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1 Introduction

The one-loop free energy is one of the simplest physical quantities capturing non-trivial
quantum effects. It is divergent due to the contribution from the modes having infinite
energy but can be neatly regularized by making use of the spectral zeta function, namely
in the scheme of the zeta function regularization. The zeta function for any field (massive
or massless, and of arbitrary spin) in four-dimensional Anti-de-Sitter (AdS) spacetime has
been first calculated by Camporesi and Higuchi in [1] and generalized to higher dimensions
by the same authors in [2, 3].

Zeta functions in AdS are useful in the test of certain AdS/CFT dualities: the one-loop
free energy or vacuum energy in AdS spacetime corresponds to the non-planar contribution
of the CFT free energy on the boundary. Since the typical AdS theories under consideration
contain infinitely many fields, computing their one-loop free energy is a non-trivial task.!
When the AdS theory is a higher-spin gravity, the one-loop free energy is calculable in an
analytic manner, even though the field content still contains infinitely many elements. An
interesting observation made in [9, 10] is that the summation of the zeta functions over the
field content is convergent while that of the regularized one-loop free energy is divergent.
This is interesting as it signifies that the zeta function regularization renders finite both
the high energy divergence and the spectrum sum divergence.

The viability of the one-loop free energy computation in higher-spin gravities heavily
relies on the simple structure of the spectrum: e.g. in the case of the non-minimal type-A
theory, first constructed in four dimensions [11, 12] and later extended to arbitrary dimen-
sions in [13], the spectrum consists of massless fields of all integer spins. The summation
over a field content becomes quite cumbersome if the content itself does not have a simple
expression. This kind of difficulty was encountered in the computation of the one-loop free
energy of the AdS fields dual to the operators tri- and quadri-linear in free conformal scalar
fields [14]. In the absence of the single-trace condition — that is, the cyclic projection on
the operators — the field content could be expressed in a few lines, which could be used
to calculate the one-loop free energy although it required quite burdensome works. What
is worse is that the field content with cyclic projection does not have any manageable
expression, hence it seems impossible to proceed in this way.

A key observation to bypass this problem is that the field content of an AdS theory
dual to a free CF'T can be derived group theoretically. One of the most efficient and general
methods for such a derivation is the use of Lie algebra character. In fact, the spectrum of
the four-dimensional type-A higher-spin gravity was obtained using the so(2,3) character
— namely, the Flato-Fronsdal theorem [15] (later generalized in arbitrary dimensions in [16,
17]). Since both the zeta function and the character are determined uniquely by the labels of
so(2,d) representations, we can devise a linear map which send the character of an so(2, d)
representation to the zeta function of the AdS field carrying the same representation. If

the linear map itself does not depend on the labels of the representation, we can use it for

'If instead one considers the change in free energy by taking an alternative boundary condition for one
of the AdS fields, this technical difficulty does not arise. This quantity is matched to the double-trace
deformation of the corresponding CFT [4-8].



the character of a reducible representation without decomposing it into irreducible pieces.
Such a map was explicitly constructed for bosonic fields in AdS; and any fields in AdSs
and was named as “character integral representation of zeta function (CIRZ)” in [14]. The
CIRZ turned out to be very efficient in evaluating the one-loop free energies. Notably,
the computation of the non-minimal type-A higher-spin gravity becomes almost trivial.
Moreover, the CIRZ allowed to tackle the one-loop free energy computation of the stringy
AdS theory dual to free matrix model CFTs in the N — oo limit [14, 18-20]. The CIRZ
also proved useful in other vector model dualities: the “colored” higher-spin gravity (where
the four-dimensional CIRZ was generalized to fermionic fields) [21] and the type-J higher-
spin theories (whose conjectured dual are free vector model based on a massless spin-j
field) [22]. Some key elements of the CIRZ were also used in [23].

In this paper, we aim to derive the CIRZ in dimensions different from AdS4 and AdSs.
More precisely, we seek for the formula extending the CIRZ in AdS,4; with arbitrary integer
d > 2. Although the dimensional dependence in higher-spin gravity is rather minimal, most
of the results in the literature [9, 10, 24-27] concern only specific dimensions for technical
reasons, except in [23] where the results of the type-A higher-spin gravity are extended
to arbitrary (non-integer) dimensions. From the viewpoint of physical applications, one
might not need to care about higher dimensions yet, but it is at the same time tempting to
obtain results with parametric dependence on d. As usual, generalities may provide new
and valuable lessons on what is considered to be well-understood. It is actually the case
here for the CIRZ: in the course of its derivation for general dimensions, we find many new
insights on the zeta function, so(2,d) character and the relations between them.

The general CIRZ formula we obtain is an integral transformation of so(2,d) character
and has a quite simple structure: it is in a sense even simpler than the original CIRZ
expressions obtained in AdS; and AdSs in [14]. In order to deliver a flavor of our results,
let us write down the expressions of the general CIRZ derived in Section 3. Firstly, for odd
AdS dimensions d + 1 = 2r + 1 (or equivalently, even boundary dimensions d = 2r), we
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Secondly, for even AdS dimensions d+1 = 2r+2 (or equivalently, odd boundary dimensions



d = 2r + 1), we obtain
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where € = +1/ — 1 for bosonic/fermionic spectrum. The subscript 1 in the zeta function
means that it is the primary contribution to the actual zeta function. The remaining
contributions will be introduced later in this paper but they are irrelevant in all the cases
that we are interested in. Both of the formulae (1.1) and (1.3) involve complex contour
integrals in a,, with n =0,1,...,r. The contour of each «, is a circle enclosing the origin
counter-clockwise with |ag| < -+ < |ay|. We would like to stress that the expressions
(1.1) and (1.3) allow for a large room for various complex integral tricks: in the companion
paper [28], we will compute the zeta function of partially-massless higher-spin gravities in
arbitrary dimensions using complex integrals.

The contour integrals in «; appearing in the above formulae (1.1) and (1.3) may be
evaluated by the residue theorem, and hence reduce to a linear combination of derivatives
in «;. The expression in terms of the «; contour integral is compact and useful in many
applications but it might be not explicit enough in other cases. For instance, if one wants
to implement the formula in a computer program, the other expression in terms of the
a; derivatives would be more convenient. We derive the latter expression by adapting
the standard tools used to derive the dimension formula from the Weyl character formula.
Applying the expressions to d = 2,3,4,5,6, we provide the explicit form of the CIRZ in
the dimensions which are the most relevant for physical applications.

The organization of the paper is as follows. In Section 2, we start by reviewing the
one-loop free energy and zeta function in AdSgy1, then rewrite the latter as an integral of
the dimension formula of an so(d + 2) representation. In Section 3, we derive the CIRZ
formula in arbitrary dimensions, i.e. we show that the zeta function of any field in AdS;1
can be written as an integral transform of its so(2,d) character. In Section 4, we spell
out an alternative form of the CIRZ where the previously mentioned contour integrals are
replaced by a linear combination of derivatives of the character. Section 5 contains a brief
summary and concluding remarks of the paper. Finally, some definitions and technical
details are presented in Appendix A and B.

2 Zeta functions in AdS

In this section, we shall review the basics of the one-loop free energy and zeta function,
and the integral expression of the zeta function in AdS;y; obtained in [3]. After re-
expressing the numerator of the integrand in terms of the dimension formula of an so(d+2)
representation, we shall discuss how the first derivative of the zeta function can be expressed
in a “spectral integral” form.



