REMARKS ON NONABELIAN LOCALIZATION

KEFENG LIU

0. In this short note, we derive some nonabelian localization for-
mulas in a very simple way. The method is to use Witten’s idea of
multiplying the integral by a Gaussian and then to complete square.
The localization procedure we use is different from Witten’s in that we
do not need the Bismut localizing factor e *P* as in [W], at the same
time we avoid the use of Fourier transform in [JK]. Along the way we
will also derive Martin’s formula which relates nonabelian symplectic
reduction to the abelian case. The method is rather elementary and
applicable to other situations which we hope to discuss on a later oc-
casion.

We remark that all of the basic results in this note, which grows out of
my trying to understand this circle of ideas, are due to Jeffrey-Kirwan,
Martin and Witten. Our sole contribution is pointing out a different
way to derive them. Other quite different approaches to such type
results have also been obtained by Guillemin-Kalkman [GK], Martin
[M] and Vergne [V]. The interested reader may compare these different
methods and formulas.

[ would like to thank A. Astashkevich, S. Martin especially S. Wu for
some helpful discussions and the referee for useful comments. I have
also benefited a lot from the MIT symplectic geometry seminar.

1. Let M be a compact symplectic manifolds with the Hamiltonian
action of a compact Lie group K. Let k denote the Lie algebra of K
and k* its dual. Let

g : M — E*

be the corresponding moment map and assume 0 is a regular value
of ug. Denote by My = p~1(0)/K the corresponding symplectic quo-
tient. Although our method applies to a more general situation such as
orbifolds, for simplicity we will assume the K-action on p~*(0) is free.
All of the following cohomology groups have coefficients in complex
numbers.

Let Hj. (M) be the equivariant cohomology group, that is the coho-
mology group of the complex (25 (M), D) where

Qi (M) = (S(k*) @ Q*(M))¥X, and,
1
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D(a® f)(¢) = f(d)(da — V—=T1iza).

Here a ® f € Qi (M), ¢ € K, ¢ is the vector field on M generated
by ¢ and ij is the contraction operator. Choose a basis {e;} of k, let
{e’} be the dual basis in k*. Then ¢ = >_. ¢’e; and jux can be written
as Zj pel. Let w be the symplectic form on M and @ = w + iux €
H3 (M) with i = v/—1 be its equivariant extension.

Let px be the composite of the following maps in equivariant coho-
mology:

Hy (M) — Hy(n™(0)) = H*(Mk)
where the first map is induced by the inclusion map j : p~'(0)) — M
and the second is the canonical isomorphism.
2. Let n = >, nre! where I = (iy,---,i;) with [ the dimension of
K is multi-index be an equivariant differential form. Here all of the
i;’s are nonnegative integers. Following Witten [W], we consider the

following integral
/—€|¢|/ ewting (¢ d¢

where d¢ is the volume form of the Killing form on k.
Note that

01 =D (&), m(9) = D _mio", and juc(6) = 3 6.

Completing square, we get
:// 6*5‘¢*iNK/25|2€*|MK‘2/4577(¢)6“’d¢
kJM

(6 = iprc/2e* =Y (& —iny/2e)%, || = Zu]
J
Considering k as R’ and changing variable ¢/ — ¢’/ \/— €+ip;/2e and
x — x where x denotes the variable in M, we get

6) = eI /M /]c 19 =l P42 4 e

= 3 ni(/VE + i f26).

where

where
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Obviously when € — 0, the above integral is dominated by the term
e~ lnxl?/4= and localizes to a neighborhood of p (0). In fact it is easy
to see that for a small ball Bs of radius ¢ around 0 € k*,

51/2// e*|¢‘2e*|NK|2/4577/<¢)6wd¢:0(67‘52/45)_
k J M—pi (Bs)

In a standard way we can identify a small neighborhood of u3*(0) with
t7(0) x Bs, This gives us the following
Lemma 1:

I(e) = CL/e—fslaﬁlz/ n(¢)e K@) dg 4 0(6—52/46)
k 1y (0)x Bs

where a = +1 is determined by the compatibility of the orientation of
p(0) x k* with that of M.

Another method to prove the above localization to p'(0) is to use
stationary phase approximation with respect to ¢. More precisely
change variable ¢ — ¢/+/c, we get

e e CNC

which when € goes to zero obviously localizes to ux = 0.

