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Abstract

We study the photon bulk-to-bulk propagator in AdS in various gauges, including axial, Coulomb,
and the standard covariant gauge. We compute the propagator using both momentum and position
space techniques. We ensure the propagators obtained obey the right subsidiary conditions arising
from gauge invariance. In particular, BRST invariance implies a relation between the longitudinal
components of the gauge field propagator and the ghost bulk-to-bulk propagator. Our method
relies on decomposing the components of the propagator in terms of independent tensor structures
and solving for the form factors. We recover some previously existing results and obtain new
expressions for the propagator in other gauges. The propagator in axial and Coulomb gauge is
simpler in momentum space, as momentum space makes manisfest the translational invariance in
the boundary directions, while the position space expression is the simplest in the covariant Fried-
Yennie gauge. In this gauge the propagator has an improved IR behavior, somewhat analogous
to the UV improved behavior associated with the Landau gauge in flat space. The results readily
extend to Yang-Mills fields.
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1 Introduction

An essential component of perturbation theory is the propagator of the field. It is formally defined
as the inverse of the differential operator appearing in the kinetic term of the Lagrangian. In the
presence of gauge invariance the kinetic operator has zero eigenmodes and to obtain the propagator
we need to fix the gauge and introduce corresponding ghost fields. The general procedure is well
understood for any gauge choice and the gauged-fixed action can be obtained by BRST quantization,
in flat and in curved spacetimes. However, apart from the case of flat space, explicit expressions for
propagators are rare. In this paper we discuss the case of gauge fields in (Euclidean) Anti-de Sitter
spacetime.

One motivation for this computation comes from the AdS/CFT correspondence [1–3]. Tree-
level diagrams were computed already in the foundational papers and the early AdS/CFT literature
(see [4] for a review). More recently, loop-level computations of Witten diagrams have also been
carried out [5–30] but there are only very few works involving gauge field loops [19, 26–28]. Another
motivation for studying gauge fields in AdS is that AdS may be considered as an IR regulator for the
flat space theory [31].

There are many different gauge choices, though in particular two of them are usually considered in
AdS. The axial gauge consists of adding a gauge fixing term of the form 1

2ξ

(
nµAµ

)2
to the Lagrangian,

where nµ = (z, 0⃗) in Poincare coordinates such that nµn
µ = 1. Taking ξ → 0 corresponds to fixing

A0 = 0. This choice of gauge has the advantage of being very simple to work with, especially in
the context of the AdS/CFT correspondence, as the relation between bulk fields and CFT sources is
particularly transparent in this gauge. It also leads to (relatively) simple expressions for the propagator
in momentum space. Another advantage is that the corresponding ghosts are not propagating. On
the other hand, in flat space the propagator contains unphysical IR poles [32] and this makes the
computation of loop diagrams tricky. However, AdS regulates such poles [33] and it could provide a
suitable framework for flat space higher-loop computations in axial gauge. Another disadvantage of
this gauge is that it is not covariant. The axial gauge has often been used when computing correlators
in momentum space, see for example [19,33,34].

Another choice of gauge is the standard covariant gauge [35] which consists of adding a gauge fixing

term of the form 1
2ξ

(
∇µAµ

)2
. This is the AdS-covariant version of the most standard gauge choice

used in flat space (the Rξ gauge). The advantage of this gauge is that it preserves AdS covariance.
This is the gauge that is used most often in position space calculations. On the other hand, for generic
values of ξ the expressions for the propagator in AdS are rather complicated. This gauge choice has
been discussed recently in [28].

A third, not as common, gauge choice is the Coulomb (or ‘boundary-transverse’) gauge in Poincare
coordinates for which the gauge fixing term is 1

2ξ

(
gij∂jAi

)
, where the sum excludes the radial coor-

dinate. This is one of the gauges where electrodynamics in flat space was originally quantized [36],
and has the advantage that only photons with helicities ±1 are introduced, see [37] for a textbook
treatment. This is not a covariant gauge, but, similarly to the axial gauge, leads to a rather simple
expression for the propagator in momentum space as it exploits the translational invariance of the
AdS metric along the boundary directions in these coordinates.

There is a long history regarding the gauge field propagator in (A)dS and various issues with it
dating back to the 80’s. In a seminal work from 1986, Allen and Jacobson [35] computed the vector
propagator in position space in the covariant, Feynman gauge (ξ = 1) in both dS and AdS. They
started with a covariant Ansatz for the propagator and used it to solve the Green’s function equation
that the propagator must satisfy. They solved this equation at separated points and then in order to
fix the undetermined coefficients they matched the short-distance behaviour of their answer with the
short-distance behaviour of the gauge field propagator in flat space.

In the years since, there has still been a lot of discussion about the photon propagator in the
covariant gauge in dS, both generalizing the early results as well as discussing various problems (and
their potential resolutions), see [38–49] for a sample of such papers. Many of these papers address IR
issues associated with the dS photon propagator, which are not directly relevant for our discussion.
What is relevant for us is the constraints imposed due to BRST invariance discussed in [44,47]: BRST
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invariance implies a Ward identity that connects the gauge field and ghost propagators. This provides
a new check for propagators, but more importantly for us, it also yields a more tractable equation
that may be used when solving for the propagators.

In AdS there has been, comparatively, much less discussion of the photon propagator. There are
a number of treatments in the literature. The first is the computation by Allen and Jacobson [35]
mentioned above for the photon propagator in the covariant, Feynman gauge (ξ = 1), which led to
rather complicated expressions for the propagator. This was followed up by Liu and Tseytlin [50]
who set out to compute the propagator in axial gauge1. They did an on-shell computation (they used
current conservation, which is valid only on-shell), and as we will see in section 3.4, the propagator they
computed is actually the Coulomb gauge propagator, i.e. it is the propagator that results from the
gauge condition gij∂jAi = 0, where the sum excludes the radial coordinate. There is no contradiction
here, as on-shell one may impose both the axial and Coulomb gauge fixing conditions at the same
time, see [33] and the discussion in section 3.5. Moreover, for the purpose of computing holographic
correlators at tree-level, which only needs the on-shell action, their analysis is sufficient. However, the
ghost action for the axial and Coulomb gauges is different (as we discuss later). Thus, the propagator
in [50] would need to be accompanied by the Coulomb gauge ghost action to obtain correct results at
loop-level.

Following up on this, D’Hoker and Freedman [51,52] computed the transverse part of the photon
propagator in the covariant, Feynman gauge (ξ = 1) using different variables than in [35]. In their
variables this part turned out to be a rather simple expression, related to the propagator of a massive
scalar, as in [50]. The missing, longitudinal part of the propagator, does not contribute at tree-
level and hence they could use their expression for such computations. For loop computations the
longitudinal piece would be needed. A different approach was pursued by Raju [34], who gave an
integral representation of the propagator in momentum space for the axial gauge. He also compared
his result with the Liu and Tseytlin propagator and found that the two forms are equivalent. However,
in his comparison he used current conservation which is valid on-shell. The two propagators are not
equivalent off-shell, i.e. at loop order they come with different corresponding propagators for the ghost
fields. A new computation of the propagator in momentum space for the axial gauge was presented
in [33]. The equivalence between explicit expressions (as in [33]) and integral representations (as
in [34]) will be shown in appendix B. A different integral representation of the photon propagator,
now in terms of eigenfunctions of the AdS Laplacian, was presented in [26–28]. The methodology is
based on AdS harmonic analysis that was developed in [53] (see also [54, 55]). Using this approach,
in [28] the authors computed the position space covariant propagator for any ξ.

The goal of the present work is to provide a definitive answer for the propagator in AdS in vari-
ous gauges and to present in which circumstances they take the simplest forms. We will work with
Euclidean AdS. Expressions for Lorentzian propagators may be obtained by suitable analytic contin-
uation. We will determine the propagator using a path-integral approach, starting with momentum
space. In the case of covariant gauges, we highlight a special but relatively unknown choice of ξ called
the Fried-Yennie gauge [56,57] and also derive the propagator in position space. We find that the form
of the propagator in axial and Coulomb gauges is simple in momentum space. This reflects the fact
that these gauge choices treat differently the radial direction from the boundary directions, which are
the directions we Fourier transform. On the other hand, the propagator in the covariant gauge takes
a form that is more natural in position space as the gauge fixing condition combines all directions of
AdS.

The rest of the paper is organized as follows. Section 2 contains the set-up together with a general
discussion of the implications of BRST invariance for the propagator. In section 3 we set up the
momentum space derivation and obtain the propagator in axial, Coulomb, and standard covariant
gauges, respectively. The final answers have been collected at the end of each section for the readers
not interested in the derivations. In section 4 we discuss why the Fried-Yennie gauge is special in flat
space and in section 5 we use the intuition from flat space to derive a simple form of the propagator in
AdS in this gauge. Section 6 contains our conclusions. The paper contains a number of appendices.

1In their paper they called it the Coulomb gauge, but their starting point was the gauge condition A0 = 0 which we
refer to as the axial gauge.

4



In appendix A we review the flat space propagators in momentum space and verify the BRST relation
between the gauge field propagator and the ghost propagator. In appendix B we give an integral
representation for the AdS propagators in the same fashion as that of [34] in axial gauge, which
also allows us to find the position representation of the propagators in axial and Coulomb gauges.
Appendix C contains useful formulas for position space calculations and in appendix D we present
the detailed form of the position space photon propagator in the covariant gauge for arbitrary values
of ξ and d. We also include as ancillary files some relevant Mathematica notebooks which contain
the derivations of the propagator in the covariant gauges in both momentum and position space. The
general results are valid for d > 2 and we present the d = 2 case in appendix E.

2 Generalities

2.1 BRST invariant Maxwell action

Our starting point is the BRST invariant action for a free U(1) gauge theory (we work in Euclidean
signature). Following the conventions in [58], we have

Z =

∫
DADBDcDb e−S , S =

∫
dd+1x

√
g

[
1

4
FµνFµν − iBF (A) + bδ(c)gaugeF (A) +

ξ

2
B2

]
, (2.1)

where B is an auxiliary field, F (A) is a gauge fixing condition of choice, c and b are the ghost and

antighost fields, δ
(c)
gaugeF (A) is a gauge transformation with parameter c (i.e. δ

(c)
gaugeAµ = ∂µc) of the

gauge fixing condition F (A), and ξ is the gauge fixing parameter. The gauge fixing conditions F (A)
we consider in this paper are linear in A.

The action is invariant under the BRST transformation

δϵAµ = −iϵ∂µc, (2.2)

δϵB = 0, (2.3)

δϵb = ϵB, (2.4)

δϵc = 0, (2.5)

where ϵ is an anticommuting parameter. Note that for F linear in A, δ
(c)
gaugeF (A) = F (∂c). The

equation of motion (EoM) for the auxiliary field is

B =
i

ξ
F (A), (2.6)

and integrating it out gives

Z =

∫
DADcDb e−S , S =

∫
dd+1x

√
g

[
1

4
FµνFµν +

1

2ξ

(
F (A)

)2
+ bF (∂c)

]
, (2.7)

where now the BRST transformation that leaves the action invariant is given by

δϵAµ = −iϵ∂µc, (2.8)

δϵb =
iϵ

ξ
F (A), (2.9)

δϵc = 0. (2.10)

As mentioned, the action is free, so the ghosts decouple. However, they will be relevant for our
derivation of the propagator. We define the gauge field and ghost propagators as the corresponding
2-point correlators, 〈

Aµ(x)Aν(y)
〉
= Gµν(x, y), (2.11)〈

c(x)b(y)
〉
= −

〈
b(y)c(x)

〉
= Gghost(x, y). (2.12)
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Note that the photon propagator must obey the following exchange property

Gµν(x, y) =
〈
Aµ(x)Aν(y)

〉
=
〈
Aν(y)Aµ(x)

〉
= Gνµ(y, x). (2.13)

BRST invariance implies a relation between the gauge and ghost propagators. Indeed, any corre-
lator of a BRST-exact object must vanish, and we have

0 =
〈
δϵ(b(x)Aν(y))

〉
=

iϵ

ξ

〈
F (A(x))Aν(y)

〉
+ iϵ

〈
b(x)∂νc(y)

〉
, (2.14)

which implies that 〈
F (A(x))Aν(y)

〉
= ξ∂y,νGghost(y, x). (2.15)

For a linear gauge fixing condition F , the left-hand side is just some tensor contraction of the photon
propagator. So even if the ghosts decouple from the theory, BRST invariance constrains the ghost
and gauge field propagators. For example, in the case of covariant gauges, i.e. F (A) = ∇µAµ, the
above equation becomes

∇µGµν(x, y) = ξ∂y,νGghost(y, x). (2.16)

This relation is instrumental in proving perturbative unitarity in flat space: it shows that the longi-
tudinal component of the photon propagators cancels against the ghost propagators. This relation
and its use in the context of the photon propagator in de Sitter was discussed in [47].

