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Abstract
In this article we analyze the zeta function for the Laplace operator on a
surface of revolution. A variety of boundary conditions, separated and unse-
parated, are considered. Formulas for several residues and values of the zeta
function as well as for the determinant of the Laplacian are obtained. The
analysis is based upon contour integration techniques in combination with a
WKB analysis of solutions of related initial value problems.
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1. Introduction

Spectral zeta functions of typically Laplace-type operators are directly related to topics such
as analytic torsion [21], the heat kernel [13, 22], Casimir energies [4, 8, 20] and effective
actions [5, 6, 9]. It is therefore very desirable to have effective analytical tools available to
understand specific properties of zeta functions. Whereas in one-dimension closed answers
are relatively easily obtained for quantities like the functional determinant, see, e.g.,
[7, 10, 18], in higher dimensions the situation is much more involved. However, a contour
integral approach established in [2, 16] has been shown to be very useful as long as the
Laplace-type operator separates in a suitable fashion. This approach has been used in a variety
of configurations like the generalized cone [3], the spherical suspension [11], warped product
manifolds [12] and surfaces of revolution [15].

In some detail, in [15] the Laplacian on a surface of revolution was considered with
Dirichlet boundary conditions imposed. Properties of the zeta function like residues, values
and its derivative at zero were analyzed. Given that the strictly positive function
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f € C?(xo, x1) used to generate the surface of revolution is kept general, the analysis is not
based upon known eigenfunctions or known solutions of ordinary differential equations, but
instead on the asymptotic analysis of solutions of an initial value problem related to the
boundary conditions imposed. As the boundary conditions change the relevant initial value
problem changes and so does the pertinent asymptotic analysis. These changes capture how
spectral zeta functions depend on the boundary conditions. This is the main subject of the
current article, furthermore we consider the influence of kinks on the surface of revolution on
spectral properties.

The article is organized as follows. In section 2 we introduce the Laplacian on a surface
of revolution and find implicit eigenvalue equations when separated or unseparated boundary
conditions are imposed. Furthermore, using the WKB method [1, 19], asymptotic properties
of solutions of relevant initial value problems are determined. In section 3 we use these
properties to analyze the spectral zeta function for a variety of separated boundary conditions,
whereas in section 4 unseparated boundary conditions are considered. A particular case are
periodic boundary conditions, where as long as the function f and its derivative agree at the
endpoints the surface of revolution can be thought of as a smooth torus. However, if the
derivative does not agree this introduces a kink point on the torus. This leads to the discussion
about non-smooth surfaces in section 5. The conclusions point to the most important results of
the article. In the appendix we give an independent proof that the implicit eigenvalue
equations do not only capture the value of eigenvalues correctly but also their degeneracies.

2. Spectrum of the self-adjoint Sturm-Liouville equation

Let feC 2(xg, 1) be a strictly positive function from [xg, x;] to R. We consider the
Laplacian on the surface of revolution that is generated by revolving the graph of f around the
x-axis. Using separation of variables, the resulting eigenvalue equation for the Laplacian on
this surface of revolution is [15]

k2

—(pu') + —u=Aru, px)= ;, r(x)=fy1+f72, 1)
p /1 + f/2

where k € Z is the separation constant entering from the cross-section S'. In rewriting

equation (1) as a system of first order differential equations, the quantity v = pu’ is

convenient. The equivalent form of equation (1) then is

o L

2" = . 2)
AR L
p

We denote the fundamental solution of (2) as
up (A3 ) u (s x)

Ei(h; x) = :
‘ W0 v )

3)
where the superscripts N and D stand for solutions of the initial value problem u,> (1; xo) = 0,
v,?(ﬂ; xp) = 1 and ukN A;x9) =1, ka(ﬂ; xo) = 0. In this way Ey(4; xo) = I, furthermore
det E;(A; x) = det E (4; xo) = 1.

To guarantee the operator is self-adjoint, the boundary condition must be in one of two
categories [23]. The first category is the separated boundary condition
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au(xg) + bv(xg) =0, cu(x)) + dv(x) =0, @

where (a, b) # (0, 0) and (c, d) # (0, 0). Following [17], the corresponding eigenvalues are
the zeros of the following function of A,

Fk(/1)=det((8 g)+((c’ Z)Ek(/l;xl))=(c d)Ek(/l;)q)(—ab). 5)

The second category is the unseparated boundary condition

u(x))) o fulxo)) _ (a b) u(xo)
[v(xl))‘M(wxo))‘(c d (v(xo)]’ ©
with det M = 1. Rewriting

u(xp) u(xo)
= Ei(4; ;
(v(on g xl)(v(xo)
the corresponding eigenvalues are seen to be zeroes of

Fi(A) = det (Ep(4; x1) = M) = 2 — duN(4; x))
—avP (A x) + cup (A; x1) + by (4 xp). 7

