THE h-PRINCIPLE FOR MAPS TRANSVERSE TO
BRACKET-GENERATING DISTRIBUTIONS

ARITRA BHOWMICK

Volume 330 No. 2 June 2024






PACIFIC JOURNAL OF MATHEMATICS
Vol. 330, No. 2, 2024

https://doi.org/10.2140/pjm.2024.330.207

THE h-PRINCIPLE FOR MAPS TRANSVERSE TO
BRACKET-GENERATING DISTRIBUTIONS

ARITRA BHOWMICK

Given a smooth bracket-generating distribution D of constant growth on a
manifold M, we prove that maps from an arbitrary manifold X to M, which
are transverse to D, satisfy the complete /-principle. This partially settles a
question posed by M. Gromov (1986).

1. Introduction

A distribution D on a manifold M is a (smooth) subbundle of the tangent bundle 7M.
Given such a D, we can consider the sheaf I'D of local sections to D, i.e, local vector
fields on M taking values in D. The distribution D is called bracket-generating if at
each point x € M, the tangent space Ty M is spanned by the vector fields obtained
by taking finitely many successive Lie brackets of vector fields in ['D. We say D
is (r — 1)-step bracket-generating at x € M, if there exists some integer r = r(x)
such that

T, M =Span{[Xy, ..., [Xi—1. Xil... L [ X1, ..., X €D, 1 <k <r}.

Note that what we call a (r — 1)-step bracket-generating is usually called an r-step
bracket-generating distribution elsewhere in the literature. Bracket-generating
distributions are the stepping stone for the field of sub-Riemannian geometry
[Gromov 1996; Montgomery 2002].

One possible way to study a given distribution D is via smooth maps u : ¥ — M
from an arbitrary manifold ¥ and looking at how the image of the differential
du : TX — TM intersects D. The map u is said to be transverse to D if we have
that du(T5 2) + Do) = Tu)M holds for every o € X. Gromov [1986] asked the
reader to prove the following.

Theorem. Given a bracket-generating distribution D on a manifold M, maps
Y. — M transverse to D satisfy the h-principle.
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The idea of the proof as indicated in [Gromov 1986, p. 84] contained an error
which was later acknowledged in [Gromov 1996, p. 254]. Eliashberg and Mishachev
[2002, p. 136] showed that the proof indeed goes through if the distribution D is
contact. In fact, their argument remains valid for any strongly bracket-generating
distribution (or fat distribution, see [Montgomery 2002] for a definition). Moreover,
they also planned out a strategy that could work for an arbitrary bracket-generating
distribution as well. Del Pino and Shin [2020] carried out the ideas of Eliashberg
and Mishachev [2002] and proved the A-principle for smooth maps transverse to
real analytic bracket-generating distributions on a real analytic manifold. Their
argument heavily depends on estimating the codimension of certain semianalytic
sets in the jet bundle. It was also conjectured in the same article that Gromov’s
original statement should hold for a smooth bracket-generating distribution if certain
higher-order jet calculations are performed.

The main goal of this article is to identify a suitable higher jet “regularity
condition (Definition 3.1) so that the sheaf of D-horizontal maps R — M satisfying
this regularity is microflexible. The difficulty lies in proving the local A-principle
for this class of maps provided the distribution is equiregularly bracket-generating
(Definition 2.3), which is proved in Theorem 3.7. Then, applying Gromov’s analytic
and sheaf-theoretic techniques, the A-principles for transverse maps (Theorem 4.1)
and for transverse immersions (Theorem 4.3), follow by a standard argument. We
refer to [Gromov 1986; Eliashberg and Mishachev 2002] for the details of this
theory.

The article is organized as follows: In Section 2, we recall some basic notions
about bracket-generating distributions. In Section 3, we obtain the regularity
criterion for maps R — M horizontal to a bracket-generating distribution and prove
the local A-principle for such maps. In Section 4 we prove the main /-principles.

E3]

2. Bracket-generating distributions
Definition 2.1. A distribution of rank n (and corank p) on a manifold M is a
smooth vector subbundle of rank n (and corank p) of the tangent bundle 7M.

Given any distribution D C TM, we have the sheaf of local sections I'D, which
is a sheaf of local vector fields on M. By the notation X € D we shall mean a local
section X € I'D defined on some unspecified open set of M. Given two arbitrary
sheaves £, F of vector fields on M (not necessarily given as sheaves of sections of
some distribution), we can define the sheaf

[, F]1=Span{[X.Y]| X €&, Y € F},
where the span is taken over C*°(M). Inductively, we then define

DY =0, D! =D, D =D +[D, D], i>1.
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Definition 2.2. A distribution D is said to be bracket-generating if for each x € M
we have T,\M = D)’C“ for some r = r(x). D is said to have type m = m(x) at x
for the (r 4+ 2)-tuple m = (0 =mg < --- < m, 4 = dim M), where m; = rk D' for
O0<i=<r+1

For a generic bracket-generating distribution D on M, the number of steps it
takes to bracket-generate 7, M is nonconstant and the sheaves D' may fail to be of
constant rank.

Definition 2.3. A bracket-generating distribution D on M is said to be r-step
bracket-generating if Ty M = D"*! for all x € M. Furthermore, D is said to be
equiregular (or, of constant growth) of type m = (mg < - -- < m,41) if D has the
type m at every x € M.

Throughout this article, we shall mostly restrict ourselves to equiregular distribu-
tions D of some fixed type m. In particular, each D° will be a distribution, and we

get a flag
0=D'cp=D'cD’c.-.-cD ' =TM.

It should be noted that in general, equiregularity is a nongeneric condition on the
germs of distributions of a given rank, although most of the interesting distributions
appearing in the literature possess this property.

Example 2.4. Contact and Engel distributions are well-studied examples of bracket-
generating distributions that bracket-generates the tangent bundle in 1 and 2 steps
respectively. More generally, we have Goursat structures which are certain rank 2,
r-step bracket-generating distributions on manifolds of dimension r 4 2. Note that
all of these distributions are equiregular as well. On the other hand, the Martinet
distribution, given as the kernel ker(dz — y>dx) on R? is not equiregular. We refer
to [Montgomery 2002] for many more examples.

We shall need the following lemma in the next section.

Lemma 2.5. Let D be an equiregular bracket-generating distribution on M, of type
m=(my<---<mpq1). Set py = rk(DSH/DS) = myy1 —mg > 0. Then, for any
x € M andfor1 < j<ps, 1 <s <r,there exists a collection of vectors

i eD,, peDI\D, ¢ eDith\ D,
and 1-forms 1%/ defined near x, such that:

e Foreach1 <s <r, DST!' =D* +Span(¢®!, ..., &™),

o The 1-forms {A\*/} are dual to {¢%7} at x. Also, (A7 |1 < j <ps, 1 <s<r)}
is a frame for the annihilator bundle of D near x.
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e Foreach1 <s <s'<rand1<j<p, 1<j <py, wehave

Y . : (S i’y S/:S,
) (T gy = { JiJ /
0, s’ > s,

where §; ;i is the Kronecker’s delta function.
Proof. Since D*T! = D* +[D, D*], we have the well-defined sheaf homomorphism
Q' :DRDYD! - DD,
X® Y mod D)~ —[X, Y] mod D*.
Furthermore, Q° is C*°(M)-linear and hence, for vectors X € Dy, Y € D; we have
the linear maps
QS (X,Y mod D71y = —[X, Y], mod DS,

where X € D, Y € D* are arbitrary extensions of X, Y respectively. Thus, we have
that Q° : D D*/D*~! — D**!/DS is a bundle map, which is surjective since D is
bracket-generating, for 1 <s <r.

