
for an R-algebra A means that

» A is homologically smooth, that is, A lies in the perfect derived category
per(A¢) of the algebra A := A ®g A°P; and

o Ext}. (A, A®) is zero for e # 0 and invertible as an A-bimodule if ¢ =n.

When this occurs, there is a functorial isomorphism, for all A-bimodules M and
integers i (see [Van den Bergh 1998]),

Ext). (A, M) = Tor’" (A, Ext. (A, A°) ®4 M);

and Ext’. (A, A°) is called the inverse dualising bimodule of A. Two classes of
algebras with Van den Bergh duality are of particular interest, namely,

e Calabi-Yau algebras, for which Ext’,.(A, A¢) is required to be isomorphic
to A as an A-bimodule (see [Ginzburg 2006]); and

o skew Calabi-Yau algebras, for which there exists an automorphism
v € Autg_,g(A)

such that Ext}, (A, A°) >~ A" as A-bimodules (see [Reyes et al. 2014]); here
A" denotes the A-bimodule obtained from A by twisting the action of A on
the right by v.

The relevance of these algebras comes from their role in the noncommutative
geometry initiated in [Artin and Schelter 1987] and in the investigation of Calabi—
Yau categories, and also from the specificities of their Hochschild cohomology
when R is a field. For instance, it is proved in [Ginzburg 2006; Lambre 2010] that
the Gerstenhaber bracket of the Hochschild cohomology of Calabi—Yau algebras
have a BV generator.

This article investigates when the enveloping algebra U of a general Lie—Rinehart
algebra (S, L) over a commutative ring R has Van den Bergh duality.

It considers Lie—Rinehart algebras (S, L) such that S has Van den Bergh duality
and is flat as an R-module, and L is finitely generated and projective with constant
rank d as an S-module. Under these conditions, it is proved that U has Van den
Bergh duality. Note that, when R is a perfect field, the former condition amounts
to saying that S is a smooth affine R-algebra [Krahmer 2007]. Note also that,
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under the latter condition, it is proved in [Huebschmann 1999, Theorem 2.10] that
(S, L) has duality in the sense of (0-1). Under the additional assumption that S
is Calabi—Yau and AL is free as an S-module, it appears as a corollary that U
is skew Calabi—Yau, and a Nakayama automorphism may be described explicitly.
These considerations are specialised to the situation where the Lie—Rinehart algebra
(S, L) arises from a Poisson structure on S. Also they are illustrated by detailed
examples in the following cases:

« For Poisson brackets on polynomial algebras in two or three variables.

o For Nambu—Poisson structures on two-dimensional hypersurfaces of the shape
14+7T(x,y,z) =0, where T is a weight homogeneous polynomial.

Throughout the article, R denotes a commutative ring, (S, L) denotes a Lie—
Rinehart algebra over R and U denotes its enveloping algebra. Given an R-Lie
algebra g, its universal enveloping algebra is denoted by U/ (g). For an R-algebra A,
the category of left A-modules is denoted by Mod(A) and Mod(A®P) is identified
with the category of right A-modules. For simplicity, the piece of notation ® is
used for ® . All complexes have differential of degree +1.

1. Main results

A Lie—Rinehart algebra over a commutative ring R is a pair (S, L) where S is a
commutative R-algebra and L is a Lie R-algebra which is also a left S-module,
endowed with a homomorphism of R-Lie algebras,

(1-1) L — Derg(S),

o> 0y :=a(—),
such that, for all @, B € L and s € S,

la, sB] = s[a, B]+a(s)B.

Following [Huebschmann 1999], the enveloping algebra U of (S, L) is identified
with the algebra
SxL)/I,

where S x L is the smash-product algebra of S by the action of L on S by derivations
and / is the two-sided ideal of S x L generated by

{sQa—1Qsa|seS, ael}

(see Lemma 3.0.1); it is proved in [Huebschmann 1999] that this set generates I as
a right ideal.

As mentioned in the introduction, when L is a finitely generated S-module with
constant rank d, the Lie—Rinehart algebra (S, L) has duality in the sense of (0-1)
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with C = AféLV. Here —V is the duality Homg(—, S) and A‘éLV is considered as a
right U-module using the Lie derivative X,, for « € L (see [Huebschmann 1999,

Section 2]),
ha 1 ASLY — ALY

this is the derivation of A{L" such that, forall s € S, g € LY and B € L,

Aa(s) =a(s) and  Ay(@)(B) =alp(B)) — ¢ (e, B.

The right U-module structure of A‘éLV is such that, for all ¢ € A‘;Lv anda € L,

(1-2) @ =—Ly(p).

The first main result of the article gives sufficient conditions for U to have Van
den Bergh duality. It also describes the inverse dualising bimodule. Here are some
explanations on this description. On one hand, R-linear derivations d € Derg(S)
act on Exts. (S, $°), n € N, by Lie derivatives (see Section 4),

Ly Ext (S, $¢) — Extg (S, S¢).

Combining with the action of L on S yields an action « ® e — « - e of L on
Ext. (S, §¢) such that, for all « € L and e € Ext. (S, $¢),

a-e=Ly,(e).

Although this is not a U-module structure on Ext%, (S, S¢), it defines a left U-module
structure on A‘;Lv ®sExtt. (S, S¢), d € N, such that, foralla e L, ¢ € AféLv and
e € Ext. (S, 59,

a-(pQ®e)=—¢-a®etpRu-e.

On the other hand, consider the functor
F : Mod(U) — Mod(U®)

(see Section 3.3) such that, if N € Mod(U), then F(N) equals U ®s N in Mod(U)
and has a right U-module structure defined by the following formula, for all « € L,

uelUandn e N:
u®n) - a=ua@n—uQa-n.

This functor takes left U-modules which are invertible as S-modules to invertible
U-bimodules (see Section 3.6). The main result of this article is the following.

Theorem 1. Let R be a commutative ring. Let (S, L) be a Lie—Rinehart algebra
over R. Denote by U the enveloping algebra of (S, L). Assume that

o Sis flat as an R-module,
o S has Van den Bergh duality in dimension n,

o L is finitely generated and projective with constant rank d as an S-module.



DUALITY FOR DIFFERENTIAL OPERATORS OF LIE-RINEHART ALGEBRAS 409

Then, U has Van den Bergh duality in dimension n + d and there is an isomorphism
of U-bimodules,
Ext (U, U) = F(ASLY @5 Exti (S, 5)).

Note that when R is Noetherian and S is finitely generated as an R-algebra and

projective as an R-module, then there is an isomorphism of S-(bi)modules,

Exts. (S, S¢) >~ A’y Derg(S) ;
this isomorphism is compatible with the actions by Lie derivatives (see Section 4.5).
The above theorem was proved in [Chemla 1999, Theorem 4.4.1] when R = C
and § is finitely generated as a C-algebra.

The preceding theorem specialises to the situation where the involved invertible
S-modules are free. On one hand, when (A”SZL)v is free as an S-module with free
generator ¢y, there is an associated frace mapping

)\L L — S,

such that, for all @ € L,
oL-a=Ar(x)-@L,

where the action on the left-hand side is given by (1-2) and that on the right-hand
side is just given by the S-module structure. On the other hand, when § is Calabi—
Yau in dimension 7, each generator of the free of rank one S-module Ext%, (S, S¢)
determines a volume form wg € A'sQs/g, and the divergence

div : Derg(S) — S
associated with wg is defined by the following equality, for all d € Derg(S):
Ly(ws) = div(d)ws;

(see 4.5 for details). The second main result of the article then reads as follows.

Theorem 2. Let R be a commutative ring. Let (S, L) be a Lie—Rinehart algebra
over R. Denote by U the enveloping algebra of (S, L). Assume that

o S is flat as an R-module,
e S is Calabi-Yau in dimension n,

o L is finitely generated and projective with constant rank d and A‘éL is free as
S-modules.

Then, U is skew Calabi—Yau with a Nakayama automorphism v € Autg(U) such
that, foralls € S,and o € L,

{v(s) =y,
via) =a+ Ap(a) +div(dy),

where Lp is any trace mapping on AféLV and div is any divergence.
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Among all Lie—Rinehart algebras, those arising from Poisson structures on S
play a special role because of the connection to Poisson (co)homology. Recall

that any R-bilinear Poisson bracket {—, —} on § defines a Lie—Rinehart algebra
structure on (S, L) = (S, Qs/g) such that, for all s, ¢ € S,
o dgs ={s, —};

o [ds,dt] =d{s, 1}.

In this case, the formulations of Theorems 1 and 2 simplify because, when Qg is
projective with constant rank n as an S-module, the right U-module structure of
A2 /R (see (1-2)) is given by classical Lie derivatives; that is, for all s € S,

(1-3) Aas(@) = ‘C{s,f}(ga)-
More precisely, these theorems specialise as follows.

Corollary 1. Let R be a Noetherian ring. Let (S, {—, —}) be a finitely generated
Poisson algebra over R. Denote by U the enveloping algebra of the associated Lie
Rinehart algebra (S, Qs/gr). Assume that

o S is projective in Mod(R);
o S eper(S°%);
e Qg/R, which is then projective in Mod(S), has constant rank n.

Then, U has Van den Bergh duality in dimension 2n and there is an isomorphism of
U-bimodules,

Exte (U, U%) = U ®5 A Derg(S) ®s A§ Derg(S),

where the right-hand side term is a left U-module in a natural way and a right
U-module such that, forallu € U, ¢, ¢’ € A'yDerg(S) and s € S,

URYRY) - ds=uds®@pR¢ —u® (Lis.—)(9) ¢ + 9 & Lis_1(¢)).

In particular, if S has a volume form, then U is skew Calabi—Yau with a Nakayama
automorphism v : U — U such that, forall s € S,

{v(s) =5,
v(ds) =ds +2div({s, —}),

where div is the divergence of the chosen volume form.

For the case where R = C and S is finitely generated as a C-algebra, the above
corollary is announced in [Lii et al. 2017, Theorem 0.7, Corollary 0.8] using the
main results of [Chemla 1999].

This article is structured as follows. Section 2 presents useful information on the
case where S has Van den Bergh duality. Section 3 is devoted to technical lemmas on
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U-(bi)modules. In particular, it presents the above mentioned functor F and its right
adjoint G, which play an essential role in the proof of the main results. Section 4
introduces the action of L on Ext§. (S, $¢) by Lie derivatives. This structure is used
in Section 5 in order to describe Exty;. (U, U¢) and prove Theorem 1, Theorem 2
and Corollary 1. Finally, Section 6 applies this corollary to a class of examples of
Nambu-Poisson surfaces.

2. Poincaré duality for S

As proved in [Van den Bergh 1998] when R is a field, if S has Van den Bergh duality
in dimension n, then there is a functorial isomorphism, for all S-bimodules N,

Exty. (S, N) = Tor>" (S, Ext%.(S, $) ®s N).

n—e

It is direct to check that this is still the case without assuming that R is a field. In
view of the proof of the main results of the article, Section 2.1 relates the above
mentioned isomorphism to the fundamental class of §, following [Lambre 2010],
and Section 2.2 relates Van den Bergh duality to the regularity of commutative
algebras, following [Krihmer 2007].

2.1. Fundamental class and contraction. Consider a projective resolution P* in
Mod(S59),

SN e Ly RN

and let po € PY be such that €(po) =1s. Forall M, N e Mod(5¢) and n € N, define
the contraction

Tor3 (S, M) x Ext% (S, N) — Tory (S, M ®s N),

(@, €) = Le(w)
as the mapping induced by the following one:
M ®se P~" — Homg (Homg: (P~", N), (M ®s N) ®s¢ PP),
x@p (9> (x@9(p) @ p?).

This makes sense because P* is concentrated in nonpositive degrees. The construc-
tion depends neither on the choice of p° nor on that of P*.

Following the proof of [Lambre 2010, Proposition 3.3], when S € per(S¢) and n is
taken equal to pdg. (S), the contraction induces an isomorphism for all N € Mod(S¢),

Tors (S, Ext% (S, §¢)) — Homge (Exte. (S, N), Torg (S, Exte (S, $) ®s N)),

> (w).
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In the particular case N = S¢, the fundamental class of S is the element cg €
TorS" (S, Ext% (S, $¢)) such that
(t2(es))Extt, (5,50) = Idexr, (5,50)-

Following the arguments in the proof of [Lambre 2010, Théoréme 4.2], when S
has Van den Bergh duality in dimension n, which gives that n = pd.(S), the
contraction with cg induces an isomorphism, for all N € Mod(S5¢),

(2-1) 12(cs) : Exth (S, N) => Tord (S, Exth.(S, $¢) ®s N).

When S is projective in Mod(R), the Hochschild complex S®**2 is a resolution
of S in Mod(S5¢) and the contraction

Tors' (S, M) x Exte.(S, N) — Tor>_, (S, M ®s N),
(w, €) = te(w)
may be defined for all M, N € Mod(S¢) and m, n € N, as the mapping induced at
the level of Hochschild (co)chains by
M ® S%" x Homg(S®", N) — (M @5 N) ® §¥™,
((xlstl -~ 1sn), ) > (e @Y (stl -« [sm)ISma] - - - [Sn)-

When, in addition, S has Van den Bergh duality in dimension 7, then [Lambre 2010,
Théoréme 4.2] asserts that the following mapping given by contraction with cg is
an isomorphism, for all N € Mod(S¢) and m € N,

1o(cs) : Ext(S, N) — Tor>_, (S, Ext% (S, §¢) ®s N).

2.2. Relationship to regularity. The main results of this article assume that S
has Van den Bergh duality. For commutative algebras, this property is related to
smoothness and regularity. The relationship is detailed in [Krahmer 2007] for the
case where R is a perfect field, and is summarised below in the present setting.

Proposition 2.2.1 [Kriahmer 2007]. Let R be a Noetherian commutative ring. Let S
be a finitely generated commutative R-algebra and projective as an R-module. Let
n € N. The following properties are equivalent.

(1) S has Van den Bergh duality in dimension n.

(i1) gl.dim(S8°) < oo and Q2s/R, which is then projective in Mod(S), has constant
rank n.

When these properties are true, gl. dim(S) < oo and Ext', (S, §¢) >~ A'gDerg(S) as
S-modules.
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Proof. See [Kridhmer 2007] for full details. Since S is projective over R, then
pd(seye (8¢) < 2pdg (S) [Cartan and Eilenberg 1956, Chap. IX, Proposition 7.4];
besides, using the Hochschild resolution of S in Mod(S¢) yields that

gl. dim(S) < pdg (S) < gl. dim(S5°);
thus
S € per(S°) < gl. dim(S§¢) < oo

(2-2)
= gl. dim(S) < oco.

Note also that, following [Hochschild et al. 1962, Theorem 3.1],
(2-3) gl.dim(S¢) <oo = Qg is projective in Mod(S).

Denote by u the multiplication mapping S ® S— S. Assume gl. dim(S¢) < oo,
let p € Spec(S) (S Spec(S5¢)) and denote by d the rank of (25/r)p. Since Qg/p =~
Ker(;L)/Ker(,u)2 as modules over S (>~ §¢/Ker(u)) and gl. dim(S5¢) < oo, the (5¢),-
module Ker(t),, is generated by a regular sequence having d elements. There results
a Koszul resolution of S, in Mod((S5¢);). Using this resolution and the isomorphism
Ext%. (S, §9), ~ EXtZSE),, (Sp, (8%)p) in Mod(($¢),) yields isomorphisms of (S$¢),-
modules,

0 ifes#d,

2.4 Exte (S, S9), ~
29 X (S, 5%p {sp ifo=d.

Now assume (i). Then, gl. dim(5¢) < oo (see (2-2)), 2s/r is projective (see
(2-3)) and has constant rank n (see (2-4)). Conversely, assume that gl. dim(S¢) < oo
and Qg/g has constant rank n. Then, S € per(5¢) (see (2-2)) and the S-module
(equivalently, the symmetric S-bimodule) Ext§. (S, §¢) is zero if e # n and is
invertible if e = n (see (2-4)). Thus,

(i) & ().

Finally, assume that both (i) and (ii) are true. Then, gl. dim(S) < oo (see (2-2)).
Moreover, Van den Bergh duality [1998, Theorem 1] does apply here and provides
an isomorphism of S-modules,

Ext. (S, Exth(S; $9) 1) =~ Tor" (S, ),
whereas [Hochschild et al. 1962, Theorem 3.1] yields an isomorphism of S-modules,
TorS' (S, ) =~ AQg/k.

Thus, Ext’. (S, §¢) >~ A's Derg(S) in Mod(S). ]
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3. Material on U-(bi)modules

The purpose of this section is to introduce an adjoint pair of functors (¥, G) between
Mod(U) and Mod(U¢). In the proof of Theorem 1, the U-bimodule Exty,. (U, U¢)
is described as the image under F' of a certain left U-module which is invertible as
an S-module. This section develops the needed properties of F. Hence, Section 3.1
recalls the basic constructions of U-modules; Sections 3.2 and 3.3 introduce the
functors G and F, respectively; Section 3.4 proves that (F, G) is adjoint; Section 3.5
introduces and collects basic properties of compatible left S x L-modules, these
are applied in Section 4 to the action of L on Ext%. (S, $¢) by Lie derivatives; and
Section 3.6 proves that the functor F transforms left U-modules that are invertible as
S-modules into invertible U-bimodules. These results are based on the description
of U as a quotient of the smash-product S x L given in the following lemma. This
description is established in [Lambre et al. 2017, Proposition 2.10] in the case of
Lie—Rinehart algebras arising from Poisson algebras.

Lemma 3.0.1. (1) The identity mappings Ids : S — S and 1d; : L — L induce an
isomorphism of R-algebras

(3-1) (SxL)/I - U,
where I is the two-sided ideal of the smash-product algebra S x L generated by
{sQe—1®@sa|seS,ael}.

(2) If L is projective as a left S-module, then U is projective both as a left and as
a right S-module.
Proof. (1) Recall (see [Rinehart 1963]) that U is defined as follows: Endow S @ L
with an R-Lie algebra structure such that, for all s, € Sand o, 8 € L,
[s+a,t+B]=a)—B(s)+ [, Bl

Then, U is the factor R-algebra of the subalgebra of the universal enveloping algebra
UR(S & L) generated by the image of S & L by the two-sided ideal generated by
the classes in Ug (S @ L) of the following elements, for s, € S and o € L:

SQt—st, sQ®uo—sa.
Recall also that S < L is the R-algebra with underlying R-module
S®UR(L),

such that the images of S ® 1 and 1 ® Ur(L) are subalgebras, and the following
hold, forall s,z € Sand o, B8 € S:

{(s®1)-(1®a)=s®a,
IRa) - D =u0($)®1+s5sRPa.
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Therefore, the natural mappings S — U and L — U induce an R-algebra homomor-
phism from S x L to U. This homomorphism vanishes on I whence the R-algebra
homomorphism (3-1).

Besides, the universal property of U stated in [Huebschmann 1999, Section 2,
p. 110] yields an R-algebra homomorphism,

(3-2) U— (SxL)/I,

induced by the natural mappings S — (S < L/I) and L — (S x L)/I. In view of
the behaviour of (3-1) and (3-2) on the respective images of S U L, these algebra
homomorphisms are inverse to each other.

(2) Itis proved in [Rinehart 1963, Lemma 4.1] that U is projective as a left S-module.
Consider the increasing filtration of U by the left S-submodules

OCKRUCHUC:---,
where F),U is the image of EB,P:()S ® L® in U, for all p € N. In view of the equality
os =so +o(s)

in U forall s € § and o € L, the left S-module F,U is also a right S-submodule
of U, and F,U/F, U is a symmetric S-bimodule for all p € N. Therefore, the
considerations used in the proof of [Rinehart 1963, Lemma 4.1] may be adapted in
order to prove that U is projective as a right S-module. U

3.1. Basic constructions of U-modules. Left S x L-modules are identified with
R-modules N endowed with a left S-module structure, and a left L-module structure
such that, foralln e N, o e Lands € S,

a-(s-n)=a(s) - n+s-(a-n).

Left U-modules are identified with left S x L-modules N such that, for all n € N,
celLands eSS,
s-(a-n)=(sa)- n.

Recall that the action of L endows S with a left U-module structure.

Right S x L-modules are identified with the R-modules M endowed with a right
S-module structure and a right L-module structure such that, for allm e M, « € L
and s € S,

m-a)-s=m-a(s)+(m-s)-a.

Right U-modules are identified with right S x L-modules M such that, for all m € M,
seSanda €L,
(m-s)-a=m-(sa).
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The following constructions are classical. The corresponding U-module structures
are introduced in [Huebschmann 1999, Section 2].
Let M, M’ be right S x L-modules. Let N, N’ be a left S x L-module. Then:

e N is aright S x L-module for the right L-module structure such that, for all
neN,seSanda €L,

(3-3) n-s=s-n and n-a=-—o-n.

e Homg(N, N') is a left S x L-module for the left L-module structure such that,
for all f € Homg(N,N'), n€e N and a € L,

(3-4) (- fHn)y=a- f(n) = fla-n);

moreover, this is a left U-module structure if N and N’ are left U-modules.

e Homg(M, M) is a left S x L-module for the left L-module structure such that,
for all f € Homg(M, M), m € M and o € L,

(3-5) (a-f)m)=—f(m) -a+ f(m-a).

e Homg (N, §) is a right S x L-module for the right L-module structure such
that, for all f € Homg(N, S), ne Nanda € L,

(3-6) (f -a)(n) = —a(f(n) + f(a-n).

e N ®g N’is aleft § x L-module for the left L-module structure such that, for
alne N, n” e Nanda € L,

(3-7) a-m®n)=a-n@n +na-n';

moreover, this is a left U-module structure if N and N’ are left U-modules.

e M ®g N is aleft S x L-module for the left L-module structure such that, for
allmeM, ne Nanda € L,

(3-8) a-m@n)=—m-a@n+mOa-n.

3.2. The functor G=Homg(S, —) :Mod(U¢) — Mod(U). Given M e Mod(U?),
recall that

MS={meM|(forall s€S) (s®1—1Qs) -m=0}.

This is a symmetric S¢-submodule of M. Recall also the canonical isomorphisms
that are inverse to each other:

M3 < Homyg: (S, M)
(3-9) mie=>(S—(G®1)-m)
(1) <o
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Lemma 3.2.1. Let M € Mod(U*®). Then,

(1) M5 is a left U-module such that, for allm € MS and a € L,
(3-10) am=0R1-1Q«a) -m;

(2) the corresponding left U-module structure on Homge (S, M) (under the identi-
fication (3-9)) is such that, for all ¢ € Homge(S, M), « € Lands € S,

(@-9)(s)=(@@1—-1Qa)- ¢(s) —@(a(s)).
Proof. (1) Given all s € S and o € L, denote

s1—-1®selU¢ and a®1—-1Qae U’
by ds and do, respectively; in particular

da-ds=ds -do+d(a(s)),
and, for all m € M5,
ds-(do-m)=da-(ds-m)—d(a(s)) -m =0,
which proves that do -m € M S Therefore, (3-10) defines a left L-module structure
on M35. Now, forallm e M5, s e Sand o € L,
a-(s®D)-m=do-(s@1)m=(x(s)Q1l+sa®1 —sRa)-m
= ()R -m+(GR1)(a®1—1xa)-m
=(@($)®1) m+(s®1)-(a-m),

QD) (xm)=(6R1)- (x®R1—-1Qcu) m=(sa®@l)m—(s®1)-(1Qx)-m
=6a®l) m—(1Qwu)-(s®1) m=(sa®1)m—(1Qx)-(1Rs)-m
=(a@l—1®sa)-m=(sa)-m.

