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1 Introduction

Arising as the leading saddle point for the gravitational Euclidean path integral with a
positive cosmological constant, the sphere plays a dominant role in the study of quantum
gravity in de Sitter space [1-12]. From the static patch point of view, quadratic fluctuations
around the sphere saddle contribute to the 1-loop corrections to the Gibbons-Hawking de
Sitter horizon entropy. Recently, envisioning a 1-loop test for microscopic models for
de Sitter horizon, the authors in [11] derived an integral formula for 1-loop sphere path
integrals in terms of Harish-Chandra characters for the de Sitter group.

For example, the character formula for a scalar field with generic mass m? on S* (with
radius set to 1) is [11]

o dtl+ et
log Zpr = —_—— t 1.1
0g ZpI Qtl_e,tXA()a (1.1)
where
—At —At
e +e
XA(t) = (1 — 671")3 (12)

is the Harish-Chandra character of the isomatry group SO(1,4) of dS4. The scaling dimen-
sion A is related to the mass m? through m? = (A—2)(A—2) and A = 3— A. As explained
in [11], x(¢) captures massive scalar quasinormal modes in a de Sitter static patch. With
the formula (1.1) we can compute exact 1-loop contribution by a massive scalar to de Sitter
horizon entropy.

The present work goes back to the starting point of the derivation of the character
formula, that is, the 1-loop sphere path integral itself

Zp1 = / D e 519! (1.3)

where S[¢] is the quadratic action of the field ¢. Typically, such an object is expressed in
terms of functional determinants of kinetic operators. A massive real scalar has

—1/2
Zp1 = det (—V2 +m?) / (1.4)

which can be massaged into the formula (1.1) as shown in [11]. However, the computation
becomes more subtle and intricate for fields with spin s > 1. For instance, it took decades



of work [1-10, 12] before the correct generalization of (1.4) was obtained for a massless
spin-2 field on S*.

To generalize the formula (1.1) for wider classes of field contents, one must first obtain
their correct functional determinant expressions. This is the main motivation for this work.
In this paper we perform detailed derivations starting from manifestly local covariant path
integrals on S%tl. Our goals are twofold: 1. address subtlties of 1-loop sphere path
integrals and clarify previous computations; 2. generalize all known results to any massive,
shift-symmetric and (partially) massless totally symmetric tensor fields of arbitrary spin
s > 0 in any dimensions d > 2.

As an illustration, starting from (1.3) with the free massless spin-s Fronsdal action,
a lengthy derivtion in section 4 leads to the following expression (equation (4.88)) for
massless higher-spin theories

. KT / 2 1/2
dim G N Y det,1 ‘—V - )\s—l,s—l‘

ZHS:Z'*PVi d+2s—2)(d+2s —4 2 (s=1)
ol VOI(G)can ];[ (( )( )) detLl ‘_v% B As—2,s 2

(1.5)
Here we highlight a few features of this expression:

e In the ratio of ghost and physical functional determinants, —V%S) is the spin-s sym-
metric transverse traceless (STT) Laplacians on S4tl and Ans are its eigenvalues.
Their relevant properties are summarized in appendix B. The prime denotes omission
of zero modes of the Laplace operators. The subscript -1 is related to the contribution
from longitudinal modes, which was obtained in [11] by demanding the absence of
logarithmic divergence for odd d 4+ 1. Here we obtain these by a direct path integral
computation.

e The second factor is associated with the group G of trivial gauge transformations. ~
is related to the coupling constant of the theory, while Vol(G)can is what was called
canonical group volume in [11]. It was emphasized in [13] that the inclusion of this

factor was crucial for consistency with locality and unitarity. The peculiar factor
NKT

s—1
[, ((d+2s—2)(d+2s—4))" 2 arises when we relate the metric on the space of
trivial gauge transformations induced by the path integral measure to the canonical
metric to be defined precisely below.

P is present only for fields with spin s > 2, whose origin is the

e The phase factor i~
negative conformal modes that render the Euclidean path integral divergent. The
standard prescription [14] is to Wick rotate the problematic conformal modes in field
space so that the integrals converge. Polchinski later [12] found that on S+ this
procedure led to a finite number of i factors (with P = d + 3 in that case) that
could leave the Euclidean path integral positive, negative or imaginary depending on

the dimensions.



Analogous expressions are derived for any massive (equation (5.19)), shift-symmetric (equa-
tion (6.22)) and partially massless (equation (7.11)) totally symmetric tensor fields of ar-
bitrary spin s > 0 in any dimensions d > 2. With these precise expressions one could then
derive a formula analogous to (1.1) for more general representations. As for most quantities
in quantum field theory, objects such as (1.5) are UV-divergent. The recipe for exactly
evaluating these formal expressions and their UV divergences were discussed in [11].

Finally, although this work is primarily motivated by the study of de Sitter thermo-
dynamics, sphere partition functions are of interest in a broad range of contexts such as
string theory, Chern-Simons theory, supersymmetry, AdS/CFT correspondence, conformal
field theory, as well as entanglement entropy in quantum field theories. We anticipate that
the 1-loop results contained in this paper will be relevant in these contexts as well.

Plan of the paper. We first review the computations for massless spin-1 and spin-2
fields in sections 2 and 3. We then turn to our complete derivation for massless fields
of arbitrary integer spins in section 4. In section 5, we study fields with generic mass.
In sections 6 and 7, we study general shift-symmetric fields and partially massless fields
respectively. We conclude in section 8. All conventions are summarized in appendix A.
Relevant properties of the STT Laplacians on S%t! and their eigenfunctions are collected
in appendix B. The higher spin invariant bilinear form is reviewed in appendix C.

2 Review of massless vectors

We start with a pedagogical review of the case of massless vectors. The object of interest
is the 1-loop approximation to the full Euclidean path integral

1
Zpi = ——— | DA*DP ¢ 561A"®] 2.1
PI Vol(g)/ c (2.1)

for a theory that involves a collection of massless vector (for example U(1) or Yang-Mills)
gauge fields interacting with some matter fields, denoted as A?, and collectively as @
respectively, living on S4+1.

U(1) with a complex scalar. The simplest example involves a single U(1) gauge field
A, interacting with a complex scalar ¢ (studied in [5]):

1
— - 24 W\ % 2 *
Sl = [ | g PP + DyuolD )" + w0 | (22)
where
Fu = 0,A, —0,A,, D,p= (0, —iAL)0 (2.3)

are the field strength and the covariant derivative of the scalar. This action is invariant
under the local U(1) gauge transformations

p(x) = Dp(z),  A,(z) = Au(z) + dua(z). (2.4)

The normalization adopted here is to emphasize the presence of the coupling constant g.
In this convention g does not show up in the gauge transformation.



Yang-Mills. Another example is Yang-Mills (YM) theory with a Lie algebra
(L, L] = fobeLe (2.5)

generated by some standard basis of anti-hermitian matrices and f®° is real and totally

antisymmetric. The YM action is

— 1 2 _ 1 a a,uv
SE[Aa ¢] - rgz /Sd+1 TI‘F — @ /Sd+1 FMVF ) (26)

where the curvature is F,, = 0,4, — 0, A, + [Au, A)] with A, = A7 L®. Here the overall
normalization for the trace (or Killing form) is defined such that the generators L* are unit

normalized:
Tr(LOLY) = 6. (2.7)
For SU(2) YM, L* = —2° satisfying [L%, L] = €®™L¢, and the trace (2.7) would be
Tr = —2tr with tr being the matrix trace. The YM action is invariant under the non-linear
gauge transformations a = a®L*
Ay — A+ 000+ [Ay, . (2.8)

In both the U(1) and YM examples, the corresponding path integral in (2.1) clearly
overcounts gauge equivalent configurations. A factor Vol(G) is thus inserted in (2.1) to
quotient out configurations connected by gauge transformations. This factor is formally
the volume of the space of gauge transformations G (the measure with respect to which
the volume is defined will be discussed in later subsection) and is theory dependent. For
the U(1) example, Vol(G) is simply a path integral over a single local scalar field

VOI(Q)U(l) = /Da, (2.9)

while for SU(2) YM it would be a path integral over 3 local scalar fields
Vol(G)su(z) = /DalDagDag,. (2.10)

More generally, Vol(G) is an integral over N = dim G local scalar fields for a gauge group G.

1-loop approximation. Now, suppose the equation of motion admits the trivial solution
A?, =0 = @, around which we perform a saddle point approximation for (2.1). Then at
the quadratic (1 loop) level the vector and matter fields decouple:

11 5A 6
Zp " = 23 23T (2.11)

In the following, we focus on the vector part of the 1-loop path integral (with A* understood
as the fluctuations around the background)

dim G dim G

1 a
784 — 7/ DA e 2oam1 SEIA] 2.12
PI VOl(g) al;[l € 1 ) ( )



where Sg[A?] is simply a Maxwell action

SplAY] = 4;2 o FRF, By = 0,45~ 0,4, (2.13)
A careful analysis of the Euclidean path integral for the U(1) theory on arbitrary manifolds
has been presented in [13], where the authors point out the importance of taking care of zero
modes, large gauge transformations and non-trivial bundles for consistency with locality
and unitarity.

In the following we will express ZloDI in terms of functional determinants and highlight
the relevant subtleties in our case of St along the way. Before doing so we would like
to make a last comment. Even though the problem is largely reduced to that of a free
Maxwell theory on S9!, the knowledge of the parent theory (2.1) to which we performed
the 1-loop approximation is required for the full determination of the (2.12). In particular,
the group volume factor Vol(G) will eventually lead to a residual group volume factor in
the final result, whose value depends on the specific gauge group (e.g. U(1) or SU(NV)) and
couplings of the gauge field to the matter fields.

2.1 Transverse vector determinant and Jacobian
Geometric approach and change of variables

Since the path integrations over A® in (2.12) are decoupled, we can focus on one of the
factors, and we will suppress the index a. Traditional ways to proceed include Faddeev-
Popov or BRST gauge fixing (as done in [13] for example). Here instead we take the
“geometric approach” [15-17], which manifests its advantages when we deal with massless
higher spin fields later. In this approach one changes the field variables by decomposing

A=Al +0,x (2.14)

where AE is the transverse or on-shell part of A, satisfying V“AE = 0, and x is the
longitudinal or pure gauge part of A,. Since S is compact, the scalar Laplacian has a
normalizable constant (0,0) mode, which must be excluded from the path integration for
the change of variables (2.14) to be unique

DA = JDATD (2.15)

where prime denotes the exclusion of the (0,0) mode. We will find the Jacobian J for the
change of variables (2.14) below.

Action for Af;

Because the gauge invariance of the action, y simply drops out upon substituting (2.14)

1

SelAT. ) = 55 [ AL +d)45) (2.16)



where —V%l) is the trasnverse Laplacian on S%!. Now we expand AE in terms of spin-1
transverse spherical harmonics (see appendix B for their basic properties):

Ag = Z Cn,lfn,u (217)
n=1

and the integration measure in our convention is

o0

dc 1
DAT = LN (2.18)
nl;[l V21g

Performing the path integration over these modes we have

/ DAeSEA = J det(~ V2, + d)/? / D'y (2.19)

Jacobian

We find the Jacobian J by requiring consistency with the normalization condition
-5 (4,A) Ty —53(AT+Vx,AT+VX)
1= [ DAe 2 = [ JDA D'xe 2 . (2.20)
Since AT is transverse, we have
(AT + Vx, AT + V) = (AT, AT) 4+ (Vx, V). (2.21)

We can then path integrate AT trivially. We expand Yy in terms of scalar spherical har-

monics:
[e.e]
X = cnofn (2.22)
n=1
with path integration measure
= dc
Dx =[] 22 (2.23)

n=1"V 27Tg‘
Plugging this into (2.20) results in
J = det/ (V)" (2.24)
where the prime denotes the omission of the constant (0,0) mode.