We prove in the appendix that each zero of F;(4) has the same multiplicity as that of the
corresponding eigenvalue. In general, the fundamental solution (3) will not be given in terms
of known special functions. In order to find certain properties of the zeta function associated
with eigenvalue problems on surfaces of revolution it will turn out to be sufficient to have a
knowledge of the large-1 uniform asymptotic expansion of (3). To this end we need to
analyze u", v and u°, v>. In order to prepare for the application of the WKB
approximation [1, 19], substituting the ansatz

x TEQA,
uF(d; x) = exp[ +/x %d}/],

into equation (1), we get
(TE) (s ) £ p(TE) s x) = k> = 22 (). (8)
A suitable quantity is

T x) = T (A; x)—;Tk(l x)’

and we have the identity

N2 W (=2 -\ x T (A x)
() ol = (Y = plry = [ T
a T (4; %) x) [111 T (A; X)]xl

x  px) 2 ©)

0

Imposing the initial conditions as indicated below equation (3), we can write the elements of
E,(4; x1) as
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uit (A x1) — ug (4; x1)

D /1’ - s 10
up (A; x1) 2707 x0) (10)
T (2; (2 TF(A; (2
w4 x) = = (45 xo)ui” (43 1) +. & (43 xo0)ug xl)’ (11
2Tk(/1, XO)
T (2; F(A; T (2 ~(2;
v (45 x) = = (4 xiJui (4 %) o (A xa)u (4 x1) (12)
27 (7 xo)
o (25 x1) = Ti (45 x0) T (A x1)ugt (As x1) — T (A x0) T (45 x1)ug (4 xl)' 13)

27}((1; xo)

The left-hand sides of equations (10)—(13) will be the needed input for the contour integral
formulation of the zeta function. The right-hand sides will be the starting point for the
computation of the relevant uniform asymptotic expansion.

Next we make some general statements about the zeta function associated with
equation (1) supplemented by any choice of boundary conditions. Following [15], we first
compute

by =] [1 - %)
k,n

n=1

where 1, is the nth positive eigenvalue of equation (1) under a certain boundary condition.
For F,(0) # 0,

Dy (A1) = F(A)/F (0). (14)
If F; () has a first order zero instead
Dy (2) = F(A)/(F(0)2). (15)

The zeta function can be represented as

L) =00) + L) = g +2) D A,

n=1 k=1n=1

where, using the contour integral representation

=sin7rs o ‘2SilnD _.2\d
Ci(s) - /0 Z " o( z)z,

6(s) = 222 Y [7 Ly (k%)
T o 0 dz

The functions ¢ (s) and &, (s) will be analyzed further by subtracting and adding back leading
terms in a suitable asymptotic expansion. Following [15], splitting the asymptotic expansion
into relevant and irrelevant pieces for the computation of the values and residues of {; (s), we
write Dy (—z2) as

Do(=2%) = (Lo(=22) + Ro(=22)) /o, (16)

where Lo(—z2) and Ry(—z?) are the leading term and the remainder respectively, such that
Ry (=72 is exponentially small for large z; it therefore will not contribute to Res {;(1/2 — n)
or §;(—n) for n > 0. For ¢ (0), in addition to In Ly(—z?), the contribution from other terms is
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—In Cy. Similarly, we write Dy (—k%z) as
Dy(—#%2) = (La( k%) + Rk(—kzz)>/(Lk(O) + R (0)), 17)

where L;(—k%z) and Ry (—k%z) are the leading term and the remainder respectively, and
L (0) = 1. As before, R, (—k?z) is exponentially small for large z and it does not contribute to
Res {> (1), Res > (1/2 — n) or §(—n) for n = 0. In order to compute ¢, (0), the relevant
splitting will be

In Dy (—k%) = In Ly (—k%) + In (1 + Rk(—kzz)/Lk(—kzz)) —In (1 + R (0)),

and following [15], in addition to In L; (—k?z), the contribution from other terms to ¢; (0) is
=22 In(1 + R (0)).

After this outline of the computation for the general case, let us next consider specific
separated and unseparated boundary conditions.

3. Separated boundary conditions

For separated boundary conditions, we consider the following four cases:Dirichlet—Dirichlet
(DD), Neumann—Dirichlet (ND), Dirichlet—Neumann (DN), and Neumann—-Neumann (NN).
The relevant choices for a, b, ¢, d in equation (4) are a=c =1, b=d =0 for DD,
c=-b=1,a=d=0 for ND,a=d=1, b=c=0 for DN, and finally d = -0 = 1,
a = ¢ = 0 for NN. By equation (5), we then find

FPD) =ul (%), FEPQ) = ug (4 x),
EN ) =vP (A x1), FRNA) = v (4 x). (18)

The relevant aysmptotic terms in equation (18) are found from equations (10)—(13), once the
T{ have been expanded. A WKB expansion starting with equation (8) shows (following [15])

T(;—'(—z2; x) =zfF S + ! f* + I + 0(1_2), (19)

i+/2 4 _2(1+f’2) (1+52)

which gives

1 i f'f _
To(—2%x) = of + e —2(1 ) + T +f/2)2 +0(z7). (20)

Furthermore

T];_F(—kz;x)Zk\/l‘+1 $ﬁtll

! " r-4 S +0(k—2), 1)

" Ak(t + 1)3? 2(1 +f,2) t+1 (1 +f/2)2
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where ¢ = zf%(x). This implies

L ; -4 I'f
Tk(—kzz, x)_k\/t+ 1+ PR 2(1 +f/2)t+ Tt (1 +f/2)2
+0(k‘3). 22

We next apply these expansions to (10)—(13) to deal with the various boundary conditions.