Hence, this left L-module structure on M* is a left U-module structure.

(2) By definition, Homg. (S, M) is endowed with the left U-module structure such
that (3-9) is an isomorphism in Mod(U). Let ¢ € Homg.(S, M), « € L and s € S.
Then,

(@-9)s)=10®s) (e -¢(1) =((1Qs) (@I -1®a))-¢(1)
=0Rs—1Q®sa—1Qa(s)) ¢(1)
=(@®1-1a)(1®s) —1Qal(s)) - ¢(1)
=a-(1Q®s)-¢(1) —(A@a(s))-¢(1) =a-¢(s) —pals)). U
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Thus, the assignment M +— M5 defines a functor

G :Mod(U®) — Mod(D),

(3-11) s
M— M”.

3.3. The functor F =U ®s— : Mod(U) - Mod(U*¢). Let N € Mod(U). In view
of [Huebschmann 1999, (2.4)], Uy ®s N is a right U-module such that, for all
ueU,neN,seSanda e L,

u@n)-s=u@sn=us@®n and wURn)-c=uae@n—u@a-n.
Besides, U ®g N is a left U-module such that, for all u, ' € U and n € N,
u-u®n) =uu®n.

Therefore, U ®g N is a U-bimodule, and hence a left U¢-module. These considera-
tions define a functor,
F :Mod(U) — Mod(U®),

N—UQ®sN.

(3-12)

3.4. The adjunction between F and G.

Proposition 3.4.1. The functors F = U Qs — and G = Homge (S, —) introduced in
Section 3.2 and Section 3.3 form an adjoint pair,

Mod U
FHG
Mod U*¢

In particular, there is a functorial isomorphism, for all M € Mod(U¢) and N €
Mod(U),

Homy (N, G(M)) = Homy.(F(N), M).
Proof. Given f € Homy (N, G(M)), denote by @ ( f) the well-defined mapping
U®sN— M,
uni—> (u®1l)- f(n).

Consider F(N) (=U ®g N) as a U-bimodule. Then, forallu,u’ €U, neN, s€ S
anda € L,

(W @en)=2(HWu®n) =wuel)- fn)
=D - e(f)udn),
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e(H(w®n)-s)=P(fHu®s-n)=w®1)- f(s-n)
=w®D-(1®s) - f(n)=(1®s) - @) - f(n)
=(1®s) - 2(NHun) =(P(fHu®n))-s,

P(Hw®n)-a)=2(fHua@n—-—u@a-n)
=wa®)- f(n)—u®l): fla-n)
=wa®D - f()—ul) - (@®l-1®a)- f(n)
=u®a) - f(n)=1Qa) O(f)(u®n)
= (P(fHu®n))-a.

In other words,
®(f) e Homye(F(N), M).

Given g € Homy.(F(N), M), then, foralln € N and s € S,
R1-1Qs5)-g(1®@n)=g(t®sn—1Qss-n)=0;
hence, denote by W (g) the well-defined mapping
N — M5,
n— g(l®n).
Therefore, foralln e N, se Sanda € L,
V(g)s-n) =gl ®s-n)=¢g®n)=¢g((s®1)-(1®n))
=6®D-gden=>6®1) - Y(g)(n),
VYga-n=g(l®a-n=gl@n—(1Qa)-(1®n))
=@®)-gl®n-1Qa) -g(1Qn) =a-¥(g)(n);

in other words,
W (g) € Homy (N, G(M)).

By construction, ¥ and ® are inverse to each other. ([

3.5. Compatible left S x L-modules. As explained in Section 1, the main results
of this article are expressed in terms of the action of L on Ext%. (S, $¢) by Lie
derivatives and will be presented in Section 4. Although this action does not define
a U-module structure on Ext§. (S, §¢), it satisfies some compatibility with the S-
module structure. The actions of L satisfying such a compatibility have specific
properties that are used in the rest of the article and which are summarised below.
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Define a compatible left S x L-module as a left § x L-module N such that, for
alln e N, « € L and s € S, the elements sa € L and a(s) € S satisfy

(3-13) (sa) - n=s-(a¢-n)—as)- n.

Note that a left S x L-module is both compatible and a left U-module if and only if
L acts trivially, that is, by the zero action.

The two following lemmas present the properties of compatible left S X L-
modules used in the rest of the article.

Lemma 3.5.1. Let M be a right U-module. Let N be a compatible left S x L-module.
Then:

(1) The right S x L-module NY = Homg(N, S) is a right U-module.
(2) The left S x L-module Homg(N", M) is a left U-module.
(3) The left S x L-module M ®s N is a left U-module.

(4) The following canonical mapping is a morphism of left U-modules:

0:M®sN— Homg(N", M),
m@nt> Opgn @ > m-@n)).
Proof. (1) Givengp € N, s € S and @ € L, then
¢-(sa)=(¢-s)-a.
Indeed, for all n € N,

(¢ (sa))(n) = —(s) (¢ (n))+@((sar)-n)
=—sa(pn))+e(s-(a-n)—als)n)
=—sa(pn)+se(a-n)—as)ep®)
= ((¢-a)-5)(n)—(¢-als))(n)
= ((¢-5)-a)(n).

(2) This is precisely [Huebschmann 1999, (2.3)].
(3) The S x L-module structure of M ®g N is described in (3-8). Given m € M,
neN, seSand o € L, then

(sa) - m@n)=—m-Ga)@n+me (sa)-n

=—(m-a)-s@n+m-a(s)n+m@s-(x-n)—ma(s) -n

=s-(x-(mMQn)).
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(4) It suffices to prove that the given mapping is L-linear. Letm e M, ne N, ¢ € L
and ¢ € Homg (N, S). Then,

(0 - Omen) (@) = —Omen (@) - + Onen(@ ) = —(m-@n)) -a+m-(¢p-a)(n)
=—((m-a)-9(n) —m-a(pn))) +m-(—a(p(n)) +¢(a-n))
=—(m-a)-@n)+m-pa-n)=0y.men(P);

thus, o - Ougn = Ou-(nan)- O

Any left S x L-module N may be considered as a symmetric S-bimodule, or
equivalently a right S-module, such that, for alln € N and s, s’ € S,

n-(s®s’)=(ss')-n.
Accordingly, N ®g. U is a right U¢-module in a natural way.
Lemma 3.5.2. Let N be a compatible left S x L-module.
(1) The right U°-module N Qs U¢ is actually a U-U °-bimodule such that for all
neN, u,veUanda € L,
- M@ uURV)=0-n1Q@URV)+nR@ (1 —-1Q«a) - (u®v)).

(2) Let M be a right U-module. Then, there exists an isomorphism of left U®-

modules
F(M®sN)— MQy (N Qg U°),

v mP®n)>m® (n®(1Qv)).

Proof. (1) Following part (3) of Lemma 3.5.1, there is a left U-module structure on
U ®g N such that, foralle € L, ve U andn € N,

a-V@®n)=—va@®n+vRa-n.

Therefore, there is a left U-module structure on (U ®s N) Qg U (see (3-7)) such
that, foralla e L, ne N and u, v € U,

a-(ven)u)=a- N Qu+(Ven) au
=—(ve@n)Qu+(WRa -n)@u+(vn)au.
Under the canonical identification
N®s U’ — (U®sN)®s U,
nQ@URv)— (V®n)Qu,

N ®ge U¢ inherits a left U-module structure which is the one claimed in the statement.

Now, N ®ge U° inherits a right U¢-module structure from U*. This structure is
compatible with the left U-module structure discussed previously so as to yield a
left U ® (U¢)°P-module structure.
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(2) Due to (1), there is a right U°-module structure on M Qpy (N Qse U®). It is
considered here as a left U¢-module structure such that, for all u, v, u’,v € U,
meMandn e N,

(3-14) URV) mMIM®URV))=mQ (nQ v u'v)).
For ease of reading, note that in F(M ®s N),

(3-15) D - wWmn)=uv@mQn
1IRa)- W@mAn)=ve@mOn+vQQm-«cQn—vdmea-n,
and, in M ®y (N Qs U°),
3-16) M- a@nRURU=mOa- nQURSV+MIOINPQaAURV—mOnQu R va.
The R-linear mapping from U @ M @ N to M ®y (N ®ge U¢) given by
vIMAni—>m(n® (1Qv))

induces a morphism of S-modules from U Qg (M Qs N) to M @y (N Qse U€) such
as in the statement of the lemma. Denote it by W':

U :UQRs(M®sN)— MQy (N Qse U).

This is a morphism of left U°-modules. Indeed, for all u,v e U, m € M, n € N
ando € L,

V' ((u®l) - v@m®n)) = VYwuv@m®n) = mnelQuv

= -
(3_14)(u® )V (v@m®n),

V((1Qa) - (w@m®n)) = VYV wa@meOn+v@m-a@n—v@mea-n)
= mPnRIQUa+m-a@nR 1RQU—mQu-n@1Qv

= mRINPuRQu
(3-16)

o (1®a) VY (vemen).
Consider the following morphism of S-modules:
¢: MQs(N®seU) > F(M®s N),
mm@uv)— (1Qu) - (vemEn).
Givenm e M, n € N, u,v € U and o € L, then the image under ¢ of the term

mRJRax-nQURUVt+mOQIqnNQauRQv—mOnQu R va



DUALITY FOR DIFFERENTIAL OPERATORS OF LIE-RINEHART ALGEBRAS 423

is equal to
1IQu)-w@mPa-n)+(1Qau) - v@men)—(1Qu)- (va@mn),
which is equal to
IQu) - wdmP®a-n)+(1Qu)- (1Qa)-(v@mEn)—(1Qu)-(va@mn).
In view of (3-15), this is equal to
(IQu) - W@m-a@n)=¢m-a®nQ (uv))).
Thus, ¢ induces a morphism of S-modules
P MQy (N®sU’) - F(M®s N),
mmuv)—> (1Qu) - (vedmEn).
It appears that @’ is left and right inverse for W'. Indeed,
o ' oW =Idrmgsn), and
eforallu,ve U, me M andn € N,
Vodm@nuev)=¥((1Qu)- (v®men))
=(1Qu) - YV(wemen) (W is U-linear)
=(1®uw- - men®1®v)
=mnPuv. (I
3.6. Invertible U-bimodules. The following result is used in Section 5 in order to

prove that Exti,. (U, U°) is invertible as a U-bimodule, under suitable conditions.

Proposition 3.6.1. Let R be a commutative ring. Let (S, L) be a Lie—Rinehart
algebra over R. Denote by U its enveloping algebra. Let N be a left U-module.
Assume that N is invertible as an S-module. Then F(N) is invertible as a U -
bimodule.

This subsection is devoted to the proof of this proposition. Given a left U-
module N, then F(N) = U ®g N as left U-modules. Hence, there is a functorial
isomorphism

(3-17) 6 : Homg(N, U) - Homy (F(N), U).
Note:

e Homg (N, U) is a left U-module (see (3-4)), and it inherits a right U-module
structure from Uy ; by construction, these two structures form a U-bimodule
structure.

e Homy (F(N), U) is a U-bimodule because so are F(N) and U.
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e N ®s Homg(N, U) is a left U-module (see (3-7)), and it inherits a right U-
module structure from Uy ; by construction, these two structures form a U -
bimodule structure.

Lemma 3.6.2. Let N be a left U-module. Then,
(1) 6 : Homg(N, U) — Homy (F(N), U) is an isomorphism in Mod(U*°),
(2) the mapping
®: N®sHomg(N,U) - F(N)®y Homy (F(N), U),
n® fi—>1®n)®0(f)
is an isomorphism in Mod(U*¢), and

3) the diagram
N@sHomg(N,U) ———— U

F(N)®yHom(F(N),U) —— U
with horizontal arrows given by evaluation, is commutative.

Proof. (1) By definition, 6 is a morphism of right U-modules. It is also a morphism
of left U-modules because, for alln € N, f € Homg(N,U), ue U anda € L,

O fHu®n) =ula- f)(n)
=u(ef(n)— fa-n)=0(f)lua@n—u Qo -n)
=0()(w®n) o) =(a-0(f))(uQn).

(2) By definition, ® is a morphism of right U-modules. It is also a morphism of
left U-modules because, for alln € N, f € Homg(N,U) and @ € L,

Q- @ f))=Pa-n@f+n@a- f)
=(1®a-m)RI(fH+(1®n)®0(a- f)
N —’

=a-0(f)
=(1Qa-n)R@I(fH)+(1®n) - a®6(f)
h\,—J
=a®@n—1Qu-n
=(@®@n)®0(f)
=a-dP(nQ® f).

In order to prove that ® is bijective, consider the linear mapping
Y F(N)®sHomy (F(N),U) - N ®sHomg(N, U),
W@ @gr>u-(n®'(g)).
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Note that, forallu e U, « € L, n € N and g € Homy (F(N), U),
Y((u®n) a®g) =y (ua®@n)@g—-ua-n)g)

=ua-(n®67'(g) —u-(@-n®@'(g)
=u- (- n®07'(Q+n®a-07(g) —u- (- n®67'(g))
=u-(n®6 '(a-g))  (see part (1))
=y (u®n)Qa-g).

Hence, i induces a linear mapping,

V: F(N)®yHomy(F(N),U) — N ®sHomg(N, U),
uUR@n)®@g+— u-(n®0_1(g)).
Now, by definition of ¢ and W,

Vo @ =IdyggHoms(N,U)-
Since
e W is a morphism of left U-modules by construction;

e as a left U-module, F(N) ®y Homy (F(N), U) is generated by the image of
(I1® N)®Homy (F(N), U); and

e foralln € N and g € Homy (F(N), U),
oW ((1®n)®g)=(10n)Q¢g,
the following holds:
® oW =Idrn)eyHomy (F(N).U)-
Altogether, these considerations show that @ is an isomorphism in Mod(U*).
(3) The diagram is commutative by definition of ®. U

Like in the previous lemma, for all N € Mod(U), Homg (N, U) is a U-bimodule,
and hence Homg(N, U) ®gs N is a U-bimodule by means of (3-7) and the right
U-module structure of U.

Lemma 3.6.3. Let N be a left U-module. Then,
(1) the mapping
@’ : Homg(N, U) ®s N — Homy (F(N), U) Qy F(N),
fen—=0(f)®(1en)

is an isomorphism in Mod(U°); and
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(2) the diagram
Homg(N,U)@sN —— U

‘| |
Homy (F(N),U)®y F(N) —— U
with horizontal arrows given by evaluation, is commutative.
Proof. (1) First, since F(N) =U ®s N in Mod(U*¢), then
Homy (F(N), U) ®y F(N) = Homy (F(N), U) ®s N
as left U-modules. Under this identification, ®’ expresses as
D fRn—0(f)Qn.

Therefore, @' is bijective because so is 6.

Next, @’ is a morphism of left U-modules because so is #. And it is a morphism
of right U-modules because it is a morphism of right S-modules, and because, for
all f e Homg(N,U), ne Nanda € L,

(fe®n)-a)=0(f-a@n— fQa-n)
:ﬂf-oQ@(l®n)—9(f)®(l®a~n)

=0(f)
=0(H®a-10n)-0(H@®UQa-n)
=a®n
=0(H®(1®n) - 0)=0(HRU®n) - «
=0 (f®n)-a.
This proves (1).
(2) The diagram commutes by definition of @', (]

It is now possible to prove the result announced at the beginning of the subsection.

Proof of Proposition 3.6.1. Since N is invertible as an S-module, then the following
evaluation mappings are bijective

N ®sHomg(N,U) - U and Homg(N,U)®QsN — U.

According to Lemmas 3.6.2 and 3.6.3, the following evaluation mappings are
isomorphisms of U-bimodules

F(N)®y Homy(F(N),U) - U and Homy(F(N),U)®y F(N)—U.

Thus, F(N) is invertible as a U-bimodule. U
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4. The action of L on the inverse dualising bimodule of S

This section introduces an action of L on Ext§. (S, $¢) by means of Lie derivatives,
which is used to describe Exty,. (U, U°) in the next section. When S is projective
in Mod(R), then Ext§. (S, —) is the Hochschild cohomology H*(S; —); in this
setting, the Lie derivatives on H*(S; S) and H,(S; S) are defined in [Rinehart 1963,
Section 9] and have a well-known expression in terms of the Hochschild resolution
of S. For the needs of the article, the definition is translated to arbitrary coefficients
in terms of any projective resolution of S in Mod(S¢).

Hence, Section 4.1 introduces preliminary material, Section 4.2 deals with
derivations on projective resolutions of S in Mod(S¢), Section 4.3 defines the Lie
derivatives, Section 4.4 presents the action of L on Ext%. (S, $¢), and Section 4.5
discusses particular situations.

For the section, a projective resolution of § in Mod(S¢) is considered;

(P*,d)— S.

Denote S by P! and the augmentation mapping P® — S by d°. For all M € Mod(S5¢)
and s € §, denote by A; and p, the multiplication mappings

As:M—>M, m— (1) -m

and
ps:M—>M, m— (1Qs)- -m.

4.1. Data on the projective resolution. For all s € S, the mappings Ay, ps on P*
are morphisms of complexes of left S°-modules and induce the same mapping

S-S,

t— st

in cohomology. Hence, there exists a morphism of graded left S°-modules,

4-1) kg : P*— P°[—1],
such that
4-2) Ay —ps =ksod+doks.

Lemma 4.1.1. Let 0 : S — S be an R-linear derivation. Let W : P* — P* be a
morphism of complexes of R-modules such that

o H'(Y) : S — S is the zero mapping;

o there exists a morphism of graded left S°-modules,

k:P*— P [-1],
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such that, forall p € P* ands,t € S,
43) YD) -p)=6QN -Y(p)—(1Q®Ns®1) - (kod+dok)(p).
Then, there exists a morphism of graded R-modules,
h:P°— P [-1],

such that

ey =hod+doh;and

e foralls,t € S and p € P*,

h((s®1)-p)=(s®1)-h(p)—(1Q)(s®1)-k(p).

Proof. The proof is an induction on n < 1, taking h' : § — P equal to 0. Let n <0
and assume that there exist linear mappings, for all j suchthatn4+1 < j <1,

hi Pl — piT!
such that, for all j satisfyingn +1<j <0, pe P/ ands,t € S,
U= od) +d’ o h’
h((s®1)-p)=(s®1)-h!(p) —(1Q)(s®@1) -k (p).

This is illustrated in the following diagram:

(4-4)

dn dn+2

P Pn+1 dm! Pn+2

+1 2
wnl h" 1//,,.,.ll y
dn dn+1 dn+2

Pn+2

Let .
((pis ©")ier

be a coordinate system of the projective left S°-module P”. That is, let p; € P" and
@' € Homge (P", S¢) for all i € I such that, for all p € P",

p=>_¢' i
iel
where {i € I | ¢'(p) # 0} is finite. Since 1 : P* — P* is a morphism of complexes,
it follows from (4-4) that, for all i € I, there exists p[f € P"! such that

(4-5) Y () =d"" (p)) + " o d" (pi).
Denote by A" the linear mapping from P” to P"~! such that, for all p € P",

R (p)=Y_¢'(p)- pi — (1@ D)(¢ (1)) - K" (pi).

iel
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Then, for all p € P" and s,t € S,

h" ((s@1)-p)
=Y (5809 (p)- pi—(s®1)-(183) (9" (p)) k" (p1) —(1@3)(s®1)-¢' (p)-K" (pi)
iel
=@®nh%m—a®m@®n#(§:dqwm)
iel
= (s®1)-h" (p)—(183)(s®1)-k" (p).
Moreover,
Wn :hn—H Odn—l-dn_l o h".
Indeed, forall p € P", p=>",_; ¢'(p) - pi, and hence
dnflohn(p)_i_hnﬁ’lodn(p)
=E}ﬂmwﬂ@ﬂ%@mwm»d“%wmww”(ikm»wmﬂ
iel iel
Zwmfmmamwwm“wm
+¢' (p)-h"od" (p)—(180) (@' (p))-k" ' od" (pi)

Zw (p)-d"~'(p))+¢' (p)-h" T od" (p)+¥" (¢ (p)- pi)—¢' (p)-¥" (pi)

(4 4) <

(4 3) 4

wammpww O

(4 5) 4

4.2. Derivations on the projective resolution. Let 0:S — S be an R-linear deriva-
tion. It defines an R-linear derivation on S¢ denoted by 9°,

9¢:8°— §°
SRt ()Rt +5sQ ().
For every left S°-module M, a derivation of M relative to d is an R-linear mapping,
oy :M—> M,
such that, forall m € M and s,t € S,
I((s®1) - m)=0°(s Q1) - m+(sQt)-dy(m).
A derivation of P relative to d is a morphism of complexes of R-modules,
0°: P*— P°,

such that 9" : P" — P" is a derivation relative to 9 for all n, and such that
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H%(3*) = 3. Note that a morphism of complexes of R-modules 3* : P* — P* such
that H°(9*) = 9 is a derivation relative to 9 if and only if

{8' 0As =Ay(s) +As00°,
00 ps = Pa(s) T Ps o 0°.
Remark. For all derivations 97, d5 : P* — P* relative to 9, the difference

(4-6)

0] —0y: P*— P°
is a null-homotopic morphism of complexes of left S°-modules.

Lemma 4.2.1. There exists a mapping, which need not be linear,
Derg(S) — Homg(P*, P*),
dr—0°

4-7)

such that:

(1) Forall 9 € Derg(S), the mapping 9° is a derivation relative to 0.
(2) For all 0y, 0 € Derg(S) and r € R, there exist morphisms of graded left

S¢-modules,
0,0 P — P [—1],
such that
4-8) { [01, 021° — [05, 95] = fLod+dol,
(01 +70)° —(0;+7rd;5) = ' od+dol.

(3) Foralls € S and 3 € Derg(S), there exists a morphism of graded R-modules

h:P*— P [-1],
such that
(4-9) (50)*—A;00°=hod+doh

and, forall p € P* andt|,t) € S,
(4-10) h((t1 ®1)-p)= (11 @) -h(p) — (11 ®3(2)) - ks(p).

Recall that kg : P* — P*[—1] is a morphism of graded left S°-modules such
that s — ps = ks od +d o kg (see (4-1) and (4-2)).

Proof. (1) Let 0 € Derg(S). For convenience, denote d by 9': 8 — S. The proof is
an induction on n < 1. Let n < 0, and assume that a commutative diagram is given

prn L, prti s po L, p 0
lanﬂ J/a() lal
P l> Pn+1 . PO d' Pl 0




DUALITY FOR DIFFERENTIAL OPERATORS OF LIE-RINEHART ALGEBRAS 431
where 8’ : P! — P! is a derivation relative to d foralli € {n+1,n+2, --- , 0}. Let

((Pis ¢ ier
be a coordinate system of the projective left S°-module P" (see the proof in 4.1).
Then, for all i € I, there exists plf € P" such that
" od" (pi) =d"(p)).
Denote by 9" the R-linear mapping from P”" to P" such that, for all p € P",
"(p)=Y_ (" (P)- pi +¢' (p) - p}.
iel
Then, for all p € P”,
d"od"(p)=)_ 3 (p))-d"(pi) +¢' (p)-d"(p})
iel
=3 06 () -d"(p) + ' (p) - 0" 0d" ()
iel
=" od" (Z ¢'(p) -pi>
iel
— an-’rl Odn(p).
Thus,
d" od" = 8n+1 od".
Moreover, 9" is a derivation of P" relative to d because d is a derivation of S° and
@' € Homge (P", S¢) for alli € I.