Choose vectors %/ € Dy, %/ € DS\ D! so that {QS(z57, n*/) |1 < j =ps)
forms a frame of DST!/DS. Let us consider some arbitrary extensions 7%/ € D,
754 € D\ D*~! of t%, n®J respectively, and denote %/ = —[7%7, 775/] e DS T,
Note that Q*(7%/, 7*/) = ¢/ mod D*. Since TM = @;zoD“’“/DS, we have a
local framing

TM = D&Span({™/, 1 <j <p;, 1 <5 <7)
ocC.

near x. Next, choose independent local 1-forms A%/ near x, which are in the
annihilator bundle AnnD (i.e., A%/ |p = 0), and {A*/} is dual to {¢*/}. Note that

P
D’ = ﬂ ﬂkerks’j, l1<s<r
loc.

s'>s j=1

Hence, for s’ > s, we have

a3 @y = (89 G ) = T G @) = a5 (3 i |
——— N——— ~——— dx
0 0 —7sid

P 8y iy, s'=s
— A5 S,y — ] ’
™) {O, s' > s.
This concludes the proof of Lemma 2.5. ([

3. Regularity of horizontal curves

Let us fix an arbitrary distribution D that has rank n and corank p on M with
dim M = N =n+ p. Given a manifold X, amap u : ¥ — M is called D-horizontal
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if du(T5%¥) C Dy(o) for each o € X. For simplicity, let us assume that D is given
as the kernel of 1-forms A!, ..., AP on M. Then, D-horizontal maps ¥ — M are
precisely the solutions of the following nonlinear differential operator:

D:C®(X, M) - Q'(Z, R’) = Thom(T X, RP),

us WA, utAP).

ey

To find solutions of ®, we appeal to the Nash—Gromov implicit function theorem.
As a first step, linearizing ® at some u : ¥ — M we get the linear differential
operator:

£ Tu'TM — QLY(Z, RP),

)
£ [X > (16 uX) + X 05 08))!_ ],

which restricts to the bundle map on I'u*D:
Ly = Lylrwp 1§ > [X > (dA°(§, us X))

An immersion u : ¥ — M is called (dA®)-regular if the bundle map £, is surjective.
In general, (dA%)-regularity depends on our choice of 1-forms A®, whereas (dA*)-
regularity of a D-horizontal map is independent of any such choice. A (d)\*)-regular
horizontal immersion is also called Q-regular, where Q : A>D — TM/D is the
associated curvature 2-form. It follows that the sheaf of 2-regular horizontal maps
¥ — M is microflexible [Gromov 1986, p. 339]. Note that (d1*)-regularity is a
first-order condition on the class of maps. For the existence of a (dA*)-regular
horizontal map, even when dim ¥ = 1, D must be 1-step bracket-generating. We
now identify a suitable higher-order regularity for maps R — M horizontal to an
arbitrary distribution.

W-regular horizontal curves. The arguments presented in this section follow the
general scheme of algebraically solving (underdetermined) linear partial differential
operators as in [Gromov 1986, p. 155]. Briefly, the idea is as follows. In order to
solve the linear operator £, for some u, ideally we need to find out some linear
operator M, : QY(T, R?) — T'u*TM so that £, o M, = Id holds. This involves
solving partial differential equations in the coefficients of 91, which is in general
hard to do. Instead, we try to look for a linear operator &, : Tu*TM — Q! (X, RP)
satisfying &, o £, = Id, where £, : Q'(Z, R?) — T'u*TM is the formal adjoint
of £,. Note that this system is algebraic in the coefficients of &, and thus are
considerably easier to solve. Once we get a smooth solution &, we can take the
formal adjoint of the whole equation, and obtain £, o gu = Id, since ZTM =£,.
Taking 9, = &, we then have the desired solution to the original problem. This
observation was used by Gromov to prove the fact that a generic underdetermined
linear operator admits (universal) a right inverse [Gromov 1986, p. 156]. Although
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£, is underdetermined, we are not able to appeal to this theorem directly, since we
do not know whether the operator is sufficiently generic in the sense of Gromov.
Instead, we explicitly identify a class of maps u for which the algebraic system
always admits a (smooth) solution. We would like to note that a similar approach
was also successfully used in [De Leo 2019], where the author proved the existence
of nonfree isometric immersions.

Without loss of generality, we assume M = R" and fix some coordinates

y!, ..., yN on M. Let us write the 1-forms A as

)\Sz)v;dy“, 1<s<p.

We also fix the (global) coordinate + on R. For a function u : R — R, the

linearization operator £, (see (2)) is then given as
3 £, C¥[R,RY) = C®(R, RP),
E=(&") > (Ouryou) du’ " + (A5, ou) 9, £")0_.

Written in a matrix form we have £, (&) = £0£+£1 9, & where the p x N matrices £/
are given as

) L0 = (3% ou) dyu®) L) =S 0u)pxn.

pxN’
Taking the formal adjoint of £,, we get the first-order operator
R, : C¥(R, RP) — C®(R, RY)
which can be written as
Q) R, =RI+RL9, = (L) -8, £)" — (&),
Observe that
©) £ -3 &, =(@urou)du’—d(o0 1)) e
= (@uryou—dyay 0w)du’) = (—(tu.o, dA) D), -
Let us now consider the equation
(7 SoR, =1d
for an arbitrary order ¢ linear operator & : C®(R, RV) — C*®(R, RP) given as
6:=6"+6'9+---+69,

where &' are p x N matrices of functions. Note that (7) is algebraic in the entries of
the matrices &'. In fact, equation (7) represents a total of p?(g +2) many equations
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in pN (g + 1) many variables, namely, {Gfxﬂ [1<a<p, 1<B<N,0<i<gqg}.
This system is underdetermined if and only if

(8) p’(@+2)<pN@+1) & ng>p-—n.
Expanding out (7) we have

Id:@o%u=(60+6181++648t‘/)o(mg+miat)
— ("R +6'9, R+ + S99 RY)
+(6°R! +6' R+ 9, R + -+ 699 ' R+ 97 M) 3,

+ (&' R + &R + g9, Ry)) 3
+&IR. a1

Comparing both sides, we get the block-matrix system:

9 (66 ... 61! &)
RO Rl 0 0
3 R RO + 8, K] 0 0
X E S : :
3TN (g — DTN+ 97 ML L R 0
99 RO g3 ' RO + 9 m! . RO 4o, m! R

:(Idep Opxp -+ Opxp OPXP)'

Let us denote

(10)  Ry:i=—(€) =9, £) = (w0, X" ) pxn, A= L= (A}, 0u) pxn,
so that from (5) we have

(11) RO=—(R,)" and R =-AT

Taking the adjoint of the coefficient matrix in (9) and multiplying by —1 we then
get the following matrix:

R. &R, 3 'R, IR,

A R,+3A ... (q—D3" "R, +377"A g3 'R, +3IA
a2 a=|° 4

0 0 A Ry +qd A

0 0 0 A
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A is a matrix of size p(g +2) x N(q + 1), which depends on the (¢ + 1)-th jet of
the map u. The rows of this matrix can be linearly independent only if ng > p —n
holds (see (8)). Under the full rank condition, one can always solve for &' smoothly
in (9), and thus solving (7). It should be noted that there is no unique solution,
but instead, we have an affine space of them. The full rank of A will enable us to
choose a solution that varies smoothly depending on j,! + (x).

Definition 3.1. For some fixed ¢ satisfying nq > p — n, let us define the relation
W C JITR, RY) as

W = {ji"(x) | du, is injective and A = A(jI*'(x)) has full (row) rank}.

A smooth solution of W is called a W-regular or weakly (d)\*)-regular map. We
denote by Sol W the space of all W-regular maps.

Lemma 3.2. (d)\°)-regular maps are WW-regular.

