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Abstract

This thesis discusses two aspects of semi-classical black holes.

First, a recently improved semi-classical formula for the entanglement entropy of
black hole radiation is examined. This entropy is an indicator of information loss and
determines whether black hole evaporation is an information preserving process or
destroys quantum information. Assuming information conservation, Page expressed
the entanglement entropy as a function of time, which is referred to as the “Page
curve.” Using the improved formula for evaporating black hole solutions of a gravi-
tational model introduced by Callan, Giddings, Harvey and Strominger (CGHS) and
modified by Russo, Susskind and Thorlacius (RST), we find that the entanglement
entropy follows the Page curve and thus is consistent with unitary evolution.

Second, the notion of quantum complexity is explored in the context of black holes.
The quantum complexity of a quantum state measures how many “simple operations”
are required to create that state. Susskind conjectured that the quantum complexity
of a black hole state corresponds to a certain volume inside the black hole. A modified
conjecture equates the quantum complexity with the gravitational action evaluated
for a certain region of spacetime which intersects the black hole interior. We test
the complexity conjectures for semi-classical black hole solutions in the CGHS/RST
model and find that both conjectures yield the expected behavior.
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Agrip

I ritgerdinni er fjallad um tvo eiginleika svarthola.

Fyrst skooum vio nyja adferd vio a0 reikna flaekjuéreiou 4 milli svarthols og Hawk-
ing geislunarinnar sem pad sendir fra sér. Pessir utreikningar gefa til kynna hvort
skammtaupplysingar tapist vid uppgufun svartholsins edur ei. Ef gert er rad fyrir
a0 upplysingarnar vardveitist, pa fylgir flekjuéreidan svonefndum Page ferli. Vio
reiknum flaekjuéreiouna, annars vegar i pyngdarfraedilikani sem kennt er vio Callan,
Giddings, Harvey og Strominger (CGHS) og hins vegar { likani kennt vid Russo, Sus-
skind og Thorlacius (RST), og synum fram 4 ad hin fylgir Page ferlinum { bddum
bessum likénum. Nidurstadan er { samraemi vid bad ad uppgufun svarthols sé ferli par
sem skammtaupplysingar tapast ekki.

Vio skodum einnig hugtakid skammtafraedilegt flaekjustig i tengslum vid svart-
hol. Fleekjustig skammtaastands segir til um hve margar einfaldar adgerdir eda skref
af akvedinni gerd parf til pess a0 mynda dstandid dr tilteknu vidmiounardstandi.
Susskind setti fram pa tilgadtu ad skammtafraedilegt flaekjustig svarthols sé jafngilt til-
teknu rimmali innan svartholsins. Onnur tilgdta tengir flackjustigio vid pyngdarvirkni
akvedins hluta timartmsins sem skarast vio svartholid. Vid profum pessar tilgdtur
fyrir svarthol sem gufa upp med Hawking utgeislun i CGHS og RST likénunum og

synum ad badar tilgdturnar gefa flaekjustig 1 samrsemi vid skammtafraedi.
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Introduction

Black holes are objects in space whose mass is so strongly concentrated that their
gravitational attraction would not allow anything, not even light, to escape. They
are, without doubt, among the most fascinating objects studied by physicists within
the last century. Its original discovery as a solution to Einstein’s theory of general
relativity (GR) by Schwarzschild [1] dates back to 1915. Although initially not taken
seriously even by Einstein himself [2], and after a period of confusion about the nature
of the event horizon of a black hole [3], there is no doubt to date that black holes are
realistic solutions of GR. Not only was it recognized that black holes can be formed
within ordinary circumstances, but it has also been realized that the appearance of
black holes is actually hard to avoid in nature [4]. As of now, there is also a long list
of observational evidence for the existence of black holes. Among the most prominent
examples are the detection of gravitational waves [5], which was honored with a nobel

prize in 2017, and the popular “Event Horizon Telescope” image [6].

GR is primarily concerned with describing physical phenomena at astronomical
scales, that is, distances of order > 10! cm. A complementary theory, quantum me-
chanics, was developed almost in parallel to describe the physical aspects concerning
atomic scales < 10~ cm. With the advent of quantum mechanics into the second half
of the 20th century its unification with special relativity resulted in what we know
today as quantum field theory (QFT). Although it became clear at an early stage
that QFT was the appropriate framework to correctly describe known fundamental

particles and their interactions in a unified manner, it does not account for gravity.
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This is not a problem for contemporary particle physicists, since gravity is a very weak
force and its effect is negligible for usual particle experiments on our planet. However,
the gravitational field can in principle become arbitrarily strong, for it only requires
a high enough mass density. This leads us back to black holes which represent the
archetype of objects with highly concentrated mass. If we want to understand the
physics in the neighborhood of a black hole, which undoubtedly exist in nature, we
need to understand how quantum mechanics and gravity function together. In other

words, we need a unified theory, “quantum gravity.”

While finding a full quantum theory of gravity has proven incredibly difficult, one
can pursue a more humble path and content oneself with exploring situations where
the gravitational effects are stronger than usual but not too strong. In such situations
it is sometimes possible to ignore the quantum effects associated with the gravitational
degrees of freedom but still incorporate quantum effects of normal matter and their
effect on the spacetime geometry. It appears that already in this regime one stumbles

across unexpected consequences and interesting puzzles arise.

Around sixty years after the black hole’s first discovery, Hawking realized, taking
into account quantum effects in the manner discussed above, that a black hole is in
fact not black, but it radiates [7]. This radiation is of thermal nature and in line
with earlier thermodynamic considerations regarding black holes by Bekenstein [8, 9].
Shortly after, Hawking concluded that the scattering matrix is not unitary and infor-
mation is lost [10]. At the time this came to a big surprise to the physics community,
since unitarity, or loosely speaking, “conservation of information,” is a corner stone
in the framework of quantum mechanics. Giving up such an important principle can
not be easily accepted. This now famous problem was later dubbed the “black hole

9

information paradox,” and was since then a primary drive for theoretical physicists

to study black holes in all their varieties.

Even though Hawking initially proposed to give up unitarity [11], major problems
arose when trying to generalize quantum mechanics to incorporate non-unitary evolu-
tion [12, 13]. Strong hints were given by the discovered duality between Anti-de Sitter
space (AdS) and conformal quantum field theory (CFT), in short AdS/CFT, in 1997
[14]. AdS/CFT describes a correspondence between two completely different theories.
On one hand, we have a theory of gravity, GR including a negative cosmological con-
stant, while, on the other hand, we have a usual quantum mechanical theory, a QFT.
The AdS/CFT correspondence states that these theories are equivalent, and one can
map a particular problem on one side to another problem on the other side. Now,

assuming the AdS/CFT correspondence is correct, since the evolution of the QFT is



manifestly unitary, it also must hold true for the gravitational theory.

Even though AdS/CFT states that black holes in AdS do not destroy information,
that does not provide an answer to the question for what is wrong with Hawking’s
calculation, even in an AdS/CFT setup, nor does it give definite answers about how

the required information escapes the black hole.

In the AdS/CFT context, a recent breakthrough was achieved by computing the
Page curve [15, 16] using semi-classical methods, by coupling an asymptotically AdS
black hole to a CFT reservoir [17, 18]. As we will discuss in more detail in chapter 3,
the Page curve quantifies the correlations between the black hole and its radiation
and is a good indicator for unitarity. The result uses the Quantum Ryu-Takayanagi
(QRT) formula [19-22] and the outcome exactly follows Page’s prediction assuming
unitarity [15, 16]. It is the first time that it was accomplished to compute the Page
curve by semi-classical methods alone. Although the QRT formula is motivated by
AdS/CFT technology, there is evidence that it is actually valid even outside the
AdS/CFT framework. It is claimed [23-25] that this formula can be derived using
the Replica trick [26, 27] without making reference to a holographic dual system. The
crucial ingredient is the inclusion of non-trivial topologies, i.e. Euclidean wormholes
when evaluating the functional integral over Euclidean manifolds. On a practical level
the QRT formula leads one to include the correlations from the radiation degrees of
freedom in the interior of the Black Hole after the Page time. From this point of view,
it is perhaps not surprising that this formula reproduces the Page curve, since the
disappearance of information into the black hole interior was what caused the problem
in the first place [7]. However, the point is that this instruction came from a semi-
classical computation and the fact that the semi-classical geometry has information

about these details ¢s surprising.