(2) Note that [0, 02]* and [0}, 95] (or, (31 +rd2)* and 0} + ro3) are derivations
of P* relative to [d;, 03] (or, to 91 + rdy, respectively). The conclusion therefore
follows from the remark preceding Lemma 4.2.1.

(3) Denote by i the mapping (s9)° — Ay 0 0° given by
P*— P°,
prH (59)'(p)—(s®1)-9°(p).
Then, forall p € P*andt € S,
Y ((t®1)-p)
=(s9)"((t®1)-p)—(s®1)-0*((t®1)-p)
=($01)Q®1)-p+(®1)-(s9)* (p)—(s®1)-(3(1)®1) p—(s®1)-(t®1)-9°(p)
=Dy (p)
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and
Y ((1®1)-p)
= (s9)"((1®1)-p)—(s®1)-0°((1®1)-p)
= (1®s53(1)) p+(1®1)-(s3)*(p)—(s®1)-(1&0(1))- p—(s®1)-(1®1)-0*(p)
= (1®1)- ¥ (p)+(1®0(t))-(ps—rs)(P)
et (1®1)- ¢ (p)—(1®3(1))-(ksod+doks) (p).
Hence, Lemma 4.1.1 may be applied, which yields (3). O

Remark. Using the remark preceding Lemma 4.2.1, it may be checked that, al-
though the mapping Derg (S) — Hompg (P, P*) of the lemma is not unique, two
such mappings induce the same mapping from Derg (S) to H’Hompg (P*, P*), which
is R-linear.

When S is projective in Mod(R), it is possible to be more explicit on a possible
mapping, d — 9°. Indeed, the Hochschild complex B(S) = §®**2 is a projective
resolution of S. For all @ € Derg(S), define the following mapping:

Ly : B(S) — B(S),
n+l

(S0l -+ Iswg1) > Y (0l -+~ Isi 119 (s)| -+ sia] -+~ Isa).

i=0
This is a derivation of B(S) relative to 9. It is direct to check that the mapping
Derr(S) — Homg (B(S), B(S)),
0 La

is a morphism of Lie algebras over R. Now, consider homotopy equivalences of
complexes of S°-modules,

f
P*—— B(S),
g

and, for all 9 € Derg(S), define 9° as
8*=goLyof;

this is a derivation relative to 0 because so is Ly and because f and g are morphisms
of resolutions of S in Mod(S¢). The following mapping satisfies the conclusion of
the preceding lemma, it is moreover R-linear:

Derg(S) — Homg(P*, P°),
dr 0°.
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4.3. Lie derivatives. Consider a mapping d — 9° such as in Lemma 4.2.1. Let M
be an S-bimodule and 0 : S — S be an R-linear derivation. Let 9y, : M — M be a
derivation relative to d. Given n € N and ¢ € Homg.(P ™", M), denote by L;()
the mapping

(4-11) Ly(Y)=0pyoy —pod™"

This is a morphism in Mod(S°) because so is ¢ and because 93 and 0" are
derivations relative to d; moreover, it is a cocycle (or a coboundary) as soon as
is, because 0° : P* — P* is a morphism of complexes. Denote by L, the resulting
mapping in cohomology

Ly : Exts. (S, M) — Exts. (S, M)

such that for all ¢ € Ext%. (S, M), say represented by a cocycle v/, then Lj(c) is
represented by the cocycle £ (). In the situations considered later in the article,
there is no ambiguity on djs, whence its omission in the notation.

Following similar considerations denote also by £; the mapping

Ly : TorS' (S, M) — TorS" (S, M)

such that for all w € Torfe (S, M), say represented by a cocycle m @ p € M Qg P*
with sum sign omitted, £;(w) is represented by the cocycle

Lom@p):=mQ3I(p)+du(m) p.

When S is projective in Mod(R), these operations may be written explicitly
in terms of the Hochschild resolution. When i is a Hochschild cocycle lying in
Hompg (5®", M), the mapping L() is given by

(4-12) (sl- -+ Isn) > O (f (s1l - Isn)) — Z S Gsil--19 (s - - - sn).
i=1

Likewise, the operation in Hochschild homology is induced by the following
mapping at the level of Hochschild chains,

M®S® - M® S
n
(msy| - Isp) > (Qpr(m)[st]- - - |sn) + Z(mlsn e[S Isn)-
i=1

The operator L; is of course called the Lie derivative of 9. When M = S and S
is projective in Mod(R), this is nothing else but the classical Lie derivative defined
in [Rinehart 1963, Section 9]. In view of the remark following Lemma 4.2.1,
these constructions depend only on d and 9, and not on the choices of P* and the
mapping d — 9°.
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In the sequel these constructions are considered mainly in the following cases:

e M=Sand 0y = 0.
e M = 8¢ and 0y = 0°.

o M =Ext (S, $¢) (n € N) and 9y = L;, which makes sense according to the
result below.

In the sequel the following construction is also used. Consider S-bimodules M, N.
Let m,n € N. Let d € Derg(S) and let 9y : M — M and dy : N — N be R-linear
derivations relative to . Then, for all f € Hompg (Extg. (S, M), Tor;fg (S, N)), define
Ly(f) as
,Ca o f — f (o) La .
Recall that for all M € Mod(5¢), the spaces Ext. (S, M) and Torfe (S, M) are left

S-modules by means of Ay : M — M for all s € S; the corresponding multiplication
by s on these (co)homology spaces is denoted by A;.

Lemma 4.3.1. Let M € Mod(S¢), neNands € S. Let 3,3 : S — S be R-linear
derivations. Let 9y, 81/1,1 : M — M be R-linear derivations relative to d and 0,
respectively. Then, the following hold in Ext. (S, M):

(1) Lyors = Aas) + As o L.
(2) Liy,on =1Ly, Lo].

(3) Letm € N, let N be another S-bimodule and let dy : N — N be a derivation
relative to d. Consider the contraction mapping

TorS' (S, M) — Homg (Ext (S, N), Tor>_ (S, M ®s N)),

m—n

o (. (w)).

If m = n, then it is Ly-equivariant. When S is projective in Mod(R), it is Ly
equivariant for allm,n € N.

@) If M is symmetric as an S-bimodule, Lsy = Ag 0 Ly.

(5) When M = S°¢ (and 9y = 0°), the following equality holds in Ext%. (S, M):

,Csa = )\s o ,Ca — )La(s).
Proof. (1) The equality is checked on cochains. Let v € Homge(P~", M). Then,

Lyols(Y) =0pyorsoy —Agoyod*
=(K3(S)+)LS08M)OIﬁ—KSOIﬁ08°
= (Ag(s) +As 0 Ly) (¥).
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(2) Note that Ly 57 is defined with respect to [9p, 81",,], which is a derivation of
M relative to [d, 8']. Following Lemma 4.2.1, there exists a morphism of graded
S¢-modules,

{: P — P [—1],
such that
[0,0']"—[0°,0"]=Lod+dok.
Let ¢ € Homg. (P ™", M). If this is a cocycle, then

Lia.on(¥) =[0m, Iy loy — Y o([8°,8"]+Lod+dok)
=[Ly, Lyl(Y) —Yolod—Yodol,
H;/O——/
which is cohomologous to [L£5 Ly ](1). This proves (2).

(3) Note that the mapping
OMeN  MQsN — MQs N,
XQyr> dy(x) @y +x®@n(y),

is a well-defined derivation relative to d, which defines £ on
TorS (S, M @ N).

Assume first that m = n. Let p° be any element of the preimage of 15 under the
augmentation mapping P® — S. Let x® p € M ®sc P~ and ¢ € Homge (P ™", N),
and use the notation

(@ p) =Y (p)®p’.
Recall that the contraction mapping is induced by the mapping
M ®se P~™ — Homg(Homge(P~"™, N), (M ®s N) ®se P),
XxQ@prH 0(xQp).
Denote Lj(ty (x ® p)) — iz, ) (x ® p) by 8. Then,
8=Ly((x@Y(p)®p°) — (x® Ly¥)(p) ® p°
=) ®Y(P) @ P’ +x @Y (P)® P’ +x @Y (p) ®3°(p°)

—x@IVW(P)® P’ +x@ YO " (p) @ p°
=1 (Lsx @ p) +x @ v (p) ®0°(p").

Note that 3°(po) lies in the image of d : P~' — PP because the image of p° under
P? — Sis 1 and H°(3*) = 9. These considerations therefore prove (3) when m = n.
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Now assume that S is projective in Mod(R). Then, the equivariance may be
checked at the level of Hochschild (co)chains. Let o = (x|s{| - - - |s) € S®™ and
¥ € Homg (5", N). Then,

Ly(ty (0)) =ty (0)
=Ly(x®@Y (s1]--- s Isnt1l -+ [sm) —(X@Ly (W) (s1] -~ Isn) ISnt1] -+ ISm)
= @O OBV (1| Isw)snr1 |+ lsm)+ @ (W (s1] -+ Isa)Isnr1 |-+ Ism)
m

+ ) @Y (il Iswlsast] - 19 [sm)

j:n+l
—(x@IN (Y (st [su)Sut1l- - [m)
+Y @Y (sl [0+ Is) sl -+ Lsm)
=1y (Ly(0)), =

which proves (3) for all m, n € N when S is projective in Mod(R).

(4) Note that Ly is defined with respect to the derivation sd; (= Ag 0 dp7). Assume
that M is symmetric as an S-bimodule. Therefore, the mapping

As00*: P*— P°

is a derivation relative to sd. Let ¥ € Homge (P*, M) be a cocycle with cohomology
class denoted by c. Since ¥ o Ay = A; 0,

Lsy(f) = Aso0dp) oy = o(Xs00°) = g0 Ly(V¥).
Taking cohomology classes yields that L;5(c) = As 0 Ly(c).
(5) Recall that, here, 9, is taken equal to
(s9)¢: 8¢ — S°,
S1 ® 82 > s9(s1) @ 52+ 51 @ 59(52).

Let v € Homge(P™", M) be a cocycle with cohomology class denoted by c. Let &
be as in part (3) of Lemma 4.2.1. Then,

Lsy(Y) = (s9) oy — Yo (s0)°
=GIR1I+1R®sd) oy —Yo(sd)’
=X0(@® Doy +p;0(1®3) oy —o(sd).
Using (4-9), the equality becomes

Lsg(P)=Xr0(0@1) o+ ps0(1Q)oyr —Asoy0d*—rohod—yrodoh.
——
=0
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Using [9, ps] = pa(s), it then becomes

Lsy(Y) =A;00@ Doy +(1®)opsoyy —pys)o¥ —As0oy0d*"—ohod
=)»s0(3®1)01ﬂ—Pa(s)ow-i-(l@a)olﬁo(ﬂs—?»s)
+(1®d)oyory—Asopo0d*"—Yohod.

Using (4-2), this becomes

Lsy(Y) =A;0(0@1)oy) —py(s)0y —(1®3) oy od ok
——
=0
—(1®0d)oyoksod+ (1®d)oyroA —XAgorod*—yrohod
—_———
=(1®09)orsor=A;0(1Q3d)oy

=A;0(0R14+1®3d)oy —py(s)oY —Aso 00— (Y oh+(1® D)o oky)od
=Xs0(Ly(¥))—pacs)o¥ — (Y oh+(1®3)oyoks)od.

Now, consider the following R-linear mapping denoted by f:
Voh+(1®d)oyoky: P - s°.
This is a morphism of S-bimodules. Indeed,

e it is a morphism of left S-modules because so are ¥, 1 ® 9, k; and & (see
(4-10));

« since v and kg are morphisms of S-bimodules, then, for all 7 € S,
fopr = Yohop +(1®I)opoyok
(50)WO(ptoh—/)a(t)Oks)+(1®3)0pzowoks
= poYoh—pynoyoks+(1®03)op ook
= povoh+po(l®d) ook,
= pof.

Therefore, L5(1) and A o L3(¥) — py(s) © ¥ are cohomologous. Since so are
Ad(s) © Y and Pa(s) © Y it follows that

Lsa(c) = Ago Ly(c) — Ays)(c). O
4.4. The action of L on Ext%, (S, $°). According to Lemma 4.3.1, the mapping

L x Extg. (S, §¢) — Exts. (S, S9),

(4-13)
(,e) > a-e:=Ly (e)
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endows Ext§. (S, §¢) with a compatible left S x L-module structure in the sense
of (3-13), that is, a left § x L-module structure such that, for all e € Ext%. (S, S¢),
a€elLands eSS,

(4-14) (sa)-e=s-(a-e)—a(s)-e.

This left S x L-module structure on Ext§. (S, §¢) does not define a left U-module
structure in general. However, Lemma 3.5.1 yields that Ext§. (S, $¢)" is a right
U-module by defining 6 - o, for all 8 € Ext. (S, S¢)Y and o € L, as

0o :Exts (S, ) — S,
er—> —a(f(e))+0(x-e).

4.5. Particular case of Van den Bergh and Calabi-Yau duality. Recall that, when-
ever Tor,fe(S ,8) =~ S as S-(bi)modules, a volume form is a free generator wg of
Tor3" (S, S), and the associated divergence

div: Derg(S) —> §
is defined such that, for all 3 € Derg(S),
(4-15) Ly(ws) = div(0)ws.

When S is Calabi—Yau in dimension n, any free generator eg of the left S-module
Ext’s. (S, §¢) defines an isomorphism of S-bimodules

0 : S — Extg (S, 9,
S = seg.

In such a situation, the fundamental class cg € Tor;fe(S, Ext%. (S, S¢)) (see 2.1)is a
free generator of the left S-module Tor;fg(S , Ext%. (S, S¢)), and hence the preimage
ws of cg under the bijective mapping

0, : Tor3' (S, §) — Tor> (S, Exth (S, 5¢))
is a volume form for S, thus defining a divergence operator.

Proposition 4.5.1. (1) Assume the following:

e R is Noetherian and S is finitely generated as an R-algebra.
o S is projective in Mod(R).
o S has Van den Bergh duality with dimension n.

Then there is an isomorphism of S-modules compatible with Lie derivatives

Ext’ (S, $¢) =~ A" Derg(S).
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(2) Assume that S is Calabi—Yau in dimension n. Let eg be a free generator of the
left S-module Ext, (S, S€). Let div be the resulting divergence operator. Then,
forall 9 € Derg(S),

(4-16) Ly(es) = —div(d)es.

Proof. In both cases, S lies in per(5¢). Denote the fundamental class of S by cg. In
view of part (3) of Lemma 4.3.1, the definition of cg gives that

(4-17) Ly(cs) =0.

(1) Denote Ext’. (S, S¢) by D. In view of Proposition 2.2.1, [Hochschild et al. 1962,
Theorem 3.1] applies and yields an isomorphism of S-modules,

(4-18) TorS' (S, ) =~ AQg/k.

Following [Rinehart 1963, Section 9], this isomorphism is compatible with Lie
derivatives. Identify D! with Homg(D, S) and define 3 p-1 as follows, for all
0 € Derg(S):

dp-1 : Homg(D, S) — Homg(D, S),

fr>00f—foLy.
The evaluation isomorphism
(4-19) ev:DsD ' = §
is compatible with Lie derivatives in the following sense, where 0 € Derg(S):
(4-20) doev=evo(Ly®@Id+Id®Q dp-1).
Besides, the duality isomorphism
(4-21) 1o(cs) : Ext3e (S, D71 — Tor¥ (S, D®s D7)

is compatible with the action of Lie derivatives because of (4-17) (see part (3) of
Lemma 4.3.1). Combining (4-18), (4-19), (4-20) and (4-21) yields an isomorphism
that is compatible with Lie derivatives

D'~ AgQS/R.

This proves (1).

(2) Keep the notation cs, wg, 6, 6, for the objects defined from ey before the
statement of the proposition. Let d € Derg(S). There exists A € S such that

Ly(es) = res.



440 THIERRY LAMBRE AND PATRICK LE MEUR

Now, forall s® p € S ®ge P77,
Ly(0x(s @ p)) = Ly(ses @ p)
=03(s)es @ p+sLy(es) @ p+ses@93°(p)

=0.(Ly(s @ p)) + A0 (s ® p).
Therefore,
0= Ly(cs) = Ly (Ox(ws)) = 0x(La(@5) ) + s (ws) = (A +div(d))cs.
=div(d)wg
Since cy is regular, A = —div(d). U

5. Proof of the main theorems

The main results of this article are proved in this section. For this purpose, a
description of Ext,. (U, U®) is made in Section 5.1, the underlying S-module is
expressed in terms of Ext§. (S, §¢) and Ext}, (S, U), and the U-bimodule structure
is described using the functor ' : Mod(U) — Mod(U*) and the action of L on
Ext§. (S, §¢) introduced in Section 4. This description is applied in Section 5.2 in
order to prove Theorem 1. And Theorem 2 and Corollary 1 are proved in Sections 5.3
and 5.4 by specialising to the situations where Exttsoep(S , 8¢ and Exttl(}p(S ,U) are
free, and where (S, L) arises from a Poisson bracket on S, respectively.

Throughout the section, Ext§. (S, $¢) is endowed with its compatible left § x L-
module structure introduced in Section 4.4.

5.1. The inverse dualising bimodule of U. This subsection proves the following
result.

Proposition 5.1.1. Let R be a commutative ring and d € N. Let (S, L) be a Lie—
Rinehart algebra over R. Assume the following:

(a) S isflat as an R-module.

(b) Foralln € N, the S-module Ext%, (S, S¢) is projective.

(c) S € per(S°).

(d) L is finitely generated and projective with constant rank equal to d in Mod(S).
Then, A’éLv ®s Ext. (S, §) is a graded left U-module such that, for all a € L,
¢ € Ext§. (S, §¢) and ¢ € A‘éLV,

a-(pRc)=—9@-aQRQc+eRu-c.
Moreover, U is homologically smooth. Finally, there is an isomorphism of graded

right U°-modules,
Exty,. (U, U%) =~ F(ASLY ®5Exty./ (S, 5)).
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For this subsection, assume (a), (b), (c) and (d) are true, and consider

» a bounded resolution Q° — S in Mod(U) by finitely generated and projective
modules (see [Rinehart 1963, Lemma 4.1]),

 a bounded resolution 77 : P* — S in Mod(S5¢) by finitely generated and projec-
tive modules,

e an injective resolution j : U¢ — I* in Mod(U°¢ ® (U¢)P).

Since S is flat over R and L is projective in Mod(S), part (2) of Lemma 3.0.1 gives
that U° is flat over R. Therefore, the extension-of-scalars functor

—Q®U?:Mod(U¢ — Mod(U® @ (U®)°P)

is exact. Hence, the restriction-of-scalars-functor transforms injective U ¢-bimodules
into injective left U¢-modules. Thus, /° is an injective resolution of U¢ in Mod(U*).
Therefore, there is an isomorphism of graded right U°-modules,

(5-1) Ext},. (U, U¢) ~ H*Homy. (U, I*).

The right-hand side is a right U¢-module by means of I*.
The proof of the above proposition is divided into separate lemmas.

Lemma 5.1.2. U is homologically smooth.

Proof. Since U is projective in Mod(S) (see part (2) of Lemma 3.0.1), the functor
F :Mod(U) — Mod(U*)

is exact. Moreover, F(S) ~ U and S € per(U). Therefore, in order to prove that
U is homologically smooth, it suffices to prove that F(U) € per(U¢), which is
equivalent to F'(U) being compact in the derived category D(U¢) of complexes of U -
bimodules. Here is a proof of this fact. Let (M} )rcx be a family in D(U€), denote
@Prex My by M, and consider fibrant resolutions of complexes of U-bimodules
My — i(My), forall k € K, and M — i(M). Since S is homologically smooth, S is
compact in D(5¢), and hence the following natural mapping is a quasi-isomorphism:

&P Homg. (P*, My) — Homse(P*, M).

keK
Since P is a right bounded complex of projective S-bimodules, the functor
Homg. (P*, —) preserves quasi-isomorphisms, and hence the following natural
mapping is a quasi-isomorphism:

@D Homse (P*, i (My)) — Homge(P*,i(M)).
keK
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Since U is projective over S on both sides, U¢ is projective in Mod(S¢). There-
fore, for all fibrant complexes I of U-bimodules, the functor Homge(—, 1) pre-
serves quasi-isomorphisms. Accordingly, the following natural mapping is a quasi-
isomorphism:

@ Homyge (S, i (My)) — Homge (S, i (M)) .

keK

Since the pair (F, G) is adjoint and G is induced by the functor Homge (S, —), the
following natural mapping is a quasi-isomorphism:
EB Homy«(F(U), i (My)) — Homye(F(U), i(M)).
keK
Taking cohomology in degree 0 yields that the following natural mapping is bijective:
B oW (F W), i(M)) - DWU)FU),i(M)).
keK

This proves that F(U) is compact in D(U¢). Thus, U is homologically smooth. [

The authors thank Bernhard Keller for having pointed out an incorrect argument in
a previous version of this proof.

Lemma 5.1.3. There is an isomorphism of graded right U°-modules,
(5-2) Exty,. (U, U®) ~ H*(Homy (Q*, U) @y G(I")).

Proof. Because of the isomorphism F(S) >~ U in Mod(U¢) and the adjunction
(F, G), there is a functorial isomorphism of complexes of right U¢-modules,

(5-3) Homy. (U, I*) ~Homy (S, G(I°)).

Since F is exact and the pair (F, G) is adjoint, G(I*) is a left bounded complex of
injective left U-modules. Hence, Homy (—, G(I*)) preserves quasi-isomorphisms.
Thus, the quasi-isomorphism Q° — S induces a quasi-isomorphism of complexes
of right U°-modules,

(5-4) Homy (S, G(I*)) — Homy (Q°, G(I*)).

Since Q° is bounded and consists of finitely generated projective left U-modules,
the following canonical mapping is a functorial isomorphism:

(5-5) Homy (Q°, U) ®y G(I*) — Homy (Q°, G(I*)).

Note that, whether in (5-3), (5-4), or (5-5), the involved right U¢-module structures
are inherited from /°. Thus, the announced isomorphism is proved. (]

In order to examine the right-hand side of (5-2) by means of a spectral sequence,
the following lemma describes H*(G(I*)) as a graded U — U*¢-bimodule.



DUALITY FOR DIFFERENTIAL OPERATORS OF LIE-RINEHART ALGEBRAS 443

Lemma 5.1.4. Consider Ext%. (S, S¢) as a left S X L-module as in Section 4.4.
Then, there is a U — U°-bimodule structure on Ext§. (S, §¢) ®se U¢ such that the
right U¢-module structure is inherited from U° and for all o € L, ¢ € Ext%.(S, §¢)
andu,v € U,

- (cQuUAV))=a-cQ@UAV)+cR (@1 —-1Qw)-  (uRV)).
For this structure, there is an isomorphism of graded U — U*°-bimodules,
H*(G(I*)) ~ Ext (S, S¢) Qs U°.

Proof. The object G(I*) is Homge (S, I°) as a complex of S-modules, its right
U*¢-module structure is inherited from /°, and the one of left U-module is given in
Section 3.2.

