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Abstract

‘We show that, near the diagonal set of S™ x S™ and ignoring the terms decay-
ing exponentially when ¢ — 0, the derivatives of heat kernel on the sphere S™ can
be described explicitly by using elementary functions and the kernels on different
dimensional spheres have certain recurrence relations. Consequently, known vari-
ous results concerning its asymptotics may be obtained by investigating only the
elementary functions.

1. Introduction and the main result

Let us take the Laplacian A = d*d acting on functions on the standard
n-sphere (S™,g) with curvature 1 where d is the exterior differential and d* is
its formal adjoint. We consider the fundamental solution or the heat kernel
K, (t,r(P,Q)) associated to the heat equation with initial condition

(1.1) (0/ot+A)f =0, fli=o = fo-

Note that, due to homogeneity of sphere, the kernel depends only on ¢ and the
distance r(P,Q) of two points P, @ on S™. In the paper we will show that,
if »(P,Q) is small, then the behavior of the derivatives of K, (¢,r(P,Q)) when
t — 0 can be described explicitly by using some elementary functions and there
exist interesting recurrence relations among the kernels on different dimensional
spheres. As a result, known various results of study on their behavior may be
obtained by investigating only the elementary functions.
Let us take 0 < 6 < 7/2 and consider the C*°-function on (0, 00) x [0,0)

et —1 9\m .
1.2 kn(t,7) = —) e/ (n=2m+1
(12) (&) (27r)m(47rt)1/2(sin7‘87‘) ‘ (n=2m-+1),
e(2m+1)%t/4 1 g\m [ se—s /4t
1.3) ky(t,r)= (=2 ds —¢ __ (n=2m+2
(13) kalt,r) 2(27r)m+3/2t3/2(s1n7“87‘)/r s(cosrfcoss)l/Q (n=2m+2)
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e(2m+1)2t/4

° 120 —L\mFL ey, 1/t
:W/Tds(cosr—coss) (%E) se + Oco(e™7%).

Here 0o (e~1/?) is a term, for any ¢, whose ¢ times derivative by r can be esti-
mated as O(e~°¢/*) with some £, > 0, and certainly the second equality in (1.3)
is obtained by integration by parts. Note that the change of § > 0 brings only
an Oy (e~ /*)-term. Then we have

Theorem 1.1. Take small 6 > 0. Then, for0 <t <1 andr =r(P,Q) <4d, we
have

(1.4)  Ku(t,r) =k, (t 7‘)+(’) (e,

-1 9 -
(15)  Knalt,r) = (Smar) n(t,7) + Ose (™11,

21/2e=@nt /AR o (t,5)sins 1/t
(1.6) Kn+1 t r / ds (COST—COSS)1/2 +Ooo(€ /).

In the normal coordinates x at a point, the distance r(P, Q) is given by

=arccos| cos |T cos |x T T sin|x(P)\ sin\x(Q)|
(17) 7(P,@)=arecos cos ()] cos Q)|+ (x(P), #(Q)) = i v )

where (z(P),x(Q)) is the standard inner product of the coordinate space. Thus
the behavior of derivatives of K, (t,r(P,Q)) may be explicitly described using it
and the function k, (¢,r) which can be expressed roughly as (see (2.1), (2.2))

o7’ /4t+(n—1)%t/4 M1

(1.8) kn(t,r) = e Z t7 k4 ( (n=2m+1),
7T2/4t+( V2t/4
(19) kalt,r) = v {Zt o ( (tN)} (n=2m +2)

with k, j(u) € C*(—62,6%) (j =0,1,...) and, in particular,

(110) kn,O(rz) = lim (47Tt)n/2er2/4t7(n71)2t/4 kn(tﬂ”) _ (

r (n—1)/2
t—0 ) '

sinr

For example, the coefficients of the asymptotic expansion of the heat trace

/ dg(P)K,(t, (P, P)) = vol(S™) K, (t,0) were calculated by Cahn-Wolf ([2]) us-
Sn

ing the theories of Lie group, symmetric space and representation, by Polterovich
([13]) using his formula in [12], certain combinatorial identities (due to some
property of hypergeometric function) and the table of eigenvalues and their mul-
tiplicities of Laplacian, and by the others ([14], etc.). Their methods need much



EXPRESSIONS OF THE HEAT KERNELS ON SPHERES BY ELEMENTARY FUNCTIONS 27

acquaintance with such many areas, but in our method we have only to calculate
m
kn,;(0), that is, to expand ( = 8) e~ /4| g at t = 0 and (1 — coss)'/2 at

sinr Or

s =0, etc., in a suitable sense (see (2.1)).