Even if this calculation still does not reveal how information escapes the black
hole, it is at least another indicator that understanding the interior of the black hole
is of major importance. Independently of the investigation of the Page curve, Susskind
initiated a study of the black hole interior via the notion of quantum complexity [28—
30]. Quantum complexity defines a metric on the space of states, which in some sense
captures an intuitive understanding of the difficulty to create a state by “simple oper-
ations” from another reference state. This is best illustrated by imagining a quantum
computer consisting of a set of gates, which are modeled by unitary operators acting
on a Hilbert space. These particular set of gates need a certain amount of appli-
cations to reach from an initial input state to a final output state. The number of

(minimum) applications is what we call complexity, and it quantifies how “hard” it
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is for the computer to compute a certain state provided some input state. Susskind
conjectured that the growth of complexity of a black hole state should be related to
the volume growth of the interior of the black hole. We will review these arguments
in chapter 4. One of the initial motivations to study complexity was to argue against
a “typical” occurrence of firewalls [31]. The term “firewall” [32, 33] refers to a hypo-
thetical violent region at the event horizon of a black hole for an infalling observer,
and thus violating the equivalence principle. It was proposed in [32] so to resolve
an apparent paradox within black hole complementarity [34]. Susskind reasons [35]
that a “typical” state has maximal complexity. Since the complexity of black hole
states that are formed by collapse is increasing for an exponentially long time (in its

entropy), they are not “typical,” and hence there is no reason to expect a firewall.

Outline

In this thesis we expand on the above ideas in the context of asymptotically flat black
holes in a two dimensional dilaton gravity theory which we will describe in more detail
in chapter 2.

Since the QRT formula was originally formulated in the context of AdS/CFT, it
is an interesting question whether it also gives sensible results for asymptotically flat
black holes. The two dimensional models we are considering incorporate back-reaction
of the Hawking radiation to the geometry. This enables us, at least in principle, to
directly compute the entanglement entropy which include effects such as the reduction
of the black hole mass over time. In chapter 3 we review Page’s argument which leads
to the Page curve and elaborate on the proposed entropy formula. We evaluate the
entanglement entropy on the semi-classical two-dimensional backgrounds in [36] and
find perfect agreement with Page’s prediction.

In chapter 4 we revisit the notion of quantum complexity. Although complex-
ity was originally studied for classical black holes in asymptotic AdS spacetime, we
analyse Susskind’s ideas in the semi-classical regime of asymptotically flat black holes
[37, 38]. A part of the problem is to precisely define the supposedly dual quantities.
With our definitions we find positive evidence that supports his conjectures even in
these cases. That such an identification is also possible in asymptotically flat space-
times provides further evidence for black hole complementarity [34] which postulates
that the black hole can be described by a quantum system with a finite number of

degrees of freedom living near (and outside) the event horizon.
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Chapter 1. Introduction




Black Hole Model

In this thesis we primarily work with a two dimensional dilatonic gravity model intro-
duced by Callan, Giddings, Harvey and Strominger (CGHS) [39] and a variant thereof
by Russo, Susskind and Thorlacius (RST) [40]. One of the main advantages coming
with the RST model is that the semi-classical equations can be solved explicitly as we
show below. The CGHS model can be regarded as an effective description for radial
modes of near-extremal dilatonic magnetically charged black holes in four or higher
dimensions [41]. While this aspect certainly provides an interesting point of view, in
this work it will usually be sufficient to interpret the results from a purely two dimen-
sional perspective.! In this section we will review some aspects of the CGHS/RST
models while trying to be complementary to the introductions in [36-38] and the
already existing review by Thorlacius [42].

The classical CGHS action I is given by
Io = Igrav + Imatter (2.1)
with
Loy = % / Pay=ge (R+4(V6) +43?), (2.2)

1 N
Imatter = _E/d%x\/ -9 Z (vfl)2’ (23)
=1

IThis is going to be true apart from an isolated case, when we define the volume functional which
represents complexity, see [37].
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and depends on the fields ¢ , the dilaton, the metric g,,, and the IV free matter fields
fi minimally coupled to the gravitational system. As usual, g := det g,,,,, and R is the
Ricci scalar. A natural scale is provided by the parameter A related to the magnetic
charge of the higher dimensional theory. We take length to be measured in units of
A~ ! and set A = 1.

The strength of the classical gravitational coupling is characterized by G (9 := %ew
which is allowed to vary over spacetime. If the gravitational coupling G(s) is small
compared to IV, and N much larger than 24,

N
s 1 2.4
e > Y > 1, ( )

we can attempt a semi-classical treatment [39]. These conditions are necessary if we
want to reliably ignore quantum effects induced by the dilaton and metric field since
they will be dominated by the one-loop effects of N matter fields. Considering that
the dilaton ¢ varies over spacetime, it is not clear a priori that these conditions can
be satisfied and the solutions of the semi-classical equations of motion have to be
checked for consistency. When discussing black hole solutions it turns out that the
gravitational coupling G2y goes to zero in the asymptotic region, but increases as one
approaches the black hole singularity. One can, however, make the coupling arbitrary
small at its event horizon by considering a black hole of large enough mass. One
should then be able to trust the semi-classical solution at least everywhere outside
the black hole as long as its mass is still large enough.?

We review the inclusion of quantum corrections in section 2.1. From the quantum
effective action we derive an expression for the stress tensor in section 2.2 and discuss
its properties. Further, in order to describe dynamical black hole creation we shortly
examine the concept of coherent states in chapter 2.3. After inclusion of the RST
term, discussed in 2.4, we consider the equations of motion corresponding to the
quantum effective action in section 2.5. Finally, black hole thermodynamics in the
context of the CGHS model is discussed in paragraph 2.6.

2.1 The Polyakov term

To calculate the correction I7 to the classical action induced by the matter fields f;, we

can use a well known argument [43-45] which goes as follows. The crucial ingredient

2A classical black hole retains its initial mass for all times. However, quantum effects lead to
Hawking radiation and the black hole slowly evaporates.
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is the fact that the free matter fields f; constitute a CFT on a fixed background.
Formally, the correction I; is given by the functional integral

eill = /Df 67;Imatter7 (2.5)

where we integrate over all matter fields f; over a two-dimensional manifold with fixed
metric g, .

By the definition of the stress tensor 7},,, its expectation value is given by

47 6[1
V=g og

We will exploit this identity to deduce the form of I;. In a classical CFT the stress

<Tm/> = (26)

tensor is traceless. However, when quantizing the theory in a way compatible with
conformal symmetry one encounters that the trace of the stress tensor operator ac-
quires a non-zero expectation value, the so-called trace anomaly. In two dimensions
its form is completely fixed by the central charge ¢ of the CFT (in the present case
¢ = N) and is given by [46]

47 (5]1 N
pv - 'R
\/—gg Sghv 1277

with R being the Ricci scalar and N the number of scalar fields f; which equals the

(1) = - (2.7)

central charge ¢ of the CFT. In conformal coordinates (y™,y~), in which the line
element reads
ds* = —e*dy*tdy~, (2.8)

the Ricci scalar can be expressed as R = 8¢72°9,0_p, and so equation (2.7) becomes

51, N
— = —0,0_p. 2.9
3p 6rCt P (2.9)
This equation is solved by®
N N 1
I = —— [ datda™ _p=—— [ d®r/—gR=; 2.1
1= 1on xTdx” pdy+O0—p 96 x gRVQR’ (2.10)

where we write

(le) (2) = / Y/ =gy Gz, y)R(y), (2.11)

3@Given any solution we can of course add terms whose variation is zero as we vary the conformal
factor p and the result still solves equation (2.9). We will come back to this issue later on.




10 Chapter 2. Black Hole Model

with G(z) being the Green’s function of the Laplacian V2 =V, V# defined by
V—gV2G(x) = §(z). (2.12)

It is a peculiarity of I; that the covariant expression in (2.10) is obviously non-
local, while in conformal gauge the term reduces to a single integral involving the

conformal factor.

For later convenience let us introduce a slightly shorter notation,
1

Equation (2.12) does not define the Green’s function G' uniquely. It is only de-
termined up to a harmonic function. This is simply a manifestation of the fact that
the Laplace operator V2 has a non-trivial kernel on non-compact manifolds. The
undetermined harmonic function has to be fixed by imposing boundary conditions.

Let us render these statements more explicit by choosing conformal gauge (2.8). In
order to compare Green’s function with different boundary conditions, let us evaluate
the field Z for a general Green’s function G(y*) = Go(y*) + hy(yt) + h_(y7).
The function h(y*) = hy(y*) + h_(y~) is harmonic by construction and contains

information about the boundary conditions of G. We have
Z(y*) = —4/dz+dsz(zi,yi)6+3_p(zi). (2.14)

Naively, one would perform repeated integration by parts and conclude that the har-
monic function A has no influence on Z. However, this conclusion is not correct, since
the function p has in general not the required falloff behavior to justify integration

by parts. In general, one has

Z(y=) = 2p(y*) + n(y®), (2.15)

with 7(y*) = 14 (yT) +n_(y~) being another harmonic function, characterized by
boundary conditions.

