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Abstract

We revisit the holographic construction of (approximately) local bulk operators inside an
eternal AdS black hole in terms of operators in the boundary CFTs. If the bulk operator
carries charge, the construction must involve a qualitatively new object: a Wilson line
that stretches between the two boundaries of the eternal black hole. This operator -
more precisely, its zero mode - cannot be expressed in terms of the boundary currents
and only exists in entangled states dual to two-sided geometries, which suggests that it
is a state-dependent operator. We determine the action of the Wilson line on the relevant
subspaces of the total Hilbert space, and show that it behaves as a local operator from
the point of view of either CFT. For the case of three bulk dimensions, we give explicit
expressions for the charged bulk field and the Wilson line. Furthermore, we show that
when acting on the thermofield double state, the Wilson line may be extracted from a
limit of certain standard CFT operator expressions. We also comment on the relationship
between the Wilson line and previously discussed mirror operators in the eternal black
hole.

Copyright M. Guica and D. Jafferis. Received 17-11-2016 ®)
This work is licensed under the Creative Commons Accepted 02-08-2017 ek
Attribution 4.0 International License. Published 28-08-2017 updates.
Published by the SciPost Foundation. doi:10.21468/SciPostPhys.3.2.016
Contents
1 Introduction and summary 2
2 Charged scalar coupled to D = 3 Chern-Simons 6
2.1 Analysis of the wave equation 6
2.2 Holographic interpretation 8
2.3 Choice of gauge and quantization 11
3 Charged scalar coupled to Maxwell theory in D > 3 13
3.1 Equations of motion analysis 13
3.2 Evaluating the Wilson line 15
3.3 Locality of the Wilson line 18


https://scipost.org
https://scipost.org/SciPostPhys.3.2.016
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.21468/SciPostPhys.3.2.016&amp;domain=pdf&amp;date_stamp=2017-08-28
http://dx.doi.org/10.21468/SciPostPhys.3.2.016

Scil SciPost Phys. 3, 016 (2017)

4 CFT representation of the boundary-to-boundary Wilson line 19
4.1 Action on the thermofield double state 20
4.2 Construction via the bulk OPE 23
4.3 Action on gauge-shifted states 24

5 Discussion 27

A Dirac quantization of U(1) Chern-Simons 28
A.1 Pure Chern-Simons 29
A.2  Coupling to matter 31

B Global coordinates in three dimensions 32

References 34

1 Introduction and summary

One of the most remarkable aspects of the AdS/CFT correspondence is that it gives us a def-
inition of quantum gravity in anti-de Sitter space-time [1]. However, while the holographic
dictionary for extracting CFT quantities as boundary limits of bulk ones is relatively straight-
forward, it is far more challenging to reconstruct the physics of the AdS interior from the CFT.
In certain cases - such as vacuum AdS - there is a perturbative procedure [2-11] to deter-
mine bulk operators from highly nonlocal boundary ones, which may be possible to resum
non-perturbatively to well-defined CFT operators. However, if the bulk region lies behind the
horizon of an AdS black hole, [12-14] have argued that the CFT description of interior bulk
operators is state-dependent, which means that the CFT operator that represents the bulk field
can depend sensitively on unmeasured details of the quantum microstate of the black hole.

State-dependent operators are invoked when there does not exist a fixed CFT operator that
has the properties inferred from bulk perturbation theory (e.g., behaving as a local operator,
obeying a particular algebra) in all the states in which such a behaviour is expected [14].
A “state-dependent” CFT operator associated to a particular black hole microstate state |¥)
is then only required to act “nicely” in a small subspace - denoted 7, - of the total CFT
Hilbert space, which consists of |[¥) and not-too-large excitations theoreof; by construction,
£y corresponds precisely to the part of the CFT Hilbert space that can be probed by an observer
in the bulk.

While state-dependence is a very interesting proposal for a concrete implementation of
black hole complementarity, it takes as an input the bulk perturbative description, including
smoothness of the horizon. This led [15] to consider the issue of state-dependence in the
eternal black hole, dual to to the thermofield double state of two CFTs [25], which is believed
to have a smooth horizon. By considering a set of time-shifted states that correspond to the
same background geometry, [ 15] were able to exhibit state-dependence also in this case.

In this work, we revisit the holographic dictionary in the eternal black hole background,
with the aim of better understanding the mechanism responsible for state dependence. Rather
than studying gravitational interactions in the bulk, we concentrate on the simpler case of
charged scalars coupled to bulk electromagnetism. By carefully taking into account issues
related to gauge invariance and boundary conditions, we uncover a new element of the holo-
graphic dictionary: a boundary-to-boundary Wilson line, and discuss its relation to state-
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Figure 1: Naive representation of a charged scalar in regions I, II of the eternal black hole in
terms of smeared CFT operators on the two boundaries.

dependence. This object has been previously considered in [16] as a quantitative probe of
the ER=EPR conjecture [17]. In the following, we give a brief account of how the Wilson line
operator appears, and of its expected properties.

We set out to understand the representation of a charged (scalar) bulk operator! ¢(y)
placed inside an eternal black hole in terms of CFT operators on the two boundaries. The
dual operator to this bulk field in the left/right CFT is denoted as &,z and carries charge q
under the left/right conserved U(1) charges, Q. Since all points in the eternal black hole
are in causal contact with at least one of the two boundaries, it would seem that all light bulk
fields can be obtained by smearing the local CFT operators & /z on the two sides, as pictured
in figure 1; there, ¢ (y) represents the charged bulk scalar, K} jz(y|x /r) are bulk-to-boundary
propagators from the bulk point y to the boundary point x; /z, and the integrals run over the
respective boundaries.

However, it is easy to see that these naive expressions violate charge conservation as we
move the bulk field from region I to region II of the black hole, since the expression ¢! for
the bulk field in region I has zero commutator with the charge Q; in the left CFT, whereas the
expression ¢!! for the bulk field in the interior has a non-zero commutator (see also [14]).
The problem is easy to identify: we need to consider a gauge-invariant bulk operator?, as the
CFT only captures gauge-invariant data in the bulk. The gauge-invariant bulk operator that
we will study throughout this paper is a charged scalar field ¢(y), connected via a Wilson line
to a point X the right boundary®

P(y)= ¢(J’)PEXP(iQJ A), €))
r
where T is a bulk path that starts at y and ends at Xz. This is shown in figure 2. Note that,
due to the framing, this operator is not exactly local in the bulk.

The commutation relations of ql; with the boundary charges Q; p are entirely determined
by the boundary endpoint of the Wilson line; in our setup, q§( y)has Q; = 0 and Qp = g,
irrespective of where the bulk point y is located. From the bulk point of view, the charges
work out correctly because the gauge field appearing in (1) contributes at leading order to

1Our notation is as follows: y™ are bulk coordinates, with M = 1,...,D =d + 1, x* = (t,x") are boundary
coordinates and z denotes the radial direction. Coordinates on the left/right boundaries are denoted by x’L‘)R.

20ne may argue that ¢ (y) does correspond to a gauge-invariant bulk operator if we work in radial gauge, since
then ¢(y) = ¢;( y) for a Wilson line that stretches along the radial direction. However, as we will explain, radial
gauge is disallowed in the eternal black hole background, which is why we consider qg (see also [18)).

30ther framings are also possible (including smeared ones as e.g. the one corresponding to the charged operator
in Coulomb gauge), but we will not consider them here.
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Figure 2: The charged scalar connected to the right boundary via a Wilson line is a gauge-
invariant bulk operator, carrying charges Q; =0 and Qp =gq.

the Dirac bracket commutator of the charges* with <i; It thus becomes intuitively clear that in
order for the boundary representation of the field in region II to have the correct charge, we
should multiply the contribution of the left operators in figure 1-right to ¢ by a boundary-to-
boundary Wilson line
Xg
WLR(.;C\Ll.;C\R) =% exp (lq f A) . (2)
X,

This object has charge —q on the left and +q on the right, and thus &; W; has the correct
charges. The boundary representation of the bulk operator will schematically take the form

$() = f ddeKR(y|xR)q§”(xR)+wLR(>?L|»?R)JddeKL(y|me£”(xL). 3)

In the above expression, 0321 denote the charged operators on the left/right boundaries,
dressed by arbitrary powers of the respective current. Such expressions were shown in [7]
to appear in the boundary representation of a charged bulk field and, as we review in section
2, all powers of j contribute at the same order to the commutator of ¢A> with the boundary
currents. The particular dressing by the currents in 015’]2 depends on the shape of the bulk
Wilson line and on its endpoints X z. The point X} is an arbitrarily chosen common point for
all the Wilson lines that frame the left operators &; (x; ) to the point Xz on the right boundary;
such a common point can always be chosen by appropriately adjusting the current dressing of
o,

Thus, in presence of two boundaries, the expression for a charged operator inside the
black hole must contain a contribution from a new gauge-invariant operator: a boundary-to-
boundary Wilson line W}y, in addition to the well-known boundary operator contributions,
dressed and smeared. Its existence can be easily shown via a careful analysis of the equations
of motion on a manifold with two boundaries, when contributions from the gauge field are
included.

We would now like to find the representation of this new object in terms of operators in
the boundary CFTs. Despite being a purely gauge field configuration, the Wilson line cannot
be constructed just from the boundary currents, because the latter do not carry electric charge.
To better understand what happens, suppose for simplicity that all the CFT currents have been
turned off, so we have an everywhere flat gauge field, A = dA. In a two-sided geometry, the
boundary-to-boundary Wilson line is given by

. R .
(Wig) =e' Jia= eld(n=rs), )

“It is not hard to see that all operators linear in ¢ but containing arbitrary powers of the gauge field contribute
at the same order in the (small) coupling constant to the commutator with the boundary currents.
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where A p are the values of the gauge parameter on the two boundaries®. While the indi-
vidual values of A} z are not meaningful because they can be changed by a constant overall
gauge transformation, their difference is gauge invariant and corresponds to a new mode of
the gauge field that only exists in two-sided geometries. Following the usual AdS/CFT logic,
this new gauge-invariant mode should be associated with some CFT operator. This operator,
which we denote by® ¢, does have non-trivial commutators with the boundary charges, as
can be deduced from the transformation properties of Az — A; under boundary global gauge
transformations

[QL; ()0]:_1: [QR: ‘P]=l (5)
More generally, ¢ is defined as

(X, XR) =JA, (6)
T

where the curve T stretches between a point X; on the left boundary and a point Xz on the
right boundary. Since the gauge group is compact, we have ¢ ~ ¢ + 27, and thus this op-
erator does not make sense in the full Hilbert space; however, its action is well defined in a
small neighbourhood of the state of interest. The full Wilson line is W; = 9%, regulated by
appropriate counterterms.