Proof. If an immersion u : R — R" is (d)*)-regular, then the block (If\u)sz y in
the top left corner of A has full (row) rank, which makes the first two row-blocks
of A full rank. On the other hand, the A blocks on the “off-diagonal” are always
full rank, since the rows of A consist of linearly independent 1-forms {A°}. Note
that there is no overlap between the (}j\u)sz  block and the rest of the diagonal A
blocks. Hence, the rows of A are linearly independent whenever u is (dA*)-regular,
i.e., u is then W-regular. (]

In light of the above lemma, one observes that the first row-block of A is the one
where the rank of A might drop, and one may consider W-regularity as the natural
higher-order analog of dA*-regularity. This observation shall become more clear in
the proof of Theorem 3.7. Let us now show that £, admits a universal right inverse
over W-regular maps, i.e., one can solve £, o 9, = Id for any W-regular map u,
such that 91, depends smoothly on u.

Proposition 3.3. Fix g satisfying nq > p — n and the relation VW C J9 (R, RV).
Then, for W-regular maps u : R — RY, there exists a linear partial differential
operator M, : C*(R, R?) — C®(R, RY) of order g, satisfying £, o M, = Id.
Furthermore, the assignment

SolW x C¥(R, R?) 3 (u, P) > M(u, P) :=M,(P) € C(R, RY)
is a differential operator, nonlinear of order 2q + 1 in the first variable.

Proof. Fix ajet o = j,j”l(t) € W|;, represented by some map u : Op(t) — R

The first-order operator R, defined on Op(¢) gives rise to the (linear) symbol map

A, : TR, RP)|, — JOR, RY)|, = C®([R, RY)|,.



THE h-PRINCIPLE FOR TRANSVERSE MAPS 215

For any jet j})(t) e JHR, RP)|, represented by some P : Op(t) — R”, we then
have Ay, (j} (1)) =R, (P)(r). We define Ay : J7H (R, RP)|, — J9(R, RV)|, by

.q+1 .
AL GETL @) = Jg, ) O,

Since o € W, the matrix A, = A(j! +1 (#)) has full row rank. We can then readily

solve for &/ = &/ (o) in (9), in terms of rational polynomials of the terms of A,.

Indeed, we get a (linear) map Ag, : J9(R, RY)|, — C®(R, RP)|, satisfying the

commutative diagram

A(q)
JITH(R, RP)), o > JUR, RN)|,
Pt A
JOR, RP)|,

Consider an open neighborhood U (o) C W of ¢ so that the denominators of all the
rational polynomials in Ag, remain nonzero for all jets T € U (o). Shrinking U (o)
if necessary, assume that U (o) projects down to an open neighborhood V(o) C R
of . We then have a smooth map

Ay :U0) x J4(V (o), RY) = C®(V (o), RP),

so that for 7 € U(0)|s; with s € V(o) and for any j;ﬂ“ (s), the following holds:

Ao (1. AL G 0) = pdT G5 9) = Ps).

Note that A, is nonlinear in the first term, whereas it is linear in the second term.

We now have an open cover 4 = {U(0)},cpy of W. Fix a partition of unity
{pa}aea on W subordinate to &I, so that supp p, C U, for some U, € 4l. We denote
the corresponding open set V,, C R and the map

Ay Uy x J1(Vy, RY) — C®(V,, RP).
Define the bundle map

Ag: W x JUR, RY) —> C®(R, RP)

via the formula

As(T.m) =Y Ay(T, pu(T)N).

Since each A, is linear in the second argument, the map Ag is well-defined and
smooth. Now, for jets 7 = j¢ ' (s) € W and n = jg“(s) e J9T(R, RP), we have



216 ARITRA BHOWMICK
As(T, AL ) =D Ao (T, pa(D) A ()
o
=" Au(r. AL (pa(T))).  as AR is linear
o

= Z Py (pa (T, by the construction of A,
o

= pit! (Z pa(r)n)
.
=pit ) = Ps).
Define S : Sol W x C® (R, RY) — C®(R, R?) via the formula
S, &) =AsGI, jd).

The operator & is nonlinear of order g + 1 in the first component and linear of
order ¢ in the second component. We have & (u, R, (P)) = P for any u € Sol W
and P € C*(R, R?).

Lastly, define the operator 91 : Sol W x C®(R, R?) — C*®(R, RV) by

M(u, P) =M, (P) =&, (P),

where gu 1 C®(R, R?) - C®(R, RN) is the formal adjoint to the operator G, :
&> S(u, ). We have

L.oM, =R, 06,=6,0R,=Id=1Id for any u € Sol W.

Clearly 90t is a differential operator, which is linear of order ¢ in the second
component. Since taking adjoint of the g-th order operator &, itself has order ¢,
we have 9 is nonlinear of order 2¢g + 1 in the first component. (]

Following Gromov’s terminology [Gromov 1986, pp. 115-116], Proposition 3.3
implies that for any ¢ satisfying ng > p — n, the first-order operator

D:C®°[R,RY) - C®(R, RP)

is infinitesimally invertible over WW-regular maps, with defect 2¢ + 1 and order of
inversion ¢. For @ > 0, denote the relation of a-infinitesimal solutions of © =0 as

(13) Ritne = U () 1 j§ () =0} C TR, RY),  a>0.

Next, for o > (2q + 1) — 1 = 2q denote the relation of W-regular «-infinitesimal
solutions of ® = 0 by

(14) w = (PO T OM) N R, C T (R, RY).
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Each W, has the same C*°-solutions for & > 2¢q, namely, the VW-regular D-horizontal
curves. Denote the sheaves

(15) ®"Y =SolW, and W)Y =TW, for a > 2g.

A direct application of the results in [Gromov 1986, pp. 118—120] then gives us:

Theorem 3.4. Fix q satisfying ng > p —n, where p = cork D, n =1k D. Then:
o ®W is microflexible.

e Foran
Y o >max{2g+1+4+q, 2.1+2g}=3q +1,

the jet map j*': ®W — W)W is a local weak homotopy equivalence.

Remark 3.5. It should be noted that the W-regularity of D-horizontal maps R — M
is independent of any choice of coordinates on M or choice of defining 1-forms A°.
Indeed, these are precisely the class of maps R — M over which the operator ©
(see (1)) is infinitesimally invertible. Since the solution space ® = 0 is independent
of any choice, so is the regularity of such maps.

Local h-principle for VW-regular horizontal curves. To keep the notation light,
throughout the rest of this section, we shall treat any higher jet j/ (x) formally as
variables. That is, j,/ (x) really represents the tuple of formal maps

(F':O'T,R— T,»)RY, 1<i<gq)

in the jet space ch’u(x))([R?, RY), and each component 3/u(x) = F'(3!) € R are

independent variables. For any 1-form A defining D near y = u(x), the components
of the higher jets jf (y) will be treated as known scalar values.
Now, consider the first-order relation

(16)  Rimm-tang = {J,u (x) € J' (R, RY) | du, is injective and Imdu, C Dy}

The solution sheaf Sol Rimm.-tang consists of all the D-horizontal immersed curves. It
follows from (13) that Rimm-tang C R?ang. For any « > ¢, where ¢ satisfies ng > p—n,
we have from (14) that the jet projection map p®*': J**(R, RV) — J'(R, R")
restricts to a map wtl
P |Wa We —> Rimm—tang-
In fact, we have the following commutative diagram:

Wy > Rippg — JH(R, RY)

+1 a+1 a+1
p‘l" Wal l/[’] |Rgmg J/P1

Rimm-tang — Rtoang — JI(R’ RN)

Note that p‘l’”rl is an affine bundle. Let us now make the following easy observation.
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Lemma 3.6. Forany o € R?ang, the fiber of p‘l)‘Jrl |7ggmg over o is contractible.