2.2 Relation between the propagators’ and BRST constraint equations

Before moving on to the specific case of EAdS, it is worth noting some remarks on the equations that
determine the ghost and gauge field propagators and the BRST constraint equation that relates them.
For concreteness, we will stick to the case of standard covariant gauges. In this case, we have

∇µ∇µGghost(x, y) =
1
√
g
δ(d+1)(x− y), (2.17)(

gµν∇σ∇σ −∇µ∇ν +
1

ξ
∇ν∇µ

)
Gµρ′(x, y) = − 1

√
g
δνρ′δ

(d+1)(x− y), (2.18)

∇µGµν′(x, y) = ξ∇ν′Gghost(x, y). (2.19)

Here, as well as in sections 4, 5, and appendices C and D where we work in position space, we use
unprimed and primed indices to emphasize that propagators are bitensors and hence depend on two
spacetime points. Unprimed indices are associated with x while primed indices are associated with y.
Importantly, we use the fact that covariant derivatives with respect to different spacetime points (so,
in what follows, with unprimed and primed indices) commute. More details on how to manipulate
bitensors can be found in the original works by Allen and Jacobson, for example in [35]. We are
also assuming here that the propagators depend only on an isometry-invariant distance between the
two points, and hence there is no distinction between Gghost(x, y) and Gghost(y, x) or Gµν(x, y) and
Gµν(y, x), and we will drop the propagators’ arguments for brevity. This will indeed be the case for
EAdS as we will prove in section 5. We emphasise, however, that in general only (2.13) must hold.

Since there are two unknowns, namely the photon and ghost propagators, and three equations it
would seem that the system is overdetermined unless one of the equations is implied by the other
two. Also, for the case of dS, in [47] the authors showed that there are solutions to the ghost and
gauge field propagators’ equations that do not satisfy the BRST constraint. We will now study what
are the implications for the ghost propagator that come by combining the equation for the gauge
field propagator with the BRST constraint equation. We start by taking the divergence of the BRST
constraint equation with respect to the primed coordinate,

∇ν′∇µGµν′ = ξ∇ν′∇ν′Gghost. (2.20)

This equation will be useful later. We now consider the photon propagator equation and rewrite it
by commuting the covariant derivatives and introducing the curvature tensor in the process,

(gµν∇σ∇σ +Rµν)Gµρ′ +

(
1

ξ
− 1

)
∇ν∇µGµρ′ = − 1

√
g
δνρ′δ

(d+1)(x− y). (2.21)
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We now take the divergence of this equation with respect to the primed coordinate,

(gµν∇σ∇σ +Rµν)∇ρ′Gµρ′ +

(
1

ξ
− 1

)
∇ν∇ρ′∇µGµρ′ = − 1

√
g
δνρ′∇ρ′δ(d+1)(x− y), (2.22)

and now using equations (2.19) and (2.20) we get,

ξ (gµν∇σ∇σ +Rµν)∇µGghost + (1− ξ)∇ν∇µ′∇µ′Gghost = − 1
√
g
δνρ′∇ρ′δ(d+1)(x− y). (2.23)

Commuting the covariant derivatives in the first term and simplifying, we get

ξ∇ν
(
∇σ∇σGghost −∇µ′∇µ′Gghost

)
+∇ν∇µ′∇µ′Gghost = − 1

√
g
δνρ′∇ρ′δ(d+1)(x− y). (2.24)

Using the fact that the ghost propagator and the delta-function are symmetric in their arguments,
the above becomes

∇ν∇µ∇µGghost =
1
√
g
∇νδ(d+1)(x− y). (2.25)

This is nothing but the derivative of the ghost propagator equation! Thus, the divergence of the equa-
tion for the gauge field propagator (w.r.t. the second point) and the divergence of the BRST constraint
equation (w.r.t. the second point) imply the derivative of the equation for the ghost propagator2.

The important point to retain from this discussion is that all three equations for the two prop-
agators and the BRST constraint equation provide non-trivial information. Unless all of them are
checked when solutions are found for the propagators, there might be erroneous solutions. It is to be
expected, however, that if for example one solves the ghost and gauge field propagators’ equations and
imposes the right conditions (e.g. boundary conditions, flat space limit, etc.) such that the solutions
obtained are unique, they will automatically satisfy the BRST constraint equation as well. This can
also be used the other way around, as sometimes it may not be clear a priori what the right conditions
are. In such cases, the BRST constraint equation can be used to narrow down the allowed solutions
of the ghost and gauge field propagators’ equations to the ones compatible with BRST invariance.

We note here that up to this point the discussion has been completely general and applies to any
spacetime. In appendix A we show explicitly that the well-known flat space propagators in various
gauges satisfy the BRST constraint equation. We now move on to our case of interest, namely EAdS.

3 Momentum space propagators

3.1 Euclidean AdSd+1 in momentum space

We now specialize to EAdSd+1 in Poincare coordinates x = (z, x⃗) with the line element given by

ds2 =
dz2 + dx⃗2

z2
. (3.1)

We will work in momentum space along the boundary x⃗-coordinates and define

Gµν(x, y) =

∫
ddp

(2π)d
G̃µν(z, z

′, p⃗)e−ip⃗·(x⃗−y⃗), (3.2)

Gghost(x, y) =

∫
ddp

(2π)d
G̃ghost(z, z

′, p)e−ip⃗·(x⃗−y⃗). (3.3)

Note that the exchange property (2.13) becomes

G̃µν(z, z
′, p⃗) = G̃νµ(z

′, z,−p⃗) (3.4)

2This means, in particular, that this consistency condition would also be satisfied for 2-point functions that fail to
satisfy the Green’s function equation by a constant. This is relevant for gauge theories on compact spaces.
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in momentum space. We decompose G̃µν(z, z
′, p⃗) as follows,

G̃ij(z, z
′, p⃗) = A

(
δij − pipj

p2

)
+B

pipj
p2

G̃i0(z, z
′, p⃗) = C1

−ipi
p , G̃0i(z, z

′, p⃗) = C2
ipi
p

G̃00(z, z
′, p⃗) = D

, (3.5)

where A,B,C1, C2, and D are to be determined scalar functions of z, z′, and p.
In all cases considered, the equation for the ghost propagator is straightforward to solve and it

will be shown explicitly in each case, while the equations for the different components of the photon
propagator take the form3(

z2∂2
z − (d− 3)z∂z − z2p2

)
A = −zd−1δ(z − z′), (3.6)

f
(F,ξ)
1 (B,C2) = −zd−1δ(z − z′), (3.7)

f
(F,ξ)
2 (B,C2) = 0, (3.8)

f
(F,ξ)
1 (C1, D) = 0, (3.9)

f
(F,ξ)
2 (C1, D) = −zd−1δ(z − z′). (3.10)

Here f
(F,ξ)
1,2 (·, ·) are differential operators of z acting on two variables which depend on the gauge

fixing condition F (A) and the gauge fixing parameter ξ. The equation for A is the same for any gauge
choice. This makes sense as it corresponds to the transverse part of the propagator and is thus the
physical part. The equations for the other variables depend on the gauge choice, and the equations
for B and C2 are exactly the same equations as those for C1 and D, except that the delta-function,
which was present in the f1 equation for B,C2, appears in the f2 equation for C1, D.

The equation for A can be solved straightforwardly as it will be shown in a moment. The equations
for the other variables are, in general, much harder to solve as they are coupled second-order differential
equations4. In order to solve for those, we use the BRST constraint (2.15), which in momentum space
and in Poincare coordinates5 becomes

f
(F )
3 (B,C2) = ξp2G̃ghost(z

′, z, p), (3.11)

f
(F )
3 (C1, D) = ξp∂z′G̃ghost(z

′, z, p). (3.12)

Here f
(F )
3 (·, ·) is again a differential operator of z acting on two variables which depends on the choice

of F (A). Putting everything together, we get(
z2∂2

z − (d− 3)z∂z − z2p2
)
A = −zd−1δ(z − z′), (3.13)

f
(F,ξ)
1 (B,C2) = −zd−1δ(z − z′), (3.14)

f
(F,ξ)
2 (B,C2) = 0, (3.15)

f
(F )
3 (B,C2) = ξp2G̃ghost(z

′, z, p), (3.16)

f
(F,ξ)
1 (C1, D) = 0, (3.17)

f
(F,ξ)
2 (C1, D) = −zd−1δ(z − z′), (3.18)

f
(F )
3 (C1, D) = ξp∂z′G̃ghost(z

′, z, p). (3.19)

3We will use primes to denote derivatives with respect to z when working in momentum space.
4This is true for example for the standard covariant gauge discussed in section 3.6.
5The first equation comes from setting ν = i while the second equation comes from setting ν = 0 in (2.15).
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The general strategy for solving these differential equations will be as follows. We first solve the equa-
tion for A which will be done below. For the first system of three coupled second-ordered differential
equations, we will use substitution to get a second-order inhomogeneous differential equation for B
which we can solve. We then use one of the other equations to solve for C2 knowing B. The equation
for C2 in terms of B is algebraic. Finally, since we have a system of three equations and only two
unknowns, we then check that the remaining equation is satisfied by the solutions found for B and
C2. For solving the second system of three coupled second-ordered differential equations we apply the
same procedure with D taking the role of B and C1 taking the role of C2.

3.2 Gauge independent part of the propagator

We now solve the equation for A, the transverse (hence, gauge independent) part of the propagator,(
z2∂2

z − (d− 3)z∂z − z2p2
)
A = −zd−1δ(z − z′). (3.20)

We first solve the equation at separated points, z ̸= z′. In this case, the equation can be solved in
terms of Bessel functions and we get

A = c1(p, z
′)z

d−2
2 I d−2

2
(pz) + c2(p, z

′)z
d−2
2 K d−2

2
(pz). (3.21)

Imposing regularity of the solution sets

A =

c1(p, z
′)z

d−2
2 I d−2

2
(pz), z < z′

c2(p, z
′)z

d−2
2 K d−2

2
(pz), z > z′

. (3.22)

To solve for the delta-function constraint, we impose continuity of the solution and discontinuity in
its first derivative as obtained from integrating (3.20) from z′ − ϵ to z′ + ϵ and then taking ϵ → 0.
The first condition yields

c1(p, z)I d−2
2
(pz) = c2(p, z)K d−2

2
(pz), (3.23)

while the second one yields

c2(p, z)
∂

∂z

(
z

d−2
2 K d−2

2
(pz)

)
− c1(p, z)

∂

∂z

(
z

d−2
2 I d−2

2
(pz)

)
= −zd−3. (3.24)

Using these two equations to solve for the integration constants givesc1(p, z) = z
d−2
2 K d−2

2
(pz)

c2(p, z) = z
d−2
2 I d−2

2
(pz)

, (3.25)

and thus

A =

(zz′)
d−2
2 K d−2

2
(pz′)I d−2

2
(pz), z < z′

(zz′)
d−2
2 I d−2

2
(pz′)K d−2

2
(pz), z > z′

=
(
(zz′)

d−2
2 I d−2

2
(pz′)K d−2

2
(pz)

)
Θ(z − z′) +

(
(zz′)

d−2
2 K d−2

2
(pz′)I d−2

2
(pz)

)
Θ(z′ − z).

(3.26)

In what follows we make specific choices for the gauge and solve for the other (gauge dependent)
components of the propagator.

3.3 Propagator in axial gauge

Choosing F (A) = nµAµ, the action (2.7) becomes

S =

∫
dd+1x

√
g

[
1

4
FµνFµν +

1

2ξ

(
nµAµ

)2
+ bnµ∂µc

]
. (3.27)

We choose nµ = (z, 0⃗). The normalization is unimportant as at the end of the calculation we will take
ξ → 0 to get the axial gauge propagator and this sets A0 = 0 regardless, but we note that with this
choice we have nµn

µ = gµνn
µnν = 1.
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3.3.1 Ghost propagator

In this case, the ghost propagator is very simple. It satisfies

nµ∂µGghost(x, y) =
1
√
g
δ(d+1)(x− y), (3.28)

∂0Gghost(x, y) = zdδ(d+1)(x− y), (3.29)

or, in momentum space,
∂zG̃ghost(z, z

′, p) = zdδ(z − z′). (3.30)

For z ̸= z′, we get that G̃ghost(z, z
′, p) is independent of z, so we have

G̃ghost(z, z
′, p) =

{
c1(p, z

′), z > z′

c2(p, z
′), z < z′

. (3.31)

However, G̃ghost(z, z
′, p) must vanish at the boundary, i.e. as z → 0, so c2(p, z

′) = 0. Thus, we get

G̃ghost(z, z
′, p) = c1(p, z

′)Θ(z − z′) (3.32)

and
∂zG̃ghost(z, z

′, p) = c1(p, z
′)δ(z − z′), (3.33)

so c1(p, z
′) = z′d. Finally, we have

G̃ghost(z, z
′, p) = z′dΘ(z − z′). (3.34)

The ghost propagator vanishes as z, z′ → 0, however, note that in this case it goes as a constant as
z → ∞ (for fixed position z′). It is also worth noting that it is independent of p and asymmetric
under the exchange of z and z′.