2.1 One-loop free energy and zeta function

The one-loop free energy of a quantum field is given by the logarithm of the one-loop path
integral:

1)
F[m2;V

= % log det(0 +m?) (2.1)
where V is the space of the off-shell fields which are traceless and transverse, and the sign
€ is +1 for a boson and —1 for a fermion. The operator [J + m? is what appears in the
quadratic Lagrangian, so one can regard the field practically as a free one. When the field
has a gauge symmetry, we have to subtract the corresponding ghost contribution. The
one-loop free energy (2.1) can be related to the zeta function

C[mQ;V}(Z) = ?)r [m] ) (2.2)
where the trace is convergent for a sufficiently large value of Re(z). Once we obtain
Cjm2;v)(2), the log det formula can be related to the zeta function by analytically continuing
the value of z to zero as

log det(0 + m?) = Trlog(0 +m?) — _g G (0): (2.3)

where we have used the zeta function regularization and the last expression is the finite
part of the free energy. The UV divergence of the free energy corresponds to C[mQ;V](O)-
The zeta function can be also related to the integrated propagator in the coincidence point
limit:

— lﬂ% Cim2;v)(2) - (2.4)
(1)

[m?;V]
obtained from the zeta function (2.2), hence this allows us to focus on the zeta function

O+ mQ]
As we have just seen, both the free energy I

and the propagator G,z can be

for a given field space V with the mass squared m?.

In AdS441, free fields can be classified by the irreducible representations (irreps) they
carry for the isometry algebra so(2,d). The massive and massless [29-31] irreps? are the
lowest-weight modules labeled by [A;Y], where A is the lowest eigenvalue of the energy
operator generating so(2), and Y := (s1,...,s,;) is the highest weight of the rotational
symmetry so(d) classifying the traceless and transverse tensors and can be interpreted as
the spin of the field. The zeta function for the module [A; Y] has been calculated in [2, 3]
(see also e.g. [25, 26] for a review) and its expression is

Vol(AdSyy 1)  dim?? /°° » oy (u)
Vol(Sg)  24-1T(4EL)2 ), [u2 + (A — 9)2]*

The volume of the d-sphere and the (regularized) volume of the (d 4+ 1)-dimensional AdS

(ay(2) = (2.5)

spacetime are given respectively by

a1 21y a2 | _
o i 200 7 R [d= 2]
Vol(Sy) = e, Vol(AdSger) = { Tt . (26)
L) A2T(—d)  [d=2r+1]

ZNotice that there exists an “exotic” class of field in AdSgy1, namely continuous spin fields [32-34]. Tt
was shown that the partition function of such fields is equal to one.



where R is the radius of the AdSg1;. The function py(u) appearing in the numerator of
the integrand is given by

r 1 [d = 2r]

py(w) = T (W + ) x ; (2.7)
el utanh®(m u) [d=2r+1]

where £, = s, + % — k, and the sign € is positive for bosonic fields (s; € N) and negative

for fermionic ones (s € iN). The combination dimf;o(d) py(u) in (2.5) is related to the
dimension formula (which is also referred to as Weyl dimension formula) of an so(d + 2)

irrep:
e For even d = 2r, the dimension of the so(d + 2) irrep (sg, Y) = (S0, 81, ..., 8;) iS
.._so i +j—2)(81+8+d—1—j)
dim ) — H (5 = 3 ! . (2.8)
s 7Y . _ . _ . _ .
o) e, (G —i)d—i-j)
This can be expressed in terms of the dimension of the so(d) irrep Y as
. 2 dim@ "
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' k=1
For sg = tu — %, the relation reduces to
.. so(d+2) 2 (_1)7’ .._so(d)
dlm(zﬁff%,Y) T dle( py (u) . (2.10)
e For odd d = 2r + 1, the dimension of the so(d 4 2) irrep (sg, Y) is
o s, +d— 2k (si—sj+j—i)(si+s;+d—i—7)
dim® ) = TT 22222 J J 2.11
i =17 1l G- 0d—1-7) @t
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and can also be related to the dimension of the so(d) irrep Y through
. so(d+2) dim;?(d) :
d My = 7 (280 + d) H(SQ —sk+k)(so+ sk +d—k). (2.12)
k=1
For s = iu — g, the relation becomes
. so —1 r so
% tanh®(7mu) dim(iii;%{) = ( d)! dimy, @ wy (u) . (2.13)
Making use of the above information, the zeta function can be written as
o0 du pe(u) . so(d+2)
y(2) = dim’, , 2.14
C[A,Y}( ) /0 [u2 + (A _ %)2]2 (zuf%;Y) ( )
with the function pe(u),
InR
ot [even d]
pe(u) = 4 : (2.15)
5 tanh® (7 u) [odd d]



The fact that the zeta function can be written in terms of the so(d + 2) irrep dimension

dim*°4+?
(iu—%;Y)

Before establishing such a connection, let us first explore a few interesting properties of

helps us to make a link between the zeta function and the so(2,d) character.

the zeta functions.

2.2 Spectral integral form of the zeta function
The zeta function (f,,2,)1(2), defined generally as (2.2), enjoys a simple identity,

0 1 0

WC[mQ;V](Z) = % a—mC[m2;V](Z) =7 C[mQ;V}(z + 1) ) (216)

which is nothing but the spectral version of the Hurwitz zeta function identity,

%C(z,a) =—z((z+1,a), (2.17)
with .
1
((z,a) = nzo T (2.18)

The identity (2.16) simply implies
0

W([nﬂﬂ}](o) = il_I)I(I)Z C[m2;V}(Z + 1) ’ (219)
and 9
ngmz;w (O) =—Fp. il_% C[mQ;V](z + 1) ) (220)

where F.p. refers to the finite part in the limit z — 0, i.e. the constant term in the Laurent
expansion in z. These two formulae provide the derivatives with respect to m? of the UV
divergent and finite part of the free energy. The second equation (2.20) can be viewed as
the regularized version of the formal expression,

9 1
— Trlog(0] D =Tr|—|. 2.21
omz v og(H +m?) v [D—i—mQ} ( )

Now considering the AdS background, the identity (2.16) becomes

0
b ~~Cay(2) = =z Qay(z +1), (2.22)

and we also have relations analogous to (2.20). These identities prove useful since it is
easier to study the zeta function ([a,y)(2) near z =1 than z = 0.

In the following, we shall make use of the identity (2.22) to show how a “spectral
integral” form of the C[’ AY] (0) can be obtained. In the context of AdSg.;1/CFTg, cor-
respondence, this spectral integral formula was used to show the direct relation between
C[’ AY] (0) and conformal anomaly coefficients. It first appeared in the case of totally symmet-
ric representations in [35] and subsequently mixed symmetry representations in AdS7 [36],
then generalized to arbitrary representations in [26]. Below, we provide a short derivation
of the spectral integral formula in AdSy,; for both even d = 2r and odd d = 2r + 1.



Even d

For even values of d, the zeta function has the form,

* duhy(u)
(ay(2) = /0 ma (2.23)
where A = A — 4. Since hy(u) = 2 dim‘éfiiﬁ%o is an even polynomial of order 2r, the
27
integral (2.23) is the same as one half of the integral from u = —oo to u = oo with the

1
2

contour by adding the infinite upper half-circle, then shrink it down to enclose the branch

same integrand. The integral is convergent in the region z > r 4 5, so we can close the

cut singularity (i.e. the line defined by Arg(u — i|A]) = ),

1 du hy (u)
y(z) == — 2.24
This contour integral is convergent for any value of z, hence we can directly replace z by
the value we want. If we put z = 0, the integrand becomes analytic and we get

(ay)(0) =0. (2.25)
If we put z = 1, the integrand has a simple pole at u = +i |A| and gives
1, . hy(i|A]) hy(i A)

vi(l) = =2 - = — 2.26
Casy (1) 5 2m AN ™ SIIN (2.26)

Using (2.22), this implies

19} _ _ _
(0 = —2A Gan (1) = —msn(A) hy (i A). (2.27)

From the fact that ¢’ Q-Y](O) = 0 we can derive the expression
2 bl

A A
C[/A;Y}(O) =7 / ldx hy(iz) = —InR / ‘dx dim?i(jjz)y) ’ (2.28)
0 0 2’

where the absolute value |A| appears as a result of sgn(A). The result is even in A like the
original form (2.23) hence insensitive to its sign. In physical term, the sign of A determines
whether the underlying field takes Dirichlet or Neumann boundary condition. Since the two
boundary conditions should give different results, we need to modify the above definition
of the zeta function.

