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Introduction

A constructible function ¢ on a real analytic or complex manifold X is a
Z-valued function which is constant along a stratification. We can choose a
stratification according to the situation, so we work with subanalytic strati-
fications here.

In [14], P.Schapira defined Radon transforms of constructible functions.
It is a kind of integral transformations. We consider the following diagram;

S
o

X Y.

Here X and Y are real analytic or complex manifolds, S is a locally closed
subanalytic subset of X x Y, and f and g are real or complex analytic
maps, respectively. Then we can define the Radon transform Rg(¢) of a
constructible function ¢ on X by

Rs(6) = / 1o,

In [14], P.Schapira obtained a formula for Rg in the general situation.
This formula gives an inversion formula for the Radon transform of con-
structible functions from a real projective space to its dual in the case when
the whole dimension is odd. We can, that is, reconstruct a constructible
function ¢ on the projective space from its Radon transform Rg(¢). This
topological meaning is that we can reconstruct the original subanalytic set
from the knowledge of the Euler-Poincaré indices of all its affine slices.



In this paper, we study Radon transforms of constructible functions from
X =F(p)toY = F,11(q). Here F,,;1(p) is the Grassmann manifold, that
is, the set of all the p dimensional subspaces in an n + 1 dimensional vector
space. First we construct inversion formulas for Radon transforms. When p
is not equal to 1, the hypotheses of Schapira’s formula are not satisfied. So
the situation that we consider is more complicated in these cases. Second we
study the images of Radon transforms of characteristic functions of Schubert
cells.

We first review basic properties of Grassmann manifolds, constructible
functions and Schapira’s formula in the general case.

In Section 2.1, we modify Schapira’s formula in the general case under
the same hypotheses as Schapira. This gives an inversion formula for the
Radon transform Rg. We can apply this formula to the Radon transform
R(n+1:1,9) from Fy,41(1) to F,11(q). Moreover, in Section 2.2 we consider the
Radon transform R (,41,p.) from F,,1(p) to F41(q) for p # 1. We obtain an
inversion formula for this by modifying the kernel function of this inversion
transform under suitable conditions of p and ¢.

In Section 3, we show that the Radon transform R (,41,p,n+1-p) i the non-
trivial isomorphism between C'F(F,,11(p)) and its dual CF(F,1(n+1—p)).

In Section 4, we apply our results to the calculation of indices of D-
modules.

In Section 5, we calculate the images of Radon transforms of characteristic
functions of Schubert cells. We characterize these images by Young diagrams.

In [7], recently, T.Kakehi constructed an inversion formula for Radon
transforms of C'*°-functions on F,,11(p). On the other hand, our definition
of Radon transforms is different from them. The meaning of our integration
is not usual one but topological one based on the Euler-Poincaré indices of
slices. It would be interesting that the condition under which we obtain
an inversion formula in both cases coincide with each other in spite of the
difference of the meaning of integrals; namely in the real Grassmann case
only when ¢ — p is even, we obtain both inversion formulas.

Finally, the author would like to thank Prof. Kiyoomi Kataoka in Uni-
versity of Tokyo and Prof. Kiyoshi Takeuchi in University of Tsukuba for
several useful discussions and advice.



1 Preliminaries

1.1 A cell decomposition of Grassmann manifolds

We review the notation and well-known results on a cell decomposition of
the Grassmann manifold, which is called Schubert decomposition. For more
details, we refer to [11, 5].

Definition 1.1. Let E be an n—dimensional vector space over k = R or C,
and p and ¢ be integers satisfying 1 < p < g < n.

(i
(i

(iii

w(p) ={x | =z is a linear subspace of FE, whose dimension is p.},

n(p:q) = {(2,y) € Fu(p) X Fulg) | zCy 1},

) B

) Fu(p,

) Falg,p) ={(y,2) € Fu(q) x Fulp) | y 2o},

(iv) wpn(p) = x(Fn(p)) : the topological Euler-Poincaré index of F,(p).
We fix a basis ey, ey, ---, €, of E. We set V; = spaney, eq,- - ,¢;] for

t=1,2,---,n. Then we have a complete flag of vector spaces;

icVoC---CV,, dimV,=q1.

We review a cell decomposition of F,(p), which is called Schubert decom-
position.
First we review Young diagrams.

Definition 1.2.
(i) Let A = (a1, a9, - ,ap) be a sequence of integers such that
n—p>a =ay>---2>a,=>0.
This sequence corresponds to what is called a Young diagram with at

most p rows and n—p columns. We call this sequence a Young diagram,
too.

(ii) For a Young diagram A = (aj,as,--- ,a,), we define its complement

A6 = (by, by, - -+ ,b,) such that
bj=n—p—a; forj=1,2---,p.
This A\° = (by, b, - - - , b,) satisfies

0§b1§b2§"'§bp§n—p-



(iii) For a sequence A = (ay,as,--- ,a,), we define

p

A =D ax

k=1
Let A¢ = (b1, b, - - - b,) be the above sequence. Then we have
%1+1 C %24»2 c---C ‘/bp+p C E

Definition 1.3. Let A be a Young diagram, and A® = (b, ba,--- ,b,) be its
complement. Then we define the Schubert cell corresponding to A;

o dim(z NV, 44) =1, .
h= {x € Falp) ‘ dim(z N Vp,45-1) =i — 1 A<i<p)y

These Schubert cells {23} give a cell decomposition of the Grassmann
manifold F,(p).

