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1. HESSIAN OF A FUNCTION ON MANIFOLDS
Let M be a smooth n-manifold and f € C*(M, R). Recall that one can define the differential:

In local coordinates (x%,...,x"), itis represented by a vector

1y = (35505 0))

A point p € M is critical when df, = 0. The second derivative is more subtle. In local coordinates

(x!,...,x™), one may attempt to define its Hessian at p naive by

) Hessy(f) = (5o (p)
' W= owiad V)
However, if if x = x(y) is a change of coordinates, then by chain rule:
0*f oxi  ox/ 02 f 0%x! of
(1.2) ayﬂayb(p) = a?a(”)a?(p)axiaxf(p) + Syidy (p) 5 (P)-

Therefore, Hess,, (f) is not a tensor, i.e., depending on the choice of local coordinates. As we have
seen in Milnor’s text, the annoying extra term vanishes when p is a critical point of f:

Proposition 1.3. Suppose df, = 0. For v,w € T,M, extending to vector fields V, W near p and define
Hess, f(v,w) := V(Wf)(p).
This is independent of choice of V, W and is a symmetric bilinear form on T, M. In coordinates, it is given by

(aigxi(”)),f

]
Remark 1.4. Milnor [1] calls [V, W] a “Poisson bracket”; in current terminology this is the Lie bracket
of vector fields. The Hessian is nondegenerate if the induced map T,M — T, M is an isomorphism.
Its index is the maximal dimension of a subspace on which it is negative definite. Sylvester’s law of
inertia shows that the index is coordinate-independent.

Question 1.1. How to define Hessian of f as a bilinear form on tangent spaces for non-critical points?
Recall that one definition of tangent spaces T,M of M at p is given by
T,M = {y: (=€) > M:7(0) = p}/ ~,
where 71 ~ 72 if 71(0) = §2(0). In this formulation, if 7(0) = p and §(0) = v, then we can

compute:

2 2 . . .
;tz‘t_of (v(£)) = aiafﬂvl(ow(m + aafiwoy

Hence, we see that the difficulties of defining Hessian are.
1
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(1) The acceleration term (0) depends on the choice of coordinates (same calculation as (1.2)).
(2) Curves with the same initial velocity may have different accelerations. Indeed, on M = R,
consider 1 (t) = t and 72(t) = t + 2. Then §1(0) = 72(0) = 0 but 41(0) = 0 # 2 = 4,(0).
When df, = 0, the troubling acceleration vanishes:

dZ
Hess, f(v,0) = i tzof(’r(t)) —

For general case, we need to introduce an affine connection V on T M. With this, we define
(1.5) (HessY f)(X,Y) := (Vdf)(X,Y) = X(Yf) — (VxY)f.

It is tensorial in X, Y, and in coordinates

a2f af
(Hess" f);; 5~ Lisr

The Christoffel-symbol term exactly cancels the extra term in (T.2). If V is torsion-free, then Hess" f
is symmetric. If two connections differ by VxY = VxY + A(X,Y), then

Hess" f(X,Y) — Hess" f(X,Y) = —df(A(X,Y)).

Consequently all connections give Milnor’s intrinsic Hessian at a critical point.
If ¢ is Riemannian, its Levi—Civita connection gives the Riemannian Hessian

Hess, f := V3df, Hess, f(X,Y) = g(V% grad, f,Y).

For the geodesic v, with 7,(0) = p and 7,(0) = v,

2
(1.6) Hess, f|,(v,v) = ;tz Of(%(t)).

In normal coordinates at p, the Christoffel symbols vanish at p, so the Riemannian Hessian is
represented there by the ordinary matrix of second partials, even when p is not critical.

2. HADAMARD LEMMA AND ZARISKI TANGENT SPACES

We first recall Hadamard lemma as in [1, Lemma 2.1]:

Lemma 2.1. Let V be a convex open neighborhood of 0 in R™ and f € C®(V') with f(0) = 0. Then
(2.2) flx1,...,x,) = ijg(xl,...,xm)
j=1

for some g; € C*(V) with g;(0) = %(0)~

Proof. The proof is a straightforward application of fundamental theorem of calculus and chain rule:

1 d 1 m af
f(xl,...,xm):/0 dtf(txl,...,txm)dt:/o ];M(txl,...,txm)xidt.

We then take g;(x) = 01 %(txh .o, txy)dt and g;(0) = g—){i(O) as expected. O

The elementary Lemma 2.1 also has an important application to tangent spaces.
Recall that the tangent space of a smooth manifold M at p is defined by equivalence classes of
curves: consider smooth curves 1y : (—¢,¢) — M satisfying y(0) = p. We declare

d d
Y1~ Y2 = a(cp o1)(0) = E((’D 072)(0) in some local chart ¢ around p,.
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On the other hand, if f € C®(U) and g € C®(V) are defined on some neighborhoods U, V of p,
then we define an equivalence relation:

fr~g <= flw=glwforsome WC UNV.