3.1. Dirichlet boundary condition

This case was studied in [15], but for convenience we include the results of [15] here. For
Dirichlet boundary condition, it is easy to show that

ug’(0; x1) = A, u(0; x1) = sinh (kA)/k, k # 0,

where

01+ 72
A= / fdx. (23)

Substituted into equation (14) for F,PD (1), this shows

D(_,2. D(_z72,.
DpP(~) = = | j ’XI)’ D (-%) = uzngh fkj)/)lil)

Noting that upper indices + and — correspond to exponentially growing and decaying terms,
substituting the WKB expansion of u,” (—z?; x;) obtained from equation (10) into D" (=z?),
and following equation (16), we obtain

DD( _ 2\ _ u0+(—z2; xl) DD( _ 2\ _ MO_(_ZZ; xl)
Ly (-2 )-r(_zz;xo), RPP(-2%) = ———%. C
Taking the logarithm, and using equation (9), shows
" LODD(—ZZ) _ /x] To(—zz; x)dx _ In E)(—zz; xo) + In E)(—zz; xl)
X0 p(x) 2
Making the asymptotic terms explicit, by equation (20)

|

[\)

S
—~

|

IN|

W

=

S
~—

—In 2.

fxl T() ( —Zz; X) dx

0 p)

X1

B 2 f _
= 1+ 2 de + | —=—uoo o(z7%), 24
fxﬂ W +f7+ Y + oy ] +0(27) (24)
o=z x) =tz oo+ ——| ——L° ST o) s

|0 (e

The information gathered so far is sufficient to obtain the following properties of the function
{1 (s) associated with k = 0 (see [15])
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Res CIDD(%) = % /XI V1 4+ f'(x)%dx,

1
&0 = -2,
Res glnn(_i)zi L frAx FMED _ f'(x0) ’
20 | 8 2 Lapt AL+ FR ) A (xo)y 1+ 2 (x0)
é,lDD,(O) _ _lnf(xo) + Inf (xp) — In (24).

2

For k # 0, substituting ukD(—kzz; x1) from equation (10) into D,?D (—=k?%z), and following
equation (17), the splitting reads

uk+(—k2 ;xl)e‘k"

eI
uk_(—kzz; xl)e‘kA

RkDD(—kzz)=— Tk(—k2 ;xo)/k ,

Taking the logarithm, and using equation (9)

In L,PD(_kzz) = f"‘ T"(_k;Z(x;“) —k
X0

In (Tk(—k2z; xo)/k) +1n (Tk(—kzz; xl)/k)

2 k)

LP(-42)=

RPP(0) = —e24,

asymptotic terms are found from equation (22)

/xl H(—kz;x)—kdxzfxllk( — _1) 2 £ ]dx

+
0 p(x) o | P 8k(t + 1)°2 1+ f7

X1
t f’
+ [ + o(k-3), (26)
4k(t + 132 /z]
1+f o
Ti(—k%z; x

lng=ln\/l‘+l +;
k 4k2(t + 1)?

4-1r _f7 ff -
DT s +o(k). @

From here, one can show

RescPP ()= [ feo I+ 7,

2
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Res (f( 1) ==- [ T 7007 e = L7 G + £,

Res (PP(0) = —

Res CzDD( - l): ; f GO

2)16m S pap 1+ fw?
1 f(x0) 1 f'(x0)
8T o)1+ () " F (o)1 + f/(x0)?
RS £/ (x0)? 1 f(x0)
256 f(xo)(1+7(oP) 32 (14 p(xgp)
1 S (xo0) 1 £ (x)
8T )T+ () T8 FODYT+ £/ (x)?
1 f/(xp)? 1 [ (xp)

256 Fen(1+f(x) ) 32 m

PO =-2Ing(e) + % + In (27) + (lnf(xo) +Inf(x)))

LS € SN B e A€
e dx
o fyl e / (146"

where ¢ is the Euler function, ¢ (q) = szl (1 - qk). Adding up, £ (s) = §1(s) + & (s), we
confirm the result in [15]

Res CPP(1) = % [ @t ey 28)

X0

DD l) _ S fx)
Res ¢ (2 =12 - (29)
£PP(0) = 0, 0
Res §DD(_1) = 1" (x0) _ J"(x0)
2 256f(x0)(1 +f’2(xo)) 32(1 +f/2(xo))2
12 &
S (x) _ f(x) (31)

2567 (x) (1 +2(x)) 32(1+£20n)

L i o

/ A
PP )y=-—2In¢(e +—+—
( ) NI+ (x)2

S (x0) + S (x)

— +Inz—1nA.
2T+ (k0% 21+ /()
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The residues and the value at s = 0 can be verified from known heat kernel asymptotics
[13, 16]. Let us denote the surface of revolution by M and its boundary by oM. The flat space
R? induces a metric tensor on the surface of revolution, which is given by

[1 F @20 ]
8§ = .