Proposition 1.4. Let A be a Young diagram with p rows and n—p columns.
Then we have

(i) Q3 ~ kIl = pp(n=p)=IA

(i) F.(p) = H Q5 (disjoint union).
y

Definition 1.5. We define the Schubert variety for a Young diagram A which
is the analytic submanifold of F),(p) by

Q= {z€ Fup) | dim(zViy) 24, (1<i<p)},
where A\ = (by, ba, - -+ ,bp).

Remark 1.6. We remark that €1, is the whole Grassmann manifold when
A=(0,0,---,0).

Proposition 1.7. Let A be a Young diagram A. Then we have
o=[],
ACu

where p ranges through Young diagrams containing A as a subset.



1.2 The calculation of Euler-Poincaré indices of Schu-
bert varieties

We calculate the Fuler-Poincaré indices with compact supports of Schubert
varieties. In the later section, we apply these results obtained in this section.

First, we extend the definition of (n) by
p

(") - (1) w=p20),

p 0  (otherwise).

Let = be an m-dimensional subspace of E. We calculate the Euler-
Poincaré index with compact supports of the following Schubert variety;

QmF = {y € F,(p)| dim(z Ny) >k},
which corresponds to the Young diagram A\ = (ay,as, - - - , a,) with

_fn—p-m+k (1<j<k),
YTV 0 (k+1<j<p)

We denote the Euler-Poincaré index by y, and the Euler-Poincaré index
with compact supports by ..

First we consider complex Grassmann manifolds i.e. F = C"*!,
Proposition 1.8. We have
L n-m m
xe (") = ; (p— k—l) (k+l)'

Proof. First, we calculate the Euler-Poincaré index with compact supports
of a Schubert cell. Since C is a real 2-dimensional vector space, we have

XC(QZ) — Xc(cp(n—p)—\ul)
— X((Cp(nfp)*lul)
=1.



By the additivity of x., we have for a Schubert variety

P
= ZXC(Q;)

ACu

221

ACu
=Hu | ACpu}.

We should count the number of the ways which it goes from A to B
through each point on the L (see figure 1).

n—p—m+k m—k

k A B

(figure 1)

Next, we consider real Grassmann manifolds i.e. £ = R"*!L,
First, we calculate the Euler-Poincaré index with compact supports of a
Schubert cell. By the Poincaré duality we have

XC(QZ) — Xc(Rp(n—p)—\ul)
— (_1>p(nfp)*\u|_

By the additivity of x., we have for a Schubert variety

(1)

= Z XC(Q;)

_ i(_l)p(n—p)—lul
= (=1)PnP) Z<_1)\u\_

ACu



So we should count the numbers of Young diagrams; the number of Young
diagrams containing A with at most p rows n — p columns whose number of
boxes is even, and the number of ones whose number of boxes is odd.

Definition 1.9.

. is a Young diagram with at most p rows
(i) ea(p) =g qp | 10705 % TOUNS CHASTATL W
and n — p columns. |ul is even.

. _ i is a Young diagram with at most p rows
(i) on(p) =1 {,u ) and n — p columns. |u| is odd. '

Proposition 1.10. We have

@ el =5 { () + )}
i) o) = 3 (1) =t}

Proof. By the definition above, we have

en(p) — on(p) = pn(p),

en(p) + on(p) = (n)

p

Here p,(p) is the Euler-Poincaré index of F,(p). O

Under the preparation above, we calculate y.(2™F).

Proposition 1.11. We have

Xe (™)
) e S D s (Dpnea(p = B)| (k> 1),
=0
(=1 ) (p) (k=0).

Proof. We denote ol (p) = % {(Z) +(=1) Mn(p)}.



Then we have
(_1)p(n—p) . Xc (ka)

(D)op—r—i1(p — k) + €0§+k—1(l)enfkfl<p — k)

_ (k> 1),
_60§+k71(l)0n—k—l(p — k) — o (Denki(p — k)
( ) (k=0)
_ Z Ytk 1(Dpin—r—i(p — k)| (k> 1),
=0
( fin(p) (k=0).
n—p—m+k m—k B
A A1 k—1
TTITIT1T1 1
M
A2 p—k
A

(figure 2)

Here, \; is the Young diagram with k rows and m — k columns. Further
Ao is the Young diagram with p — k£ rows and n — p columns.

For example, we consider the case when k(m — k) is even. We count the
number of Young diagrams which have even boxes in A\; and odd boxes in
A2. We divide into the cases when diagrams have m — k — j boxes at M from
the left (0 < j <m — k). If j is even, the number of Young diagrams that
we should count is ex_14j(k — 1) X 0p——;j(p — k). If j is odd, the number of
Young diagrams that we should count is ox_14;(k — 1) X 0,_x—j(p — k) (see
figure 2). O

At the end of this section, we calculate x.(Q2™%) — x.(2™!) in another
way, which has an important meaning in the later section.

Proposition 1.12. We have

Xe(2™0) = xe(Q™) = (=177 P ().