Comparing this to the discussion before, especially equation (2.10), we conclude
that the equal sign in (2.10) is only correct in a very specific conformal coordinate
system, that is to say, in the coordinate system where h = n = 0. For reasons

4

becoming transparent shortly, we will refer to this coordinate system as “vacuum

coordinates.” One might ask, whether this is not at odds with our derivation of the



2.2. The stress tensor 11

Polyakov term (2.10) in the first place, since nowhere did we assume a particular co-
ordinate system (apart from using a conformal coordinate system). The answer is no,
since when integration equation (2.9) we assumed there are no extra terms in I; whose
variation is zero. This assumption turns out to be simply incorrect when considering
general boundary conditions and the missing piece is automatically restored, when
writing the Polyakov term in a covariant way. To see this more explicitly let us con-

sider the Polyakov term with general boundary conditions in conformal gauge (2.8),

N 1
— = | e/ =gR—R =
o6r | LIV IRGE

N

1
_ Ydr— -
Tom dx™dx (p + 27]) 0+0_p. (2.16)

The first order variation of the second term is simply zero,
0 /dx+dx7773+8_p = /d:c+dsc7n6+8_5(1: —y)=0 (2.17)
dp(y)

because of harmonicity of the function n. Therefore the more general expression (2.16)
still solves equation (2.9). Crucially, the term itself, [ dxtdz~nd4+0_p, is not zero in

general.

2.2 The stress tensor

To substantiate our conclusion from previous paragraph, it is instructive to derive the
expectation value (2.6) for all components of the stress tensor T),, directly from the
Polyakov term I;. There are two ways to do this. Either we vary the non-local term
in (2.10) directly, or we introduce an auxiliary field in order to render the non-local
term effectively local. Both lead to identical results, but the second way is technically

simpler, so let us pursue this route. One replaces the Polyakov term by
N 1
— /de\/—g ZR—=(VZ)), (2.18)
487 2

where the field Z is now promoted to a dynamical variable. Extremizing this action

with respect to Z yields the equation of motion
V2Z + R =0, (2.19)

and its solution coincides with our definition of Z in (2.13). That is, by “integrating

out” the field Z one recovers the previous non-local Polyakov term (2.10).
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It is now possible to calculate the response of the action to the variation of the
metric components g*”. One observes that by using the equation of motion (2.19)
after carrying out the variation, that the result does not depend on the variation of
Z itself,

ot = e [ e (5(am) 2 - 30 (Vo) 0,z0,z) . 220

so one only needs to be concerned about the variation of the metric determinant v/—g

and the Ricci scalar R. These are well known [47], and the results we need can be

written as
5 (V=9gR) = V=9 (909" = 670)) Vo Vrbg"",
1 (2.21)
5 (V=99"") = V=g <29‘”‘59W + 5355) 5"
Thus the final result in terms of the auxiliary field Z is
471' 5[1
<T;w> = T
—a dghv
V=909 (2.22)

N[ 1
=5 (_ng (VZ2)* + V2V, 7 — 29,,V?>Z + QV,NVZ> .

As a consistency check, we can calculate the trace to confirm the conformal anomaly,
N N
TH) = ——V?Z = — 2.2
(%) 5V 155 (2.23)

which is reproduced correctly as expected. More interestingly we can evaluate the
diagonal components (T ) of the stress tensor in conformal gauge (2.8), since they
correspond to physical energy flux. Using (2.22) and the general solution for Z in

conformal gauge (2.15), we get

N
(Tes) = 57 (4039 —4(02p)® + 208 + (0:m)*) (2:24)

This is in line with an alternative derivation of this expression going back to [43], which
is also discussed in the original CGHS paper [39]. In [39, 40, 42, 43], the piece (8i77)2+
201n appears as integration “constants” ¢, (yT) and t_(y~) when integrating the
conservation equations for the stress tensor 7),,. Again, these integration constants
have to be fixed by imposing boundary conditions. The above analysis shows how
the functions ¢4 are related to the function n originating from boundary conditions
of the Green’s function G in (2.12).

We can now also justify why we called the coordinates with = 0 the “vacuum
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coordinates.” In manifestly flat spacetime the derivatives of the conformal factor are

zero, 0+ p = 0, and the energy momentum flux is purely given in terms of 7,

(Tey) =ty = % ((8i77)2 + 26117) ; (2.25)

so that if n = 0, (T++) = 0, and no energy momentum flux is detected by an inertial

observer.

Another interpretation can be given to the function 7 by realizing that ¢4 can be

17 / " 2
written as a Schwarzian derivative {f(z);z} := (J;—,) -1 (’;—,) ,

(Bin)Q +20in = -2 {zi(mi); mi} , (2.26)

with new coordinates z*(z¥) given by

+

HaF) = / dyie_”i(yi), (2.27)

dx*(z*) _ +(,+ . : :
so that In =5 2— = 1+ (2™ (2%)). It is then readily seen that under the coordinate
transformation % — z*(2%) the conformal factor transforms as

dzt(zt) 1, 9z~ (27) 1

1
S N CAD RS WL D 2.28
L R P Y (2.28)

As such, specifying 7 in some coordinates is equivalent to specifying the relation to the
vacuum coordinates, i.e. the coordinates where the energy momentum flux vanishes
asymptotically. This also provides a direct interpretation for the scalar field Z given
in (2.15). It represents the value (more precisely, two times the value) of the conformal

factor in vacuum coordinates.

We already mentioned before, it is not necessary to introduce the auxiliary vari-
able Z. One can also vary the non-local expression (2.10) directly. Following [48], one
can use equation (2.12) to deduce the response of the Green’s function G to a change

of the metric. Since the Dirac delta function does not depend on the metric, we have

§ (V=gV*G) =0. (2.29)

After some algebraic manipulations of equation (2.29), one concludes that

o) = /=gl (=9 Do) + 6507 ) V3Gl AVEG ), (230)
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and by using that

it =~ o= [ & [ @y~ WRWGE.0)6 (V-g@IR()

(2.31)
- 96% / ¢’ / d*yy/~g(x) R(x)v/~g(y) R(y)dC (. y),

one recovers the same result (2.22).

2.3 Coherent matter states

To dynamically create large macroscopic black holes, one needs a macroscopic par-
ticle beam consisting of a large number of f-quanta. To still have analytic control
one models this particle beam as a coherent state built on top of the vacuum |0)
corresponding to an inertial observer in flat spacetime. Following [49], a left-moving

coherent state can for example be written as

i - ;
‘fc> X :exp <7T Z/d0+3+ff(0+)fi(0+)> : |0>, (232)
=1

where o+

are the vacuum coordinates and f; is the classical left-moving matter profile.
The fis are the quantum field operators corresponding to left-moving f;-quanta, and
:: denotes normal ordering with respect to the vacuum state |0).

The important properties of such a state are
(felfilrey = 15, (2.33)

and in particular
(el s Ty - |£9) :Tﬁy+<0| 2T, 1|0y, (2.34)

where T}, is the classical energy momentum tensor calculated from the fields f;.

If these quantities are sufficiently large, i.e. much larger than IV, then one can eas-
ily incorporate the coherent state in our semi-classical analysis by perturbing around
a classical background field f{, which obeys the classical equations of motion. Ex-

plicitly, the semi-classical quantum effective action is given by

I[Qa o, fc] = Igrav [ga d’] + Imatter [97 fc] +5 [9] (2-35)

The coordinate dependence of the asymptotic energy flux is still automatically taken
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care of in the way it was presented in section 2.2.

The form of the coherent state (2.32) is only meaningful if the scalar fields f; are
free. However, even if the fields f; were not free, the quantum effective action (2.35)
still makes sense by perturbing around a field configuration ff which obeys the (in
this case non-linear) classical equations of motion. When calculating the expectation
value of the stress tensor (7),,) one could then still interpret the result in the spirit
of (2.34) by identifying the first and second term with the leading order and next to

leading order outcome in an expansion around Ne?? — 0.

2.4 The RST term

Unfortunately, the equations of motion obtained by extremizing the quantum effective
action (2.35) are hard to solve and no general solution is known. However, numerical
studies of this model exist [50-53]. Another way forward was to slightly modify the
model, as for instance was done in [40, 54, 55]. Here we follow RST [40] who modify
the gravitational sector of the theory by adding the term

I d*z\/—g R (2.36)

T 87

to the effective action. This term is of order N which is of the same order as the
Polyakov term I; and therefore does not disturb the classical physics taking place
when Ne2? — 0.

The effect of this term is to restore a classical symmetry which allows to choose a
coordinate system in which the conformal factor p equals the dilaton, ¢ = p. We will
refer to this choice of coordinates as “Kruskal coordinates.” This feature allows the

equations of motion to be solved explicitly.

2.5 Equations of motion

Finally, the full semi-classical action we are working with can be written down. It is
given by
I[gv ¢> fc] = Igrav[.% ¢] + ]2[ga (ﬂ + Imatter[g; f(/] + 1 [9] (237)

By extremizing this action with respect to the metric components, the dilaton, and

the matter fields we obtain the full set of equations of motion for the semi-classical
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gravitational system,

N
(29, V* —2V,,V,) (e2¢ + 24¢> +

+4€72¢ (QV#(ZSVVQS - g,ul/ ((v¢)2 + >‘2)) = Tﬁu + <Tl“’>7 (238)
V2 — (V) + A2 + %R =0, (2.39)
V2ff — 0, (240)

where (T),,,) is given by (2.22) and we temporarily reinstated the scale A.