3.3.2 Photon propagator

The photon propagator satisfies(
gµν∇σ∇σ −∇µ∇ν − 1

ξ
nνnµ

)
Gµρ(x, y) = − 1

√
g
δνρδ

(d+1)(x− y). (3.35)

In axial gauge, the equations for the photon propagator are simple enough to solve without using the
BRST constraint (2.15), so we will not use it here. However, we will still check that it is satisfied. We
now solve for the photon propagator. In momentum space, we get the following systems of equations
for the components of the photon propagator,(

z2∂2
z − (d− 3)z∂z − z2p2

)
A = −zd−1δ(z − z′), (3.36)

z2B′′ − (d− 3)zB′ − z2pC ′
2 + (d− 3)zpC2 = −zd−1δ(z − z′), (3.37)

z2pB′ −
(
z2p2 +

1

ξ

)
C2 = 0, (3.38)

z2C ′′
1 − (d− 3)zC ′

1 − z2pD′ + (d− 3)zpD = 0, (3.39)

z2pC ′
1 −

(
z2p2 +

1

ξ

)
D = −zd−1δ(z − z′). (3.40)

The equation for A has already been solved in (3.26). The equations for B,C1, C2, D are of the type
(3.7)-(3.10). Starting from the first system of equations, from (3.38) we find

C2 =
z2pξ

1 + z2p2ξ
B′, (3.41)
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and plugging this into (3.37) gives an equation for B,

z2

1 + z2p2ξ
B′′ − z[(d− 3) + (d− 1)z2p2ξ]

(1 + z2p2ξ)2
B′ = −zd−1δ(z − z′). (3.42)

This equation can now be solved similarly to the equation for A. First, solve this equation for B when
z ̸= z′, then impose regularity as z → ∞, impose the delta-function constraints, i.e. continuity of B
and jump discontinuity of B′ at z = z′, and finally (unlike in the case of A where imposing regularity
as z → 0 was enough to produce the correct answer) we need to impose that B ∼ zd−2 as z → 0
because the bulk-to-bulk propagator needs to behave as a normalizable mode close to the boundary.
With these, we finally obtain that

B =

{
1

d−2z
d−2 + 1

dξp
2zd , z < z′

1
d−2z

′d−2 + 1
dξp

2z′d, z > z′
. (3.43)

Now, from (3.41) we find
C2 = ξpzd−1Θ(z′ − z). (3.44)

Moving on to the second system of equations, we can rewrite (3.39) as

z2(C ′
1 − pD)′ − (d− 3)z(C ′

1 − pD) = 0, (3.45)

which yields
C ′
1 − pD = c(z′, p)zd−3, (3.46)

where c(z′, p) is an integration constant. Using this equation to express D in terms of C1 and plugging
it into equation (3.40) gives

C ′
1 − (1 + z2p2ξ)c(z′, p)zd−3 = pξzd−1δ(z − z′). (3.47)

When z ̸= z′ this equation can be solved for C1. Imposing regularity for C1 as z → ∞ implies that
c(z′, p) = 0 and thus (3.46) becomes C ′

1 = pD. Jump discontinuity of C1 (rather than C ′
1 because this

is now, unlike in the cases above, a first-order differential equation, not second-order) at z = z′ and
the condition that C1 goes to zero as z → 0 gives

C1 = ξpz′d−1Θ(z − z′). (3.48)

Finally, from (3.46) we get
D = ξzd−1δ(z − z′). (3.49)

Putting everything together, we have the gauge field propagator given by

G̃ij(z, z
′, p⃗) =

(
δij − pipj

p2

)(zz′)
d−2
2 K d−2

2
(pz′)I d−2

2
(pz), z < z′

(zz′)
d−2
2 I d−2

2
(pz′)K d−2

2
(pz), z > z′

+
pipj
p2

{
1

d−2z
d−2 + 1

dξp
2zd , z < z′

1
d−2z

′d−2 + 1
dξp

2z′d, z > z′

G̃i0(z, z
′, p⃗) = −ipi

p ξz′d−2(pz′)Θ(z − z′)

G̃0i(z, z
′, p⃗) = ipi

p ξzd−2(pz)Θ(z′ − z)

G̃00(z, z
′, p⃗) = ξzd−2zδ(z − z′)

. (3.50)

It is easy to see that the exchange property (3.4) is satisfied. We are left to check that the BRST
constraint (2.15) is satisfied. In this case, equation (2.15) becomes

nµGµν(x, y) = ξ∂y,νGghost(y, x), (3.51)
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which in momentum space is simply

zpC2 = ξp2zdΘ(z′ − z), (3.52)

zpD = ξpzdδ(z − z′). (3.53)

We immediately see from the above solution that these equations are satisfied. In fact, in this case
the BRST constraint (2.15) simply fixes two of the components of the propagator, so we could have
used it from the beginning to simplify the systems of equations that the components of the photon
propagator have to satisfy.

Note that neither the ghost propagator nor the longitudinal part of the gauge field propagator
vanish at large separation in this gauge. They rather limit to a constant. We believe the origin of
this is the boundary condition we use (Dirichlet) and the fact that Poincare coordinates do not cover
the entire EAdS. Specifically, they do not include the boundary point at spatial infinity, which is now
at z = ∞, and the behaviour of the propagators at large z should account for the Dirichlet boundary
conditions at that point.

When ξ = 0, which corresponds to setting nµAµ = zA0 = 0 so A0 = 0 and we are in the axial
gauge, the propagator is simpler and given by
G̃ij(z, z

′, p⃗) =
(
δij − pipj

p2

)(zz′)
d−2
2 K d−2

2
(pz′)I d−2

2
(pz), z < z′

(zz′)
d−2
2 I d−2

2
(pz′)K d−2

2
(pz), z > z′

+
pipj
p2

{
1

d−2z
d−2, z < z′

1
d−2z

′d−2, z > z′

G̃i0(z, z
′, p⃗) = G̃0i(z, z

′, p⃗) = G̃00(z, z
′, p⃗) = 0

.

(3.54)
This is in agreement (up to an overall minus sign which is just a difference in conventions) with the
form computed in [33] and is equivalent to the solution found in [34] (see appendix B for the direct
comparison).

3.4 Propagator in Coulomb gauge

In analogy with flat space, the Coulomb (or ‘boundary-transverse’) gauge in Poincare coordinates6

is gij∂jAi = 0 (the sum is over the boundary coordinates only). Thus, choosing F (A) = gij∂jAi in
Poincare coordinates, the action (2.7) becomes

S =

∫
dd+1x

√
g

[
1

4
FµνFµν +

1

2ξ

(
gij∂jAi

)2
+ bgij∂j∂ic

]
. (3.55)

3.4.1 Ghost propagator

The ghost propagator satisfies

gij∂j∂iGghost(x, y) =
1
√
g
δ(d+1)(x− y). (3.56)

In momentum space this becomes(
−p2z2

)
G̃ghost(z, z

′, p) = zd+1δ(z − z′), (3.57)

so

G̃ghost(z, z
′, p) = −zd−1

p2
δ(z − z′). (3.58)

6Since this is a non-covariant gauge (we are using a partial derivative instead of a covariant derivative, and we single
out the radial coordinate) we need to specify in which coordinates we are.
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3.4.2 Photon propagator

The photon propagator satisfies(
gµν∇σ∇σ −∇µ∇ν +

1

ξ
gνjgµi∂j∂i

)
Gµρ(x, y) = − 1

√
g
δνρδ

(d+1)(x− y) , (3.59)

and the BRST constraint (2.15) becomes

gij∂jGiν(x, y) = ξ∂y,νGghost(y, x). (3.60)

In momentum space, we get the systems of equations(
z2∂2

z − (d− 3)z∂z − z2p2
)
A = −zd−1δ(z − z′), (3.61)

z2B′′ − (d− 3)zB′ − z2pC ′
2 + (d− 3)zpC2 +

1

ξ

(
−z2p2B

)
= −zd−1δ(z − z′), (3.62)

−z2p2C2 + z2pB′ = 0, (3.63)

−z2p2B = ξp2G̃ghost(z
′, z, p), (3.64)

z2C ′′
1 − (d− 3)zC ′

1 − z2pD′ + (d− 3)zpD +
1

ξ

(
−z2p2C1

)
= 0, (3.65)

−z2p2D + z2pC ′
1 = −zd−1δ(z − z′), (3.66)

−z2p2C1 = ξp∂z′G̃ghost(z
′, z, p), (3.67)

which is indeed of the type (3.13)-(3.19). The equation for A has already been solved in (3.26). As in
the case of the axial gauge from section 3.3, the systems of equations for the other components can be
solved without using the BRST constraint, in this case equations (3.64) and (3.67), or, alternatively,
we can use these equations to find B and C1 directly, use one of the other equations to find C2 and D
respectively, and finally check that the remaining equation is satisfied. We proceed using the former
approach in what follows. We can rewrite the above systems of equations as follows,

z2(B′ − pC2)
′ − (d− 3)z(B′ − pC2) +

1

ξ

(
−z2p2B

)
= −zd−1δ(z − z′), (3.68)

B′ − pC2 = 0, (3.69)

B = ξ
zd−3

p2
δ(z − z′), (3.70)

z2(C ′
1 − pD)′ − (d− 3)z(C ′

1 − pD) +
1

ξ

(
−z2p2C1

)
= 0, (3.71)

C ′
1 − pD = −zd−3

p
δ(z − z′), (3.72)

C1 = ξ
zd−3

p3
∂z′δ(z

′ − z). (3.73)

Equations (3.70) and (3.73) are just the BRST constraints. We will solve for the remaining components
using only the first two equations from each system and show that the results agree with (3.70) and
(3.73). Starting from the first system, using (3.69) in (3.68) we find

B = ξ
zd−3

p2
δ(z − z′), (3.74)

which is the same as (3.70). Using (3.69) we find

C2 = ξ
z′d−3

p3
∂zδ(z − z′). (3.75)
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Moving on to the second system, using (3.72) in (3.71) we have

C1 = ξ
zd−3

p3
∂z′δ(z

′ − z), (3.76)

which is again the same as (3.73). Finally, using (3.72) we have

D =
zd−3

p2
δ(z − z′) + ξ

1

p2
∂z∂z′

(
zd−3

p2
δ(z − z′)

)
. (3.77)

The solution is now complete, and it can be checked that it also satisfies the exchange property (3.4).
The full solution is

G̃ij(z, z
′, p⃗) =

(
δij − pipj

p2

)(zz′)
d−2
2 K d−2

2
(pz′)I d−2

2
(pz), z < z′

(zz′)
d−2
2 I d−2

2
(pz′)K d−2

2
(pz), z > z′

+
pipj
p2

ξ zd−3

p2
δ(z − z′)

G̃i0(z, z
′, p⃗) = −ipi

p ξ zd−3

p3
∂z′δ(z

′ − z)

G̃0i(z, z
′, p⃗) = ipi

p ξ z′d−3

p3
∂zδ(z − z′)

G̃00(z, z
′, p⃗) = zd−3

p2
δ(z − z′) + ξ 1

p2
∂z∂z′

(
zd−3

p2
δ(z − z′)

)
.

(3.78)
For ξ = 0, when we are properly in the Coulomb gauge, this becomes

G̃ij(z, z
′, p⃗) =

(
δij − pipj

p2

)(zz′)
d−2
2 K d−2

2
(pz′)I d−2

2
(pz), z < z′

(zz′)
d−2
2 I d−2

2
(pz′)K d−2

2
(pz), z > z′

G̃i0(z, z
′, p⃗) = G̃0i(z, z

′, p⃗) = 0

G̃00(z, z
′, p⃗) = zd−3

p2
δ(z − z′)

. (3.79)

This propagator agrees with the propagator in [50]. The propagator is very similar to the axial gauge
result (3.54), with the difference here being that G̃ij(z, z

′, p⃗) does not contain a longitudinal part but
G̃00(z, z

′, p⃗) is non-zero. The simplicity of the propagator in these gauges is due to the fact that, in
Poincare coordinates, these gauge choices nicely exploit the geometry of AdS. This will not be the
case for the propagator in the general covariant gauge which we compute in section 3.6.

3.5 Relation between Coulomb and axial gauge

We have seen by explicit computation that the propagators in axial and Coulomb gauge are closely
related to each other, and we would like to explain this relation in this subsection. First, we note that
both gauges have a residual gauge invariance, δAµ = ∂µλ, that preserves the gauge,

Axial : δA0 = 0 ⇒ ∂zλaxial(z, x⃗) = 0 ⇒ λaxial = λaxial(x⃗),

Coulomb : gij∂jδAi = 0 ⇒ gij∂j∂iλC(z, x⃗) = 0 . (3.80)

These residual transformations are not sufficient to impose both gauges at the same time. However,
on-shell one can solve the linearized field equations in the Lorenz gauge (also called the Landau gauge),
∇µAµ = 0, and then show that there is enough residual gauge invariance to set Az = 0 [33]. After
this is done, the Lorenz condition reduces to the Coulomb condition. Such a choice has appeared
in previous computations: in the axial gauge computation in [34] the solutions were taken to be
transverse, and in the Coulomb gauge computation in [50] the gauge field was taken to satisfy Az = 0.

We will now explicitly relate the propagators in the two gauges. We will focus on the ξ = 0 case on
both sides. Additional gauge transformations can generate the ξ-dependence. In axial gauge, Az = 0,
the propagator is not transverse and we would like to make a gauge transformation to achieve this,

Âµ = Aaxial
µ + ∂µλ. (3.81)
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As this affects only the longitudinal part of the gauge field, we will focus on the longitudinal part of
the correlators in the following and we will indicate this by ⟨ ⟩L. We view λ as a quantum operator
and would like to determine the correlators of λ with Aaxial

i and itself such that Âi is transverse, i.e.〈
Âi(z, x⃗)Âj(z

′, y⃗)
〉
L
=
〈
Âi(z, x⃗)A

axial
j (z′, y⃗)

〉
L
+ ∂yj

〈
Âi(z, x⃗)λ(z

′, y⃗)
〉
L
= 0. (3.82)

We will now show that there exist correlators of λ and Aaxial
i such that both ⟨Âi(z, x⃗)A

axial
j (z′, y⃗)⟩L

and ⟨Âi(z, x⃗)λ(z
′, y⃗)⟩L vanish. In momentum space, we have that〈

Âi(z, p⃗)A
axial
j (z′,−p⃗)

〉
L
= 0 ⇔

〈
Aaxial

i (z, p⃗)Aaxial
j (z′,−p⃗)

〉
L
+ (−ipi)

〈
λ(z, p⃗)Aaxial

j (z′,−p⃗)
〉
L
= 0

⇔
〈
λ(z, p⃗)Aaxial

j (z′,−p⃗)
〉
L
= −i

pj
p2

1

d− 2

(
z′d−2Θ(z − z′) + zd−2Θ(z′ − z)

)
, (3.83)

and 〈
Âi(z, p⃗)λ(z

′,−p⃗)
〉
L
= 0 ⇔

〈
Aaxial

i (z, p⃗)λ(z′,−p⃗)
〉
L
+ (−ipi)

〈
λ(z, p⃗)λ(z′,−p⃗)

〉
= 0

⇔
〈
λ(z, p⃗)λ(z′,−p⃗)

〉
=

1

d− 2

1

p2

(
z′d−2Θ(z − z′) + zd−2Θ(z′ − z)

)
. (3.84)

These further imply that〈
Â0(z, p⃗)Â0(z

′,−p⃗)
〉
= ∂z∂z′

〈
λ(z, p⃗)λ(z′,−p⃗)

〉
=

zd−3

p2
δ(z − z′), (3.85)

which is exactly the 00-component of the Coulomb gauge propagator. Additionally, one can check
that 〈

Â0(z, p⃗)Âj(z
′,−p⃗)

〉
=
〈
Âi(z, p⃗)Â0(z

′,−p⃗)
〉
= 0. (3.86)

In other words, the gauge transformation (3.81) maps the axial gauge propagator to the Coulomb
gauge propagator.