By noticing that the expression (2.28) is not analytic on the imaginary axis of A, we
can consider another expression where we analytically continue the value of A from positive
Re(A) to negative one. This simply amounts to replacing |A| by A in (2.28). At the level
of the contour integral representation (2.24), this “new” definition of the zeta function
corresponds to the modification,

C[A;Y](Z) = % f;A [S%YA(Z])Z ) (2.29)

where the contour encircles counter-clockwise the branch cut starting at ¢ A rather than
i|A|. The zeta function (2.29) is what has been used in the literature.



Odd d

For odd values of d, the zeta function has the form,

Cam(2) = /0°° du tzfzilzﬂz;]fiy(w , (2.30)

so(d+2)
(iu—g;Y)
rewrite the above expression as a contour integral by adding to the real line the infinite

where hy(u) = % dim is now an odd function. Similarly to the even d case, we can

radius upper-half circle. The function hy(u) is analytic again but tanh(7w u) has infinitely
many simple poles on the imaginary axis. We can separate those contributions as

1 > du tanh(mu) hy (u)
C[A;Y}(Z) 9 <fiA +;%(n— 1+6)> [u2 + A2]Z : (231)

4

Here, we take the prescription that the zeta function is analytic in A. Due to the presence
of infinitely many simple poles of tanh®(wu), it is not easy to simplify further the above
expression as opposed to the even d case. However, if we take the difference between

Clasy)(2) and (jg_a;v)(2), we can cancel the cumbersome contribution and end up with

Caw)(2) = Ca—am(2) = 7{ du tanh®(7u) hy (u) .

et AT (2.32)

Note that we do not have a perfect cancellation due to the prescription of analytic contin-
uation in A. If A is not an integer /half-integer for boson/fermion, taking z = 0 and z =1
limit, we find

Caw)(0) = g—av(0) =0, (2.33)

and

tanh®(mi A) hy (i A)
X .
The first equation (2.33) means that the UV divergence does not depend on the sign of A,

Caw)(1) = (a—ay(1) =7 (2.34)

or in physical terms, the choice of the boundary conditions. Applying the second equation
(2.34) to the zeta function identity (2.22), we reach the result,

A
Giacn(0) = Gu-a©) = =27 [ da tanb(ria) (i)

A
= e7r/ dz tan®(7 z) dimSO(d+3). . (2.35)
0 (-a—35Y)
Hence, the free energy difference between A and d — A is given by a “spectral integral”
where the integrand involves the dimension of an so(d + 2) irrep.
If A is an integer/half-integer (or equivalently A is an half-integer/integer) for bo-
son/fermion, the difference of the zeta zero (2.33) does not vanish anymore but gives

() (0) = Ga-aw)(0) = 2i hy (i &) = —dim" {77 (2:36)



Moreover, the equations (2.34) should be also modified because the integral (2.32) with
z = 1 now involves a double pole, and consequently (2.35) should be modified as well.
After all, the necessary modification in (2.34) and (2.35) for (half-)integer A amounts to
removing the singularity arising in the limit where A approaches to an integer or half-
integer. The exceptionality of the (half-)integer A was first observed in [35], where the
focus was on the massless case with A =s+d — 2.

Let us delve a little further in the consequences of (2.36). Let w; and h; denote
the number of columns and rows contained in the I-th block® of Y, and define p; =
hi + hg +--- 4+ hy with pg = 0. Then, w; = sp, ,4+1 = ... = sp, and Y can be denoted by
Y= (wi”,wg”, ...). Now, if we assume that A is an (half-)integer satisfying

wry1 —pr <A —-d<wr—pr—1, (2.37)

then we can use the identity

di so(d+2) — (—1)Pr+L g so(d+2) 9238
lm(_Avw?17w§27“') ( ) lm((wlil)hl7"'7(w171)h17A7d+p17w?_{:{17'“) ( )
Note that the coefficient dim?i(f,r;)) appearing in (2.36) does not vanish for a generic (half-)

integer except for the points A = s, +d — k with £k = 1,...,r. In particular, the massive

fields with A > s1 + d give the result dimfg(fggg). This AdS result could be reproduced

in the CFT side from the zero modes of the effective kinetic operator of the Hubbard-

Stratonovich field. In [35], the eigenvalues of such an operator in 3d has been calculated

for s = 0,1,2 and conjectured for arbitrary integer spins as (the equation (3.24) of [35])
F'n—1+A) r2—A)T(-1+i+A)

kno = cs(A) m ) kni= TA—1) TR1iA) Eno, (2.39)

where n and 7 range from s 4 1 to infinity and —s to s, respectively. The eigenvalue k, ;
vanishes if n < A — 2 and the degeneracy for a fixed n and i is n? —i?. Hence the total

number of zero modes is

A—2 s
. 2s+1)2A=-3)(A—-s5s—2)(A+s—1 . so
n=s+1li=—s

Indeed, one can see that the number of the zero modes coincides with the AdS result (2.36).
Considering now the (mixed-)symmetric (partially-)massless fields with Apy = wr +
d—pr—twith 1 <t<wr—wssq,i.e Apy satisfies (2.37), we obtain

. d+2
Capnev)(0) = Gaapyyey) (0) = (=177 dimipi ™, (2.41)
where Yy is the so(d + 2) irrep carried by the associated Killing tensors:

Yier = (w1 — D)Mo (wr = DM wp — 0], (2.42)

3In other words, the I-th block of Y is a succession of rows with the same length, and a diagram can be
described as an aggregate of blocks ordered by decreasing length when examined from top to bottom (i.e.
the first block is the one at the top of the diagram). In the notation introduced above, the I-th block is of
length wr and height h;, meaning it is composed of h; rows which are all of length w;.



Considering the gauge parameter of the same field having Agp = wy +d — pr and Yep =
hry1

(wh, ... w;” Jwh wr — wy . ..), we find again the dimension of the Killing ten-
SOTsS:
. d+2
Caariven)(0) = Ca-aapvee) (0) = (=17 dimy, (2.43)

but with opposite sign. Since the full zeta function is the difference between the physical
mode and the gauge mode contributions, the net result becomes two times of (2.41). Like
in the massive integral A case, the above AdS result for (partially-)massless field could be
reproduced from the zero modes of the effective CFT kinetic operators. On top of these,
the contributions of the ghost zero modes, giving rise again to the dimension of Killing
tensors, should be appended to both sides of AdS and CFT, and it was shown in [35] that
they match each other as a consequence of ‘AdS Killing tensor = Conformal Killing tensor’.

3 Contour integral expression of the CIRZ

Now we turn to the main objective of the current paper — the derivation of the character
integral representation of the zeta function in any dimensional AdS spacetime. Our goal is
to express the zeta function (4.10) in terms of the so(2, d) character so that the dependence
on A and Y in ([a,y] enters only through the corresponding character X(A( Yc)l) (see e.g. [37—

40] for more details on so(2,d) characters). It turns out that it is sufficient to consider
the character solely over (possibly reducible) generalized Verma modules of the conformal
algebra. These representations, when irreducible, correspond to massive fields in AdS
for which the one-loop partition function takes the form (2.1). The formalism we develop
extends trivially to massless fields [18, 41], which are described by irreducible representation

defined as quotients of generalized Verma modules.