2.2 Residual group volume

Let us go back to the full 1-loop path integral (2.12). So far we have

fm u 2 \1/92 dimG
goa _ JIL5C D'y ( det! (= V)" )
PI —

Vol @)\ det(—V, + )17 (225)



where we have restored the color index a. Now we focus on the factor

J T8 Dy

vel@) (2.26)

As explained above, the factor Vol(G) is theory dependent and is formally an integral over
N = dimG local scalar fields
dimG

Vol(G) = / I] Pon. (2.27)
n=1

In particular, the integral includes integrations over constant scalar modes. As explained
in [13], the inclusion of zero modes is crucial for consistency with locality and unitarity.
Thus, this factor does not cancel completely with the integrations over y, leaving a factor

JTIa5E D'y 1 /‘“mG dofy
= . Vol(G)pr = : 2.28
Vol(G) Vol(G)p1 ol(G)er c];[l V2mg ( )

where o is the expansion coefficient of the (0,0) mode of a® (a is the color index)

a®=>"alfa (2.29)
n=0

These constant scalar modes correspond to the gauge transformations that leave the back-
ground A* = 0 invariant, or equivalently whose linear part is trivial. If the original full
theory contains matter fields such as (2.2), these act non-trivially on the latter. G is there-
fore the group of global symmetries of the theory and Vol(G)pr is the volume of G. Note
that the precise value of Vol(G)pr depends on the metric on G. We have been using a
specific choice of metric

dsi; = 2771gQ . Tr(dade) (2.30)
induced by our convention for the path integral measure. Note that had we normalized the
generators L® in a different way: L% — AL® (or equivalently choosing a different overall
normalization for the trace in the action (2.6): Tr — A?Tr), the path integral describes
the same physics if we rescale g — Ag. In particular, the metric (2.30) remains the same.
We want to relate the volume Vol(G)pr measured in this metric to a “canonical volume”
Vol(G)can, defined as follows. A general group element in G takes the form

L = oL (2.31)

where L% are unit-normalized. We define Vol(G)ean to be the volume of the space spanned
by 6. In our convention, L% are unit-normalized, and therefore the relation between the
metric (2.30) (restricted to the subspace of trivial gauge transformations) and the canonical
metric is simply

ds?,, =df-df. (2.32)

can? can —

S

d9“>2 ~ Vol(S4t)

1 1
d 2 — dal 2 _ (
SPI 2mg? ;( o) 2mg? ; fo 2mg?



Thus we can express the group volume as

dim(G) dim(G)

ol(§a+1 e ol(gd-1 2
vol(a)plz<\”2fg2>> Vol(G)Can:<Vl((1§2)) Vol(G)ean,  (2.33)

where we have used Vol(S%™) = 2ZVol(S?7!) in the last step. The canonical volume
Vol(G)can so defined is evidently independent of the coupling. To summarize, the full
1-loop path integral is

dA
ZPI - ZGZChar

,ydimG g

T Vol @ean” V/(d = 2)Vol(59-1)

LdimG
det/(_v%o) ) 2
det(—V%l) +d)

ZG

Zchar = (d(d — 2))29mC ( (2.34)

The notation Zcp,, emphasizes that this part can be re-written in terms of the SO(1,d +
1) characters as explained in [11]. In retrospect, the coupling dependence of the result
is precisely encoded in the group volume factor Vol(G)pr. In the G = U(1) example,
Vol(G)can = Vol(U(1)), = 2, and the full 1 loop vector path integral is therefore

det’( V2 )1/2
U(1 g 0
ZPI( ) — ©) (2.35)

/27 Vol(Sd+1) det(—v?l) +d)1/2’

which reproduces eq. (2.6) in [18]. For G = SU(2), dimG = 3 and Vol(G)ean = 1672,
and thus

N

ZSU) 1 ( 2mg? )

’ 2 3/2
PL 7 1672 \ Vol(Sd+1) ) ' '

det(~V?, +d

As a concrete example for an exact evaluation of such a formal expression, with the recipe
in [11] one can find for the 1-loop path integral for SU(4) Yang-Mills on S°

SU), §° Onl5 5xld Tre (V)" 5C(3)  3¢(5)
logZp """ =15 - ——5—=——%~ +10g+15<16772 164

+
%(27r)9

) (2.37)

where we have restored the sphere radius ¢ and € is the UV regulator in heat kernel
regularization.

Local gauge algebra, global symmetry and invariant bilinear form

For the later discussions on spin 2 and massless higher spin fields, and to make connection
with the work in [19], we offer another perspective for the non-abelian case.



Local gauge algebra. Recall that the original Yang-Mills action (2.6) is invariant under
the full non-linear infinitesimal gauge transformations

VA, =80, VA=A, ql (2.38)
Here the superscript (n) denotes the power in fields. This generates an algebra
dadar Ay — dar0a Ay = Ofa,a) Ap (2.39)

where we have defined a bracket [[-,-]] on the space of gauge parameters, which in our
convention is equal to the negative of the matrix commutator!

[[o, o] = —[av, ). (2.40)

Global symmetry algebra from the gauge algebra. The constant (0,0) modes &
generate background (A, = 0) preserving gauge transformations satisfying

5O = o, (2.41)
which form a subalgebra g of the local gauge algebra, with the bracket [[-,-]] naturally
inherited from the local gauge algebra

[[a, &) = —[a, a]. (2.42)

This global symmetry algebra g is clearly isomorphic to the original Lie algebra (2.5).
On g, the path integral metric (2.30) corresponds to the bilinear form with a specific
normalization:

1 Vol(S+!
(@la)p = S e? /S Lt = VOUS™) agra, (2.43)

We define a theory independent “canonical” invariant bilinear form (:|-), on g as follows.

1. Pick a basis M of g such that they satisfy the same commutation relation as L%:
[[M®, MP)] = fabeMe. This fixes the relative normalizations of M?.

2. Fix the overall normalization of (:|-). by requiring M“ to be unit-normalized:
(M| MP), = 5 (2.44)
In the current case, this means that we should take M% = L% and
(ald), = a*a'. (2.45)

Comparing this with (2.43), we see that the path integral and canonical metrics are related
as in (2.32), leading to the same result (2.33).

!One should keep in mind that [[-,-]] is defined using the gauge transformations of A, whose precise
form depends on the normalization conventions, while the commutator on the right hand side is the matrix
commutator [4,B] = AB — BA. Had we normalized A, canonically, so that the action takes the form
-1 fsd+1 TrF?, the gauge transformations will be instead o4, = d,a + g[A,,a] and the local gauge
algebra will become [0, 8ar] = 6_g[a,/] and the bracket will read [[&, &']] = —g[e, ]



3 Review of massless spin 2

Next we review the computation for linearized Einstein gravity on St which has a
long and dramatic history [2-10, 12]. Expanding the gravitational path integral with the
Einstein-Hilbert action m Jga+1(2A — R) around the ST saddle: g, = gEZH + hyw

up to quadratic order, we obtain the Euclidean path integral

1
Zp1 = Dhe 51 3.1
PT= Yol (G) / ‘ (3.1)
where the action for a massless spin-2 particle on S%*! is
1 v 2 A 2, A oA A
S[h]:@/sd+1 h* [(—V +2) 0w +2V (,V hyya+ 90 (VR =2V hon )+ (D —=3) g hy™ |

(3.2)

where g = /327G . (3.2) is invariant under the linearized diffeomorphisms?

1

Py = By + V2V ( Ay = By + —= (VA + Vo A,). (3.3)

V2

The factor Vol(G) is the volume of the space of diffeomorphisms, which is a path integral
over a local vector field o,

Vol(G) = / Da. (3.4)

This factor is inserted in (3.1)to compensate for the over-counting of gauge equivalent
orbits connected by (3.3).

Change of variables

As in the case of massless vectors, we decompose h,,, as

1 -
hyw = HIT + 5 (Vs + Vi) + \/fl“ﬁh (3.5)

where hEZ,T is the transverse-traceless part of h,, satisfying V)‘hm =0= h’\/\, &, is the

pure gauge part of h,,, and h is the trace of hyw. For (3.5) to be unique, we require &, to
be orthogonal to all Killing vectors (KVs) on S4+!

(€€) =0, V&V + Vg =0 (3.6)
and h to be orthogonal to divergence of the rest of all conformal Killing vectors (CKVs)
- 1
. cOKVY _ CKV ECKV VSRV .
( 7v § ) 07 vﬂ v +V é.,u 2(d+1)gll \4 5)\ (3 7)

The path integral measure then becomes
Dh = JDhITD'¢D'h (3.8)

where the Jacobian J will be found below. The primes indicate that we exclude the
integrations over the (1,1) and (1,0) modes excluded due to conditions (3.6) and (3.7).

2The insertion of the factor % is for later convenience.

~10 -



3.1 Transverse tensor and trace mode determinants

Action for hIT

Due to the gauge invariance (3.3), we have

S[h) = S[ATT + ] = S[WTT] + S[A). (3.9)
S[ATT] can be easily obtained as
1 v
S0 = 525 /Sd+1 BIT(—V2 + 2)hls, (3.10)

where —V%Q) is the spin-2 STT Laplacian. The integration over ATT thus gives
T _ /DhTT ST = det(~ V) +2) /2. (3.11)

Action for h and the conformal factor problem

Similarly, after a bit more work, the quadratic action for h can be obtained as

= d(d—1) -
Slh] = _W /Sd+1 h( V(O) (d+1))h
= > _(n(n+d) —(d+1))c; (3.12)
d +1 g2 o
where in the second line we have inserted the mode expansion
E = Z cn70f7“ (fna fm) = 5n,m- (313)
n#l

Here the sum runs over the spectrum of the scalar Laplacian except the (1,0) modes, which
corresponds to the CKVs. Notice that (3.12) has a wrong overall sign for all positive modes
of the operator —V%O) — (d+1). This is the well-known conformal factor problem [14] in
Euclidean gravity method. We follow the standard prescription: we replace ¢, o — z'cmo,3
for all n > 2, which leads to the change in the path integral measure

dcno _d Clcno
Dh_glmg <HQ>1;[1 i <HO>1;[1\/%g (3.14)

The factor in the last step runs through the spectrum of —V(20) and is thus a local infinite
constant that can be absorbed into bare couplings. Doing this the path integral becomes

ZFL - /D/ﬁ es[ﬁ] = i_d_3Zj—Z~_
/D+h€ 2?liil)lg2 fsd+1 h(— v%o)_(d'i‘l))ﬁ

(d+1))h

Z~ —/D he2(d+1)g2 Jsar1 h(=V O (3.15)

where + indicate the contribution from positive and negative modes respectively. The
overall phase factor i~¢~3 was first obtained by Polchinski [12]. Later we will see the
generalization of this phase factor for all massless higher spin fields.

3The sign in front of the i is a matter of convention.