3. To compute I(¢) in a small neighborhood of ' (0), it is standard
to use the local symplectic model px'(0) x k* where K acts on k*
by coadjoint action with symplectic form w = 7*wy + d(a, ). Here
7™ pr(0) — Mg is the projection, wy is the reduced symplectic
form on My, « is the coordinate function on k* and 6 is the k-valued
connection 1-form of the principal bundle 7 : ux'(0) — My. Also
(a, 0) denotes the obvious pairing. The corresponding moment map is
given by u(p, a) = a.

Let <, > denote the Killing form on K and F = df — A6 be the
curvature of the connection 6. Write F' = Z;Zl Fie; and < F, F >=

22:1 FIAFJ. Then standard computation gives us
Lemma 2:

[ [ ooy = V(i) [ psta)e<t e e o
k px (0)xBs

My

where V(K) denotes the volume of K.
In fact from the above local model, we have
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/ —elo? / $)e K@) g
% ><Ba

:/65¢|2/ n((b m*wo+d(a,0) zaqﬁ)d(b
1y (0)x Bs
Since d(«, 0) = (da, 0) + (o, df), we get

/ —elo)? / e wo+(a,d0)e(dcxﬂ)ei(a,¢)d¢
I3 ><B<s

in which the term e(@*?) gives A@da where § = > Gie;, AN = 0N --- A0
with [ = dim K, and da is the volume form on £*. Inserting the term
OA0 which does not affect the integral, because of the term Af, we then

have
/ / / el ()™ 0 HOF) i) N il
ng' (0) Jk J Bs

Write n(¢) = m*pi(n), then the above integral becomes

/ W*(pK(n))e”*“’OAQ/ /e_e¢|Qe(a’F)ei(a’¢)d¢da.
g (0) Bs Jk

Note that

/ /€—e|¢|2€(a,F)6i(o¢,¢)d¢da:/ /e‘€|¢2e(""F)ei(o"¢)d¢da+0(e_52/45).
Bs Jk K Jk

It is easy to carry out the last integral which is equal to (27)les<F"F>,
Note that Af is the volume form for the fiber of the principal bundle

1 (0) — M.
We remark that an explicit estimate of the ¢ in Lemma 2, in terms
of the geometry of the moment map, has been given in [JK] and [V].
4. On the other hand, let t C k be the Lie algebra of a maximal
torus T of K. As an easy corollary of the Weyl integral formula and
the fact that the Jacobian of the exponential map exp : k — K is

1 — e—ad()
ad@)

we have the following formula for an integrable adjoint invariant func-

tion f(¢) on k:
Lﬂ@mzclﬂw%wmw

J(¢) = |det
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Here ¢ € k, ¥ € t, and v(¢) = [[,cn+ a(¥) is the product of the
positive roots with respect to t and C' = (27)'=*V (K)/|W |V (T) where
s = dimT, |[W|, V(:) denote the order of the Weyl group and the
volume with respect to the metric induced from the Killing form re-
spectively. This formula can also be proved easily in a similar way to
the derivation of the Weyl integral formula. By using the identification

Ad: K/T xwt=k,

we get

/k f@ds= [ fowdp= [ F@)ow)dy

k/Ad t/W
where k/Ad < t/W is the Weyl chamber and

o(¢) =V(K/T) - the Jacobian of i(v)

with i(¢)) : K/T — k(1) the map to the adjoint orbit passing through
v. This Jacobian is easy to compute which is equal to |det ad(v)| =
(2m)'=*v(1p)? as required [JK]. Using this formula, we get

() =C / eIV ()2 /M D)6+ gy,

Let u7 denote the moment map of the maximal torus 7" acting on M,
and Mz be the symplectic quotient u;*(0)/T. For simplicity we also
assume the T-action on z'(0) is free. Let pr be the corresponding map
from H%:(M) to H*(Mr), w° the corresponding reduced symplectic form
on My. Take n € Hy, (M) C H;(M) and apply the same arguments as
the proofs of Lemmas 1 and 2 we get

I6)=b- @y C V(@) [ prlPer<r# e 4 O 1)
My

where F° is the curvature of the principal T-bundle u;'(0) — My

and b = 41 is determined by the compatibility of the orientation of

pr(0) x t* with that of M.

Compare the two expressions of I(¢) for k and for ¢, we obtain the
following formula of Martin which, as pointed out in [GK] and the
referee, also follows from [JK], Theorem 8.1:

Lemma 3:

C

2 w0 wo
T 1% e = e .
W Ja, pr(v°n) /KPK(U)
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Here ¢ = £1 = a-bis determined by the compatibility of the orientation
of up'(0) x ¢* with that of uz'(0) x k*.