3.1 General dimensions

The character of the so(2,d) generalized Verma module V(A;Y) takes the form,

s0(2,d) so(d) ; - . R
Xy (8; @) = e P2 X ¥V (@) Palip; @) (3.1)
where Py is defined as
_id 1 [even d]
e ia 1
L2 — ; 3.2
Palao; ) 2d— H COS ay — COS (v, X ‘ [odd d]’ (3:2)

k=1 sin 20
Sin 3

with » = [d/2] and @ = (aq,...,a,). We first note that the dimension of the so(d + 2)

irrep is given by the corresponding character evaluated at o = 0:

.. so(d+2 so(d+2
dim 2%{) = [X(ié—%'%{)(a)} ) (3.3)
a=0

where a = (v, ...,a,) and r = [d/2]. Then, the so(d 4+ 2) character can be related to
that of so(d) using the following identity (see Appendix A for additional details on the
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identity):

T

so(d+2 —ia s . so(d) / — iar (s so(d) / - .
Xl @) = 37 (e D) + (—) o Cor D\ FD (@) ) Palaws ) s (34)
k=0
where @y = (0, .., Qp—1, Qg1,-..,0) and Yo = (s1,...,8._1,(£)%s,). Another key

trick is based on the identity,

holding for Re(A) > 0 and Re(z) > 0. Note here that for the convergence of the 3 integral,

we ought to use e~ BIAl in the B integral, but in such a case the zeta function will be

insensitive to the sign of A and becomes incapable of distinguishing different boundary
conditions. Hence, like the discussion below (2.28), we first derive the formula assuming
Re(A) > 0 then analytically continue A to the negative Re(A) region. Combining all these
elements, we get

() = 455 [ au [T asnt) (o) Y (36)

X[ e%(ﬁﬂak)M(ewk X (85 Gi) + (—1)T e xog 5 Wﬁwﬂ !
k=0

Pa(if; ax) X(ay) (AY-) a=0

where we used the factor e #A=%) to reconstruct the so(2,d) characters of the irreps
[A; Y] according to (3.1). We can simplify the above formula using the identity of the
so(d) characters,

so(d) _ . so(d)
Xy (ala"',ak—ly_ak‘,ak:-l—la---aarflaar)_XY+ (al?"',ak—laak‘aak‘-i-l?"'?af')?

for k=1,...,r. We obtain

Gante) = 5 [ au [Tas (L) T 6

B d—2r
x[zue(u,ﬁ,ak) (Smh ) 11 cosh f — cos o fZ%yd (B; @) ,(3.8)

=0 S1n 2 0<j<r COS (¥, — COS Oé a=0
J#k

where the function 7, (u, 3, ) is defined to be

2InR
5o, B ) = - cosh(a u) [even d] . (3.9)
— tanh(7 u) sinh(a u) [odd d]

Note here that each summand in the second line of (3.8) diverges in the limit o — O.
Only the sum of the r + 1 terms is regular in the limit @ — 0. For this reason, we cannot
exchange the order of the summation and the evaluation o = 0.
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To further simplify the formula, it is convenient to replace the evaluation of the char-

acter at a = 0 by the contour integrals,

so d+2 so(d+2)
m(o ) Hjé zm% X(oo) (), (3.10)

where %}, are contours encircling the origin counter-clockwise such that the contour % lies
inside of @%41: e.g. the circular contours with |ay| < |agi1| (see Figure 3.2).

I

ZN\E

PN ’

Figure 1. Example of “ordered” contours with r = 2.

The advantage of the contour integral representation is that now we can perform the
contour integration before the summation — but keeping the order of contours fixed. In

this way we get

@) =55 [0 [Tau (L) e

sinh 8\ 42 coshff —cosa;
xzjf s (g [] Sl = s, (31

Sin COS (X, — COS (&
2 ogj<r Ok J
j#k

where we have interchanged the order of v and § integrations and p(a) denotes the measure

for (r 4+ 1)-variable complex integral,

?é H ?é zioi";k. (3.12)

O Jay|<lak]

Finally, exchanging the order of the u and o« integrations, we obtain

o) = 3¢5 [ dﬂz 74 )ve(z B, o) x

sinh 2 d 2r cosh 8 — cos
2 COSL D — COS 5 s0(2,d) . ~ 313
- (sin%) H COS (v}, — COS X(aw) (B3 k) (3.13)
o<y<r
J#k
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where the function v,(z, 3, @) is defined to be

ve(z, B, a) :/0 du Ue(u, B, @) <%> o szé(ﬂu)
2InR

_ /oo " <ﬁ>z—§ 7. (Bu) - cosh(a u) [even d]  314)
0 2u ’ — tanh®(7 u) sinh(a ) [odd d]

Evaluation of the above function requires separate considerations for even and odd d.

3.2 AdSs 1

In even d = 2r, the function v(z, 3, «) can be evaluated as
8 2 z—1
o) 21nR/ o cosha ) BN (ﬁ)_mR(b) +(3)°)
2, 8, u cosh(aw) { 5 -1 (Bu == T )
(3.15)

This integral was evaluated in the region Re(a) = Im(5) = 0, f > 0 and Re(z) > 0, then
analytically continued to other region. Since an additional factor of 1/T'(z) is generated,

/\
\_/ oo

we can express the result as

0o 2(z—1)
['(2) (am (2) 1HR/ 45 <—> fraw (2, 8), (3.16)

where the function fia.y)(z,8) is defined as

" z—1 hpg— s0
fn(=8) = 3§ e (1+(3)°) 7 T1 % 5 (B @) (317)
k=0 ]

0<y<

J#k

Note that the contour of ay, does not contain +i 3. The function 823~ has a branch cut

on the negative real axis of § with the phase factor e?7*

rewrite (3.16) as

. Using this information, we can

_B
22 sin(27z) 2

2(z—1)
F( )C[A Y] =InR f ) f[A;Y}(%B) ’ (318)

where the contour integral is defined by the Hankel contour (see Figure 2).
Therefore, the first derivative of the zeta function reduces to

) InR [d -2
Cam(0) = =~ ]{ e (g) fia)(0,8), (3.19)

211

whereas C[A;Y](O) = 0. Notice that, because the integrand of the above integral is devoid of
branch cut, the Hankel contour can be deformed to a closed contour encircling the origin of

the complex plane. In the end, we arrived at the relation between the zeta function (ja,y](2)
and the character y A(QYC; (8; @) for an arbitrary lowest weight representation [A;Y]. Since
the relation (3.19) is a linear map independent of the representation, we can apply the same
formula to a generic reducible representation of the so(2, d) algebra, e.g. the representation

corresponding to the field content of any theory.
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Im(53)

1N
=
)
=

Figure 2. Hankel contour.

3.3 AdSy42
In odd d = 2r + 1, the function v,(z, 8, «) becomes

(g)Qz—l
Ve(z, B, a) = —m Ae(z, B, ), (3.20)
with ~
Ae(z, B, a) = /0 du tanh(mu) sinh(au) o (2 + 1, —“2452) . (3.21)
Here, we have used the identity,
L1 22—1
<2ﬁ> T ywh) = % oFi (2 + 5. —5) (3.22)

In terms of the function A\(z, 3, «), the zeta function is given by

0B
,82Z 1 7" Sthg
Casy (2 / 5 braw) 5 )
[ sin %
11 M o (8; ). (3.23)
- COS i — COS (v ok .
o<
i#k

If we expand A\(z,5,) in z as

Ae(2, Bya) = A(0, B, @) + 2 A(0, B, @) + O(2?), (3.24)

where \.(z,8,a) = %)\e(z,ﬂ,a), the higher order terms O(z2) contribute neither to
(ja;w(0) nor to C[’ AY] (0) — the parts of the zeta function that are relevant to physics.
The second term z A,(0, 3, ) does not contribute to (ja,y)(0), but it does to C[’A;Y](O).
However, as we shall explain below, its contribution vanishes if the character is even in
8. Moreover, even when they contribute, their contribution is a rational number. For this
reason, their role is rather marginal compared to the term A (0, 3, «). The zeta function
obtained only with A (0, 3, a) neglecting the O(z) term will be referred to as the primary
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contribution Cl,[A;Y](Z),4 while the contribution related to z AL(0, 8, «) as the secondary one
CZ[A;Y](Z). To summarize, the physically relevant parts of the zeta function are given by

(A (0) = C1,ja;v)(0), (A (0) = ¢ jay(0) + & pav(0) (3.25)
where (1 [a,v)(2) and (s a,y)(2) are calculated hereafter.