Proof. A jet j;j‘“ (x) e R C J*TI(R, RV) is defined by the equation j%(u)(x) =0

tang
(see (13)), which expands to the following system:

0= (w*2* ()«
(17) = 3F (A3, o) dpu™) :
= (A, ou) 8;‘“ u*|, + terms involving jblf(x) =0

where 1 <s < p, 0 <k <. Recall the matrix A = (1), ou(x))pxy from (10) and
denote by af u the column vector 8{‘ u= (8," u”(x))nx1. Then, equation (17) can
be expressed as the following affine system:

A3,u =0

Ad u= (=@ A 0w dyut dyut), |,

(18)

A8f‘+] u = p x 1 vector involving j (x)

Note that we have R?angl(x,u(x)) = ker A. Since A has full rank, given any value of
o= jL} (x)=0,u € R?ang, the above system can always be solved in a triangular
way. Clearly, at each step the solution space is affine. It follows that the fiber of
pot! |Rg,, Over o is contractible. O

The discussion so far had no extra assumption on the distribution D. From this
point onwards, we shall only consider equiregular, bracket-generating distributions.

The main goal of this section is to prove the following.

Theorem 3.7. Let D be an equiregular bracket-generating distribution of rank
n and corank p on RN="1P with type m. Let qq satisfy nqy > p — n. Fix a jet
o= j; (x) € Rimm-tang- Then for each K > 1, there exists some q(m, K) > qo, such
that for any a > q(m, K) the complement of the fiber Wy|s = (p‘{”’1 |Wa)_1 (o) has

codimension at least K in R,olo = (p‘l)H_1 IRf;ng)_l (o).

As a corollary, we get the local h-principle for VW-regular horizontal maps.

Corollary 3.8. The sheaf map ®V — ["Rimm-tang induced by the differential map
is a local weak homotopy equivalence.

Proof. Fix some jet 0 € Rimm-tang- It follows from Theorem 3.7 and Lemma 3.6 that
the fiber of p‘f“ lw, over o is K-connected for « sufficiently large. Hence, passing
to the infinity jet, we get that the fiber is weakly contractible. By an argument of
Gromov [1986, p. 77], the sheaf map pi* : \Ifg/g = I'Ws = I'Rimm-tang 18 then a
local weak homotopy equivalence. Also, from Theorem 3.4 we have the sheaf map
j%: @ — W is alocal weak homotopy equivalence. But then the composition
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ﬁ“ 3 Ry o Ry B [0 Ru
Al L. .011; *2
i if’pe‘?r the highest-order jet B;H'lu
A ’{é’&re ‘Y appears only in this block
‘&91]
R+
A

Figure 1. Highest-order jet of u in A.

pioj%: W - ["Rimm-tang 18 @ local weak homotopy equivalence as well. Note
that the composition map is nothing but the differential map u — du. (]

To prove Theorem 3.7, we need to understand the equations involved in defining
the relation W,  J*H (R, R") as in (14). We have already seen in Lemma 3.6 that
given a jet 0 € Rimm-tang, the fiber of Rfﬁmglg is the solution space of a triangular

affine system (see (18)). But a jet jlf‘“(x) € Wule C RE

tnglo must satisfy W-

regularity as well, i.e., the matrix A = A( jﬁ‘“(x)) as given in (12) must have
independent rows. We note the following features of the matrix that will become
useful later in the proof.

Firstly, the A blocks in the off-diagonal of A have full rank. Thus, the rank can
only drop at the first row-block. In any block above the A-diagonal, the highest-
order jet term 9,/ 1y is contributed by the 9/ R, factor, and it appears linearly. In
fact, from (10) we have

(19) 8,qRL, = (d)&(at‘“rlu, 8M))pr + a p x N matrix in j/(x).

1
Furthermore, no component of 9; *

u appears anywhere below the diagonal passing
through this block (see Figure 1). In particular, in each column-block, the highest-

order derivative of u occurs in the first row-block only.

Secondly, each column-block of A has N many columns, which can be labeled by
the framing {9y, ..., dny} of TRY, asitis clear from (19). For any arbitrary choice of
frame {W1, ..., Wy}, we can always perform some (invertible) column operations
on A so that the columns in the target column-block, say the (g + 1)-th column-
block, are now labeled by {Wy, ..., Wy}. Il_ldeed, if we write W; = Wij d;, then one
can consider the invertible matrix W = (W] ... W} )yxw, so that multiplying the
97 R, block from the right by W transforms it into the following block:

(20) (d,\s(agﬂu, Wu))pr + a p x N matrix in jJ (x).
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We extend this W to a block-diagonal-matrix W of size N (a+1)x Na+1)
by putting W as the (¢ + 1)-th diagonal block, and Idy in all the other diagonal
positions. Now, if we multiply the matrix A by W from the right, it will perform
column manipulations precisely at the (g + 1)-th column-block. In particular, the
top row-block in this column is now (th R, )W, and thus by looking at (20), we may
label this column-block by Wy, ..., Wx. Note that this process does not change
the rank of the matrix, since the column manipulation is invertible by construction.

In the proof, for each column-block of A, we shall only prescribe a subframe
of TR (obtained by using Lemma 2.5), which will then be arbitrarily extended to
a full frame. Performing the column manipulation as described above will make
sure that the target column-block is labeled first by the prescribed subframe and
then by the arbitrary choice of extension. As we shall see, we are not interested
in the columns which are labeled arbitrarily during this process. If the matrix
has full (row) rank after discarding a few columns, then the original matrix will
also have full rank. Thus, given a subframe, say, (Wi, ..., W,) for the (¢ + 1)-th
column-block, we shall say that the (¢ 4 1)-th column-block is relabeled by the
subframe, while discarding the arbitrarily extended part.

Let us now proceed with the proof of Theorem 3.7. We refer to page 226, where
the major steps of the proof are carried out in detail for an example case.

Proof of Theorem 3.7. Let o = jl(x) € Rimm-tang be a given jet, and y = u(x).
Suppose D has the typem=(0=my <- - - <m,4+1 =N =n+p), where mg =dim D?
for 0 <s <r+4 1. We denote p; = dim(D;“/D;) =my41 —mg for 1 <s <r and
set po = 0. Using Lemma 2.5, we get the vectors

©eD,, M eD\D), ¢V eDy\D),  1<j<p,l<s<r
at y, and the 1-forms A%/ near y. We write the matrix A (see (12)) in terms of

these A*/’s. As observed in Remark 3.5, this does not change the relations W,,.

Notations: We label the row- and column-blocks of A starting from 0, so that the
(0, g)-th block is 3, R, and the (g + 1, ¢)-th block is the A block. We will use ¢**

to mean the tuple of vectors (¢*!, ..., ¢%P) and similarly 75°, 5%, A** etc. In
particular, the matrix A is then given by AT = (A1* ... A7)y, p- We shall also
use the notation ¢* for the tuple (¢!, ..., ¢™*) of size p, and £%* for 1 <s < r for

the tuple of size p — p,, obtained by dropping the tuple ¢** from ¢*°. For notational
convenience, we set Z‘ O — g

Let us first assume K = 1. We need to show that the complement of W, |,
in Riyyelo has codimension 1 for some « large enough. To achieve this, we shall
find a polynomial P in the jet variables j¥(x) so that P being nonzero at some
o€ Rianglo implies that the matrix A = A(0) has full (row) rank. Let us briefly
discuss the proof strategy.
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Step 1: For each column-block of A, we shall prescribe some subframe of T, RV,
consisting of some suitable vectors as obtained by Lemma 2.5 (and thus using the
fact that D is bracket-generating). This step (Algorithm 1) is recursive, and it will
determine the value of ¢g(m, 1). Extending each subframe arbitrarily to a full frame
and then relabeling the column-blocks, we get a new matrix, say, Aj. Since these
operations are invertible, A has full rank if and only if A has full rank.