Before we go further, let us first use a theorem in [BC] to derive a
formula in [JK], Proposition 7.1. Let f(z) be an L'-integrable function
in the Euclidean space R* with inner product <, > and

Sy) = | [la)e'<""dy
Rk

be its Fourier transform. Note that the definition of Fourier transform
in [BC], which we use, is slightly different from the one in [JK], Sect.
3. We then have the following theorem from [BC] (Theorem 37 in pp.
65):

Lemma 4.

lime—o | Py)e” Ve = dy = (27)" f(2)

almost everywhere.

If f(x) is continuous, then the above limit is equal to f(x) every-
where. This exactly fits our purposes. In fact from our localization
proccess we know that

“0 — Jim,_y | e g()dd = lim._o [ eP h(y)d
/MK/)K(n)e im o/e 9(¢)do = lim 0/6 (W)

k t

where

9(6) = o/ (2 V() [

M

D@ O, 1) = b/ (@rP V(D] [ n(w(pes e
M

are smooth functions on k and ¢ respectively. Let G(z), H(y) be the

functions whose Fourier transforms are g(¢) and h(1) respectively.

From Lemma 6 below, it is easy to see that they are L'-integrable.

Our localization method and Lemma 4 immediately give us the follow-

ing formula of [JK], Proposition 7.1:

Lemma 5

/M pr(n)e® = (27)'G(0) = (27)* H(0).

5. On the other hand if we note that v(v)%n(z))e ) ¢ Hx (M),
and first localize the expression

| vwrn@)estr
M
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to the fixed point sets {F'} of T on M by using the localization formula
in [AB], [BV], we get

I(e) = C/e‘WFVW)QZeWT(FW)/ —i?(j(zg)ew)d@/)
t (F} F F

where er is the equivariant Euler class of the normal bundle of F' in
M and ip is the corresponding inclusion.

Since the total sum in the v-integral is a polynomial in ¢, we can
deform the contour of integral, switch the order of integral and sum to

get
_ ey o iur(P) ) PR (M(P)e”)
o> [ /C vp)e @)

where ¢ = ((1,--+,(s) € t is a generic point such that there is no pole
in the integrand.
Compare this formula with Lemmas 1 and 2, we thus have obtained
Lemma 6:

[ pwtier = am ey Y tme [

{F} t+i¢

—e||? 2 _ipr(F)(¥) ir(n(y)e”)
e v()e /F—QF(QM di.

Here recall that @ = +1 and (27)~'C/V(K) = 1/[(27)s|W |V (T)).
To compute the limit in Lemma 6, we only need to deal with terms
like
im—o [ e IO /5 )]y
t4i¢

where 3; = 3, --- 3, are multiplication of certain linear functionals
on t. More precisely

S

= D (E), [P = 3 ()% 07 = () (), () = )y’

J i=1

where the aj;s are integers. Change variables and recollect terms, we
reduce the computation to

lim._oA(e) /[(1/1 +4¢)’ /B (¢ + i()]eii<wva>€*5\¢\2dw
where
A(e) = P =<Ce> o = (26, — by, -+, 2e¢, — by)

with b = (by,- -, bs) and b; = p;(F) some real numbers. Here we have
used the notations
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<Cb>= by, <t a>=) W (2e¢ - by).
i j

Assume the Fourier transform of a function h(z) is equal to (¢ +
i¢)”/Br(¥ + i¢), then a slight generalization of Lemma 4 following its
proof in [BC| compute the above limit which is equal to

(2m)* e~ SO h(—b).

Note that such functions like h(z) are related to the Duistermaat-
Heckman measure and have been studied in detail in [GLS].
For example if s = 1, by iteration we only need to evaluate

. _ _ 2
lim,_.o / xFemer b gy
Rtic

which is obviously 0 for £ < 0. Here R denotes the real line. For k£ > 0,
assume ¢ > 0. Since for Imz > 0

Ak 00
Sk (=) / Gk—1gizs g
(k=1 ’

let z = y 4+ ¢ we know that the Fourier transform of

—i)k 1 - .
hz) = %xk le=2C if 2 > 0
0 ifz<0

is (y +i¢)~*. So the above limit is

k
—2r— bt for b < 0
k=1
and 0 for b > 0.
Other ways to compute these integrals are to use residues as in [K]
or the method in [Wu|. The interested reader may try his own way for
the computation.
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