The operator ¢ will be very useful in our discussion, as it is much simpler to study than
the exponentiated Wilson line. First, its derivatives are linear in the CFT currents, which
means that all but its zero mode (discussed above) can be reconstructed from them. Second,
for an appropriate choice of the curve T, as in the example of section 3.3, (X}, Xz) behaves
as a local operator from the point of view of either boundary, by which we mean that its
commutator with local operators in the left/right CFT vanishes outside the lightcone associated
with X /g. Finally, for D = 3 and at low energies, ¢ behaves as a non-chiral free boson whose
left/right-moving pieces come from the left/right boundary, with a shared zero mode. This is
the same as the behaviour of pure three-dimensional Chern-Simons theory on a manifold with
two boundaries [22]. All these properties of ¢ are inferred from bulk perturbation theory in
a two-sided black hole geometry.

Next, we would like to argue that there is no fixed CFT operator acting as ¢ (or its expo-
nentiated version) on the product Hilbert space of the two CFTs. This would imply that the
Wilson line is a state-dependent operator, allowing us to make a connection with the state-
ments of [15]. This seems to be intuitively clear from the fact that ¢ (and in particular, its
zero mode) is only defined in entangled states dual to connected two-sided geometries. Since
the set of such entangled states is a non-linear subspace of the total Hilbert space, the Wilson
line cannot be represented by a linear operator. We can in fact prove state-dependence, along
the lines of [15], by studying the action of the Wilson line on arbitrary time-shifted states.

In order to make this argument, however, we first need to determine the action of the
Wilson line on the small Hilbert space built around the state of interest - in our case, the
thermofield double state. We present two methods to do so.

The first method is to simply find the action of the Wilson line on every element of 5,
which abstractly defines it as an operator; this is in the same spirit as the usual definition
of mirror operators [13]. The action of the Wilson line on %, , can be entirely determined
from its commutators (around 5 ) with the low-lying CFT operators and its action on the
thermofield double state. The former can be inferred from bulk perturbation theory, whereas
the latter can be obtained from a path integral argument.

The second method is inspired from the fact that the total Hilbert space of the system is
the tensor product of the left and the right CFT Hilbert spaces. Thus, an operator of definite

°In D > 3, these values have to be constants due to the boundary conditions on the gauge field. In D = 3, they
must be constants in order to have a zero expectation value for the currents. See sections 2, 3.
bStrictly speaking, this will be just the zero mode of ¢. The full definition of ¢ is (6).


https://scipost.org
https://scipost.org/SciPostPhys.3.2.016

Scil SciPost Phys. 3, 016 (2017)

charges Q; = —q, Qg = +q should be decomposable as a sum of products of a charged operator
from the left, and a charged operator from the right. Around the thermofield double state,
there is a pictorial way to realize this decomposition of the Wilson line by representing it as
the fusion, at the bifurcation surface of the eternal black hole, of a negatively charged operator
framed to the left boundary with a positively charged operator framed to the right. As the two
bulk insertion points approach each other, a divergence develops, and the Wilson line can be
extracted from the coefficient of this divergence. Note that in general entangled states (e.g.,
dual to geometries without a bifurcation surface) no such divergence is expected for operators
inserted near the intersection of the future and past horizons on each side, showing that this
construction is extremely sensitive to the state of the system.

The plan of this paper is as follows. In sections 2, 3 we work out the expression for the
gauge-invariant bulk field ql; in terms of CFT operators in several concrete examples and show
the appearance of the Wilson line. We use bulk perturbation theory to infer some properties
of the dual operator. In section 4, we discuss the CFT representation of the Wilson line when
acting on the thermofield double state, first - by computing its action on the thermofield double
state, and then - by constructing it via OPE fusion at the bifurcation point. We also discuss the
relation between the Wilson line and the results of [15].

As this work was nearing completion, [19] appeared, which has some overlapping state-
ments.

2 Charged scalar coupled to D = 3 Chern-Simons

In this section, we consider the simplest possible example - that of a U(1) Chern-Simons gauge
field in three dimensions coupled to charged scalar field ¢. The action is

k
5= J Exvg (5 P A0A, D, DI IS, %

where D, = 3M —iqA,.

We are interested in the boundary representation of the gauge-invariant bulk scalar qg de-
fined in (1). We first show (in section 2.1) that the bulk equations of motion, upon perturba-
tively including the contributions from the bulk gauge field, lead to an expression of precisely
the form (3) for (,13 This expression contains a contribution from the boundary-to-boundary
Wilson line. In section 2.2 we discuss the holographic interpretation of the Wilson line. Finally,
in 2.3, after carefully discussing the choice of gauge, we work out the Dirac brackets of the
Wilson line with the bulk gauge field and scalar operators. Upon quantization, these will yield
the commutators of our newly-found operator with the usual low-lying CFT operators around
states dual to smooth two-sided geometries.

2.1 Analysis of the wave equation

To obtain the representation of the gauge-invariant bulk scalar d; in terms of CFT operators,
one needs to perturbatively solve the equations of motion for ¢ and the gauge field. The
equations of motion derived from (7) read

. 4n
(D_mz)¢ = lq(¢v,uAM+2A'uau¢)+q2A2¢ > F;,w :_TGMVAJl s (8)
where the conserved current is given by
Ju=1q(¢"Dyd — ¢ (Dyp)") - C)

6
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Note that the right-hand-sides (RHS) of the above equations are quadratic or higher in the
basic fields. At zeroth order, we can just neglect the RHS and the solution is

V()= f 'K P (y1xNox),  AD(y)= %f *x'KP(yx)ju(x),  (10)

where K(®4)(y|x) are appropriate bulk-to-boundary propagators for the scalar and the gauge
field, respectively’. The higher order contributions are obtained by including the interaction
terms on the RHS of (8); for example, the term linear in q leads to a correction [10]

oW =iq J a*y'v/ gy NG P (yy N OOV, AL () + 240 (y)8,6 V)], (D

where G(®)(y|y’) is the bulk-to-bulk Green’s function for ¢. Plugging in the expressions (10)
for the zeroth order fields, we find (11) corresponds to a set of multitrace boundary operators
of the schematic form [8]

1
e 3“1“'“pij”ﬁulmup[lnavﬁ : (12)

The full expression for qg is obtained by summing the perturbative (in g and 1/k) contributions
from the bulk scalar and the Wilson line piece.

It is common, when discussing the construction of bulk operators from the CFT perspective,
to discard all multitrace operators coming from the interaction terms in the Lagrangian, on the
basis that when k is large, their contribution to correlation functions is negligible. However, it
is not hard to see that this is no longer true if one considers the OPE of the bulk field with the
CFT current. Indeed, from the OPEs

@I~ 5, @00~ 200 (13)
2 Z

it is clear that the OPE of j with ¢ (1 scales in the same way as that of j with ¢(®. The lesson

we draw from this analysis is that, if we want to have a boundary representation of the bulk

scalar that correctly takes into account the charge of the operator, we cannot just discard the

interaction terms on the RHS of (8).

However, it is not hard to see that the interaction terms on the RHS of the gauge field equa-
tion in (8) are strictly subleading in the large k limit, and thus can be consistently discarded.
This corresponds to taking the k — oo limit with q kept fixed. In this case, we can take the
gauge field to solve

Fiy=0 = A,=A"=5.2. (14)

Then, neglecting the gravitational backreaction (N — oo) and all possible (self)-interactions
of the scalar, the solution for the gauge field continues to be pure gauge, whereas the solution
for ¢ can be obtained perturbatively from (8)

d=¢dOD+ W4 @4 (15)
where
2y 4 () i (o (D) g AR p (n—1) 242 4 (n-2)
(O-m?)$p™ =iq (Vv Al + 24 3,67V + 4% D) (16)

Note that the resulting boundary expression will be linear in @, but will contain all possible
powers of the current. To find the expression for the gauge-invariant scalar operator ¢, one

7To define KW, one first needs to fix gauge that completely determines A in terms of the boundary data. In the
two-sided black hole, these propagators have contributions from both boundaries.
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additionally needs to include, perturbatively, the contributions of the bulk-to-boundary Wilson
line in (1).

Applying the above procedure, one finds that the boundary representation of qg defined in
(1) at linear order in @ and all orders in the current is given by

()= f d>x' KO (y]x") A2 g (), (17)

where 2 has been defined in (14). This expression matches the gauge transformation of ¢,
as the bulk field is represented by boundary operators that only transform under gauge trans-
formations at X. A simpler way to derive the above expression would be to note that in the
k — 00, q fixed limit, ¢; satisfies the free wave equation

(O-m?)¢ =0, (18)

obtained by plugging in A = A©®) = d A into the equation of motion (8). Thus, (j; can be written
as the usual smeared expression of boundary operators of the form

O (x|xg) = 0(x) ' MAEI=AD] (19)

Suppose now we have two boundaries, and that the Wilson line T is connected to some point
X on the right boundary. If the bulk operator is inside the horizon, then the smearing function
K has support on both boundaries, and we have

¢;(J’) = J d*x; K (ylxy) el AR (TR (x1)] Op(x)+ J d*xg Kr(y|xg) e 4R} ~Ar(xr)) Or(xR)

= Wir(Xp, J?R)J dzxL Ki(ylxg) ﬁL(j)(xb Xp)+ J dsz Kr(y|xg) ﬁéj)(xR, XR) (20)

where A are the values of the gauge parameter at the left/right boundary and
W, r(Xp, Xg) = e/ G2 (E] (21)

This expression precisely coincides with (3) and shows explicitly the way in which the
boundary-to-boundary Wilson line is entering the computation. For simplicity, we have chosen
the left operators to be all connected to some arbitrarily chosen point X; on the left boundary.
The dressed operators on the left/right boundaries are, in this case

j ; = ; 2
053{(3% o E ) = O ERAurCm) g = ¢4 g, . (22)

where in the last term we have rewritten the argument of the exponential as an integral over
the gauge field on the boundary, running from x; z to X} . Thus, in three dimensions with
k — o0, the dressing of the charged boundary operators & by the currents is very simple - just
a Wilson line running along the respective boundary. This is represented in figure 3.

Note that since the bulk gauge field in three-dimensional Chern-Simons theory is pure
gauge in our approximation, the Wilson line only depends on the value of the gauge parameter
at the boundaries, and not on the shape of the Wilson line in the bulk.

2.2 Holographic interpretation

In the above discussion, A is the classical gauge parameter, subject to appropriate boundary
conditions. Of course, in order to obtain the CFT representation of ¢, we need to trade A for
the appropriate boundary operators, using the holographic dictionary.