Step 2: We shall consider the submatrix B of A, with columns labeled by the
prescribed subframes as above and all the rows of A;. B will be a square matrix
and P = det B will be our candidate polynomial in the higher jet variables j* H(x).
Since it is a minor of Ay, det B # 0 at some higher jet ¢ € Riunglo implies that
A(G) has full rank, i.e, & € W, |,. We shall keep using the notation A and 9, R, to
denote the respective blocks in B obtained after the column transformations and
curtailing of A. Performing some more (invertible) row and column operations
on B, we shall produce a new matrix By, so that det B = det B;. Next, we shall

extract a square submatrix C of B and observe that det B =det By = +detC.

Step 3: It follows from (18) that if j/(x) is solved, then the solution space
for 8,”+1u is given as the affine space V, +ker A =V, + D, (x), where the N x 1
vector Vy = V,( jil(x)) is obtained using some fixed choice of right inverse AL
In particular, we can write B,qHM =X,t7+V, (jil(x)) for 1 < g < a, where X, is
some indeterminate and 74 is a vector suitably set in Algorithm 1 to either 0 € D,
or to one of the vectors 75/ € D, chosen earlier. Inductively, we then have

et = X, 79+ termsin Xq, ..., X,—1, ', ..., 77 " and o0 = j! (x)
for 1 < ¢ < a. Arbitrary values of Xy, ..., X, will produce j**!(x) € Ringlo

from (21). We will replace the values of 9, 14 in the matrix C. Treating det C as
a polynomial in the indeterminates X, we shall show that det C is nonvanishing
for suitably large values of X,. Thus, P = det B is nonvanishing when restricted
t0 Rignglo- This will conclude the proof for K' = 1.

The crux of the proof lies in suitably choosing the subframes for each of the
column-blocks of A as done in Step 1. We produce a schematic diagram to explain
the process (Figure 2). As discussed earlier, the rank can only drop in the first
row-block consisting of 3 R,, which are represented by the red boxes in Figure 2,
whereas the blue boxes represent the A blocks. Suppose we have dealt with the
rows corresponding to dAl!,...dx*"J" of the first row-block in a manner that,
ignoring the rest of the rows from the first row-blcok, the matrix A up to, say, the
g-th column-block has full rank. We could keep choosing ¢* for the subsequent
column-blocks, which will transform all the A blocks appearing in those column-
blocks into Id,, and thus make sure that the matrix A, after ignoring the rest of the
rows from the first row-block, is indeed full rank.
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(A I (S )
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like equation (22) ]

this looks
like (Id), 0)

Figure 2. How Algorithm 1 chooses the labeling subframes.

-

Now, suppose the next row in the first row-block corresponds to dA*/. We label
the (g + 1)-th column-block by the frame (*~'*, n*/). It follows from (20) that
the last column of the 3, R, block transforms into

d)\‘v’j(a,ﬁlu» n*/)+ a p x 1 vector in j4(x).

Since 9/ Hyisa jet that did not appear earlier in the matrix (Figure 1), we can

prescribe its value arbitrarily to make sure that (at least) the row corresponding
to dA*/ in 8 R, must be linearly independent. Indeed, it follows from Lemma 3.6,
that given j,/ (x), we may choose 9 1y from an affine space, which is parallel to the
distribution D = ker A, and so, given a particular solution of 3, 1y, we can always
add a vector proportional to 79 = 7%/ € D*. This is done in Step 3, by adding X,
for large value of X,. It follows from Lemma 3.6 that this will introduce an X,
variable (with coefficient 1) at the dA%/ row, which does not appear anywhere
below this row. Note that the rows appearing above might have some instances
of X, but these rows will be taken care of by some X,/ variable appearing earlier.
In other words, each row gets assigned a unique X,.

But choosing this subframe (fs_l’j , n*7) also introduces a column vector of
unknown scalars in the corresponding A-block at the A* —Le_rows (see (22)), and in
turn (possibly) reduces the rank for the corresponding row-block. To compensate
for this, we choose a sufficiently high jet of u that we have not used (recall that we
have utilized the jet 9, i so far). Indeed, we may consider 9, u for some q' >q,
and look at the block to the right of this A block where this jet appears for the
first time in this row-block. This is represented by a red dashed arrow in Figure 2,
the arrowhead pointing to the block (the green box in the figure) which is used to
compensate for the drop of rank in the A block. It follows from (12) that this block
must look like cd; ,_IR,, +a p x N matrix in j; - (x), for some positive integer c.
We now perform the same process as above: we choose another subframe, say,
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Input: q,s, j, d
Output: g
1: function ChooseSubFrame(q, s, j, d)
2 if d = 0 then > We are in row-block 0
3 79 « 7%/
4: else > We are in row-block d
5: 7«0
6 7974 5]
7 Pick subframe (g:s’l", n*7) for column-block ¢
8 qo < ¢q
> If s =1, then p;_; = 0 and we do not enter the following loop

9: for 1 <a < p;_;do
10: for1 <b<gop+1do
11: Pick subframe ¢* for column-block g + b
12: 19« 0e€D,
13: q < ChooseSubFrame(q +qo+2,5s—1,a,q0+1)

return g

Algorithm 1. Algorithm for choosing subframes and 79’s.

(f“_z’j/, n*~17") for the corresponding column-block, choose a value of 3, /_lu,
suitably add some vector proportional to 751/ ', and thus make sure that at least
one of the rows of this row-block is now independent. But now we need to keep
doing this recursively, as this will again drop the rank of some A block down the
line. The recursion ends when we choose the frame (¢*, n'*/), since this frame will
transform the corresponding A-block into (Id,, 0,x1), which already has full rank.

We give a recursive algorithm (Algorithm 1) to choose the appropriate subframes
for some 1 <s <r and some 1 < j < p, starting from some column-block ¢,
while at the same time suitably fixing the vectors 74 ‘e D, for ¢’ > ¢ that needs
to be used later in Step 3. The inputs of the algorithm correspond to the situation
described above: we have dealt with all the rows appearing before the dA*/-row
in the first row-block, using up till the (¢ — 1)-th column-block. The integer d
corresponds to the depth of the recursion; we begin at d = 0, and then d increases
as we compensate for subsequent the A blocks, as discussed above.

Algorithm 1 outputs the last column-block g for which the subframe and the
vector T¢ have been chosen. Note that for s > 2, the algorithm is recursive. Whereas
for s = 1, we choose the frame (¢%°, n'/) = (¢*, n'*/) and do not enter the for-loop
since ps—1 =0 for s = 1. We can now find all the subframes, starting from some
column-block g by Algorithm 2.

As before, Algorithm 2 outputs the last column-block g for which the subframe
and the vector ¢ have been chosen. We are now in a position to get a suitable value
of g(m, K) for K = 1. First, we choose the frame ¢* for each of the column-block
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Input: g
Output: g
1: function ChooseAllSubFrames(q)

2 for1 <s<rdo

3: for1 <j<psdo

4 q < ChooseSubFrame(q, s, j,0)+ 1
return g — 1

Algorithm 2. Algorithm for choosing all subframes.

0, ..., qo, where go > 0 satisfies nqo > p —n and set 70=...=1% =. Then, let
g(m, 1) = ChooseAllSubFrames(go + 1). Let us denote the transformed matrix
by Ap = A; (™Y (x)). This concludes Step 1.

Next, choose the submatrix B of A; which are labeled by the prescribed columns
chosen as in Step 1. Firstly, note that whenever we are choosing the subframe ¢*
for column-block ¢, the A-block in that column-block of B becomes Id,, since A°
is dual to ¢°. On the other hand, choosing the frame (g:s_l", n*7) for some (s, j)
with s > 1 makes the A block of the form

Id, 4o gps s 0 0
(22) 0 0 #pixi ,
0 Wpertp O ) pppeis
where * represents the column vector (A* "(n""j )). Lastly, choosing (¢*, nl’j ) trans-
forms the A block into (Id, 0,x1)px(p+1)- It follows that B is a square matrix of
size p(g(m, 1) +2) x p(g(m, 1) +2).