First, since U¢ is projective in Mod(S¢) and /* consists of injective left U®-
modules, /* is a left bounded complex of injective left S°-modules. Hence,
Homg.(—, I*) preserves quasi-isomorphisms. Thus, 7 : P* — S induces a quasi-
isomorphism of complexes of right S°-modules,

(5-6) 7' : Homge (S, I*) — Homge (P*, I°).

Foralla € L, let 9}, : P*— P* be a derivation relative to d, : S — S (see Section 4.2),
and denote by §;, the mapping from /° to I* given by

i~ @®l—-1Qa)-I.
Then, define « - f and « - g, for all f € Homge(S, I°) and g € Homge (P°, I*), by
a-f=68,0f—fodq
o-g=208,08—800;;
since 7 09}, = 9y O 7T,
(- f)=o-7'(f).
The hypotheses on P* yield an isomorphism of complexes of right U¢-modules,

(5-7) ev : Homge (P°, §°) ®ge I®* — Homge (P°, I°).

Endow the left-hand side term with the following action of L. For all « € L and
¢ ®i € Homge (P*, S¢) ®gse I°, denote by « - (¢ ® i) the (well-defined) element of
Homg. (P, §¢) ®ge I°,

a- Qi +¢Q(8i).

The assignment ¢ @i — o - (¢ ®1i) is a morphism of complexes of R-modules from
Homge (P, §°) ®se I* to itself. In view of (4-8) and of the identity

@@1-1Qa) - (®1)-j) =06 j+®) (@@l -1Qw)-
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in I°, for all s, € S and j € I*, the following holds:
(5-8) evid- (p®i) =a-ev(ip®i).

Homge (P, §¢) is also a bounded complex of projective right S¢-modules. Hence,
the functor Homge (P*, §¢) ® g« — preserves quasi-isomorphisms. Thus, j: U® — I*
induces a quasi-isomorphism of right U¢-modules,

(5-9) Id®] . HOIHS@(P., Se) R ge U — HOITISL)(P., Se) Rge I°.

Endow the left-hand side term with the following action of L. For all @ € L,
¢ € Homge (P, §¢°) and u, v € U, denote by « - (¢ ® (u ® v)) the following (well-
defined) element of Homge (P*, S¢) ®ge U°¢:

- oQUAV)+eR((®1 —-1Qu)-(uRQV)).

The assignment ¢ ® (u @ v) — o - (p ® (1 ® v)) is a morphism of complexes of
R-modules from Homge (P°, S¢) ®ge U€ to itself, and

Id®@ j)a- (9@ uv)=a-(Id® j)(¢® (u®v)))

because j : U¢ — I* is a morphism of complexes of U°¢ — U°-bimodules.
Since U* is projective in Mod(S¢), there is an isomorphism of right U°-modules,

(5-10) H*(Homge (P*, §¢) ®se U¢) ~ Ext. (S, $¢) ®ge U°.

For all cocycles ¢ € Homge (P*, §¢), with cohomology class denoted by ¢, and for
all « € L and u, v € U, the image under (5-10) of the cohomology class of

a-(p®uv))
is
(5-11) - cQURAV)+cR(@®1 —1Qa):- (u®v)),

where « - ¢ is defined in Section 4.4 (see (4-13)).
Combining (5-6), (5-7), (5-9), (5-10) yields an isomorphism of right U “-modules,

(5-12) Ext% (S, $¢) ®sc U® = H*(G(I")),

such that, for all « € L, ¢ € Ext§. (S, §°) and u, v € U, if y denotes the image of
¢ ® (# ®v) under (5-12), then « - y is the image of (5-11).

Thus, applying part (1) of Lemma 3.5.2 to N =Ext%. (S, S¢) yields the announced
conclusion. U

Proof of Proposition 5.1.1. The statement relative to the left U-module structure on
AféLV ® Ext%. (S, §¢) follows from Lemma 3.5.1, and Lemma 5.1.2 shows that U
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is homologically smooth. The (first quadrant, cohomological) spectral sequence of
the bicomplex

(5-13) (Homy (Q”, U) ®u G(I?))p 4
converges to H*(Homy (Q*, U) ®y G(I*)) and its Eé”q—term is, for all p,q € Z,
H (H] (Homy (Q°, U) ®u G(I")).

Since Homy (Q°, U) consists of projective right U-modules, there is an isomorphism
of right U°-modules, for all p,q € Z,

(5-14) HYMHomy (QF,U)®y G(I*)) ~Homy (QF,U) ®y HI1(G(I")).

The description of H*(G(I*)) made in Lemma 5.1.4 combines with (5-14) into the
following isomorphism of right U¢-modules, for all p, g € Z:

(5-15) HY(Homy (QF,U)®yG(I*)) ~Homy (Q?, U)Qy (Ext.(S, S)®s: U°).

Using Lemma 3.5.2 (part (2)), this isormorphism yields an isomorphism of right
U°¢-modules, for all p, q € Z:

(5-16) HY(Homy (QF,U) ®y G(I*)) = F(Homy (QF, U) ®s Ext§. (S, 5)).

Given that F' is an exact functor, that Extge (S, §°) is projective in Mod(S) for all g
and that (S, L) has duality in dimension d, it follows from (5-16) that there is an
isomorphism of right U°-modules, for all p, g € Z,

. . F(Ext?, (S, U)®sExtL (S, 8%) if p=d,

H{ (H{ (Homy (0", U)®y G(I"))) = v .
0 if p#£d.

Therefore, the spectral sequence of the bicomplex (5-13) degenerates at E,. Thus,
H*(Homy (Q*, U) ®y G(I*)) ~ F(Ext‘[i](S, U)®s Ext'SZd(S, S¢)) in Mod(S°).

The conclusion follows from (5-2) and from the isomorphism Ext?](S ,U) >~ A‘éLv
in Mod(U) established in [Huebschmann 1999, Theorem 2.10] O

5.2. Proof of the main theorem.

Proof of Theorem 1. Following Proposition 5.1.1, U is homologically smooth and
there is an isomorphism of graded right U°-modules,

Ext},. (U, U¢) =~ F(ASLY @5 Exty, (S, $9)).

According to Proposition 3.6.1, the functor F transforms left U-modules that are
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invertible as S-modules into invertible U-bimodules. Note that

. AféLv is invertible as an S-module because L is projective with constant rank,
and

o Ext (S, $¢) is concentrated in degree n and Extg. (S, $¢) is invertible as an
S-module because S has Van den Bergh duality.

Thus, Exty,. (U, U°) is concentrated in degree n+d and Exti’f;d (U, U?) is invertible
as a U-bimodule. Hence, U has Van den Bergh duality in dimensionn +d. I

5.3. Proof of Theorem 2. The hypotheses of Theorem 2 are assumed throughout
this subsection. Let ¢; be a free generator of the S-module AféLV. Let eg be a free
generator of the S-module Ext%. (S, S¢). Therefore, there exist mappings

AM,As:L— S

such that, for all & € L,
o-eg=Ars(a)-es,
{<PL o =Ap(a) - @s.
Some basic properties of these are summarised below.
Lemma 5.3.1. Let A be either one of Ls or Ap. Then, foralloa, B € L ands € S,
(1) A(sa) = sA() —als),
) A, BD) = a(A(B)) — B(A(@)).
Proof. Assume that A = Ag. Let s € S and o € L. Then, using Section 4.4,
(sa)-es=s5-(a-es) —a(s)-es
= (sA(a) —a(s)) -es,
which proves (1), and
o-(Bres)=a-(A(B)-es)
=a(A(B))-es+A(B) - (o -es)
= (¢(A(B)) + A ()1 (B)) - es,

from which (2) may be proved directly. The proof when A = A} is analogous, using
the right U-module structure of A‘éLV instead of Section 4.4. U

As proved later, the following automorphism is a Nakayama automorphism for U.

Lemma 5.3.2. There exists a unique R-algebra homomorphism,

v:U—U,
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such that, foralls € S and o € L,
v(s) =s,
{V(a) =a+Air(@) —As(a).

This is an automorphism of R-algebra.
Proof. The uniqueness is immediate. For all @ € L, denote o + Ap (o) — Ag(e)
by vy. Then, foralls € Sand o, B € L,

vl = loFAs(@) = As(@), B+AL(B) — 2s(B)]

=_ o, Bl+Ar([e, B]) — As(la, B]) = Viw,p1,

Lemma 5.3.1

Vs = Se+Ap(sa)—As(sa)
s sot +shp (o) —sAis(a) = sV,
[V, 51 = [a+Ap(a)—Ar(a),s]=oa(s).

This proves the existence of v. Note that v preserves the filtration of U by the powers
of L and that gr(v) is the identity mapping of U. Accordingly, v is bijective. [

Now it is possible to prove Theorem 2.

Proof of Theorem 2. From Theorem 1, U has Van den Bergh duality in dimension
n +d and there is an isomorphism of U-bimodules,

(5-17) Extt(U, U®) ~ F(AYAY ®5 Exth. (S, 5%)),

where the tensor product inside F'(e) is a left U-module by (3-8).

Recall that AféLv and Ext’, (S, §¢) are freely generated by ¢; and eg, respec-
tively. Therefore, the following mapping is an isomorphism of left U-modules (see
Section 3.3):

518 ®:U — F(ASLY ®5Exti.(S, $9)),
u—>u® (gL ®es).

Foralls e S, a e Landu € U,
Pu)s=u® (pLRes)) s =us (pL Qes) = D(us),

Q(u)a = (u® (¢ ®es)) -«
=ua @ (g es) —ua-(p; es)
=ua® (gL ®es) —(—u®(pL-a®es) +u® (pL Qa-es))
= (u(a +Ap(0) —As(@))) ® (gL ®es)
=®u(a+rL(@) —Ars(@))).
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Thus, denoting by v the automorphism of U considered in Lemma 5.3.2, then, for
allu,vel,
(5-19) D) -v=>wv()).

Combining (5-17), (5-18) and (5-19) yields that there is an isomorphism of bimod-
ules,
Ext{ (U, U ~U".

Since Ay = —div (see Proposition 4.5.1), this proves Theorem 2. O

5.4. Case of Poisson algebras.

Proof of Corollary 1. From Proposition 2.2.1, § has Van den Bergh duality in
dimension n. Moreover, Proposition 4.5.1 yields an isomorphism of S-modules
A's Derg(S) >~ Extlg (S, §¢) which is compatible with the action of Lie derivatives.
Finally, according to (1-3), the dualising module of (S, Q25/r) is A’ Derg(S) with
right U-module structure such that, for all s € § and ¢ € A’gDerg(S),

@-ds=—Li ().

Using these considerations, the corollary follows from Theorems 1 and 2. U

6. Examples

6.1. The case where L is free as an S-module. In this subsection, it is assumed
that L is free as an S-module. Consider a basis («q, ..., ay) of L over S. Denote
the dual basis of LY by (af,...,a)). In particular, AféLV is free of rank one in
Mod(S), with a generator denoted by ¢y,

* *
oL =0af A Aag.

For all i € {1, ..., d}, consider the matrix of ady,, denoted by (s’).’k)j,k e My(S).
Hence, foralli, k€ {1,...,d},

d
o, ap] = Zsj-’kocj.
j=1
In this situation, the action of L on AL by Lie derivatives specialises as follows.
Foralli, j,ke{l,...,d},
(o (@) (o) = @i (@ () — o ([, ) = =5y .

Hence, for all i, j € {1, ...,d]},

d
D () == st ot
k=1
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Thus, the right U-module structure of AféLV is such that, forall @ € L,

(6-1) ¢ -a =Tr(ady)er .

Using this simplified description of AféLV yields the following corollary of the
main theorems of this article.

Corollary 6.1.1. Let R be a commutative ring. Let (S, L) be a Lie—Rinehart
algebra of R. Denote by U its enveloping algebra. Assume that

o Sis flat as an R-module,
o S has Van den Bergh duality in dimension n,

o L is free of rank d as an S-module.

Let («y, ..., 0q) be a basis of L over S as considered previously. Then, U has Van
den Bergh duality in dimension n + d and there is an isomorphism of U -bimodules,

EXt’Z]—L_d(U, Ue) = U ®S Ethe(S, SE),

where the left U-module structure on U ®g Ext%, (S, S¢) is the natural one and the
right U-module structure is such that, for allu € U, e € Ext%,. (S, S¢) and o € L,

u®e)-a=ua®@e+u®Tr(ady)e —u® Ly, (e).

If, moreover, S is Calabi-Yau, then U is skew Calabi—Yau and each volume form
on S determines a Nakayama automorphism v € Autg(U) such that, forall s € S
and o € L,

{v(s) =y,
v(a) = a + Tr(ady) + div(dy),

where div denotes the divergence of the chosen volume form.
Proof. In view of (6-1), there is an isomorphism of right U-modules,
d ~
AGLY ~ 8,

where the right U-module structure on the right-hand side term is such that, for
allax e L,
l1-a =Tr(ady).

The corollary therefore follows directly from Theorems 1 and 2. U

The previous corollary applies to any Lie—Rinehart algebra arising from a Poisson
structure on R[xq, ..., x,], n € N\{0, 1}.

Example 6.1.2. Let S = R[x, y]. Let P € S. This defines a Poisson structure on S

such that
{x,y}=P.
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Let L := Qg/g and consider (S, L) as a Lie-Rinehart algebra over R such that, for
alls,t €S,

o [ds,dt] =d{s,t};
M ads = {S, _}

Then (dx, dy) is a basis of Qg/g over S. Note that

. oP
Tr(adgy) =div(9zx) = 3y
y
. oP
Tr(adgy) = div(day) = BT

From Corollary 6.1.1, U is skew Calabi—Yau in dimension 4 and has a Nakayama
automorphism v € Autg(S) such that

v) =x. v(dx)=dx+22F.
dy
9P

v(y)=y, v(dy)=dy— 25-

By considering the filtration of U by the powers of the image of L in U, with
associated graded algebra the symmetric algebra of L over S (see [Rinehart 1963,
Theorem 3.1]), it appears that U* = §* = R*. Accordingly, U has no nontrivial
inner automorphism. Consequently, U is Calabi—Yau if and only if v = Idy, that is,
if and only if char(R) =2, or else P € R.

Example 6.1.3. Let S = R[x, y, z]. Let P, Py, P, € § be such that

— —
P Acurl(P)=0,

Py
p, .
P;

Hence, the following defines a Poisson bracket on S,

—
where P denotes

{x’y}:PZ’ {y,Z}=Px, {Z,X}ZPy-

As in the previous example, let (S, L := Qg/r) be the associated Lie—Rinehart
algebra over R. As is well-known,

0 0 0 0 0 0
—}=Pi——P,—, {Z’_}—Pya_an-

{'x’_}=P aZ Zax

Za_Py&a {ya
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Therefore, using the basis (dx, dy, dz) of Qg/g over S,

div(dgy) Tr(adgx) N
div(dgy) | = | Tr(adgy) | =curl(P).
div(dg;) Tr(adg;)

Using Corollary 6.1.1, it follows that U is skew Calabi—Yau in dimension 6 and
has a Nakayama automorphism v € Autg(S) such that

v(x) x v(dx) dx N
vy | =1y and v(dy) | =|dy | +2curl(P).
V(2) Z v(dz) dz

As in the previous example, there are no nontrivial inner automorphis)ms for U.
Hence, U is Calabi—Yau if and only if char(R) = 2, or else curl(P)=0. In
particular, when R contains @ as a subring, then U is Calabi—Yau if and_or)lly if the
Poisson bracket is Jacobian, that is, there exists Q € S such that P = grad(Q).

By the Quillen—Suslin Theorem, when R is a field and n € N, any R[x, ..., x,]-
module that is finitely generated and projective is free. Hence, Corollary 6.1.1 also
applies to all Lie—Rinehart algebras of the shape (R[xy, ..., x,], L), where R is a
field.

6.2. On two-dimensional Nambu—Poisson structures. Following Corollary 1, U is
skew Calabi—Yau when S is flat over R and Calabi—Yau and (S, L) is given by a
Poisson bracket on S. Assuming these properties, this section computes a Nakayama
automorphism of U for a class of examples of two-dimensional Nambu—Poisson
structures (see [Laurent-Gengoux et al. 2013, Section 8.3]).

Let S = R[x, y,z]/(P) where P =1+ T for some T € R[x, y, z] which is
(p, q, r)-homogeneous in the sense that p,q,r € Rand t := pa +qgf +ry isa
unit in R which does not depend on the monomial x*y#z? appearing in 7. The
hypotheses imply the following equality in S:

oP oP

dP .
(6-2) pX—+qy—+rz—=—t(€R").
ox ay 0z

Let Q € R[x, y, z] and endow S with the Poisson structure such that
JaP JaP oP

(6'3) {xay}zQ_a {y’Z}ZQ_9 {Z»x}:Q_'
0z ox ay

Consider (S, L := Qg/r) as a Lie-Rinehart algebra such that, for all 5,7, s" € S,
o [ds,dt]=d{s,t},
o (sdt)(s") =s{t,s'}).
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Consider the following 2-form on S:
ws = pxdy ANdz+qydz Adx +rzdx Ndy.

According to (6-2), Qg is a projective S-module of rank 2. And the relation
oP oP oP

—d —d —d =0
ox x-l—8 y+ Z

in Qg yields the following relations in A2 5S2s/R:

aP P
a—d xAdy = a—dy/\dz,

Wdy/\dZZEdZ/\dx,

oP P
—dzANdx = ——dx ndy.
92 ZAdx 3y xAdy

Combining with (6-2) yields

dx Ady =—t~! Qa)s,
0z
__-19P
dyrndz =—t ox ws,
dzNdx = —tila—Pa)S.
dy

Thus, wg is a volume form of S.
In order to determine the divergence of wg, consider the derivations dy, 8y, §; €
Derg (S) given by

oP oP
3XZX|—> 0 SyZXl—)—E SZ:.XH W
— apP — 0 > — opP
YT Y Y ox
oP oP
> — — > — z+—> 0.
ay ox
Note that
{x, =} = 0Qéy, {y,=}=045 and {z,-}=0é..
Then,
ts, (ws) =5, (pxdy Ndz+qydz Adx +rzdx Ady)
oP oP
= px (—dz + —dy) de — rza—zdx

=tdx (see (6-2)).
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Therefore, using the symmetry between x, y and z,
div(éy) = div(dy) = div(é,;) = 0.
Apply Lemma 5.3.1, taking into account that Ay = —div (see (4-16); then,

div({x, —}) =div(Qd;) = Qdiv(dx) +8:(Q).
Therefore,

. 0Q0P 0QO0P
6-4 d -Hh==-=—.

(6-4) iv({x, -} 3y 9z 9z By

Applying Corollary 1 gives that the enveloping algebra U of (S, Qg/r) is skew

Calabi—Yau. It has a Nakayama automorphism v : U — U such that, for all s € S,

v(s) =s,
v(dx) dx
— —
v(dy) | = | dy | +2grad(Q) A grad(P).
v(dz) dz
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NONDEGENERACY OF THE GAUSS CURVATURE EQUATION
WITH NEGATIVE CONIC SINGULARITY

JUNCHENG WEI AND LEI ZHANG

We study the Gauss curvature equation with negative singularities. For
a local mean field type equation with only one negative index we prove a
uniqueness property. For a global equation with one or two negative indexes
we prove the nondegeneracy of the linearized equations.

1. Introduction

In this article we study two closely related equations, defined locally and globally
in R?, respectively. The first equation is defined in @ C R? which is simply
connected, open and bounded. Throughout the whole article we shall always
assume that the boundary of €2, denoted as d€2, is a rectifiable Jordan curve, and
we say 2 is regular. Let pg, p1, ..., pm € 2 be a finite set in 2. Then we consider
v as a solution of

(A1) Av +Aﬁ = —4magd,, + Y g 4med,  in
v=0 onodL,
where g € (0, 1), ay,...,a, >0and A € R.

The second equation is concerned with the stability of the following global
equation, which we suppose has u as a solution:

N
(1-2) Au+e' =) 4npis, inR
i=1
where B1, ..., B, are constants greater than —1 and py, ..., p, are the locations of
singular sources in R% For this equation we shall prove that under some restrictions
of B;, any bounded solution of the linearized equation has to be the trivial solution.
The background of both equations is incredibly rich not only in mathematics
but also in physics. In particular, the study of (1-1) reveals core information on the
configuration of vortices in the electroweak theory of Glashow—Salam—Weinberg
[Lai 1981] and self-dual Chern—Simons theories [Dunne 1995; Hong et al. 1990;

MSC2010: primary 35J75; secondary 58J05.
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Jackiw and Weinberg 1990]. Also in statistical mechanics the behavior of solutions
in (1-1) is closely related to Onsager’s model of two-dimensional turbulence with
vortex sources [Caglioti et al. 1995; Chanillo and Kiessling 1994]. Most of the
motivation and applications of both equations come from their connection with
conformal geometry. The singular sources represent conic singularities on a surface
with constant curvature. There is a large number of interesting works that discuss
the qualitative properties of solutions of such equations. We mention [Chang et al.
2003; Bartolucci and Lin 2009; 2014; Bartolucci and Malchiodi 2013; Bartolucci
and Tarantello 2002; Chanillo and Kiessling 1994; Chen et al. 2004; Chen and Lin
2010; 2015; Chen and Li 1993; 1995; Li 1999; Lin et al. 2012; Luo and Tian 1992;
Malchiodi and Ruiz 2011; 2013; Nolasco and Tarantello 2000; Ohtsuka and Suzuki
2007; Spruck and Yang 1992; Struwe and Tarantello 1998; Tarantello 2010; 2017;
Troyanov 1989; 1991; Zhang 2006; 2009]. It is important to observe that it seems
there are very few works which discuss singularities with negative strength and
even fewer about the comparison between the negative indexes and positive ones.
In this article, using an improved version of the Alexandrov—Bol inequality, we
discuss the uniqueness property and the nondegeneracy for a local equation and a
global equation. Our proof is based on techniques developed in a number of works
of Bartolucci, Lin, Chang, Chen and Lin, etc.

To state the main result on the local equation, we first rewrite (1-1) using the
following Green’s function.

For p € @, let G, (x, p) satisfy

—AGy(x, p) =4mwad, inL2,
Gy(x,p)=0, xe€0Q,

and m
u=v—Gy, +Z G, (x, pj).
j=1

Then u satisfies

(1_3) {AM —|—)\.([']e”)/(/Q Heu) =0 inQ,

u=0 onodQ,

where
m m
(1_4) H(X) — eGO(x»PO)er:l Go(/- (x,p) — eh(x)|x _ P0|_2a0 ]_[ |X _ pi|20{,~
i=1

9

where £ is harmonic in €2 and is continuous up to the boundary.
The first main result is the following theorem:

Theorem 1.1. Let u be a solution of (1-3) and H be defined by (1-4). Assume that
Q is regular, then for any A < 8w (1 — «) there exists at most one solution to (1-1).
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Here we note that for A < 87 (1 — «), the existence result has been established
by Bartolucci and Malchiodi [2013]. The existence result for A = 87 (1 — ag) will
be discussed in a separate work.