Proof. We denote by e)(n) (resp. op(n)) the number of Young diagrams

containing A with p rows and n — p columns whose number of boxes is even
(resp. odd).
Then for the Young diagram A = (n —p —m+ 1,0,---,0), we have

(=D Pxe( Q™) = Xe(Q™)} = pa(p) — (p(n) — 0j(n))
= (ep(n) = €5 (1)) = (0p(n) — 0p(n))

where N = (n —p —m,0,---,0) (see figure 3).

n—p—m+41 m—1

1 A

(figure 3)

1.3 Constructible functions

We review the notation and results on constructible functions without proofs.
For more details, we refer to [10].

Let X be a real analytic manifold.
Definition 1.13. A function ¢ : X — Z is constructible if:
(i) For all m € Z, $'(m) is subanalytic,
(ii) the family {¢~1(m)}mez is locally finite in X.

We denote by C'F(X) the abelian group of all the constructible functions
on X, and by ¢ %x the sheaf U — CF(U) on X.

It follows from the Hardt triangulation theorem that ¢ is constructible
if and only if there exists a locally finite family of compact subanalytic con-
tractible subsets { K;}; of X such that



Here ¢; € Z and 14 is the characteristic function of the subset A.

Let F' € Ob(D%_.(X)) (the base ring is a field k with characteristic zero).
Then its local Euler-Poincaré index

X(F)(x) =Y (=1 dimH’ (F),
J
is clearly a constructible function. Moreover :
Proposition 1.14.
(i) Let F, G € Ob(D%_.(X)). Then we have
(a) X(F & G) =x(F)+x(G),
(b) X(F®G) = x(F) - X(G).

(i) Let F' — F — F” 22 be a distinguished triangle. Then we have

X(F) = X(F') + x(F"),

We shall denote by Kg_.(X) the Grothendieck group of D% __(X). This
group is obtained as the quotient group of the free abelian group generated
by Ob(D%__(X)) under the equivalence relations; F' = F’ + F" if there exists

a distinguished triangle ¥ — F — F” *. By the proposition above, we
have a group homomorphism induced by the local Euler-Poincaré index y:

X Kr_o(X) = CF(X).

We shall denote by Zx the sheaf on T*X of Lagrangian cycles over the
ring Z. Then the characteristic cycle C'C defines the following homomor-
phism:

CC: Kp_o(X) — H(T*X; Zx).
Theorem 1.15. ([10, Theorem 9.7.11]) The diagram.:
Kr (X)

cc X

HYT*X; %) — H(X;¢%x)

1s commutative, and the arrows are isomorphisms.

10



We remark that a representative element of the inverse image of a con-
structible function ¢ = Z malx, by x is
a€cA

i [L=mm)]

acA’

where {X,} is a subanalytic stratification of X and A’ = {a € Alm, # 0}.

Next, we review operations on constructible functions [10]. These op-
erations are induced by operations of Kg_.(X) through the Euler-Poincaré
index .

Definition 1.16. Let X and Y be two real analytic manifolds, and f: Y —
X be a real analytic map.

(i) The inverse image : Let ¢ € CF(X). We set

foly) = ¢(f(y))-
If ¢ = x(F), then clearly f*¢ = x(f1F).
(ii) The integral : Let ¢ € CF(X) be represented by ¢ = x(F') = Z cilg,
for a F '€ Ob(DY (X)), and {K;} is a locally finite family of ci)mpact

subanalytic contractible subsets. Assume that ¢ has compact support.
Then we define

(iii) The direct image : Let ¢ € C'F(Y) whose support is proper over X.

We define
( / )@= [ 10)

If ©» = x(G) such that f is proper on supp(G), then /w = x(RfG).
f

Remark 1.17. We remark about the integral of the characteristic function
of a locally closed subset A of a manifold X. It is not the usual integral, but

11



a kind of topological integrals. By Theorem 1.15 and the definition, we must
calculate the following object

/XlA:X(RF(X;ICA)):X(RF(X;Z';Z Uox)) = x(RTo(A; k) = xe(A).

Here k is R or C, i : A — X is an inclusion morphism and Yy, is the
topological Fuler-Poincaré index with compact supports.

Let A;, Ay be two locally closed subsets of a manifold X. Then we have
distinguished triangles

+1
Capa, — Cy, — Cy, —,

RU(X;Capa,) — RT(X;Cy,) — RI(X;Cy,) i

Therefore we have the additivity of the Euler-Poincaré index with com-
pact supports;

Xe(A1) = Xe(Ar \ A2) + Xe(A2).

For example, we have
/1[0,1] =1 /1[0,1) =0, /1(0,1) =-L
R R R

Proposition 1.18.
(i) The following operations are well-defined morphisms of sheaves;
(a) f*: ['C€Fx — €Ty,

b) / : f!(gﬁy — (gﬂ\x
f

(ii) Inverse and direct images have functorial properties. That is, if f :
Y - X and g: Z — 'Y are real analytic maps, then we have;

a) gto fr=

/fog //

12



(iii) Consider a Cartesian diagram of morphisms of real analytic manifolds:
vy L x

O

y L. x.

Then, if v € CF(Y) such that f is proper on suppy, we have

v [v= [ oo

1.4 Radon transforms of constructible functions and
Schapira’s formula

h

g

We review the definition of Radon transforms of constructible functions and
Schapira’s formula [14].