We denote the resulting equivalence class by f,, called the germ of f € C*(U) at p. We denote Citp
the local algebra of germs of smooth functions at p.

Definition 2.3. A derivation of Cf; , is a R-linear map D : Cfj; , — R satisfying the Leibniz rule

D(fg) = f(p)D(g) +g(p)D(f)-

The vector space of such derivations is denoted by Derg (Cj; ,,, R).

A curve 7 through p defines a derivation by

Dy(f) = | F(),

We now use Lemma 2.1 to show that every derivation arises in this way.
Lemma 2.4. Derg(Cj; ,, R) = T, M.

Proof. Choose a local coordinates x!,..., x" near p, so that xi(p) = 0. By Lemma 2.1, every smooth
germ f can be written as

F-fp) =Yg i) = 2L(p)
i=1
Applying a derivation D and using the Leibniz rule gives
' i - i 9
D(f) = . D silp) = Y D)L (p).
i=1 i=1
Thus D is directional differentiation by the tangent vector
< 0
Up = Z D(x') —
i=1

ox' |,
Consequently, Derg (Cfj ,, R) >~ T, M. a

There is also an algebraic formulation. Let
my = {f € Cyp: f(p) =0}
be the maximal ideal. Every derivation annihilates constants and m%, SO
Derg (Cjy,p, R) ~ (mp/n%) .
Lemma 2.1 shows that the map
mp/mf,—>T;,‘M, [f] — dfy,

is an isomorphism. Hence, we see that the tangent space coincides with Zariski tangent space.

T,M ~ Der]R(Cj\'j},p,]R) ~ (mp/mé) .
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The preceding algebraic description is special to C*. For a C*-function, Lemma 2.1 still gives

f-f0) = Yrsn), sl = [ L
i=1

0

but in general g; is only C¥~!. Thus factoring out a coordinate may lose one derivative, and the
factorization does not remain inside the ring of Ck-functions. Moreover, one can show that:

Question 2.1. If k € IN*, Zariski tangent space m,, / m% is infinite-dimensional!

The usual tangent space of a Ck-manifold is still perfectly well-defined using curves or coordinate
velocities. On the other hand, Zariski tangent space is usually the way to define tangent spaces for
singular spaces (e.g., in algebraic geometry).

3. VARIOUS FORMS OF MORSE LEMMA

Lemma 3.1 (Morse Lemma). Let p be a non-degenerate critical point for f. Then there is a local coordinate
system (y',...,y") in a neighborhood U of p with y'(p) = 0 for all i and such that the identity

f=fp) =@ =+ G2+ ()
holds throughout U, where A is the index of f at p.
In [1, Lemma 2.2], we prove this by induction on n. We can also prove this simultaneously.

Second Proof of Morse inequality. Taylor’s formula with integral remainder gives

62) F6) = SO) 4 3B B =2 [ (1- 9D f(su)is
Thus B(x) is symmetric and B(0) = H. We wish to find ¢(t) = R(t)t, where R(0) = I, satisfying
(3.3) R(t)"B(R(£)t)R(t) = H.
We define a map F(t,R) : R" x M,(R) — ( ) by
F(t,R) = R*"B(Rt)R — H

with values in the vector space Sym  (R) of symmetric matrices. At (0, I),
DrF(0,1)(K) = K*H + HK.
This map M, (R) — Sym,, is surjective. Indeed, for S € Sym,,(R),i.e., S = S*,
K= %H*ls — K'H+HK=S.

The existence of the function R(t) is now a consequence of implicit function theorem. We take

1.
R=1I+ZH s,  SeSym,.

On this slice, the derivative of F in S at the origin is the identity. The implicit function theorem
gives a smooth S(t), hence R(t), solving - Since R(0) = I, the map ¢(t) = R(#)t has Dy(0) =
and is locally invertible. Substitution into (3.2) proves that

f(p(8)) = £(0) + §<Ht,t>-
Finally, by Sylvester’s law, a constant linear change transforms 1 H to diag(—Iy, I,_1). O

Remark 34. If f € C*, k > 2, Bin is Ck=2, and this proof produces a C~2 coordinate change.
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This second proof is more abstract but it’s more useful when one want to deal with Morse function
with parameter. Suppose F(s, x) is a smooth family of functions, where s € R™ is a parameter.