To simplify the equations, one usually proceeds in conformal gauge (2.8) and
further chooses Kruskal coordinates where the conformal factor p equals the dilaton
¢ [39, 40]. To show that this is possible, one takes the trace of equation (2.38),

N N
8e72 (Vp)? — 4e29V20 + V0 —8e A = R, (2.41)

and combines it with the equation of motion for the dilaton (2.39) to get

<e—2¢ + ?D (V2¢ - ;R> =0. (2.42)

Assuming e=2¢ + % # 0, which is always true in the semi-classical regime e~2¢ > %,

the equation reads, in conformal gauge,
8:0_(6—p) =0, (2.43)

and is solved by é(yT,y™) = p(yT,y") + wi(y") + w—_(y~). One then observes

that the functions w; and w_ can always be eliminated by a conformal coordinate

transformation y* +— 2+ (y%), so that in the coordinates (z+,z7) we are left with
p(t,a) = pla*, 7). (2.44)

This leads us to the simple equations of motion in Kruskal gauge,
N 1
0% (e-2¢ - 24¢> =5 (TS1 +ts), (2.45)

D40_ <e2¢ + ;\;¢> = —\2 (2.46)

040_f¢ = 0. (2.47)
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These equations can be solved for the field Q = e~2¢ + %(i) provided a general
classical matter profile T'{ . by specifying the asymptotic energy flux ¢4 in Kruskal

coordinates.

2.6 Black hole thermodynamics

In order to work out thermodynamic relations to leading order we will concentrate on
equilibrium solutions in the classical limit Ne2® — 0. It is also possible to calculate
corrections in the RST model, but these will not be of major importance here.

We consider a canonical ensemble for the system of the gravitational field g,,,
the dilaton ¢ and the matter fields f; at temperature 7 = S~ within a cavity of
large size, represented by the variable V', and prescribed boundary conditions for the
dilaton field qﬁ’b ary = »P and the matter fields fi‘b ary = f£. The partition function
is then formally given by the Euclidean path integral [56] with Euclidean action I,

where the imaginary time coordinate is periodically identified with a period (3,

2(8,V, 65, £P) = / Dgpy DY Df ¢~ olom 6.1, (2.48)

In the following we will only consider a cavity of infinite size V' — oo. This step
involves some subtleties which we will ignore for the sake of brevity. A more detailed
analysis is for instance given in [57-59]. Let us from now on suppress the arguments

but keep in mind that the expressions are parametrized by 3, ¥ and fZ.

N
12>

given by the saddle points obeying the given boundary conditions, that is

In the classical approximation, valid for e=2% > the leading order result is just

e*ﬁF — Z ~ eflE[gclwqbclvfcl] (2.49)

where we introduced the free energy F'. Using the free energy, one can then utilize

the usual thermodynamic relations to calculate the entropy s,
s = 320sF, (2.50)

where the derivative is taken keeping the parameters V, ¢& and 2 fixed.

It is well known, that for arbitrary inverse temperature 3, the metric g,,,, typically
features conical singularities [60]. However, the conical singularities disappear for a
special temperature, the Hawking temperature Ty. When using equation (2.50) to

compute the entropy of a black hole with Hawking temperature Ty, it is obviously
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not enough to know F(3) only at 8 = Sy, and so it is argued in [60] that one should
still take contributions from conical singularities into account. We shall follow this
approach here.

A one-parameter family of static black hole solutions in the Euclidean classical
CGHS model (in units such that A = 1) is given by

ds* = e??dzdz, (2.51)
e 2 =M + 2%, (2.52)
fi=0, (2.53)

with the complex coordinate z being related to asymptotic Euclidean time 7 as z =

re2™% | from which the periodic identification 7 — 7 + 3 is obvious. The connection
to the Lorentzian solution is established by interpreting ¢t = QB’TZ'T as a real-time
coordinate.

The ADM mass M of the black hole is related to the parameter M by M = 7. M
[61]. Hence we can and will refer to M as the black hole mass. The ADM mass

coincides with the usual Komar integral in Lorentzian signature,*

M = — lim

d 2.54
Jn o de (2.54)

if one keeps in mind the relationship between the effective coupling G2y and the
dilaton ¢, 8G gy = e2?. The one-form ¢ = —r2e??dt is dual to a timelike Killing
vector normalized such that £#&, — —1 as r — oo.

In (r,7) coordinates the metric reads
2 26 2 2T 5. 9
ds = e d'f’ + ?T dT 5 (255)

which makes the appearance of a conical singularity for 8 # Sy := 27 at r = 0 man-
ifest. A peculiarity of the CGHS model becomes evident. The Hawking temperature
does not depend on the mass M. This is atypical, as for a higher dimensional black
hole the Hawking temperature always depends on its mass. A prominent example is
the Hawking temperature of a four dimensional Schwarzschild black hole with mass
M which behaves like Ty ~ M~!. The fact that the Hawking temperature does

not depend on the mass also implies that no smooth solutions (i.e. without conical

4In general the Komar integral is an integral over a co-dimension two manifold. In two dimension
this is just a point and so no integral appears in formula (2.54).
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singularities) for temperatures other than the Hawking temperature exist.

To calculate the free energy F of this geometry, we need to evaluate the Euclidean

on-shell action on a regularized manifold with boundary,
1 1
—Ip = /d% ge 2 (R +4(Ve)® + 4) + = /dE\/Ee*% (K —2), (2.56)
™ 7r

where the bulk action is supplemented by the Gibbons-Hawking-York term [56, 57]
on the boundary to render the variational principle on a manifold with boundary well
defined. The determinant of the induced metric on the boundary parametrized by X
is denoted by h while K is the extrinsic curvature of the boundary. The second term
2 [ d¥vhe™?? is needed to obtain a finite result.

The treatment of the conical singularity is simplified using the analysis in [62].
By regularizing the cone one can evaluate the Ricci scalar R, and after removing the

regulator one obtains, in (r,7) coordinates,

R(1) = Ryeg(r) + 2 (1 - é) o(r), (2.57)

where R,cg(r) is the regular Ricci scalar of the geometry with 8 = .

One finds that the Euclidean action Ig, given by (2.56), vanishes when evaluated

for the geometry with Ricci scalar Ryeg, so that the free energy F(3, ¢?) simply reads

» (é{ _ 1) . (2.58)

Notice that we suppressed the dependence on the boundary condition for the matter

F(8,6%) =

e 2%

fields f® due to the only nontrivial static case being fZ = 0, c.p. (2.53). Further,
due to (2.52), fixing the value of the dilaton ¢ at the boundary essentially fixes the
mass M of the black hole solution.

Using (2.50), the thermodynamic entropy of the black hole at the Hawking tem-

perature Ty = i yields

= 2M. (2.59)

s = [J’QaﬂF’ =2¢ %
r=0

B=Bu

Remarkably, this result is in line with Bekenstein’s expression [8], s = ﬁ, where A
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represents the area of the black hole horizon, since

; (2.60)

and A = 1. We also note that the vanishing of the free energy F'(8g) at the Hawking
temperature is consistent with the thermodynamic relation F(T) = U —T's, since the
internal energy U is given by

1
= —6_2¢

Bu

U= (1+ B0s) Fu(B) = M/m=M (2.61)

r=0

and Tys = M/m.
To conclude we collect our findings of the thermodynamics variables for the clas-
sical eternal CGHS black hole of mass M,

1

Ty = — 2.62

H= 9 (2.62)
1

U= M, (2.63)
T

s =2M, (2.64)

with the Hawking temperature Ty, the internal energy U and black hole entropy s.



Page Curve

A useful diagnostic to quantify the loss of information due to Hawking radiation turns
out to be the entanglement entropy of the radiation S;,q. To define this quantity,
we imagine a total quantum system consisting of a black hole and its radiation, so
that the Hilbert space H describing the total system is given by H = Hpu ® Hiad-
We assume that such a product structure exists, at least approximately.! Given a
state p on H, the entanglement entropy of radiation can simply be defined to be the

von Neumann entropy of the reduced state py.q = trem (p),

Srad := —tT (prad In (praq)) - (3.1)

Analogously we can define the von Neumann entropy of the black hole Sgy. Perform-
ing the calculation in the spirit of Hawking [7], one would find that S;.q is a growing
and strictly monotonic function of time, at least for the time a semi-classical analysis
can be trusted.

This, however, appears to be in contradiction with unitarity, as was argued by
Page [15, 65] as follows. Let us assume a unitary time evolution of the state p, so
that an initial pure state stays pure for all times. In this case the two quantities Syaq

and Spy are equal to each other, S;.q = Spg. Further, we assume that the initial

IThat such an assumptions is justified, is not clear by any means. It is known that such a
factorization typically fails for gauge theories, see for example [63]. Since gravity itself can be
thought of as a gauge theory, it would not be very surprising if that were the case. However, we can
still hope that the factorization holds in some approximate sense. One should remark that there are
also arguments against the correctness of this assumption, see e.g. [64].