The second main goal of this article is to consider the nondegeneracy of (1-2)
when there are exactly two negative indexes:

(1-5) Au+e" = —dro 8, — 4w sy, + Y iy 4npid,, in R2,
u(x) = —4log|x|+ a bounded function near oo,
where a1, oy € (0, 1) and 8; > 0 fori =3, ..., n and we assume that n > 3. The

assumption of u at infinity says that oo is not a singularity of u when R? is identified
with S2

Let

2 n
(1-6) wy(x) =u(x)+ Y 20;loglx — pi| =2 piloglx — pil;
i=1 i=3
then clearly u; satisfies
{Aul + Hie =0 in R2,
up(x) =(—4—20; —202+2% "7 5 Bi)loglx|+ O(1), for|x| > 1,

where

2 n

(1-7) Hix)=]]lx—pil 2 [[lx = pil?#,  forx e R
i=1 i=3

Our second main result is the following theorem:

Theorem 1.2. Let u, u; and H, be defined as in (1-5), (1-6) and (1-7), respectively.
Suppose ¢ is a classical solution of

(1-8) A+ Hi(x)e"¢p =0 inR%
If lim,, | (x)|/log|x| =0 and a1, an, B; satisfy the condition

(1-9) — max{ay, o} + minfery, a2} + Y Bi <0,
i=3

then ¢ = 0.

Here we recall that the total angles at singularities are 27 (1 —«1), 27 (1 — o),
2r (14 B;) (i =3, ..., n). For a surface S with conic singularities, let

0;
x(s,e>=x<S>+Z<g—1>,

where 6; is the total angle at a conic singularity, and y (S) is the Euler characteristic
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of §. The purpose of introducing x (S, 8) is to put all surfaces with conic singularities
into three cases:

(i) The subcritical case if x (S, 8) < min;{2, 6; /7 },

(i1) The critical case if x (S, 8) = min;{2, 6;/7},
(iii) The supercritical case if x (S, 8) > min;{2, 6;/7}.
In our case x(S) =2 because S is the standard sphere. It is easy to see that (1-9)
refers to the supercritical case. For the subcritical case, Troyanov’s well-known
result [1991] states that every conic singular metric is pointwise conformal to a
metric with constant curvature.

Finally, if there is only one negative singular source, a similar result still holds:
Let u satisfy

(1-10) Au+e' = —drad, + Y ' ,4np:i8, inR?
u(x) = —4log|x| 4+ a bounded function near oo,
where o € (0, 1) and 8; > 0 fori =2, ..., n and we assume that n > 3.
Let

n
w1 (x) = u(x) + 2o loglx — p1| =2 )~ Bi loglx — pil;
i=2

then clearly u; satisfies
(L-11) Auy+ Hre"' =0 in R?,
ui(x) =(—4-2a+2%"_, B loglx|+0(), for|x|>1,

where

n
(1-12) Hy@) = |x = pi| 2 [ [le = pil?P. - for x e R,

i=2

Our third main result is:

Theorem 1.3. Let uy be a solution of (1-11) with Hj defined in (1-12). Let ¢ be a
classical solution of

(1-13) Ap + Hr(x)e'¢p =0 in R%.

If lim, | (x)|/log|x| =0 and «, B; satisfy
(1-14) —a+ Y B <0,
i=2

then ¢ = 0.
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The organization of this article is as follows. In Section 2 we derive a Bol’s
inequality with one negative singular source. Then in Section 3 the first two
eigenvalues of the linearized local equation are discussed. The proofs of the major
theorems are arranged in Sections 4 and 5. The main approach of this article follows
closely from previous works of Bartolucci, Chang, Chen and Lin, etc.

2. On Bol’s inequality and the first eigenvalues of the local equation

One of the major tools we shall use is Bol’s inequality:

Proposition 2.1. Let Q@ € R? be a simply connected, open and bounded domain
in R Let u be a solution of

Au+Ve'"=0 inQ
for

n
2-1) V=lx—pil 2 [Tl = pile
i=2

and Ag > 0in Q. Here py, ..., p, (n > 2) are distinct points in Q2. Let w C Q be
an open subset of Q2 such that dw is a finite union of rectifiable Jordan curves. Let

Ly, (dw) = (Ve“)% ds, My, (w)= / Ve' dx.
dw w
Then
(2-2) 2L§0(3w) > Br(1 —ap) — Myy (@) Myy(w).

The strict inequality holds if w contains more than one singular source or is multiply
connected.

Our proof of Proposition 2.1 is motivated by the argument in [Bartolucci and
Castorina 2016] and [Bartolucci and Lin 2009; 2014]. For the case where oy = 0,
the proposition was established in [Bartolucci and Lin 2014], and for the case where
V has only a singular source at 0, it was established by Bartolucci and Castorina. It
all starts from an inequality of Huber:

Theorem A [Huber 1954]. Let w be an open, bounded, simply connected domain
with dw being a rectifiable Jordan curve, V = |x|72%¢8, for some Ag > 0 in w.

Then 5
~ 1 -
</ VZdS) 2471(1—040)/de if 0 € w,
Jw w

~1 2 ~
</ V2ds> 2471/de if 0 ¢ w.
w w

Huber’s theorem can be adjusted to the following version:
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Theorem B (Bartolucci—Castorina). Let w C R? be an open bounded domain such
that dw is a rectifiable Jordan curve. Suppose @p is the closure of a possibly
disconnected bounded component of R> \ w and wg is the interior of @g. Let
V = |x| 728 for some g satisfying Ag > 0 in the interior of ® U @g. Then

.1 2 ~
(/ V2 ds) >4 (1 —ozo)/ Vdx,
dw w

if O is in the interior of U @wp, and

~ 1 2 ~
(/ \% ds) 2471/ Vdx,
Jw 5}

if 0 is not in the interior of ® U @p.

|

Proof of Proposition 2.1. We shall only consider the first case mentioned in
Theorem B because the other case corresponds to o = 0. Let
Ag=0 ino,
g=u onow.
and let n = u — g. Then the equation for 7 is
(2-3) {An—i—Veqe”:O in w,
n=0 onodw,
and we use
Ly = maxn.
w

Then we set
Q) ={xcw; n(x)>1}, T@) =030, u(z):/ Vel dx.
Q1)

Clearly Q2(0) = w, u(0) = fw Veldx, and p(t,) =1lim;—,,— u(t) =0. Since u is
continuous and strictly decreasing, it is easy to see that

du(r)
dr

For all s € [0, 1 (0)], set

(2-4)

Vel
— ds, for almost every ¢ € [0, #,,].
ra 1Vnl

n*(s) =t €0, 1], w(t)> s}l

where |E| is the Lebesgue measure of the measurable set £ € R. It is easy to
see that n* is the inverse of  on [0, #,,] and is continuous, strictly monotone and
differentiable almost everywhere. By (2-4) we have, for almost all s € [0, «£(0)],

dn* Vel -
(2-5) =— dt) .
ds ro*(s) 1Vl
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Let

F(s) = / e"Veldx, foralmostevery s € [0, u(0)].
Q(n*(s))

Then by the definition of €2(¢) we see that

tm Vel
F(s)=/ e’(/ ¢ ds)dt.
n*(s) I, |VT]|

Using B8 = u(t), we further have

(2-6) F(s)= / e ® dB,
0

1

where n* = u~' and (2-4) are used. The definition of F also gives

F(O):/ e"Veq=/ e"Vel =0
Qn*(0)) Q(tm)

and F(u(0)) = fw e'ldt = M (w). Consequently, from (2-6) we obtain

d*F dn* ., dn*dF
2 e D97 for almost every s.

(2-7) d_F — T ®
T ds? ds ds ds’

ds

Here we use the argument from [Bartolucci and Castorina 2016] to show that n* is
locally Lipschitz in (0, 1 (0)):

Lemma 2.1. Forany0O<a<a<b <b< u(0), there exists C(a, b, Bi,...,Br)>0
such that
n*(a) —n*(b) < C(b—a).

Proof of Lemma 2.1. First we find €2, ; that satisfies
xew; n°(0) <n(x) =n"(@)} EQup Ew.

Using Green’s representation formula we have

IVn(X)I5C+C/ ly — pr 20 dy.

Qab |x - )7|

A standard estimate gives

(2-8) |Vn(x)| < C+ Clx — po|' 7.
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Recall that dn = Ve9dx. Thus

b—a=pmn*®)—nn*())

= / dr — / dt > / dt
n>n*(b) n>n*(a) n*(b)<n<n*(a)
7)*(“) Veq
2/ (/ —ds) dt.
b \Jre [Vl
Using the expression of V in (2-1) and (2-8) we further have

1 n*(a) 1
b—a>— (/ 5 )dt
C Jpwy \Jra 1x — pol= +[x — pol

1 (7@
> —/ Li(T(t)dt
C Jo

n*(a)

> min Ll(F(t))/ dt
]

T or)<r<n*(@) *(b)
> C(n*(a) —n* (b)),

where the estimate of Vi was used, L (I"(¢)) stands for the Lebesgue measure of
I" and in the last inequality, the standard isoperimetric inequality

Li(I'(1)) =4 |Q(1)| = 4m|Q(n*(@)] > 0
is used. Lemma 2.1 is established. O

Now we go back to the proof of Proposition 2.1. By Cauchy’s inequality

2
1
(2-9) (/ (Ve?)2 ds)
T (7*(s))
Vel
(L ), o0
rasy V1l (n*(s))

dn*\~" 9
— (_ i ) (/ (__77) ds), for almost every s € [0, u(0)],
ds raren\ 9V

where v = V1 /|Vn|. Moreover from (2-3)
(2-10)

d
/ <__77> ds =/ Vele"dx=F(s), foralmostevery se€[0, u(0)].
I'(n*(s) Q*(s))

By Theorem A, the following inequality holds for almost all s € [0, w(0)]:

2
(2-11) (/ (Veq)é) > 4 (1 — ao) (0™ (s)) = 4m (1 — ap)s.
L1 (s))
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Putting (2-10) into (2-9) yields

2 dn* —1
1 n
(2-12) (f (Veq)zds) < (— ) F(s).
T(n*(s)) ds

Using (2-11) in (2-12), we have

*

dn
ds

-1
4 (1l —ag)s < (— ) F(s), foralmostevery s € [0, u(0)],

which is equivalent to

*

dn
(2-13) 4 (1 — ap)s
ds

By (2-7) and (2-13), we obtain

+ F(s) >0, for almost every s € [0, u(0)].

d dF | 2
7 4 (1 — ap) sd——F(s) +5F7(s) | =0, foralmost every s € [0, u(0)].
s K

Let P(s) denote the function in the brackets, then P is well defined, continuous,
nondecreasing on [0, ©(0)]. By the Lipschitz property of n*, P is absolutely
continuous on [0, w(0)];

bap
P(u0)—PO)= Ilim lim —ds.
b—p(0)~ a—0*+ J, ds

Using F(0) =0, F(u(0)) = M(w), and Cfl—fh:u(O) =¢% =1, we have
87 (1 — o) (14(0) — M (@) + M (@) = 0.

Then Huber’s inequality and I"(0) = dw further yield

2 2
212(80)):2( (Ve”)ids> :2(/ (Ve‘i)ids>
Jw Jw

> 87 (1 — o) (0) = M(w)(Bm (1 —ap) — M(w)),

where we have used the fact that v = g on dw. The Bol’s inequality is established.
The equality holds if Ve? = |x — p0|_2°‘°|<D;|Zek on (t) for almost all ¢ € (0, t,,,)
where k is a constant. In particular for t =0, ®¢ maps 2 to a ball. In this case g
must be harmonic. On the other hand from the equality of Cauchy’s inequality we
have

Vel =¢,|Vn|> onT(t), foralmostevery ¢ € (0, 1,),

for some ¢; > 0. Putting w = ®g(z) and &(w) = n(cbgl(w)) + k, we see that &
satisfies
A& 4 |x| 72065 =0,
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and & is radial. This & is a scaling of

8(1 — ap)?

O T ey

Thus we have strict inequality in Bol’s inequality if at least one of the following
situations occurs:

(1) p1 ¢ o,
(2) w has at least two singular sources

(3) w is not simply connected. ([

3. The first eigenvalues of the linearized local equation

Proposition 3.1. Let Q be an open, bounded domain of R? with rectifiable boundary
02, V =|x|7* ]_[f;l |x — pi|*Pie? for some subharmonic and smooth function g,
ag € (0,1), Bi,...,Br >0, and assume that all the singular points are in Q: 0,
DPls ..., Pk € Q. Let w be a classical solution of

Aw+Ve” =0 inQQ.

Suppose 1y is the first eigenvalue of

—Ap—VePp=0DVe¥p inQ,

G-1) {¢=0 on 9%

Then if [, Ve" < 4mn (1 —ag) we have Dy > 0. Moreover if [ Ve < 8m (1 — )
we have vy > 0.

Proof. Let vi = by 4+ 1 and ¢ be the eigenfunction corresponding to D, then we
have ¢ > 0 and
—Ap=vVe¥p inQ,
{(b =0 onodf2.

Let
Up(x) = (—=2) log(1 + |x[*17%) 4+ Tog(8(1 — arg)?).

Then clearly Uy solves

AUy + x| 2% =0 in R%.

For t € (0, t;) where 1ty = maxg ¢, we set Q(f) = {x € 2, ¢(x) >t} and we set

R(?) to satisfy
/ Ve” =/ eVo x| =2,
Q1) Br
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Clearly Q2(0) = @, Ro = lim;_ o4 R(?), lim,_,,,_ R(z) = 0. Let ¢* be a radial
function from Br, — R. For y € Bg, and |y| =, set

¢*(r) =sup{t € (0,7y) | R(t) > r}.

Then ¢*(Rp) = lim,_, g,— ¢*(r) = 0, and the definition implies
Bray ={y € R%, ¢*(y) > 1}.

/ eYo x| 720 =/ Ve”, tel0,ry].
P*>t Q1)

/ |x|2aer0|¢*|2:[ Vew¢2'
Bg, Q

Then for almost all ¢
d 2
(3-2) ~ 7 Vol = Vol
I Jaw o=t
. 2 Vet —1
> Ve")2ds / —ds) ,
([Lovertas) ([
4 1 1 2
= ——/ Vew (Vew)st
dr Joq o=t
4 1
87 (1—op)— Vew)</ Vew><——/ Vew) ,
Q) o dt Jo

87 (1—ag)— eU°|x|_2°‘0>
P*>t

d -1
X(/ eU()|x|—20lo)(__/ er|x|—20{0> )
s dr J .,

Applying the same computation to ¢* we see that for almost all ¢, since ¢* is radial,
we have

d
_ |V¢>*|2=/ V4]
dt Jou b=t
2 -2 U —1
= (/ le_“UeUO/zds) (/ e 0ds)
P o=t VP
—1 2
= —i/ x| 72200 / x| 7202 g )
dt Q) br=r

e R
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Direct computation on Uy gives

d -1
<__/ |x|—2aero) =l(87'[(1—0{0)— eU0|x|—2ao></ er|x|—2a0>.
dt () 2 P>t P*>t

Thus the combination of the two equations above gives
_i *12 l _ _ Upy,.1—20
(3-3) Vo™ " = 5| 87 (1—ap) e”’|x|
dt Jau 2 b1

d _1
X(/ er|x|—20!()> (__/ eU0|x|—2a0)
P*>t dt P*>t
for almost all ¢ € (0, £).

Integrating (3-2) and (3-3) for ¢ € (0, £;.) we have

/ |V¢>*|25/|V¢|2.
Bg, Q

If vi <1, we obtain from (3-1) that

02<v1—1)/ Ve“’|¢|2=/|V¢|2—/ Ve gl
Q Q Q

2 U, —2 2
z/ V7| —/ Vo x| 20 % 2.
BR(J BRO

—A— |x|_2"‘OeU0

Thus the first eigenvalue of

on Bp, with Dirichlet boundary condition is nonpositive. Since
1— |x|2(1—a0)

¥ =201 = 00) iy

satisfies
—AY — |x| 2%y =0 in R?,

we see that Ry > 1. But

x| 720e% = 4 (1 — ap),
By
so we clearly have U > 0. From the proof of Bol’s inequality we see that the strict
inequality holds because €2 has more than one singular point in its interior.

The proof of D, > 0 for a higher threshold of fQ Ve" is very similar. If we
consider €2 and €2_, which are the set of points where ¢ is positive or negative,
respectively, the integral of Ve" on at least one of them is less than or equal to
47 (1 — o). The argument of redistribution of mass can be applied to at least one
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of them. Then we see that either one of them has the integral of Ve" strictly less
than 47 (1 — «p), which leads to a contradiction, or both regions have their integral
equal to 47 (1 — «p). In the latter case, the equality cannot hold because 0 can only
be in the interior of at most one region. Then at least one region either does not
contain 0 in its interior, or is not simply connected. The strict inequality holds in at
least one region. Thus D, > 0 if fQ VeV <8m(1 —ayp). O

4. The proof of Theorem 1.2

First we claim that ¢ in the linearized equation is actually bounded. Recall that u
satisfies

Auy+ Hie" =0 in R?,

n
ui(x) = (—4+2a1 + 2 —22@) loglx|4+ O(1) at oo.
i=3

By the equation for ¢ and the mild growth rate of ¢ at infinity, we have

1
b =5 / oglx — YIHI (0" Vp()dy e, xR,
R

for some ¢ € R.
Differentiating the equation above, we have

1 v
al-d»(x):—/ T g dy, =12, xe R
21 Jge |x =yl

By standard estimates in different regions of R? it is easy to see that
Xi

AP = Az + O Ixl> 1 i=1.2
X

for A = % fRZ Hie"'¢ and some § > 0. Thus the assumption ¢ (x) = o(log|x|)
actually implies

4-1) Hye"¢ =0.
R2
and
(4-2) px)=C+O(x|™), |x|>1,

for some § > 0.
Next we make a transformation on the equation for u;. Without loss of generality
we assume p; = 0 and we write H; as

Hi(x) = x|V,
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Let
X
uz(x) =uy <W) — (4 —2ay) log|x|,

then direct computation shows that

Auy+ Voe"™ =0 in R?

and
uz(x) = (=4 +2ay)log|x|+ O(1) at oo,

where V,(x) = Vi(x/ |x[?). It is also easy to verify that
4-3) Hie" = / Ve,
R2 R2

Setting ¢ (x) = ¢ (x/|x|?), we see that
Ap1 + Vo2 =0 in R>.

Here we note that by the bound of ¢ near the origin, the equation above holds in
the whole R2.

First, by the asymptotic behavior of u; at infinity, integration of the equation for
uy gives

1 n
(4-4) 5/ Hie =4 -2 +a2) +2 3 i <401 — ).
R i=3

From the definition of ¢ we have ¢ (x) — cg as x — oo for some ¢y € R. Without
loss of generality we assume cy < 0. By the same estimate for ¢ we have

(4-5) / Vyel2gy = 0.
R2

By (4-3) and (4-4) we have

f Ve <8 (1l —an).
R2
Let ¢, be an eigenfunction corresponding to eigenvalue b:

—Apy — Vae'2gy = DVoe'2 ¢y in R2,
limy, 00 $2(x) =co <0,

Jre Vae"2pp = 0.

We claim that D > 0.
By way of contradiction we assume that U < 0. By setting v = 1 4+ D we clearly
have v < 1 and

Ady +vVae2r =0 in R%.
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Let QT = {x; ¢ (x) > co}, then by the same argument as in the proof of the
previous proposition we must have

f Va2e"? = ca(co) = 4n (1 —ap)
Q+

and if the equality holds, we have ¢y = 0. Then there is one singular source with
negative index —4mwa, in the interior of 2, which has to be simply connected at
the same time. All other singular sources (which have positive indexes) are not in
the interior of €.

Let ¢* be the rearrangement of ¢, in 2. By the previous argument we have

/IV¢2|2§/ Vg
Q4 Bgr

1
and ¢3(cp) = fBRl |x|722¢, Let
Ccl = min (]52
R2

and we set R, to make

/ |x|_2°‘2eU0 = / Vie"?.
B, \Bg, RA\Q+

Note that R, could be co. Then we define a radial function ¢** from Bg, \ Bg, — R:
forany y € Bg, \ Bg,, |y|=r,

@™ (r) = inf{t € (c1, co) | R (1) < r},

where R(7)(¢) is defined by

o

The definition of ¢** implies

|x|72azer — f Vae'?,  forall t € (cy, o).

RO @) $2<t

f |x|_2azeU0|¢(**)|2 — / V2€u2|¢2|2, Q = [RZ \ Q4
Bey\Br, Q-

and

/ |x|72azer¢(**) — f V2€u2¢2, Qf — RZ\Q+.
Bg,\Bg, -

The symmetrization also gives

/ |V¢**|25/ Vel
By \Bg, Q-



470 JUNCHENG WEI AND LEI ZHANG

Now we set
¢o*(r) for r €[0, R{],

¢* : BR2 — [R, ¢* radlal ¢*(r) = {¢>(<*(r) for r e [Rl’ R2)

Since ¢, is continuous, monotone, we have

/ Vol < / Val? = / Vae g = / 226U, 2.
Br, R R Br,

From the definition of ¢, we also have

f |x|—2azer¢* =0.
BR2
Let

K*=inf{ [ |V¥|?dx, ¥ isradial, [plx|722e%y =0, [|x|722e%y2=1}.

By Holder’s inequality we have

1 1
2 2
—20 U, —20 ,Up 1.2 —20 U,
[t < ([ rmeng?) ([ rzeen)”
R R R

which implies that the minimizer (say ¥ *) also satisfies

/ x| 22eoy* = 0.
R2

Clearly the minimizer * satisfies

AY* + K*|x|722e%y* =0 in R%.

From ¢, and the definition of K* we already know K* € (0, 1). Our goal is to

show that K* = 1 by an argument of Chang, Chen and Lin [Chang et al. 2003].

The minimizer ¥* should only change sign once. Let & be the zero of ™.
Integrating the equation for ¥*, we have

d r o0
rd—x/f*(r) = —K*/ |1 72%2eY0) % (5) ds = K*f s1=22 0y *(5) ds < 0,
r 0 r

for r > &y. Thus ¢* is decreasing for r > &, and rj—rw*(r) — 0 asr — o0. The
equation for ¢* also gives

oo bl oo
S K*(/ |s|1720l2€U0(w*(s))2 ds)z (/ slfzazer(S) dS) S Cril,

for large r. Therefore lim, _, o, ¥ *(r) exists and is a negative constant.
Let

—
Noj—

d *(r)
r;lﬂ r

1— r2(1—a2)

Y(r) =2(1 —az)m-
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Then 1 satisfies
AY +r722e%y =0 in R2.

It is easy to obtain the following from the equations for ¢ and for ¥ *:

YU* /_ L= K (7 e vy
r(lﬂ(r)) “ve ), Y ()Y (s) ds.

If& <1, 10]// (( )) is increasing from r € (0, &g]. Clearly this is not possible because

otherwise this could happen:

VO Y Go) _
o) T v

On other hand, we observe that it is also absurd to have &, > 1, indeed, had this
happened, we would start from

0<

hm R(‘f) (R)Y*(R)— r<ﬁ) (r)WZ(r)=(1—K*)/O;12“2eU°w*(s)Iﬂ(s)ds.

Since
. d ’ * —
Jim R(Sy* (RY(R) = ' (R)W™(R)) =0,
we have

(f)w(r)—a K)f s'7222eDOy* (5)yr(s) ds.