Let us now perform some invertible row and column operations on B, keeping
its rank fixed. Starting from the bottom right corner of B and then going towards
the top left corner, we consider each Id block in the off-diagonal A block. Next
using these Id blocks in order, we make everything zero first along the columns and
then along the rows. Denote the new matrix by B; and observe that det B = det B.
In any nonzero block of B above the A diagonal, the highest-order derivative of u,
say 9 i u, is still contributed by the 9, R, factor of this block. In fact, any of these
blocks look like

(Opx(p’—l) cdk‘(atq+lu, n*7) 4 terms in Je (x))pxp,
for some integer 1 <c¢ <qg(m, 1) and some p' e {p+1, p—ps+1, 1 <s <r}.
Note that this integer c is the integer coefficient of the respective 9 R, factor as
in (12). Let C be the square submatrix of B; obtained by removing the rows and
columns corresponding to the Id blocks so that we have det B = det By = =detC,
concluding Step 2.
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The columns of C are precisely those columns corresponding to some 1*/ chosen
earlier via Algorithm 2, whereas the rows of C correspond to each row from the
first row-block of By, and all the rows starting with some A%/ /(ns'j ) from the other
row-blocks. Let us now show that det C # 0. We replace 9, Hy = Xyt9+...inC
by using (21). By (i) the construction of C, (ii) the choice of 7¢’s in Algorithm 1,
and (ii1) from Lemma 2.5, it follows that in each row of C there exists a unique
column so that the element in this position satisfies the following:

« The element looks like, cX, +terms in X1, ..., X,_1, for some g and some
integer 1 <c <¢q(m, 1).

* X, does not appear anywhere in C to the left of this column.

* X, does not appear anywhere in this column below this row (but may appear
above this row).

Note that, not every variable X, appears in C, since we have set many 77 = 0.
In fact, there are precisely ¢ many variables appearing, where C has the size g x q.
Hence, for notational convenience, let us rename the appearing X,’s to {Y1, ..., Y3}
in the increasing order. By expanding det C, we then have the recursive formula:

detC =Y; f5-1(0,Y1,.... Y5 1)+g5-1(0,Y1,....Y51)
fi1(0, Y1, Ya ) = Yo 1 f7-2(0,Y1,..., Vg 2)+852(0,Y1,..., Y5_2)
(23) : ' .
f2(0,.Y1,Y2) =Y fi(o, Y1) +g1(0, Y1)
f1(0, Y1) = YidetC+go(0)

Above, f;, g; are polynomial functions, where gg depends only on the choice of
the first jet o = j!(x). The matrix C has the following property: for each row
of C, there exists a unique column, so that the element in that position is an integer

(corresponding to the coefficient of some X, ) and everything below this integer in
this column is 0. Indeed, this column corresponds to the unique column of C with
the first occurrence of X, as discussed above. Then, some column permutation puts
the matrix C in an upper triangular form, with nonzero integers in the diagonal. In
particular, det C # 0. Hence, choosing Y1, Y, ..., ¥; successively and sufficiently
large, we can see from (23) that det C # 0. In other words, we have shown that the
polynomial det B is nonvanishing when restricted to Rfa(n“;’l) |o» which concludes
Step 3.

To finish the proof for K =1, let « > g(m, 1). First perform ChooseA11Sub-
Frames(go + 1) as above. Next, for g(m, 1) + 1 < g < «, choose the subframe ¢*
for the column-block ¢ and set t7 = 0. We can then continue with the rest of the
argument as above without any change. In particular, for any o > g(m, 1), we have

the codimension of the complement of W, |, is at least 1 in Rfﬁmglg.
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Let us now induct over K. Suppose for some K > 1, we have obtained a suitable
g(m, K) and some polynomials Py, ..., Pk in the jets j,f(m’K)(x) so that

Wym k)" C{P1=+--=Pg =0}, codim{Pi=---=Px=0}>K in Rfy"'lo.

tang

We set g(m, K + 1) = ChooseAllSubFrames(g(m, K) + 1). This will produce a
new polynomial Pk involving jets that were not involved in any of the Py, ..., Pk.
But then codim{P; =---=Pg41=0}>K+1in tha(nn;’KH) |s. Also by construction,
Wy, k+1))¢ C{P1 =---= Pg41 =0}. Proceeding similarly as in the K =1 case,
we can finish the inductive step.

This concludes the proof of Theorem 3.7. U

A toy case. Let us consider a toy case to illustrate the major steps in the proof
of Theorem 3.7. We consider a bracket-generating distribution D, of rank n = 10
and corank p = 4, on a manifold M with dim M = 14. Suppose D* = TM and
tk(D?*/ D) = 2 = tk(D3/D?). Thus, D has the type

m=0=mog<m =10 <my =12 <m3 = 14),

and we have p; = 2 = p;. For some x € M, using Lemma 2.5, we choose the
necessary vectors 5 e D, ns’j eDs, ;S’j € D;“ forl<j<psand1 <s <2
and the 1-forms A%/, Clearly, for gy = 0 we have nqy > p —n = —6. Let us now
determine g (m, 1) and see how Algorithm 2 produces the subframes for different
column-blocks of the matrix A:

pick ¢* for column-block 0, pick (¢°, n"1) for column-block 1,
pick (¢°, nl’z) for column-block 2, pick (21”, nz’l) for column-block 3,
pick ¢* for column-blocks 4 to 7, pick (¢°, n'1 for column-block 8,
pick ¢* for column-blocks 9 to 12, pick (¢*, n"?) for column-block 13,
pick (21", n2’2) for column-block 14, pick ¢° for column-blocks 15 to 29,
pick (¢°, n"1) for column-block 30, pick ¢* for column-blocks 31 to 45,
pick (¢°, nl’z) for column-block 46.

Thus, we may take g(m, 1) = 46. The submatrix B is a square matrix of size
4 x (46 +2) = 192. We also choose the vectors 79 as

‘L’l=‘C1’l, ‘L’2=‘C1’2, 7:3:772’1» ‘L’4=‘C1’l,

and set all other t7 =0 for 0 < g < 46.
Removing all the rows and columns corresponding to some Id block in the
off-diagonal, we get the matrix C of size 8 x 8 from B. Let us also replace
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97*'u =X, +... in C. Then C looks like

i1 nl2 2! i nl2 ! ! nl2
Xi+x*x 2Xo+% ?2Xz+*% ?2Xu+x% ?2Xo+* ?2Xu+* ?Xis+* 2X31+x%
0X:1+%x Xo+x ?2X3+*x 2Xa+x%x 2Xo+* ?2Xyu+* ?2Xis+* ?2X31+x%
0X14+x* 0Xo4+*% Xz+x 2X4+% 72Xg+% 27Xjg+* ?2Xi5+*% 7X31+%*
C=|0X;+*x 0Xo+* O0X3+x ?2Xu+x ?2Xo+* Xpu+x ?2Xi5+* ?2X31+x%
0 0 AP X4 2Xo+% 0Xpa+% 2Xis+% 72Xz +x
0 0 2222 0X44+% Xo4% 0Xpa+% 2Xis+% 2X3+x
0 0 0 0 0 )»2’1(772‘1) Xis+% ?2X31+%*

0 0 0 0 0 )»2’2(772‘1) 0X15+* X3 +%* Sx8

Above, x in some ?X; 4 * denotes terms involving X1, ..., X;_;. Also, to keep the
calculation simple, we have set the (nonzero) integer coefficients to 1 for the highest-
order X, uniquely associated with each row. We can find a recursive formula for
det C as in (23). In particular, the matrix Cis given by

1

™

I
OO OO O OO
SO OO O O =

?