21
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state (which we imagine to be shortly after a black hole has been formed), does not
yet carry any radiation. This premise provides us with an estimate of the dimension
of the accessible Hilbert space H if we accept the coarse grained entropy of the initial
black hole to be one quarter of the initial area Ag of its event horizon in Planck units,
S0 = % [9]. The estimate thus is dim H ~ e40/4. Tt is then already easy to see that
the entanglement entropy S;,q must be bounded by the coarse grained black hole
entropy, Srad < so. One gets a stronger bound by using Syaq(t) = Spu(t) at each time
and Spu(t) < s(t), ie.

Sraa(t) < s(t), (3.2)

where s(t) represents the course grained black hole entropy at a time ¢. Notably,
this bound is strongest, when the black hole entropy s attains its minimum, zero,
which corresponds to a complete evaporation of the black hole, and weakest, when
its maximal, s = sg, the initial moment after black hole creation. It is immediately
apparent, that since s(¢) — 0 as the evaporation progresses, sooner or later this will be
in contradiction with Hawking’s result which states the entanglement entropy keeps

growing.

A similar but complementary bound, which is strongest at the initial moment
and weakest at the evaporation end point, can be derived. It relies on an argument
using thermodynamics of the radiated gas [66]. If we assume the radiation consists of
massless particles at temperature T, the relation between it’s thermodynamic entropy

Srad and its internal energy U is given by

d U

Srad = _ﬁf’ (33)

where d is the spacetime dimension. If the black hole radiates particles of some
energy AM , this will of course change the internal energy of the radiation gas accord-
ingly AU = —AM. By the first law of thermodynamics, TAs = —AM, and therefore
ASyad = —%As, or integrating, Syaq(t) = d%‘ll (so — s(t)). Since the entanglement

entropy S;aq should again be bounded by the coarse grained entropy S;aq, we have

d
d—1

Seaa(t) < (50— s(t)). (3.4)

The time when the two bounds for the coarse grained entropy of the radiation and

the black hole meet each other is called the Page time tpage [16].

The two bounds are illustrated in Figure 3.1 on page 23 for a black hole emit-

ting massless particles in four dimensions and a two dimensional black hole with a
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Figure 3.1: The coarse grained (thermal) entropy of the black hole s(¢) and radiation s;aq(t)
respectively as a function of time shown in four and two dimensions. Their intersection

determines the Page time tpage.-
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temperature independent of its mass.

If the reduced density matrix of the radiation is thermal, then the von Neumann
entropy Spaq equals the coarse grained entropy s;.q. This is the behavior expected
from Hawking’s result [7, 10]. However, we just reasoned that unitarity implies a
turnover around the Page time, where the von Neumann entropy S;,q should be
bounded by the coarse grained black hole entropy s. Page showed [15], that the
entanglement entropy of a typical state of a big enough system roughly assumes this
maximum, after a time of order, say, half the evaporation time. That is to say, to
good approximation, the entanglement entropy of the radiation Sy,q(t) should follow

the minimum of the two values s;,4(t) and s(t) if unitarity applies.

3.1 Generalized entropy

Up until very recently, it was not known how to “repair” the computation of Hawking
in order to reproduce the Page curve, i.e. in order to restore unitarity, by a semi-
classical computation. So far it was not even clear, it can be restored by a semi-
classical computation and it was suspected that the full theory of quantum gravity
has to be formulated in order to get the correct behavior. Quite the opposite is claimed
by [17, 18, 67] where a unitary Page curve is obtained only by using semi-classical
gravity.

Motivated by AdS/CFT and the QRT formula [19-22], it was proposed that the

correct semi-classical formula for the entanglement entropy S;.q is given by

Area
4G

Srad(A) = min e>[(t < ([) + SBulk('SAj)> . (3.5)
To explain this formula it will be convenient to concentrate on a Penrose diagram of
an asymptotically flat evaporating black hole in Figure 3.2, page 25.

Let us imagine dividing spacetime into a region which includes the black hole and
its complement which potentially only includes radiation. This is indicated by the blue
line in Figure 3.2. This line (which in four dimensions would be a large sphere at each
instant, S2 x R) should be placed in a region where gravity is very weak. We would
then attribute the degrees of freedom carried by the outside region to the Hilbert
space Hyaq and the rest being described by Hpy, such that the total Hilbert space
is H = Hpa ® Hraa- We are interested in calculating the entanglement entropy Siaq
associated to the infinite region outside A, that is the von Neumann entropy of a

state in Hyaq. The prescription (3.5) then tells us to consider all possible spacetime
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singularity

Figure 3.2: Penrose diagram of an asymptotically flat evaporating black hole. The green
region represents an infalling matter beam. The event horizon is shown by the dashed line.
The blue line separates the inner black hole region from the outer region where the outgoing
Hawking radiation is collected. A point on the blue line A corresponds to a particular time
for an observer far away. As time moves forward, the point A moves upwards on the blue
line. The pink dot / indicates the appearance of an island.
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points / to the left of the dividing blue line and extremize the sum of the area
divided by Newton’s constant G at the point / and the entanglement entropy Spux
corresponding to a matter state defined on the subregion S4; connecting the point
with A. If multiple extrema exist one is instructed to take the minimum.

When we apply this prescription to a semi-classical black hole one expects to find
two extrema of the expression in formula (3.5). One of them will be found at the
(yellow) boundary far inside the black hole while the second one will be found near
the horizon, indicated in Figure 3.2 by the pink dot. At early times (meaning, up
to the Page time tpage after the black hole was formed) the minimum of these two
extrema is given by the first extremum at the boundary while after the Page time the
second extremum at / will overtake.

Notice that the first minimum instructs us to evaluate the bulk entanglement
entropy Spuk from the anchor point A on the whole spatial slice going inside the
black hole where the area term is zero. If one were to consider a pure state on the
whole spatial slice divided into two complementary regions R; and Rp, this would
just coincide with the naive statement that Sp = Sg. At this point formula (3.5) is
telling us nothing new. We get the usual result obtained in the spirit of Hawking (see
the blue lines in Figure 3.1), which closely tracks the coarse grained entropy of the
radiation.

The novel feature enters at the Page time, when the second extremum located near
the horizon will actually overtake. Then (3.5) will be dominated by the area term
which near the horizon is nothing else than the coarse grained black hole entropy s
and we recover a Page curve that is consistent with unitarity, Figure 3.1. It is also
quite interesting to observe that Sy only has to be evaluated on a region between a
point on the horizon / and the anchor A. In other words we are explicitly instructed
to exclude the interior of the black hole in the calculation.

In [36] we explicitly evaluate the generalized entropy (3.5) for an evaporating black
hole in the RST model described in chapter 2. We indeed find the exact behavior
just described and one recovers the entanglement entropy depicted in Figure 3.1b
at leading order. The crucial difference to the original derivation of entanglement
entropy curve by Page is that in Page’s derivation unitarity was assumed. In [36],
however, we just perform the calculation of (3.5) in semi-classical gravity without

explicitly assuming unitarity.



Quantum Complexity

We can give a precise definition of quantum complexity in the context of Quantum
Information Theory (QIT) [68, 69]. In QIT one models a quantum computer in terms
of a finite set of gates which are unitary operators acting on a finite dimensional
Hilbert space H. In order for the gate set to be useful in practice the gates should be
universal, i.e. able to produce any quantum state in an approximate sense. However,
at the same time, the gate set should not be too large since they represent the building
blocks of the quantum computer.

Let H be a finite dimensional Hilbert space. Consider a finite set of unitary

operators on H,
G:={U;:U,€eUH),i=1,....,.M} (4.1)

for M being a positive integer. Further consider the group generated by the set G
via matrix multiplication, denoted by (G). A typical element Sg € G is of the form
Sg = Ufl UQk2 . UZI&M, with UZ-}“ # 1, or permutations thereof.

Definition. (Universal Gate Set) A gate set G is called universal iff for any U € U(H)
and € > 0 there exists an element Sg € (G) such that

U =Sl <e, (4.2)
with the matrix norm being defined as usual,

[Ul == sup U] (4.3)
weH, [v|=1

27
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In other words, the set (G) C U(H) is dense in U(#H) with respect to the matrix
norm.

Equivalently, given a reference state 1o € H with ||t = 1, any state 1 € H
with ||¢1|| = 1 can be constructed to arbitrary accuracy by acting on vy with gates

in G. That is, given an € > 0, there exists a sequence of gates Sg € (G) with

1Sgtb0 — Y1l < e (4.4)

It is perhaps not obvious that this “factorization problem” has a solution, i.e. that
a universal gate set exists. But it does, and the rate of convergence in the number of
required gates is even remarkably fast [70]. Typically there exist more than one such
sequence Sg. Let us denote the set of all such sequences for a given vy, ; and € as
¢(vo,v1;€). As just stated, this set is always non-empty, ¢(1g,1¥1;€) # 0.