If& > 1, (W*(@r))/(¥(r)) is decreasing for r > 1, which yields

VS, VO lim ¥*(r) > 0.
— Y(o) = ()  2(1—ap) rooo

This contradiction proves that & = 1 and ¥ *(r)y (r) > 0 for all r # 1. Furthermore

) d . d N
0= lim { —¢" (Y () = — ()Y (r) |r
r—oo\ dr dr
(0]
=(1- K*)/ s1722 U0y () (s) ds.
0
Thus we have proved that K* = 1 and the desired contradiction. Theorem 1.2 is

established. 0

The proof of Theorem 1.3 is very similar, we just use Kelvin transformation
to move the negative singularity to infinity, then use the same argument with the
standard Bol’s inequality for nonnegative indexes.
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5. The proof of Theorem 1.1.

Our argument follows from a previous result of Bartolucci and Lin [2009] for
nonnegative indexed singularities. We prove by way of contradiction. Suppose u is
a solution of (1-3) and a nonzero function ¢ € HO1 (€2) is a solution of

—AG—A(He") /([ He dx)d+ 1 ([, He" @) (He") /([ He') =0 in Q,
=0 ondS.

Let w = u +log A —log( [, He" dx) and

¢:d~)_fQHe”q~>_
fQ He" '’
we have
Ap+ HePp=0 in Q,
= 092,
5-1) ¢ =co on
JoHe"¢ =0,

= [y He" < 8r(1—ay).

Without loss of generality we assume cg < 0. Our goal is to show that ¢ = ¢g, which
further leads to cop = 0, obviously. If ¢ =0, ¢ must change sign if not identically
equal to 0. But this situation is ruled out by Proposition 3.1 that v, > 0. So we only
consider cg < 0. Let

Qr={xeQ, ¢(x)>0}, Q_={xeQ, ¢(x) <0l

Clearly dist(24, d€2) > 0. Then if fQ+ He" <4m (1 — ap) there is no way for ¢ to
satisfy (5-1) on 2 without being identically zero. Then using the same rearrange-
ment argument as in the proof of Theorem 1.2 we can also reach the following
conclusion: if ¢, is a solution of

—A¢y — re'wpy = ve'wer in Q,
¢2 =cCcop On 89,

then v > 0. The remaining part of the proof of Theorem 1.1 follows by standard
argument in [Chang et al. 2003] and [Bartolucci and Lin 2009]. We include it with
necessary modification.

If we use L, to denote the linearized operator of (1-3), we know that all eigenval-
ues of L, are strictly positive for A € [0, 87 (1 —ap)]. By using the improved Moser—
Trudinger inequality [Malchiodi and Ruiz 2011], one can easily find a solution
of (1-3) by the direct minimization method. By the uniform estimate of the linearized
equation and standard elliptic estimate we have: for any € € (0, 87 (1 — ap)),

(5-2) lurlloo < AC,
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for some C. > 0, A € [0, 87(1 —agp)] and u, as a solution of (1-3). Let S, be the
solution’s branch for (1-3) bifurcating from (u, A) = (0, 0). The standard bifurcation
theory of Crandall and Rabinowitz [1975] gives that S, is a simple branch near A =0.
This means that for A > 0 small there exists one and only solution for (1-3) and S
is smooth in C?(£2) x R. By the implicit function theorem (because L, has positive
first eigenvalue) S, can be extended uniquely for A € (0, 87 (1 — «p)). If for any
given A € (0, 8w (1 — «p) there is another solution, it implies the other solution’s
branch does not bend in [0, 87 (1 —g)). By the uniform estimate (5-2), this second
branch intersects S, at (¢, A) = (0, 0). This contradiction proves the uniqueness for
A €0, 87 (1 —ap)). If a solution exists for A = 8w (1 — «p), the implicit function
theorem and the uniqueness result can be combined to prove the uniqueness in this
case as well. Theorem 1.1 is established. O
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EXTENSIONS OF ALMOST FAITHFUL PRIME IDEALS IN
VIRTUALLY NILPOTENT MOD-p IWASAWA ALGEBRAS

WILLIAM WOODS

Let G be a nilpotent-by-finite compact p-adic analytic group for some p > 2,
and H = FN,(G) be its finite-by-(nilpotent p-valuable) radical. Fix a finite
field k of characteristic p, and write kG for the completed group ring of G
over k. We show that almost faithful G-stable prime ideals P of k H extend
to prime ideals PkG of kG. This is a crucial building block in understand-
ing the prime spectrum of kG.

Introduction 477

1. p-valuations and crossed products 481

2. A graded ring 490

3. Extending prime ideals from FN,(G) 502

References 509
Introduction

Let G be a compact p-adic analytic group and k a pseudocompact ring. Denote
by kG (or k[[G])) the completed group ring (sometimes known as the Iwasawa
algebra) of G over k.

In a survey paper, Ardakov and Brown posed the following (imprecise) question
in the cases when k =, or Z:

Question [Ardakov and Brown 2007, Question G]. Is there a mechanism for
constructing ideals of kG which involves neither central elements nor closed normal
subgroups?

A negative answer was given in [Ardakov 2012] for prime ideals in the case when
G is a nilpotent p-valuable group and £ is a field of characteristic p. Explicitly:
Let P be a prime ideal of kG. Then there is a closed normal subgroup P" < G
such that P contains the augmentation ideal ker(kG — k[[G/P 1) [Ardakov 2012,
§1.3], with the following properties. Firstly, G := G/ P is torsion-free [Ardakov
2012, Lemma 5.3(c)], and hence remains p-valuable [Lazard 1965, 111, 3.1.7.6;
IV, 3.4.2]. Secondly, and writing (-) for the natural ring homomorphism kG — kG
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given by quotienting by the above augmentation ideal, we have that P is controlled
by Z := Z(G) [Ardakov 2012, Theorem 8.4], that is, (P NkZ)kG = P. Hence
P can be completely understood in terms of the augmentation ideal of the closed
normal subgroup P' and the ideal P NkZ of the central subring kZ C kG.

In this paper, we wish to take some steps toward extending this result.

Henceforth, we will take G to be a nilpotent-by-finite compact p-adic analytic
group, and k a finite field of characteristic p. Recall the characteristic open subgroup
H =FN,(G), the finite-by-(nilpotent p-valuable) radical of G, defined in [Woods
2018, Theorem C]. This plays an important role in the structure of the group G; for
instance, see the structure theorem [Woods 2018, Theorem D].

In this paper, we demonstrate a connection between certain prime ideals of k H
and those of kG. Recall [Ardakov 2012, §1.3] that a prime ideal P of k H is faithful
if the natural map H — (kH/P)™ is injective. The main result of this paper is:

Theorem A. Fix some prime p > 2. Let G be a nilpotent-by-finite compact p-adic
analytic group, H = FN,(G), and k a finite field of characteristic p. Let P be an
almost faithful, G-stable prime ideal of kH. Then PkG is a prime ideal of kG.

Anticipating a future application, we actually prove something slightly stronger:
not just that PkG is prime, but that P (kG),, is prime for certain central 2-cocycle
twists (kG), of kG; see [Woods 2016, §4.2] for details of where these arise.
However, for the purposes of this paper, this is just a formality; the proofs are
identical, and the reader would lose nothing by assuming (kG), = kG throughout.

Recall the results of [Woods 2016], which relate the structure of the ring kH to
that of X’ N, where N = H/A*(H) is the largest nilpotent p-valued quotient of H
and k'/k is a finite field extension. We will combine these results with Theorem A
in future work to shed light on the prime spectrum of kG by relating it to that
of k' N, which, by the results of Ardakov [2012] above, is already well understood.
As the arguments required to make these deductions are rather involved and of a
different nature to those required to prove Theorem A, we will say no more about
them here, and refer the reader to [Woods 2017] instead.

The proof of Theorem A, given in Propositions 3.7 and 3.8, comprises several
distinct technical elements, which we outline below.

Firstly, some notation: as in [Woods 2018], we will write throughout this paper

A(G)={x e G |[G:Cg(x)] < o0},
AT(G)={x € A o(x) < o0},
where o(x) denotes the order of x. We will also often simply write A and A™ to
denote A(G) and A1 (G). For the basic properties of these closed, characteristic

subgroups, see [Woods 2018, Lemma 1.3 and Theorem D].
Suppose until otherwise stated that G has no nontrivial finite normal subgroups,
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and let H = FN,(G). Note that H is p-valuable [Lazard 1965, III, 2.1.2], and
that G acts on the set of p-valuations of H as follows: if « is a p-valuation on H
and g € G, then we may define a new p-valuation g -« on H by

g-a(x) =a(g 'xg).

Recall the definition of an isolated orbital (closed) subgroup L of H from [Woods
2018, Definition 1.4], and that normal subgroups are automatically orbital. We
show in Definition 1.2 that, if w is a p-valuation on H and L is a closed isolated
normal subgroup of H, then w induces a quotient p-valuation 2 on H/L. We also
define the (¢, p)-filtration (actually a p-valuation) on a free abelian pro-p group A
of finite rank in Definition 1.4; this is a particularly “uniform” p-valuation on A,
analogous to the p-adic valuation v, on Z,,.
It is now easy to show the following.

Theorem B. With the above notation, let L be a proper closed isolated normal
subgroup of H containing the commutator subgroup [H, H). Then there exists a
p-valuation w on H with the following properties:

(1) w is G-invariant.

(ii) There exists a real numbert > (p — 1)~ such that w|;, > t, and the quotient
p-valuation induced by w on H/L is the (t, p)-filtration.

Now continue with the above notation, and let P be a faithful, G-stable prime
ideal of kH. We may consider the ring kG/PkG, and fix a crossed product de-
composition (kH/P) % F of this ring, where F = G/H. We would like to study
automorphisms o of the ring kK H/ P induced by inner automorphisms of G, in order
to determine whether the extension of P to kG remains prime; cf. [McConnell and
Robson 1987, Proposition 8.12]. In order to do this, we will “approximate” the
ring kK H/ P by imposing a filtration on it and studying the induced action of o on a
related graded ring.

A filtration, which we will denote f7, is defined on kH/P in [Ardakov 2012,
proof of Theorem 8.6]. It is partly constructed out of a p-valuation w on H, and
we will choose w to be the one given by Theorem B; this will allow us to retain
some control over the filtration f|. Indeed, if w (o (h)) = w(h) for all h € H, then
we will be able to deduce that fi(o(x)) = f1(x) for certain x € kH/ P, which will
be crucial to our calculations later.

The filtration f; is known to have nice properties, as follows. Ardakov [2012,
Theorem 8.4] shows that P = pk H for some faithful prime ideal p of kZ, where Z
is the centre of H; and, furthermore, in [2012, proof of Theorem 8.6], that there
exists an integer e such that

() gty (kH/P) = (gr, kZ/p))IY1, ..., Y,

where v; = fi[xz/p 18 a valuation, and gry, (kZ/p) is a commutative domain.
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Unfortunately, even though we will have fj(o(x)) = f1(x) for many x e kH/ P,
this will not be true for all x € kH/ P, so o does not induce a well-defined action
on gry (kH/P). Our next theorem plugs this gap.

Write Q' for the classical ring of quotients of kZ /p. We will also write Q for
a certain partial ring of quotients of kK H/P containing Q’, and we may naturally
form Q * F as an overring of (kH/P) * F. Now, v; extends uniquely to Q’, and f}
extends uniquely to Q, and we will continue to call these extensions v; and fi,
respectively. The conjugation action of G on H induces an action of F on the sets

of filtrations of Q" and Q. Suppose v; has some orbit {vy, ..., vs}; then, due to
our judicious earlier choice of w by Theorem B(i), f; will turn out to have orbit
{fi,..., fs}, where v; = fi|xz/p foreach 1 <i <s.

Theorem C. In the above notation; there exists a G-stable filtration f on QxF
such that

1) gr };(Q * F) = gr f(Q) * F, where the right-hand side is some crossed product,
(i) gr;(Q) = B}_, gr,(Q).
(i) gry,(Q) = (gr,, ONYy, ..., Y, ] foralll1 <i <s,

where s and e are determined as in (), and the action of F in the crossed prod-
uct of (i) permutes the s summands in the decomposition of (ii) transitively by
conjugation.

We combine Theorems B and C as follows.

Theorem C, of course, only invokes (1) in the case when Q # Q’, so we suppose
that we are in this case, which occurs precisely when H is nonabelian. Take L to
be the smallest closed isolated normal subgroup of H containing both the isolated
derived subgroup H' [Woods 2018, Theorem B] and the centre Z of H. Now L is
a proper subgroup by Lemma 3.5, and we will choose w for L as in Theorem B.
We may arrange it in () and Theorem C so that, for some / < e, the elements
Y1, ..., Y correspond to a set of elements yq, ..., y; € H, whose images x, ..., x;
form a Z,-module basis for H/L. By the construction of f and the choice of w in
Theorem B(ii), we can directly compute that ¥; € Q,/Q;+, corresponding to the
fact that w(y;) =t.

Some calculations allow us to show the following.

Theorem D. Take an automorphism o of H. Suppose that the induced automor-
phism on grf(Q * F) fixes each of the valuations v1, ..., vs and fixes each of the
elements Y1, ..., Y. Then the induced automorphism on H/L (which we view as
a matrix My € GL;(Z))) lies in the first congruence subgroup of GL/(Z,), i.e., it
takes the form M, € 1+ pX for some X € M|(Z,). In particular, when p > 2,
o has finite order if and only if it is the identity automorphism.
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Using Theorem D, a long but elementary argument allows us to answer the
question of when the automorphism o € Inn(G) induces an X-inner automorphism
of gr(Q); see Definition 3.1 and Proposition 3.7 for details. As promised, we can
derive from this a special case of Theorem A, in which AT = 1.

Finally, in Proposition 3.8, we revert to the case when A™ # 1. The “untwisting”
results of [Woods 2016, Theorems B—E] allow us to understand the prime ideals
of kH, along with the conjugation action of G, in terms of the corresponding
information for k’[[H/A™] for various finite field extensions k’/k. But now, as
AT(G/A%)=1and H/AT =FN,(G/A"), we may replace G by G/A™, and we
are already back in the previous case.

1. p-valuations and crossed products

1A. Preliminaries on p-valuations.

Definition 1.1. Recall from [Lazard 1965, 111, 2.1.2] that a p-valuation on a group
G is a function w : G — R U {oo} satisfying:

e w(xy™ " >min{wx), w(y)} forall x, y € G.

w([x,y])>wx)+w(y) forall x,y e G.
e w(x) =00 if and only if x = 1.

o w(x) > ﬁ forall x € G.

e w(xP)=w(x)+1forall x € G.

Throughout this paper we will often be considering several p-valuations admitted
by a group G, so to clarify we may refer to G together with a p-valuation w as the
p-valued group (G, w). However, when the p-valuation in question is clear from
context, we will simply write G.

Given a p-valuation w on a group G, we may write

Gk = Ga)y)\, = a)il([)\'a OO])’
G+ =Gyt 1= ((h, 0)),

and define the graded group

gr, G = @ G, /Gy+.
reR

Then each element 1 # x € G has a principal symbol
gr,(x) :=xGu+ € G, /Gy+ < gr,G,
where  is defined such that u = w(x).

Remark. Let (G, w) be a p-valued group, and N be an arbitrary subgroup of G.
Then (N, w|y) is p-valued. Moreover, if G has finite rank [Lazard 1965, III, 2.1.3],
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then so does N; and if G is complete with respect to @ and N is a closed subgroup
of G, then N is complete with respect to |y .

Definition 1.2. Given an arbitrary complete p-valued group (G, w) of finite rank,
and a closed isolated normal subgroup K (i.e., a closed normal subgroup K such
that G/K is torsion-free), we may define the quotient p-valuation 2 induced by w
on G/K as follows:

Q(gK) = sup{w(gk)}.
keK

This is defined by Lazard, but the definition is spread across several results, so we
collate them here for convenience. The definition in the case of filtered modules is
[Lazard 1965, 1, 2.1.7], and is modified to the case of filtered groups in [loc. cit,
the remark after II, 1.1.4.1]. The specialisation from filtered groups to p-saturable
groups is done in [loc. cit, III, 3.3.2.4], where it is proved that 2 is indeed still a
p-valuation on G/K; and the general case is stated in [loc. cit, III, 3.1.7.6], and
eventually proved in [loc. cit, IV, 3.4.2].

As a partial inverse to the above process of passing to a quotient p-valuation,
we prove the following general result about “lifting” p-valuations from torsion-free
quotients.

Theorem 1.3. Let G be a complete p-valued group of finite rank, and N a closed
isolated orbital (hence normal) subgroup of G. Suppose we are given two functions

o, B:G— RU{oo},

such that o is a p-valuation on G, and 8 descends to a p-valuation on G/ N, i.e., B
factors as 3
G 5 G/N —— RU{o0}.

Then w = inf{«, B} is a p-valuation on G.

Proof. Since o and 8 are both filtrations on G (in the sense of [loc. cit, II, 1.1.1]),
by [loc. cit, II, 1.2.10], w is also a filtration. Following [loc. cit, III, 2.1.2], for w to
be a p-valuation, we need to check the following three conditions:

(i) w(x) <oo forall x € G, x # 1. This follows from the fact that « is a p-valuation,
and hence a(x) < oo forall x € G, x # 1.

(ii) w(x) > (p—1)"! for all x € G. This follows from the fact that a(x) > (p—1)""
and B(x) > (p — D~ ' forallx e G by definition.
(1)) w(x?) =w(x)+ 1 for all x € G. Take any x € G. As « is a p-valuation, we
have by definition that o(x”) = a(x) + 1.

If x € N, this alone is enough to establish the condition, as w|y = «|y (since

B(x) = 00).
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Suppose instead that x € G \ N. Then, as N is assumed isolated orbital in G, we
also have x” € G \ N, so by definition of 8 we have

B(x")=B((xN)P) =B(xN) +1=B(x)+1,
with the middle equality coming from the fact that § is a p-valuation. Now it is
clear that w (x”) = w(x) + 1 by definition of w. O

Finally, the following function will be crucial. As we will remark in Lemma 1.6,
it is easily seen to be a p-valuation.

Definition 1.4. Let A be a free abelian pro-p group of rank d > 0 (here written
multiplicatively). Choose a real number ¢ > (p — 1)~!. Then the (¢, p)-filtration
on A is the function w : A - RU {oo} defined by

w(x)=t+n,
where n is the nonnegative integer such that x € A" \Ap"_l. (By convention,
w(l) =o00.)
1B. Ordered bases.

Definition 1.5. Recall from [Ardakov 2012, §4.2] that an ordered basis for a p-
valued group (G, w) is a finite totally ordered set {g, ..., g} of elements of G
such that every element x € G can be uniquely written as the ordered product

for some A; € Z,,, and
w(x) = inf {o(gi)+v,()},
1<i<e

where v, is the usual p-adic valuation on Z,,.

Remark. An ordered basis for (G, w) need not be an ordered basis for (G, o’) for
another p-valuation o',

As in [Ardakov 2012], we will often write
g =11 &
1<i<e
as shorthand, where A = (A1, ..., A.) € Z;.
We now demonstrate some properties of the function w given in Definition 1.4.
Lemma 1.6. Let A, t and w be as in Definition 1.4.
(1) The (t, p)-filtration w is a p-valuation on A.

(i1) Suppose we are given a Z,-module basis B = {ay, ..., aq} for A, and a
p-valuation o on A satisfying a(a;) =--- = o(ag) =t. Then « is the (¢, p)-
filtration on A, and B is an ordered basis for (A, o).
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(iii) The (t, p)-filtration w is completely invariant under automorphisms of A, i.e.,
the subgroups A, ) and A, ,+ are characteristic in A.

Proof. () This is a trivial check from Definitions 1.1 and 1.4.
By [Lazard 1965, 111, 2.2.4], we see that

a@l-a =1+ Jnf (v, ()},
<i<

which is precisely the (¢, p)-filtration.
(ii) The subgroups A”" are clearly characteristic in A. (]
Remark. A notion of (¢, p)-filtration is defined in [Lazard 1965, II, 3.2.1] for a

much larger class of compact p-adic analytic groups. In the special case of a free
abelian pro-p group of finite rank, the definition given there is equivalent to ours.

Recall from [Woods 2018, Definitions 1.1 and 1.4] that a closed subgroup H of
a profinite group G is (G-)orbital if it has finitely many G-conjugates, and isolated
orbital if any G-orbital H' > H satisfies [H' : H] = 0.

The following is a general property of ordered bases.
Lemma 1.7. Let (G, w) be a complete p-valued group of finite rank, and N a
closed isolated normal subgroup of G. Then there exist sets By C Bg such that By
is an ordered basis for (N, w|n) and Bg is an ordered basis for (G, w).

Proof. This was established in [Ardakov 2012, proof of Lemma 8.5(a)]. O
Remark. It may be helpful to think of this as follows:

BG={X17"'7X}’7 xr+15"'7-xs}v

Bg/n By

where Bg/n = Bg \ By is in fact some appropriate preimage in G of any ordered
basis for (G/N, 2), where 2 is the quotient p-valuation.

Lemma 1.8. Let (G, @) be a complete p-valued group of finite rank, and N a
closed isolated orbital (hence normal [Woods 2018, Definition 1.4, Lemma 1.10;
Ardakov 2012, Proposition 5.91) subgroup of G. Take also a p-valuation B on G/N.
Suppose we are given sets

BG={x17""xr’ xr+1,...,x5},

Bg/n By
such that

o By is an ordered basis for (N, a|y),

e Bg is an ordered basis for (G, «), and
e the image in G/N of Bg,y is an ordered basis for (G/N, B).



EXTENSIONS OF ALMOST FAITHFUL PRIME IDEALS IN IWASAWA ALGEBRAS 485

In the notation of Theorem 1.3, write B for the composite of G — G /N with B, and
form the p-valuation w = inf{w, B} for G.
Then Bg is an ordered basis for (G, w).

Proof. We need only check that
o) = inf {o(x)+v,(4)
for any A € Z},. But we have by definition that
a(x®) = inf fa(x) +v,(0)  BEH= inf {B(xi) +vp(2),
and the result follows trivially. O

1C. Separating a free abelian quotient. Results in later sections will require the
existence of a p-valuation on an appropriate group G satisfying a certain technical
property, which we can now finally state:

Definition 1.9. Let (G, w) be a complete p-valued group of finite rank, and L
a closed isolated normal subgroup containing [G, G] (and hence containing the
isolated derived subgroup G’, which was defined and written as G in [Woods 2018,
Theorem B]). We will say that w satisfies property (Ap) if there is an ordered basis
{ga+1, ..., 8} for (L, w|), contained in an ordered basis {gy, ..., g.} for (G, w)
(e.g., constructed by Lemma 1.7), such that w(g;) =---=w(gy) and, forall £ € L,
w(g1) < w(f).

Remark. In the notation of the above definition, suppose w satisfies w(g1) < w(£)
for all £ € L. Then, by our earlier remarks, we note that the condition (Ap) is
equivalent to the statement that the quotient p-valuation induced by w on G/L is
the (¢, p)-filtration for ¢ := w(g). In particular, whether or not w satisfies (Ap) is
independent of the ordered basis chosen for (G, w).

Definition 1.10. Following [Lazard 1965, 111, 2.1.2], we will say that a group G is
p-valuable if there exists a p-valuation w for G, and G is complete with respect to
o and has finite rank.