- 11 -



3.2 Jacobian

Again, we find the Jacobian J by requiring consistency with the normalization condition

1= / Dhe 22, (3.16)
Since hTT is transverse and traceless, we have
gh
(h,h) = (WTT AT 4 (V2VE + —— ﬁ ,V2VE + m) (3.17)

To proceed we separate §, = 512 + ESKV, where fSKV is a linear combination of the CKVs
and ¢, is the part of {, that is orthogonal to the CKVs, that is (¢, ¢CKVY = 0. Note that
while gh is orthogonal to fEKV because of (3.7), gh and V¢ are not orthogonal to each
other. To remove the off-diagonal terms, we shift

B’:ﬁ+,/d+ VAL, (3.18)

Since it is just a shift, the Jacobian is trivial. It is then easy to compute

h gh =, = 1
Vave+r I ave — (W )+ = (K€, K€" +2(VeCKY veCKVY (3,19
(5\/m 4 A ) = (L) 45 (K€ K + 2T, V) (3.19)
where we have defined the differential operator
2
(Kg);w = vufu + vugu - 7g,uuv>\f)\- (320)
d+1
Now the integrations over hTT and A’ become trivial. To proceed, we first simplify
d A

ek =2 [ (- v =g - ¢ (V)| (3.21)

Then we decompose &' into its transverse and longitudinal parts: ¢, = ¢ + V,0. Once
again this change of variables leads to a Jacobian factor which is easily found as before.
With this decomposition we can further simplify

1 2d

(K¢, K¢)=S[T] + -——S[o 3.22

(K€, KE) = [T + 5], (3:22)
where

SiE") = /S o & (Vi —dgr, Slo] = /S s OV (Vi = (d+ 1) (3.23)

We therefore arrive at
w1
Tv + v CKV
VIV Y,

}/ﬁT — /DléT e,ﬁ(sT’( (1) )gT)

Y= / Dt e 22 11OV (Vi ~([d+1)e) (3.24)
g

J:

Wi = [ Do T
YCKV / DECKV ¢~ 5 (VEOKY, veOry)

- 12 —



Here Wt is the Jacobian corresponding to the change of variables {¢,} — {¢1 + V,0}.
The +’s denote the positive modes for the operator (—V%O) —(d+1)).4
3.3 Residual group volume
As in the massless vector case, we have a factor

/D¢

Vol(G)

in the path integral. We recall from (3.4) that Vol(G) is a path integral over a local vector

(3.25)

field. This does not cancel completely with the integration over &, and we are left with a
factor (restoring the label a for degenerate modes with same quantum number (1, 1))

(d+1)(d+2) ( )

/D¢ 1 / : doy’y
= , Vol(G)pr = = 3.26
Vol(G)  Vol(G)pr (Ger al;[l V27rg (3:26)
where a&'ﬁ) is the expansion coefficient in the expansion
Q= Z an,lfn,u + Z an,()f;g?l)y (327)
n=1 n=1

These (1,1) modes are diffeomorphisms that leave the background S9! metric invariant,
so they in fact correspond to the Killing vectors of S4*1. G is therefore the isometry group
SO(d+2) of S%+1. As in the massless vector case, we want to relate Vol(G)py to a canonical
volume, following the argument in section 2.2.

Local gauge algebra. Recall that the original Einstein-Hilbert action is invariant under
non-linear diffeomorphisms generated by any vector field o = %a“@u, which reads

5ah,uu = 5((340)h,u1/ + 5(()})]7/“1/ + O(h2)

1
5Oy, = ﬁ(vuay + Vi)
S hy, = i(o/’vphw +V,uaPhy +Vyalh,,), (3.28)

V2

where the superscript (n) again denotes the power in fields. This generates the algebra
[5a, 50/] = 5[[(3{’0‘/“. (3.29)

In this case, the bracket is proportional to the usual Lie derivative®

1 !
ﬁ[% o,
“The zero modes of the operator (fV?O) — (d + 1)) are excluded because o satisfies (o, fo) = 0 =
(o, VEORY).
5If we had worked with canonical normalization, obtained by replacing h,, — ghy., the bracket will
read instead [[@, /]] = — %o, o'l = —v/167G N[, ']1. This relation can be viewed as a definition of the

V2
Newton constant Gn in any gauge theory with a massless spin 2 field.

[[o, /]] = — [, &) = ("™ — 'M0,a)0,. (3.30)
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Isometry algebra from the local gauge algebra. The background (S%*!) preserving
gauge transformations or isometries generated by the Killing vectors satisfying

) (3.31)
and form a subalgebra of the local gauge algebra, which inherits a bracket from the latter
@, d]] = ———=|a&,d']L. (3.32)

To define the canonical volume, we again first find a set of generators M that satisfy the
standard so(d + 2) commutation relation under the bracket (3.32):

(Mg, ML)l = nsxMrr —nspMix + Mk — nixMyr. (3.33)

One such basis is M; = —v/2(X10xs— X 0x1) where X' X; =1, XT ¢ R*2 [ =1-..d+2
are the coordinates of on S%t! represented in the ambient space. Its norm in the invari-
ant bilinear form induced by the path integral is (it suffices to consider only one of the

generators)
(M| M) pr = 1 / (M12)™ (My2) 1y = 2 / (X2 +X2)
RITRIPL ™ 9762 [oara 12 RIHT = one? Jgar 1 2
2 2 a1

Since the canonical bilinear form is defined such that (Mj2|Mi2), = 1, the path integral
metric on G is related to the canonical metric as

2 2 1 Vol(891)
d 2 — 1 d+1 d 2 — d 2
°FI 2rg? d + QVO (ST )dscan 8GN d(d+2) Scan

(3.35)

where we have used Vol(S%™1) = 2ZVol(S971) and substituted g = /327Gy in the last
step. Therefore

(d+1)(d+2)

1 Vol(s4 1) 4
8rGN d(d+2)

Vol(G)pr = ( Vol(G)ean. (3.36)

The canonical volume Vol(G)can = Vol(SO(d + 2))can is well-known:%

d+1 d+1 QWWTH
Vol(SO(d +2)). = [[ Vol(s™) = [[ Sz (3.37)
n=1 n=1 F(T)
3.4 Final result
So far we have
PO + + —
o j—d—3 (ZET)<ZE WU> Z; ' (3.38)
VOI(G)pI Yg Yo’+ Y£CKV

6This follows from the fact that SO(n + 1)/SO(n) = S™, which implies that Vol(SO(n + 1)) =
Vol(SO(n))Vol(S™).
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Note that the factor
ZIT det'(=V{ —d)'/?

(1)
YU det(—V2, +2)1/2

3 (2

(3.39)

is the usual ratio of determinants. Next, the factors in the second bracket in (3.38) cancel
up to an infinite product

Dd+2 Dd+2

+117+ - 00 _ "m0 d+3 o __n0

G TCORCT (T

YUJF n=2 2 2 n=0 2 ’
(3.40)

where in the last line we have complete the product so that it runs through the spectrum
of the scalar Laplacian. The infinite product can then be absorbed into bare couplings.
Finally, the factors in the last bracket in (3.38) can be explicitly evaluated to be

- 1\ CKV _ o952
ZB_<d(d_1)> R A o (3.41)

Putting everything together, we conclude

Zp1 = ZG Zchar,

(d+1)(d+2)
Zo=id3_1 7 v | TGN
“ Vol(SO(d + 2)).’ Vol(S9-1)
R (- 1) det! (- V) — d)'/?

Zemar = (d(d + 2)) (3.42)

(2d)172 det(—V3, +2)1/2"

As a check, we note that except for the inclusion of the phase factor i~4=3, for d = 3 we
agree exactly with the 1-loop part of (5.43) in [10].7 In this case one finds [11]

;6 5 1 21 1 2e~7
longf:10g<22 (87TGN> ) +§—£4_37—2£2_£10g ‘I
= €
3

(27m)6 \ 4me? 3 et 3 € 45
571 V4 715 47 2
2 e (2) + B2 g2 — e c1) 4 20— 4
T og(L>+48 0g2 = ¢ (=1) + 3¢(=3) (3.43)

where the sphere radius £ has been restored. € is the UV regulator in heat kernel regular-
ization and L is a renormalization scale in the minimal subtraction scheme [11].

4 Massless higher spin

Now we are ready for the 1-loop path integrals for higher spin (HS) theories on S%*1,
One of the motivations of considering these theories lies in their relevance in holographic
proposals [20-23] in de Sitter space. Although the equations of motion for these theories

"Note that our expression agrees with the first line of (5.43) in [10], while the authors made an error in
evaluating the determinants, so their second line is incorrect, as already noted in [11].
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have been constructed [24-26], the full actions from which these are derived remain elusive.®

However, since the interactions are at least cubic, their 1-loop partition functions (around
the trivial saddle) decouple into a product of free partition functions.

7Lk _HZ””—O (4.1)

=0)

2
where Zl(jsl’m is the 1-loop path integral for a massless spin-s field to be described

below. The precise range over s in the product depends on the speQCiﬁc higher spin theory
we are interested in. In AdS, the determinant expressions for Zé,sl’m =) are obtained in [29]
and [30], which are subsequently used in 1-loop tests of HS/CFT dualities [31-34]. In the
(s,m?=0)

following, we perform a careful computation for Zp; on S1 whose early stage has
some overlap with [29]. In fact, the following can be viewed as a derivation for the AdS
case as well, except that the latter does not contain the subtleties of phases and group

volume that appear on S%1.9

4.1 Operator formalism

It is much simpler to carry out the entire computation in terms of generating functions,
which significantly simplifies tensor manipulations. Here we adopt the convention of [35]
but on S, In this formalism, the tensor structure of a totally symmetric spin-s field
Guy-ps 0 S4TLis encoded in a constant auxiliary (d + 1)-dimensional vector ut:

1
Cb(s) (z) = Ppir s () = ¢s(w,u) = a‘ﬁm---us (z)ut - ute. (4.2)

In the following we will suppress the position argument x, and interchangeably refer to
a rank-s tensor with ¢, or its generating function ¢s(u). Since the original covariant
derivative V, acts on both ¢, ..., and u*, we modify the covariant derivative as

V= Vitw,® (4.3)

w9
“Oub’

where u® = e, “u* with vielbein e, *(z) and wu“b is the spin connection. With this modifi-
cation the actions of covariant derivatives on u* offset each other, and we can work as if no
derivative is acting on u*. In the following we will only work in the contracted variables
ut = el u® and the associated derivative Oyn = euaaua. As a consequence of vielbein
postulate we have

V0] = 0= [V, O] (4.4)

In this formalism all tensor manipulations are translated to an operator calculus. For
instance, tensor contraction:

Bpuy - ALSXM He = sl (Ou)xs(u). (4.5)

8See also [27, 28] for arguments against the existence for consistent interacting HS theories.

9This is because the modes that cause these subtleties are non-normalizable in AdS and are excluded
from the beginning.
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In particular, the inner product (A.7) is represented as

(o) = ot [ 0u(u)xw). (4.6)
gd+1
List of operations:
divergence: V - Jy, sym. gradient: u -V, Laplacian: V2,
sym. metric: u?, trace: 92, spin: u - Oy. (4.7)

One of the biggest advantages of this formalism is that we can work algebraically with
these operators without explicitly referring to the tensor. For example, to define the de
Donder operator, we can either state explicitly its action on a spin-s field ¢y

. . 1
Doy = Dopyops = vx\ﬁbur"us—l/\ o §V(u1‘Jsuz---us-l)kA (4.8)
or simply in terms of its generating function
N 1
D(V,u,0,) =V -9y — =(u-V)(d?). (4.9)

2

In the following we will use these two kinds of notations interchangeably.
On S9!, the operators (4.7) satisfy the following operator algebra

[Vﬂ,v uy U,/auu
[V u-V (2u-a +d) — 2u*V - 9,
[V - 0y, V? (2u Oy +d)V - 0y — 2u - VO?

] = (4.10)
] (4.11)
] (4.12)
[V -0u,u-V]=V%>4+u-0,(u-0y+d—1)—u’d? (4.13)
] (4.14)
] (4.15)
u”] (4.16)

V- 0y,u%] =2u-V
[0%,u-V] =2V -0,
02, u?] = 2(d + 1+ 2u - dy,)

where we have denoted 92 = 9, - 9y, u? = u - u.