Within QIT the element Sg € (G) represents a particular computer program. The
number of steps of a computer program Sg is then given by the sum of exponents
#Sg := k1 + ko + - -+ kp. Intuitively, the complexity of a computer program should
be the number of its steps. However, it could occur, that there is “better” program
(i.e. a program which requires less steps), which performs the same task. In the
language of above, this would be represented by another element in ¢(tg, 11;€) for
the same 1,11 and e. In this case it is clear, that the actual task was really not
as “complex” as suggested by the original computer program. Therefore, we require
complexity to be the number of steps of the “best” computer program performing a

particular computation.

Definition. (Quantum Complezity) For a fixed € > 0, ¥y € H, 1 € H, Quantum
Complezity Cg is defined to be the minimum number of steps of all elements in
C(¢Oa¢1§5),

Co(to,vnie) = _min 355, (4.5)

As such, for a fixed € > 0, Cg can be regarded as a function H x H — R,.. It would
be tempting to view Cg as a metric' on the projective Hilbert space P(H) = CP9~!
[30], where d is the dimension of the Hilbert space H. However, strictly speaking,
there is a slight subtly. Since there exist two states g, and 17, which are not equal
but within the same e-ball, ||1bg — ¥1]| < €, we have Cg(tbg,11;¢) = 0 and thus the
function Cg is not positive definite on P(). This is easily fixed by defining our metric

LA metric on H is here understood to be a symmetric, positive definite function H x H — Ry,
which satisfies the triangle inequality.



4.1. Complexity of black holes 29

to assume a value between zero and one, say %, if evaluated on states vy # 11 with

o — ¥1|| < €. Some elements of ¢()g, 91; €) are illustrated in Figure 4.1.

Figure 4.1: Illustration of the Hilbert space H and two states 1o € H, ¥1 € H surrounded
by e-balls related by different sequences of gates G. Each of the dashed lines represents an
element of ¢(to,91;€). Complexity C is determined by the shortest path.

Note, that equivalently we could’ve defined the complexity metric on the set of
unitary operators U (H), since U(H) acts transitively on P(H). We are then asking the
equivalent question, what the minimum number of gates is to construct a particular
unitary matrix U provided an accuracy €. Such a geometric approach to complexity

appears to be fruitful and is studied for example in [71].

4.1 Complexity of black holes

Motivated by Bekenstein’s black hole entropy formula [9], the idea of the holographic
principle [72-74] was developed, which roughly states that a gravitational system in
d spacetime dimensions is described by a quantum system in d — 1 dimensions. More
specifically, a black hole can be described by a quantum system with its number
of degrees of freedom dictated by the Bekenstein entropy. This fits nicely with the
principle of black hole complementarity [34], which replaces the black hole interior
for an asymptotic observer by a quantum system living on the “stretched horizon”,
a surface with an area of one unit more than the area of the event horizon in Planck

units.
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The precise dynamics of the quantum system living on the stretched horizon is
not known. However, some necessary features of the quantum features can be de-
duced. One example is the “fast scrambling” property [75, 76], which refers to a short
thermalization time scale. Thinking of the quantum system as a system consisting
of a finite number of qubits [75], this property implies that the interaction between
different qubits are “k-local” and “all-to-all” [30]. That means in particular that the
interaction is not local if one thinks of the qubits to be distributed on the horizon
surface, but that each interaction involves k qubits or fewer. Further, “all-to-all”
implies that every subset of k£ qubits interact. In the language of QIT, the universal
gate set G includes gates that act on at most k& qubits. Given any k qubits, there
exists a k-local gate in G that acts on them. As an example, a small quantum circuit

is shown in Figure 4.2.

7=0 T=1 T=2

Figure 4.2: Sketch of a small quantum circuit Sg with #Sg = 3 x 3 and dim H = 2°. Each
connected brown component represents a (3-local) gate. Each black line corresponds to a
qubit, while the circles correspond to the action of gates. This circuit only includes three
steps while in principle an arbitrary number is possible.

One can now heuristically argue, that the complexity growth for early times should
be linear in time [29], where “time” is proportional to the number of steps in the
quantum circuit. Let’s consider an initial state 1y. If we have k-local gates and at
each time step all qubits are involved, then the number of gates acting at each time
step is given by
S
7
where s is the number of total qubits in H. At this point the state 1 evolved to the

4#5g ~ (4.6)

new state 11 via the application of those gates. If the total space of states is large

enough (this also requires that the regulator € is chosen small enough), then it is likely



4.1. Complexity of black holes 31

that the minimal amount of gates required to go from 1y to 1, is the same as those

which we just acted with,
s

C(vo, Y13€) ~ T (4.7)
This behavior is expected to roughly last until the space of states is exhausted, so that
the minimal amount of gates is not given anymore by the number of gates we acted
with. The time when this happens is argued to be exponential in the total number of

qubits, 7 ~ e® [30]. Changing notation a little bit, C(7) := C (%o, ¥r; €), we have

dc(r)
dr

~

for T < €°. (4.8)

ENS IV

Now, we shall interpret this result as a result for a quantum system living on the
stretched horizon of a black hole, describing its interior. The number of total qubits
is dictated by the Bekenstein entropy s = f of the black hole, where A is the area
of its event horizon in Planck units. Further, we identify 7 with the proper time on
the stretched horizon. The relation to asymptotic Schwarzschild time ¢ is then simply
given by 7 ~ Tyt, where Ty is the Hawking temperature associated to the black hole.
Keeping k constant, we can conclude that [35]

dC(t) e*

—~T for ¢ .
at ‘s for <<TH

(4.9)

Let us remark, that for asymptotically flat black holes, the evaporation time is
at worst polynomial in s, so the behavior (4.9) is expected to be relevant for pretty
much the whole existence of the black hole. Of course, for an evaporating black hole,
the Hawking temperature Ty and the coarse grained entropy s typically depend on
time, so that in general we expect a departure from constant growth. For example,

a four dimensional Schwarzschild black hole has a Hawking temperature of Ty ~ -

M
while the Bekenstein entropy is s ~ M2, so that one expects [30]
dc(t) 3 1/3
—— ~M(t) ~ (M5 — 3t 4.10
dt ( ) ( 0 ) ) ( )
assuming the black hole radiates only massless particles, % ~ —#. On the other

hand, in this thesis, we are primarily interested in two dimensional black holes with
constant Hawking temperature Ty ~ 1 and entropy s ~ M with % ~ —1. This
leads to an expected complexity growth of

dC(t)

——= ~ M(t) ~ My —t. 4.11
)~ M) ~ My (411)
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4.2 The geometric dual of complexity

Black hole complementarity posits that the full quantum gravitational system should
be accurately described by a quantum system on the stretched horizon which in
effect replaces the interior of the black hole. However, in the semi-classical limit, the
dynamics of the quantum system should also be reflected by the original black hole
interior geometry. This begs the question, what the corresponding geometric quantity
of complexity is in the black hole interior. Obviously, whatever this quantity is, it
should obey equation (4.9). The original conjecture made by Susskind [29] was based
on exactly that point. He realized that the growth of the volume of an Einstein-
Rosen bridge is in accordance with equation (4.9). Susskind then conjectured that
the quantum complexity of a general black hole is given by its volume. In short,
Complexity equals Volume (CV). A Penrose diagram of the Einstein-Rosen bridge,

including their growing volumes, can be seen in Figure 4.3.

Figure 4.3: Penrose diagram of an Einstein-Rosen bridge including two volume slices (in
green) of its interior at different times ¢t = t1 and ¢ = to.

Some month later, a refined quantity that also behaves like (4.9) was discussed
[77, 78]. This quantity is the action I which describes the gravitational model. The
claim is, that the action I evaluated on a certain bounded region of the black hole
spacetime, called the Wheeler-DeWitt (WdW) patch, yields complexity. We refer to
this proposal as Complexity equals Action (CA). For the Einstein-Rosen bridge, we
can define the WdW patch by considering the union of all spacelike surfaces connecting
two anchor points on each side of the wormhole, see Figure 4.4.

An obvious difference between those two proposals is, that while CV can be defined

inherently for any black hole solution, CA requires this black hole to be a solution
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black hole singularity

white hole singularity

Figure 4.4: Penrose diagram of an Einstein-Rosen bridge including the WdW patch an-
chored at symmetrical anchor points A; and As.

of equations of motion derived by an action principle with a given action I. Both
these quantities have been extensively studied in literature,” and most results show
consistent growth behaviors for both of them. To my knowledge, the precise relation
between CA and CV is not yet completely understood.

In [37, 38] we precisely define the notion of volume and action respectively for
the two dimensional dilaton gravity model discussed in chapter 2. We find that the
results are consistent with the growth in (4.11) which we inferred from the more

general formula (4.9).