Let X and Y be two real analytic manifolds and let S C X x Y be a
locally closed subanalytic subset of X x Y. Denote by p; and p, the first and
second projection defined on X x Y and by f and ¢ the restriction of p; and
p2 to S respectively:

XxY
U
p1 S D2
R
X Y.
We assume;
po is proper on S, the closure of Sin X x Y. (1.4.1)

Definition 1.19. For a ¢ € CF(X), we define
Rs(0)= [ 170
g

= / 15(p19)-
p2
We call Rg(¢) the Radon transform of ¢.

13



Let S C Y x X be another locally closed subanalytic subset. We denote
again by p, and p; the first and second projection defined on Y x X, by f’ and
g’ the restriction of p; and py to S’, and by r the projection S x S — X x X.

Y

Then Schapira posed the hypotheses:

p is proper on S’, the closure of S’ in Y x X, (1.4.2)
_ A (x#£ a2

=) €Zst. x(ri(zz)) = { ' 1.4.3

Fuezstnt ey ={ 0 70 (143)

where Y is the topological Euler-Poincaré index.

Under these three hypotheses, we have Schapira’s formula.

Theorem 1.20. ([14, Theorem 3.1]) For any ¢ € CF(X), we have

Rs o Rs(6) = (1 — N)o + ( / w) 1.

Proof. Denote by h and h’ the projections from Sx 5" to S and S’ respectively.
1%

Consider the following diagram:

S x S

Yo\

S X x X S’
q1

X Y X.
S x 9
N

S O S

NS

g g

Y

Since the square

14



is of Cartesian, we have

Ry oRs(0) = [ (6" [(570)

=/, (wonre

//rql

—/ k(z,2')qi¢.

q2

Here we have

k(z,2") = /r*lXXX

= /1S><S’-
r Y

Hence, it is enough to note that, under the hypothesis,

/1555' = pulay + Alx\ay

= (1 —N)1ay + AMxxx,
where Ax is the diagonal of X x X.
Since / 1an, ¢i¢ = ¢ and / 1xux 10 = / ¢, we get the result. O
X

q2 q2

In [14], Schapira applied this formula to correspondences of real flag man-
ifolds.

We consider the following diagram, which is called a correspondence

n+1(1 q

P

Foya(1) Foia(q),

where f and ¢ are projections.

We set Rt151,9) = Rs and Rny141) = R, where S = F,11(1,¢) and
S" = F,11(q,1). Then this situation satisfies the hypotheses of the previous
theorem, because we have

o) Fail@g—2) (v #),
r <m)—{ Fg—1)  (z=2)

Therefore we can apply the above formula to this case.

15



Proposition 1.21. ([14, Propositiond.1]) For any ¢ € CF(F,1(1)), we
have

Rnt1:4,1) © Rint151,9) (D)
= (pn(q—1) = pn—1(q —2))¢ + pn—1(q — 2) (/ cb) 1p,..1)
Fn+1(1)

In particular, when n is odd and ¢ = n, we can obtain an inversion
Jormula for Rpy1:1,q)-

2 Inversion transforms of Radon transforms
of constructible functions

We generalize the situation which we apply Schapira’s formula in the previous
subsection. Namely we consider the following diagrams;

Foy(p) Foyi(g)-
We consider the following problems in this paper;
(i) an inversion formula for R (11,1, in the case when n is even or g # n,

(ii) an inversion formula for R,41,4) in the case when 1 < p and 1 < ¢
hold.

That is, we consider the reconstruction of ¢ from Rg(¢) on more general
Grassmann manifolds.

2.1 A minor modification of Schapira’s formula

First, we will modify Schapira’s formula. We inherit the situation from Sec-
tion 1.4.

16



Definition 2.1. For a i) € CF(Y), we define

Rolt) = / Ly (03)

=A@w
()

Proposition 2.2. Let ¢ € CF(X). Then we have
RooRs(6) = [ (461
X
Proof. A constructible function ¢ is represented by ¢ = Zcil k,;, where

(2
{K;} is a locally finite family of compact subanalytic contractible subsets.
By the linearity of transforms, it is enough to show this formula only for a
characteristic function 1k of a compact subanalytic contractible subset K.
Since the square

X xY

p}/ \Qz
X O Y
N/
ax ay
{pt}
is of Cartesian, we have

RooRs(1k) 2/ pS/ (1s-pilk)
P1 p2

a}/ /(1S'PT1K)

ay P2

o / / (1s - piLx).
ax P1

Here for any ¢ € CF(X), we have

(a5 [ X o) = X ) (i)

= / (b(x/)la;(l({pt}) (')
X

= ([ o) 1sto

17



and

(/ 1g 'pflK) (x) =/ 1s(@', ¥ ) 1kxy (2, ) iy (2, )
p1 XxY
- / L((3nr)xv)ns (7, )
XxY
This is because the Euler-Poincaré index of
{z} xYNS~={yeY | (z,y) €S}
is u which is the Euler-Poincaré index of the fibers in the case of x = 2’ of

Schapira’s hypotheses.
Therefore we get

RooRs(@) = ak / /pl(ls-p’flx)
—ax [ ((Z1)

([

Definition 2.3. For a i) € CF(Y), we define

R'(Y) = / (1lsr — AMxxy)(p3)
= uRs/(¥) = ARo().