4.2 Fronsdal action on S%t+1

The 1-loop partition function for a free bosonic spin-s massless gauge field on S+ is

() _ 1 Sl
where the quadratic Fronsdal action [36] in the operator language is given by
Slbee] = = / 65(0u) (1~ 1u232)ﬁ (V, 1, 8) s (u) (4.18)
(s) 2gg gdr1 s\Uu 4 u s y Wy Uy )Ps .

with F,(V,u,d,) is the Fronsdal operator

Fo(V,u,0,) = =V2 + M2 — 4202 + u-VD(V,u,d,) (4.19)
D(V,1,80) = V - B — %(u V) (2), (4.20)

17 -



where
M2=5—(s—2)(s+d—2) (4.21)

and D is the de Donder operator. An s-dependent factor g2 is inserted as an overall factor.
Canonical normalization corresponds to setting g, = 1. We will choose a particular value
for g; when we discuss the issue of group volume. (4.18) is invariant under the gauge
transformations

(1) = 64(1) + Sz VA (w). (4.22)

In this off-shell formalism ¢4 (u) satisfies a double-tracelessness condition (trivial for s < 3)
(62)265(u) = 0, (4.23)
which implies that the gauge parameter A(,_;) must be traceless (imposed even for s = 3)
2As 1 (u) = 0. (4.24)

The division by the gauge group volume Vol(Gs) in (4.17) compensates for the overcounting
of gauge equivalent configurations connected by (4.22).

Change of variables

To proceed, we change field variables

1 1
TT 2
s(u) = @] Vs s— . 4.25
a(u) = 1) + o Va0 + et (425)
Here ¢g)r is the transverse traceless piece of ¢, for which

V-0, (1) = 0= 020" (u). (4.26)

Next, {(,—1) is the symmetric traceless spin-(s — 1) gauge parameters which are required

to be orthogonal to all spin-(s — 1) Killing tensors eéfl) (which generate trivial gauge

transformations) so that it is uniquely fixed:

Dps1(u) =0,  (Es1)€(si1)) =0 (4.27)

Finally, x(s_2) is the spin-(s — 2) piece which carries all the trace information of ¢(s)- The
double-tracelessness condition (4.23) implies that X(s—2) 1s traceless:

2 xs_a(u) = 0. (4.28)
Note that if egf% is a conformal Killing tensor (CKT) satisfying

2

Y 5 (V-0 (w) = 0, (4.29)

oV, 00)e (0) = - Ve () = o p

~ 18 —



then any new set of variables related by the transformation

Es—1(u) = &s—1(u) + Escng(u) (4.30)
U2
XS*Q('UJ) — X372('UJ) — m(v . au)GSCEiT(’U/) (431)

will result in the same ¢(4). To uniquely fix x(,_g), we thus impose

(X(s—?)a (v ) ECKT)(S—Q)) =0 (432)

for all the spin-(s — 1) CKTs egf?). The path integral measure then becomes
Dos = JiyDb(s) D'€(s—1)D'X(s—2) (4.33)

where the Jacobian J,) will be found below. The primes indicate that we exclude the
(s —1,m) (0 <m < s—1) modes excluded due to conditions (4.27) and (4.32).

4.3 Quadratic actions for ¢rg)r and x(s_2)
Action for S [¢?';r')F

The quadratic action for qﬁg)f is

s! 1
S[96)] = 242 /S i @5 Q) (VG + M () = 55(0) (ZVEy +MG(), (4:34)

which leads to the path integral

TT (2

250, - [ Dgy R Tt
S

= det(—=V}, + M2)~/? (4.35)
Action for S[x(;—2)] and the HS conformal factor problem
From (4.18) we have

s —2)! 1 .
5 [xon)] = ! Sgg) [ e 00 (22) (1 - 4u263) Fo(V, 1, 8)uPxs2()

=—(Sé;d2)+!(§3+_2§)g25) oo X-2(0)GDFAV w0 2(w)  (4:30)

where we have used (4.16) and the tracelessness of x(,_2) (4.28). Using the operator
algebras, one easily finds that

Fo(V,u, 0u)u’
=u2<—V2 _3(—1+d—|—s)+2) +u?(u-V)(V-0y) — (d+2s—5)(u-V)? +--- (4.37)

where and henceforth - - - denotes terms that will not contribute because of the tracelessness
condition (4.28): 92

u

Xs—2(u) = 0 or xs_2(0,)u? = 0. Then we have

(02)F5(V,u, 0y )u? = 4(d + 25 — 4)( V2 (s—1)(s+d—2) - 1)
—2(d+2s=7)(u-V)(V-0y)+---. (4.38)
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Defining the differential operator

d +2s5s—4 9 d+2s—-17
(4.39)
the quadratic action for x(,_g) is simply
d+2s—5 A
S[X(sfz)] = —T(X(sfz)y QX(sz))- (4.40)

To proceed, we expand x(s_2) (see appendix B for the properties of the induced symmetric
traceless spherical harmonics)

s—2 oo

X(s—2) Z AsomT™) o+ 305 A, (4.41)

m=0n=s

where the modes (n,m) = (s —1,m),0 < m < s — 2 are excluded because of the con-
dition (4.32). It is easy to verify that O is negative for the modes in the first sum and
positive in the second. This is the HS generalization of the conformal factor problem. To
make the integrals converge, we replace A, ., — 1Ay, for 0 <m < s5—-2,5s < n < oo,
leading to the change in the path integral measure

s—2 s—2 oo s—2 oo s—2 oo
dAs 2m dAn,m s—2,m dAn,m

Dd+2
H \/%gs n];[OnI_‘[s\/%gs <HH1 >H \/ﬂgs n]{—[OJi[smgS‘

m=0n=s
(4.42)

We complete the product so that it runs through the spectrum for the unconstrained spin-
(s — 2) Laplacian, i.e.

s—2 oo

H H ZDgt‘?L o /L N‘CKT NCKT+NKT H H Dd+2 (443)
m=0n=s m=0n=s—2
where NEKT = DdJr2 and NXT = DdJr2 are the number of spin-s CKTs and spin-s

KTs respectively. The local infinite product can then be absorbed into bare couplings. The
remaining phase factor is the HS generalization of the Polchinski’s phase. We can then
write the path integral over x(,_g) as

Z(S) _ NCKT NCKT+NKT (S)Z(s)
X x+ X~
Z(S) /D X 2)6 %‘?(X(S—Q)7QX(S—2))
X+ s
d+2§ 5
_ /D_X(S_Q) e 4g (X(s 2) QX(.S 2)) (444)

where the superscripts + denotes integrations over the positive (negative) modes of Q.
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4.4 Jacobian

Again, we find the Jacobian in (4.33) by the normalization condition
_ 1
/ Dgye 2P0 g (4.45)

We plug in (4.33) and (4.25) to find Ji,). Notice that gbg)r is orthogonal to gx(s—2) and
V§(s—1) with respect to the inner product (+,-); on the other hand, when &’s are orthogonal
to the spin-(s — 1) CKTs (denoted as £'), gx(s—2) and Vﬁés_l) are not orthogonal, and we
remove the off-diagonal terms by shifting

s(s—1)

m(v +O0u)€sq (w). (4.46)

Xs—a(u) = Xo—2(u) +
The Jacobian corresponding to this shift is trivial. We then have

1, . X
(Ds)> D() = (D) » D(s) )+ (X(s—2)» X{s—2)) T S €y Ks€son)) + (VfCKT VERRT),
(4.47)

where K, is the operator appearing in (4.29). It is useful to note that acting on any
symmetric traceless tensor €(,_1),

2K (V,u, 0y)es—1(u) = 0 = Ky (V, 0y, u)es_1(dy)u. (4.48)

The path integrals over gbg)F and X/( s—2) are trivial, and therefore Ji,) can be expressed as

J(;)l _ }ESS)X/%(CSI){T (4.49)

v§) = [ Dy mE e Bl (4.50)
v CKT V. CKT

ECKT _ /D§CKT »g( Sy VeGn) (4.51)

Expressing Yy in terms of functional determinants

To proceed, we use the operator algebra and (4.48) and simplify

1 .
SR iomry Katlon) = (Eomnys (= Vi = (6= Dis +d = 2)) )

d+2s—-5/, ,
Trae s (e VY E). (4.52)
We then perform the change of variables
TT
fES_l) = f/( 1) + KS 10(s-2), (4.53)

where ¢ aT_l) is the transverse traceless part of &’ (s—1)» O(s—2) Is & spin-(s — 2) symmetric
traceless field and the differential operator K_1(V,u, d,) is defined in (4.29). We require
0(s—2) to be orthogonal to the kernel of K,_1, i.e. the spin-(s — 2) CKTs. Also, f’g{l) and
0(s—2) are automatically orthogonal to the spin-(s — 1) CKTs.
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Plugging in these, we have two decoupled pieces

1

S

(Ro&ls 1y K&{s_1)) = SIE'(21)] + Slos—r))- (4.54)
Here the first term is the ghost action

SIE )] = (€ sty (= Viony +mioys + ME )LL) (4.55)
with M2 | as defined in (4.21) and we have defined
mi =(s—1—t)(d+s+t—3), (4.56)

which is exactly the mass for a partially massless field with spin-s and depth ¢t for 0 <t <
s — 1. The second term in (4.54) is the action of a spin-(s — 2) field

Slos-2)] = (Ke—10(s—2), PKs—10(5—2)) (4.57)
d+2s—5

. o o
P(V,u,00) = =Vigoyy = (s = D(s +d = 2) = oo

(u-V)(V-0y) (4.58)
To proceed, we commute P and K,_;. This requires the relation

Vi Ko 1(V,u,00) = Koot (V, 0,00,V gy = (d+25 —4u-V + - (4.59)
and the commutator

[(w-V)(V-0y), Ks_1(V,u,dy)]

e . . . _—— . . 2 .
=[(u-V)(V-0yu),u- V] sy 5[(u V)(V - 0u),u*V - 0y] (4.60)
which can be computed using
(- V)(V - 0u),u- V] = (u-V)(V2+ (s = 2)(s +d = 3)) + - (4.61)
[(u-V)(V-0,),u*V -0y =2(u- V)] (V-0,) +--- (4.62)
where and henceforth --- denotes terms that will not contribute to (4.57) because of the

tracelessness condition (4.48) of the operator K. 1. We have also used the fact that
U - Oy0s—2(u) = (s —2)os—2(u). To briefly summarize,
P(V,u,00) K1 (V, 1, 00)
= K, 1(V,u,0,)P(V,u,8,) — (d+2s—4)u-V

ST T, V2 _(5—9 _ —c (u- Oy cer
el V){( V- (5= 2)(s+d-3)) + (- )(V-0,)| +
(4.63)
Now, observe that because of (4.48), u -V can be replaced by the operator K, 4
w-V =K, 1(V,u,8,)+ - (4.64)
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up to trace terms that do not contribute to (4.57). Therefore we have
P(V,u,0,) K 1(V,u,0,) = Ke_1(V,u, 0)WV(V,u,0,) + -, (4.65)
with
W(V,u,8y) = P(V,u,d,) — (d+ 25 — 4)
+

d+28_5[(—VZ—(3—2)(s+d—3))+d

2
d+2s—3 7o o5 VIV O

(4.66)

Amazingly, one can show that this operator is exactly equal to O defined in (4.39), that is
W(V,u,d,) = Q(V,u,d,). So we have found

Slo(s—9)) = (Ks—10(s_2), Ky—190(5_9)) = (0(s_2), KI_1Ky—1Q0(5_3)). (4.67)
To conclude, we have

) Yy

(
Y} W (4.68)
— , V2 m2 M2 ! T
éTT = /,Dé./TT (s 1) ( (s— )+ s—1,sT )5( 1)) (4.69)
o KK Qo
YQ—/W’szﬂ“” Sete-) (4.70)
/ Dtoy_g e 8T Koe) (4.71)

Here the superscript + emphasizes the fact that we are integrating over modes orthogonal
to the spin-(s — 1) and spin-(s — 2) CKTs. In particular, this is the part of spectrum that
coincides with the “+” integral in (4.44). Here (W(ﬁi))_l is the Jacobian associated with
the change of variables (4.53).