3.6 Propagator in covariant gauge

We now consider the standard covariant gauge fixing term. Choosing F (A) = ∇µAµ, the action (2.7)
becomes

S =

∫
dd+1x

√
g

[
1

4
FµνFµν +

1

2ξ

(
∇µAµ

)2
+ b∇µ∂µc

]
. (3.87)

3.6.1 Ghost propagator

The ghost propagator satisfies

∇µ∂µGghost(x, y) =
1
√
g
δ(d+1)(x− y). (3.88)

In momentum space this becomes(
z2∂2

z − (d− 1)z∂z − p2z2
)
G̃ghost(z, z

′, p) = zd+1δ(z − z′). (3.89)

This equation can be solved in exactly the same way as equation (3.20). The solution in this case is

G̃ghost(z, z
′, p) = −

(
(zz′)

d
2 I d

2
(pz′)K d

2
(pz)

)
Θ(z − z′)−

(
(zz′)

d
2K d

2
(pz′)I d

2
(pz)

)
Θ(z′ − z). (3.90)
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3.6.2 Photon propagator

The photon propagator satisfies(
gµν∇σ∇σ −∇µ∇ν +

1

ξ
∇ν∇µ

)
Gµρ(x, y) = − 1

√
g
δνρδ

(d+1)(x− y) (3.91)

and the BRST constraint (2.15) becomes

∇µGµν(x, y) = ξ∂y,νGghost(y, x). (3.92)

In momentum space, we get the systems of equations(
z2∂2

z − (d− 3)z∂z − z2p2
)
A = −zd−1δ(z − z′), (3.93)

z2B′′ − (d− 3)zB′ − z2pC ′
2 + (d− 3)zpC2 (3.94)

+
1

ξ

(
z2pC ′

2 − (d− 1)zpC2 − z2p2B
)
= −zd−1δ(z − z′),

−z2p2C2 + z2pB′ (3.95)

+
1

ξ

(
z2C ′′

2 − (d− 3)zC ′
2 − (d− 1)C2 − z2pB′ − 2zpB

)
= 0,

z2pC ′
2 − (d− 1)zpC2 − z2p2B = ξp2G̃ghost(z

′, z, p), (3.96)

z2C ′′
1 − (d− 3)zC ′

1 − z2pD′ + (d− 3)zpD (3.97)

+
1

ξ

(
z2pD′ − (d− 1)zpD − z2p2C1

)
= 0,

−z2p2D + z2pC ′
1 (3.98)

+
1

ξ

(
z2D′′ − (d− 3)zD′ − (d− 1)D − z2pC ′

1 − 2zpC1

)
= −zd−1δ(z − z′),

z2pD′ − (d− 1)zpD − z2p2C1 = ξp∂z′G̃ghost(z
′, z, p), (3.99)

which is indeed of the type (3.13)-(3.19). The equation for A has already been solved in (3.26).
Using substitution and manipulating the equations we find

z2B′′ − (d− 1)zB′ − z2p2B = −zd−1δ(z − z′) (3.100)

+ (ξ − 1)p2G̃ghost(z
′, z, p) +

2

z
∂zG̃ghost(z

′, z, p),

C2 =
1

p
B′ +

1

z2p
∂zG̃ghost(z

′, z, p), (3.101)

z2D′′ − (d− 1)zD′ + (d− 1− z2p2)D = −zd−1δ(z − z′) (3.102)

− 2ξ

z
∂z′G̃ghost(z

′, z, p) + (ξ − 1)∂z∂z′G̃ghost(z
′, z, p),

C1 =
1

p
D′ − d− 1

zp
D − ξ

z2p
∂z′G̃ghost(z

′, z, p). (3.103)

The equations for B and D can now be solved similarly as the equation for A was solved in (3.26)7,
and then these can be used to find C2 and C1 (which we check that they satisfy the right boundary
conditions). It then needs to be checked that the final solutions satisfy all the equations and the
exchange property (3.4).

7The only difference here is that the equations at separated points, z ̸= z′, are now inhomogeneous equations. One
needs to obtain and write down both the complementary function and the particular integral for each branch (z > z′

and z < z′), and only then impose the boundary conditions (regularity at infinity and normalizable fall off as z, z′ → 0)
and the delta-function constraint.
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Comments

The homogeneous solutions of the equations for B and D are expressed in terms of Bessel functions
similar to the solution for G̃ghost(z, z

′, p). For d odd, these are Bessel functions of half-integer order,
so they simplify to simple functions. For d even the order of the Bessel functions is an integer, so
their form does not simplify. In what follows we show the final results for d = 3 and we include
a Mathematica file which contains the derivations and solutions for specific values of d. For odd d
the particular integrals of the differential equations satisfied by B and D are simple enough that
Mathematica can handle. For even d these become integrals over products of Bessel functions of
integer order which Mathematica can not process. In this case we rewrite the products of Bessel
functions as Meijer G-functions which can then be integrated. This leads to very very complicated
expressions for the propagator for even d which, in its current form, Mathematica can not simplify
further. On a different note, we would like to mention here that, as also observed in [47] and in [28],
the propagator is simplest in the Fried-Yennie gauge ξ = d/(d− 2) [56,57].

3.6.3 Solution in d = 3

We list here the expressions for B,C2, C1, and D. We use the following notation in what follows,

A = A(1)Θ(z − z′) +A(2)Θ(z′ − z), (3.104)

where A = {B,C2, C1, D}. One can see immediately that for ξ = 3, i.e. in the Fried-Yennie gauge,
all expressions simplify dramatically. We have

B(1)(z, z
′) =

e−p(z−z′)
(
p(z − z′) + 2

)
− e−p(z+z′)

(
p(z + z′) + 2

)
2p

− (ξ − 3)
1

6p

[
(pz + 1)(pz′ − 1)e−p(z−z′)Ei(−2pz′)

+ (pz + 1)(pz′ + 1)e−p(z+z′)Ei(2pz′)

+ (pz − 1)
(
(pz′ + 1)e−p(z′−z) + (pz′ − 1)ep(z+z′)

)
Ei(−2pz)

]
;

(3.105)

B(2)(z, z
′) = B(1)(z

′, z) ; (3.106)

C2(1)(z, z
′) =

e−p(z−z′)
(
p2z(z′ − z) + p(z′ − z)− 1

)
+ e−p(z+z′)

(
p2z(z + z′) + p(z + z′) + 1

)
2p2z

− (ξ − 3)
1

6p2z

[(
p2z2 + p2z(z − z′) + p(z − z′) + 1

)
e−p(z−z′)

−
(
p2z2 + p2z(z + z′) + p(z + z′) + 1

)
e−p(z+z′)

− p2z2(pz′ − 1)e−p(z−z′)Ei(−2pz′)

− p2z2(pz′ + 1)e−p(z+z′)Ei(2pz′)

+ p2z2
(
(pz′ + 1)e−p(z′−z) + (pz′ − 1)ep(z+z′)

)
Ei(−2pz)

]
;

(3.107)

17



C2(2)(z, z
′) =

e−p(z′−z)
(
p2z(z′ − z) + p(z − z′)− 1

)
+ e−p(z+z′)

(
p2z(z + z′) + p(z + z′) + 1

)
2p2z

− (ξ − 3)
1

6p2z

[(
p2z2 + p2z(z − z′)− p(z − z′) + 1

)
e−p(z′−z)

−
(
p2z2 + p2z(z + z′) + p(z + z′) + 1

)
e−p(z+z′)

+ p2z2(pz′ + 1)e−p(z′−z)Ei(−2pz)

− p2z2(pz′ + 1)e−p(z+z′)Ei(2pz)

− p2z2(pz′ − 1)
(
e−p(z−z′) − ep(z+z′)

)
Ei(−2pz′)

]
;

(3.108)

C1(1)(z, z
′) = C2(2)(z

′, z) ; (3.109)

C1(2)(z, z
′) = C2(1)(z

′, z) ; (3.110)

D(1)(z, z
′) =

e−p(z−z′)(z2 + z′2 − pzz′(z − z′))− e−p(z+z′)
(
z2 + z′2 + pzz′(z + z′)

)
2pzz′

− (ξ − 3)
1

6pzz′

[(
z2(pz′ − 1)− z′2(pz + 1)

)
e−p(z−z′)

+
(
z2(pz′ + 1) + z′2(pz + 1)

)
e−p(z+z′)

− p2z2z′2e−p(z−z′)Ei(−2pz′)

+ p2z2z′2e−p(z+z′)Ei(2pz′)

− p2z2z′2
(
e−p(z′−z) − ep(z+z′)

)
Ei(−2pz)

]
;

(3.111)

D(2)(z, z
′) = D(1)(z

′, z) ; (3.112)

where Ei(x) is the exponential function8.

3.6.4 Flat space limit

Recall that the Euclidean flat space propagator in momentum space is given by (A.17),

G̃µρ(p) =
1

p2

(
δµρ − (1− ξ)

pµpρ
p2

)
. (3.114)

This can be written in ‘semi-momentum’ space by Fourier transforming back one of the coordinates,

Ḡµν(τ, τ
′, p⃗) =

∫
dp0
2π

G̃µν(p)e
−ip0·(τ−τ ′), (3.115)

where p = (p0, p⃗). Similarly to how we decomposed the propagator in EAdS in equation (3.5), we
decompose the flat space propagator as

Ḡij(τ, τ
′, p⃗) = Aflat

(
δij − pipj

p2

)
+Bflat pipj

p2

Ḡi0(τ, τ
′, p⃗) = Cflat

1
−ipi
p , Ḡ0i(τ, τ

′, p⃗) = Cflat
2

ipi
p

Ḡ00(τ, τ
′, p⃗) = Dflat

, (3.116)

8The exponential function for real non-zero values x is defined by

Ei(x) =

∫ ∞

−x

e−t

t
dt . (3.113)
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where now the form factors are functions of τ, τ ′, and |p⃗|. We will write |p⃗| ≡ p from now on for the
rest of this section. Completing the Fourier transform in (3.115), we get

Aflat(τ, τ ′) =
1

2p

(
e−p(τ−τ ′)Θ(τ − τ ′) + (τ ↔ τ ′)

)
, (3.117)

Bflat(τ, τ ′) =
1

4p

(
e−p(τ−τ ′)(1− p(τ − τ ′))Θ(τ − τ ′) + (τ ↔ τ ′)

)
+

ξ

4p

(
e−p(τ−τ ′)(1 + p(τ − τ ′))Θ(τ − τ ′) + (τ ↔ τ ′)

)
, (3.118)

Cflat
1 (τ, τ ′) =

ξ − 1

4p

(
e−p(τ−τ ′)p(τ − τ ′)− (τ ↔ τ ′)

)
, (3.119)

Cflat
2 (τ, τ ′) =

1− ξ

4p

(
e−p(τ−τ ′)p(τ − τ ′)− (τ ↔ τ ′)

)
, (3.120)

Dflat(τ, τ ′) =
1

4p

(
e−p(τ−τ ′)(1 + p(τ − τ ′))Θ(τ − τ ′) + (τ ↔ τ ′)

)
+

ξ

4p

(
e−p(τ−τ ′)(1− p(τ − τ ′))Θ(τ − τ ′) + (τ ↔ τ ′)

)
. (3.121)

The prescription for how to take the flat space limit for momentum space EAdS has been described
in detail in [33], so we just summarize the procedure for the bulk-to-bulk propagator here. The first
step is to reintroduce the AdS radius, lAdS, which has so far been set to 1. This corresponds for the

propagator to including an overall multiplicative factor of l
−(d−3)
AdS . Next we change the z-coordinate

to z = lAdS e
τ/lAdS , where τ will be identified with the Euclidean time in the flat space limit. The flat

space limit is now obtained by sending the radius of AdS to infinity, i.e. lAdS → ∞. We confirm that
for the solution obtained above in d = 3 we indeed have

lim
lAdS→∞

A(lAdS e
τ/lAdS , lAdS e

τ ′/lAdS) = Aflat(τ, τ ′), (3.122)

where A = {A,B,C1, C2, D}. Unlike in the case considered in [33] where the flat space limit of the
propagator in axial gauge was studied, in this case there are no subtleties when taking the limit.
In axial gauge there is a divergent piece when taking the limit lAdS → ∞ of the propagator which
matches the well-known singularity of the flat space propagator in axial gauge.