Primary contribution

Let us consider first the primary contribution to the zeta function. It is given through
Ac(0, B, @) in the form of an integral,

A(0, 8, a) = /000 du tanh(7 u) sinh(au) cos(fu), (3.26)

where we have used the fact that 0F1(%, —%2) = cosx. The above integral is not convergent
but can be considered as a distribution (see e.g. Chapter 6 of [42]). By multiplying the

ou

integrand with e~ %, we can evaluate the integral in the region Re(o) > |[Re(a)| 4 [Im(B)].
By taking the limit 0 — 0%, we obtain a finite result (hence the original integral is Abel
summable [42]),

_sin § (cosh ﬁ) T (cos 2)1%6

Ae(0, 8, 0) = (3.27)

cosh 8 — cos

We can analytically continue the above to other region of a, 8. Plugging this into (3.23),
we obtain the primary contribution of the zeta function as

o0 d 2z—1
C1[a5v)(2) :/0 %ﬁ,m;m(ﬂ)a (3.28)

where the function f; |a.y](8) is given by

1—e

+
smh (cosh & 5) 2 (cos )2 cosh 8 —cosa; so2,d),, -
Friam(® Z jé (cosh B — cos ag,) 0<1:[,<r COS (v, — COS X(ai) (B3 8k) -

ik

(3.29)
We finally reached a formula where the relation itself does not involve any dependency on
A and Y.

Secondary contribution

The second term z AL(0, 3, ) in (3.24) is linear in z, hence contributes to the derivative of
zeta function as a residue:

d
Coay(0) = jé 2mﬁ5 foaw)(B) 5 (3.30)

“The primary contribution {; (a,v)(2) was referred to as the modified zeta function Q:[A;Y](z) in [14].
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with

faam)(B) = — (o) AL(0, B, ag) %
e 274 )

sinh 2 coshB —cosa; o
2] ——« (Zd(ﬁ,ak) (3.31)

sin 0‘7 ,
0<y<r

%k

COS Oy, — COS (v

Remark that, since the second line of (3.31) is regular in 3, only terms with negative powers
in the Laurent series of \.(0, 8, «) can contribute to the residue in (3.30). To isolate these
negative power terms, let us split tanh®(7u) in the integrand of A\¢(z, 8, «) given in (3.21)
into two terms as 9

tanhe(ﬂu) =1- m . (332)

Focusing on the second term of (3.32), the u integral (3.21) gives a regular function of £,
so all the negative power terms come from the first term “1”. Now moving to the first term
of (3.32), the corresponding integral can be evaluated for Re(z) > 0 as

oo
/ du sinh(aw) o Fy (2 + 3, —”2452) (22 —-1)—= 52 2F1( — 2z 3 —g—i) , (3.33)
0

from which we obtain

2 3 arctan (%)

/
A0, 8,a) = a2 +0(1). (3.34)
Here, O(1) means a regular function of § and it is related to the second term of (3.32).
Again, both of the u integrals arising from the first and second terms in (3.32) are evaluated
in the region where Re(a) = Im(f) = 0, then analytically continued to other values. In

the end, we obtain a compact expression of the secondary contribution:

r 2 arctan (%) sinh & h B — cos
3 cosh 8 — cos a5 (2,d)
(o 1av1(0) 7{2m j{CM(a) T~ || —— fZY (B; )
k=0

2 _
5%+ ag sin 5 o<i<r COS (g, — COS (v
J#k

(3.35)
where the 8 contour now encloses anti-clockwise the branch cut from —i oy, to 7 a, . Remark
that if the character is even in 8, then the whole integrand is even in 8 and the residue
vanishes trivially. Therefore, in such a case, the secondary contribution of the zeta function
vanishes. Furthermore, the secondary contribution is independent of €, i.e. whether the
spectrum is bosonic or fermionic.

3.4 Cross-check

In the above, we have derived the CIRZ in any dimensions. The derivation required many
technical steps, hence it would be good if we can cross-check the formula in the end. In
principle, if the zeta function of a field with an arbitrary mass and spin is reproduced from
CIRZ by inserting the character of the corresponding field, it will be a sufficient test for our
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formula. In this section, we show how the spectral integral expressions for Cf AvY](O) given
in (2.28) and (2.35) for odd and even dimensional AdS can be reproduced starting from
the CIRZ formula obtained in the previous section. This, besides being a check, displays
interesting analogies between the spectral and Hurwitz zeta functions.

AdSy, 1
Let us consider first the CIRZ formula (3.19) in odd dimensional AdS. By inserting the

so0(2,d) character, we obtain

InR 7A6 so(d )(O_fk) 1
Gaw)(0) = 5= ]4 7{ v
[A:Y] or—1 2mi £ (B2 +a3) Kl:[,@ (cos a, — cos )
ik
InR « sin(ag A) so(d) | - 1
= —— —_— 3.36
71 2 e S T oy 639
B jk

where A = A — %l and we have performed the § integration. From the sine function in the

integrand, it is manifest that

oy (©) = 0. (3.37)

By taking a derivative with respect to A, the formula becomes

g InR < 7 so(d) / - 1

9 __nh A :

g far0) = ~gr 2 f, @) eosB ) i I oy 6
itk

Using (3.2),(3.4) and (3.10), one can show that

a . SO
FxCam (0 =—InR dlm(_(ggf)’ . (3.39)

Therefore, the odd dimensional CIRZ formula (3.19) correctly reproduces the known result
(2.27).

AdSy, 12

In even dimensional AdS, we show how the difference of the zeta function can be obtained
from the CIRZ (3.28). In fact, the derivation shows an interesting analogy with one well-

known property of Hurwitz zeta function:

i C(z,0) + 7 C(2,1 —a) = (1%8) Liy_, (e 2™2) (3.40)

It can be derived from the integral representation,

B 00 d,@ﬁz_l e—apb B dﬁ (—,8)2_1 ef(af%)ﬁ
((z,a) = /0 TG T—cF —I'(1-2) 7{ o 5 sinhg , (3.41)

where the integral is along the Hankel contour. For Re(z) < 0 and a € (0, 1), we can add
to the contour an infinite clockwise circle. Then, the contour can be deformed to encircle
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the infinitely many simple poles arising from 1/ sinh g: they are at 8 = 27 in for all integer
n # 0. Hence, we obtain

((z,a) =T(1 - 2) Z [(—1)" (2min)*! ela—3)2min | (—1)" (—2min)! e—(a—3)2min

n=1

=TD(1—z)(2r) " [* ' Lip_,(e*™ @) + i 2 Lig_,(e 2™ '")] (3.42)
from which we can easily derive (3.40). In particular, it allows to cancel the divergence of
the zeta function at z = 1 and evaluate the finite part:

—Tia
e

lim [i*zg(z,a) + 37 C(Za 1— (Z)] — 27TL10(6727ria) — 1

z—1

(3.43)

sin(ma)

Now let us move to the difference of the spectral zeta function. Since the difference of the
character x’ A Y) (ﬁ, a)— f;@Ad Y)(ﬁ, @) is even in f3, the corresponding secondary contribu-
tion simply vamshes ¢ [A-Y}( )= [de-Y](O) = 0. Focussing on the primary contribution

(3.28), we first find that the integrand function f; |a;y] reduces to

fam@ =3 7{ X (@) (cosh §) "5 (cos %) 2" =27
LIAYIRP = 2r+1 Tlp<j<r(cos a — cos a;) cosh 3 — cos oy, '
J#k
(3.44)
by inserting the expression of ng(%’{;l). By changing the order of the § and « integrals:

d) v 2, A«
Lo (2 Zf{ (ak) £(22, A, ay) (3.45)

2”1 H0<]<r(cos ap —cosa;j)’
J#k

with

- B (cos @)1 e~ A8
§(z,A,a):/O dgp*t (cosh )2 (cos§) 2 e | (3.46)

I'(z) cosh 8 — cos «
we can focus first on the function &(z, A) which plays an analogous role as the Hurwitz
zeta function in the relation (3.40). In particular, 8%5(2,5,0[) = —26(z+1,A,0). We
recast the integral (3.46) as the integral over the Hankel contour,

1+€ 1—e

- dB (—B)*! (cosh8) 5 (cos @)z ¢ AP

g(Z,A,(X) = _F(l - Z) % ( ) -2 B+ia 2 B—ia '
274 2 sinh &5+ sinh =

(3.47)

Like in the case of Hurwitz zeta function, we add to the contour an infinite clockwise circle
and shrink it to enclose the infinite many simple poles arising, at this time, from sinh ﬁ%:
they are at 8 = (2mrn F «) i . By collecting the residues, we get

— eAai 0 _
£(z, A a) = % Y [@rn—a)i (=" e TR 4 (¢ —a), (3.48)

2 n=—oo
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which is divergent in the z — 1 limit. The divergence can be canceled by taking the

difference,
lim [£(2, A, a) — (2, —A )]—Ieﬁait h(miA) + (a < —a)
lim [£(2, A, @ z, , _QSin% anh®(mi Q@ Q
. A B
=i M tanh®(miA) . (3.49)
Slnj

Using the above result in (3.45) together with (3.2), (3.4) and (3.10), we can reproduce
(2.35).