0 [
We then have

Res ¢PP(1) = 4Lvol(M),
7

which agrees with (28) as the Riemannian volume element of M is |g|'”> = f (x){/1 + f'(x)>.
Also,

1 1
Res DD(—) = — —vol(oM),
¢ 5 ™ (oM)

which is seen to agree with (29). To compare £PP(0) and Res (PP (—1/2) with the results
known from the heat kernel coefficients we need some curvature tensors of the surface of
revolution. In particular, the Riemann scalar reads

R=- ) (32)

2 b
F@(1+F@R)
and the second fundamental form for the boundary at x;, respectively x, is

P () o f'(x0) 3

R Rt R TS W T ench

Use of these in the local formula for ¢PP (0) shows (30)

£oP(0) = - . l{ / R |g[2dxdo + 2/ K |h|1/2d9} =0,
dr 6 M oM

once the induced Riemannian volume element on the boundary is realized as |h|'? = f.
Finally, to verify Res {PP(—1/2), note that the normal component of the Ricci tensor is
Runm = 1/2R, and so

ResgDD(—l)z ! f (12R — 3 K2) |n]2de,
2) 15367 Jou

in complete agreement with (31), once the expressions (32) and (33) have been substituted.
Note, that also for other boundary conditions we will find Res ¢ (1) = Res ¢PP (1), as this
residue is proportional to the volume of the surface, so it is independent of boundary
conditions.
The structure of the computation for the other boundary conditions is as just presented.
The numerical coefficients in front of most terms will be different, but the strategy outlined
works equally well.

3.2. Dirichlet-Neumann boundary conditions

Next we consider the Neumann condition at xy and Dirichlet condition at x; (ND). In this case

ug (0; x1) =1, u(0; x;) = cosh (kA), k # 0.
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Substituted into equation (14) for FkND ),
u kN ( —k?z; xl)
cosh (kA)

Substituting ué\] (=72 x) from equation (11) into D(%\ID (=z?), and following equation (16),
shows

Dé\ID(—zz) = ué\l(—zz; xl), DkND(—k2z) =

In L8P (=22) = n LP(=2%) + In (75 (=% x0) ), QP =1.
For k # 0, substituting ukN (=k?z; x;) from equation (11) into DkND (—=k?z), and following
equation (17), gives
In LkND(—kzz) =In L,PD(—kzz) + In (Tk_(—kzz; x0>/k), RNP(0) = 24,

This reduces the calculation to the DD case, except for two terms, which follow from
equations (19) and (21), namely

In Toi(—z2; x)=1nz +Inf(x) F

f
271+ f?

1 £ I'r -
+ | T + T +f’2)2 +0(z7),

+ .
_ f t
— < =Invt+1 F
U1+ f2 (C+ 1)
2_ 12 "
+ 2t 2 - 2+ I 2 +O(k_3)'
4k*+ D[ t+ 11+ (1+f'2)

Using the above expressions, we then find

Res CND(l) _ S (xo0) _ S (x)
2

s

4 4
¢NP(0) =0,
Res (NP 1y 572 (xo) N £ (x0)
es > )= — : _
256f(xo)(1 +f (Xo)) 32(1 +f 2(x0))
2 (x) ~ £ (xp)

Caser (1477 0) 31+ 20

N (0) = =2(1n (&) = In g (7)) + A L e

6 6n f1 4+ @2

dx
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IR A €1 R A € ),
21+ 21 +f/(x)?
where the residues at s = 1/2, s = —1/2, and the value at s = 0 compare favorably with the

known results as they follow from known heat kernel coefficients [13, 16].
Similarly, for Dirichlet condition at x, and Neumann condition at x; (DN), one has

vo’(0; x1) =1, v2(0; x;) = cosh (kA), k # 0.
Substituted into equation (14) for FkDN (4), gives
v,?( —k?z; xl)
cosh (kA)

Substituting in ka(y; x;) from equation (12), and following equations (16) and (17), one
verifies

D(PN (—zz) = v(?(—zz; xl), D,?N (—kzz) =

LN (=22) = LPP(=22) + In T (=23 ), PN =1,

In LN (—kzz) =1In L,PD(—kzz) +In (Tk+(—k2z; xl)/k), RPN (0) = e72¥,
Again skipping to write out answers for {; and {;, the results are

Res ¢PN (%) — _f(x0) + f(x)

s

4 4
¢PN(0) =0,
Res é,DN (_l) — flz(xO) _ f”(XO) :
2/ 256 () (1452 (x0)  32(1 + f2(x0)
_ 5% (x) + S (x1)
256f(x1)(1 +f/z(x1)) 32(1 +f’2(x1))2
’ _ _ A 1 1 f/(x)2
OV O)==2(Ing(e*) - Inp(e?))+ = += [ — =L
(d() s+ 26 L o

o) )
21+ f(x0)* 21+ f(x)?