4 What is special about the Fried-Yennie gauge?

In this section, we discuss what is special about the Fried-Yennie gauge, i.e. when the corresponding
gauge fixing term is 1

2ξ

(
∇µAµ

)2
with ξ = d

d−2 . The Fried-Yennie gauge was originally introduced
in flat space [56] and it was shown in [57] that perturbation theory in QED exhibits improved IR
behaviour in this gauge. Discussions of this gauge and explcit computations can be found, for example,
in [59–64] (see also problem 2 in page 521 of [65].) Here we will provide additional arguments about
the improved IR behavior of this gauge.

Recall that in Euclidean flat space, the photon propagator in the standard covariant gauge takes
the form (A.17),

G̃µρ(p) =
1

p2

(
δµρ − (1− ξ)

pµpρ
p2

)
. (4.1)

For ξ = d
d−2 this becomes

G̃µρ(p) =
1

p2

(
δµρ +

2

d− 2

pµpρ
p2

)
. (4.2)

There does not appear to be anything special about this gauge choice in momentum space. Usually,
the standard choices are the Feynman gauge, ξ = 1, which yields a propagator proportional to the
metric, and the Landau gauge, ξ = 0, for which the propagator is transverse to the photon momentum.
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The reason why the Fried-Yennie gauge is special is more transparent in position space. The position
space photon propagator is given by (see for example [42]),

Gµν′(σ) =
Γ
(
d+1
2

)
(4π)

d+1
2

(
2

σ

) d−1
2

[(
gµν′

d− 1
− ∇µσ∇ν′σ

2σ

)
+ ξ

(
gµν′

d− 1
+

∇µσ∇ν′σ

2σ

)]
, (4.3)

where σ, the Synge’s world function, is given by σ(x, x′) = µ(x, x′)2/2, with µ(x, x′) =
√
(x− x′)2

the geodesic distance between x and x′. Here gµν′ is a bitensor (not to be confused with the metric
tensor) known as the parallel propagator along the geodesic from x to x′. It is however the case that
for Euclidean flat space in Cartesian coordinates gµν′ = diag(1, . . . , 1).

We now change coordinates and work directly with µ instead of σ. Using the fact that in Euclidean
flat space gµν′ = −∇µ∇ν′σ, we can rewrite the propagator as follows

Gµν′(µ) =
Γ
(
d+1
2

)
4π

d+1
2

1

µd−1

[
−1 + ξ

d− 1
µ∇µ∇ν′µ+

d− 2

d− 1

(
ξ − d

d− 2

)
∇µµ∇ν′µ

]
. (4.4)

In these variables the propagator in the Fried-Yennie gauge ξ = d
d−2 has a similarity with the mo-

mentum space Feynman propagator in that only one tensor structure has a non-zero coefficient. We
may further introduce a new variable µµ = (x − x′)µ, such that µ2 = µµµ

µ, and rewrite the above
expression as

Gµν′(µ) =
Γ
(
d+1
2

)
4π

d+1
2

1

µd−1

[
1 + ξ

d− 1

(
δµν′ −

µµµν′

µ2

)
+

d− 2

d− 1

(
d

d− 2
− ξ

)
µµµν′

µ2

]
. (4.5)

Contracting the above with µµ, we get

µµGµν′(µ) =
Γ
(
d+1
2

)
4π

d+1
2

d− 2

d− 1

(
d

d− 2
− ξ

)
1

µd−1
µν′ = 0 for ξ =

d

d− 2
. (4.6)

This suggests that the propagator in the Fried-Yennie gauge is akin to the Landau gauge momentum
space propagator. It is well-known that in momentum space the Landau gauge has improved UV
behaviour. This is because the propagator in Landau gauge is transverse and thus it vanishes when
contracted with a momentum, instead of giving a term proportional to the momentum (which can
lead to divergences as p → ∞) as in Feynman gauge. While in Feynman gauge such terms would
cancel among different diagrams (as required by gauge invariance), in Landau gauge they vanish
diagram by diagram, and one may explicitly check using power-counting that Feynman integrals in
Landau gauge indeed exhibit an improved UV behaviour. In the Fried-Yennie gauge we have an
exactly analogous situation but now in the IR. In a generic gauge, the gauge propagator contracted
by µµ will be proportional to µν′ and such factors can lead to divergences in the IR limit, µ → ∞.
Such terms are gauge dependent and they would cancel between different diagrams. In contrast, in
the Fried-Yennie gauge, such large IR contributions to individual diagrams never arise because the
propagator is µ-transverse.

We also note here that if we rewrite ξ as ξ = d−κ
d−2+κ , where now κ can be viewed as the gauge

fixing parameter, the propagator takes the form

Gµν′(µ) =
Γ
(
d+1
2

)
4π

d+1
2

2

d+ κ− 2

1

µd−1

(
δµν′ − (1− κ)

µµµν′

µ2

)
, (4.7)

which looks more like (4.1). With this parametrization, the Fried-Yennie gauge corresponds to κ = 0.
The propagator is rather simple also for κ = 1,

Gµν′(µ) =
Γ
(
d+1
2

)
2(d− 1)π

d+1
2

1

µd−1
δµν′ . (4.8)
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This is not surprising since κ = 1 corresponds to ξ = 1, so this is the Feynman gauge. Another,
potentially interesting, choice is κ = −1. With this choice, the propagator takes the form

Gµν′(µ) =
Γ
(
d+1
2

)
2(d− 3)π

d+1
2

1

µd−1

(
δµν′ − 2

µµµν′

µ2

)
≡

Γ
(
d+1
2

)
2(d− 3)π

d+1
2

Iµν′(x− x′)

µd−1
, (4.9)

where Iµν′(x − x′) is the inversion tensor. It turns out that in this gauge the 2-point function has
the form of a CFT vector primary with dimension ∆ = d−1

2 . This is below the unitarity bound of a
unitary CFT vector primary. Nevertheless, this gauge choice has been useful: it was used in [66] to
show that the free Maxwell theory in more than four dimensions (which is scale, but not conformally
invariant) can be embedded into a non-unitary CFT.

5 Position space propagator in covariant gauge

The form of the position space photon propagator in the Fried-Yennie gauge described in the pre-
vious section (in flat space) suggests that choosing the right variables would make the simplicity of
the propagator in this gauge in EAdS also manifest. Assuming one can quantize the theory while
maintaining AdS invariance, the propagators will depend on the (unique) AdS-invariant distance only.
This is not an innocuous assumption, as the debate regarding massless scalars in dS demonstrates
(see, for example, [67] (and [68] for a different perspective) and [47] for a corresponding discussion in
the case of gauge fields). In our case, and for Dirichlet boundary conditions, we will explicitly check
that the solutions we obtain (assuming the propagator depends only on the AdS invariant distance)
satisfy all required consistency checks. The case of other boundary conditions, such as Neumann, is
more subtle and will be addressed elsewhere.

The defining equations for the propagators are distributional and it is important to properly take
this fact into account. In momentum space the problem reduces to a one-dimensional problem which
can be solved using familiar methods (as described earlier). In position space the proper way to
process distributional equations is to multiply them with suitable test functions and integrate. This
approach will be discussed in detail in [69]. An alternative approach is to note that the delta-function
has a support at coincident points and this is a short-distance effect. As such, the behaviour of the
propagator close to the coincident limit should be that of the flat space propagator. We will thus start
by solving the equations at non-coincident points, and then ensure that the delta-function constraints
are satisfied by fixing the constants of integration such that the propagators approach the flat space
expression at the coincident limit.

There is a unique bi-scalar AdS invariant distance, which may be expressed in different ways. It
is often useful to define the invariant distance u(x1, x2) as

u(x1, x2) =
(z1 − z2)

2 + (x⃗1 − x⃗2)
2

2z1z2
, (5.1)

where we use Poincaré corrdinates. From this the chordal distance, ξ(x1, x2) (not to be confused with
the gauge fixing parameter9), can be defined as

ξ =
1

1 + u
, (5.2)

and the geodesic distance, µ(x1, x2), can be subsequently written as

µ = ln

(
1 +

√
1− ξ2

ξ

)
. (5.3)

9It should hopefully be clear from the context what ξ represents below. The only places where we use ξ as the chordal
distance instead of the gauge fixing parameter in the rest of the paper are in equation (5.29) where we write the gauge
field propagator using the chordal distance as the independent variable and in appendix C.
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The geodesic distance µ and u are related by

u = coshµ− 1. (5.4)

We include in appendix C some useful formulas involving derivatives of these biscalars.
We are now ready to solve for the propagators, which must satisfy equations (2.17), (2.18), and

(2.19), which we repeat here for convenience (in (5.6) and (5.7), ξ is the gauge fixing parameter),

∇µ∇µGghost =
1
√
g
δ(d+1)(x1 − x2), (5.5)(

gµν∇σ∇σ −∇µ∇ν +
1

ξ
∇ν∇µ

)
Gµρ′ = − 1

√
g
δνρ′δ

(d+1)(x1 − x2), (5.6)

∇µGµν′ = ξ∇ν′Gghost. (5.7)

5.1 Ghost propagator

We start with the ghost propagator. It is simplest to work with the geodesic distance µ as the
independent variable. The equation for the ghost propagator then takes the form,

G′′
ghost(µ) + d coth(µ)G′

ghost(µ) =
1
√
g
δ(d+1)(x1 − x2). (5.8)

Away from coincident points, x1 ̸= x2, the solution is given by

Gghost(µ) = cg0 sech
d(µ) 2F1

(
d

2
,
d+ 1

2
;
d+ 2

2
; sech2(µ)

)
+ cg. (5.9)

The coincidence limit is µ → 0, and in this limit the solution of (5.8) should reduce to the flat space
propagator,

Gflat
ghost(µ) = −

Γ
(
d−1
2

)
4π

d+1
2

1

µd−1
. (5.10)

Requiring that to leading order as µ → 0, Gghost(µ) reduces to Gflat
ghost(µ) fixes

c0g = −
Γ
(
d+1
2

)
2dπ

d+1
2

. (5.11)

Requiring further that the propagator vanishes at large separation, i.e. as µ → ∞, also fixes cg = 0.
Thus, the ghost propagator takes the form10

Gghost(µ) = −
Γ
(
d+1
2

)
2dπ

d+1
2

sechd(µ) 2F1

(
d

2
,
d+ 1

2
;
d+ 2

2
; sech2(µ)

)
. (5.13)

We note here that the constant cg plays no role anyway in the BRST constraint equation (5.7) as
only the derivative of the ghost propagator appears.

10An equivalent form of the solution that makes the behaviour at large separation manifest is

Gghost(x) = −
Γ
(

d+1
2

)
2dπ

d+1
2

(x− 1)
d
2

[
x−d(x+ 1)

d
2 2F1

(
d

2
,
d+ 1

2
;
d+ 2

2
; 1− 1

x2

)]
, (5.12)

where x = cothµ. The term in square brackets limits to 2d/2 as x → 1, so the propagator vanishes as (x− 1)d/2 at large

separation. Note also that when d is even this term is proportional to the Jacobi polynomial P
d/2,−d/2

(d−2)/2 (x).
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5.2 Photon propagator

To solve for the gauge field propagator we will make the following Ansatz

Gµρ′(µ) = A(µ)∇µ∇ρ′µ+B(µ)∇µµ∇ρ′µ. (5.14)

We note here that we have
∇µµGµρ′(µ) = B(µ)∇ρ′µ. (5.15)

We now plug in our Ansatz in equation (5.6) and simplify it for x1 ̸= x2 (or equivalently µ ̸= 0).
After some lengthy manipulations we find two second-order coupled differential equations for A and
B (where primes on A and B denote derivatives with respect to µ),

A′′ + (d− 2) coth(µ)A′ − 1

ξ
dA csch2(µ) +

(
1

ξ
− 1

)
B′ −

(
d− 2− d

ξ

)
coth(µ)B = 0, (5.16)

B′′ + d coth(µ)B′ − d(1 + ξ)B csch2(µ)− d(1− ξ) csch2(µ)A′ + 2d coth(µ) csch2(µ)A = 0. (5.17)

Plugging our Ansatz in the BRST constraint equation (5.7) as well, we get

−d csch2(µ)A+B′ + d coth(µ)B = ξG′
ghost(µ). (5.18)

The derivative of the ghost propagator reduces to a simple function,

G′
ghost(µ) =

Γ
(
d+1
2

)
2π

d+1
2

cschd(µ), (5.19)

so we can use equation (5.18) to express A in terms of B as

A = −ξ
Γ
(
d+1
2

)
2dπ

d+1
2

cschd−2(µ) +
1

d
sinh2(µ)B′ + sinh(µ) cosh(µ)B. (5.20)

Plugging this expression of A in terms of B in equation (5.17) we find a second-order differential
equation for B,

B′′ + (d+ 2) coth(µ)B′ + 2dB = (d− 2)

(
d

d− 2
− ξ

) Γ
(
d+1
2

)
2π

d+1
2

cosh(µ)cschd+1(µ). (5.21)

We notice immediately that in the Fried-Yennie gauge the right-hand side is zero and the above
reduces to a homogeneous second-order differential equation for B, which we can readily solve to get

B = c sechd(µ) 2F1

(
d

2
,
d+ 1

2
;
d+ 3

2
; tanh2(µ)

)
+ c0 cosh(µ) csch

d+1(µ). (5.22)

Using this expression for B we can use equation (5.20) to find A. We checked that with these
expressions for A and B equation (5.16) is automatically satisfied as well. To complete the derivation
of the propagator in the Fried-Yennie gauge all that is left to do is to fix the integration constants c0
and c. It turns out that unless c0 = 0, the propagator is more singular than the flat space propagator
(given in (4.4)) at short distances (i.e. µ → 0), so

B = c sechd(µ) 2F1

(
d

2
,
d+ 1

2
;
d+ 3

2
; tanh2(µ)

)
. (5.23)

The propagator should have the fall-off behaviour of normalizable modes as we approach the conformal
boundary of EAdS. With Dirichlet boundary conditions this implies that the propagator should vanish
as µ → ∞, i.e. at large separation, and imposing this condition fixes c = 0. Thus, we finally obtain

A = −
Γ
(
d+1
2

)
2(d− 2)π

d+1
2

1

sinhd−2(µ)
, (5.24)

B = 0. (5.25)
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One may check that the flat space limit is correct: as µ → 0 the gauge field propagator reduces
to the flat space propagator given in equation (4.4), including normalisation. Note also that it is
sufficient to require that the ghost propagator has the correct flat space limit in order to achieve
the same property for the gauge field propagator, precisely because of the BRST constraint (5.18).
We also comment that given the flat space expression of the propagator in this basis of bitensors,
equation (4.4), it is perhaps unsurprising that a similar result in EAdS holds: since we require that
the propagator has the right flat space limit and that it vanishes at large separation, the form factor
B should go to zero both for small and large µ, besides satisfying a second-order differential equation.
Hence, it may not be that surprising that B turns out to be zero.