4 Derivative expression of the CIRZ

In this section, we present a different expression of CIRZ in terms of derivatives in «;. As

@ py (u) in the zeta function (2.5) is related

explained in Section 2, the combination dim%o
to the Weyl dimension formula which can be obtained as a limit of the so(d+2) characters.
In Section 3, this limit was taken as a contour integral. The expression with contour
integrals in «a; variables is useful — see the companion paper [28] — but sometimes not
explicit enough. For instance, if one wants to implement the CIRZ formula in a computer
program, it will be more convenient to have an expression, where all the a; contour integrals
are already evaluated using the residue theorem, involving «; derivatives of the so(d + 2)
characters. In fact, for an expression in terms of «; derivatives, it is simpler to re-derive
the CIRZ by taking the limit of so(d 4+ 2) characters using a generalized L’Hépital’s rule.
Below, we demonstrate how to obtain such an expression. The CIRZ for AdSy and AdSs
originally presented in [14] are recovered as special cases.

4.1 General dimensions

In order to recover the Weyl character formula (3.3), we need to evaluate the so(d + 2)
characters in the limit o« — 0. It is actually subtle to perform the evaluation since the
so(d + 2) characters take the form,

(d+2)
so(d+2)( ) _ (SO,Y)(a) (4 1)
X (s0,Y) D(d+2)(a) ) :
and both the numerator and denominator vanish as o« — 0:
. d+2 .
ti M ) = ) 0. »
(d+2)

The explicit expressions for the numerator N(SmY) and the denominator D(4t2) are given in
(A.3) and (A.2). Despite the apparent singularity, the limit of the so(d + 2) character does
exist, and can be obtained by using a generalisation of L’Hopital’s rule (see Appendix B
for more details):

D N(d+2) a B
) =l 1247 @) = 2 o) Jlazo (4.3)
50, a—0 (50, Dpd+2 D(d+2)(a)‘a:0
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where the differential operator Zga+2 is given, in the notation 9; = 0,,, by

1 [d = 2r]
Dyara = [ (07 —97) x r . (4.4)
0<iicr Mo la=2r+1]
k=0
Firstly, the denominator of (4.3) depends only on d:
.@¢d+2 D(d”)(a)‘ = Cq (4.5)

a=0

and can be explicitly evaluated as explained in Appendix B.1. The result reads

1 [d = 2r]
0T e [ @i :
cqg = (— r ! —i—3)(F—1) x ” .
0cisicr 2 [J(d/2—k)  [d=2r+1]
k=0
(4.6)
Secondly, the numerator of (4.3) can be recast, as explained in Appendix B.2, into
d+2 —2r . n d) /-
Dgar N(E D ()] g = 200 + 1) (=) a2 3" w2 D) N (@) @D
n=0
where the differential operator D, is defined as
D) = g(n) D , (4.8)
with
Oy = (—1)77" > 02 ... 0% . (4.9)

1<dy <ip <o <l <1

Using (4.5) and (4.7), we can write the zeta function as

2(r +1) e / *  dupe(u) ntd—2r (d) [ ~
. — Sy DN . (410
C[A7Y}(Z) Cd ( ) n=0 0 [u2 + (A - %)2]2 ¢ () Y (a) a=0 ( )

where pc(u) is given in (2.15). At this point, introducing the S-integral (3.5) will give rise
to a factor e #2. By reconstructing the so(d 4 2) character from e=?4 and N-gg) and using
the identity (A.8), we obtain

2 1 o - SO —
Gam(®) = F(;c; | s 3 fenl8) D0 D28, @) x5 (8. @) (1)
with
InR ,
0o z—1 — " [d = 2r]
(Pe,n(zﬁﬂ) = \/7_T / du <2£> Jz_%(5U) X i T .
0 “ 3 tanh(mu) u®" ™ [d = 2r + 1]
(4.12)
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Remark that the function ¢, (z, ) is related to ve(z, 8, «) defined in (3.14) as

ﬁ):ﬁx{ 32nV€Z,8, |a0 [d = 2r]

. 4.13
2 —i 02"y (2,8, [d=2r +1] (4.13)

SDe,n(Z,
|a 0

Hence, the expression (4.11) can be considered as the result of the «; contour integrals of
(3.13).
Odd dimensional AdS

For d = 2r, the function v(z, 8, &) has been computed exactly as (3.15). The corresponding
Pe,n (/8 ; Z) is

InR I'(n+ ) B 2(z—n—1)
4.14
venlaf) =5 =700 (3) , (4.14)
hence, the zeta function can be expressed as
B8\2(z—n—1)
InR d+2 )
Cam(2) = ['(z) 2¢q /0 b Z 4"n' I'(z—n)
. s0(2,d)
X Dy | DD (68, 8) XA (B, @)]| . (415)

The [ integral is convergent for Re(z) > d, but one can analytically continue z to other
values. Since the only singularity of the integrand is at 5 = 0, we can deform the [ integral

to a complex integral with the contour encircling the origin counter-clockwise:

o) )
2L = (—1)" 22! ?é : 4.1
| a8 r) = (et f SR o) (116)
In the end, the first derivative of the zeta function in AdSy,;1 reads
Gan© _ d+2 —1)" (2n)! d
+2) /2 s0(2,d)
oD _d+2 f 43 i 2 e P [P, G| @)
which contains the a;-derivatives instead of the contour integrals in (3.17).
Even dimensional AdS
For d = 2r + 1, the functions ¢, ,(z, 3) is given by
. B\2z—1
ivr(3)
e,n\~» = = 1+ HMen\<, 9 418
penle1) = Sy r By heal ) (118)
with
pen(z:8) = O3 N(2, 8, 0) [ ,_q - (4.19)

Following Section 3.3, we focus on the first two Taylor coefficients of A.(z, 8, «) in z, which
have been computed in (3.27) and (3.34). They immediately give jc (0, 8) and u (0, 3) =
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% ten(z, B) |z=0 corresponding to the primary and secondary contributions to the zeta

function. The primary contribution reads

d—|—1 2z-1 ” . -\ SO R
Gana() =G [T T 2 heal05) D00 [P i8,N 5,0)

2Cd

a=0
(4.20)

and the secondary contribution is

) d+ 1 . - _ so(2,d —
C[IA,Y],Z(O) - ( % 27_‘_25 Z lue n ) |:D(d+2) (2/87 Ck) X(A(?Y))(57 a)i|

2Cd

4.2 Explicit expressions in low dimensions

In this section we spell out the explicit formulae for the zeta function in AdSs3, AdSs and
AdS7, and its primary and secondary contributions in AdS4 and AdSg. In order to display
the various formulae in a compact way, let us introduce

(d+2) (2n)!