8
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Figure 3: Expression for the gauge-invariant bulk scalar ¢3 (blue line) in terms of the smeared
dressed right operators (orange lines) and right-framed left operators (red lines). The left
contributions can be decomposed into a dressed operator contribution and a boundary-to-
boundary Wilson line.

The bulk Chern-Simons field A = dA is holographically dual to a holomorphic, conserved
two-dimensional CFT current. Consequently, it is natural to use light-cone coordinates on the
boundary, x* = (x+t)/+/2, when working in Lorentzian signature. The radial bulk coordinate
will be denoted by z, with boundary(-ies) located at z = z,,.

Remember that in pure three-dimensional Chern-Simons theory, A, and A_ are canonically
conjugate to each other, and thus only one of them can fluctuate. Setting A_ = d_A =0, we
have [20]

o k
(G'9h) = S A", (23)

where j(* is the CFT current on the boundary at z,,. Since A, (x",2,) = 3, A(x",2,), A(x*,2,)
should correspond to a putative “chiral boson” operator ¢, (x"), which by definition satisfies

k (a
5 88 =10 24

on each boundary. Such a chiral boson is familiar from the discussion of the correspondence
between pure U(1) Chern-Simons theory on a three-dimensional manifold and the chiral boson
RCFT on its boundary [21]. To better understand what happens, it is useful to expand @(x™")
in Fourier modes:

GO =o+ Y. Gre™ (25)

n#0

All modes of & except for the zero mode® can be reconstructed from the modes of the current
j(x™). However, it is only the zero mode that can carry electrical charge; indeed, from the jj
OPE we formally deduce that

~ 1 ~
SD(Z)J'(O)NE = [@nJol=0n0- (26)

An important issue is whether the zero mode {,, is physical, which will only be true if it
corresponds to a gauge-invariant quantity in the bulk. In the case of a single-sided geometry,
the expectation value of ¢, can be shifted by a constant gauge transformation in the bulk,
which does not modify at all the physical data contained in (j,.(x")). Thus, in this case the
zero mode is unphysical and all the data we need to reconstruct the bulk field is encoded in

8While the concept of “zero mode” of a chiral object is not quite well-defined, we only use this terminology as
an intermediate step to understanding what happens in the case of two boundaries.
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the boundary current; indeed, we can easily check that the expression for the operators (19)
that make up ¢ does not involve the zero mode

iy~ 2 (%
$(x)—e(x) = EJ jxh). 27
X
In the case of two boundaries, the expression for ¢ contains a contribution from the Wilson
line
W, r(%;, Xg) = e/ [PER-0E] 28)

The zero mode QES — cﬁg of the (unexponentiated) Wilson line cannot be rewritten in terms
of the boundary currents. However, while the zero modes @'g /g are not separately gauge
invariant, their difference cannot be changed by a gauge transformation, and thus is physical.
Thus, the Wilson line (which did not exist in the single-boundary case) is now a physical
operator acting on the Hilbert space of the two CFTs, and its charge is carried by the zero
mode.

The expression (28) indicates that the Wilson line behaves as a vertex operator associated
to a non-chiral free boson

e(x),xg) = 3(xg)—o(x]), (29)
whose left-moving part originates from the CFT on the left boundary and right-moving part -
from the CFT on the right boundary”, with a shared zero mode. This is precisely what happens
in the case of pure Chern-Simons theory on a manifold with two boundaries (the annulus),
where the chiral bosons from the two boundaries combine into a single non-chiral boson [22].
Note however that at the microscopic level, the situation we have at hand is quite different
from that of pure Chern-Simons theory: for us, Chern-Simons is just the low-energy limit of
a consistent theory of quantum gravity in AdS; dual to some large N CFT,, which contains
many additional degrees of freedom. This leads to differences in both the single-sided and the
two-sided case.

In the duality of pure U(1) Chern-Simons theory on a disk (i.e. global AdS;) with the
chiral boson, magnetic vortices in the Chern-Simons theory correspond to winding states of
the chiral boson, with energy of order the Chern-Simons level, k. Such high energy states
(recall that k ~ N for weakly coupled Chern-Simons in the bulk) in the AdS bulk theory will
no longer be well approximated by decoupled Chern-Simons, and the spectrum of winding
states in our situation will be determined by details of the bulk physics.

In the two-sided case, the full microscopic Hilbert space is the tensor product of the CFT
Hilbert spaces on the left and the right boundary, and it has a very different structure from
that of the non-chiral compact boson CFT dual to pure Chern-Simons on a spacetime with two
boundaries. In the latter case, due to the zero mode, there is no natural way to split the Wilson
line in pure Chern-Simons theory into a left- and a right-boundary contribution, and thus the
Hilbert space does not factorize. The same conclusion applies to the Wilson line we found
perturbatively around the eternal black hole background.

The fact that the zero mode of ¢ can only be defined in two-sided geometries, in addition
to the non-existence of fixed CFT operators whose product gives the Wilson line, suggests that
the latter is a state-dependent operator. Note that at low energies, the Wilson line will behave
as the exponential of the non-chiral boson (29) around any state dual to a two-sided geometry,
including states dual to spacetimes with long wormholes [23]. In particular, it behaves as if
it were a primary chiral vertex operator e'1P1rE) from the point of view of the CFT on the
left/right boundary, i.e. it behaves as a local operator from the point of view of either CFT.
This follows simply from the bulk operator algebra.

°The coordinate Xy is a right-moving coordinate in the right CFT, due to the opposite orientation of the right
boundary with respect to the radial direction in the bulk.
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The commutation relations of the Wilson line with the low-lying CFT operators can be
deduced from the relevant Dirac brackets in bulk perturbation theory. We perform this analysis
in the next section.

2.3 Choice of gauge and quantization

In the previous section, we showed that an essential ingredient of the bulk field (ﬁ is the
boundary-to-boundary Wilson line, a pure-gauge configuration that only exists on manifolds
with two boundaries and is charged under Q = %(QR —Q;). The purpose of this section is
to work out the Dirac brackets of the Wilson line with the gauge-invariant bulk fields, from
which the commutation relations of the Wilson line operator with the low-lying CFT operators
follow. While the end result could have simply been inferred from the commutators of the
currents and the definition (24), we use this technically simple example to illustrate how the
computation would proceed in general and to outline the main physical issues that arise.
The computation of the commutators proceeds in three steps:

1. Fix a gauge. In order to obtain the correct commutators, in particular that of the Wilson
line with Qy s, it is essential to perform a careful treatment of the choice of gauge on
a manifold with two asymptotic boundaries. The choice of gauge condition should not
restrict the boundary data, but at the same time it should completely determine the bulk
gauge field in terms of it.

2. Compute the Dirac brackets of the gauge-fixed bulk fields.

3. Express the bulk fields in terms of boundary operators using the boundary-to-bulk
dictionary, and deduce the corresponding boundary commutators.

Let us start by discussing the choice of gauge. The usual gauge used in holography is
radial/holographic gauge, which has the advantage that the expression for the bulk gauge
field is local in the boundary currents'®. Working out the Dirac brackets in this gauge, all
components of the gauge field turn out to be neutral under the boundary charge. This matches
well with the fact that in e.g. global AdS, there cannot exist any charged pure gauge field
configurations.

However, in the eternal black hole, global radial gauge is too restrictive: first, it forbids
the Wilson line, including its zero mode that we in principle would like to take on arbitrary
values; secondly, it disallows two sets of independent boundary currents. This is particularly
easy to see in the case of three-dimensional Chern-Simons theory, where the analysis is highly
simplified by the fact that the Chern-Simons action is topological. Thus, one can replace the
eternal black hole background by just flat space

ds?> = dz?+2dxTdx~ (30)

with two boundaries, which we take to be at radial positions z =0 and z = a.
As discussed, on-shell we have A = dA. We would like to impose A_ = 0 at both boundaries;
this leaves A(x%,z). Moreover, we would like to impose that

WE)P 31)

80,0 =2 (1), 2AG@) =2 ]

Since we want j; z(x*) to be completely independent, it is clear that radial gauge, A, = 0, is
not an option, since then A = A(x™) only, which implies that the variations of the two boundary

In non-radial gauges, e.g. the AdS analogue of Coulomb gauge [11] or the gauge (32) we use below, one finds
expressions for the bulk gauge field that are explicitly non-local in the boundary currents.
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currents are correlated. Let us try instead the gauge

A, =0 = A=A+ (e~ (). (32

As we see, this gauge condition allows us to have the boundary conditions we want, while
completely fixing the gauge field everywhere in terms of the boundary data j; z(x*) and the
zero mode of ¢ = pr—@; which, as we argued in the introduction, needs to be independently
specified:

k
A () = )+ 2 Gl ) =iy (x ), (33)

A(xtz) = %ap(xﬂ . (34)

The non-chiral boson ¢(x}, x5 ), which a priory depends on two sets of lightlike boundary
coordinates x{ R> satisfies

k . k .
2 O e xg) = —u(x), 5 O e(xp,xg) = jr(x)), (35)

where it is self-understood that j; x only have a + component. As already explained, x; is a
left-moving coordinate on the left boundary, but x;{ is a right-moving coordinate on the right
boundary. In (34) we have taken x; = x5 = x*, which is why only one argument appears.
Note also that A, is non-locally determined in terms of the boundary currents. This seems to
be a generic feature of non-radial gauges.

Once we have fixed the gauge, we can now work out the Dirac brackets of the remaining
degrees of freedom in this gauge. This is done in appendix A, and we find

/
(A0, 2) AL, ) = = 8,50t —x') (1 _zts ) , 36)
a

an

S(xt—x). (37)
ka

{A+(X+J Z))Az(x/+7 Z/)}D.B. =
The first Dirac bracket is perfectly consistent with the expression (33) for A, in terms of the
boundary currents and the current commutator. The second Dirac bracket tells us the commu-
tator of the field ¢ with the boundary currents:

(), o (N pp. = Ur(x™), o(x )} pp. = —2m8(x" —x"). (38)

It is easy to check, using these expressions, that the Wilson line has the correct commutators
with the boundary charges.

One can also work out the Dirac brackets of the charged scalar qg with ¢ and check that the
charge of a bulk scalar framed to one of the boundaries is correctly rendered. See appendix
A for details. Since the Chern-Simons action is topological, the commutation relations that
we derived are valid not only in the eternal black hole background, but also in any three-
dimensional space-time with two boundaries.