Thus, the final answer for the gauge field propagator in the Fried-Yennie gauge is

Gµρ′(µ) = −
Γ
(
d+1
2

)
2(d− 2)π

d+1
2

1

sinhd−2(µ)
∇µ∇ρ′µ, (5.26)

and from equation (5.15) we see that it satisfies the tranvsersality condition,

∇µµGµρ′(µ) = 0, (5.27)

which is the analogue of the flat space equation (4.6).
Using the relations between µ, u, and ξ, we can also write the propagator in the basis of bitensors

formed by these other biscalars,

Gµρ′(u) =
Γ
(
d+1
2

)
2(d− 2)π

d+1
2

(
− 1

(u(u+ 2))
d−1
2

∇µ∇ρ′u+
u+ 1

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

∇µu∇ρ′u

)
, (5.28)

Gµρ′(ξ) =
Γ
(
d+1
2

)
2(d− 2)π

d+1
2

 1

ξ2

(
ξ2

1− ξ2

) d−1
2

∇µ∇ρ′ξ +
2ξ2 − 1

ξ5

(
ξ2

1− ξ2

) d+1
2

∇µξ∇ρ′ξ

 . (5.29)

Our result written in the u-basis agrees with the form given in [28] for Dirichlet boundary conditions.
We include in appendix D the solutions for arbitrary ξ and d. Obtaining this most general solution
amounts to solving equation (5.21) for B for arbitrary ξ and d, deriving an expression for A using
equation (5.20), and then checking that equation (5.16) is also satisfied. As in the discussion so far, we
fix the constants of integration by demanding that the propagator reduces to the flat space propagator
at short distances and that it vanishes at large distances.

6 Conclusion

In this paper, we computed the photon propagator in EAdS for various gauge choices, both in momen-
tum and position space. Our results agree with previous results, whenever such results are available.
We made special effort to streamline derivations, and to present results in the simplest possible form.
Mathematica notebooks with the results are appended in the arXiv submission to facilitate easy use
of our results. Our results straightforwardly extend to non-Abelian gauge theories, as the equations
for the propagator only use the quadratic part of the action, which (up to color factors) is the same
in Abelian and non-Abelian theories.

We derived and presented our results both in momentum and position space. Each approach has
its own advantages, disadvantages, and uses. Momentum space techniques are closer to flat space
methodology and, as most explicit QFT computations in flat space are done in momentum space,
the results in momentum space would facilitate the transfer of such methodology from flat space
to AdS (and indeed the results in [34] are an example of that). The momentum space expressions
are also useful if one is to connect AdS results to CFT in momentum space [70] (via the AdS/CFT
correspondence) and also for developing a similar approach for cosmological applications (see, for
example, [71, 72] and references therein). The momentum space results are simplest in the axial and
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Coulomb gauges, as these gauge conditions are compatible with the translational isometries along the
boundary directions.

Position space expressions, on the other hand, make it easier to make manifest use of AdS isome-
tries, and the results are simpler in covariant Rξ gauges. The position space propagator is the simplest
in the Fried-Yennie gauge, where ξ = d/(d − 2). The simplicity of this gauge (in flat, AdS, and dS)
is linked with an improved IR behaviour. One may write the propagator in terms of the geodesic
distance and in the Fried-Yennie gauge the propagator is “position-space transverse,” meaning that
it vanishes when contracted with the geodesic distance vector. The position space propagator would
be useful in bulk loop computations, where bulk isometries are used in an essential way, such as in
the methodology developed in [24,69].

In our analysis we paid special attention to the subsidiary condition that BRST invariance imposes:
the longitudinal part of the gauge field propagator is linked with the propagator of the ghost field.
This relation is instrumental in proving perturbative unitarity in flat space and its importance in de
Sitter was also recently emphasised in [47]. In our case, the subsidiary condition has proved very
useful when solving for the gauge field propagator, as the equations one gets from the subsidiary
condition are simpler than the original equations for the propagator.

We derived the propagator for the standard Dirichlet boundary conditions. This boundary con-
dition implies in particular that the propagator vanishes at large separation (the propagator should
fall-off at the rate of normalizable modes). In AdS, other boundary conditions for gauge fields have
been discussed in the literature, see for example [73, 74]. With Neunman boundary conditions one
expects dynamical gauge fields on the boundary and the propagator should not vanish at large sep-
aration. For Abelian theories (and in d = 3), Neunman boundary conditions are related to Dirichlet
boundary conditions by electromagnetic duality [73]. For non-Abelian gauge theories, Neumann
boundary conditions have been discussed in the context of confinement in AdS [28, 75]. It would be
interesting to extend the analysis presented here to general boundary conditions.

Another interesting extension is to compute the propagator for other spinning fields in (A)dS. The
next (and perhaps most interesting) case is the graviton propagator. In this case, the ghost fields
are vector fields and there is a 2-parameter generalisation of the Rξ-type covariant gauges. For these
gauges, the ghost action is akin to that of a massive spin-1 field. Similarly to the gauge field case
discussed here, BRST invariance couples the longitudinal part of the graviton propagator to the ghost
propagator and the methodology we developed here can be used to solve for the propagators. Higher
spin fields and p-forms are other possible extensions. We hope to report on such extensions in future
work.
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A Flat space propagators

In this appendix we confirm the BRST constraint (2.15) between the gauge field and ghost propagators
in Euclidean flat space gµν = δµν = diag(1, . . . , 1) for various well-known gauges.

A.1 Axial gauge

Choosing F (A) = nµAµ, in flat space the action (2.7) becomes

S =

∫
dd+1x

[
1

4
FµνFµν +

1

2ξ

(
nµAµ

)2
+ bnµ∂µc

]
. (A.1)
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Going to momentum space, the photon and ghost propagators must satisfy(
−p2δµν + pµpν −

1

ξ
nµnν

)
G̃µρ(p) = −δρν , (A.2)(

−inµpµ
)
G̃ghost(p) = 1. (A.3)

From these, we find that

G̃µρ(p) =
1

p2

(
δµρ −

pµnρ + nµpρ
(n · p)

+
ξp2 + n2

(n · p)2
pµpρ

)
, (A.4)

G̃ghost(p) =
i

n · p
. (A.5)

Note that

nµG̃µρ(p) =
ξpρ
n · p

= ξ(ipρ)
i

n · (−p)
= ξ(ipρ)G̃ghost(−p), (A.6)

which is precisely the BRST constraint (2.15).

A.2 Coulomb gauge

Choosing F (A) = ∂iAi (the sum is over only d of the (d+ 1) components; since we are in Euclidean
signature it does not matter which component is omitted), in flat space the action (2.7) becomes

S =

∫
dd+1x

[
1

4
FµνFµν +

1

2ξ

(
∂iAi

)2
+ b∂i∂ic

]
. (A.7)

Going to momentum space, the photon and ghost propagators must satisfy(
−p2δµν + pµpν −

1

ξ
δiµδ

j
νpipj

)
G̃µρ(p) = −δρν , (A.8)(

−pipi

)
G̃ghost(p) = 1. (A.9)

We define nµ = (1, 0⃗) and pµs = pµ − (n · p)nµ. From these, we find that

G̃µρ(p) =
1

p2s

(
nµnρ +

p2s
p2

(
(δµρ − nµnρ)−

(ps)µ(ps)ρ
p2s

)
(A.10)

+ ξ
(n · p)2

p2s
nµnρ + ξ

(n · p)
(
(ps)µnρ + nµ(ps)ρ

)
p2s

+ ξ
(ps)µ(ps)ρ

p2s

)
, (A.11)

G̃ghost(p) = − 1

p2s
. (A.12)

Note that

−ipµs G̃µρ(p) = −ipiG̃iρ(p) = ξ
−ipρ
p2s

= ξ(ipρ)

(
− 1

p2s

)
= ξ(ipρ)G̃ghost(−p), (A.13)

which is precisely the BRST constraint (2.15).

A.3 Covariant gauge

Choosing F (A) = ∂µAµ, in flat space the action (2.7) becomes

S =

∫
dd+1x

[
1

4
FµνFµν +

1

2ξ

(
∂µAµ

)2
+ b∂µ∂µc

]
. (A.14)
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Going to momentum space, the photon and ghost propagators must satisfy(
−p2δµν + pµpν −

1

ξ
pµpν

)
G̃µρ(p) = −δρν , (A.15)(

−pµpµ
)
G̃ghost(p) = 1. (A.16)

From these, we find that

G̃µρ(p) =
1

p2

(
δµρ − (1− ξ)

pµpρ
p2

)
, (A.17)

G̃ghost(p) = − 1

p2
. (A.18)

Note that

−ipµG̃µρ(p) = ξ
−ipρ
p2

= ξ(ipρ)

(
− 1

p2

)
= ξ(ipρ)G̃ghost(−p), (A.19)

which is precisely the BRST constraint (2.15).

B Integral representation of the propagators

In this appendix we give an integral representation for the propagators that avoids the use of Heaviside
step functions in their definitions. We will make use of the formulas [76]∫ ∞

0
xJν(ax)Jν(bx)dx =

1

a
δ(a− b), a, b, ν ∈ R, (B.1)∫ ∞

0

x

x2 + c2
Jν(ax)Jν(bx)dx = Iν(cb)Kν(ca)Θ(a− b) +Kν(cb)Iν(ca)Θ(b− a), (B.2)

a, b > 0, Re(c) > 0, Re(ν) > −1,∫ ∞

0

1

x
Jν(ax)Jν(bx)dx =

1

2ν

(
b

a

)ν

Θ(a− b) +
1

2ν

(
a

b

)ν

Θ(b− a), a, b > 0, Re(ν) > 0. (B.3)

Note that (B.3) is just (B.2) with c = 0.

B.1 Gauge independent part of the propagator

Using (B.2), we can immediately rewrite the transverse, gauge independent, part of the propagator
as

A =
(
(zz′)

d−2
2 I d−2

2
(pz′)K d−2

2
(pz)

)
Θ(z − z′) +

(
(zz′)

d−2
2 K d−2

2
(pz′)I d−2

2
(pz)

)
Θ(z′ − z)

=

∫ ∞

0

k dk

k2 + p2
(z)

d−2
2 J d−2

2
(kz)J d−2

2
(kz′)(z′)

d−2
2

. (B.4)

B.2 Coulomb gauge propagator

Using (B.4) and (B.1), we can rewrite the propagator in Coulomb gauge, (3.79), as
G̃ij(z, z

′, p⃗) =
(
δij − pipj

p2

) ∫∞
0

k dk
k2+p2

(z)
d−2
2 J d−2

2
(kz)J d−2

2
(kz′)(z′)

d−2
2

G̃i0(z, z
′, p⃗) = G̃0i(z, z

′, p⃗) = 0

G̃00(z, z
′, p⃗) = zd−3

p2
δ(z − z′) =

∫∞
0

k dk
p2

(z)
d−2
2 J d−2

2
(kz)J d−2

2
(kz′)(z′)

d−2
2

. (B.5)

(For the 00-component we could have used (B.1) with any order of the Bessel J.)
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B.3 Axial gauge propagator

For convenience, we rewrite here the propagator in axial gauge from (3.54),
G̃ij(z, z

′, p⃗) =
(
δij − pipj

p2

)(zz′)
d−2
2 K d−2

2
(pz′)I d−2

2
(pz), z < z′

(zz′)
d−2
2 I d−2

2
(pz′)K d−2

2
(pz), z > z′

+
pipj
p2

{
1

d−2z
d−2, z < z′

1
d−2z

′d−2, z > z′

G̃i0(z, z
′, p⃗) = G̃0i(z, z

′, p⃗) = G̃00(z, z
′, p⃗) = 0

.