In [10] the author proposed a simple method of investigating the heat ker-
nels (acting on differential forms) on arbitrary Riemannian manifolds using only
basic knowledge of calculus: compare with the method in [5] using the Gilkey’s
invariant theory and also with the stochastic one in [4], [11], etc. In this paper, in
the case of sphere we introduce the method quite simpler than in [10], that is, we
need thus only some study of elementary function k, (¢, 7) or of the trigonometric
functions consisting it. The recurrence relations (1.5) and (1.6), which may clar-
ify the structure of heat kernels from a new viewpoint, come from also such an
elementary study (see (2.3)). Then how did he find out &, (¢,r)? We will discuss
it in §3. In short, inspired by a certain duality between sphere (of curvature 1)
and hyperbolic space (of curvature —1) and motivated by the explicit description
([3], [6]) of the heat kernel on the latter, naturally we expected it is &, (¢, 7) that
is an appropriate parametrix for the former.

2. The proof of Theorem 1.1.

We will mainly discuss the proof of the formula (1.4) in the section. Before
it let us lightly ascertain (1.5), (1.6), (1.8)—(1.10), all of which will be obvious.
First, as for (1.8)—(1.10): If n = 2m + 1 they will be all obvious. If n = 2m + 2,
referring to the second expression at (1.3) we have

0 —1 \m+1 X
(cosr — cos 5)1/2(——) s~ /4t

Jssins
=2 V2(s2 — )12 <Sm = ) v <Sm Z ) v (gi)m+lse_sz/4t
st ot Os sin s
m—+1
= 3t ks (2 )2V (52, 0%) (Vi(u,v) € CF((—62,82)2)),
k=1
91 6d 12 0 —1\mHL ey,
(2.1) /T s (cosT — cos s) (assins) se
m+1 F)
_ e—r2/4t Z t—k/ ds 86—(32—7’2)/415(82 - 7"2)1/2Vk(52,r2)
k=1 r
) m+1 (62—r2)/4t
= e " /4ty3/2 Z t*k/ du e*“u1/2Vk(4tu +72,r?),
k=1 0

which yield (1.9). We have then

(47rt)m+1er2/4t 0 1/2 s s
(22) (271-)%"_—3/22‘:3/2 g dS (COST*COS S) (m) se
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2 4_{1 —u 1/2<sin er sin £ )1/2( s )"H-l
= ue
rl/2 str S; sin s
+ s—

1/2 s m-+1
due—" 1/ 2 2 ) ( )
xl/2 / ue str —r sin s

2

_ due—uuyz(smr)l/?( T )mHZ( r )er/2
771/2 0 r sinr sinr ’

Thus we obtain (1.10). Next, if (1.4) holds, then the formula (1.5) will be obvious
and, setting c¢(r, s) = cosr — cos s, we have

(2.3) /d521/2 —m Y ot 5) sin s
c(r,s)1/2

o(t)

s=(4tu+r2)1/2

(t —0)

®

S=T

t—3/2em 2t sin s 1 g —1
e U /4t -1/t
T omt2pmt3/2 / S/ du c(r,s)1/2 c(s,u)l/? (8u smu) + Ole™ )

d
t=8/2gm’t sin s 1 J —1\m .-
_- —u”/4t -1/t
T gmt2mt3/2 / du/ c(r,8)1/2 c(s,u)t/? (3u sinu) ue + Ocole™ )
d

t=3/2emt g —1\m 2 " sin s
= -~ —u®/4t d O -1/t
T gmt2gm3/2 /T u(@u sin u) ue /T ° c(r, 8)12c(s,u)1/2 Os(e )
t73/26m2t 0 0 —1\m 2
- I —u® /4t -1/t
- gmA2pm+1/2 [ d“(au Sinu) ue + Ocole™)
t—3/26m2t 1

(2 -1 )m_lre—r2/4t+ooo(e—1/t)

2m+27m+1/2 gin r \ Or sin r

—1/2,m?t m
e ( = 82) e ML O (e,
sinr Or

T 9milyrmi1/2

which implies (1.6).