4.5 Residual group volume

Recall that after the change of variables (4.25), the integration over the pure gauge modes
£ decoupled from the qb(E)T and x(,_2) path integrals, and we are left with a factor (we have
restored the label a for degenerate modes with same quantum number (s — 1,s — 1))

fDlg(s—l) 1 s 1 dasa)l s— 1
= , Vol(G
Vol(Gy) Vol(Gy) e 1 V2,

due to the integration over the spin-(s — 1) Killing tensor modes. This leads to a product

(4.72)

in the original path integral (4.1):

Vol(G)p; = [[ Vol(Gs). (4.73)

HS symmetries typically form infinite dimensional groups. Therefore there is an issue of
making sense of (4.73), which we are not going to attempt in this paper.
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HS invariant bilinear form. Instead, we are going to do a more modest task. As in
the warm-up examples, the volume Vol(G)p; is defined with a particular metric, namely

1

dsd; = —Y =

1
do? |, . (4.74)

Again we want to express this in terms of a canonical metric with respect to which we

define a canonical volume Vol(G) There are however complications compared to the

can’
massless spin-1 and spin-2 cases:

1. As opposed to the case for Yang-Mills or Einstein gravity, we do not know the full
nonlinear actions for Vasiliev theories that give rise to the interacting equations of
motion and the full nonlinear gauge transformations in the metric-like formalism.
This implies that we do not know the full local HS gauge algebra. Fortunately, the
global part of the algebra does not require this knowledge, but only the lowest order
ones, which only requires the information of the cubic couplings.

2. Another complication is that since HS symmetries mix different spins, the HS invari-
ant bilinear form depends on the relative normalizations of fields withe different spins
in the action. Once this is fixed, the bilinear form is uniquely determined up to an
overall normalization.

All of these have been worked out in the case of a negative cosmological constant [19]. To go
to the case of a positive cosmological constant is a simple matter of analytic continuation.
In appendix C, we translate the relevant results from [19] to the case of S?*1. The final
result is that upon choosing

g? =sl, (4.75)

the HS invariant bilinear form is determined to be

o 81G N _ _
(1]02) an = e T D (d+25 — 2)(d + 25 — 4) (i (5-1) |02, (5-1)) py (4.76)
Vol(S§4-1) <
where the overall normalization is again fixed by requiring the canonical spin-2 generators
to be unit-normalized with respect to (4.76). This implies that the group volume (4.73) is

related to the canonical volume as

N
Vol(Sd_l) 1 2
Vol(G)p; = Vol(G),., H ( &Gy (@12 D125 1) (4.77)
4.6 Final result
So far we have
. (s) (8)117(%) (s)
7= . II (Z‘m) (ZX+W”+ ) ( % ) (4.78)
Vol(G)py }/g(’i‘g’)r Ya(i) Yg(csy)w

— 24 —



where P = 3" (NSKT 4+ NORT - NKT) | In the infinite product, the first factor is the usual
ratio of determinants of physical and ghost operators

éST)T det/(_v%s—l) +m2 o+ M2_,)Y/?

T (4.79)
yé(T)T det(—V%s) + M2)1/2

In the second factor, Z;“ , WX Y run over the exact same spectrum and cancel almost
completely up to an infinite constant

+ + _ d+2s5—5 + =+
I W /DX TTas - (X(sm2)X{52))
(52

_ d+2s-5
I Dxs—2ye %=
—dt2s—5

I DX{(-2) Xy ™=

(X(s—2)X(s—2))

4.80
(X(sf2)7x(572)) ( )

where in the denominator X(()sf2) denotes the modes excluded due to (4.32). The infinite
constant in the numerator is a path integral over the entire spectrum of an unconstrained
spin-(s — 2) symmetric traceless field and therefore can be absorbed into bare couplings.
To proceed, we plug in explicit mode expansions

s—1
_ f(m)
X(()s—2) = Z As—1mT 23 (5
m= 0
Z As—2mTy"y (oo (4.81)

(C;K’f ZAS lm (s—1)°

which lead to

s s—2 s—1 D429
Z +W £ |: :| n,m/
X7 = (4.82)
Yg(fr) nHOnEIQ d+2s—5
d+2
( ) .ﬁ [ 2 :| 5722,777,
A (4.83)
xS Wd A2 = 5)m2,
B it
2
Vedir = H [d e 5} ' (4.84)

We therefore have

()117(8) (s) 9 a2 4o iis
2 Wor 2y Ds—2.m Do-iim
( - )( 0 ) [ (midyim) [T me =" (4.85)
0

= —— =3
Y(j_) gCKT m=0 m=

g

Together with the determinant factor, this can be further written as

(s) $)y17(9) (s
YE(TS")I‘ Yﬁ) YS({?E(T det’y [ = V7 = X251/
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Here the subscript —1 means that we extend the eigenvalue product from n = s ton = —1.
The primes denote omission of the zero modes from the determinants. In the numerator
we omitted the n = s — 1 mode while in the denominator we omitted the n = s — 2 mode.'”
To obtain this expression we used the relation

Ai—1,s + M2 = —m2, (4.87)
and the fact that Dgfit = —foﬁ s (implying Dgfi s = 0). This extension of the eigenvalue
product from n = s to n = —1 is exactly the prescription described in [11]. Putting

everything together, we finally obtain the expression

HS
ZPI = ZGZChar

P ,.ydimG (s)
Zg=1 " ——— ZChar = Z
G 2 VOI(G)Can’ Cha 1;[ Char
NET et | TV emy At 2
(s) (d+2s—2)(d+2s—4) 2 -1 M?
ZChar = 4 172 (488)
M / _V%S)_)\sfzs /
det_l ‘]\/[2

with

rG
_ CKT CKT KT ] N . . KT
P = E (NS + N5 — N2y, v = 701(5(171), dim G = ES N5 (4.89)

s

Note that we have restored the dimensionful parameter M. As noted in [11], the factor
(d+2s—2)(d+2s —4) gets nicely canceled after evaluating the character integrals for the
determinants.

5 Massive fields

Now let us turn to fields with generic masses. In this case we do not have a group volume
factor, and thus no coupling dependence. We will work with canonical normalizations.

5.1 Massive scalars and vectors

Massive scalars. The path integral for a scalar ¢ with mass m? > 0 is simply
— 2 1
ZE=0m) /qu e 7 Joar1 6RO _ Got(—v2 4 2) 112 (5.1)
Massive vectors. Massive vectors are described by the Proca action

STA] = Le g (4 5.2
[]_Sd+1Z“V +7# . ()

100riginally A,,s and Dgf were defined only for n > s, which are now extended to all n € Z.
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Similar to the massless case, to proceed we make a change of variables (2.14) with Jaco-
bian (2.24), so that the action becomes

S[A] = S[AT] + S[x]
SIAT = LT (VB £t AT), S = TG (<Th)0. (53)
For m? > 0 that corresponds to unitary de Sitter representations, the result is
ZE=hm) det(—= Vi +m? +d)~ 2 (m*)V? = det 1 (=V +m® +d)"2. (5.4)

The presence of the factor (m?)!/? originates from the fact that the (0,0) mode is excluded

from the integration over the longitudinal mode. In the last equality we again note that

1/2

the multiplication of the factor (m?)/? is equivalent to extending the product to n = —1.

5.2 Massive spin 2 and beyond
5.2.1 Massive s = 2

The action for a free massive spin-2 field on S9! is (see for example [37])

1
St=5 [, """ [(—V2+2)hw+2v(uvAhl,),\+ 9 (V2N =2V hor )+ (d—2) g by

+m2<hw_guuh>\)\) : (5.5)

If we put m = 0 we recover the action (3.2) (with g = 1) for linearized gravity. To proceed,
we again change the variables (3.5). It is convenient to further decompose ¢, into its
transverse and longitudinal parts: &, = 55 + V0, so that the full decomposition for A, is

1 L
T = RET + ﬁ(vugf +V,e0) + V2V, V,0 + \/Z“ﬁh. (5.6)

For this decomposition to be unique, we impose

€ fL) =0 , (hfi)=0 and (o, fo)=0. (5.7)

The first two constraints are equivalent to (3.6) and (3.7) while the last one ensures Vo #
0. With a slight modification of the steps in section 3.2, the Jacobian for the (5.6) is
obtained as

Dh = JDLITD'¢T Do DR

1
J=—
Ty +v CKV
Y£ Y, Y€
}/'gT — /leT 6_%(ET7(_V?1)_CO£T) (58)

Y= / Dt g e 21OV (= Vi —(d+1))0)

YOQ — /DOO. 6_(0-1(_V%0))(_v?0)_d)0') — /DOO. e-(d—‘rl)(O’,O’)‘
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Here Do (Do) involves integrations over only the positive (zero) modes for the operator
(—V2 ) — (d+1)). After substituting (5.6) the action decouples into

(0
S[h] = S[h™] + S[ET] + Slo, h). (5.9)
The quadratic actions for AT and ¢7 are simply
1 v
ST =5 . hiw (=Viy) +m? + 2)Ri, (5.10)
and
_m 2 T
S[E'] = 7(5 (=Viy —d)E) (5.11)
respectively. Since o and h are not orthogonal, they mix in the action
. (d—1)d - 9 m? . 2 202 7
h) =— ——=(h,(— d+1 —1)h) — | ——=d h
m? m?
+ 7(vc—, (—Vipy — d)Vo) - 7(v%o)a, Vo) (5.12)
To diagonalize S[o, h], we make a shift (with a trivial Jacobian)!!
!/ 1 T
0 =0— ———=h (5.13)
2(d+1)

for all scalar modes f,, with n > 2, so that S[o, h] = S[o’, h] = S[o’] + S[h], with

d(m? — (d — 1))
2(d+ 1)

Slo'] = —dm*(o’, =V{y0’) and S[h] = (h, (=Y = (d+ 1)),

(5.14)

Notice that S[o’] and S[h] vanishes identically when m? = 0 and m? = d — 1 respectively.
These are the cases when we have gauge symmetries. The massless case has already been
discussed in section 3. The case of m? = d — 1 will be considered in section 7.

Depending on the precise value of m? > —2(d + 2),!? some of the modes in (5.11)
and (5.14) might acquire an overall negative sign. We Wick rotate the negative modes,
absorbing local infinite constants into bare couplings. This will induce a phase factor.

Below we give a summary for different cases (n.m. stands for negative modes):

Range of m? nm. in S[¢7] | nom. in S[¢'] | n.m. in S[h] Phase

—2(d+2) <m? <0 fausn>1 None fn,m >2 i~PIT-DIR —
0<m?<d—1 None fn,m>1 fn,m>2 i_QDgT)Q_D%Z =44

m?>d—1 None fn,m>1 fo i"=1

"Because of the constraints (5.7), the (0,0) and (1,0) modes do not mix in (5.12).

12This is the range where the kinetic operator in (5.10) is positive definite. The case m? < —2(d+2) will
be considered when we discuss the shift-symmetric spin-2 fields in section 6.
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The last case (m? > d — 1) is precisely the case when the corresponding de Sitter represen-
tations are unitary.!> We will focus on this case from now on.
Putting everything together, we have

ZIN\ 1 ZhZ5N /70
Z(s=2,m2) _ ZTT( ¢ > ( o "h ) < tf’)Z~ 5.15
PI h }/éT Ya+ Yé] h ( )

Here ZET,ZgT,Z;E,,Zg,,ZgE are the path integrals with actions (5.10), (5.11) and (5.14).
The labels &+ and 0 denote the positive (negative) and zero modes for the scalar operator

—V%O) — (d+1). Every factor can be easily evaluated:
ZFT =det(—=Viy +m® +2)71/?

T
;ZfT = [ D e e
9

+ o+
2k :/D"’o'/ e—”;(ff'v”,)/lﬁﬁ o Ry (5.16)
Yo
Zgl 0 7 7¢ !0’
= D o e 2 (G 70)
-/

Observe that all factors but Z,TT can be combined in the following way:
2 (d— _.
ZIN (252N 20 N [ D=5 &8 [ D e~ L h)
yT ¥ okv )4y, = e 5 . (5.17)
Y§ Y5 Yg [ DO’ P e ) [ DOgT e~ 5 (€7.€T)

In the numerator, the path integrations are over local unconstrained fields and thus can
be absorbed into bare couplings. In the denominator D% denotes integration over the
modes f1,. The integrals in the denominator can be easily evaluated. To conclude, we

have
o2 Dit? pit?
257 = det(— V) 4 m? + M)V (m® —mde) T3 (m? —m3,) 3
= det_1(—Viy, +m* + M3)~"/? (5.18)

where we recall that m2, is defined in (4.56).