Lemma 1.11. Let G be a nilpotent p-valuable group, and L be a closed isolated
normal subgroup containing G'. Then there exists some p-valuation w for G

satisfying (Ap).
Proof. Let a be a p-valuation on G. Take an ordered basis {gg+1, ..., g} for

(L, a|r) and extend it to an ordered basis {gy, ..., g.} for (G, «) by Lemma 1.7.
Fix a number ¢ satisfying

(p—D7'<t< inf a(g).
1<i<e

Applying Theorem 1.3 with N = L and 8 the (¢, p)-filtration on G/L, we see
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that v = inf{e, B} is a p-valuation for G; and by Lemma 1.8, {g;, ..., g.} is
still an ordered basis for (G, w), so we can check easily that w satisfies (Ay) by
construction. O

Remark. Suppose o satisfies (Ar). Write ¢ := w(g1). Then, by construction, we
have G, = G and G+ = G? - L, an open normal subgroup. If we further assume
that L is characteristic, then G+ is also characteristic, by Lemma 1.6(iii); and so,
given any automorphism o of G and any 1 <i <d, we have w(o(g;)) =t.

Now let G be a p-valuable group with fixed p-valuation w, and let o € Aut(G).
In this subsection and the next, we seek to establish conditions under which a given
automorphism o of G will preserve the “dominant” part of certain elements x € G
(with respect to w). That is, we are looking for a condition under which

gr, (0 (x)) = gr,, (x).
Clearly it is necessary and sufficient that the following holds:
(1-1) a)(o(x)x_l) > w(x).

The results of this paper rely on our ability to invoke the following technical
result.

Theorem 1.12. Let G be a p-valuable group, and let L be a proper closed isolated
orbital (hence normal) subgroup containing [G, G1, so that we have an isomorphism
¢ :G/L — Z;J, for some d > 1. Fix a Z,-basis {ei, ..., eq} for Z?,. Write
q : G — G/L for the natural quotient map.

Foreach 1 <i <d, fix an element g; € G with ¢ 0 q(g;) = e;. Fix an automor-
phism o of G preserving L, so that o induces an automorphism & of G/L, and
hence an automorphism & = ¢ o5 o ¢~ of ny. Let M, be the matrix of & with
respect to the basis {ey, . .., eq}.

Suppose there exist some p-valuation w on G and some real number t with the
following properties:

(1) (1-1) holds for all x € {g1, ..., g4}

(i) w(g) == w(ga) (=1, say).
(iii)) w () >t forall £ € L.
Then My — 1 € pMy(Z),).
Remark. The conditions (i)—(iii) imply that w satisfies (Ar). Conversely, suppose
that the hypotheses of the first paragraph of this theorem are satisfied, and suppose
moreover that we have a p-valuation w on G satistying (A). Then any ordered

basis {g4+1, ..., &} for (L, w|r) has the following properties. Firstly, for any
choice of elements g1, ..., gs € G such that p og(g;) =e¢; for 1 <i <d, we have
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that {g1, ..., g} is an ordered basis for (G, w); secondly, with respect to any such
ordered basis for G, w satisfies conditions (i)—(iii) with t = w(g).

Proof. Define the function Q : Zf, — RU {oo} by

Qog(gL) =sup{w(gl)}.
lel

By the remarks made in Definition 1.2, Q is in fact a p-valuation.
By assumption (iii), we see that, for each 1 <i < d and any £ € L, we have
w(gi) = w(gi?), so that

Q(ej)) =Rop(gL)= iug{w(gif)} =w(g),

so by assumption (ii), €2 (e;) = ¢. Hence, by Lemma 1.6(ii), €2 must be the (¢, p)-
filtration on Z;I,. Now, by assumption (i), we have

Qo (x)—x)>t
for all x € {ey, ..., eq}, and hence, as 2 —¢ takes integer values (by Definition 1.4),

Qe (x)—x)>1+1,

and so 6(x) —x € pZ‘I’l7 for each x € {ey, ..., eq}, which is what we wanted to
prove. U

1D. Invariance under the action of a crossed product.

Definition 1.13. Let R be a ring, and fix a subgroup G < R*; let F be a group.

Fix a crossed product
S=R x F.

(0.7)
Here we are using the notation of [Woods 2016, Definition 4.7 and Notation 4.9],
and in particular we write
« F for the fixed generating set of S as a free R-module, with elements g for
each g € F,
e 0 : F — Aut(R) for the action, defined by rg = gr°® forallr € R and g € F,
e 7:F x F — R* for the twisting, defined by gh = ght(g, h) forall g, h € F,
* 711(g, h) for the automorphism of R given by conjugation (on the right) by
(g, h), so that o (g)o (h) = o (gh)n(g, h).

See [Passman 1989, §1] or [Woods 2016, Definition 4.7] for more details on crossed
products.

The structural maps in this crossed product may satisfy certain properties, which
we will now give names.
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(Ng): We will say that o satisfies (Ng) if the image o (F) normalises G, i.e.,
x°NeGforallx €G, feF.

(Pg): We will say that t satisfies (Pg) if the image t(F, F) is a subset of G.

In the case when G is p-valuable, consider the set of p-valuations of G.
Then Aut(G) acts on this set as follows: ¢ € Aut(G) sends w to ¢ -w, defined
by (¢-w)(x) =w(x¥) for x € G. When S satisfies (Pg), 7(F, F) C G, sowe
get n(F, F) C Inn(G) C Aut(G), with elements of G acting by conjugation,
so we also make the following definition.

(Qg): We will say that t satisfies (Qg) if every p-valuation w of G is invariant
under all elements of n(F, F).

Lemma 1.14. Any p-valuation w on G is invariant under inner automorphisms
of G. In particular, if T satisfies (Pg), then t satisfies (Qg).

Proof. Fix some t € G. Then, for any x € G, we have
w(t™'xt) = w(x - [x,1]) = minf{o (x), o ([x, 1])} = 0 (x).

Hence, by symmetry, o (t~'xt) = w(x). O

Definition 1.15. Recall, from [Woods 2016, Definition 4.11], that if we have a
fixed crossed product

(1-2) S=R % F

(0,7)
and a 2-cocycle
a e Z2(F, Z(R®)),
then we may define the ring

S¢e=R *x F,

(o,Tar)

the 2-cocycle twist (of R, by a, with respect to the decomposition (1-2)).
Lemma 1.16. The automorphism t satisfies (Qg) if and only if ta satisfies (Qg).

Proof. As a(F, F) C Z(R)*, conjugation by « is the identity automorphism on G,
and hence certainly preserves all p-valuations of G. U

These properties will be interesting to us later as they will allow us to invoke the
following lemma:

Lemma 1.17. If o satisfies (Ng), then, given any g € F and p-valuation w on G,
the function g - w given by

(8- @) () =0(x7®)
is well defined, and is a p-valuation on G. If, further, t satisfies (Qg), then the
function g — (o +— g - w) defines a group action of F on the set of p-valuations

of G.
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Proof. To see that g-w is well defined, we need to check that w (x?®)) is meaningful,
i.e., x?® e G. But this is implied by the hypothesis that the o satisfy (Ng).

Suppose t satisfies (Qg). Then, for any g, h € F, x € G, and p-valuation w
on G, we have

(g -(h-0)(xX)=h-ox’®)
— w(x° @)

— a)(xv(gh)n(g,h))

= w(x7&M) (by (Qc))
= (gh- w)(x). O

The following lemma will allow us to prove the existence of a sufficiently “nice”
p-valuation.

Lemma 1.18. Suppose that the group K acts on the set of p-valuations on G. Let @
be a p-valuation on G with finite K -orbit. Then ' (x) = inf,cg (g - w)(x) defines a
K -invariant p-valuation on G.

Furthermore, if L is a closed isolated characteristic subgroup of G containing G,
and w satisfies (Ap) (as in Definition 1.9), then o' satisfies (Ap).

Proof. The function o’ satisfies the condition in [Lazard 1965, III, 2.1.2.2], since
the K-orbit of w is finite, and is hence a p-valuation that is K-stable by the remark
in [Lazard 1965, 111, 2.1.2].

Suppose w satisfies (Ar). That is, for some ¢ > (p — 1)~!, w induces the (z, p)-
filtration on G/L, and w(¢) >t for all £ € L. But, given any g € K, clearly g - w
still induces the (¢, p)-filtration on G/L by Lemma 1.6(iii), and

(g - w)(0) =w(®) > 1,

since £7® ¢ L as L is characteristic. Taking the infimum over the finitely many
distinct g - @, g € K, shows that ’ also satisfies (Ap). Il

Recall the finite radical At = AT (G) from [Woods 2018, Definition 1.2].

Definition 1.19. Let G be an arbitrary compact p-adic analytic group with A* =1,
H an open normal subgroup of G, F =G/H, and P a faithful G-stable ideal of kH.
Recall from [Woods 2016, Definition 4.20] that the crossed product decomposition

kG/PkG =kH/P % F
(0,7)

is standard if the generating set F is a subset of the image of the map G —
(kG/PkG)™.
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Lemma 1.20. Suppose that
kG/PkG =kH/P % F
(0.7)

is a standard crossed product decomposition. Take any
a € Z;(F, Z((kH/P)")),
and form the central 2-cocycle twist

(KG/PkG)a :=KH/P x F

o,Ta)

with respect to this decomposition [Woods 2016, Definition 4.11].
Consider H as a subgroup of (kH/P)*, then conjugation by elements of G
inside (kG/PkG)y)™ induces a group action of F on the set of p-valuations of H.

Remark. As the crossed product notation suggests, this lemma simply says that
the action of F on H, via o, is unchanged after applying (—).

Proof. As the decomposition is standard, it is trivial to see that o satisfies (Ng) (as H
is normal in G) and t satisfies (Py). By Lemma 1.14(iii), t also satisfies (Qp),
and now Lemma 1.16 shows that T« also satisfies (Qg). Hence o induces a group
action of F on the p-valuations of H inside (kG/PkG), by Lemma 1.17. O

Let L be a closed isolated characteristic subgroup of H containing [H, H].

Corollary 1.21. With notation as above, we can find an F-stable p-valuation o
on H satisfying (Ap).

Proof. This now follows immediately from Lemmas 1.11, 1.18 and 1.20 (as F is
finite). U

Proof of Theorem B. This follows from Corollary 1.21. U

2. A graded ring

2A. Generalities on ring filtrations.

Definition 2.1. Recall that a filtration v on the ring R is a function v : R — RU{oo}
satisfying, for all x, y € R,

e v(x +y) > min{v(x), v(y)},
e v(xy) = v(x)+v(y),
e v(0) =00, v(1) =0.

If in addition we have v(xy) = v(x) + v(y) for all x, y € R, then v is a valuation
on R.

First, a basic property of ring filtrations.
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Lemma 2.2. Suppose v is a filtration on R which takes nonnegative values, i.e.,
v(R) € [0, 00], and let u € R*. Then v(ux) = v(xu) = v(x) forall x € R.

Proof. By the definition of v, we have
O=v(D)=vuH>vw) +v@).
Asv(u) > 0and v(u~") > 0, we must have v(u) =0 =v(u""). Then
v(x) = v(u_lux) > v(u_l) +v(ux) =v(ux) >v(u)+vx) =vx),
from which we see that v(x) = v(ux), and by a symmetric argument, we also have
vixu) =v(x). O
We will fix the following notation for this subsection.

Notation. Let G be a p-valuable group equipped with the fixed p-valuation w,
and k a field of characteristic p. Take an ordered basis {gi, ..., g4} for G, and
write b; = g1 — 1 € kG forall 1 <i <d. As in [Ardakov 2012], we make the
following definitions:

« For each o € N¥, b* means the (ordered) product b} - - - b5’ € kG.

e Foreach a € Z;’,, g“ means the (ordered) product g{" - - - g5* € G.
e For each o € N% (a, w(g)) means Zflzl a;w(g).

e The canonical ring homomorphism Z, — k will sometimes be left implicit,
but will be denoted by ¢ when necessary for clarity.

Definition 2.3. Let w be the valuation on kG defined in [Ardakov 2012, §6.2],
given by

D" heb® > inf {{or, (8)) | Ao # 0}

e aeNd
Note that, in light of this formula [Ardakov 2012, Corollary 6.2(b)], and by the
construction [Lazard 1965, 111, 2.3.3] of w, it is clear that the value of w is in fact
independent of the ordered basis chosen. In particular, if ¢ is an automorphism of G,
then {g(f, e gﬁ} is another ordered basis of G. Hence, if w is ¢-stable, then w is
@-stable, in the following sense: if w(g¥) = w(g) for all g € G, then w(x¢) =w(x)
for all x € kG, where ¢ here denotes the natural extension of ¢ to kG, obtained by
the universal property [Woods 2016, Lemma 1.3].

We will need the following result:

Lemma 2.4. Let
b=bo+bip+bp*+---€Z,,

n=no+np+np’+---+ngp’ €N,
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where all b;,n; € {0, 1, ..., p—1}. Then

(ﬁ)zlj(ﬁi) mod p.

Proof. See, e.g., [Alperin 1985, Theorem)]. ([
Corollary 2.5. Letbe Z,, n e N. If

((0)) =0

then v, (b) < v,(n). Further, for fixed b € Z,

inf{n e N | v,,((f;)) =0} =p"®.

Proof. From Lemma 2.4 above, we can see that

(Z) =0 mod p

if and only if, for some 0 <i <,

(m) =
n;

which happens if and only if one of the pairs (b;, n;) for 0 <i <s has b; <n;. In
particular, to ensure that this does not happen, we cannot have b; = 0 # n;, which
implies that we must have v, (b) < v,(n). But now it is clear that p”"(b) is the least
m € N with v, (b) < v,(m), and we see from Lemma 2.4 that it satisfies (2-1). [

Theorem 2.6. Take any x € G, and t = infw(G). Then w(x — 1) > t implies
w(x) >1t.

Proof. Write x = g% In order to show that w(g®) > t, it suffices to show that
0 (8)) +vpler)) > 1

for each 1 < j < d by Definition 1.5, and hence that v,(«;) > 1 for all j such that
w(gj)=t. .

For now, let 1 < j < d be arbitrary. Let 8 be the d-tuple with i-th entry
Sij p”l’("‘f). Then, of course,

BV, w(g)) = pr“*Nw(g)),

and by Corollary 2.5, we have

o
<,B(f)> #£0 mod p.
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Now suppose w(g* — 1) > ¢t. We perform binomial expansion in kG to see that

gf—1= 1_[ (1+b)% —1 (ordered product)
1<i<d
= (b1
BeNd

=

0

so that
w(g® — D =inf{(8, w(g) [ B#0, (5) #0 mod p}.

So in particular, we have

t<w(@g —1) < (BY, w(@)=pr“w(g)).

Now assume that w(g;) =t. We have seen that pUr@it = p“P("‘-/’)w(g‘,-) >t,1i.e.,
pU»@) > 1, which is equivalent to v p(aj) > 1. This is what we wanted to prove. [

2B. Constructing a suitable valuation. Let H be a nilpotent p-valuable group
with centre Z. If k is a field of characteristic p, and p is a faithful prime ideal of kZ,
then by [Ardakov 2012, Theorem 8.4], the ideal P := pk H is again a faithful prime
ideal of kH.

We will fix the following notation for this subsection.

Notation. Let G be a nilpotent-by-finite compact p-adic analytic group, with
At =1, and let H = FN,(G) [Woods 2018, Definition 5.3], here a nilpotent p-
valuable radical, so that A = Z := Z(H) [Woods 2018, proof of Lemma 1.2.3(iii)].
We will also write F = G/H.

Define Q' = Q(kZ/p), the classical field of fractions of the commutative do-
main kZ/p, and

0=0'Q®kH,
kZ

a tensor product of kZ-algebras, which (as P = pk H) we may naturally identify
with the right localisation of k H/ P with respect to (kZ/p) \ {0} — a subring of the
Goldie ring of quotients Q(kH/P).

Suppose further that the prime ideal p <1 kZ is invariant under conjugation by
elements of G.

Choose a crossed product decomposition

kG/PkG =kH/P % F
(0,7)

which is standard in the sense of the notation of Definition 1.19. Choose also any
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RS Z?T (F, Z((kH/P)*)), and form as in [Woods 2016, Definition 4.11] the central
2-cocycle twist (kG /PkG)y = kH/ P ( « F

o,Ta)
Now the right divisor set (kZ/p) \ {0} is G-stable by assumption, so by [Passman
1989, Lemma 37.7], we may define the partial quotient ring

(2-2) R=0 x F.

(o,Ta)

Our aim in this subsection is to construct an appropriate filtration f on the ring R.
We will build this up in stages, following [Ardakov 2012]. First, we define a finite
set of valuations on Q.

Definition 2.7. In [Ardakov 2012, Theorem 7.3], a valuation on Q(kH/P) is
defined; let v be the restriction of this valuation to Q’, so that vy (x +p) > w(x)
for all x € kZ (where w is as in Definition 2.3).

Lemma 2.8. The automorphism o induces a group action of F on the set of valua-
tions of Q.

Proof. Let u be a valuation of Q". G acts on the set of valuations of Q’ as follows:

(g-u)(x) =u(g 'xg).

Clearly, if g € H, then g~'xg = x (as x € Q(kZ/p) where Z is the centre of H).
Hence H lies in the kernel of this action, and we get an action of F on the set
of valuations. By our choice of F as a subset of the image of G, this is the same

aso. O
Write {vq, ..., vy} for the F-orbit of v;.
Lemma 2.9. The valuations vy, ..., vs are independent.

Proof. The v; are all nontrivial valuations with value groups equal to subgroups
of R by definition. Hence, by [Bourbaki 1972, V1.4, Proposition 7], they have
height 1.

They are also pairwise inequivalent. Indeed, suppose v; is equivalent to g - v; for
some g € F. Then by [Bourbaki 1972, V1.3, Proposition 3], there exists a positive
real number A with v; = A(g - v;), and so v; = A" (g" - v;) for all n, as the actions
of A and g commute. But F is a finite group, so, taking n = 0(g), we get v; = A" v;.
As v; is nontrivial, we must have that A" =1, and so A = 1. So we may conclude,
from [Bourbaki 1972, V1.4, Proposition 6(c)], that the valuations vy, ..., vy are
independent. ([

Definition 2.10. Let v be the filtration of Q' defined by
v(x) = inf v;(x)
1<i<s

for each x € Q.
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A
Lemma 2.11. gr,0' = @ gr, Q"
i=1
Proof. The natural map

S
/ / /
0,,—> 0.,/

i=1

clearly has kernel ();,_; Q' ,. = Q! ;. giving an injective map

N
gr,0' — ED gr, Q.
i=1
The surjectivity of this map now follows from the approximation theorem [Bourbaki
1972, V1.7.2, Théoreme 1], as the v; are independent by Lemma 2.9. O

Next, we will extend the v; and v from Q' to Q, as in the proof of [Ardakov
2012, Theorem 8.6].

Notation. Continue with the notation above. Now, H is p-valuable, and by
Lemma 1.20, F acts on the set of p-valuations of H; hence, by Lemma 1.18
(or Corollary 1.21), we may choose a p-valuation w which is F-stable. Fix such
an w, and construct the valuation w on kH from it as defined in Definition 2.3.

Let {ye+1, ..., yq} be an ordered basis for Z, and extend it to an ordered basis
{vi,...,yq} for H as in Lemma 1.7 (noting that Z is a closed isolated normal
subgroup of H by [Ardakov 2012, Lemma 8.4(a)]). For each 1 < j < e, set
cj =y; — 1l inside the ring kH/ P.

Recall from [Ardakov 2012, §8.5] that elements of Q may be written uniquely as

Z ryc’,

yeNe
where r, € Q" and ¢” :=c}' - - - cl*, so that Q € Q'[[cy, ..., c. ] as a left Q'-module.

Definition 2.12. For each 1 <i <'s, as in [Ardakov 2012, proof of Theorem 8.6],
we will define the valuation f; : Q — RU {oo} by

fi <y§ w?) = ylngg{vi (ry) +w(e))}.
Remark. We point out here a slight abuse of notation: the domain of w is kH, and
so w(c”) must be understood to mean w(b”), where b; = y; — 1 inside the ring k H
for each 1 < j <e. Thatis, b; is the “obvious” lift of ¢; from kH /P to kH. Our
ability to do this relies on the assumption that P is faithful.

Note in particular that f;|o = v;, and gr, Q is a commutative domain, again by
[Ardakov 2012, proof of Theorem 8.6].
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Lemma 2.13. The automorphism o induces a group action of F on the set of
valuations of Q.

Proof. Let u be a valuation of Q. Again, G acts on the set of valuations of Q by
(g-u)(x) =u(g"'xg). Now, any n € H can be considered as an element of Q*,

so that
n-w) ) =un"xn)=un™" +ux) +un) = ux). 0

In the following lemma, we crucially use the fact that » has been chosen to be
F-stable.
Lemma 2.14. The filtrations f1, ..., fs give the F-orbit of f.
Proof. Take some g € F and some 1 <i, j < s such that v; = g - v;. We will first
show that, for all x € Q, we have f;(x) < g- fi(x). Indeed, as
filoo=v;=g-vi=g- filo,
and both f; and g - f; are valuations, it will suffice to show that
(w(cy) =) filer) < g- filer)

foreach1 <k <e.
Fix some 1 < k < e. Write y,f = zy“* for some o € ZZ and z € Z, so that

=y —1=zy"—1

=Gz-D+ z(l_[(l + )% — 1) (ordered product)
i=1

=(z— 1)+Z<ZL(Z)C’B>,
B#0

and hence

(g- f)(co) :inf{vi(z — 1), w(ch | l(;) ¢0} (by Definition 2.12)
> inf{w(z — 1), w(ch | L(Z) ) o} (by Definition 2.7)

= w(cy),

with this final equality following from [Ardakov 2012, Lemma 8.5(b)]. But now, as @
has been chosen to be F'-stable, w is also F'-stable; see the remark in Definition 2.3.
In particular, w(cf ) = w(cg).

Now, we have shown that, if v; = g-v; on Q’, then f; <g- fi on Q.

Similarly, we have v; =g_1-vj on Q', 0 f; Sg_l-fj on Q. But fi(x) < fj(xg_l)
for all x € Q is equivalent to f;(y¥) < f;(y) forall y € Q, by setting x = y¢. Hence
we have f; = g- f; on Q, and we are done. U
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As in Definition 2.10:
Definition 2.15. Let f be the filtration of Q defined by

f@) = inf fi(x)
for each x € Q.

We now verify that the relationship between f and v is the same as that between
the f; and the v; (Definition 2.12).

Lemma 2.16. Take any x € Q, and write it in standard form as
x= Z ryc’.
yeNe
Then we have
fx) = inf {v(r,) +w(c")}.
yeNe

Proof. This is immediate from Definitions 2.10, 2.12 and 2.15. [l

Now we can extend Lemma 2.11 to Q:

N
Lemma 2.17. gryQ= @ gry 0.
i=1
Proof. As in the proof of Lemma 2.11, we get an injective map

e, 0~ Perj0

i=1

The proof of [Ardakov 2012, Theorem 8.6] gives a map

(gr,(kZ/p))[Y1, ..., Y]l — grp(kH/P)

and isomorphisms
(gr, (kKZ/p)IY1, ..., Y| Z gr (kH/P)

for each 1 <i <, in each case mapping Y; to gr(c;) foreach 1 < j <e.