We will now prove (1.4), which says that k,(t,r(P,Q)) approximates
K, (t,7(P,Q)) quite well. Namely we have only to show that k,(¢,r(P,Q)) is
such a good parametrix of K, (t,7(P,Q)).

Proposition 2.1. If we take small § > 0, then, for0 <t <1 andr =7r(P,Q) <
§, we have

(2.4) (%)ek‘n (t, ’I“) = O(t—n/Z—l/Qe—r2/5t) (Vf),
(2.5) (8/0t + Ap)kn(t,7) = One (e ).

And, for a C*-function f(P) with supp f C {P € S™ | r(P,Q) < 0}, we have

(2.6) lim [ dg(Q) f(P)kn(t,r(P,Q)) = f(Q).

t—0 Sn
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If the proposition holds then we can easily show (1.4) by using the standard
Duhamel’s principle as follows: We take small §; > 0 and a cut-off function ¢ on
[0,00) (3 a) satisfying ¢(a) = 1 if a < 62/4 and ¢(a) = 0 if a > 6. Then, for
(P, Q) < 01/3, we have

Ky (t P,Q) = kn(t, P,Q) (= Ku(t,7(P,Q)) — kn(t,r(P,Q)))
n(t, P,Q) ¢(r(P,Q)%) — kn(t, P,Q) ¢(r(P,Q)?)

/ ar 9 / dg(P — 7 P, P) k(7. P, Q)(r(P, P2 (r(P', Q)2)

-~ [ar [agP){ (35t = 7.2 P) Rl P @0t (PP,
~ Kult =7, P, P') (Ap/ W1, P, Q)6 (P, P)2)o(r(P,Q)%) | + Oncl(e™/")
—/0th dg(P){ (AprKo(t =7, P, P')) ku(, P, Q)6(r(P, P)2)(r (P, Q)?)

~ Kot =7, P,P') Ap/( w(7, P Q)6 (r (P, P)2)o(r (P’ Q)Q))

2K, (t = 7. P, P') g (dp (90 (P, P))(r(P', Q)%), dprkn(7, P', Q)

+ Kt =7, P P)Ap (4(r(P. P)2)o(r(P',Q)) ) kulr, P, Q) } + Onc(e™/1)

r(P,P')>5,/6 )

5 s

{28t =, P.P) g (dp (6(0(P. P))$(r(P', Q)). dprn (. P, Q)

— Kt = 7. P, P) A (9(r(P. P))o(r(P', Q)) Jhu . P, Q) } + Onc(e™/1)

= Owc(e™/").

Thus (1.4) was proved.

Proof of Proposition 2.1. Obviously (1.8) and (1.9) imply (2.4). If we
take normal coordinates x at () then the volume element near () can be written

. n—1
as dg = (%) dx. Hence, using (1.8)—(1.10) we know (2.6) holds, that is, we

have

1) [ da(P) F(PIk(17(P.Q)
: n— —r?/4t+(n—1)%t/4 (n—1)/
- [ ()0 () o)
= () e { ()T o)y =10

In order to show (2.5) remark that, near the point @, the Laplacian acting on
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the functions depending only on r = r(P, Q) can be expressed as
(2.8) A=——_——(n—1)cotr—.