5.2.2 Massive arbitrary spin s > 1

In principle, one starts with the full manifestly local and covariant action [39], which
involves a tower of spin t < s Stueckelberg fields, and repeat the derivation above. However,
having worked out the cases for s = 1,2, the pattern is clear. For a free massive spin-s
field, its path integral is simply

(5.m2) SRR AN
757 = det_y — . (5.19)

*Principal series for m* > (£)® and complementary series for d — 1 < m® < (£)? [38].
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Note that we have restored the dimensionful parameter M. Recall that the scaling dimen-

sion A is related to the mass m?2 as

m?=(A+s—2)(d+s—2—-A) (5.20)
so that
d\? d\?
)\n,5+m2+M§:(n+A)(d+n—A):<n+2> —<A—2> . (5.21)

The requirement that A, s +m? + M2 is positive for all n > —1 is equivalent to the unitary
bounds on A [38]:

d
A= B +iv,v € R (Principal series) or 1 <A <d—1 (Complementary series)
(5.22)

Outside of this bound, a finite number of A, s+ m? + M? will become negative, which leads
to the presence of some power of i, as we have seen in the s = 2 case. Also, as we take
m? — mit, (5.19) becomes ill-defined, signaling a gauge symmetry. The case of t = s — 1
is the massless case discussed in section 4. We will comment on the general (s,t) case in
section 7.

6 Shift-symmetric fields

In (A)dS space, when massive fields attain certain mass values, they can have shift sym-
metries [40] that generalize the shift symmetry, galileon symmetry, and special galileon
symmetry of massless scalars in flat space. In AdS, these theories are unitary; in dS,
these theories do not fall into the classifications of dS UIRs [38].!1* In the following we
study their 1-loop (free) path integrals on S9!, which contain analogous subtleties as the
massless case, namely the phases and group volumes.

6.1 Shift-symmetric scalars

Let us start with a free scalar ¢ with generic mass m, with action

S0l =5 [, o=V +mo. (6.1)

When m? takes values of the negative the eigenvalues of the scalar Laplacian —V%O), i.e.
m? = —Npo = —k(k +d) =m 1+ Mg =mi a1 =—mip <0, k>0, (62)

(recall that m2, is defined in (4.56)), the action is invariant under a shift symmetry (of
level k in the terminology of [40])

06 = fr (6.3)

where fy is the (k,0) eigenmodes of —V%O) with eigenvalue Ag.

“However, there are arguments (see e.g. [40]) that they can be cured to become unitary.
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6.1.1 k = 0: massless scalars

The simplest example is k = 0, i.e. a massless scalar [41, 42]:
1
Sip) = = ~-Vv? 6.4
=3 [, 070 (6.4)

which is invariant under a constant shift ¢ — ¢ + ¢. The case with d = 3 is of particularly
interest because of its relevance in inflation. The path integral is simply

s=0.m2—= —-1/2
25700 = Vol(Gprdet’ (—V5y)) (6.5)

Here the prime denotes the omission of the constant (0,0) mode from the functional de-
terminant. The group volume factor is the integral over the constant mode

_ dAoy()
= \/ﬂ .

Unlike the case of massless gauge fields, the residual group volume is multiplying the

VO](G)pI (6.6)

determinant instead of being divided. As for massless gauge fields, Vol(G)pr depends on
the non-linear completion of the theory. There will be a problem of relating Vol(G)p; to
a canonical volume Vol(G)can and the determination of Vol(G)can itself. Also, we expect
there will be a dependence on coupling constants of the interacting theory.

An example for which we can make sense of these issues is that of a compact scalar.
They are scalars subject to the identification

$p~o+2rR, (6.7)

that is, they take values on a circle of radius R. In this case the integration range for the

(0,0) mode is restricted to the fundamental domain 0 < Ag o < 2w Ry/Vol(S9t1) and there-
fore

compact scalar —
Zggmenet sealar | for R2VOl(S4+1) det! (~ V) /2. (6.8)
Here the (inverse of) radius R plays the role of the coupling constant.

6.1.2 k > 1: tachyonic scalars

For any k > 1, the scalar is tachyonic. See for example [43] and [44] for the study of such
tachyonic scalars. The k = 1 and k = 2 cases are the dS analogs for the Galileon and
special Galileon theories in flat space [40] respectively. Note that the action is negative for
all (n,0) modes with n < k, and vanishes for the (k,0) modes. To make sense of the path
integral, we again perform Wick rotations for all (n,0) modes with n < k, so that

k—1

1 k—1
/D<k¢675<k[¢] — Z'Zn:o Dy /D<k¢es<k[¢] = Z’Zn:o Dy} H Ao — )\k,O‘il/Q; (6.9)
n=0

and interpret the integration over the (k,0) modes as a residual group volume

Dd+2

L0 A
a1 Vor

o

Vol(Gy)p1 =

(6.10)
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The modes with n > k can be integrated as usual. The final result is

(szO,mi+2 1) k-1

Zoy ) 30 DU Vol (G )pr det! | — V2 — Aol V2. (6.11)

Note that absolute value is taken in the determinant. The prime denotes the omission of
the (k,0) modes from the functional determinant. Same as the k = 0 case, the residual
group volume Vol(Gy)pr is multiplying the determinant instead of being divided. Again,
Vol(Gy)pr should depend on the interaction structure of the parent theory. There will be
a problem of relating Vol(Gy)pr to a canonical volume Vol(G)can and the determination
of Vol(Gg)can itself.

6.2 Shift-symmetric vectors

When the mass takes values
m® = —Apy11 —d=—(k+2)(k+d) =mj,30=—mi<-2d, k>0, (6.12)

the Proca action (5.2) is invariant under a level-k shift symmetry generated by the (k+1,1)

modes
0A, = frt1u- (6.13)
Following analogous steps as for the scalars, it is straightforward to work out the path
integral
:17 2 . k d+2 _
ZI(DSI mk+3’0) = ZZ”:*1 D”’l VOI(Gk_H,l)pI det'_l | - V%l) - >\k+1,1 (6.14)
where the prime denotes the omission of the (k + 1,1) modes and
DIl 4@
dA"
Vol(Ggr1) I1 ’“* L (6.15)
a=1

Note that in the phase factor we have used the fact that DdJﬁ = —Dg;g2 and DdJr2 0.

6.3 Shift-symmetric spin s > 2
6.3.1 Shift-symmetric spin 2 fields

The massive spin-2 action (5.5) with
m? = —Nejoo —2=mp 1 = —M3ps <2(d+2), k>0, (6.16)
is invariant under a level-k shift symmetry generated by the (k + 2,2) modes
0hyy = fri2,u- (6.17)

It is straightforward to work out the path integral

(s=2,m? ) k+1 - pd+2
Mpta :lz

Zpy n=1 P02 Vol (Gryoa)prdet’; | — Vip) — Apgoo ™/ (6.18)
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where the prime denotes the omission of the (k + 2,2) modes and

Dilsz g A,@Q .
Vol(Gi2.2)p1 = / I1 + (6.19)
a=1
Note that in the phase factor we have used the fact that Dd'g = —Di‘gz and Dgfgz =

~Dif?
6.3.2 Shift-symmetric arbitrary spins s > 0
Now the pattern is clear. When the mass for a spin-s field ¢, (s > 0) reaches the values
Niss — MI =M 201 = —ME gy, k20, (6.20)
there will be a level-k shift symmetry generated by the (k + s, s) modes
0B(s) = Sots,(s)- (6.21)

The path integral is

) _ st 92 <
Zpp o2l — jlun=—1 néVOI(Gk+SS)PIdet e VP (6.22)
where
d+2
k+ss
Vol(Glops.5)p1 = / H —dA,(;;ss (6.23)

Note that we have restored the dimensionful parameter M. Such a shift-symmetric field
can be thought of as the longitudinal mode decoupled from a massive spin-(k 4 s+ 1) field
as its mass approaches m% Sttt Note that for £ = 0, it can be thought of as the ghost part
of the spin-(s+ 1) massless path integral. We will see more connections of shift-symmetric
fields with general partially massless fields in the next section.

7 Partially massless fields

In (A)dS space, there exist “partial massless” (PM) representations [37, 39, 45-53]. Except
for the massless case, they are not unitary in AdS. In dSy41 with d > 4, they correspond
to the unitary exceptional series representations, while for d = 3 they correspond to the
discrete series representations [38]. A PM spin-s field of depth ¢ has a gauge symmetry'®

Ss) = Ve + -+ (7.1)

where --- stand for terms with fewer derivatives [53]. The massless case corresponds to
t = s — 1. In the following we first work out the case of spin-2 depth-0 field. Then we will
provide a general prescription for general PM fields.

15We adopt the convention that depth ¢ is equal to the spin of the gauge parameter.
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7.1 Spin-2 depth-0 field
The action for a spin-2 depth-0 field is (5.5) with mass

m?*=mj3y=d—1, (7.2)

in which case there is a gauge symmetry
Shu = Vi VX + guX. (7.3)
This can be seen by first substituting (5.13) into (5.6) so that the decomposition becomes

1 - -
b = Bt + == (bl + Volh) + V2VV,0" + ——— (VuVih 4 guh)  (7.4)

1
V2 Va+1

and noting that S[h] defined in (5.14) vanishes identically for m? = d — 1. Spin-2 field
with such a mass was first considered in [37]. This gauge invariance implies that there is
an integration

/ ' (7.5)

that must be canceled by a gauge group volume factor Vol(G) divided by hand. To be
consistent with locality, this gauge group factor must take the form of a path integral of a
local scalar field «

Vol(G) = / Da. (7.6)

Due to mismatch of modes excluded due to (5.7), we have a residual group volume

fD/il 1 Df,+02 dA(a)
= . Vol(Gyo)pr = / L0 7
VOl(g) VOI(Glyo)pI ( 1’0)PI ];[ ( )
The rest of the computation proceeds as before, and the final result is
go=emdy) it deth | = V) — @+ DI (78)
Pl ~ Vol(G1p) :

1/2
PL det’ | (~VZ, +d+1)
7.2 General PM fields

We now provide a prescription to obtain the path integral expression for a general spin-s
depth-t field. First, take the spin-s path integral (5.19) with generic mass and take the
limit m? — mg’t while omitting the (¢ — 1, s) modes:

(sm*—m?,) 32 pdi2 2 2 =1/2

Zoi" " o idme PR et | = V) =AY (7.9)
where we have used (4.87). The phases appear because the mode with n = —1,0,--- ¢t —2
becomes negative. Then we exchange s and t and flip ¢ — —i to obtain another expression

(t;m2—m?

s—2 d+2
Zpy W s e P det’ | — v%t) - Aiul’m' (7.10)
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We propose that the final result is simply given by the ratio between these two expressions,
divided by a group volume factor:

)\2 1/2
t—2 s—2 (t) s—1,t
(s,m?=m? ) izwmfl Dd+2+z m=—1 Dij—tz det ‘ M?
Iy 2= (7.11)
PI .
VO](GS—I,t)PI ’ (9)_)‘% 1,s 1/2
det—l T

where

pDi+2
s 1,t

VO] s— lt PI = / H dAS 1,t (7.12)

Note that we have restored the dimensionful parameter M. One can easily verify that (7.11)
reduces to the massless case when ¢t = s — 1 and the spin-2 depth-0 case when s = 2,t = 0.
The division by Zp (t miome)
shift-symmetric ﬁeld from the massive spin-s field as we take m? — mg’t. Note that the

can be thought of as the decoupling of the spin-t level-(s—1—t)

ratio of determinants (without the extension to n = —1 modes) in (7.11) and the relations
between PM and conformal higher spin partition functions were first discussed in [54] for
S* and [55] for S©.