The value and residue are again in agreement with expectations from the heat kernel
coefficients. Also, {NP(s) and PN (s) are symmetric as expected.

— In 2.

3.3. Neumann boundary conditions

Unlike in previous cases, zero is an eigenvalue for the Neumann boundary condition, which
makes certain modifications necessary. First we note that

vé\I(O; x1) =0, ;—yvoN(O; xi) = —B,
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where

B= f 1+ 0 dr. (34)
0
Substituted into equation (15) for F({\IN (y), this yields
D({‘IN(—ZZ) _ vé\l(—zz; x1)'
’B
For k # 0, instead
v (0; x1) = k sinh (kA),
and substituted into equation (14) for FkNN (y) shows
Y ( —k?z; xl)
k sinh (kA)

Using the WKB expansion of v,y (v; x1) in equation (13), and following equations (16) and
(17), the relevant pieces are

In L({\IN(—ZZ) =1In L(PD(—ZZ) + In TO_(—ZZ; xo) +1n TJ(—ZZ; xl), ™ = 2°B,

DNV (-k%) =

In LkNN(—kzz) =In LkDD(—kzz) +In (Tk_(—kzz; xo)/k)
+1n (T,:“(—kzz; xl)/k), RMN(0) = —e72%4,

From here, one verifies the final answers are

Res é’NN(%) _ f(x) + f(xl)’

4 4
() = 1,
Res (W (_l) _ 572 (xo) + S (x0) .
27256 (xo)(1+S2(x0)  32(1 + £2(x0)
572 (x) PR ALE)

2567 (x) (1 + () 32(1+£20n)

X1 ’ 2
@M©=4mﬂam+é+l £/(x)

6 00w f@yI+ @)

IR N ic) WO,
21+ (2 21+ f/(x)?

and the same remarks as for the other boundary conditions hold.

dx

+

4. Unseparated boundary conditions

For unseparated boundary conditions, we first consider two special cases, namely, periodic
boundary conditions (P)
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u(xy) =u(xp), v(xy)=v(xo),
and anti-periodic boundary conditions (AP)
u(xy) = —u(xp), v(x1)=-v(xop).

We assume f (xg) = f (x1) for both conditions. The periodic boundary condition represents a
torus. The associated functions are from (7)

FE) =2 —ul(y;x) —vP(yix), FAP ) =2+ ul (v x0) + v2 (3 x). (35)

4.1. Periodic and antiperiodic conditions

For periodic boundary conditions, zero is an eigenvalue.The relevant information needed is
L FE©) = 48,
dy
where A and B are defined in (23) and (34). Substituted into equation (15) for F&D o),
b ué\l(—zz; xl) + v(?(—zz; xl) -2
DO (—ZZ) = .
Z?AB

F§(0) =0,

For k # 0,
FE(0) = 2(1 — cosh (kA)).
Substituted into equation (14) for F,f ),
ukN(—kzz; xl) + v,?(—kzz; xl) -2
2(cosh (kA) — 1)

Using the WKB expansions of u(y; x;) and v (y;x;) in DF(y), and following
equations (16) and (17), one obtains

In L(f(—zz) =1In L(PD(—ZZ) + In [TO'(—zz; xo) + T0+(—z2; xl)], C(f = 7?AB,

D! ( —kzz) =

o —k%z; +(_12,.
lnL,f(_kZZ) =111L1?D(—kzz) i Tk( k*z; xo)z—il; Tk( k2z: xl),

LF©) +RF(©0) = (1 - e,

Using the assumption that f (xg) = f (x;), and writing # (xo) as fy, we have

lnLg)(—zz) = /XI [z«/l +f? +

f2 g % +0Lq
8zf21 + 72 322%* (x0) 3)

x|k 2 2
lnLJF(—kzz)ZLO [;(\/t+l - 1)+ 8k(l"t|' 1)5/2f ,71 +f/2:|dx

2¢2
126 1
- 00 <+ 0(—3),
32k%(1o + 1) k
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where

I €1 B 1 €
JE+7 G2 1+ f(n)?

o (36)

From the expansion we obtain for the k = 0 mode

Res cf’(%) = % f U Fe0Rdy, 37)

¢ro) = -1, (38)
1 1 X £'(x)?
Res CP(——) = dx, (39)
! 2 167 Jx, f2 (X) ll + f/(x)Z
Py =-InA - InB, (40)

and for the k # 0 modes

Res c;(%) - —% / S+ 0d, 41)

2 (0) =0, 42)
1 1 fn F(x)? 3
R P(——)=—— dx — 52, 43
SN2 T soriaror S W
A1 opn £/ (x0)?
Y0y =—-4Ing(e?) + =+ — —— . (44)
’ () + ¢ 6A)ﬂm1+fm2

Adding up, £ (s) = () + & (s), we get
p l) =
Res ¢ (2 0,
o) = -1,

P _l) ___ 3
Res ¢ ( 2 5127 (xg) 0"

and
f(x)?
FY1 + fx)?