9

SO OO O = o

9

O OO = 9 D D

O O = Y D D D

9

SO OO = 0 D

9

S = 9 D D D D -

9

8x8

which obviously satisfies det C # 0.

4. The h-principle for transverse maps

Given a distribution D, a map u : ¥ — M is said to be transverse to D if the
composition map 7 X D WTM 25 w*T™M /Dis surjective, where A : TM — TM /D
is the quotient map. We have the following theorem.

Theorem 4.1. Let D be an equiregular bracket-generating distribution on a mani-
fold M. Then, maps transverse to D satisfy the C°-dense parametric h-principle.

Once we have the microflexibility (Theorem 3.4) and the local A-principle
(Corollary 3.8) for W-regular horizontal maps R — M, the proof essentially follows
from the steps outlined as in [Gromov 1986, p. 84]. The details were worked out in
[Eliashberg and Mishachev 2002, Theorem 14.2.1] when the distribution is contact,
and in [Del Pino and Presas 2019, Theorem 4] for the case of Engel distributions.
We include the sketch of the proof for the general case.

Proof of Theorem 4.1. Let Ryan = {jL} (x) | Aoduy is surjective} C JU=, M)
be the relation of D-transverse maps X — M. Since Ryan iS open, we have



228 ARITRA BHOWMICK

Sol Riran is microflexible and furthermore, j 1 S0l Riran — I'Rigan is a local weak
homotopy equivalence. To prove the h-principle, we need to find some suitable
(local) microextensions (1n the sense of [Bhowmick and Datta 2023, Definition 5.10])
tomapsE—>M where £ = ¥ x R.

Let us consider the following class of maps:

GW-tran _ {u S o m ‘ u is transverse to D, and for each o € & }

|y xR 1S a W-regular, D-horizontal, immersed curve |

We prove the microflexibility and local A-principle for ®"V""  Assuming that
=(/_, ker A%, let us consider the differential operator

D:C®(E, M) —» hom(TR, R?) = C= (S, M),
u—= (WA rR) = (A% (9))).

Clearly, u : ¥ — M is a solution of D =0 precisely when u|, xr is D-horizontal for
each o € X. The linearization of D at some u is then given by a formula identical
to (3). Since ¢ is a global coordinate on & = ¥ x R, we have a splitting of the jet
spaces. Denote by ]q+ L(x) the higher derivatives purely along the ¢ direction.
We then see that the matrix A = A( Jq+1) asin (12), in fact depends only on J‘Hl +
Let Rmm cJ! (E M) be the relation of D-transverse maps ¥ — M and define
Wtran C Jq-i-l(z, M) by

W = {4 (x) | jH(x) € Ruan, dru(x) #0, A" +(x)) has full rank}.

By similar arguments as in Section 3, the operator D is infinitesimally invertible on
ytran. -regular maps.
Let RY ={j7 H(x) | ]D( )(x) = 0} for @ > 0 and then for o > 2¢ define

tang

W(;ran — (p(@;lj:ll)— (Wtran) ﬂRtang C JOl+1 (2’ M)

It is then immediate that the smooth solutions of WY" are all same and in fact
W-tran _ g Wian Just as in Theorem 3.4, we have the microflexibility for @W-tran,
and jot!: @WVran _ PN §g 3 Jocal weak homotopy equivalence for o large
enough. Since ®"V"" is invariant under the pseudogroup of fiber-preserving local
diffeomorphisms of f), we have the flexibility of the restricted sheaf CIDW'“a“|EX0
[Gromov 1986, p. 78].

Define the relation

ﬁtang—tran = {]ul (x) € 7’:\;ftran |0 # 0;u(x) € Du(;\')} C Jl(ia M).

We have the jet projection map J*+! (i, M) — J' (S, M) which restricts to a
map Wi — ﬁtang_tran. Since transversality is a first-order regularity condition,
we deduce analogous to Corollary 3.8 that the map oW-tran _, Fﬁtang_tran induced
by the differential, is a local weak homotopy equivalence. Now, we have a map
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ev: Fﬁtang_tran — ["Ryran induced by the restriction u — u|x xo. By choosing some
arbitrary nonvanishing local sections of D, we can easily get local (parametric)
formal extensions along this ev map on contractible open sets of . Thus, ﬁtang_tran
is a microextension of R.,. We can now finish the proof of the 4-principle as in
[Bhowmick and Datta 2023, Theorem 2.18]. O

We would like to note that Martinez-Aguinaga and Del Pino [2022] recently
have proved the above A-principle (among many other strong results) under similar
constant growth assumption on the distribution, albeit using a completely different
rather geometric technique. We believe that the technique utilized in the present
article can be adapted to a broader class of problems, including the existence of
horizontal immersions of submanifolds. Indeed, this method seems promising to
address the following conjecture by Gromov.

Conjecture [Gromov 1996, p. 259]. Given a distribution D on M, Q-regular (i.e.,
(dA®)-regular) D-horizontal immersions ¥ — M satisfy the complete A-principle,
provided dim M > (dim £ 4 1) codim D.

Immersions transverse to a distribution. Whenever dim X < dim M, an immersion
u: X — M is said to be transverse to D if u is an immersion and the composition
map T¥ — u*(TM /D) is of full rank. The following A-principle is well known.

Theorem 4.2 [Gromov 1986, p. 87; Eliashberg and Mishachev 2002, p. 71]. Let D
be an arbitrary distribution on M. If dim ¥ < cork D, then immersions ¥ — M
transverse to D satisfy all forms of h-principles.

The critical dimension dim ¥ = cork D is not covered by the above theorem.
Although, for the special case of D being either a contact [Eliashberg and Mishachev
2002, Theorem 14.2.2] or an Engel distribution [Del Pino and Presas 2019], the
h-principle holds for all transverse immersions. The A-principle for smooth immer-
sions transverse to real analytic bracket-generating distributions was proved in [Del
Pino and Shin 2020]. We have the following.

Theorem 4.3. Let D be an equiregular bracket-generating distribution. Then,
CO-dense, parametric h-principle holds for immersions ¥ — M transverse to D,
provided dim ¥ < dim M.

Proof. The proof is identical to that of Theorem 4.1. Denote by Rimm C J (=, M)
the relation of immersions ¥ — M, and similarly ﬁimm cJ l(i, M) where we
have & = ¥ x R. Then, Rimm-tran = Riran N Rimm 18 the relation of immersions
¥ — M which are transverse to D. The microextension is provided by the relation

Rimm—tang—tran = Rtang—tran N Rimms
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where Riang-tran 18 as in Theorem 4.1. We have the map
ev: 1—‘,Rimm—tang—tran — I'Rimm-tran

induced by u > u|x «o. Since we have that dim ¥ < dim M, we can always find
nonvanishing (local) extensions along the ev map. The A-principle then follows. [

In particular, we have the h-principle for D-transverse maps ¥ — M fordim X =
cork D, provided D is bracket-generating. Also, taking D = TM, Theorem 4.3
reduces to Hirsch’s A-principle for immersions ¥ — M [Hirsch 1959].

Remark 4.4. When dim ¥ > cork D, one can also treat immersions X — (M, D)
transverse to D as partially horizontal immersions [Gromov 1996, p. 256]. It turns
out that all such maps are €2,-regular in the sense of Gromov. One can then get a
stronger version of Theorem 4.3, where the distribution can be taken to be arbitrary,
and thus extending Theorem 4.2.

Acknowledgements

The author would like to thank M. Datta for many valuable comments and insightful
discussions, and S. Prasad for their help with the presentation of the article. The
author would like to thank the referee for pointing out a mistake in Lemma 2.5
which was originally stated without the equiregularity assumption, and for other
suggestions to improve this article. This work was supported by the IISER Kolkata
funded postdoctoral fellowship (IISER-K/FA/PDF/DMS/2021/628).