The same computation can in principle be performed in higher dimensions. On the one
hand, the analysis is complicated by the fact that we now need to work on the actual black hole
background, since the action is no longer topological. On the other hand, for Maxwell theory
the CFT operators are given by the boundary limit of only gauge-invariant bulk quantities,
whose Dirac brackets can be computed without explicitly solving the gauge condition, as we
show in section 3.3.
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3 Charged scalar coupled to Maxwell theory in D > 3

In this section, we would like to show that the same analysis can be performed for Maxwell
theory in D > 3. The results are qualitatively the same, even though the details change and,
unfortunately, in this case we will not have nice, explicit expressions as in D = 3.

As in the previous section, we start with an analysis of the bulk equations of motion, and
show they require the inclusion of the Wilson line in the expression for (ﬁ Unlike in three
dimensions, the shape of the Wilson line now does matter, even in the small coupling limit.
In section 3.2, we sketch the computation of the value of a nicely-shaped (unexponentiated)
Wilson line in terms of the boundary currents and the relative zero mode of the boundary
gauge parameters. In 3.3, we show that even without knowing the explicit expression for the
Wilson line in terms of the boundary currents, its commutators with local operators on the two
boundaries are local, in the sense that they vanish outside the boundary lightcone.

3.1 Equations of motion analysis

Consider now the action

4e2" MY

1
s= J dDy@(——F F¥"—D,¢ D“¢*—m2|¢|2) , (39)
where D, = J, —iqA,, with q € Z, and D =d + 1. The equations of motion read
VY =eJ", (O-m*)¢ =iq(pV, A" +2443,¢) + ¢°A% . (40)

In the limit e — 0, we can neglect the backreaction of the scalar field on F,,, and the equation
for ¢ becomes linear (in ¢). This limit allows us to consistently include all contributions to

the charge, while still having manageable equations.
In this approximation, the scalar equation can be written entirely in terms of the gauge-

invariant quantities qg(y), defined in (1), and the field strength

(O-m*)¢ =—iq¢3va

Fypdy? —2iq VMQ‘[; f Fypdy® +¢° ({5 gMNJ
r r

FMdePJFNQd}’Q,
r r

(41)

where the integral is performed the path I' that appears in the definition of qg and runs from
the bulk point y to the boundary point Xz. In deriving this expression, we have used the
identity!!

T r

Note that, unlike in three dimensions where F = 0, in D > 3 the shape of the Wilson line
does matter. The expression for qg can be obtained by solving (41) perturbatively in the field
strength F. At zeroth order F = 0, so A = dA. Then, qg satisfies the free wave equation and
the solution is

dO(y) = f d4x K (ylx,) 6, (x,) + J d4xgKg(ylxg) Gr(xg) , (43)
where

0y (x,Xg) = O,(x;) eldMIR)=ALxL)) | Or(xp, Xg) = Ox(xg) eldMZR)=A(xR)) (44)

1 To evaluate the derivative of the Wilson line, it is useful to work in coordinates in which the Wilson line
stretches along z, at x* = const, where z, x* become approximately Poincaré coordinates near the boundary. In
D > 3, the normalizable boundary condition has lim,_,,A, = 0.
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Near the boundary in Poincaré coordinates, the asymptotic behaviour of the gauge field is

A(x,2) ~ 2920, (x), A~ 200, (), (45)

assuming normalizable boundary conditions. This implies that near each boundary, the al-
lowed gauge parameters take the form

A=Ao+f(x)z82 4., (46)

where A, is a number, d,A, = 0. This implies that O = Oy, whereas 0, = eiqug_lé)ﬁi. As
already discussed, the zero mode of the relative gauge parameter carries charge, and this is
already the most non-trivial part of the Wilson line.

Next, we can pertubatively include the contribution of the integrated field strengths. These
contributions will be entirely expressible in terms boundary currents, since Fy;y satisfies sec-
ond order equations of motion and its boundary values are determined by the CFT currents
via

lim ,/g F*¥ = j* . (47)
z2—0

Thus, the integrated field strengths will just dress the operators and the Wilson line by addi-
tional powers of the CFT currents. The expression one obtains at the end is precisely of the
form (3).

We can also derive (3) from the known fact [8] that in radial gauge, the expression for
qg is given only by smearing dressed operators @), for some dressing by the current. Let us
rename the path that unites the point y - where the bulk field is inserted - to the boundary
point Xy to be Iy, shown in figure 6(a). Since in the approximation in which we are working,
the equation of motion (41) is linear in ¢, the solution for the bulk field ¢ in the interior of
the black hole consists of two pieces

qS(FR) = qu(FR) + d;R(FR) > (48)

where qg 1(Ig) only has support on the left boundary and (f)R(I‘R) only on the right one, but each
of them has charges Q; = 0, Qg = q and separately solves the wave equation with I' = If, as
we have explicitly indicated. The idea is now to evaluate qg 1/r Separately using radial gauge.
However, as we already discussed, global radial gauge is not allowed in the eternal black hole
background; instead, we will be imposing radial gauge patchwise in the left/right parts of the
space-time (which include the interior bulk point all the way to the left/right boundary) and
then put the results together. Our procedure is depicted in figure 4.

(a) We can find the boundary expression for (b) By imposing radial gauge to the left of
¢r by imposing radial gauge to the right of the vertical dotted line, we find the bound-
the dotted line in the figure above. ary expression for ¢, (I}), which is framed

to the left via the dashed Wilson line.

Figure 4: Argument to find the boundary representation of ¢; using patchwise radial gauge.
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We first i impose radial gauge to the right of the dotted line in figure 6(a). Since the Wilson
line attached to ¢> ends on the right boundary, we know that (;bR can be written as some specific
smearing over dressed operators 0’}? ), whose precise dressing depends on I';. This corresponds
to the first term in (3).

As for qg 1, We now impose radial gauge in the left half of the eternal black hole (figure
6(b)). If ¢; ; were framed to some point on the left boundary, say via a curve I' = —I, then
it would have some specific expression in terms of dressed operators on the left boundary

involving 0L(] ). where, again, the precise dressing depends on the shape of I} and on its
boundary endpoint. We denote this left-framed operator by ¢; 1.(I1), which satisfies (41) with
I' = —T;. However, (,i; 1(Iz) is framed to the right boundary, and not the left, so the expression
we want differs from the expression for qg 1 (I7) precisely by a boundary-to-boundary Wilson
line stretching along I + Iy:

<¢;L = ¢ (I) - Wr(l'), Wir=exp (iQJ A+ iCIJ A) . (49)
r, I

This represents the second term in (3). Using the equation of motion for ql; (1), it is not
hard to show that, irrespectively of how we choose I7, ¢3 1 satisfies (41) with I' = I;. This
shows how the shape of the Wilson line is constrained by the equations of motion. Of course,
in general the Wilson line need not pass through the bulk point y; changing its shape will
simply multiply the expression for the bulk field by eld$ A where the integral is performed
along the closed contour corresponding to the difference of the two Wilson lines. Converting
the contour integral to a surface integral over the field strength, the difference in Wilson lines
is a functional of the boundary currents only.

3.2 Evaluating the Wilson line

In the above section, we have established the necessity of the Wilson line also in higher di-
mensions. Its most non-trivial part - which is not encoded in the CFT currents - is the zero
mode, which we have already discussed; however, as we are mostly interested in the localized
Wilson line, it would be very interesting to also have an expression for its non-zero modes in
terms of the CFT currents.

Unlike in three dimensions, where the relation between the CFT currents and the Wilson
line is very simple (35), here we will unfortunately be unable to provide completely explicit
expressions for the Wilson line in terms of the currents. We will, however, describe in detail
the procedure through which such an expression may be obtained. We write the final result
in terms of integrals over the bulk-to-boundary propagator in AdS-Schwarzschild, which is
known numerically (see e.g. [24]) and can be used in principle to compute the Wilson line.

For simplicity, we work with the unexponentiated Wilson line, ¢ = f A To determine
the value of ¢, we must first pick a shape. We concentrate on the planar AdS-Schwarzschild
black brane, though very similar statements hold for the spherically symmetric black hole. The
metric of the AdS,,;-Schwarzschild black brane is

dr 2 2
=—f(r)dt?+ — +r2dx?, f(r)———
f(r)
where £ is the AdS length and u parametrizes the mass. This set of coordinates is only valid
in region I of the eternal black hole, but we can use similar coordinates in each of the four
regions. In region III, the coordinate ¢t runs in the opposite direction from region I.

We would like to choose a nice family of Wilson lines in this geometry. A natural and simple
choice are Wilson lines that stretch along bulk geodesics that unite points of t; = —tg, tg = t;
on the two boundaries and stay at X = const.

W

pracl (50)
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Figure 5: Wilson line stretching along a boundary-to-boundary geodesic.

These geodesics are labeled by the conserved “energy” E. They are only non-trivial on the
(t,r) plane, where they satisfy

f(Nt=E, #*=f(r)+E>. (51)

Here = d/do, where o € (—oo, 00) is the affine parameter along the geodesics. We choose
the origin for o such that 0 = 0 at t = 0 in region II. We obtain the full geodesic by gluing the
solution across the three regions. Instead of E, we can alternatively parametrize the geodesics
by the time ¢, they reach on the right boundary; this is shown explicitly in appendix B for the
case of three bulk dimensions. The geodesic with t, = 0 is the one that goes straight through
the bifurcation surface.

Note that these geodesics also provide a global time foliation of the eternal black hole.
Indeed, introducing a timelike coordinate 7 such that the geodesics are lines of constant T,
the metric can be written as

ds? =do?—da?(o,1)d7? + b?(o, T)dxiz , i=1,...,d—1. (52)

Note that 7 must equal £t as we approach the boundaries at o0 — £ 00. We give explicit change
of coordinates from (r, t) to (o, 7) for the special case of three dimensions in appendix B.

We would now like to compute the value of the Wilson line stretching along these geodesics.
Unlike the general Wilson line - which is labeled by two different boundary positions - these
symmetric Wilson line can be labeled just by their endpoint (t, X) on the right boundary

o(t,X) =f Ay(T,0,%)do, (53)

—0Q

where the integral is performed along a line of constant 7, X, with lim,_, o, T = t.

Next, we need the expression for A, all along the geodesic. For this, we first need to fix
an allowed gauge in the bulk, e.g. J,A, = 0, that completely determines A, in terms of the
boundary currents and the zero mode, just like in the three-dimensional analysis of section
2.3. However, solving the gauge condition is extremely tedious on the black hole background.