Theorem 3.5. Let F: P x U — R be smooth near (sg, xp) € R™ x R". Assume
DyF(sp,x0) =0, D2F(so, xo) is nonsingular of index A.

After shrinking the neighborhoods, there are:

(i) a unique smooth critical section c(s), with c¢(so) = xo and DyF(s,c(s)) = 0;
(ii) a parameter-preserving local diffeomorphism (s,y) — (s, ®(s,y)), with ®(s,0) = c(s), such that

n

A . .
(3.6) F(s,®(s,z)) = F(s,c(s)) — ;(y])z + ) W)

j j=A+1

Proof. Apply the implicit function theorem to the map (s, x) — DyF(s,x). Its derivative in x at
(s0, Xp) is the invertible vertical Hessian, so it produces the unique smooth critical section c(s).
Set G(s,u) = F(s,c(s) + u). Then D,G(s,0) = 0. Repeating (3.2) gives

G(s,u) = G(s,0) + %(B(s,u)u,u).

In the implicit function theorem argument, s may be retained as an additional parameter. We obtain a
smooth family of coordinate changes reducing the phase to its vertical Hessian H(s) = D3F(s, c(s)).
These Hessians remain nonsingular nearby. Apply the same sliced matrix argument to

(s,A) — A*H(s)A — H(so)
to obtain a smooth congruence with the fixed H(sp). A final constant linear change gives (3.6). O

The parametric form of Morse lemma shows the more general Morse—Bott lemma.

Corollary 3.7. Let N C M be an embedded submanifold consisting of critical points of f, and suppose
kerHess, f = T,N  (p € N).
Near every pg € N, there are coordinates (u,y~,y") in which
N={y =y" =0}  f=flpo)—ly P+Iy"I"
The dimensions of the positive and negative normal spaces are locally constant on N.

Proof. Choose submanifold coordinates (u,y) with N = {y = 0}. The condition on the kernel says
precisely that the Hessian in the normal y-variables is nondegenerate. Regard u as a parameter and
apply Theorem 3.5 Finally, f|y is locally constant because df = 0 along N. U

Corollary 3.8. A nondegenerate critical point survives a sufficiently small smooth perturbation, uniquely
and with the same index.

4. APPLICATION OF MORSE LEMMA

Following Hormander [3 §VII.7], we now give an application of Morse Lemma to analysis.
Leta € CP®(R"), ¢ € C®(R";R), we consider the oscillatory integral:

I(w) = /neiwq’(x)a(x)dx.

where a is called the ampltitude and ¢ is called the phase. Our goal is to understand the asymptotic
behavior of the above integral as w — oo. The first observation is that:



6 YU-CHI HOU, ASSISTED BY CHATGPT 6 ASTRA

Lemma 4.1 (Non-Stationary phase lemma). If f d¢ # 0 on supp a, then
I(w) = O(w ™)  forevery N.

Thus regions without critical points make no asymptotic contribution.

Proof. On a neighborhood of supp 4, define

D¢
V=7
|Dg[?
Since (V, D¢) = 1, we have (V, D(e“?)) = iwe'“?. Integration by parts therefore gives
1 ,
(w) =—— [ &“?div(aV)dx.
(w) iw o e iv(aV)dx

Setaj 1 = div(a;V). Each a; € C°(IR") and supported in supp a. Repeating the argument yields

[(w) = (_1)N/ e“Pay dx,

()N

and hence |I(w)| < w™Nlan| 1 O

Thus regions without critical points contribute only a rapidly decaying error. To find the asymp-
totic term, it remains to study the integral near critical points of ¢.

Theorem 4.2 (Stationary phase formula). Assume that x is the only critical point of ¢ on supp a, and

H = D*¢(xo)

is nonsingular. Let A be its index and ¢ = n — 2\ its signature. Then there exist coefficients ¢; € C,
depending only on finitely many derivatives of a and ¢ at xo, such that, for every integer N > 1,

2\ 12 ‘ N-1 ‘
4.3) I(w) = <> elw9 (o) pino/4 (Z ciw ) + O(wN)> ,

w =0

as w — oo, where ¢y = —)_

\/|detH|

Proof of the leading term. We prove only the case N = 1. The Morse lemma reduces the phase to a
quadratic form, and the Gaussian integral determines its contribution.

Choose a cutoff equal to 1 near xp and supported in a Morse coordinate neighborhood. By
Lemma the remaining part of the integral is O(w™") for every N. The Morse lemma, in its
Hessian form, gives a local change of coordinates x = ¢(y) satisfying

PO =%,  DYO) =1  9(p(y) = 9(xo) + 3 (Hyy).