As we stressed repeatedly, the determination of the group volume factor Vol(Gs_1+)p1
requires knowledge of the interactions of the parent theory. In the current case, a natural
class of parent theories would be the PM generalizations of higher spin theories [56], which
include a tower of PM gauge fields and a finite number of massive fields. These theories
gauge the PM algebras studied in [57] and are holographic duals to (0¥ CFTs [58]. Their
1-loop path integrals would take the form

)\2 1/2
— Z.p detL1 ‘ (t)]\42 s—1,¢
Z 7.13
L (e | S (719
* det. Tt

where

m=—1 m=—1

P = Z ( > DI+ Z D;fjf), Vol(G HVol —1.t)P (7.14)

There will be analogous problem of relating Vol(G)pr to a canonical volume Vol(G)can (and
making sense of the volume itself) as in the massless case, which will give us the dependence
on the Newton’s constant G. If we demand log Z};IM HS to be consistent with a universal
form as in the massless case [11], we should take

ol(§4-1 4 —2
Vol(G)py = VOl(G) oy ls_! <V817(rSGN ) (d+2s— ;\)I(d + 2t — 2)) (7.15)
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so that the factor (d+ 2s—2)(d+ 2t —2) gets nicely canceled upon evaluating the character
integrals for the determinants. To verify this, one has to repeat the analysis of [19] and
appendix C and express the PM HS invariant bilinear form in terms of the bilinear form
induced by the path integral measure. Provided that (7.15) is valid, we note that except the
phase and Vol(G) ..,
and t. We leave the validation of (7.11), (7.15) and the implication of the suggestive s <> ¢

the expression (7.13) becomes the inverse of itself upon exchanging s

symmetry for future work.

8 Discussion and outlooks

In this work, we derive the determinant expressions of the 1-loop path integrals for massive,
shift-symmetric and (partially) massless symmetric tensor fields on S4+!.

At the technical level, we have clarified subtleties arising from normalizable zero modes
or negative modes on the sphere, and have made broad generalizations of all known results.
One natural generalization of this work is to study path integrals involving fermionic mas-
sive, shift-symmetric and (partially) massless gauge fields. For instance, the free actions for
massless fermionic fields are presented in [59]. Since fermionic fields are Grassman-valued,
no Wick rotation is needed to make the path integral convergent. However, there is still
a group volume factor corresponding to trivial fermionic gauge transformations, whose
physical interpretations are more obscure than their bosonic counterparts, because the
Grassman integrals are formally zero. Perhaps we need to combine bosonic and fermionic
higher spin fields into a supersymmetric HS theory [60] so that we can make sense of the
super-higher-spin group volume.

At the conceptual level, our results and their implications on de Sitter thermodynamics
were discussed extensively in [11]. However, the interpretations of a number of features
of 1-loop sphere partition functions require further investigations: first is the Polchinski’s
phase. While we generalize the original massless spin-2 result to other classes of fields,
their physical interpretations remain elusive. One is tempted to say perhaps these phases
indicate non-unitarity. While this seems to be natural for massive fields with masses outside
the unitary bounds (including shift-symmetric fields), the phases are present for PM fields
which are perfectly unitary irreducible representations. Without other physical inputs,
it is not clear whether we should ignore or retain these phases. However, we stress that
these phases deserve our attentions. One reason is that perhaps a better understanding
of these phases will lead us to the correct statistical interpretation of the Euclidean path
integral.'® Another reason is that S¢*! is only one of the many saddle points of the
Euclidean gravitational path integral with a positive cosmological constant. If one considers
other saddle points such as S% x S9! since they have different amount of symmetries,
after Wick rotating the conformal modes there will be relative phases between different
saddle points.

The second remaining mystery is the residual group volume factor present for PM
gauge fields and shift-symmetric fields. Such a factor is present for a manifestly local path

16For example, one might guess that these #’s are precisely the i’s present in the inverse Laplace transform
to extract microcanonical entropies from the partition function.
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integral and depends on the non-linear completion of the theory. Higher spin groups are
typically infinite-dimensional and there is an issue of making sense of the group volume.
The group volume may be more well-defined in theories gauging finite dimensional higher
spin algebras studied in [57].

The context in which both subtleties of phases and group volume are sharpest is in
d+1 = 3 dimension [11]. In this case one can check that for any PM fields, the determinants
for the on-shell kinetic operator and the ghost operator cancel completely, so that the group
volume and phases are the only non-trivial contributions to the 1-loop path integral. Also,
on S3 there is an alternative formulation of massless HS gravity as a SU(N) x SU(N)
Chern-Simons theory. As noted in [11], one finds that their 1-loop results agree only if
we identify the residual group volume with the SU(N) x SU(N) HS group volume, further
supporting the claim that this factor depends on the interactions of the full theory. Also,
the phases will match exactly for odd framing.

Finally, as mentioned at the end of the introduction, it would be interesting to apply
our results to other contexts such as such as string theory, Chern-Simons theory, supersym-
metry, AdS/CFT correspondence, conformal field theory, as well as entanglement entropy
in quantum field theories. We leave these to future work.
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A Conventions and definitions

Symmetrization. We symmetrize a rank-s tensor ¢,,...,, by summing all the permuta-
tions followed by a division by s!. That is

1
¢(u1-~-us) = ol Z ¢.u'a(l)"'p‘a(s) (A'l)

' o:perm

Shorthand notations. Throughout this paper we denote

_ d+1
/S = /S A (A.2)

When dealing with a rank-s totally symmetric tensor, we sometimes use the notations:

As) = Apyoos (A.3)
gkv(n—%)A(S) = G(uipn " Grionion Viizess " V#nAun+1--~us+n) (A.4)
VA =V Ay (A.5)
TrAq) = 9 Arppr-s (A.6)
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For two spin-s fields ¢, and ¢Es)’ we define the inner product

(¢(S)’¢ES)) = /Sd-u wulmusw,&l"'#s' (A-7)

Path integral measure. Path integrals for a spin-s bosonic field ¢ take the form
[ Doge P (A8)

where Q is a Laplace type operator. The measure D¢y, is defined as follows. Suppose ¢y
has mass dimension @ and an expansion in terms of orthonormal modes f,, ), i.e.

¢(s) = Z an,sfn,(s)7 (fn,(s)v fm,(s)) = Onm- (Ag)
We define the path integration measure for ¢ to be
MP
=TT -—=—da,... A.10
1;[ V2Tg fin, ( )

Here are some comments:

e M is a parameter with mass dimension 1, and the power p is determined by dimension
analysis so that the partition function remains dimensionless. In most of this paper
we will set M = 1 and restore it by dimension analysis when necessary.

e The factors of v/27g are inserted such that the path integration results in a determi-
nant without any extra factor other than the dimensionful parameter M:

/que_sw = det(f%)_lﬁ. (A.11)

e The multiplication of the factor \/2—g only affects UV divergent terms of the resulting
free energy and thus can be absorbed into the bare couplings of the local curvature
densities. This can be seen as follows. In heat kernel regularization, the path integral

is expressed as an integral transform
dr _é&
log Zpr = / e FTre Pr (A.12)
0o 27
of the trace heat kernel for an unconstrained dlﬂ'erentlal operator D. Here for con-
creteness we have chosen a spemﬁc Uv regulator e 47. The result takes the form
1 d+1—Fk\ /2)\41=F
log Zp1 = 5(’( ) + g4 log —|— Z oI’ ( ) () . (A13)

€

Here ((z) is the spectral zeta function for the operator D. The heat kernel coefficients
«; are given by integrals of local curvature densities (see for example [61] for explicit
formulas). The term «agy1 is present only for odd d. Now, the multiplication by a
local infinite constant is equivalent to rescaling the differential operator by a constant,

dr _& L (=V240) oo 2
log ZPI — log ZI/)I f— / le 4r T]:‘e g g / —e 4gT Tre (_v2+a,)7
0 0

2T
(A.14)

which alters only the divergent terms as € — 0.
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o With these conventions we also see that the field ¢ satisfies the normalization condi-
tion

/ng e 22 _ . (A.15)

o We can think of the measure (A.10) as putting the following metric on the field space

2p
9 M

d ——447/‘ @¢V——Nﬂp§:d2 (A.16)
5 2mg? Jgd+1 - 2ng? - n )

Commutator. In our convention the commutator of two covariant derivatives acts on a
totally symmetric rank-s tensor as

S
; I u9pv — g
[V#,Vykbpl Ps — ZRpJ)\’uV¢P1 Pj ,os7 R)\pw/ _ JAuIpv s v pu7 (A.l?)
j=1

where p; means that p; is excluded. £ is the radius of the sphere and will be set to 1 for
most of this paper.

B Symmetric transverse traceless Laplacians and symmetric tensor
spherical harmonics on S9!

Here we collect some useful facts from [62] and [63] about spin-s symmetric transverse
traceless (STT) Laplacians and symmetric tensor spherical harmonics (STSH) on S9+!,
Definition, eigenvalues and degeneracies
STSHS [ (s) = fn,ui--us are labeled by their spin s and angular momentum number n > s.
These are the STT eigenfunctions of the STT Laplacian —V%S) on §4+1

Vi ais) = Mshos)y Vo fuis =0, Trfo =0 (B.1)

with eigenvalues and degeneracies

As=n(n+d)—s, n>s (B.2)

Dgﬁf — (n—s+1)(n+s —lc—l‘c(in——:)l(ﬁn +d)(n+d—2)! (B.3)
2s+d—2)(s+d—3)!

o=t (djgm L (B4)

These furnish SO(d + 2) irreducible representations corresponding to two-row Young di-
agrams with n boxes in the first row and s boxes in the second row. We sometimes call
them (n,s) modes in the paper. We normalize them with respect to (A.7), i.e.

(fn,(s)7fm,(s)) = dnm (B5)

When we use a double labeling such as f,, ) for the spin-s STSHs or A, s for its eigenvalues,
the n automatically labels the spectrum of —V%s). Also, when we write ), or [],,, there
is an implied sum or product over degenerate spin-s STSHs with the same label n.
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Killing tensors. A spin-s Killing tensor (KT) €(s) 1s a totally symmetric traceless tensor
satisfying the Killing equation

Vi €ug-pisr) = 0- (B.6)

Taking the trace of this equation shows that they are divergenceless, while taking the di-
vergence we recover (B.1) with n = s and thus they are in fact spanned by the (s, s) modes.

Induced spin-s symmetric traceless spherical harmonics

Given a STSH f, (5), one can construct the m-th induced symmetric traceless tensors

)
TS(H_W) =V Vi frpimerpmss) — trace terms, (B.7)

where the subtraction of trace terms is such that the expression is traceless. From its
definition, it is clear that T( = fn,(s)- There are two important facts to note:

1. Tr(LTS)) satisfy an orthogonality condition under the inner product (A.7).

9. 7™

. (5) vanishes identically for s > n.

The more familiar lower spin examples include the orthonormal modes for the longitudinal
part of a vector field

7% = Vo

or the orthonormal modes for the symmetric traceless part of a spin-2 tensor constructed
from scalar spherical harmonics

T =V, V., fn+

n,uv

We might use the notation (n,s) to refer to a spin-(s + m) symmetric traceless spherical

harmonics T( s)

n(s4m) induced from the STSH f,, ;) when the context is clear.