It turns out to be much simpler to work out the derivatives of the Wilson line with respect
to the boundary coordinates t, X, as these only involve integrals of the gauge-invariant field
strength. Consider first the derivative of o (t,X) with respect to the boundary time t, which is
given by the difference as At — 0 between two bulk geodesics with endpoints at t and t + At.
In the coordinates (52), we have

Ap(t,X)= J doF.,(7,0,X)At. (54)
T=const.
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Written covariantly, we have

8t(p(t,55)=JnMFMN tNdo (55)

M _ a_yM . . M _ a_yM . .
where t% = - is the tangent vector to the geodesic, whereas n* = —— is the devia-
tion vector between the two neighbouring geodesics.'? It is useful to work in terms of the

Schwarzschild coordinates (¢, r), patching them together as needed. Then,

8tap(t,fc)=JFtr (ﬁﬁ—ﬁﬂ) dazJFtra(a,T)da. (56)

In turn, F,, is entirely determined by the CFT currents via the following second-order equa-
13
tion

2
(—maf +r2f(r)o* + al?) Fop+(r2f' +(d+1)rf)3.F,  +(d—1)(f +rf)F,, =0 (58)
and the boundary conditions

i = 9

near the left/right boundary. This implies that all along the geodesic, the solution for F,, can
be written as

F..(y)= J dde KiF)(}’|XL)jg(XL) + f ddeK}(gF)(}’|XR)j£(XR) > (60)

where KfR) satisfy the equation of motion (58) and y = (t,r,X). In pure AdS, these prop-
agators are simple derivatives of delta functions; unfortunately, on a general eternal black
hole background, the expressions for them are not known. Using these ingredients, the final
expression for the Wilson line will take the form

Bpp(x) = f d4x’ oy (x|x") 7O (x') + Hr(x|x) jA(x"), (61)

where x denotes all the boundary coordinates. It would be extremely interesting to compute
the smearing functions 7 z and see whether, as in three dimensions, the derivative of the
unexponentiated Wilson line is given by a simple expression in terms of the boundary currents.

The above gives the derivative of the unexponentiated Wilson line with respect to t. We
can similarly compute its derivative with respect to x' by integrating the corresponding field
strength

d at
aicp(t,)_c'):JrFigdazf(rFir£+rFit%)da. (62)

In empty AdS, F;, satisfies a decoupled second order differential equation, which can be used
to determine it everywhere in terms of j; .. However, in a black hole background, there is

12This vector field can be determined from the geodesic deviation equation and the boundary conditions
nM =+6 as 0 — +oo.
13This is quite similar (but not exactly the same when the black hole is present) to the wave equation for a scalar
field )
r2(0—m?)® = (—J%ﬁtz +r2f(r)d? + 3i2) &+ 2rf +1r2f)3.8 —m*r’® . (57)
r

In fact, F,, behaves near infinity just as r& with m* = —2(d —2)/£2, which is inside the BF bound in AdS..
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a mixing with F;,, which is determined by both j° and j'. Again, it would be extremely in-
teresting if this expression could be evaluated exactly, to find out whether ;¢ bears a simple
relation to the CFT currents.

Thus, we can in principle find all derivatives of the (unexponentiated) Wilson line as a
linear functions of the currents. The only missing piece from the full Wilson line is the zero
mode, which can be added in by hand.

3.3 Locality of the Wilson line

While the expressions derived in the previous section show how to obtain, in principle, an
expression for the unexponentiated Wilson line in terms of the boundary currents and the
additional zero mode, they are not very useful for understanding the behaviour of the Wilson
line within correlators. In this section we show that, with a particular choice of the path, the
Wilson line behaves as a local operator from the point of view of either CFT, in the sense that
it commutes with all local CFT operators at spacelike separation.

We would thus like to compute the commutator of a low-lying local CFT operator ./ (t’, X')
with Wilson line at some (earlier) global time T, where .«/ is either a charged operator or a
current. For this, it is sufficient to know the commutator of .e/ (7, X’) with the unexponentiated
Wilson line (7, X), which can be obtained by evaluating the corresponding bulk Dirac bracket.
While it is easy to compute equal-time commutators in the bulk, non-equal time ones are much
harder. Our strategy will be to first use backward time evolution in the bulk to write .o/ (t/, x/ )
in terms of its value and first derivative on a T = const. surface, and then use the equal-time
Dirac brackets to compute the bulk commutators.

Remember the Dirac brackets are defined in terms of the Poisson brackets via

{01,0,}p . ={01, Or}pg. — {0, Xi}P.B.(C_l)ij{Xj: Os}pp. (63)

where y; represent the second class constraints and C;; = {;, ¥;}pp.- The main simplification
we will use in this section is that Dirac brackets of gauge-invariant quantities (as opposed to
the Dirac brackets of non-gauge-invariant fields that have been gauge fixed) can be computed
without explicitly solving for C™!, and in fact they just equal the Poisson brackets.'#

We consider quantising Maxwell theory on a manifold with metric (52), in the gauge
J,A, = 0. The momenta conjugate to the gauge field are

n?=F"" g, (64)
where the index a runs over all the spatial directions in the bulk. The constraints read

- @*(0,7)

/7 +024,, (65)

)fl:no) Xzzaana_tjoﬁ’ X3 = 05As ){4=307'E
where y, is supposed to implement J,.9,A, = 0. Using the above, one can easily show that
the equal time Dirac bracket of the gauge field strength with the Wilson line is simply equal to
their Poisson bracket. The equal-time Dirac bracket of the scalar with the Wilson line is zero.

Let us start by computing the commutator of F,.(7/,0”, X/ ) with a (geodesic) Wilson line
p(7,X) = fAU(T, o,X)do, for ' > 7. This component of the gauge field strength satisfies
a second order differential equation by itself. If the bulk point y’ is deep in the interior, then

14For Maxwell theory on a manifold without boundary, this can be simply be understood from the fact that before
imposing the gauge-fixing conditions, the constraints y,, below used to be first class constraints that generate
gauge transformations, and thus have zero Poisson bracket with the gauge-invariant quantities of interest. Thus,
the only non-zero correction to the Poisson bracket can come if (C™1)%* is non-zero; however, one can explicitly
check that it vanishes, using the fact that {y,, x,}p5. = 0.
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we can use the initial conditions for F, . and its first derivative on the T = const. surface to
construct F,.(7/,0/, x")

Fyo (7,0, x") = f dx"do” [GF(T’, o', x'|t,0”, x")Fy.(T,0", x")+
+Gp(t', o', x'|t, 0", x")8.F,.(t,0”, x_’”)] , (66)

where Gy, Gy, are determined from the equations of motion and only have support inside the
intersection of the lightcone emanating from y’ with the T = const. surface. It is not hard to
show that the second term has vanishing Poisson bracket with A, and thus can be dropped in
computing the commutator with the Wilson line. Finally, we obtain

{For(t/,07,x1), 0(7,%)} = J do Gy(7',07,x'|7,0,%) . (67)

We are ultimately interested in the case in which the insertion of the field strength is on the
boundary, since lim,/_,+ oo 7 = jg IR Then, Gy is not only fixed by the data on the T = const.
surface, but also by requiring normalizable boundary conditions as |o| — oo. Thus, we have
reduced computing the Dirac bracket of the boundary current with the Wilson line to eval-
uating the simple expression (67).When 17’ = 7, it is easy to see this expression yields the
expected commutator

(i (1. %), (7, 2)} = 764 61 D(x %) (68)

with the CFT currents, and thus the charges. When 1’ # 7, there are also nontrivial commu-
tators of j' and the Wilson line.

Since in (67) all contributions come from inside the bulk lightcone associated to (7/, o”, x/ ),
this implies (at least for the nicely-shaped Wilson lines we are considering) that the commuta-
tor of the Wilson line with the boundary operator is local, in the sense that it vansihes outside
the boundary lightcone. It also implies that the commutator of the Wilson line with local op-
erators on a single boundary only depends on the geometry outside the horizon, and thus will
be the same in the eternal black hole, or in a long wormhole spacetime.

Finally, we can also compute the commutator of the Wilson line with the charged boundary
operators. The equal-time Dirac bracket of the scalar field or its conjugate momentum with
the Wilson line can be shown to be zero. In order to get a non-zero answer at unequal times,
we need to take into account the non-linear evolution of the scalar in terms of both ¢ and A;
terms proportional to the field strength on the initial surface will contribute to the commutator
with the Wilson line operator. Given that all the propagators involved are causal, it is clear
that the resulting answer will vanish outside the boundary lightcone; in this sense, the Wilson
line behaves as a local operator from the CFT point of view. This conclusion holds not only in
the eternal black hole, but also in any two-sided black hole spacetime.

4 CFT representation of the boundary-to-boundary Wilson line

In this section, we discuss the CFT representation of the boundary-to-boundary Wilson line. In
the introduction, we have argued that the Wilson line should correspond to a state-dependent
operator; in any case, it action on the small Hilbert space around a given state should be
well-defined. The subject of the present section is to determine this action on the thermofield
double state.
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We will consider both the operator

Q= J Audx“ (69)
r

and the Wilson line

W = Pexp (iq J Audx“) , (70)
r

regulated by appropriate counterterms. Remember that the operator ¢ is - strictly speaking -
not a well-defined operator, as it is only defined mod 27; however, its action is much easier to
evaluate than that of W. In the special case that the effective bulk theory is weakly coupled
Chern-Simons in three dimensions, these operators will be independent of the path.

These operators cannot be expressed purely in terms of the boundary currents, however
they do exist in CFT at least in 1/N perturbation theory, when acting on states that are small
excitations of the thermofield double state. We will exhibit this by first determining their
matrix elements between such states (which abstractly defines the operators), and then by
constructing them as the leading divergence in the bulk operator product of left and right
charged operators that approach the bifurcation surface. The latter construction also requires
a particular state, since in general states, there will be no divergence in that operator product.
Finally, we will discuss the relation of the Wilson line with the Papadodimas-Raju construction
of the mirror operators in the eternal black hole.

4.1 Action on the thermofield double state

To specify the operators abstractly on the small Hilbert space, it is sufficient to determine
their action on the black hole state and their commutation relations with left and right single
trace operators. In this section, we concentrate on the action of ¢ on the small Hilbert space
associated to the thermofield double state, which can be entirely reconstructed from

O, (9, 0]...[¥)q - (71)

The latter can be determined order by order in bulk perturbation theory, as we have done in
sections 2.3 and 3.3. The former can be found using the Euclidean path integral description
of the thermofield state, as we show below.

Consider the path integral description of the thermofield double state. From the CFT per-
spective, it is given by the Euclidean path integral on an cylinder of length /2, interpreted
as a wavefunctional of boundary conditions on the two boundaries of the cylinder [25]. This
gives an element of the tensor product Hilbert space.

We consider a bulk Wilson line stretching along the surface t = 0 at X = const, i.e. the
straight geodesic Wilson line ¢(0,X) that passes through the bifurcation point. Any other
Wilson line can be obtained from this one by multiplication by a functional of the currents.
The bulk dual is dominated by the saddle shown in figure 6. The Wilson line operator acting on
this state is given by the associated insertion of ft:O doA, in this bulk Euclidean path integral.