Now, grkH is a gr-free [Li and van Oystaeyen 1996, §1.4.1, p. 28] gr kZ-module
with respect to f and each f;, and each of these filtrations is discrete on kH by
construction; see [Ardakov 2012, Corollary 6.2 and proof of Theorem 7.3]. So, by
[Li and van Oystaeyen 1996, 1.6.2(3)], kH is a filt-free kZ-module with respect to
f and each f;; and by [Li and van Oystaeyen 1996, 1.6.14], these maps extend to a
map (gr, Q)[Y1, ..., Ye] — gryQ and isomorphisms (gr,, Q")[Y1, ..., Y. ]=gr. O
for each i.

Applying Lemma 2.14 to each 1 <i < s, we get isomorphisms

(gr,, O)IY1, ... Y] > g, 0.
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which give the following commutative diagram:

(er, Q)1 ..., Yl —— @Per, QN1 ... Y]

i=1

gry Q¢ @grﬁQ

i=1
Hence clearly all maps in this diagram are isomorphisms. U
Now we return to the ring R = Q * F defined in (3-2).

Definition 2.18. We can extend the filtration f on Q to an F-stable filtration on R
by giving elements of the basis F value 0. That is, writing F = {g,, ..., g,,} any
element of Q * F can be expressed uniquely as > .-, g,x, for some x, € Q; the
assignment

m

Ox F — RU{oo}, Zg,x,r—> 1 inf {f(x,)}
— <r<m

is clearly a filtration on Q * F whose restriction to Q is just f. We will temporarily
refer to this filtration as f, though later we will drop the hat and simply call it f.

Note that, for any real number A,

Q*F);, =@z,  (Q@xF);,. = z(Qs),
i=1

i=1
so that

m

grp(Q*F) = @(EBE(Q /0 f,m)

reR Ni=1
= GBE(@(QM/Qf,m) = @E(grf(Q))
i=1 LeR i=1

That is, given the data of a crossed product Q *x F as in (3-2), we may view
grf(Q * F) as grf(Q) * F in a natural way.
We will finally record this as:

Lemma 2.19. We have
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s
gr (QxF)=gr (Q)*F = (@ gry Q) 3
i=1

~ (@(grvi o, ..., Ye]) x F,

i=1

where each gry, Q (or equivalently each gr, Q") is a domain; see Definition 2.12.
F permutes the f; (or equivalently the v;) transitively by conjugation.

Proof of Theorem C. This is Lemma 2.19. ]

2C. Automorphisms trivial on a free abelian quotient. We will fix the following
notation for this subsection.

Notation. Let H be a nilpotent but nonabelian p-valuable group with centre Z.
Write H' for its isolated derived subgroup [Woods 2018, Theorem B]. Suppose we
are given a closed isolated proper characteristic subgroup L of H which contains H’
and Z. (We will show that such an L always exists in Lemma 3.5.) Fix a p-
valuation w on H satisfying (A )— this is possible by Corollary 1.21.

Let {gm+1,---, &} be an ordered basis for Z. Using Lemma 1.7 twice, extend
this to an ordered basis {g;+1, ..., g} for L, and then extend this to an ordered
basis {g1, ..., g} for H. Diagrammatically,

BH={g19"'ag19 gl+15"'7gm9 gm+15"'7gn }7
Bu/L Br/z Bz

extending the notation of the remark after Lemma 1.7 in the obvious way. Here,
0 <! <m < n, corresponding to the chain of subgroups 1 < Z <L < H.

Let & be a field of characteristic p. As before, let p be a faithful prime ideal of kZ,
so that P := pkH is a faithful prime ideal of kK H, and write b; = g; —1 € kH /P for
all 1 < j <m. (As before, since P is faithful, we are abusing notation to identify H
with its image under the natural map H — (kH/P)*.)

In this subsection, we will write:

e For each @ € N, b* means the (ordered) product b‘l)” by ckH/P.

e For each o € 7}, g* means the (ordered) product g7" - - - g," € H.

e For each @ € N", (o, w(g)) means Y\, o;w(g;).
Note the use of m rather than » in each case. This means, by [Ardakov 2012, §8.5],
that every element x € H may be written uniquely as

x=zg*

for some o € Z'; and z € Z, and every element y € k H / P may be written uniquely as
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y= Z ryb”

yeNm
for some elements r, € kZ /p.

Recall the definitions of the filtrations w on kH (Definition 2.3), v on kZ /p
(Definition 2.10) and f on kH /P (Definition 2.15). We will continue to abuse
notation slightly for w, as in Definition 2.12.

Recall also that, as we have chosen w to satisfy (Az), we have that

w(by) =---=w(by) <w(b,)

for all r > /.

Let o be an automorphism of H, and suppose that, when naturally extended to
an automorphism of k H, it satisfies o (P) = P. Hence we will consider o as an
automorphism of k H/ P, preserving the subgroup H C (kH/P)*.

Corollary 2.20. With the above notation, fix 1 <i <Il. If f(o(b;) — b;) > f(b;),
then w(o (b;) — b;) > w(b;).

Proof. Write in standard form

o(b) —bi= Y rb,

yeNm
for some r, € kZ, and suppose that f (o (b;) —b;) > f(b;). Thatis, by Lemma 2.16,
v(ry) +w(d”) > wb;)

for each fixed y € N™.
We will show that w(r,) +w(b”) > w(b;) for each y. We deal with two cases.

Case 1: w(b”) > w(b;). Here, as w takes nonnegative values on k H, we are already
done.

Case 2: w(b”) <w(b;). Here, by (Ar), we have either w(r,) > w(b;) or w(r,)=0.
In the former case, we are done automatically, so assume we are in the latter case
and w(r,) = 0. Then, by [Ardakov 2012, §6.2], r,, must be a unit in kZ, and so
f(ry,) =0by Lemma 2.2, a contradiction.

Hence w(r,) +w(b”) > w(b;) for all y € N™. But, as w is discrete by [Ardakov
2012, §6.2], we may now take the infimum over all y € N, and the inequality
remains strict. U

Let o be an automorphism of H, and recall that H /L is a free abelian pro-p group
of rank /. Choose a basis ¢y, ..., ¢ for le, then the map g;L +—> ¢; for 1 <i <|
is an isomorphism j: H/L — le. As L is characteristic in H by assumption,
o induces an automorphism of H/L, which gives a matrix M, € GL;(Z,) under
this isomorphism.
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Write
w:H/L — RU{oo}

for the quotient p-valuation on H/L induced by w, i.e.,

w(xL) =sup{w(xf)};
lel

note that this is just the (¢, p)-filtration (Definition 1.4), as we have chosen o to

satisfy (Ap). Then write
Q:7' — RU {oo}

for the map Q = wo j !, the (¢, p)-filtration on Zip corresponding to @ under the
isomorphism j.

Remark. If x € Z!, has Q(x) = 1 + 1, then x € pZ', by the definition of the
(t, p)-filtration.

We will write I'(1) := 1+ pGL;(Z,) for the first congruence subgroup of
GL,(Z,), the open subgroup of GL;(Z,) whose elements are congruent to the
identity element modulo p.

Corollary 2.21. With the above notation, if f (o (b;) —b;) > f(b;) forall 1 <i <I,
then M, € T"(1).

Proof. We have, forall 1 <i <I,
flo(bi) —b;) > f(b;)) = w(o(b;) —b;) >w(b;) by Corollary 2.20,
= w(o(g)g ") > w(g) by Theorem 2.6;
which is condition (1-1). Now we may invoke Theorem 1.12. O

Corollary 2.22. Suppose further that o is an automorphism of H of finite order.
If p>2and f(o(b;) —b;) > f(b;) forall 1 <i <, then o induces the identity
automorphism on H/L.

Proof. We have shown that M, € I'(1), which is a p-valuable (hence torsion-free)
group for p > 2 by [Dixon et al. 1999, Theorem 5.2]; and if o has finite order,
then M, must have finite order. So M, is the identity map. O

Proof of Theorem D. This now follows from Corollaries 2.21 and 2.22. (Il
Remark. When p =2, I'(1) is no longer p-valuable.
Example 2.23. Let p =2, and let

H=(X,y,Z|[X,y]=Z»[X,Z]=1»[y’Z]=1>

be the (2-valuable) Z,-Heisenberg group. Let o be the automorphism sending x
tox~!, ytoy !andztoz. Take L = (z), and P =0.
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Write X =x —1 € kH/P, and likewise Y =y — 1 and Z =z — 1. Now,
cX)=0c(x)—1l=x"-1=014+X)""-1=-X+X>-X>+---,
and so 0 (X) — X = X?> — X3+ ... (as char k = 2). Hence

f@(X)—X)= f(X}) > f(X),
but

M= ("y _}) era.oLaa).

and in particular M, # 1.

3. Extending prime ideals from FN,(G)

3A. X-inner automorphisms.

Definition 3.1. We recall the notation of [Woods 2016, §4.2]: given R aring, G
a group and a fixed crossed product S of R by G, we will sometimes write the
structure explicitly as
S=R x G,
(0,7)

where o : G — Aut(R) is the action and 7 : G X G — R* the twisting.

Furthermore, we say that an automorphism ¢ € Aut(R) is X-inner if there exist
nonzero elements a, b, ¢, d € R such that, for all x € R,

axb = cx%d,

where x? denotes the image of x under ¢. Write Xinn(R) for the subgroup of Aut(R)
consisting of X-inner automorphisms; and, given a crossed product as in the previous
paragraph, we will write Xinng(R; G) = o~ (¢ (G) N Xinn(R)).

Lemma 3.2. Let R be a prime ring and R x G be a crossed product. Let Giyy, :=
Xinng.g(R; G).

(1) If o € Aut(R) is X-inner, then o is trivial on the centre of R.
(i1) If H is a subgroup of G containing Gin, and R * H is a prime ring, then R+ G
is a prime ring.

Proof. (i) This follows from the description of X-inner automorphisms of R as
restrictions of inner automorphisms of the Martindale symmetric ring of quotients
Q,(R), and the fact that Z(R) stays central in Q;(R); see [Passman 1989, §12] for
details.

(i1) This follows from [Passman 1989, Corollary 12.6]: if I is a nonzero ideal of
R x G, then I N R % Gy 1s nonzero, and hence I N R * H is nonzero. O
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3B. Properties of FN,(G). We prove here some important facts about the group
FN,,(G) (defined in [Woods 2018, Theorem CJ).

Lemma 3.3. Let G be a nilpotent-by-finite compact p-adic analytic group with
At =1. Let H=FN,(G), and write

K:=KgH)={xeG|[H,x]<H'),

where H' denotes the isolated derived subgroup of H [Woods 2018, Theorem B].
Then K = H.

Proof. Firstly, note that K clearly contains H, by definition of H'.

Secondly, suppose that H is p-saturable. By the same argument as in [Woods
2018, Lemma 4.3], K acts nilpotently on H, and so K acts nilpotently on the Lie
algebra b associated to H under Lazard’s isomorphism of categories [1965, IV, 3.2.6].
That is, we get a group representation Ad: K — Aut(h), and (Ad(k) —1)(h;) S hi41
for each k € K and each i. (Here, h; denotes the i-th term in the lower central series
for b.)

Choosing a basis for ) adapted to the flag

b2b22---2b- =0,

we see that Ad is a representation of K for which Ad(k)—1 is strictly upper triangular
for each k € K; in other words, Ad : K — U, where U is a closed subgroup of
some GL,(Z,) consisting of unipotent upper-triangular matrices. Hence the image
Ad(K) is nilpotent and torsion-free.

Furthermore, ker Ad is the subgroup of K consisting of those elements k which
centralise b, and therefore centralise H. This clearly contains Z(H). On the other
hand, if k centralises H, then k is centralised by H, an open subgroup of G, and
so k must be contained in A. But A = Z(H) by [Woods 2018, Lemma 5.1(ii)]

Hence K is a central extension of two nilpotent, torsion-free compact p-adic
analytic groups of finite rank, and so is such a group itself; hence K is nilpotent p-
valuable by [Woods 2018, Lemma 2.3], and so must be contained in H by definition
of FN,(G).

Now suppose H is not p-saturable, and fix a p-valuation on H. Conjugation
by k € K induces the trivial automorphism on H/H’, so by [Lazard 1965, 1V, 3.3.2.4]
it does also on Sat (H/H’), which is naturally isomorphic to Sat H/(Sat H)' by
[Woods 2018, Lemma 3.2]. This shows that K € K (Sat H). But now, writing h for
the Lie algebra associated to Sat H, the same argument as above, mutatis mutandis,
shows that K5 (Sat H) = H. U

Lemma 3.4. Let G be a compact p-adic analytic group with A = 1, and write
H =FN,(G). If H is not abelian, then H/Z =FN,(G/Z).
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Proof. H/Z is a nilpotent p-valuable open normal subgroup of G/Z, so must
be contained within FN,(G/Z). Conversely, the preimage in G of FN,(G/Z)
is a central extension of Z by FN,(G/Z), two nilpotent and torsion-free groups,
and hence is nilpotent and torsion-free, so must be p-valuable by [Woods 2018,
Lemma 2.3], which shows that it must be contained within H. O

Recall that, if J is a closed isolated subgroup of H, then there exists a unique
smallest isolated orbital subgroup of H containing J, which we call its isolator,
and denote iy (J), as in [Woods 2018, Definition 1.6].

The closed, isolated orbital, characteristic subgroup iy (H'Z) of H =FN,(G)
will be crucial throughout this section, so we record some results.

Lemma 3.5. Let H be a nilpotent p-valuable group. If H is not abelian, then
H #iy(H' 7).

Proof. Suppose first that H is p-saturated, and write f and 3 for the Lie algebras of
H and Z respectively under Lazard’s correspondence [1965, IV, 3.2.6]. If hh = b3
(writing b, for the second term in the lower central series of ), then by applying
[6, —] to both sides, we see that h, = h3. But as § is nilpotent, this implies that
h, = 0, so that  is abelian, a contradiction.

When H is not p-saturated, note that iy (H'Z) = Sat(H'Z) N H, by [Woods
2018, Lemma 3.1], and so Sat(H /iy (H'Z)) = Sat(H) /Sat(H'Z) by [Woods 2018,
Lemma 3.2]. Hence H /iy (H’Z) has the same rank as Sat(H)/Sat(H'Z), and in
particular this rank is nonzero. (]

Lemma 3.6. Let G be a nilpotent-by-finite compact p-adic analytic group with
AT =1.Let H = FN,,(G), and assume that H is not abelian. Write

M:=Mg(H)={xeG|[H,x] <in(H'Z)},

where H' denotes the isolated derived subgroup of H, and Z the centre of H. Then
M =H.

Proof. Clearly Z < M. We will calculate M/Z.
First, note that iy (H'Z)/Z is an isolated normal subgroup of H/Z, as the
quotient is isomorphic to H /iy (H'Z), which is torsion-free. Also, as iy (H'Z)

contains H'Z and hence [H, H]Z as an open subgroup, clearly iy (H'Z)/Z contains
[H, H1Z/Z as an open subgroup, so that iy (H'Z)/Z <iy;z(IH, H|Z/Z).
Now, [H/Z,H/Z]=[H, H]Z/Z as abstract groups, so by taking their closures

followed by their (H/Z)-isolators, we see that

(H/Z) =inz([H, H1Z/Z) =in/z((H. H1Z/ Z),

so that
ig(H'Z)]Z=(H/Z) .
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But x € M if and only if [H, x] < iy (H'Z), which is equivalent to
(H/Z,xZ1<(H/Z)

or in other words xZ € K/7z(H/Z) = H/Z by Lemma 3.3. So M/Z =H/Z, and
hence M = H. (]

3C. The extension theorem.

Proposition 3.7. Fix a prime p > 2 and a finite field k of characteristic p. Let G
be a nilpotent-by-finite compact p-adic analytic group with AT = 1. Suppose
H = FN,(G), and write F = G/H. Let P be a G-stable, faithful prime ideal
of kH. Let (kG), be a central 2-cocycle twist of kG with respect to a standard
decomposition (Definition 1.19)

kG =kH F,

*
{o,7)
for some « € Zg(F, Z((kH)™)), as in [Woods 2016, Theorem 4.21]. Then P (kG),
is a prime ideal of (kG)g.

Proof. First, we note that the claim that P(kG), is a prime ideal of (kG), is
equivalent to the claim that
(kG)o/P(kG)y =kH/P x F
(o,Tar)
is a prime ring.
We will sometimes write Z := A, to emphasise that we are thinking of it as the
centre of H [Woods 2018, Lemma 5.1(ii)].

Case 1. Suppose that G centralises Z. If H is abelian, so that H = Z, then every
g € G is centralised by Z, an open subgroup of G. Hence g € A, and as g € G was
arbitrary, we deduce that G = A. But, by [Woods 2018, Theorem D], A < H, and
so we have G = H and there is nothing to prove.

So suppose henceforth that Z < H, and write L := iy(H'Z), so that, by
Lemma 3.5, we have L < H. As the decomposition of kG is standard, we may
view F as a subset of G.

The idea behind the proof is as follows. We will construct a crossed product R F”,
where R is a certain commutative domain and F’ is a certain subgroup of F, with
the following property: if R % F’ is a prime ring, then P(kG), is a prime ideal.
Then, by using the well-understood structure of R, we will show that the action of
F’ on R is X-outer (in the sense of Definition 3.1), so that R % F' is a prime ring.

By Corollary 1.21, we can see that H admits an F'-stable p-valuation w satis-
fying (Ar). Hence, in the notation of Section 2A, we may define the filtration w
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from w as in Definition 2.3. Furthermore, we write
0'=QkZ/PNkZ), 0=0 ®kN,
kZ

as in Section 2B; and we endow Q with the F-orbit of filtrations f; (1 <i <s) and
the filtration f of Definitions 2.12 and 2.15, defined in terms of the filtration w
above.

By [McConnell and Robson 1987, 2.1.16(vii)], in order to show that the crossed
product

(3-1) kH/P % F

(o,Tar)
is a prime ring, it suffices to show that the related crossed product

(3-2) 0 % F

(o,Ta)

is prime, where this crossed product is defined in Section 2B. Then, by [Li and van
Oystaeyen 1996, 11.3.2.7], it suffices to show that

(3-3) gry(Q«F)

is prime. Details of this graded ring are given in Lemma 2.19; in particular, note
that

grf(Q*F)’é (@grﬁQ) * F.
i=1

Now, as noted in Definition 2.12, each gr f 0 is a commutative domain, and by
construction, F* permutes the summands gr ; Q transitively. So by [Passman 1989,
Corollary 14.8] it suffices to show that

(3-4) grp QxF'
is prime, where F’ = Stabg( f1).

Notation. We set up notation in order to be able to apply the results of Section 2C.

Let {ys+1, --., y»} be an ordered basis for Z, which we extend to an ordered basis
{¥i+1, ..., yn} for L, which we extend to an ordered basis {yy, ..., y,} for H. Set
bi=y;—1€kH/P,and letY; = gry, (b;) forall 1 <i <m. Then
grfl Q = (grul Q/)[Y]’ sy Ym]
The ring on the right-hand side inherits a crossed product structure
(3_5) (grvl Q/)[Yl’ ety Ym]*F/-
from (3-4). Writing R := (gr,, oN[Yy, ..., Y,], we have now shown, by passing

along the chain
(3-5)— (34) — (3-3) > (3-2) = (3-1),
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that we need only show that R % F’ is prime.
Write F;  for the subgroup of F’ acting on R by X-inner automorphisms in the
crossed product (3-5), i.e.,

F; . = Xinng.p (R; F')
in the notation of Definition 3.1. By the obvious abuse of notation, we will denote
this action as the map of sets gro : F/ — Aut(R).

Take some g € F'. If gr o(g) acts nontrivially on R, then as R is commutative,
we have g & F/ . Hence, as by Lemma 3.2(ii) we need only show that R x F,
is prime, we may restrict our attention to those g € F’ that act trivially on R. In
particular, such a g € F’ must centralise each Y;. But

gro(g)(Yy) =Yi < f(o(g)bi) —bi) > f(b).

Now we see (as p > 2) from Corollary 2.22 that o (g) induces the identity automor-
phism on H/L, and hence from Lemma 3.6 that g € H. That is, F;  is the trivial
group, so that R x F; = R is automatically prime.

Case 2. Suppose some x € F does not centralise Z. Write Fi,, for the subgroup
of F acting by X-inner automorphisms on kH /P in the crossed product (3-1), i.e.,

Finn = Xinn(kG)a/P(kG)a (kH/P, F)

Then, by Lemma 3.2(i), x & Finn, S0 Finy is contained in Cg(Z), and we need only
prove that the subcrossed product (kH/P) x Cg(Z) is prime by Lemma 3.2(ii).
This reduces the problem to Case 1. ([l

Proposition 3.8. Let G be a nilpotent-by-finite compact p-adic analytic group,
and k be a finite field of characteristic p > 2. Let H = FN,(G), and write
F = G/H. Let P be a G-stable, almost faithful prime ideal of kH. Then PkG
is prime.

Proof. We assume familiarity with [Woods 2016, Lemma 1.6], and adopt the
notation of [Woods 2016, Notation 1.10] for this proof.

Let e € cpi*®" (P), and write fy = e|”, f =e|®. Then PkG is a prime ideal
of kG if and only if f - PkG is prime in f -kG.

Write H; = Staby(e) and G| = Stabg(e). Then, by the matrix units lemma
[Woods 2016, Lemma 5.1], we get an isomorphism

f kG = M,(e-kG))

for some s, under which the ideal f - PkG is mapped to M,(e - P1kG ), where P;
is the preimage in kH; of e- P -e. See [Woods 2016, Theorems D and E] for details
of this isomorphism. It is easy to see that P is prime in k H;; indeed, applying the
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matrix units lemma to k H, we get
fu-kH = My (e kH,),

under which fp - P+> My(e- Py), so that P; is prime by Morita equivalence (see,
e.g., [McConnell and Robson 1987, 3.5.5 and Proposition 3.5.10]). We also know
from [Woods 2016, Proposition 5.9] that

PT =)

heH

Now, writing g to denote the natural map G — G/AT,
g(P{naY) =q(PfNA)

for all h € H, since g(A) = Z(g(H)) by definition of H (see [Woods 2018,
Lemma 5.1(ii)]), and so

g(PTNA)=q(PNA)=q(1).

But q(P;r) is a normal subgroup of the nilpotent group g(H;). Hence, as the
intersection of q(Pf) with the centre g (A) of g(H) is trivial, we must have that
q(PlT) is trivial also [Robinson 1982, 5.2.1]. That is, PlT <AT(H) =A™

Now, in order to show that M;(e- PikG) is prime, we may equivalently (by
Morita equivalence) show that e - P1kG is prime. By [Woods 2016, Theorem B],
we get an isomorphism

e kG =M ((K[G1/A D),
for some integer ¢, some finite field extension k’/k, and a central 2-cocycle twist

(see above or [Woods 2016, Definition 4.11]) of k'[[G/A™] with respect to a
standard crossed product decomposition

KIG /AT =KTH /A" o (Gi/Hy)

given by some
a € Z;(Gi/Hy, Z(K'TH /ATT))).

Writing the image of e - Py as M,(p) for some ideal p € k'[H;/A1], we see by
above or [Woods 2016, Theorem C] that p is a faithful, (G|/A™)-stable prime ideal
of k'[[Hy/A™]. It now remains only to show that the extension of p to k'[G{/A™]]
is prime; but this now follows from Proposition 3.7. (]

Proof of Theorem A. This follows from Proposition 3.8. U
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