Proposition 2.4. Let ¢ € CF(X). Then we have

R oRs(0) = plp — A)¢.

In particular, if p(p — N\) is not zero, we can reconstruct the original con-
structible function ¢ from its Radon transform Rs(¢) by dividing the last
term by this constant u(p — X).

18



Proof. By Schapira’s formula and Proposition 2.2, we have

R~ o Rs(9) = iR 0 R(¢) — ARo © Rs(¢)

i) ()

= p(p — A)o.

O

We apply this result to the complex or real Grassmann manifolds [1, 5].
We consider the following correspondence,

Fn+1(17 Q)
ST

Fn+1<1> Fn+1<Q)-

Then Schapira’s hypotheses are satisfied. We remark that

p= pn(q—1),
A= pn—1(q —2).

First, when we consider the complex case [5], we have

1in(p) = (n) (2.1.1)

p

Therefore since for any ¢ > 1 the hypotheses of proposition are satisfied,
we can obtain an inversion formula for Radon transform R (,41;1,q)-

Next, when we consider the real case [11, 12], we have

On (if p(n — p) is odd),

pn(p) = (E Egg
E(E
2

Here E <g) denotes the integral part of g, (Z) is the binomial coefficient.

If gis odd in 1 < g < n + 1, the hypotheses are satisfied. Then we can
obtain an inversion formula for Radon transform R (,41;1,q)-

) (if p(n — p) is even). (2.1.2)

19



2.2 Inversion formulas on Grassmann manifolds

For p < ¢, we consider the following situation:

Frii(p) x Fopa(q)
U

P Fn+1(p7 Q) P2
L

Fo1(p) Foi1(q).
We set X = F,11(p), Y = Fria(q) and S = F,11(p, q).
We remark that Schapira’s hypotheses are not satisfied for 1 < p.
We introduce the new sets to construct to an inversion formula for R (,41,p,q)-
Definition 2.5.
(i) S;={(y,z) €Y x X | dim(ynz) =i} fori=0,1,---p,
(i) Z; ={(z1,22) € X x X | dim(zx; Nxy) =75 } for j=0,1,---p.
Remark 2.6. We remark that we have
X xX= ﬁ Z;.
=0
Consider the following diagram:
S % S;

%
Yoo N
! g g £
X Y X.
Note that Z, = {(z1,22) € XXX | 21 = 22} and we have/ 12,410 = ¢.
q
By the same argument as Section 1.4 and Section 2.1, we shoulii modify the

kernel such that [ (kernel) is equal to 1z, .

We calculate /1sti§
Y

T

p
(/ 1S><Si) (x17x2> = / 17"71(1‘17&‘2)07‘71(2]-) : 1Zj-
r Y i—0 Sési

7=

20



We calculate the homeomorphism of 7~ !(x1,25) NS x S; when we fix
Y
(21, 2) € Z;. We have
r Yz, 29) NS xS
Y

T Cy

- {y € Fria(g) dim(zaNy) =i

Here we consider conditions in the quotient space F/x;. Then we have

7’71<.§L’1,.T2) NS x Sz
Y

where we denote by
Qj={y e Fpyplg—p) | dimzny) =i—j} (dimz =p—j).
This set is the Schubert variety.

Therefore we should calculate the Euler-Poincaré index x.(€2;; \ Qit1,5)
with compact supports. Moreover we have the additivity

Xe(€i5 \ Q1) = Xe(Qij) = Xe(Qigr5).

So it is enough to calculate the Euler-Poincaré index x.(€2; ;) with com-
pact supports. In Section 1.2, we calculated these values.

First we consider complex Grassmann manifolds i.e. E = C"*!,
Therefore we get

Xe(r ™z, z2) N T’I(Zj) NS é S;)

0 (i < 7),

= -9\ /n+1—2p+7 . .

(P ?)( P .J) (i> )
t—=J)\qg—p—t+

: Gy

Next we consider real Grassmann manifolds i.e. £ = R+,

21



Then we get

(—1)(q_p)(n+1_q)Xc(T_l(ah, 22) N T‘_l(Zj) NS xS,

Y
( 0, (1 < j)
p—i
Z(—l)lﬂlﬂ‘—j—l(Z)Mn+1—p—i+j—l(q —p—i+j])
= =0 p—i—1 (i >7)
— I (D i (D ptnpeivjar(g —p — i+ j = 1),
=
\ : fins1-2p+5(q = P) (i =7)

= (- 1)(q—p)(n+1—q) Cij-

We can unify these two cases.
Note that ¢;; is independent of the choice of (21, x2) in Z;. Therefore we
have

p
</T 15‘;&) (21, 22) = Z;Cz‘jlzj-
j:

Here, we define the (p + 1)-type matrix C”? = (¢;;)o<ij<p- Lhis is the
lower triangular matrix, so the absolute value of this determinant detC?9 is
equal to

p
|detCP) = [ pns1-2p15(a — ) (22.1)
5=0
in the both situations. In particular it is Z-valued.