References

[Bhowmick and Datta 2023] A. Bhowmick and M. Datta, “Existence of horizontal immersions in fat
distributions”, Internat. J. Math. 34:10 (2023), art. id. 2350056. MR Zbl

[De Leo 2019] R. De Leo, “Proof of a Gromov conjecture on the infinitesimal invertibility of the
metric-inducing operators”, Asian J. Math. 23:6 (2019), 919-932. MR Zbl

[Del Pino and Presas 2019] A. Del Pino and F. Presas, “Flexibility for tangent and transverse
immersions in Engel manifolds”, Rev. Mat. Complut. 32:1 (2019), 215-238. MR Zbl

[Del Pino and Shin 2020] A. Del Pino and T. Shin, “Microflexiblity and local integrability of
horizontal curves”, preprint, 2020. arXiv 2009.14518

[Eliashberg and Mishachev 2002] Y. Eliashberg and N. Mishachev, Introduction to the h-principle,
Graduate Studies in Mathematics 48, American Mathematical Society, Providence, RI, 2002. MR
Zbl

[Gromov 1986] M. Gromov, Partial differential relations, Results in Mathematics and Related Areas
3, Springer, Berlin, 1986. MR Zbl

[Gromov 1996] M. Gromoyv, “Carnot—Carathéodory spaces seen from within”, pp. 79-323 in Sub-
Riemannian geometry, Progr. Math. 144, Birkhiuser, Basel, 1996. MR Zbl

[Hirsch 1959] M. W. Hirsch, “Immersions of manifolds”, Trans. Amer. Math. Soc. 93 (1959), 242-276.
MR Zbl


https://doi.org/10.1142/S0129167X23500568
https://doi.org/10.1142/S0129167X23500568
http://msp.org/idx/mr/4641800
http://msp.org/idx/zbl/1526.53075
https://doi.org/10.4310/AJM.2019.v23.n6.a2
https://doi.org/10.4310/AJM.2019.v23.n6.a2
http://msp.org/idx/mr/4136482
http://msp.org/idx/zbl/1445.35127
https://doi.org/10.1007/s13163-018-0277-2
https://doi.org/10.1007/s13163-018-0277-2
http://msp.org/idx/mr/3896677
http://msp.org/idx/zbl/1432.53080
http://msp.org/idx/arx/2009.14518
https://doi.org/10.1090/gsm/048
http://msp.org/idx/mr/1909245
http://msp.org/idx/zbl/1008.58001
https://doi.org/10.1007/978-3-662-02267-2
http://msp.org/idx/mr/864505
http://msp.org/idx/zbl/0651.53001
http://msp.org/idx/mr/1421823
http://msp.org/idx/zbl/0864.53025
https://doi.org/10.2307/1993453
http://msp.org/idx/mr/119214
http://msp.org/idx/zbl/0113.17202

THE h-PRINCIPLE FOR TRANSVERSE MAPS 231

[Martinez-Aguinaga and Del Pino 2022] J. Martinez-Aguinaga and A. Del Pino, “Classification of
tangent and transverse knots in bracket-generating distributions”, preprint, 2022. arXiv 2210.00582

[Montgomery 2002] R. Montgomery, A tour of subriemannian geometries, their geodesics and appli-
cations, Mathematical Surveys and Monographs 91, American Mathematical Society, Providence,
RI, 2002. MR Zbl

Received May 24, 2022. Revised July 24, 2023.

ARITRA BHOWMICK

DEPARTMENT OF MATHEMATICS AND STATISTICS
IISER KOLKATA

WEST BENGAL

INDIA

aritrabh.pdf @iiserkol.ac.in


http://msp.org/idx/arx/2210.00582
https://doi.org/10.1090/surv/091
https://doi.org/10.1090/surv/091
http://msp.org/idx/mr/1867362
http://msp.org/idx/zbl/1044.53022
mailto:aritrabh.pdf@iiserkol.ac.in




PACIFIC JOURNAL OF MATHEMATICS

Founded in 1951 by E. F. Beckenbach (1906-1982) and F. Wolf (1904-1989)

msp.org/pjm

EDITORS

Don Blasius (Managing Editor)
Department of Mathematics
University of California
Los Angeles, CA 90095-1555
blasius@math.ucla.edu

Matthias Aschenbrenner Vyjayanthi Chari Atsushi Ichino
Fakultit fiir Mathematik Department of Mathematics Department of Mathematics
Universitit Wien University of California Kyoto University
Vienna, Austria Riverside, CA 92521-0135 Kyoto 606-8502, Japan
matthias.aschenbrenner @univie.ac.at chari @math.ucr.edu atsushi.ichino@gmail.com
Robert Lipshitz Kefeng Liu Dimitri Shlyakhtenko
Department of Mathematics Department of Mathematics Department of Mathematics
University of Oregon University of California University of California
Eugene, OR 97403 Los Angeles, CA 90095-1555 Los Angeles, CA 90095-1555
lipshitz@uoregon.edu liu@math.ucla.edu shlyakht@ipam.ucla.edu
Ruixiang Zhang

Department of Mathematics
University of California
Berkeley, CA 94720-3840
ruixiang @berkeley.edu

PRODUCTION
Silvio Levy, Scientific Editor, production@msp.org

See inside back cover or msp.org/pjm for submission instructions.

The subscription price for 2024 is US $645/year for the electronic version, and $875/year for print and electronic.

Subscriptions, requests for back issues and changes of subscriber address should be sent to Pacific Journal of Mathematics, P.O. Box
4163, Berkeley, CA 94704-0163, U.S.A. The Pacific Journal of Mathematics is indexed by Mathematical Reviews, Zentralblatt MATH,
PASCAL CNRS Index, Referativnyi Zhurnal, Current Mathematical Publications and Web of Knowledge (Science Citation Index).

The Pacific Journal of Mathematics (ISSN 1945-5844 electronic, 0030-8730 printed) at the University of California, c/o Department
of Mathematics, 798 Evans Hall #3840, Berkeley, CA 94720-3840, is published twelve times a year. Periodical rate postage paid at
Berkeley, CA 94704, and additional mailing offices. POSTMASTER: send address changes to Pacific Journal of Mathematics, P.O.
Box 4163, Berkeley, CA 94704-0163.

PJM peer review and production are managed by EditFLoW® from Mathematical Sciences Publishers.
PUBLISHED BY
:l mathematical sciences publishers
nonprofit scientific publishing

http://msp.org/
© 2024 Mathematical Sciences Publishers


http://msp.org/pjm/
mailto:blasius@math.ucla.edu
mailto:matthias.aschenbrenner@univie.ac.at
mailto:chari@math.ucr.edu
mailto:atsushi.ichino@gmail.com
mailto:lipshitz@uoregon.edu
mailto:liu@math.ucla.edu
mailto:shlyakht@ipam.ucla.edu
mailto:ruixiang@berkeley.edu
mailto:production@msp.org
http://msp.org/pjm/
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.viniti.ru/math_new.html
http://www.ams.org/bookstore-getitem/item=cmp
http://apps.isiknowledge.com
http://msp.org/
http://msp.org/

complex manifolds and Higgs bundles
TAKASHI ONO

Uniform extension of definable C"“-Whitney jets 317
ADAM PARUSINSKI and ARMIN RAINER
Noncommutative tensor triangular geometry: classification via 355
Noetherian spectra
JAMES ROWE
Regularity of manifolds with integral scalar curvature bound and 373
entropy lower bound
SHANGZHI Z0OU
Correction to the article A Hecke algebra isomorphism over close local 389
fields
RADHIKA GANAPATHY



	1. Introduction
	2. Bracket-generating distributions
	3. Regularity of horizontal curves
	W-regular horizontal curves
	Local h-principle for W-regular horizontal curves
	A toy case

	4. The h-principle for transverse maps
	Immersions transverse to a distribution

	Acknowledgements
	References
	
	