Absorbing the cutoff and the absolute Jacobian determinant into the amplitude, we need to estimate

J(w) = / e 2h (y) dy,

where b € CX(R") and b(0) = a(xo).
We first compute the corresponding Gaussian integral. The familiar formula

5 . 27T 1/2 2
R
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follows from the real Gaussian integral and analytic continuation; the square root is chosen positive
when z > 0. For 1 € R\ {0}, setting z = ¢ — iwh and letting & | 0 gives

1/2
lim [ o—et2/2tint/2vint gy _ (270 N7 imsgn(h) /4 ,—in?/ (2wh)
el0 JR w|h|

Diagonalizing H and multiplying these one-dimensional formulas therefore yields

eim7/4

/| det H

2 ; ; 27T n/2 ; 1
lim o€yl /2+iw(Hyy) /2+iy-& dy = <> e~ H{HT'88)/ (2w)

el0 R" w

To handle the amplitude, write

be) = [ ey, b) = o [ @) de

Insert this expression into J(w), first with the Gaussian factor e~¢l¥ /2, Fubini’s theorem and the
preceding calculation, followed by dominated convergence as € | 0, give

27T n/2 eimr/4 1 -1 ~
_ (=t —i(H8.80)/ Q) (&Y dE.
J(w) (w) T T [ e () dé

Here dominated convergence is justified because the regularized Gaussian integrals are bounded
uniformly in ¢ and e > 0, for fixed w > 0, and b is rapidly decreasing.
Finally,

‘efim*lg,g)/(zw) _ 1‘ < CH|§’2_
T w
Since |¢|?b(£) is integrable, Fourier inversion at 0 gives

(2711)71/ e—z’(H*ﬁ,C)/(ZW)E(C) d¢ =b(0) +O(w™1).

Restoring the factor ¢“¢(0) and using b(0) = a(x,), we obtain

n/2
I(w) — <27T> eiw4>(x0)€i7ra/4 a(X()) +O(w—n/2—1),

w /| det H|

as claimed. 0

Remark 4.4. If ¢(x, s) depends smoothly on a parameter and has a nondegenerate critical point x =
c(s), the parameterized Morse lemma chooses the quadratic coordinates smoothly in s. Therefore
the same stationary-phase formula holds uniformly for s in a small compact set, with xo, H, and
a(xo) replaced by c(s), D2,¢(c(s),s), and a(c(s),s).

The Gaussian calculation above also gives two classical formulas.
Corollary 4.5 (Fresnel integrals). We have

/000 cos(t?) dt = /Ooo sin(t?) dt = \/z

Proof. For € > 0, the Gaussian formula gives

/oo o e gy = VT 2
0 2
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Letting € | 0, we obtain
/oo o gt — VT gin/s
0 2 '

The limit agrees with the ordinary improper integral: integration by parts gives a tail bound O(R~1)
on [R, o), uniformly for ¢ > 0. Taking real and imaginary parts proves the result. U

For Stirling’s formula, the relevant analogue of stationary phase is Laplace’s method. Instead of
cancellation away from a critical point, exponential decay localizes the integral near a minimum.

Suppose that f has a nondegenerate minimum at ¢y, with f(tp) = 0and f”(ty) > 0, and that b is
smooth and compactly supported sufficiently near t5. Then

/ewf“)b(t) dt = wfz,,’zto)(b(to) +0(w™)).

Indeed, the Morse lemma gives a coordinate y such that

The transformed amplitude has a Taylor expansion

B(y) = B(0) + B'(0)y + O(y%), B(O):M

V()

After localizing with an even cutoff, the odd term integrates to zero, while

et may= [ ey = 0w,
R R

The part away from y = 0 is exponentially small, proving the formula.

Corollary 4.6 (Stirling’s formula). Asn — oo,
n! = v2mn (g)n (14+0(n™1)).

Proof. Repeated integration by parts gives

()
n! :/ e *x"dx.
0

n! = n”“e”/ e ) dt, f(f) =t—1—logt.
0

Substituting x = nt, we obtain

The function f has a unique minimum at ¢ = 1, where

fy=f@1y=0  f'1)=1.

/ 0= 2 (1 o).
0

To justify localization despite the noncompact interval, note that f is bounded below by a positive
constant on (0, 2] outside any fixed neighborhood of 1. Moreover, for t > 2,

1 o 2
") > = —nf(t) gy < Zp—1f(2)
fi(t) > 5 /2 e dt < ne

Thus Laplace’s method gives
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Hence all contributions away from the minimum are exponentially small. Multiplying by n"le~"
proves the formula. O

On the AI Use: The selection of material and its presentation are the author’s own. ChatGPT 6
Astra was used to assist in developing the detailed proofs.
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