) gy . D(E+2) (i 3. &) y0(2:) g, =)
(Ay)(ﬁ) = Q(n)[ (iB,a) x X(AY) (8, )] ‘a:O X i(d+1) :
—_— [d=2r+1]
2¢cq
(4.22)
Then, the zeta function in AdSg, 1 reads
B8\2(z—n—1)
InR 2r, n
Gam(®) = 75 “ap Z ) 7 fla () (4.23)
whose first derivative is given by
L 22l o
! r,(n
C[A,Y =In R y{ 27” ﬁ2("+1) f(AX) (B) . (4.24)

On the other hand, the primary contribution to the zeta function in AdSs, o reads

2z—1 T
Gaenas) = [ 45 > 095, (4.25)

whereas the secondary contribution is given by

Gam2(0) ]{ 2718 Z 1 (0, 8) FE M (8). (4.26)

To derive the explicit expressions below, we will use (4.6), (4.8) and (A.2).
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4.2.1 AdS;

In order to write down explicitly the functions fi(o) (8) and f?i(l)(ﬁ) relevant to the com-
putation of the zeta function in AdSs, we need to know the expression of the differential

operator
@(0) = 0(0) D2, @(1) = 3(1) Dp2 (4.27)
Since P2 is the identity ®, we have
Doy =-92, Dy =1. (4.28)
Together with
ey =—4, DW (i3, ) = 2 (cosh 8 — cos ), (4.29)
we find
G08) = (1+25mm% 5 02 ) 32 (8,0)], . (4.30)
and
20(8) = —sinh? £ 3922 (3,0). (4.31)

Inserting these ingredients into (4.23), we obtain

C’H(Z) _ th /00 dﬁ <é)2(2—1) |:1 +4(1—2;;) Sll’lh2 ﬁ —|—251Hh2 682] 80(22 (,8, )‘
0

I'(2)2 2 a=0"
(4.32)
and
d 2 SO
=InR j{ 251 ﬁ2 1+ 62 sinh? B + 2sinh? 6[‘)2) @2) (B, )‘ —0- (4.33)
4.2.2 AdS,

The relevant differential operators read

D3 = Ou 5(0) = —83, 5(1) =1, (4.34)
Using
c3 =12, D®) (i3, 0) = —8i sinhg sin§ (cosh 3 — cosa) . (4.35)
we obtain
£0(8) = L sinh §<sinh2 5 _6—12sinh? 2 82) C3ga)| _,, (4.36)
and 4
60(8) = 5 sinb® £ x5727(8,0). (4.37)

The functions e and g1 read

14+€
(cosh )
2

4 sinh

14e
(cosh g) 2 ((5 — 3¢)sinh?® g +12)

/’LE,O(OHB) - - . 4
32sinh g

Me,l(oa /8) =

(4.38)

Nk 1\3‘

5Indeed, s0(2) being unidimensional, it does not have a root space decomposition like the higher dimen-
sional orthogonal algebras.
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According to (4.25), the primary contribution is

1+e

22=1 (cosh 5) 2 ) )
G ( / 5 s T'(22) smh)ﬁ (1 + % sinh? g + sinh? g@g) X;f(Q’g) (8, a)!azo ,
2

(4.39)
By setting e = +1 or —1, we obtain the formulae derived in [14] and [21] for bosonic and
fermionic spectrum, respectively. To compute the secondary contribution, we need the first
derivative of pic (2, B):

16

Inserting the above ingredients into (4.26), we arrive at
dB 2sinh® 2 32 2 1
/ — ettt R R L 2 30(2,3)
Cr,2(0) = jé i B 32 snn? 5 + 3 40, (B, ) o (4.41)

Notice that, as we already pointed out, since the function of 8 multiplying the character in
the integrand is even, this secondary contribution vanishes if X;-(L) 23) (B, ) is also an even
function of .

4.2.3 AdS;

The differential operators D, are composed of
Dps =07 — 05, O =0705, Ouy=—(07+035), Og =1. (4.42)
After some computations, one obtains
f;‘;(o) (B) = {1 sinh? 2 (% sinh? g —1) (0% +02) (4.43)

gsmhw(a‘wa&—ma%a%)] 08,8 ag

f;l_i(l)(ﬁ) — sinh? & { sinh? B — sinh? g (07 + (322)] X;:(2’4)(ﬁ,d')| (4.44)

a=0"
and

£:(8) = 1 sinh? £ 20> (3 G) . (4.45)

Plugging these expressions into (4.23), we reproduce the CIRZ formula for AdSs derived
n [14].

4.2.4 AdSg
To define the differential operators ©,,), we need the following building blocks:

Dps = (8% - 822) 0102, 5(0) = (9% (9%, 5(1) = —((9% + (9%) , 5(2) =1. (4.46)
Then we find
fil’(o) (B) = sinhg [ 2+3 Smh2 5= 30 3 sinh? 5 + 1 sinh? 8 2 (cosh B — 5) (87 + 03)

+2sinh* £ (9} + 04 — 1207 ag)] eI (B &) s, (447)
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fi’(l)(ﬁ) = Lsinh® 8 <5 — cosh 3 + 4 sinh? g(@% + [“)22)) X‘;_?(Z’S) (8, &)‘&:6 . (4.48)

£ (8) = —4 sinh® £ 2239 (5,0). (4.49)
The functions p. (0, 5) and pe1(0, ) were already computed in (4.38), whereas

Ite
(cosh g) 2

T — [480 + 120(3 — ) sinh® § + (19 — 30¢ + 15¢*)sink’ §] . (4.50)
2

)U/672(0’ /8) =

The primary contribution is

Ca (= / apl (cosh 7) 2
I'(2z) 64smh§

1+e

[96 +(1—¢) <16 — (3 + €) sinh? g) sinh? g

+8 (24 (1 + 3¢)sinh? g) sinh? £ (92 + 02)

—32 Ginh* 8 (9} + 04 — 1207 02)} 029 (8,d)| s - (4.51)

Using (4.40) and
, 368
we obtain the secondary contribution as
df sinh g
Cr2(0) = 7{% ﬁ32 ( 4+35 Smh2 £ — 3 sinh? B + sinh? 2 2 (cosh B —5)(02, +92.)
+3 sinh* 2 C (08, + 05, — 1202 02))
Sin. ﬁ
+% (cosh 8 — 5 — 4sinh? g(@il +02.))

1472 sinh* 2 25 B
T 1547 : > in( )(5704){07:5- (4.53)

4.2.5 AdSy

Finally, the relevant differential operators for AdS; zeta functions is obtained by combining

the differential operator associated to the (positive) root system of so(6),
Dys = (0F — (3%) (8% —03) (03 — (3%) , (4.54)
with
Doy = —01 0505, Oy = 02,05 + 0103 + 0305, O =—(01+05+33), Oz =1.

Using the above expressions, one can compute the building blocks f6 ) as

f?_i(o)(ﬂ) = [1 + % sinh? g (111 — 23 cosh 3 + 2 cosh 23) (0% + 02 + 03)
+2Z sinh? & (cosh B — 4) (9 + 95 + 95 — 60793 — 693 93 — 603 93)
+ 2= sinh® 2 (8% + 85 + 95 — 1507 95 — 1597 05 — 1503 0f — 1503 04
~1502 0} — 1583 03 + 27092 03 2)| 37”9 (8,@)| .5+ (4.56)
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f0(8) = —& sinn? 2 [111 — 23 cosh 8 + 2 cosh 28 — 20sinh? & (cosh 3 — 4) (97 + 92 + 92)

—20sinh* £(0} + 0% + 03 — 607 03 — 697 03 — 603 ag)} X500 (8,a)| g (4.57)

£@(3) = —1 sinh* £ [coshﬂ —4 — 2 sinb® 5 (37 + 05 + 0%)} X308, 6] 4 (458)
f%(?)) (8) = —L sinh g X;f(Q’ﬁ) (8,0). (4.59)

The zeta function can be readily derived using (4.23).

5 Summary and Conclusion

In this work, we derived the character integral representation of zeta function (CIRZ)
in arbitrary dimensions. We started with a brief review of the AdS zeta functions in
Section 2, which include its definition and some interesting identities. In Section 3, we
expressed the CIRZ formula in terms of contour integrals in arbitrary dimensions. In
Section 4, we derived a different CIRZ formula in terms of derivatives, generalizing the
previous derivative expressions for AdSs and AdS; [14] to AdS3, AdS¢ and AdS;. This
procedure also clearly generalizes to arbitrary dimensions.