This comes from, for example, [7, Chapter 1T Proposition 5.26] and the fact that
the volume of {P € S™ | r(P,Q) = r} is equal to vol(S"~1)(sinr)"~1. As for
(2.5) with n = 2m + 1: It is enough to prove

(2.9) ()0t + Ap)kn(t, 1) = 0.

sinr Or sinr Or

5\ *¢ 4 Y
Put [(Slnr 3dr) , sin” 7’} = ( A i) o sin2r—sin2ro( 1 i) , etc. Then induc-
tively we know

{(;g)g,sin%}: E(@—l)(iaﬁ) +2€005T(L£)Z71,

sinr Or sinr Or

sin
[(&%)Z’Cosr} - (smrar)

These together with (2.8) imply that the left hand side of (2.9) is equal to

(2.10)

o™ 1 ( 1 2)m<fl+ +ﬁ)em2t*r2/4t
(2m)™ (4mt)V/2 \sinr Or 2t 4¢2
(=1)™ sin®r ( 1 a)m+2 2?4t
_ - e
sinr Or

™ (2m+ 1) cosr( 1 2)"‘“6771%42/“
2m)m  (47t)1/2 sinr Or

1™ 1 1 oNm( . o, /1 932 19

T 2™ (4nt)1/2 (sinr@) {sm T(@E) +COST(@E)

2}e7n2t—r2/4t_(_1)m SiHQT ( 1 2)m+26m2t—r2/4t
(2m)™ (4mt)1/2 \sinr Or

LD G Yeosr (10 ymH g
(2m)™  (4mt)1/2 sinr Or

((27r)) (4772)1/2 { Ksiir%)nl’ sin® T} ($ %)2

Hmrar) ool () ()

—2m cosr(iﬁ)m—|r1 }em2t_r2/4t
sinr Or
1 0

((;7:)):: (4777})1/2 { m(m —1) (sin?“ or
1

+

3

m 1 0 \mt+1
) +2mcosr< )

sinr Or
m m m—+1
fm< 2) +m2( _1 2) 72mcosr( 1o ) }em2t*r2/4t
sinr Or sinr Or sinr Or
=0.
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Thus we obtain (2.9). As for (2.5) with n = 2m + 2: Set

st—3/2e—5"/4t+(2m+1)%t/4
(QW)erS/Q ’

b(s,t) = c(r,s) = cosT — cos s.

Then we have

(2.11) gkn(t,r) _ /5dsc(m)1/z<2 —1 )m+18b(s,t) +Os(e VY

ot - Ossin s ot
5 2 2
0 —1ym+l 3  (2m+1) s _
_ 1/2 _ 1/t
/ ds c(r, 5) (5‘5 sms) { 2t + 4 NpTE 442 }b(s £)+ Ocole )
0 -1\t 2m+1)2 0 0 _
1/2 1/t
/ ds c(r s) 5‘ssms) { 4 +3sas}b(s’t)+(9°°(e )

And, using the transformations
0 —1

k = 6d 2 3/2
n(t,r) = y BC(T ) Os sin s

-1 m—+3
/ ds —c T, S 5/2( 0 ) b(s,t) + Ouo(e 1)

Ossins

m—+2
— )" (s, t) + O (7MY

and the same formulas as (2.10), we have

(2.12) Ak,(t,r) = /Téds{_SiDQT(._—lg)Q%C(T7S)5/2( 0 —1 >m+3

sinr Or Ossins

+(2m+2) cosr( ._1 2)gc(r,s)3/2( 0 1 )m+2}b(s,t) + Ox(e™ )

sinr Or Os sin s

:/jds{—c( )1/281n T(is;lls)mH

—1 m—+2
+ (2m + 2)c(r, s)/? COST(%E) }b(s,t) + Os(e 1Y)

g . — m+3
= / ds {(c(r,s)5/2 + 2¢(r, 8)%/% cos s — ¢(r, s)/? sin 5)( 0 ~1 )

. Js sin s

+ (2m + 2)(c(r, 8)3/% + c(r, 5)Y/? cos 5) <g_—1>m+2}b(s, t) + O (e™ V1)

Ossin s
5
12m+15,0 —1 \mtl
:/T dsc(r,s)1/2{ 4 (%sins)
o —1\m+2 ., /8 -1 e
+(2m +5) COSS(%@) — sin (85 sms) }b(s,t)+(900(e )
5
12m+15,0 —1 \mtl g —1\mt2
:/ dsc(r,s)1/2{ 4 (% sins) + @m+ 5)(83 51115) o8 s