Consider deforming this Wilson line to run along the boundary. One has

pl2
¢(0,X) =J dtgAy, +J F, (72)
0 B

where B is the bulk euclidean slice at fixed ¥. This operation only applies to the insertion of
the operator ¢ in this particular path integral, with no other insertions.
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0 ~ B2

te

(a) Insertion in the path integral that corre-
sponds to the Wilson line ft=o doA,.

te

(b) This can be deformed to a Wilson line
stretching along the Euclidean time direction
at r — 090, by picking up a surface integral
of the field strength.

Figure 6: Path integral evaluation of the Wilson line action on the thermofield double state.

In the three-dimensional weakly coupled Chern-Simons case, the field strength F vanishes
on the saddle point, and the above expression simplifies to

B2
¢(0,x) = EJ dtg ji, (itg,x), (73)
0

where j,, has been defined such that j, (iB/2,x) =i j3(0,x) and j,,(0,x) = —i j)(0, x). The
factors of i come from the analytic continuation of the gauge field.

It is also interesting to consider the action of the Wilson line ¢ that still stretches along the
t = 0 surface, but is smeared in the x direction

B/2 .
2 2
¢=fdw(o,x)=if thdeth(irE,x)= Lo, (74)
0

where Q = 2+u f dtg j., and we have used the fact that an insertion of Q in the path integral
that produces the thermofield double state is equivalent to an insertion of Qg, or of —Q;, since
(Qr +QR)|¥) g = 0. Thus, we find that the action of the spatially averaged Wilson line on the
thermofield double state is given by

.
B W) g = “TlﬂQl\mtfd . (75)
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Note that the thermofield double state is not an eigenstate of ¢, as one may have naively
expected. Thus, while the operator algebra of the unexponentiated Wilson line is that same as
that of a free boson, its action on the thermofield double state is non-trivial. If we computed
the action of ¢ on other states dual to two-sided geometries, we expect that the answer would
again be different, while the operator algebra stays the same.

We can perform a similar analysis in higher dimensions. There, the boundary contribution
to the path integral vanishes due to the boundary conditions (45), but the bulk integral over F,
which is gauge invariant, can be written in terms of the boundary currents operators (j°) using
the standard bulk to boundary kernel. This computation is a bit too complicated to perform
here. However, it is easy to compute the action of the spatially averaged Wilson line . This
time we work with the spherically symmetric black hole geometry, whose metric is given by
(50) with d¥? — dQ2__, the metric on the unit (d — 1) sphere. We have

d-1°
(o) p/2
@:Jdd—lnj drf dtgF,,, . (76)
ry 0

In free Maxwell theory, the flux through a surface of radius r at time 7

1
&(r,tp) = — dilQFtE /g (77)
62 r,tg=const.

is constant with respect to both r and ¢ty and it equals iQ. Using the metric (50), we find

[e%e] p/2 )
_ dr ifle
cpzezf —zf th<I>=2ﬂ Q. (78)
n T Jo ry
Again, we find a non-trivial action of the Wilson line on the thermofield double state
_ iBe?
@ 1¥)ia = 2—Q|‘P>tfd (79)
'y

proportional to the relative charge.
It is interesting to ask whether the expressions we found are consistent with the commu-
tation relations of ¢ we found from the bulk analysis. In three dimensions, we have

[Q ¢]=2miR, (80)
where 27R is the length of the spatial circle. The expectation value of this commutator is

) _ _ 4rif
27iR = (Wi5q|Q G| )itq — (Vs alP QW) iga = T(‘I’tfd|Q2|‘1’)tfd ; (81)

where we used the fact that ¢ is hermitean. Thus, for our calculation to be consistent, we

should have -

(Ul QP W) g = 28 (82)
The expectation value of Q? canbe computed, as in [16], by turning on an infinitesimal electric
potential u and computing the resulting expectation value of the relative charge Q

1
Q= 7 Z qe PEHD = U (W4 | QW) g + O (u) . (83)
E
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In three-dimensional Chern-Simons theory, the electric potential is proportional to the A_ com-
ponent of the gauge field on the boundary, more precisely A_ = —u, as can be seen from (101).
This in turn leads to a non-zero charge

k kR
Q= “an J dxA_= _ZM . (84)

Comparing (84) and (83), we find perfect agreement with (82).
A similar comparison can be performed in higher dimensions. We have

[Q, ¢]1=ivol(Q™), (85)
where vol(£2¢71) is the volume of the (d — 1)s sphere. For consistency, we need that

1 Qd—l
(U g1Q% W) gq = ‘% . (86)

This agrees perfectly with the formulae in [16], who found 4nr, /Be? in four dimensions.

4.2 Construction via the bulk OPE

In this section we will describe a more physical way to construct the Wilson line operator, from
the product of a pair of bulk operators with standard HKLL descriptions. This construction will
still be state-dependent, in that it involves finding the operator coefficient of a certain diver-
gence in the operator product which only exists around certain states (and in 1/N perturbation
theory). Such a construction of the Wilson line operator as a limit of simple (i.e., products of a
small number of single-traces) operators only applies to entangled states of the tensor product
theory which are dual to black holes with a single bifurcation surface, in other words without
a long throat.

Consider a gauge invariant charged field operator in the right wedge, dressed by a Wilson
line that connects it to some point Xz on the right boundary. We denote it schematically by

S =" (). (87)

This has a standard HKLL description in terms of a perturbative expansion in integrals of
products of single trace right CFT operators. Similarly, the corresponding anti-particle on the

left, framed by a Wilson line to the left boundary, qu'( y)=¢T(y)e [ , can be expressed
entirely in terms of left operators.

Bringing these two operators together near the bifurcation surface results in a singular
OPE, at least in 1/N perturbation theory, for states close to the thermofield state. This is just
the bulk OPE. In particular, if one ignored issues of gauge invariance,

PPy ~ ﬁf +... (88)

for a bulk scalar field; this is the most singular term.'®

For the charged scalars framed in way described above, the Wilson lines used in the framing
remain after the OPE contraction. Only at the bifurcation surface can one have a contraction
of this type between purely left and purely right operators. Therefore, we can define

s SaA_ 1 : VD28 (VR (v
Wir(Xp,Xp) = lim  lim 1y =y 1701 ()or(y), (89)

15For this singularity to be present, we should first take the limit N — oo , and then y — y’.
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Figure 7: Construction of the Wilson line via OPE fusion at the bifurcation surface of a nega-
tively charged operator from the left and a positively charged operator from the right.

where the limits are taken to the bifurcation surface, 28, from the left and the right. It is clear
that this operator satisfies the correct commutation relations, since they are derived from bulk
perturbation theory, and so must be consistent with the bulk OPE. Note that around general
states (not close to the thermofield state), this limit has no divergence, and so no W; can be
extracted.

One may wonder whether this representation of the Wilson line acting on the thermofield
double state agrees with the expression we found in the previous section. To see this, remem-
ber that the action of any left operator on the thermofield double state can be replaced by the
action of a right operator whose insertion time is t +if3 /2 [12]. Using this, the expression (89)
can be rewritten as the coefficient of the divergence of two right bulk operators of opposite
charges inserted at the same radial position close to the bifurcation surface, but at times 0 and
i3/2. At the horizon, g, vanishes, so the two points are very close together; thus, we can
again use the bulk OPE to replace the two scalar insertions by the identity. As for the attached
Wilson lines, if they were originally stretching along the t = 0 surface, now they will stretch
from r, (1 + €) to infinity along the t = 0 line and from infinity to r, (1 + €) along t = if3 /2.
This yields exactly the same Wilson line that we were computing in the previous section.

4.3 Action on gauge-shifted states

In this subsection, we would like to make a connection to the work of [ 15] on mirror operators
and state-dependence in the eternal black hole. The authors considered a set of time-shifted
states

() = e T W) 14 (90)

whose gravity dual differs from the usual eternal black hole only by a large diffeomorphism.

Their argument pro state dependence consisted of two parts. First, by considering re-
lational observables (which is just the statement that the bulk field should be gauge invari-
ant), [15] showed that the mirror operator had to depend on the gauge parameter T. Then,
they showed that by taking T to be exponentially large, there didn’t exist a state-independent
operator that behaved correctly in all the time-shifted states.

In this section, we discuss the analogue of this argument for the case of electrically (rather
than gravitationally) charged operators. As we will show, the dependence of the mirror op-
erators on the large gauge parameter can be entirely understood in terms of the Wilson line,
which also predicts certain corrections to the expression proposed in [15]. The advantage of
thinking about the Wilson line is that the entire problem of state-dependence is shifted to a
single object, whose presence - as we have argued - is already required by the bulk-to-boundary
dictionary in the eternal black hole. However, we will not find any state-dependence in our
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electromagnetic analogue. We understand this as a consequence of the gauge group being
compact.

The analogue of the time-shifted states in our electromagntic setup are the “gauge-shifted”
states

[0;) = e UAD) 1y 91

The states |¥;) can also be obtained via a path integral: one performs the same path integral
over the Euclidean cylinder that produces the thermofield double state; however, when gluing
the Euclidean geometry onto the Lorentzian CFTs, one has a choice of relative global charge
rotation generated by Q = %(QR—Q ). While there is no natural “zero” of the charge rotation,
the different states will have maximal entanglement between charged operators rotated by
different phases. The zero mode of the Wilson line measures precisely this relative phase
rotation. This construction is perfectly analogous with the path integral representation of the
time-shifted states [15].
Using the path integral construction, the microscopic formula for |¥;) is

|\I/7t> = —ﬁE/Zeiql |E7 _q>L|E) q)R s (92)

1
= Z e
VZs
where ¢ is the charge of the of the microstate of energy E and we are assuming the energy
spectrum is non-degenerate. The correlated structure of the charges is due to the fact that
(Q +Qg)I¥,) =0[16].

The expressions in [15] are valid in the approximation in which all gravitational dressing
of the scalar operator is neglected, except for the commutator with the Hamiltonian. In our
language, this means that only the zero mode of the Wilson line is kept. As is evident from
our discussion in section 2, this is not quite a consistent approximation (the non-zero modes
have the same scaling with the gauge coupling), but it does capture the essential part of the
physics, i.e. it has the correct commutators with the boundary charges. We can then translate
the results of [15] into our Wilson line language, with the replacement

g—w, AT, (93)

where A is the zero mode of the unexponentiated Wilson line ¢, and g is the charge of the
bulk field in question.