The first of the above equations reflects that the torus does not have a boundary. The second
equation says that its Euler characteristic is zero, taking into account that the one zero mode is
not included in the zeta function.

A 1 px
P0) = —d 1In (e +_+_/ dx —InA — In B.
o) #() 6 6Jy
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For antiperiodic boundary condition, the corresponding equations are

(o) )2
M/i\](—kzz; x1) + v;?(—kzz; xl) +2
DkAP(_kZZ) = Yoo ) T D) i

which imply that
In L (=2%) =L (-2?), ¥ =4
In LAP (k%) = nLF (=k%). LA (0) + RAT (k%) = (1 + e M),

The resulting residues of {;(s) and {,(s) are the same as those for periodic boundary
conditions. Their values and derivatives at s = 0 are

;P ) =0, 45)
¢ (0) = —In 4, 46)
&P (0) =0, @
2
270 = =4(n @ (™) - o _A)) * 5% f e (48)

S ACORVE S i ()6)2

They lead to
1
Res AP(—) =0,
¢ 2
¢A(0) =0,

AP _l)z_; >
Res ¢ ( 2 5127 (ag) 0"

and

AP 0) = —4(In (&) - n p(e)) + 4,1 /x‘ e

6 6 fm¢uﬁuf

Similar remarks as those made above for periodic boundary conditions apply.

4.2. Klein bottle
We consider a special unseparated boundary condition that involves the azimuthal angle 6,
u(xl, 0) = u(xo, —0), v(xl, 9) = v(xo, —0).
We assume f (xg) = f (x1). The boundary condition represents a Klein bottle (K). For k = 0, it
is the same as periodic boundary condition. Therefore
HOEZHO}

For k # 0, the eigenfunction are no longer in the form of ¢ (x) exp (ikf). Instead, the
eigenfunction is either
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u(x, 0) = ¢(x) cos (k9),
with periodic ¢ (x), or

u(x, 0) = ¢(x) sin (k0),
with antiperiodic ¢ (x). As a result

&) + &)

K (s) = >

and
Res CK(l) =0
> ,

WO

K _l)z_; 2
Res ¢ ( 2 512 (a0

Z:K/(O) =_2 1n¢(e—2A) + % + él:l f,(x)Z

FONT+f(x)?

Once again, observations made earlier regarding the first two equations are valid also for the
Klein bottle.

dx —InA — In B.

5. Nonsmooth surfaces

For the examples with unseparated boundary conditions, a smooth surface requires that
f'(x0) = f'(x1), which implies that Res £¥ (—=1/2) = 0. On the other hand, if f'(xy) # f'(x1),
the kink points on the torus would generate a nonzero residue of the zeta function at —1/2. In
this section we will study the effect of kink points in f(x) inside the interval [x¢, x;] on the zeta
function for various boundary conditions. For clarity we assume f{x) has only one kink point
at xg. Let

f) =£), xo € x < xg, and  f(x) =f,(x), xg < x < xp,
where f] (x) and f, (x) are smooth, and
Si(xk) = f (xk), fl/ (xk) ?éfz/ (xk)-

The WKB method cannot be applied to nonsmooth f(x) directly, but it can be applied to f; and
/> respectively. Introducing the fundamental solution for the intervals [xg, xg] and [xg, x;] as

N D N D
up (A x) w45 x) upr(A; x) ur(A; x)
: ‘ E2(h: x) = :

v (A x) v ) vib (s x) v (s x)

Ep1(4; x) = [

with the conditions Ej ;(1; xo) = I and Ej > (4; xg) = I, the fundamental solution from x, to
X is

Ei(y; x1) = Ex2(y; x0)Er 1 (y; xk). (49)
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First consider Dirichlet boundary condition. By equation (49)

uP (x1) = us (x)ud (xg) + up (xp)v (xg).
Following equation (16)
0D ut (xg)us (x1)
2T (x0)2T5(xk)
For k = 0, taking the logarithm

In Lé’D(—Zz)=/XK B x)dx + / A=) x)dx
Xo p(x) XK p(x)
In T()(—zz; xo) +1In %(—12; xl)

- —In2+ K(2),
3 (@)

[ 77" (x) + T3 (xx) |-

where

K(z)=1n T&Z(_Zz; XK) ; TJ](_Zz; xK) B In TOJ(—Zzé XK) ; In To,z(—zz; xK).