2To name a few influential studies in this direction: [79-85].
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Conclusion

In this dissertation we applied a QRT formula to asymptotically flat semi-classical
black holes of a two-dimensional dilaton gravity model to compute the entanglement
entropy between the black hole and its radiation. Waiting for a scrambling time tge, ~
log(s) after the black hole has been formed, one finds two extrema of the generalized
entropy (3.5). The first one is located at the spacetime boundary “inside” the black
hole, while a second one is located close to the horizon. At early times, the first
extremum is minimal and the entanglement entropy follows the coarse grained entropy
of radiation. This behavior persists until the Page time which in the present model is
one third of the black hole lifetime. At that time, the second extremum starts to take
over. Since this extremum is located near the horizon, its value is dominated by the
area term in (3.5) which is nothing else than the coarse grained entropy of the black
hole. As a result, we recover the Page curve in Figure 3.1b on page 23, consistent with
unitarity. Although originally the QRT formula is motivated by AdS/CFT, this result
provides evidence that the applicability of this formula extends beyond asymptotically
AdS spacetimes. This claim is substantiated by [86] who provide a derivation of the
QRT formula in the CGHS/RST model using the Replica trick which does not rely
on any holographic dual theory.

It should be noted that computing a Page curve by semi-classical methods is only
a first step in solving Hawking’s black hole information paradox in the context of
the presently discussed model. It is clear that there is still a need to understand

the detailed mechanisms involved that allow information to escape the black hole.
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How precisely information is encoded in the Hawking radiation is not evident and an
answer requires further research.

In addition to the Page curve, we investigated the CV and CA proposals as poten-
tial dual candidates of quantum complexity. The CV proposal instructs us to evaluate
the volume of extremal volume slices anchored at certain points which are labeled by
time. Although we work with a theory in two dimensions, we were led to consider
a four-dimensional volume functional which upon dimensional reduction reduces to
a two-dimensional integral weighted with the inverse of the two dimensional gravita-
tional coupling e=2¢. A volume in two dimensions is a curve and curves extremizing
their length are simply geodesics. It turned out that geodesics do not even have the
right qualitative behavior to be consistent with the behavior of quantum complexity,
(4.9). To be able to reproduce the correct time-dependence of quantum complexity,
it was further necessary to place the anchor points on the stretched horizon [34]. This
supports the interpretation of the black hole interior being described by an ordinary
quantum system residing at the stretched horizon, whose chaotic dynamics generates
the growth in complexity.

To inspect the CA proposal we had to evaluate the gravitational action on a
Wheeler-DeWitt patch. To ensure a well-posed variational principle for a gravita-
tional action, the action has to be supplemented by appropriate boundary terms.
These boundary terms are generally not unique which leaves an ambiguity in the CA
prescription. The late-time limit of complexity growth is usually not sensitive to these
ambiguities. However, since we are dealing with evaporating black holes a late-time
limit is not useful, and we have to find a way to resolve these ambiguities. To do that
we proposed to restrict the possible boundary terms in the action by a symmetry
principle. Using this prescription we recovered a growth rate that is consistent with
(4.9). In contrast to the CV computation where we had to rely on numerical methods
to compute the volume functional in the semi-classical black hole geometry, the CA

calculation provides explicit results without having to resort to numerics.
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1 Introduction

The interior of a black hole is the archetype of an emergent spacetime in the holographic
approach to quantum gravity. The principle of black hole complementarity posits that the
interior geometry and any matter that enters a black hole can be described in terms of a
finite number of quantum mechanical degrees of freedom associated with a stretched horizon
located outside the event horizon [1]. In order to reproduce black hole thermodynamics,
the number of stretched horizon degrees of freedom should match the Bekenstein-Hawking
entropy and the dynamics must be sufficiently chaotic to scramble quantum information on
a relatively short timescale, but, beyond that, the precise nature of the stretched horizon
dynamics and the holographic encoding of the black hole interior remain elusive. In what
follows, we will not make any specific assumptions about the scrambling dynamics but it
can be useful to keep in mind a collection of qubits undergoing k-local interactions as a
simple model [2].

Quantum complexity has in recent years emerged as an important entry in the holo-
graphic dictionary for black holes following Susskind’s conjecture that the expanding spatial
volume of the Einstein-Rosen bridge of a two-sided eternal black hole reflects the grow-
ing complexity of a corresponding quantum state [3]. In the present paper, we explore
the relation between quantum complexity and interior black hole geometry in the context
of semi-classical black holes that are formed by gravitational collapse and subsequently
evaporate due to the emission of Hawking radiation. Our main result, based on explicit
calculations in a two-dimensional dilaton gravity model that allows analytic study of semi-
classical effects, is that the rate of growth of holographic complexity precisely tracks the
shrinking area of the stretched horizon as the black hole evaporates, where the stretched
horizon is taken to be a membrane with an area larger than that of the event horizon by
order one in the appropriate units of the model.

The dilaton gravity model has explicit classical solutions describing black hole forma-
tion from arbitrary incoming matter energy flux. We focus, for simplicity, on black holes



formed by an infalling thin shell and start off by adapting the complexity as volume conjec-
ture to this context. A suitably defined volume functional exhibits precisely the expected
linear growth with time at late times and by restricting to the volume inside the stretched
horizon of the dynamically formed black hole one finds reasonable early-time behaviour as
well. We then consider a semi-classical extension of the model where the field equations re-
main analytically soluble and numerically evaluate the volume functional in an evaporating
black hole background.

The transitory nature of semi-classical black holes highlights certain technical aspects
of the identification between complexity and volume, that can often be ignored when con-
sidering classical black holes. In the present paper, we only consider the volume represen-
tation of the semi-classical black hole complexity, where these issues are relatively easy to
address. The alternative formulation of holographic complexity in terms of the action on
a Wheeler-DeWitt patch [4, 5] is also of interest for these dilaton gravity models, but it is
more subtle to implement at the semi-classical level, and we postpone this to a forthcoming

paper [6].

2 Complexity of classical CGHS black holes

We work within a class of two-dimensional dilaton gravity theories first introduced by
Callan, Giddings, Harvey, and Strominger (CGHS) [7]. These are simple toy theories for
black hole physics that can be systematically studied at the semi-classical level. They have
classical solutions that describe black hole geometries with a spacelike singularity inside
an event horizon. The black holes include static two-sided black holes and also dynamical
black holes formed by the gravitational collapse of matter fields. The quantization of matter
fields in a black hole background leads to Hawking radiation and its back-reaction on the
geometry causes the black hole to evaporate. The subsequent evolution is particularly
simple to track in a variant of the semi-classical model that was introduced by Russo,
Susskind, and Thorlacius (RST), where the semi-classical field equations can be solved
analytically [8].

The original CGHS model can be viewed as a spherical reduction of a four-dimensional
dilaton gravity theory in a near-extremal magnetically charged black hole background [9,
10]. The two-dimensional theory captures the low-energy dynamics of radial modes in the
near-horizon region of higher-dimensional geometry. The volume that is to be identified
as the quantum complexity is that of a spacelike three-dimensional surface in the original
theory, rather than the length of a spacelike curve in two-dimensions, and this will be
reflected in our calculations below.

The CGHS model and related semi-classical models were studied extensively in the
early 1990’s and several reviews were written at that time, including [11-14]. We will be
brief and only introduce the minimal ingredients needed for the purposes of this paper.

The classical GGHS action,

N

Sceus = /M d*z\/—g [ew (R+4(Vg)* +4\?) — %Z(Vfi)g , (2.1)

i=1



involves the two-dimensional metric, a scalar dilaton field, and matter in the form of N
minimally coupled scalar fields f;. The two-dimensional theory inherits a scale A from the
parent theory set by the magnetic charge of the near-extremal black hole. In the following,
we take length to be measured in units of A~! and thus set A = 1.

We find it convenient to work in a conformal gauge,

ds® = —e*dztda™, (2.2)

and use a residual conformal reparametrisation to choose coordinates where p = ¢. These
are referred to as Kruskal coordinates for reasons that will become apparent below. In this
coordinate system, the classical equations of motion and constraints reduce to

Dy0_fi=0, 9.0 e =—1, e =-T]_, (2.3)

where T;{l, is the energy-momentum tensor of the f; matter fields.
In order to obtain the holographic complexity of a classical CGHS black hole, we
introduce a volume functional

V= / ds e 2/ gty (2.4)

where y#(s) is a spacelike curve in the two-dimensional spacetime and the integrand in-
cludes a factor of e~2?, which is proportional to the area of the local transverse two-sphere
S? of the near-extremal dilaton black hole (in Einstein frame) in the higher-dimensional
parent theory. A corresponding factor was included when defining Cy for black holes in
two-dimensional Jackiw-Teitelboim gravity in [15]. In the case of the Jackiw-Teitelboim
black hole, the transverse S? has constant area and the calculation of the complexity re-
duces to calculating a two-dimensional geodesic length. For a CGHS black hole, on the
other hand, the transverse area depends on spatial location and curves that maximize (2.4)
are not geodesics.