Mode expansions for symmetric traceless tensors. In general, a spin-s symmetric
traceless (not necessarily transverse) field V(s) on S9! has the mode expansion

Z Z An, mT(’” (B.8)

m=0n=s

)

/\
v

where T, ( ) is the normalized version of Tén(ls), ie.
(m)
T
Am) _ _Tn(s)
= — (B.9)
7( ) m
ST
where the norm ||-,-|| = \/(,-) is defined with respect to (A.7).
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Useful identities. In this work we make use of the following identities for Tfln(ls))

—v21) =l ) (B.10)
& Té@) = bg%)TnTs)—n (B.11)
where
al™ = Ny — (s —m)(s + m+d—1) (B.12)
o) = - m)(dzs 2 e A, (B.13)

Norms. For our purpose, we do not need to know the norm of Ty(;@) (with respect

to (A.7)), but we need the relative normalizations between TT(ZW{S)), TTETFS)_I) and V - TS?S)),

which can be easily computed:

(V- T, V- T = G ()

n(s) ¥ ngs) )" s=1) S (s—1) o)) (B.14)

Conformal Killing tensors. A spin-s conformal Killing tensor (CKT) ¢y is a totally
symmetric traceless tensor satisfying the conformal Killing equation

S

A
V(HIGHQ..,HSJA) - mg(/““Qv Cuz-pspi) N — 0. (B15)
The solution space to this equation is spanned by 7T’ S(T(Z)) with m =0,1,--- ,s. Notice that

the modes T(S)) = fs,(s) correspond to spin-s KTs.

s,(s
C Higher spin invariant bilinear form

In this appendix, we relate the HS invariant bilinear form in [19] to the one induced by our
path integral measure.

C.1 The Noether approach

Suppose we have a quadratic action S of a collection of fields ¢ that is invariant under

the linear gauge symmetries 5éo)cp, which we want to deform into an interacting action

S = S(Q) + 5(3) + 5(4) + .. (Cl)
invariant under the non-linear gauge symmetries
dep = 5§0)¢+5§1)¢+5§2)¢+~' : (C.2)

Here the superscript (n) denotes the power in fields (or coupling constants). Requiring full
gauge invariance, i.e.

5eS =0, (C.3)
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we have a system of equations relating deformations and the gauge transformations at
particular orders:

55 =0
55 4505 =0
55 4505 4 5P =0 (C.4)

This can be solved as follows:

1. We solve the second equation on the solutions of the first equation S = 0 to infer
the cubic interaction S®).

2. From this we can infer 5§1) by solving the second equation again without imposing

the first equation 653 = 0.

3. Proceed in a similar fashion for all higher order S("=3) and the field-dependent part
of the gauge transformations (52”21). That is, we solve for S using by the (n — 1)-
th constraint with the (n — 1)-th order equation of motion imposed, and then for

(n—1)

the deformation 55 by solving the same equation without imposing equations

of motion.

Local gauge algebra. The full non-linear gauge transformations (C.2) are required to
form an (open) algebra

(551 (5&2 — (552(551 = (5[[51752” + (on—shell trivial) (05)

where (as illustrated in the Yang Mills and Einstein gravity case) the precise form of the
bracket [[-,-]] depends on how gauge transformations act on ¢. In particular, it can be field
dependent and can be expanded as

=16 DO + [N + [P+ (C.6)
The full algebra (C.5) can then be perturbatively expanded in powers of fields.

Global symmetry algebra. We are interested in the global symmetry algebra, the
subalgebra of the full local gauge algebra satisfying

50 = 0. (C.7)
To determine this, it suffices to consider the lowest order:

(1) 5(0) (1) 5(0) _ 5(0)
651 552 - 5{2 551 - 5[[51,52]](0)‘ (C.8)

To summarize, the idea is that once the cubic interaction S®) is determined, we can deduce

(1)
3

the deformation of the gauge symmetry ;¢ and the gauge algebra [[¢1, &]](©):

5O — oMy — [l&, 6], (C.9)

— 492 —



which then completely fixes the global symmetry algebra and the invariant bilinear form
on the algebra (up to an overall normalization). In section 2 and 3 we see how it works
for Yang-Mills and Einstein theories. Following a similar line of reasoning, the global HS
algebra and the HS invariant form has been determined in [19] for massless higher spin
gauge theories. To correctly apply their results in our setting, we are going to make suitable
identifications carefully.

Embedding space formalism

The relevant results in [19] are expressed in the embedding space formalism. The starting
point is to realize S as a (d + 1)-dimensional hypersurface embedded in an ambient
Euclidean space R%t2:

X2 = (X" (X222 =2, (C.10)

with lga+1 being the radius of the sphere. Symmetric spin-s fields ¢y,;...,, (z) intrinsic to
this submanifold are described by an ambient avatar ®p,..r,(X) subject to homogeneity
and tangentiality constraints

(X-0x —U-0y+2+p)®X,U)=0, X -9y®(X,U)=0, (C.11)

where we have packaged all the ®(,)(X) into a generating function
5! I I,
O(X,U) = Z AT (xX)\)uh...u (C.12)

with an ambient auxiliary vector U4. The homogeneity degree p in (C.11) is related to
the mass of the field. The massless case of interest corresponds to p = 0, in which case we
have a gauge symmetry

SpdU) = U - 0xE(X,U) + O(d) (C.13)

where the field-dependent part is to be determined by the cubic couplings. The gauge
parameter17

EX,U)=)_ \fEh...IS_I(X)Uh Ul (C.14)

S

satisfies the homogeneity and tangentiality conditions to be consistent with (C.11):

(X -0x—-U-0y)EF=0, X -0yE=0. (C.15)
In this framework, the quadratic action invariant under the linear gauge symmetries (C.13)
is given by
1
s _- s (U0 D(U,)| (C.16)
2 Sd+1 U;=0

'"There is an extra factor of % compared to [19], so that we can identify Fr,..r, ,(X) = Ar...r,_, (X),

with Ar,...r,_, (X) being the embedding space representative of Ay, ..., ().
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where the notation — means equivalence up to trace and divergence terms. and we are
going to construct the cubic vertices following the program described in appendix C.1.
Note that this normalization is equivalent to choosing

g? = s! (C.17)
in (4.18).

Killing tensors and global HS algebra

Killing tensors. Global HS symmetries are generated by traceless gauge parameters
satisfying the Killing equation

U-0xE(X,U)=0, O0}E(X,U)=0. (C.18)

Together with the homogeneity and tangentiality conditions (C.15) on the gauge parameter,
one can also conclude that the Killing tensors satisfy

oy -OxE(X,U)=0, 0%E(X,U)=0. (C.19)
It is straightforward to write down the general solution to these equations:

_ 1 _
EX,U)=Y ——EUt)(Xx,U
(X,U) Z N (X,U)
1 - 1 -
gng}i(X)Uh Ul = WEMM..JTJTXUIU“ Xyt (0.20)

The HS generators are the duals of the parameters Ey, j, ... .., which due to the complete

EUtD(X,U) =

tracelessness of the latter are defined as equivalence classes
Tlndide — xlhghl o xleg ] (C.21)

modulo trace terms X2, X - U, U? denoted by --- in the equation.

Global HS algebra. Following the framework described in section C.1, one can deter-
mine the full global HS algebra. What is most relevant to us is the bracket for the spin-2
generators (i.e. Killing vectors), which generate the isometry subalgebra so(d + 2):'®

([E®@, B'®)] = —\%(E%E{, — E"orE U, (C.22)

where ¢ is the coupling constant of the theory, which can be identified with the Newton’s
constant through

g% = 32nGy. (C.23)

To obtain (C.22), one can recall the footnote around (3.30), and note that there is an extra
factor of % because of the non-canonical normalization due to the identification (C.17).

'8We omit the superscript (0) because it is the complete bracket for the global so(d + 2) algebra.
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Canonical generators are those satisfying the standard so(d + 2) commutation relation
under the bracket (C.22):

(M, M)l =nsxMrn —nipMix + Mk — nik Myr. (C.24)

One such basis is Mj; = —g(X[UJ — X;Ur) with I,J = 1,--- ,d 4 2, with which we
will fix the overall normalization of the canonical metric. In general, the higher spin
commutators mix Killing tensors with different spins. For example, a commutator of two
spin-3 generators is a linear combination of a spin-2 and a spin-4 generator

E'®) ~E® 4+ EW, (C.25)

Fortunately, upon the identifications (C.17), the HS invariant bilinear form obtained in [19]
is uniquely related to our path integral metric (up to an overall normalization), and there-
fore the knowledge of the brackets for all higher spin generators is not needed.

HS invariant bilinear form

The HS bilinear form takes the general form'®

. bs (90, - Du,)*~ (Bx, -
(Br| By = 3 2P0 00 O O™ v 1 (3, )

3 S (S — 1)' (S - 1) XZZU»L:O
_ Z ' ME@ (X1)ES) (X) (C.26)
sl (s—1)! X;=0

where the constant b, is fixed by requiring the cyclic property
(Br|[[B2, Bs]]) = (El[[E3, Brl]) = (Es|[[Ey, Eal)) . (C.27)

For AdS,, 1 it was determined to be [19]%°

AdS, _ AdS,
b?deH _ by d+1( 62 )5 QF(%) _ by d+1( EAdS) (C.28)
25— 2F( +s5—2) dd+2)---(d+2s — )(d+25—6)
where b;dsd“ is an overall s-independent normalization constant and we have restored the

AdS length faq5. Wick rotating this to S¥! mounts to replacing £aqs = i/ ga+1 and thus

b5d+1 _ b dH(ESdH) (g) B bSd+1 (£5d+l)s—2

2 20(d +s—2) dd+2)---(d+25—8)(d+2s—6) (C.29)

From now on we set {ga+1 = 1.

9The factor of % came from (C.14).
20 As noted in [11], we have corrected what we believe to be a typo in [19].
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Relation to path integral metric. In the current notations, the bilinear form for a
particular spin induced by the path integral measure is simply

_ _ s—1)! _ =
<E§S)|E§S)>PI = (27rg2) gd+1 E£S) (X, 8U)EéS) (X> U)- (0'30)

The HS invariant form (C.26) is a linear combination of these
(E1|Es) =3 By (B |ES )by (C.31)

We want to determine the s-dependence of the coefficient Bs;. To that end we note that

the contraction in (C.26) can be written as?!

(0x, - 0x,)" " (s — (s Jware =X 2E (X, 00) S (X, U)
(18 — 12)! EE )(Xl)Eg )(XQ) _ JR4+2 1 X7 2 )

Computing the integral on the right hand side in the radial coordinates, we have

C.32
X;=0 Jrarz €™ ( )

(S (S = d (S (S
Lo RO EP (. v) =24 (Ss) [ B a0 B (x.0)
Rd+2 2 Gd+1
(C.33)
Now, with the identification (C.17), comparing (C.26) with (C.31), we conclude
Bs o (d+2s —2)(d+2s — 4) (C.34)
up to a s-independent overall normalization constant.

Canonical isometry generators. What we have so far is the HS invariant bilinear form
up to an overall normalization factor

(E1|Es) e = C S (d + 25 — 2)(d + 25 — 4) (B ES ) (C.35)
S
We fix C by requiring the canonical isometry generators Mj; = —g(X Uy — X, Ur) to be
unit-normalized. Evaluating
4C _
1= (M2 Mi2),, = 2Cd(d + 2) (Mi2|Mig)p; = ?Vol(Sd Y, (C.36)
we fix
87G N
= N C.37
Vol(S4-1) ( )
upon the identification (C.23). To conclude, we have found
_ 87G N _ (), =
(Br| B2 can = Trroary 2 (4 +25 = 2)(d + 25 — 4) (B[ B )y (C.38)
Vol(S§4-1) <
which leads to the relation (4.77).
21To see this, note that
d+2
—x2/ - (271') 2
/]R(Hz X X Xy X = m(%h 01, 1 Ta +perm>-
Here “perm” includes all permutations among {I1, J1, I2, J2, -+ , Is_1, Js—1}. In particular, it includes terms
like 61,1, - - -, which do not contribute in the inner product (C.32) since E1 and E» are traceless. Therefore,

among the (2s — 2)! permutations, only 2°7*((s — 1)!)? of them gives non-zero contributions in (C.32).
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