Note, that K(z) would vanish if f/ (xx) = f, (xg). For f| (xx) # f; (xk),

Ok b -3
K = - o s
© Azf (xg)  322%% (xg) " (Z )

where
f2/ (xk) _ fll (xk)
JUHH@? T+ (x)?

P (50)

Using equation (24)

X1
X 2 ’
1ﬂL<§)D(—zz)=fl e — o | —L
. 8zf 21 + [ 4zf 1 + f72
X0
() () e
- -In2 - —F— z273).
2 322% (xg)
The formula for Res ¢°P (1/2), PP (0), Res &P (=1/2) and PP’ (0) are not affected, though
¢PP(~1) changes. Similarly

lnLIPD(_kZZ)zfo Tk( —k? Z5 x . /xl —k2 2 x kdx

xo px) px)

i In (7 =K% x0) /k) + In (T =K%z; 1) /)

2

+ K (k, 2),




J. Phys. A: Math. Theor. 48 (2015) 145204 T Lu etal

where

156 136%
Kk 2) = ————= - — KL — 4+ 0(k7),

ak(ig +1)"7 32W(ax + 1)

in which tg = zf?(xx). With equation (26), this shows

x|k 2 f/2
lnL’PD(_kzz)zfxo I:;(\/t+ 1 - 1) + Sk(t-ti- en fmldx

t f 5
+[4k(t+1)3/2 1 +f/2]
In (Tk(—kzz; xo)/k) + In (Tk(—kzz; xl)/k)
- 2

1262

R S——s)
32k (tx + 1)

The formula for Res Q“ZDD (1/2), CZDD (0) and CZDD "(0) are not affected. However,

Res ¢°° (—1/2) changes, and we find

Res cDD(— 1 ) _ £ (x0) )
2/ 256/ o)1+ () 32(1 4+ 2(x0))
. £ (x2) D
256/ (o) (1+/20)  32(1 + f2(x))’
- L’% (51)
512f (xx)

If there is more than one kink point, Res¢PP(—1/2) will have an extra term
=36 ,%/ (512f (xk)) for each kink point. We will prove that the effect on the zeta function is
the same for other boundary conditions, by showing that the ratio between LPP(y) and the
L(y) for a given boundary condition is unaffected by kink points. For clarity we drop the
dependence on k and y in the derivation and denote the leading term of 4P (x) by P (x), etc.
Then for a kink point in f{ix) at xg,

, 1
E(xg) = (T1+(XK))(T1_(XO) 1)aP (xk),

. 1
Ey(x)) = (T;(xl))(Tz‘(xK) 1)ay (x),
which gives

N . N 1
E(x) = Ey(x)E (xg) = (T{(xl))(Tl_(XO) 1)aP (xy),
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where
P (xp) = a3 ()P (x| T3 (x) + T (xg) |-

It indicates that the ratios between o™ (x;), ¥ (x;), PN (x;) and 2P (x;) are unaffected by the
kink point, therefore the corresponding zeta functions will change as much as ¢PP (s).

6. Conclusions

This paper provides the analysis of the spectral zeta function for the Laplacian on a surface of
revolution with a variety of boundary conditions imposed. Explicit results for several residues
and values of the zeta function are given; all are in agreement with results known for more
general geometries [13]. Furthermore, surprisingly simple results for the determinant are
found. Our analysis allowed for the introduction of kink points such that the effect of non-
smoothness could be studied. Additional contributions to some properties due to the kink
point were found as was expected from a general perspective [14]. In some detail, denoting by
2 the circle of the surface located at xg, in the notation of [14] our continuity assumptions on
the eigenfunctions along X imply U = 0. Then, {PP (0) and Res PP (—1/2) obtain additional
contributions due to the fact that the surface is not smooth, namely (see theorem 2.3 in [14]
restricted to the surface of revolution)

11
DD _ - 172 172 + - 172
4 (0)__4,, 6{/MR‘g| dxdd + ZAMK|h| d9+2f2(1( +K)‘h2| de},

Res cPP[—1) = 1 {/ (12R - 3K?) |W[d0 + 2/ (K*++ K) |hs [2d0},
2) ~ 1536z | Jom 2 Js

where K*, respectively K, are the second fundamental forms as induced from the surface to
the left, respectively to the right, of x, and |5 |'/? is the Riemannian volume element of the
circle at xg, namely |hy |?> = f(xg). The additional contribution along X in ¢PP(0)
guarantees that still PP (0) = 0, as this piece is needed to compensate a contribution coming
from the integral along M because of the non-smoothness at xg.

The contribution along X in Res (PP (—1/2) generates exactly the last term in (51), so that
our result is in agreement with [14]. This was not completely clear as in [14] continuity of the
metric is assumed which here is not given. Also in agreement with our findings, [14] predicts
that these additional contributionas are independent of the boundary conditions imposed at
oM.