Using the fact that (in the gravity approximation), the set of states |¥) are almost or-
thogonal for different values of T, [15] wrote an expression for the mirror operators that has
the expected behaviour within correlation functions. A simplified version of this expression in
Fourier space is

Tcut
0, = J dTe“’ o, Py, 94)
_Tcut

where Py_ is the projector onto the small Hilbert space #, , satisfying Py_0,|¥r) = 0,|¥y).
In our case, the overlap of the A-shifted states can be estimated to be

1 . /
(i) = 5 T PR =
B E

where N o< k in three dimensions and N o< 1/e? in higher D. This shows that the A-shifted

1
states are almost orthogonal for [A —A/| > N~ 2.
Now, by analogy with the arguments of [ 15], we find that in the A-shifted states, the mirror
operators behave as @ e4*. Thus, on the ensemble of states | ¥, ), the mirror operator is given
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by (94) with the replacement (93), where A is integrated from 0 to 2. We would like to
compare this expression with the mirror operators that we found:

5;: ﬁL WLR . (96)

As discussed, in order to compare with [15], we only need to consider the zero mode of Wy in
the expression above. When acting on the thermofield double state, this zero mode is precisely
given by the spatial average we considered in section 4.1. Using our expressions from section
4.1, the action of the Wilson line W, on 54, is given by

WiglW;) = Wype " UA W) g = e QAW W) ¢ = 949101, ) (97)
WiRORIY;) = [Wig, Or11%,) + Ope P FRW, ) = [Wig, GIIW,) + MU g |0y), (98)

where a = 27t3/k in three dimensions and e2/2r, in higher D.

We see from the above expressions that, due to the non-trivial action of the zero mode of
the Wilson line on the thermofield double state, the A-dependence of the mirror operator is
not just e9*, but there is an additional shift e*9?:. In other words - the A-shifted states are
not eigenstates of the Wilson line operator, as (94) seems to indicate. Moreover, when the
mirror operator acts on non-trivial elements of the small Hilbert space around |¥, ), there is
also a commutator term, which in general will not vanish. The action of the Wilson line on
the A-shifted states becomes even more complicated if we keep all the modes of the Wilson
line, as we should in order to have a consistent approximation. Using the methods presented
in sections 4.1, 2.3 and 3.3, this action can in principle be written down entirely explicitly.

Now, let us comment on the issue of state dependence. In [15], state dependence was
due to the fact that, since T could be taken to be arbitrarily large, there were many more
states |W) than the dimension of the Hilbert space, so one could derive a contradiction. In
particular, the expression (94) breaks down for T very large, for reasons nicely explained
in [14,15]. Another way to see state dependence was that by integrating over very long times,
one would project onto energy eigenstates, which then lead to a contradiction because such
states are not expected to have a smooth horizon.

In our case, the gauge parameter is compact, A ~ A + 27, and thus an appropriately
modified analogue of the expression (94) will work for all A, at least as far as the exponentiated
Wilson line is concerned.'® Therefore, in order to see state-dependence in our setup, we should
study instead how the Wilson line behaves in the time-shifted states, i.e. we should consider
its gravitational dressing.

It is easiest to derive a contradiction for the unexponentiated spatially-averaged Wilson

line'”, . Taking the expectation value of the commutator (80) in the time-shifted states (90)
and expanding in the energy eigenbasis, we find

. _ 1 _B Ni(F _
2miR = (¥7][Q, 11¥;) = Z—Ze 2EHEIHEET (¢ — q)(E',—¢|L(E',q'|r & |E,—q)L|E, Q) -
B EE

(99)

16 One can also ask whether the unexponentiated Wilson line operator ¢, which appears to be perfectly well-
behaved around each of the states |¥, ), continues to be well-defined on the ensemble of all such states The answer
is clearly no: ¢ is not a globally well-defined operator because it is compact; another way to say this is that it is
not gauge-invariant under integer-valued relative gauge transformations between the two boundaries.

What is interesting to note is that the same kind of arguments that imply a contradiction in having a globally
defined linear operator in the gravitational case here imply that ¢ is not globally well-defined - there is a con-
tradiction between the commutation relation [Q, ¢ ] = i, which is supposed to be valid in each of the states |, ),
and the expectation value of this commutator in the zero-charge eigenstate § dA|¥,). This suggests that subtleties
in defining non-perturbatively diffeomorphism-invariant gravitational analogs of the Wilson line operators in the
time-shifted states are important for their state dependence.

7To be more precise, we consider a periodic function of ¢ that is very close to ¢ between —n and 7, so that
the operator is gauge invariant. In all of the states we are about to consider, the value of ¢ is close to O, so the
behavior of the periodic function close to 7 will not affect the argument.
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This equality is meant to hold in the domain of validity of the bulk analysis, up to exponentially
small corrections. Since the left-hand side is independent of T, while the right-hand side is a
sum over terms with frequencies E — E’, this relationship cannot hold for T arbitrarily large.

Note that the sum is dominated by microstates with energies of order the black hole energy,
whose level spacing is of order e ™. Therefore, if (5 has the minimum possible width, 5 ~ e,
in the energy eigenbasis, then (4.31) can be valid for a range of T of up to order 551. For time-
shifted states beyond this window, one will find that a different operator (as specified by its
matrix elements in the energy eigenbasis) obeys (4.31).

An alternative to this state-dependent construction of the Wilson line operators was de-
scribed by [19], in which the bulk gauge field is emergent at a scale below the Planck scale.
The Wilson lines in the exponentially time-shifted states will be curved in the interior, so that
in that scenario, one will exit the domain of validity of the gauge field description.

5 Discussion

In this article, we have shown that in order to correctly reproduce bulk perturbation theory
in presence of charged operators in the background of an eternal black hole, a new gauge-
invariant operator needs to be included in the holographic dictionary, namely a boundary-to-
boundary Wilson line.

This operator appears to only exist around entangled states of the two CFTs that are dual
to connected two-sided geometries, which suggests it is a state-dependent operator. Due to the
factorized structure of the microscopic Hilbert space, this operator can be written as a (sum
of) products of a charged operator from the left CFT, and an oppositely charged operator from
the right. However, which left/right operator pair represents the Wilson line seems to depend
on the state of the system.

We have studied various properties of the Wilson line, such as its relation to the CFT cur-
rents and its operator algebra; in particular, we showed that it behaves as a local operator
from the point of view of either boundary CFT. In the special case of a three-dimensional bulk,
we showed that the (unexponentiated) Wilson line obeys the same operator algebra as a non-
chiral boson, but its action on the thermofield double state is non-trivial.

Our work provides a systematic way to incorporate 1/N corrections into the expression
for the bulk field in the eternal black hole background. In particular, it clarifies the relation
between mirror operators in single-sided black hole backgrounds and left operators in the
eternal black hole: as we explained in the previous section, the mirror operators used in the
reconstruction of a bulk field framed to the right boundary behave (96) as local left operators
connected to the right boundary via the Wilson line. Since the Wilson line does not in general
commute with the right operators, this will lead to modifications to the defining properties
of the mirror operators [13] already at the first order'® in 1/N. Our methods determine this
commutator to any desired order in perturbation theory.

The expression (96) suggests that when taking into account general 1/N corrections, it may
be natural to split the construction of mirror operators in the single-sided black hole into two
steps. In the first step, one finds a (left) mirror operator that commutes, when acting on 5%,
with all the right operators, including the conserved charges; these are the analogues of the &;
in the eternal black hole to any order in 1/N. In particular, one constructs mirror conserved
charges and a mirror Hamiltonian. In the second step, one defines an operator that behaves
as the Wilson line. The advantages of this two-step procedure would be that the first step

18Strictly speaking, the non-trivial commutators of the mirror operators with the boundary Hamiltonian postu-
lated in [13] already represent such a 1/N correction.
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simply amounts to applying a Tomita-Takesaki type construction to the algebra'® generated by
the right operators to arbitrary order in 1/N, and that all the non-trivial commutators of the
(right-framed) mirror operators with the right CFT operators are encoded in a single object:
the Wilson line. It would be interesting to understand whether such a two-step construction
emerges naturally from a Tomita-Takesaki type construction applied to systems with a global
symmetry.

It would be very interesting to extend these results to gravity. There, the framing of gauge-
invariant operators is much more complicated than in gauge theory - see [26] for a recent
discussion. However, for the particular case of three dimensions, the bulk theory reduces
at low energies to pure Einstein gravity in AdS;, which can be rewritten as two copies of
SL(2,R) Chern-Simons theory [27,28]. The bulk low energy sector that is described by the
weakly coupled Chern-Simons is dual, in the eternal black hole background, to two copies of
non-chiral Liouville theory. Each copy is associated to one of the SL(2, R) factors and involves
currents from both boundaries, as well as left to right Wilson lines. In this case, by integrating
over a large range of gauge shifted states (which can now be interpreted as time shifted), one
can asymptotically project onto energy eigenstates. Unlike in the gauge charge situation, such
eigenstates must be essentially factorized, implying that no single operator can approximate
this Liouville operator algebra on all of the shifted states.

In other words, although the boundary-to-boundary Wilson lines would seem to be well
described by the weakly coupled Chern-Simons approximation in all the time-shifted states,
this approximation must eventually break down in any complete theory of gravity in AdS;.%° As
discussed at the end of section 4.3, it is possible that subtleties in defining these Wilson lines in
a way that is both diffeomorphism invariant and remains in the weakly coupled Chern-Simons
approximation (for example, so that no sharp Planckian features appear in the path of the
Wilson line even for very long time shifts) for all of the time shifted states is important in this
breakdown. It would be very interesting to further explore this issue.
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A Dirac quantization of U(1) Chern-Simons

We work out the Dirac bracket quantization of the CS gauge field in the gauge d,A, = 0,
adapted to the presence of two boundaries, and check that it automatically produces a Wilson
line operator that is charged. This shows that as long as we correctly pick the gauge, bulk
perturbation theory will produce the correct charges for the bulk fields.

We first consider the case of pure Chern-Simons theory, and then we couple it to a charged
scalar field. The full action is given by (7).