Under the preparation above, we define the kernel function of an inversion
formula for R, 41:p.q)-
We get the equation

1
1, ) 5350
1
P 1z, _ f" 5o
1Zp fr 1S><Sp
Y
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By Cramer’s formula, we can solve this equation with respect to 1z ;

Coo 0 s 0 fr 1.5';50
C10 C11 5 fr 15‘;51
detC?9 -1z, = det 0
Cp10 Cp11  Cpoip1 . Lsxs,
Cp,O Cp,l e Cp,pfl fr 1S}>§Sp

Definition 2.7. We define the kernel function of an inversion formula for
the Radon transform as follows;

Coo 0 tee 0 150
C10 C11 . . 151
an = det T O
Cp—1,0 Cp-11 ' Cp—ip-1 lg,
Cp,0 Cp1 1 Cpp—1 1s,

Then we can define R™(¢) for a v € CF(F,.1(q)) by

/ - (p3v).

Therefore we have the main result.

Theorem 2.8. For any ¢ € CF(F,41(p)), we have
R0 Rint1pq)(¢) = detC™? - 6.
In particular, if detCP? is not equal to zero, we can reconstruct the original

constructible function ¢ from its Radon transform Rmi1pq) (@) by dividing
the last term by this constant detC?4,
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Proof. We can calculate in the same way as Schapira’s formula. So we have

R™'o R(n+1;p,q) (‘b)

= / Kpq- <p§/ 1S'p’f¢)
p1 po

( \
Coo o - 0 [ Lsxs,
Y
C10 C11 . fr loys,
Y
*
= / det [ - L g : Nno
q2
Cp—1,0 Cp-11 " Cp—1p-1 fr 15}55;771
Cp,0 Cp1 1 Cpp—1 fr lsxs,
\ Y )
*
— / detcp’qlzpqlgb
q2
= detC??- ¢ .

(Remark that / 12,q1¢6 = ¢.)

q2

O

First, we consider the complex case. If p+ ¢ < n+ 1 is satisfied, we have
detCP? # 0 from (2.1.1) and (2.2.1). Then we obtain an inversion formula
for Rnt1:p.0)-

Next, we consider the real case. If it is satisfied that p + ¢ < n 4+ 1 and
q — p is even, we have detC?? # 0 from (2.1.2) and (2.2.1). Then we obtain
an inversion formula for R(n41p,q)-

In the case of p = ¢, the inversion formula is clear because R n41.p,q)(¢) =
¢ holds.

Moreover, in the case of p > ¢, by the duality, we can get;

(n+1-p)<(n+1-ygq),
Fn+1(n +1 —p) =~ Fn+1<p>7
Fn+1(n +1-— q> = Fn+1(Q)

So, we have only to consider the result in the case of p < ¢g. That is,
in the complex case, for p + ¢ > n + 1 we obtain an inversion formula for
Rn+1;p,q)- In the real case, when p+¢ > n +1 and p — ¢ is even, we obtain
an inversion formula for R(,41;p,q)-
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Remark 2.9. In Section 2.1, we obtain an inversion formula at p = 1. In
the terminologies of Section 2.2, we note that

1Fn+1(1)XFn+1(Q) =1g, +1g,.

Therefore the formula in Section 2.1 is the same one in Section 2.2 at
p=1

3 The inverse transform of the Radon trans-
form

In the previous section, we constructed inversion formulas of Radon trans-
forms. For general p and ¢, these formulas are not always inverse transforms
of Radon transforms. In this section, we show that these inversion formulas
are inverse transforms of Radon transforms when p+ ¢ = n+ 1 holds. Inver-
sion formulas constructed in the previous section give left inverse transforms,
speaking more concretely, so we show that these formulas give right inverse
transforms.

For p < ¢ and p+ ¢ = n + 1 we consider the following diagram:

Frii(p) x Foqa(q)
U

P Fn+1(p7 q) P2
!

Foa(p) Foia(q)-

We set X = Fop1(p), Y = Foia(q) and S = Fopa(p, q).
We introduce the following sets similarly as in the previous section.
Definition 3.1.
(i) S;={(y,z) €Y x X | dim(ynz) =i} fori=0,1,---p,
(i) Z; ={(y1,92) €Y XY | dim(y:Nyo) =j+(qg—p) }forj=0,1,--p.

Remark 3.2. Let [ be the dimension of y; N y,. Because span[y;, ys] is a
subspace of the total space E = k"™ (k=R or C), we have an inequality

2¢—1<n+1=p+q.

Therefore we have g —p <[ < q.
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Moreover we remark that

nyzf[zj'..

J=0

We calculate Rg o R™! similarly in previous sections.
Consider the following diagram:

SZ‘XS

X
R

In the same way as Schapira’s formula, we calculate / 1g.xs;
r’ X

Proposition 3.3. We have

(/ 1S><S) ZCW 25

where CP = (¢;5)0<ij<p 15 the coefficient matriz defined in the previous sec-
tion.

Proof.

p
(/ 151’?{5) (ylv yQ) = / 17"l71(3117312)nr/71(z§) ’ 1ZJI
r! i—0 Si;gs

J

First, we calculate the homeomorphism of 7'~ (y1,42) N.S; x S for (y1, ) €
X
Z.
We have

r_l(yl,yg) N Sz x S
X

. x C Y1 . . o

= {ZL‘GF( ) | dim(x Ny Nys) =i}
\Q

i+1,5°
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where we denote by
Y, ={r € Fy(p)| dim(zNy) =i} (dimy =j+q—p).
This set is the Schubert variety.