Appendix. Spectral function of Sturm-Liouville equation

In this appendix we give an independent proof that equations (5) and (7) not only determine
the eigenvalues but also the degeneracy correctly.
Consider the Sturm-Liouville problem.

Lw)=—Pu) +Qu=ARu, 0<r<1,

where P > 0, O, R > 0, and u are functions of ¢, and for simplicity we have chosen the
interval [0, 1]. With v = Pu’, the equation can be written as

19
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u\, 0 P\ u
(V> - (Q —JR 0 )(V)
P(), O(t), and R(7) are not necessarily continuous. We write the fundamental solution E (4; 1)
as in equation (3). As described in section 2, to guarantee that £ is self-adjoint, the boundary
condition can be chosen as separated, equation (4), or unseparated ones, equation (6). For
separated boundary conditions, the corresponding eigenvalues are the zeros of the following
function of 4, see equation (5)

F(2) = det((g 8) + (O 2)E(/1; 1)) = (¢ d)E 1)(—ab), (52)

Cc

whereas for unseparated conditions the corresponding eigenvalues are the zeros of, see
equation (7),
FA) =det(E@A; 1) = M)=2—duN@A; 1) — avN@A; 1) + cuP s 1) + bvN(A; 1), (53)

For the separated boundary condition, each eigenvalue is simple [23]. We will prove that the
corresponding F (1) also has only simple zeros. For the unseparated boundary condition, the
eigenvalues can be simple or double. For example, for P =1, Q =0, R = 1, and the periodic
boundary condition, all eigenvalues are double except for 4 = 0. We will prove that each zero
of F (1) has the same multiplicity as that of the corresponding eigenvalue.

Taking the derivative with respect to A on both sides of the following equation,

E(MN) = ARuN,

we have

N N
el 22 = ar%" 4 RuN.
EY) o

The solution is

N(j. . t
W = uN(l, t) A R(T)MN(ﬂ, T)uD(A, T)d‘l' _ uD(/L t) /0 R(T)(MN(ﬂ’ T))zdr.
Similarly

D/y. , t
%j’t) =i [ R@(uP o) ar = i) [0 R@UN Gz 9uP R 7).

Setting 7 = 1, we have
il e
i i
) /0 Rl(t)uN(/l; HuP (; 1)dt —]/0 R(o)(uN: 0 dr
/0 RO(uPG: n)dr ~ /O RN HuP (4 1)de

x (”N('l; 1)]. (54)
uP(; 1)

20
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It is easy to see that
N(;. N(;.
d (v D :K(ﬂ)v(ﬂ,l)’
di\vP(1; 1) VIV
and therefore

d
—E@; 1) = E@X; DKT(A).
dl(’) (4; DK™ (1)

For separated the boundary condition, if 4 is a zero of F, by equation (52) there exists k # 0
such that

(¢ d)EGA; D) =k(a b)
k # 0, because (¢, d) # (0, 0) and E (4; 1) is nonsingular. Then

d _ . -b\ _ -b
—FW=(c a)EG DK@ P) =k(a n)K"0)(7P)
=k [ RO)[ auP; 1) = buNG; t)]Zdt,

which is nonzero since ¥™ (4; ) and uP (1; t) are linearly independent. Therefore / is a simple
zero of F.

For the unseparated boundary condition, if 1 is a double eigenvalue, E(4; 1) = M, and
so A is a zero of each element of E(4; 1) — M. By equation (53) 4 is a zero of F (1) with
multiplicity at least 2. We prove that the multiplicity is indeed 2 by noticing

2 .
ld—F(A) = det dEGD
2 da?
which is positive by the Cauchy—Schwarz inequality and because uN(4; t) and uP (4; t) are
linearly independent. Finally, to prove that a single eigenvalue of L must be a single zero of F,
we will show that if 4 is a zero of F with multiplicity more than 1, E(4; 1) = M must hold.
Indeed, if 1 is a zero of F with multiplicity at least 2

det (E(4: 1) — M) = 0, %det (E(/l; (1 + ek ) - M)

=det E(A; Ddet KT (1) = det KT (1),

e=0
Let A=1-¢'(; 1)M, we have

=0.

detd =0, Let (A + eKT(/i))
de e=0

Combining det A = 0 with det (/ — A) = det M = 1, we have tr A = 0. Notice that we also
have tr K7 (1) = 0. Denoting the elements of A and K by a;; and k;;, we have

arikay + axkiy = 2a11kyn = apkiy + azka. (55)
On the other hand, det A = 0 implies

—dapd = aﬁ,
and det KT > 0 implies

—kiakay > k3.

21
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Consequently

apkyy + 021k21| 2 2 Jankparky > 2‘011k22|-

Therefore equation (55) only holds when a;; = 0, which implies A =0, or E(4; 1) = M.
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