As outlined in the Introduction, the CIRZ is particularly useful to deal with theories
with an infinite spectrum. When the spectrum can be captured by some CF'T data, as is the
case for partially massless higher-spin theories [43], one can compute the free energy of the
theory without necessarily knowing the detailed decomposition of the spectrum. This will
be done in the companion paper [28], where we will establish the matching of the one-loop
corrections of partially massless higher-spin gravities with the 1/N corrections of the dual
CFTs in any dimensions. The CIRZ method could also prove efficient in computing one-
loop effects of a Kaluza-Klein tower. Indeed, the corresponding spectrum is obtained from
the branching rule of the higher-dimensional field, and hence should be fully encompassed
by the character of the latter.
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A Character identities

In this Appendix we shall derive the identity (3.4) used in the main text. The character
formula for the so(d+ 2) irrep labelled by the highest weight (sg,Y), with Y = (s1,...,$;),
reads

(d+2)
so(d+2) _(s0,Y) (a)
(s0,Y) (a) - D(d+2) (a) 9 (Al)
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with the denominator

1 [d = 2r]

D@2 () = 2(cosa; —cosaj) X+ . ag , (A.2)

Ogggr ! HQZSIH? [d=2r+1]

k=0
and the numerator
1 .

Ngz‘l:?)(a) = §(det [2isin(q; £;)] + det [2cos(a; Kj)]) [d = 2r] . (A3)

7 det [2isin(a; ¢;)] [d=2r+1]
Here, {; := s; + 4 — j and det[a;;] denotes the determinant of a matrix whose matrix

element is a;;. The indices 4, j range from 0 to r. The determinants appearing in (A.3)
may be expanded as an alternating sum of minors:

<i sin(ay, £o) dety [2i sin(oy £;)]

d+2 - [d = 2r]
NESIY))(CV) = Z(_l)k X + cos(ay; £o) dety, [2 cos(a; Ej)])
k=0
21 sin(oy, £o) dety, [2i sin(a; ¢5)] [d=2r+1]
(A.4)
The above expression can be recast into recursive formulae in d as
r eion o \ (@) ay) + e"torto NS Ay, d=2r
N D (@) = (-1)F x ( v, (@) @) | ].(Aﬁ)
’ k=0 2i sin(ay 4o) Nv(;) (dk) [d=2r+1]

For d = 2r + 1, (A.5) is straightforward to prove. For d = 2r, the formula (A.4) can be
first expanded as

T

(d+2) _ 1 k( iay e o
Nisoy (@) = 5 kz_o(_l) (e £ (dety[2isin(a; £)] + detg[2 cos(as £5)])

+ e tarto (dety[2 cos(a; £;)] — dety[2i sin(ey gj)])) , (A6)

then the relative minus sign in the second line can be absorbed into the determinant by
changing the last column from sin(w; ¢,) to sin(—a«; ¢;).

Similarly, one can decompose the denominator of an so(d + 2) character as a multiple
of the denominator of an so(d) character expressed in terms of d:

1 d=2
D2 (a) = (-1)*DD (@) [] 2(cosay —cosa;) x { [ r],@ﬂ
0<i<r 24 sin % [d=2r+1]
itk

where the overall factor (—1)* comes from re-ordering part of the product containing the

oy, variables in D@2 (). Note that (A.7) can be expressed as

(_1)d efz‘ak d/2

PHe) = (D) =

(A.8)
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by using the definition of the function Py defined in (3.2). Combining (A.5) and (A.8), we
can finally express the so(d + 2) characters in terms of so(d) characters as

so(d12) r B <67iak S0 X;-O_(d) (&k) + eiak(50+d) X;'O_Ed) (&k)) [d _ 27“]
Xy (@) = Palo; dx) . . sold) :
=0 (eimk 50 _ plak (so+d)) Xy (A) [d=2r +1]

B Generalized L’Hopital’s rule

In this Appendix, we will discuss some technical details of the generalized L’Hopital’s
rule (4.3) (see e.g. [44] for a pedagogical introduction) which are crucial in obtaining the
derivative expression of CIRZ in Section 4. The differential operator Zga+2 is defined as

Doara =[] 0. (B.1)

96¢d+2

In the orthonormal basis, the set of positive roots of so(d + 2) reads

{eij:ej,O

P2 _ i<j<r} [d = 2r]
{eiiej,0<i<j

B2
rU{er,0 <k <r} [d=2r+1]

<
<

where {ej}r—o, . is a basis of unit orthonormal vector of R™*1. As a consequence, when
acting on an so(d + 2) character, we have

g = 1(0a, £ On;) for O0=e +e;, and 0Oy=0,, for O=e. (B.3)

From now on, we will use the notation 9; = J,,. Since the differential operator (B.1) acts
on both the numerator and denominator, we can rescale this operator to eliminate the
factor % from Oy with 0 = e; £+ e;. The differential operator Zga+2 then takes the form
(4.4).

B.1 Computing the denominator

According to (A.2), the denominator of the so(d + 2) character depends on the dimension
d+2, but not the highest weight (s, Y) of the representation. As a result, the denominator
of the generalized L’Hopital’s rule is simply a d-dependent constant, which is denoted cg
in (4.5). We will review a part of the derivation of the Weyl dimension formula, which can
be found in e.g. [44] and enables us to obtain an explicit formula for ¢g4. First, recall that
the denominator of an so(d + 2) character can be expressed as the product,

D(d+2) _ H (69/2 _ 679/2) ) (B4)
fedd+2

One can then show that the action of the differential operator (B.1) on D@+2) reads

Faasz J] (2 =) = Wawal [ 0.0 (B.5)

fedd+2 edd+2
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where p is the so(d + 2) Weyl vector:

pi=3 Z 0, (B.6)

and [W,42| is the cardinal of the Weyl group of so(d + 2)

2 (r+1)! [d = 2r]
Wasal = { 2L (1)1 d=2r+1]’ (B7)

and (,) denotes the inner product on the root space. Since in this paper we have used et
instead of €?, for the variables of the so(d 4 2) character, the constant cq is given by

pd+2
ca =" Waa| ] (0.0), (B.8)
fePpd+2

with |®?+2| being the number of positive roots of so(d + 2),

’®d+2’:{r(r+1) [d = 2r]

(r+1)?  [d=2r+1] (B9)

Since the Weyl vector of so(d + 2) in the orthonormal basis is

T

p=> (4—Fkex (B.10)

k=0

we finally obtain ¢4 as given in (4.6).

B.2 Simplifying the numerator

d+2)

Using (A.5), we can express N( in terms of N9, then the numerator of the generalized

L’Hopital’s rule becomes

d+2 . )~
Tpara N D) (00)] g =2 D (=) Dgasa [racu) N (@) | ‘a:o (B.11)
k=0
with
cosh(ag u d=2r
O'd(Oék u) = ( F ) [ ] . (B.l?)
sinh(ay u) [d=2r+1]
Here, we took advantage of the facts that
N(@ _ = N9 B.13
v (a1, .o o, =0, Qg1 - -5 00) Y+(a1,...,ak,l,ak,akJrl,...,ar), (B.13)

and that for d = 2r the differential operator Pga+2 is invariant under the o — —ay
transformation for any k = 0,...,r. The differential operator Zga+2 can then be rewritten
as:

1 [d = 2r]

o  ld=2r+1]" (B14)

Dgars = (—1)F Dgay, [ (07 - 02) x {
o<ir
i#£k
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where .@¢d|k is expressed in terms of the unit vectors {eg,...,ex_1,€k11,...,6-} of R".
Expanding the last product, we can then isolate the derivative with respect to ay:

O<i<r
i#k
with
a(n\k) = (_1)rfn Z 3221 R 8§r_n . (B.16)
0<i1 <ig<++<dp—n <1
i;#k
In particular, we have
5(r|k) = 1, r 1|k) = Z 3 and 8(0|k) H 32 (B.l?)
0<ir 0<isr
i#k ik

With this decomposition at hand, we can write

—2r - n 9 d)/ =
= (1R a2 S gy T NG ()|
n=0

Dpara | oalcwu) N,(;)(&k)} (

a=0 a=0 ’

where we have used the fact that the dependency on the angle oy is confined to the function
oq(agu). On top of that, this enable us to extract the u dependent part according to .
Notice finally that the remaining summands involve all variables {«;}i=o,... , except for ay.

As a consequence, the terms

A d) /-
Qo ZoapNG (@) (B.18)
all produce the same contribution for different kK = 0,...,r. We can therefore drop the

subscript &k in the above expressions. In the end, we obtain (4.7) with (4.8), where the
factor u?~?" is from the additional 9y, in (B.14) for d = 2r + 1.
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