(B.6)
The longitudinal component can be rewritten as

pipj
p2

{
1

d−2z
d−2, z < z′

1
d−2z

′d−2, z > z′
=

pipj
p2

(zz′)
d−2
2

 1

d− 2

(
z′

z

) d−2
2

Θ(z − z′) +
1

d− 2

(
z

z′

) d−2
2

Θ(z′ − z)


=

pipj
p2

∫ ∞

0

dk

k
(z)

d−2
2 J d−2

2
(kz)J d−2

2
(kz′)(z′)

d−2
2 ,

(B.7)
where we used (B.3) to get the second line. With this, the axial gauge propagator can be rewritten
as 

G̃ij(z, z
′, p⃗) =

(
δij − pipj

p2

) ∫∞
0

k dk
k2+p2

(z)
d−2
2 J d−2

2
(kz)J d−2

2
(kz′)(z′)

d−2
2

+
pipj
p2

∫∞
0

dk
k (z)

d−2
2 J d−2

2
(kz)J d−2

2
(kz′)(z′)

d−2
2

=
∫∞
0

k dk
k2+p2

(z)
d−2
2 J d−2

2
(kz)J d−2

2
(kz′)(z′)

d−2
2

(
δij +

pipj
k2

)
G̃i0(z, z

′, p⃗) = G̃0i(z, z
′, p⃗) = G̃00(z, z

′, p⃗) = 0

. (B.8)

Up to some factors of i due to the different signature of spacetime, this agrees with the expression
given in [34].

B.4 Axial and Coulomb gauge propagators in position space

The position space propagators are given by

Gµν(x, y) =

∫
ddp

(2π)d
G̃µν(z, z

′, p⃗)e−ip⃗·(x⃗−y⃗). (B.9)

Axial gauge

The axial gauge propagator in position space is given by

Gaxial
ij (x, y) = δijA(x, y) + ∂xi∂yjB(x, y) , (B.10)

where the form factors A and B can be computed using

Gaxial
ij (x, y) = (zz′)

d−2
2

∫ ∞

0
dk k J d−2

2
(kz)J d−2

2
(kz′)

(
δij +

∂xi∂yj
k2

)∫
ddp

(2π)d
1

p2 + k2
e−ip⃗·(x⃗−y⃗). (B.11)

The integral over p⃗ gives just the flat space position space propagator of a scalar with mass k, and it
can be computed by introducing a Schwinger parameter, completing the square and integrating over
p⃗, and then performing the integral over the Schwinger parameter. The result is∫

ddp

(2π)d
1

p2 + k2
e−ip⃗·(x⃗−y⃗) =

1

(2π)
d
2

1

|x⃗− y⃗|
d−2
2

k
d−2
2 K d−2

2
(k|x⃗− y⃗|). (B.12)

Thus, the propagator is given by

Gaxial
ij (x, y) =

(zz′)
d−2
2

(2π)
d
2

[
δij

1

|x⃗− y⃗|
d−2
2

∫ ∞

0
dk k

d
2 J d−2

2
(kz)J d−2

2
(kz′)K d−2

2
(k|x⃗− y⃗|)+

+∂xi∂yj
1

|x⃗− y⃗|
d−2
2

∫ ∞

0
dk k

d
2
−2 J d−2

2
(kz)J d−2

2
(kz′)K d−2

2
(k|x⃗− y⃗|)

]
.

(B.13)
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The two integrals can be written in terms of Appell F4 functions [76] as∫ ∞

0
dk k

d
2 J d−2

2
(kz)J d−2

2
(kz′)K d−2

2
(k|x⃗− y⃗|) = 2

d−2
2 Γ (d− 1)

Γ
(
d
2

) (zz′)
d−2
2

|x⃗− y⃗|
3d−2

2

(B.14)

× F4

(
d

2
, d− 1;

d

2
,
d

2
;

−z2

|x⃗− y⃗|2
,

−z′2

|x⃗− y⃗|2

)

=
2

3d−6
2 Γ

(
d−1
2

)
(zz′|x⃗− y⃗|)

d−2
2

√
π
[
(z2 + z′2 + |x⃗− y⃗|2)2 − 4z2z′2

] d−1
2

,

∫ ∞

0
dk k

d
2
−2 J d−2

2
(kz)J d−2

2
(kz′)K d−2

2
(k|x⃗− y⃗|) = 2

d−4
2 Γ (d− 2)

(d− 2)Γ
(
d
2

) (zz′)
d−2
2

|x⃗− y⃗|
3d−6

2

(B.15)

× F4

(
d− 2

2
, d− 2;

d

2
,
d

2
;

−z2

|x⃗− y⃗|2
,

−z′2

|x⃗− y⃗|2

)
.

The integral in (B.15) may be computed in terms of elementary functions when d is odd (the Bessel
functions reduce to elementary functions in such cases), and for any d one may be able to connect
this integral to (B.14) using the methodology in [77].

The final answer for A(x, y) is then given by

A(x, y) =
Γ
(
d−1
2

)
ξd−1

4π
d+1
2 (zz′)

(
1− ξ2

) d−1
2

=
Γ
(
d−1
2

)
4π

d+1
2 (zz′)

(
u(u+ 2)

) d−1
2

, (B.16)

where u and ξ are the AdS invariant and chordal distances defined in (5.1) and (5.2). This factor
exactly reproduces the gauge invariant part of the propagator computed in the covariant gauge in [51].
To check this one may use their (2.8), (2.6), and (2.18).

Coulomb gauge

The Coulomb gauge propagator in position space can be obtained in the same way. We get

GCoulomb
00 (x, y) = zd−3δ(z − z′)

∫
ddp

(2π)d
1

p2
e−ip⃗·(x⃗−y⃗) =

Γ
(
d−2
2

)
4π

d
2

1

|x⃗− y⃗|d−2
zd−3δ(z − z′) (B.17)

and

GCoulomb
ij (x, y) = Gaxial

ij (x, y)

−
Γ
(
d−2
2

)
4(d− 2)π

d
2

∂xi∂yj
1

|x⃗− y⃗|d−2

(
z′d−2Θ(z − z′) + zd−2Θ(z′ − z)

)
.

(B.18)

C Some useful formulas in position space

We include here some useful formulas in position space involving the biscalars u, ξ, and µ defined
at the beginning of section 5 and their derivatives. We are working in EAdSd+1, so the spacetime
dimension is D = d+ 1. We recall that u(x1, x2) is defined as

u(x1, x2) =
(z1 − z2)

2 + (x⃗1 − x⃗2)
2

2z1z2
, (C.1)
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and we have that u ≥ 0. From equations (2.6-2.7) of [51] we have

∇µu =
1

z1

[
1

z2
(x1 − x2)µ − uδµ0

]
, (C.2)

∇ν′u =
1

z2

[
1

z1
(x2 − x1)ν′ − uδν′0

]
, (C.3)

∇µ∇ν′u = − 1

z1z2

[
δµν′ +

1

z2
(x1 − x2)µδν′0 +

1

z1
(x2 − x1)ν′δµ0 − uδµ0δν′0

]
, (C.4)

and from equations (2.9-2.15) of [52] we have

∇µ∇µu = (d+ 1)(u+ 1), (C.5)

∇µu∇µu = u(u+ 2), (C.6)

∇µ∇νu = (u+ 1)gµν , (C.7)

(∇µu)(∇µ∇ν∇ν′u) = ∇νu∇ν′u, (C.8)

(∇µu)(∇µ∇ν′u) = (u+ 1)∇ν′u, (C.9)

(∇µ∇µ′u)(∇µ∇ν′u) = gµ′ν′ +∇µ′u∇ν′u, (C.10)

∇µ∇ν∇ν′u = gµν∇ν′u. (C.11)

For any scalar function f of u we have

∇µ∇µf(u) = u(u+ 2)f ′′(u) + (d+ 1)(u+ 1)f ′(u). (C.12)

From u we can define the chordal distance ξ(x1, x2) as

ξ =
1

1 + u
, (C.13)

which satisfies 0 < ξ ≤ 1. If f is viewed as a scalar function of ξ now, we have

∇µ∇µf(ξ) = (1− ξ2)ξ2f ′′(ξ) + [2(1− ξ2)− (d+ 1)]ξf ′(ξ). (C.14)

Using the relation between u and ξ, one can derive that

∇µu = − 1

ξ2
∇µξ, (C.15)

∇µ∇ν′u = − 1

ξ2
∇µ∇ν′ξ +

2

ξ3
∇µξ∇ν′ξ. (C.16)

The geodesic distance µ(x1, x2) can be written in terms of ξ as

µ = ln

(
1 +

√
1− ξ2

ξ

)
, (C.17)

and it is related to u by
u = coshµ− 1. (C.18)

We also have that µ ≥ 0. Using the relation between u and µ, one can derive that

∇µu = sinhµ∇µµ, (C.19)

∇µ∇ν′u = sinhµ∇µ∇ν′µ+ coshµ∇µµ∇ν′µ. (C.20)
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Finally, using the relations above for the derivatives of u, one can also get

∇µµ∇µµ = 1, (C.21)

∇µ∇µµ = d cothµ, (C.22)

∇µ∇νµ = cothµ (gµν −∇µµ∇νµ), (C.23)

∇µµ∇µ∇νµ = 0, (C.24)

∇µ∇ν∇ν′µ = − cothµ (∇νµ∇µ∇ν′µ+∇µµ∇ν∇ν′µ)− csch2 µ (gµν −∇µµ∇νµ)∇ν′µ, (C.25)

∇µµ∇µ∇ν′µ = 0, (C.26)

∇µµ∇µ∇ν∇ν′µ = − cothµ∇ν∇ν′µ, (C.27)

∇µ∇µ∇ν∇ν′µ = 2d cothµ csch2 µ∇νµ∇ν′µ− d coth2 µ∇ν∇ν′µ, (C.28)

∇µ∇µ∇νµ = −d coth2 µ∇νµ, (C.29)

∇µ∇µ∇ν′µ = −d csch2 µ∇ν′µ. (C.30)

D Position space propagator in covariant gauge for arbitrary ξ

Gµρ′(µ) = A(µ)∇µ∇ρ′µ+B(µ)∇µµ∇ρ′µ (D.1)

D.1 d = 3

Gghost(µ) =
1

4π2

(
tanh−1(sech(µ))− coth(µ)csch(µ)

)
(D.2)

A(µ) = −csch(µ)

2π2
+

ξ − 3

48π2
csch3(µ)× (D.3)

×
(
−2 cosh(2µ) + 8 log(2csch(µ)) + (cosh(3µ)− 9 cosh(µ)) tanh−1(sech(µ)) + 2

)
B(µ) =

ξ − 3

8π2
csch4(µ)

(
tanh−1(sech(µ))(3 + cosh(2µ)) + 4 cosh(µ) log

(
sinh(µ)

2

))
(D.4)

D.2 d = 4

Gghost(µ) = − 1

8π2

(
coth3(µ)− 3 coth(µ) + 2

)
(D.5)

A(µ) = −3 csch2(µ)

16π2
+

ξ − 2

64π2
csch4(µ)× (D.6)

× (sinh(2µ)− cosh(2µ))((6µ− 3) sinh(2µ) + (6µ− 4) cosh(2µ) + 4)

B(µ) =
ξ − 2

8π2
csch2(µ)

(
−1 + coth(µ) + 3(−1 + µ coth(µ))csch2(µ)

)
(D.7)
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D.3 d = 5

Gghost(µ) =
1

8π3

(
coth(µ)csch(µ)

(
3− 2csch2(µ)

)
− 3 tanh−1(sech(µ))

)
(D.8)

A(µ) = −csch3(µ)

3π3
− 3ξ − 5

1920π3
csch5(µ)×

×
(
48 cosh(2µ)− 6 cosh(4µ)− 128 log(2csch(µ))− 42 (D.9)

+ (150 cosh(µ)− 25 cosh(3µ) + 3 cosh(5µ)) tanh−1(sech(µ))
)

B(µ) =
3ξ − 5

192π3
csch6(µ)×

×
(
tanh−1(sech(µ))(45 + 20 cosh(2µ)− cosh(4µ)) (D.10)

+ 4 cosh(µ)(−1 + cosh(2µ)− 16 log(2) + 16 log(sinh(µ)))
)

D.4 d = 6

Gghost(µ) =
1

32π3

(
csch5(µ)(9 sinh(2µ) + 11 cosh(2µ)− 5)(sinh(3µ)− cosh(3µ))

)
(D.11)

A(µ) = −15 csch4(µ)

64π3
− 2ξ − 3

192π3
×

×
(
15µ csch6(µ)− 6 csch2(µ) + 8 (D.12)

+ csch4(µ)(9− (−9 cosh(2µ) + cosh(4µ) + 23) coth(µ))
)

B(µ) =
2ξ − 3

32π3
csch2(µ)× (D.13)

×
(
2− 2 coth(µ) + (−5 + 6 coth(µ)) csch2(µ) + 15(−1 + µ coth(µ)) csch4(µ)

)
D.5 General d

Obtaining a solution for the propagator for arbitrary d and ξ boils down to solving equation (5.21),

B′′ + (d+ 2) coth(µ)B′ + 2dB = (d− 2)

(
d

d− 2
− ξ

) Γ
(
d+1
2

)
2π

d+1
2

cosh(µ)cschd+1(µ) ≡ S(µ) , (D.14)

where we denote the right-hand side, i.e. the source term, simply by S. Mathematica cannot solve this
differential equation directly, however, since the homogeneous solution corresponding to the Fried-
Yennie gauge has been found, one may solve for the particular integral using the method of variation
of parameters. The two independent solutions of the homogeneous equation are given by

B1 = cosh(µ) cschd+1(µ), (D.15)

B2 = sechd(µ) 2F1

(
d

2
,
d+ 1

2
;
d+ 3

2
; tanh2(µ)

)
. (D.16)

The Wronskian is
W = csch(µ)d+2. (D.17)

A particular integral for the differential equation can be constructed from those as follows,

BPI = B1b1 +B2b2, (D.18)
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where b1 and b2 are given by

b1 = −
∫

1

W
B2S dµ = (d− 2)

(
ξ − d

d− 2

) Γ
(
d+1
2

)
2π

d+1
2

× (D.19)

×
∫

sinh(µ)sechd−1(µ) 2F1

(
d

2
,
d+ 1

2
;
d+ 3

2
; tanh2(µ)

)
dµ,

b2 =

∫
1

W
B1S dµ = (d− 2)

(
d

d− 2
− ξ

) Γ
(
d+1
2

)
2π

d+1
2

∫
cosh2(µ)cschd(µ) dµ. (D.20)

With the substitution t = tanh2(µ), 0 ≤ t < 1, the two integrals above become

I1 =
1

2

∫
(1− t)

d−4
2 2F1

(
d

2
,
d+ 1

2
;
d+ 3

2
; t

)
dt, (D.21)

I2 =
1

2

∫
(1− t)

d−4
2 t−

d+1
2 dt. (D.22)

Generic d

The first integral gives

I1 = − 3t

2(d− 2)
3F2

(
1, 1,

5

2
; 2,

d+ 3

2
; t

)
− d+ 1

2(d− 2)
log(1− t). (D.23)

The second integral, for generic values of d, gives

I2 = − 1

d− 1
t−

d−1
2 2F1

(
1− d

2
,
4− d

2
;
3− d

2
; t

)
+

1

4
√
π
Γ

(
1− d

2

)
Γ

(
d− 2

2

)
. (D.24)

This, however, breaks down when d is an odd integer. We will deal with this case separately. (The
constants of integration have been chosen for later convenience.)