“Modulo caveats [13] due to the fact that the right operators do not exactly form an algebra.
200f course, near any such state, the Liouville approximation gives the correct operator algebra; it is just that
these are not realized as globally well-defined linear operators.
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A.1 Pure Chern-Simons

In the coordinates (30), the variation of the action reads?®!
k v k b
6Son—shell = 8_ dx"dx (A+5A_—A_5A+)—8— dx"dx (A+5A_—A_5A+) . (100)
n z=0 n z=a

We would like to fix A_ = 0 at both boundaries, which can be achieved by adding the boundary
terms

Kk g k g
Shnd = Py dxTdx AA_ SnJ dxTdx ALA_. (10D)

z=0 z=a

After adding these, the action can be brought to the simple form
k
S+S,= 4—an3x [A,0,A_+A, (6_A,—3,A)]. (102)

One can then proceed to quantizing this action, e.g. a la Dirac. The momenta conjugate to Ay,
are constrained:

k
nt=n"=0, n*——A,=0, (103)
4mn
and the Gauss law, which is a secondary constraint, simply reads
x1=F,,=0 (104)

Two of these constraints are first class: 7~ and the combination
4 k
Q=F+z——n(3+rc++az(nz——A+)), (105)
k 4m

while the rest are second class. It is useful to perform the Dirac procedure in two steps, by first
eliminating the conjugate variables 7~,A_ (which decouple from the rest) and the momenta
nt, 7%, and only then gauge fixing. After the first step, the only non-trivial commutator is

(A, 2), A (", 2)) = —4{ 5(x* —x"M)5(z—7), (106)

but we are still left with the Gauss law constraint (104), which is first class. To make it second
class, we will be imposing the gauge condition

X2 = azAz =0 > (107)

which, as we argued in the main text, is compatible with the boundary conditions we want to
impose. The Poisson bracket of the constraints is

4n
{x 12 =C = Tazaz/5(2—2/)5(x+—x/+)- (108)
The Dirac brackets are constructed as
{f’g}DB:{f’g}_J{f,Xl}(C_l)l]{X],g}: (109)
where C™! is the inverse of the constraints matrix. Denoting

ok N
(c™Hi = 4—nK(z,z’) eV Ss(xt—x), (110)

21We use conventions €™ = 1.
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with €2 = 1, we find that

92K (z,2") = 07K(z,2') =6(z—%'), (111)

with solution
K(z,2)=(z—2)0(z—2)+a(z)z+B(E), (112)

where a(z’), B(z’) are linear functions of z’. This kernel acts nicely on any function that does
not have poles in z —z’. In fact, the requirement that C"1CA = A for any doublet of functions

AT = ( A Ay ) completely fixes a(z’) and B(z’), since

f dz'dz"K15(2,2)C1 (2, 2") A1 (z7) = A1(2) + (a(@)z + B(a)) A (@) — (z(a(0) + 1) + $(0)) 21 (0) .
(113)
Requiring that the terms proportional to A’ vanish fixes
a(a) =p(a)=a(0)+1=p4(0)=0, (114)
which determines the linear functions a(z’), 5(z’). The final expression for K(z,z’) is
/
K(z,z’)=(z—z’)®(z—z’)+(z——1)z. (115)
a
The Dirac bracket of A, with itself is

{A(x",2),A (", 2"} p g = 47“ [0:K(2,2") + 8,K(2,2")] 0+ 6(x™ —x"7)

/
=4—”(Z+z —1) 0. 5(xt —x"). (116)
k a
On the other hand, the bulk-boundary dictionary (33)
27, Z . .
Adxt2) = 2 [ + 2 (e - ) (117)

yields

[, (2,4, G, 20] = [, 340 )] (1 " )+

4 2z’ . . . .
o GEGeh), jh) T+ RN, R (™)) . a18)
This expression matches (116) provided that
(), jr(x™)] = =[5 h), ji ()] = —imk 8,4 6(x* —x), (119)

which can be checked agrees with the usual current-current OPE. The difference in signs be-
tween the j; and jz commutators is due to the different choice of orientation of the right
boundary.

The other non-zero Dirac bracket is
4n

e 5(.X'+ _x/+) ,

(120)

{A (", 2),A,(x"",2 )} pp. = —4%5(X+ —x")6(z—2") + 0,0,K(z,2")] = —

from which we can find the commutator of the nonchiral boson ¢ = aA, defined in (34) with
the CFT currents

(), ()] = [, o(x )] = —2mi 5(x " —x"), (121)
which is perfectly consistent with (35) and the current-current commutator. The commutators
of the conserved charges Q; = %fjfr(xﬂdxﬂ Qr= —%fjif(x*)dfr with ¢ are thus

[Qr, ] =—[Qp,p]=1. (122)
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A.2 Coupling to matter

Let us now couple the Chern-Simons theory to a matter current J*. To be specific, we will take
the matter to be a complex scalar field, with the total action given by (7). We assume that the
only non-zero components of the metric are g,_ and g,,. There are now two new primary
constraints [29], in addition to (103)

ns+(D ) Yg=0, ms+D $/g=0, (123)

and the Gauss law constraint now reads

4 _ 4mi N
X =Fi+ = VEd =F+Z+Tq(¢ Ty — ¢ ). (124)
The first class constraints are 7~ and the combination
4miq R 4 k
Q' =F_,+ P (pmy—9 mg)— - (8+7'c+ + 9,(n* — 4—7TA+)) . (125)
The non-trivial equal-time Poisson brackets are
{n*,n*— LA }pp. = £5(x+ —xNo(z—2")
) 41 +JPB. 41 5

{n", 1y + (D) Velpp =—iqg" Vg P 6(x" —x")o(z—2"),
{n", mg +D P /Tlpp. =iqg" Vg P S(xT —x")5(z—2"),
{ng +(D"¢) Vg, Mg +D P /ghpp. = (0, —9)6(x" —x"")6(z—2")g" V/g+
2igA,g" " /g8 (x" —x")6(z —2"),
{ng: + D" PV, Ty + (D7) V&lpp. = (0, —3)6(x" —x"")5(z —2")g "™ /g~
2igA, g7 /go(xT —x")5(z—2"). (126)

Imposing the gauge-fixing condition y = J,A, = 0, we find two additional brackets
(80,7 = S, = 5 — X 8,6 =5
(BA,, U} = —4?” 50t —x")8,8,5(2 7). (127)
We are interested in the Dirac brackets of the Wilson line ¢ = aA,, which are given by
AOAO s = )+ T2 0y,
(A0, 00 o5 =€ Py + 0T (0,51, (128)

where (C™1)Y denote the respective components of the inverse matrix of constraints and y, y’
label bulk points with x~ = x’~. We have the following relations among its components

C ) =260 -y), @Dy =Ta e ey), a9
where (C1)% (y, y’) satisfies
PC(,y) = BHCH () = 250 — ). (130)
A careful analysis along the lines of the previous section yields

¥ (y,y) = %{K(z,z’) 5t —x'), (131)
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where K(z,2’) is given in (115). Thus, we find that the (equal-time) Dirac bracket of A, with
A, is given by exactly the same expression (120) as in the previous section. We also have

3, (CH¥(y,y)—igA (Y NC ) (y,y) = i—q (Y N)CHM(,y),

an

A (CT(y, y)—iqA (Y NCT?(y,y ) = == () s(y —¥"). (132)

Using these relations, we find that the commutator of the Wilson line with the scalar field
satisfies

200,90 N5, — 104 HP ) 00 Mon = T B0 [5 —3) + 2.0 ]
2mq

Pp(y)6(x"—x"). (133)

Solving this equation to lowest order, we find that

(PO, 30 Nos =272

p(yNO(x" —x7), (134)

which is perfectly consistent with the commutators of the scalar field and the currents.
Let us now consider the commutator

{0(),A (Y Npp = 4“—;@*)“*(% ¥ )e(y)+ 4%&/(6‘1)"’“()/,3/’) - (135)

The last term is a total derivative and it will not contribute to the commutator with the bound-
ary charges, so let us just drop it for now. We obtain

GO A N5 = T $() 8rKigle, )50 —x')
4””%( )(Z-ee—2)s0 —x"). (136)
The gauge-invariant operators connected by a Wilson line to either boundary are
$r = 4L AN () = A b (x, 2), (137)
Pp = el fzaAz(x’Z/)dZ/(p(x,z) = l1@ A0 p(x, 2) | (138)

where we have used the fact that A, = const. Their commutators with the bulk gauge field are

4mq

(b ()AL (Y] =———¢,(xF,x7,2)0( —2)5(xT —x'"), (139)

4mq

[pr(¥), A ()] = Pr(xt,x7,2)(1-6(—2))6(x" —x'"). (140)

Setting z’ = 0 or z/ = a we can find the commutator with the currents on the two boundaries,
jp(xH) = §A+(x+, 0) and jr(x*) = §A+(x+, a), which are as expected

[ (), ju(x)]=—2miqd, (ST —xT),  [d.(¥),jr(x’)]=0. (141)

B Global coordinates in three dimensions
In this appendix, we explicitly perform the change of coordinates between the Schwarzschild

coordinates (50) to the global coordinates (52) using the boundary-to-boundary geodesics
depicted in figure 5 in the simplest case of three bulk dimensions.
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The BTZ black hole metric reads

2 .2 2 2
re—r £=d
ds?=— £2+dt2+ > r2+r2dx2. (142)
r2—rz

We concentrate on a set of geodesics at constant x, which satisfy

022y 2 2 _ 2 2 ;2.2

t(r*=ri)=—Er =, i*=r"—ri+Er; (143)
for some dimensionless constant E. The solution is

E2 2 24 _ (1 —E)2
R0 R i i€ PP
2ry

r(A)=r,coshA— 2 _ (11 E)2

The geodesic will penetrate the horizon if 0 < |E| < 1. The minimum of the radial coordinate
r on this geodesic is r;, = r,v 1 — E2, which occurs at A = %ln(l — E?). Requiring that r;,
is reached on the symmetry line (inside the horizon) at t = 0 fixes??

02 1+E

In——. (145)

th =
0" 2r, 1—E

which implies that lim;_, . o, t(1) = £t,, and thus the geodesic extends symmetrically between
the two boundaries. It is thus useful to introduce a new affine coordinate

0=k—%1n(1—E2), (146)

which will have its zero on the symmetry line. The metric can now be rewritten in terms of &
and the parameters E or t

ds? 9 dE? r? r?
— = — =+ —dx?, 147
1B o A_ppr e X (147)

where r =r(0, E), or

ds> , ., T,
€—2=d0' —EdT +€—2dX s (148)

where T = t,r, /(? and

(149)

The T = const. surfaces are hyperboloids. The minimum value of r on a constant T hyper-
surface is r,,;, = r./cosht and it occurs at c = 0. The constant 7 hypersurface crosses the
horizon at ¢ = £7. To obtain the full change of coordinates (t,r) — (7,0), note that dt is
given by

. . 2
g = 04 : ( dr? _+ ergTz —dUZ) _ (ez(dfrsmhzza—dosu;hZT)) . (150)
r2—rz\r2—ri ry 2r,(cosh® o —cosh” 1)
Integrating, we find
2 inh
= L, sinh(o +7) 1s1)

~ 2r, sinh(o—1)°

. 2
Note that near the boundaries,we have t = :I:f—+r, as we should.

In &=

221t may be useful to remember that arctanh x = =

1
2
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