Therefore we should calculate the Euler-Poincaré index x (€% ; \ €7, ;)
with compact supports. Moreover we have the additivity

XC(Q;,]' \ Qéﬂ,j) = XC(Q;J) - XC(QéJrl,j)'

So it is enough to calculate the Euler-Poincaré index x.(£2; ;) with com-
pact supports.

Here we consider Young diagrams corresponding to 2; ; in the previous
section and that of €2} ;. We remember the definition of €2, ;;

Qi ={yeFlg—p)|dimzny)=i—j} (dimz=p—j).

So the Young diagram Aq, ; = (a1, as, -, aq—p) With at most ¢ — p rows
p columns corresponding to € ; is

(i o(a<i<i-j),
“WEV0 (i—j+1<I<q—p)

On the other hand, the Young diagram )\Q;j = (b1, ba, -, b,) with at
most p rows g — p columns corresponding to €] ; is

y o {i—i (1<),
710 (i+1<1<p).

These Young diagrams have the following shapes;

i—J g—p—itj

qg—p—i+j
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(figure 4)

This implies that we have
Xe(Qij) = Xe(5)-
Therefore we have

Xe(r' Hy1, y2) N r'il(Z]/») NS; x S) = ¢
X

Theorem 3.4. Let p+q = n+ 1 hold. If all the conditions are satisfied
for the construction of the inversion formula of the Radon transform in the
previous section, this inversion formula becomes the inverse transform of the
Radon transform. Namely, we get the following statement in each case.

(i) In the complex case, the Radon transform is the non-trivial isomor-
phism from CF(F,.1(p)) to CF(F,41(q)) up to constant.

(ii) In the real case, if ¢ — p is even the Radon transform is the non-trivial
isomorphism from CF(F,,1(p)) to CF(F,11(q)) up to constant.

Moreover, through the FEuler-Poincaré index x, the Radon transform gives
the non-trivial isomorphism between Grothendieck groups.

Proof. Tt is enough to show that R™! is a right inverse of R(,11,4). By the
same argument as the previous section, we should show this statement only
when p < ¢ holds.

For any ¢ € CF(F,41(q)), we have

RsoR ()
* *
= / lg- (pl / Ky, 'pzw)
D2 P1
( )
Coo O e 0 fr 1SQ)>§S
C10 C11 : fr lg x5
X
= / det : : 0 : qi .
& : : :
Cp—10 Cp—11 " Cp-1p—1 fr 15,771;5
Cp,0 Cp1  Cpp—1 fr 1s,xs
\ X )

28



We set

Coo o .- 0 J Lsyxs
X
€10 €11 - : fr 1g,xs
X
z = det : : .. 0
Cp10 Cp11  Cpoipo1 [, Ls, 1xs
Cp,0 Cp,1 ce Cp,p—1 fr 1Sp;<(S
By Cramer’s formula, there exist constructible functions zg, x1, - - -, Tp_1
such that we have
J. Lsyxs
Zo X 1z
T1 fT 151;*9 1Z{
P : = (detCP) : = (detCP7)CP4
Tp-1 fr 1517—1;;5 121/771
z 1
J1s,xs Zp
X

By multiplying the matrix (detCP4)(CP9)~! whose coefficients are Z-
valued, we obtain

detCPz = (detC’p’q)le{j.
So we have z = detCP1 - 1z.

Therefore for any ¢ € CF(F,41(q)) we have

Rn+1;p,9) © R7MY) = / detC’p’qlzzgqi*lp

a3

= detCP9 - o),

where we remark that fqé 1z ) = . U

4 Application : The indices of Radon trans-
forms for D-modules

In this section we apply our result to the calculation of indices of D-modules.
We review definition of Radon-Penrose transforms of D-modules. For

more details on basic properties of D-modules and Radon-Penrose transforms
for D-modules, we refer to [3, 9.
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Consider a correspondence of complex analytic manifolds:
S
Lo
X

Definition 4.1. For F' € Ob(D"(X)), we set:
O5(F) = Rgf H(F)[dimS — dimX].
Definition 4.2. For M € Ob(D*(Dx)), we set:

DM = /Df*/\/l.
g

We call this the Radon-Penrose transform for D-module.

Proposition 4.3. ([3, Proposition 2.6]) Let M € Ob(DY, 4(Dx)). Assume
that f is non-characteristic for M, and that g is proper on f~!(suppM).
Then we have

s RHomp, (M, Ox) = RHomp, (2 M, Oy ).

Here we consider the index of the Radon-Penrose transforms of D-modules.
Let M € Ob(D% (Dx)) be a complex of regular holonomic D-modules.
Then we remark that

Sol(M) = RHomp, (M, Ox)
is C-constructible ([8, 10]). Moreover we define
X(M) = x(Sol(M)).

Proposition 4.4. Let M € Ob(D% (Dx)). Assume f is non-characteristic
for M, and that g is proper on f~(suppM). Then we have

X(2g(M)) = (=1)Hm 7R (y (M)).

Proof. Under the hypotheses RHom and Radon transforms are compatible
and so are y and operations.