So, as long as d is not an odd integer, the full solution to (D.14) is given by

B = c sechd(µ) 2F1

(
d

2
,
d+ 1

2
;
d+ 3

2
; tanh2(µ)

)
+ c0 cosh(µ) csch

d+1(µ)

+
(
d− (d− 2)ξ

) Γ(d+1
2

)
2π

d+1
2

[
cosh(µ) cschd+1(µ)×

×

(
3 tanh2(µ)

2(d− 2)
3F2

(
1, 1,

5

2
; 2,

d+ 3

2
; tanh2(µ)

)
+

d+ 1

d− 2
log(sech(µ))

)

− sechd(µ) 2F1

(
d

2
,
d+ 1

2
;
d+ 3

2
; tanh2(µ)

)
×

×

(
1

d− 1
tanh−d+1(µ) 2F1

(
1− d

2
,
4− d

2
;
3− d

2
; tanh2(µ)

)

− 1

4
√
π
Γ

(
1− d

2

)
Γ

(
d− 2

2

))]
.

(D.25)

As in the Fried-Yennie gauge case discussed in the main text, requiring now that at short distances
the propagator is not more singular than in flat space fixes c0 = 0 (and this automatically also ensures
that the flat space limit behaviour of the propagator is correct). Demanding also that the propagator
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vanishes at large separation fixes c = 0. Thus, we get

B =
(
d− (d− 2)ξ

) Γ(d+1
2

)
2π

d+1
2

[
cosh(µ) cschd+1(µ)×

×

(
3 tanh2(µ)

2(d− 2)
3F2

(
1, 1,

5

2
; 2,

d+ 3

2
; tanh2(µ)

)
+

d+ 1

d− 2
log(sech(µ))

)

− sechd(µ) 2F1

(
d

2
,
d+ 1

2
;
d+ 3

2
; tanh2(µ)

)
×

×

(
1

d− 1
tanh−d+1(µ) 2F1

(
1− d

2
,
4− d

2
;
3− d

2
; tanh2(µ)

)

− 1

4
√
π
Γ

(
1− d

2

)
Γ

(
d− 2

2

))]
.

(D.26)

The position space propagator in covariant gauge and for general ξ has also been computed in [28]. The
expressions in [28] involve derivatives of the hypergeometric function with respect to the indices, which
are difficult to deal with, even numerically. To the extent that we are able to check (numerically), the
results here and in [28] are in agreement.

Odd integer d

Getting now back to the case when d is an odd integer, the reason why this case is special can be seen
from the integrand of I2. Note that

(1− t)
d−4
2 =

∞∑
k=0

(−1)kΓ
(
d−2
2

)
Γ(k + 1)Γ

(
d−2
2 − k

) tk, (D.27)

and hence I2 can be rewritten as

I2 =
1

2

∫ ∞∑
k=0

(−1)kΓ
(
d−2
2

)
Γ(k + 1)Γ

(
d−2
2 − k

) tk− d+1
2 . (D.28)

If d is an odd integer, there will be a term proportional to 1/t in this sum which when integrated will
give a log term. In the following we will assume that d is an odd integer. The simplest way to deal
with this is to separate the sum into three pieces as follows

I2 =
1

2

∫ ( k= d−3
2∑

k=0

(−1)kΓ
(
d−2
2

)
Γ(k + 1)Γ

(
d−2
2 − k

) tk− d+1
2 +

(−1)
d+1
2 Γ

(
d−2
2

)
4
√
πΓ
(
d+1
2

)
t

+
∞∑

k= d+1
2

(−1)kΓ
(
d−2
2

)
Γ(k + 1)Γ

(
d−2
2 − k

) tk− d+1
2

)

=

d−3
2∑

k=0

(−1)kΓ
(
d−2
2

)
Γ(k + 1)Γ

(
d−2
2 − k

) tk+1− d+1
2

2k + 1− d
+

(−1)
d+1
2 Γ

(
d−2
2

)
4
√
πΓ
(
d+1
2

) log t

+
3(−1)

d+1
2 Γ

(
d−2
2

)
8
√
πΓ
(
d+3
2

) t 3F2

(
1, 1,

5

2
; 2,

d+ 3

2
; t

)
−

(−1)
d+1
2 Γ

(
d−2
2

)(
H d−1

2
− 2 + 2 log 2

)
4
√
πΓ
(
d+1
2

)

(D.29)

(where again the constant of integration has been chosen for later convenience). The complete solution
in this case can be found as before by requiring that the propagator is not more singular than in flat
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space at short distances and that it vanishes at large distances, which once again will set the coefficients
of the complementary function to zero. Thus, we get

B =
(
d− (d− 2)ξ

) Γ(d+1
2

)
2π

d+1
2

[
cosh(µ) cschd+1(µ)×

×

(
3 tanh2(µ)

2(d− 2)
3F2

(
1, 1,

5

2
; 2,

d+ 3

2
; tanh2(µ)

)
+

d+ 1

d− 2
log(sech(µ))

)

+ sechd(µ) 2F1

(
d

2
,
d+ 1

2
;
d+ 3

2
; tanh2(µ)

)
×

×

( d−3
2∑

k=0

(−1)kΓ
(
d−2
2

)
Γ(k + 1)Γ

(
d−2
2 − k

) tanh2k+1−d(µ)

2k + 1− d
+

(−1)
d+1
2 Γ

(
d−2
2

)
2
√
πΓ
(
d+1
2

) log
(
tanh(µ)

)

+
3(−1)

d+1
2 Γ

(
d−2
2

)
8
√
πΓ
(
d+3
2

) tanh2(µ) 3F2

(
1, 1,

5

2
; 2,

d+ 3

2
; tanh2(µ)

)

−
(−1)

d+1
2 Γ

(
d−2
2

)(
H d−1

2
− 2 + 2 log 2

)
4
√
πΓ
(
d+1
2

) )]
.

(D.30)

In both cases of generic values of d and odd integer values of d, the solution for the propagator is
now complete as A can be determined using equation (5.20), namely

A = −ξ
Γ
(
d+1
2

)
2dπ

d+1
2

cschd−2(µ) +
1

d
sinh2(µ)B′ + sinh(µ) cosh(µ)B. (D.31)

Plugging in d = 3, 4, 5, 6 in these general formulas recovers the specific solutions listed above. It is
straightforward to see that in the Fried-Yennie gauge ξ = d/(d − 2) the above expressions for B are
zero and the expression for A simplifies to (5.24). We have also (partially) checked numerically that
in the limit where d becomes an odd integer, the general expression (D.26) limits to (D.30).

E Special case: d = 2

The case when d = 2 is special. Maxwell theory in d+1 = 3 dimensions is special both classically and
quantum mechanically, already in flat space. At the classical level, the Coulomb potential exhibits a
logarithmic behaviour. Qnantum mechanically, the Maxwell theory is super-renormalizable. While
this implies good UV behaviour, it also signals strong IR divergences. Indeed, as will see momentarily,
the propagator exhibits logarithmic behaviour at large separation (and thus lack of clustering), instead
of the power follow-off that we saw in higher dimensions. In more detail, in Poincare coordinates the
two independent solutions of the classical equations of motion of the Maxwell theory in d dimensions
behave as z0 and zd−2 close to the boundary. When d = 2 one of these turns into a log, which is
divergent as z → 0. This issue is manifested in the general-d expressions for the propagator by 1/(d−2)
poles. The case of three bulk-dimensions is also special in that there is a lower-dimension term one
may add to the action, the Chern–Simons term. In explicit examples that come from string theory,
the low-energy effective action typically contains a Chern-Simons term and the relevant bulk-to-bulk
propagator would be the one that includes the Chern-Simons term. Such a computation appeared
recently in [78].

To work out the propagators corresponding to the Maxwell theory we need to set d = 2 from the
beginning. Following the same steps as in the main text, one then arrives at the following propagators
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in the covariant gauge and in position space,

Gghost(µ) = − 1

4π
(coth(µ)− 1), (E.1)

A(µ) =
1

8π

(
− 2− ξ + 2(−2πc+ µ) coth(µ) + (4πc− µ)µ csch2(µ)

)
, (E.2)

B(µ) =
1

4π

(
4πc− 2µ+ µ(−4πc+ µ) coth(µ)

)
csch2(µ). (E.3)

As alluded above, the photon propagator diverges at large separation: as one takes one of the points
to the boundary there is a log divergence that matches the one from the solutions of the classical
equations of motion. The propagator depends on the arbitrary constant c, which is related the scale of
the log coefficient. We have checked that this propagator (with ξ = c = 0) agrees with the even-part
of the propagator derived in [78], when the Chern-Simons coupling is sent to zero.

One may similarly work out the propagator in other gauges. For example, in axial gauge the
photon propagator terms involving zd−2/(d−2) get replaced by logs and once again there is a constant
associated with the scale of the logs. The Coulomb gauge photon propagator remains unchanged.
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[24] M. Bañados, E. Bianchi, I. Muñoz, and K. Skenderis, “Bulk renormalization and the AdS/CFT
correspondence,” Phys. Rev. D 107 (2023), no. 2, L021901, 2208.11539.

[25] C. Chowdhury and K. Singh, “Analytic results for loop-level momentum space Witten
diagrams,” JHEP 12 (2023) 109, 2305.18529.

[26] Ankur, D. Carmi, and L. Di Pietro, “Scalar QED in AdS,” JHEP 10 (2023) 089, 2306.05551.

[27] D. Carmi, “Loops in AdS: from the spectral representation to position space. Part III,” JHEP
08 (2024) 193, 2402.02481.

[28] R. Ciccone, F. De Cesare, L. Di Pietro, and M. Serone, “Exploring Confinement in Anti-de
Sitter Space,” 2407.06268.

[29] C. Chowdhury, P. Chowdhury, R. N. Moga, and K. Singh, “Loops, recursions, and soft limits
for fermionic correlators in (A)dS,” JHEP 10 (2024) 202, 2408.00074.

[30] C. Chowdhury, A. Lipstein, J. Marshall, J. Mei, and I. Sachs, “Cosmological Dressing Rules,”
2503.10598.

[31] C. G. Callan, Jr. and F. Wilczek, “INFRARED BEHAVIOR AT NEGATIVE CURVATURE,”
Nucl. Phys. B 340 (1990) 366–386.

[32] G. Leibbrandt, “Introduction to Noncovariant Gauges,” Rev. Mod. Phys. 59 (1987) 1067.

[33] R. Marotta, K. Skenderis, and M. Verma, “Flat space spinning massive amplitudes from
momentum space CFT,” JHEP 08 (2024) 226, 2406.06447.

[34] S. Raju, “Recursion Relations for AdS/CFT Correlators,” Phys. Rev. D 83 (2011) 126002,
1102.4724.

[35] B. Allen and T. Jacobson, “Vector Two Point Functions in Maximally Symmetric Spaces,”
Commun. Math. Phys. 103 (1986) 669.

37

http://arXiv.org/abs/1811.00504
http://arXiv.org/abs/1908.03974
http://arXiv.org/abs/1910.14340
http://arXiv.org/abs/1912.09521
http://arXiv.org/abs/2001.06777
http://arXiv.org/abs/2006.12540
http://arXiv.org/abs/2011.06603
http://arXiv.org/abs/2104.10500
http://arXiv.org/abs/2110.09861
http://arXiv.org/abs/2201.09626
http://arXiv.org/abs/2208.11539
http://arXiv.org/abs/2305.18529
http://arXiv.org/abs/2306.05551
http://arXiv.org/abs/2402.02481
http://arXiv.org/abs/2407.06268
http://arXiv.org/abs/2408.00074
http://arXiv.org/abs/2503.10598
http://arXiv.org/abs/2406.06447
http://arXiv.org/abs/1102.4724


[36] J. S. Schwinger, “Quantum electrodynamics. I A covariant formulation,” Phys. Rev. 74 (1948)
1439.

[37] S. Weinberg, The Quantum theory of fields. Vol. 1: Foundations. Cambridge University Press,
6, 2005.

[38] N. C. Tsamis and R. P. Woodard, “A Maximally symmetric vector propagator,” J. Math. Phys.
48 (2007) 052306, gr-qc/0608069.

[39] A. Youssef, “Infrared behavior and gauge artifacts in de Sitter spacetime: The photon field,”
Phys. Rev. Lett. 107 (2011) 021101, 1011.3755.
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