_(3 _ )m+3sm s— (2m+5)(m )(3 _ )m+1

0ssin s 0ssin s
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+(m+3)(m+ 2)( 0 _—1)m+1— 2(m+3)(2_—1)m+2coss}b(s,t)

Os sin s Jssin s
+ On(e7 1)
5 2
8 —1\m+i( (2m+1) 8 -1
= (2 - Ty (2
/T dsc(r, ) (65 sins) { 4 (83 sins) cos s
0 —1\2 —1/t
(88 sins) sin s}b(s,t)+(900(e )
5 2
0 —1\m+l( (2m+1) 0 0 _
_ 12(9 —1 _émr 1) o0 1/t
/T dsc(r, s) (35 sins) { 4 0s Os }b(s, )+ Occ (e ).
(2.11) and (2.12) imply (2.5) with n = 2m + 2. 1

3. Hyperbolic space and the reason for having expected k(t,r)
to be an appropriate parametrix

In the section we present some facts having supported the expectation that
kn(t,r) is an appropriate parametrix. Let us consider the hyperbolic space

. > dE; @ dE;
3.1 H" ={¢£ e R" | [£] < 2} with gy = = ———>_.
(3.1) feer" || <2} T len
(Notice that, by using a stereographic projection, the metric on S™ near a point
Yo d& @ dE;

@ may be expressed as ggn = ) As well as (2.8), near a point

(1+[€[2/4)*
Q@ € H™, the Laplacian acting on the functions depending only on r = r(P, Q)

can be expressed as
0 90 0
-2 (n—1)cothr—
Or or (n = 1) cot "or
because the volume of {P € H" | (P, Q) = r} is equal to vol(S™~1)(sinhr)" 1.

And, according to [3] and [6], the heat kernel KX (¢,7(P,Q)) on the hyperbolic
space is expressed explicitly as

(3.2) Al =

et 1 9\m
—) e /4 =2m+1
(2m)m (4nt)t/2 <sinh7‘ 37") ¢ (n=2m+1),
(3.3) Kf(t» r) = e—(2m+1)2t/4 1 H\m [*® 56—52/41:
2(2m)m+3/2¢3/2 <sinh r E> /r (cosh s — coshr)1/2
(n=2m + 2).

Observing the correspondence between (2.8) and (3.2), it will be natural to have
expected that it is (1.4) that corresponds to (3.3).

As for the expression (3.3), in [6] it was introduced by considering the prop-
erty of the wave kernel cos(t\/AH# — (n —1)2/4) and the Fourier transform
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(3.4) e HAT (=) (47rt)_1/2/ dse /% cos <S\/AH —(n— 1)2/4)’

and in [3] the authors introduced two kinds of recurrence relations ([3, Theorem

2.1(ii)])

efnt -1 a
‘ KH t = i KH t
(3.5) n2(t,m) o (sinhr@r) (),
(3 6) KH (t r) _ /oo . 21/26(2n+1)t/4K71§1+2(157 s) sinh s
. T r (cosh s — coshr)1/2

by using the Selberg transform and then obtained the formula (3.3) by using the
relations and the obvious formula K (t,r) = (4mt)~1/2e""/4 (see (3.2) with
n = 1). Here it will be also natural to expect the heat kernels on spheres have
the relations (1.5), (1.6). The formula for KI(t,r) was originally introduced in
[8] by using the Legendre function theory, etc.: Put z = coshr then (3.2) with
n = 2 is transformed into (1 — 2%)(9/02)* — 229/dz which is the differential
part of the Legendre differential equation. Using the formula (3.2) and by an
elementary calculation, we can easily show the identity

—nt —nt

(3.7)  (0/9t+AL,)¢ (;1‘9):‘3 ( ! 3)(a/at+Ag)

27 \sinhr or 27 \sinhr Or

which will be almost equivalent to (3.5). The identity and the formulas for
KH(t,r) (n=1,2) also imply the general formula (3.3).
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