X(25(M)) = x(RHomp, (25(M), Oy))
= x(®sRHomp, (M, Ox))
= x(Rgf 'RHomp, (M, Ox)[dimS — dimX])

/f X(Sol(M)[dimS — dim X))

1)dimS—dimX 7 o (y (Sol(M)))
. (_1)dlm5 WXRs (X (M)).
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We consider complex Grassmann manifolds. Set X = F,1(p), YV =
Foi(q), S = Fuap.q)forp+qg<n+1l,p<qorp+qg>n+1p>q.
Then since we have an inversion formula for Rg, we can calculate the index
of x(Sol(M)) from the index of its Radon transform x(®g(M)).

5 The image of the Radon transform of the
characteristic function on a Schubert cell

In this section, we characterize the image of the Radon transform of the

characteristic function on a Schubert cell. We consider the following corre-
spondence;

S = Foia(p, Q)
RN
X = Fn+1(p) Fn+1(Q) =Y.

In this section, we consider the complement of Young diagram A\ when we
consider the Schubert cell. We denote the whole of increasing sequences like
this by A, ,—,. We denote the Schubert cell corresponding to A = a € A, ,,—,
by €22 in this section.

Definition 5.1.

(i) Foran o = (a1, aq,--- ,a,) € A, ,_,, we define a new sequence & € A, ;
d: (a1+17a2+27”' 7ap+p)‘

(i) Let a = (a1, a9, -+ ,a,) € Ay, and 5 = (b1, bo, -+ ,b,) € Ay for
p < q. Then we define o C (3 if and only if for each i (1 < i < p) there
exists j (1 < j <¢) such that a; = b;. We denote this correspondence
of numbers by o, 3, that is 0, (i) = j.

Definition 5.2. Let a = (a1,a2, - ,a,) € App_p, B = (b1,ba,---,b,) €
Ay n—q such that o C 8. Then we define

p
Ca,p = ZUO&,,@U{:) — k.
k=1

We characterize the image of the Radon transform of 1qg.
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Theorem 5.3. Let o € A,

(1) In the complex case, we have

)
Z Lo forp<gq,

ach

RS(]-QZ) —

> 1oy forp>gq,

Y]

\

where B ranges through sequences in Ay, containing (or contained by)
Q.

(ii) In the real case, we have

' ~
Z(—l)c‘”lﬂg forp <gq,

acp

RS(]-Qg) =

Z(—l)cﬁ’@lﬂg forp =g,

aop

\

where B ranges through sequences in Ay, containing (or contained by)
Q.

Proof. 1t is enough to show when p < ¢.
We calculate

Rs(lag)(y) = / 11 (ysir— @)
X

Here we have

g y)NSN )
rCy,
~ (x€F,(p) dim(z NV, ;) =1, -
dlm('r N VaiJrz'fl) =7—1 (Z o 1’ 2’ 7p)

Here we fix an x € Q,. To satisfy x C y, y must have the same gaps of
dimensions of intersection with the complete flag of E as ones of x. Therefore
3 must satisfy 3o é.

Let x € Q,, y € Q3 where & C B Then we can modify the basis of
the whole space E to contain the basis of y without modifying the original
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complete flag. y has the complete flag which is a subflag of the complete flag
of K. That is, we define the complete flag of y;

Vo411 C Vg2 C -+ C Vg

[/'1/ C ‘/'2’ c - C V;]/ =.
By considering in y, then the fiber above is a Schubert cell of F,(p);

g M y)nsSn f(9)

~ {x € Fy(p) ' dlﬁgi 2 KZ:) ;E i—1
(
m(

f12n)

mxﬂV’B)):i, »
eV ) =i-1 ((=12-.p) -

Therefore we should calculate the Euler-Poincaré index with compact
supports of this Schubert cell. In the complex case, it is equal to 1. In the
real case, it is equal to (—1)“#. So we obtain results. O

~ {:c € F,(p)

We can represent this formula with using Young diagrams when p = 1,
q=n.

Definition 5.4. For a Young diagram A = (k) with at most a row and n
columns, we define its dual with at most n rows and a column;

n—k

A =(1,1,---,1 1, 0,0,---,0).

Y

Definition 5.5. Let A be a Young diagram with at most a row and n
columns. For a Young diagram with at most n rows and a columns u, we

define

() = n— |\ (for n — |\ < |u|),
A n— =1 (forn—|\| > |s])

Proposition 5.6. Let A be any Young diagram with a row and n columns.

(i) In the complex case, we have

s(1ag) Z 1o,

AN
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where 1 ranges through Young diagrams with at most n rows and a
column which are not equal to \*.

When we denote Young diagrams by N\, = (k) (0 < k < n), we can
represent this formula by a matriz;

011

—_

1
1‘% 101 1|
Re| ™ [ 1101 i
19,\n 111 --- 0 1QA;1

In the real case, we have
Rs(log) = Y (-1)»W1ge,
AN

where 1 ranges through Young diagrams with at most n rows and a
column which are not equal to \*.

When we denote Young diagrams by A\, = (k) (0 < k < n), we can
represent this formula by a matriz;

lq,,
Rs 1%1
1g,,

O (_1>n—1 (_1)n—1 (_1)n—1 19/\*

(=1t 0 (G D € e 10"

_ (_1>n—2 (_1>n—2 0 (_1)n—3 QA’{

1 1 1 0 Lo,
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