2.1 Complexity of a two-sided black hole

The first solution we consider describes a two-sided eternal black hole,

e =e=M-ata, fi=0. (2.5)
From the Ricci scalar,
4M
R=-2Vp=—""_ 2.6
Y — (2.6)
it is apparent that, for M > 0, the curvature is singular on the spacelike curves 2~ = M,

corresponding to the white hole and black hole singularity. The Penrose diagram, shown in
figure 1, is identical to the one obtained for a Schwarzschild black hole in 341 dimensional
Einstein gravity. The event horizon is at 272~ = 0 and there are two asymptotic regions,
—2T2~ — oo, where the curvature goes to zero. One can introduce Schwarzschild-like
coordinates (t,0) in the outside region on the right (where * > 0 and = < 0) via the
transformation ¥ = 4e™*+?. The corresponding coordinate transformation on the left
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Figure 1. This cartoon depicts the Penrose diagram of a two-sided eternal CGHS black hole.

(where 7 < 0 and x~ > 0) is given by % = FeT°. With these conventions, the metric
in (t,0) coordinates approaches the two-dimensional Minkowski metric as ¢ — 400 on
both sides of the black hole and t propagates to the future in the ‘upward’ direction on
both sides.

The volume in (2.4) is divergent for spacelike curves that extend all the way to spatial
infinity. In order to obtain a finite expression for the complexity, we introduce timelike
anchor curves outside the black hole where the volume integral is cut off (see figure 1). We
find it convenient to use anchor curves on which the dilaton field is constant, ¢(z], z;) =
¢q, providing a coordinate invariant notion of spatial position outside the black hole, and
place the curves symmetrically on the left- and right-hand side of the black hole. The
anchor curves take a particularly simple form in the Schwarzschild-like coordinates, where

they are curves of constant o = g,, with
1
00 =5 log (672(1)“ - M) , (2.7)

where the anchor curve on the left (right) is parametrised by t1, (tr).

Our prescription for the volume complexity Cy (tg,tr) of a two-sided CGHS black hole
is then given by the maximal volume on the set of spacelike curves (y7(s),y~ (s)) with fixed
endpoints at t7, and tr on the left and right anchor curves. This amounts to maximizing

the volume functional,

= / ds /55 O —g¥g), (2.8)

and evaluating the resulting maximal volume.
In order to proceed, we note that the functional is invariant under the transformations

+ — ef +7
v Y (2.9)

€

y ey,



for e € R. The corresponding conserved quantity is given by

IM—yty= ., _ .
FE = #(g+y —yTy ) (2.10)

We construct the corresponding maximum volume curve by first focusing on the outside
region on the right and rewriting the conserved charge in the (¢, 0) coordinates,

2Udt M + e20

E=—2eo [T C (2.11)
di\2
do\1— (i)
This integrates to
1
t—to=—0 + 3 log (E2 +2Me* + E\/E? + 4Me2 + 4e40) . (2.12)

We then convert back to Kruskal coordinates by using y* = +e**t? and obtain the follow-
ing equation for a maximal volume curve, which is valid over the entire extended spacetime,

720 (y ™) 4 aMyty~ + 40 (MP—E?) (y™)? — 2E% = 0. (2.13)
Maximal volume curves that extend between the anchor curves correspond to a conserved
charge in the range —M < F < M, and can be parametrised as
+ — /et e’
= V2e"esinh T, T == sinh(7 — 2.14
y y 7 (T—m), (2.14)

with € = vV M? — E? and tanh y = %, while curves satisfying (2.13) with |E| > M run into
the curvature singularity. The parameter 7 in (2.14) runs from a negative value 77, < 0 at

the endpoint on the left anchor curve to 7 = 0, where the curve enters the black hole from
the left. At 7 = u the curve exits the black hole to the right and reaches the endpoint on
the right anchor curve at 7 = 7. We illustrate this setup in figure 1.

The maximal volume curve is labelled by E and ¢, in (2.14) but these labels are in one-
to-one correspondence with the Schwarzschild times t;, and ¢z where the curve meets the
anchor curves. To see this, consider the intersection points between the maximal volume
curve and the anchor curves. On the one hand we have

%7 = esinh 7 sinh(7g — p) = esinh(—77) sinh(u — 77) , (2.15)

relating curve parameters to the spatial location of the anchor curves, and on the other
hand a pair of relations involving the Schwarzschild times at the anchor points,
sinh(7g) 2, e~ 20 sinh(p — 71

2n _ geetto_SIA(TR) _ ¢ Psmblp—Tr) 2.16
¢ “ sinh(tg — p)’ ¢ 2¢  sinh(—7y) (216)

The second equation in (2.15) is satisfied by imposing 7z = p — 77, and the time relations
can then be re-expressed as

sinh(7g)

6tR7tL — 26€2t0 , etR+tL = — .
sinh(rp — p)

(2.17)



By combining (2.15) with the second equation in (2.17) and doing some algebra one even-
tually arrives at

€ = —e®7e cosh(tp+tr) + \/@4"a cosh?(tp+tr) + 2Me20a + M2 . (2.18)
The parametrisation (2.14) can then be re-expressed in terms of ¢tz and ¢y, as
yt = e%(tthL)\@sinhT, Yy = —e’%(tR’tL)ﬁsinh(T —u). (2.19)

with e(tg+tr) given by (2.18).
The volume functional (2.8) is easily evaluated in this parametrisation,

TR
V= e/ dr cosh T cosh (7 — p)

MTL (2.20)
€ .
= ?(273 —p) + 3 sinh (27p — ) .

The first equation in (2.15) can be combined with second equation in (2.17) to give

1
27R — i = arccosh [M <62”a cosh(tR-l—tL)-ﬁ-\/e‘l"a cosh?(tp-+tr,)+2Me20e+ M2 )] , (2.21)

which can then be inserted in (2.20) to obtain an exact, if somewhat unwieldy, formula for
the maximal volume as a function of tg+tr.
The expression for the volume simplifies enormously at late times,

V= %(tmq) + €29 4 % (1 + 20, — log %) + O(e 2trttL)y (2.22)
with a leading term that grows linearly with time, followed by a constant term that depends
on the location of the anchor curve, and subsequent terms that are exponentially suppressed
at late times. As expected, the volume diverges in the o, — oo limit, where the anchor
curves are moved off to spatial infinity, but the late time rate of growth is unaffected by
the location of the anchor curves. The volume prescription for complexity is sometimes
taken to only include the volume inside the event horizon of the black hole. This amounts
to cutting off the volume integration in (2.20) at the event horizon,

m
Ve = e/ dr coshTcosh (7 — p)
0 (2.23)

= %(u—!—tanhu),

which can be shown to grow at the same rate at late times as the full volume between anchor
curves. Later on, when we consider dynamical black holes formed by the gravitational
collapse of matter, we will see that the stretched horizon is a natural choice of anchor
curve. In the case at hand, we define the stretched horizon to be a membrane outside the
black hole, with an area that is one unit larger than the area of the event horizon,

e 2PsH — o=20EH | ] — N\ 4 1. (2.24)



This is a curve of constant dilaton field outside the black hole, which is how we defined
our anchor curves above. Indeed, with this definition, the stretched horizon is located at
osg = 0 in the (¢, 0) coordinate system and the volume inside the stretched horizon can be
obtained by setting o, = 0 in (2.22). The result differs from the volume inside the event
horizon by only a small amount and the late time volume growth is the same. For a static
two-sided black hole the location of the anchor curve is unimportant if all we are interested
in is the late time rate of growth of the complexity. It is only when we consider dynamical
black holes that the advantage of using the stretched horizon as the anchor curve becomes
apparent.

We note that the Hawking temperature of a CGHS black hole is Ty = %, independent
of the black hole mass [7], and the Bekenstein-Hawking entropy is given by Spy = 2M. The
late time rate of growth of the complexity given by the volume in (2.22) is thus proportional
to Spy T, which is precisely in line with the original C = V proposal [3].

2.2 Complexity of a black hole formed by gravitational collapse

Next, we consider collapsing a thin shell of matter at + = zg , mediated by matter fields
fi, into a CGHS vacuum and creating a black hole. This amounts to
Tf+::;§6uﬁ%—x§)7 (2.25)

where (2T — z) is a delta function. For the geometry this implies
—xtx~ if xt < Iar ,

020 — =20 _
—zt (zf—i—%) +M ifxt>af.
g

(2.26)

The resulting black hole is one-sided, as illustrated in figure 2.

Just as in the eternal black hole geometry, we need to introduce an anchor curve outside
the black hole to obtain a finite volume. The extremal curve now reaches from a point on
the anchor curve to a point on z~ 2+ = 0. In figure 2, we sketch the setup. In contrast
to the eternal black hole where we had two anchor points and therefore a unique extremal
curve connecting these two points, there is now only one anchor point and therefore we
have to supply a prescription for additional boundary conditions. In [16], for instance, it
was argued that in order to obtain a smooth volume at the radial origin, the additional
boundary conditions should be #(r) = 0 at r = 0. Expressing the corresponding condition
in our setup in Kruskal coordinates one finds the relation

+_ o+

T T —x

iT=0, (2.27)

at xtox~ = 0. An alternative prescription is to consider all locally extremal curves orig-
inating from the anchor point, and selecting the curve that maximizes the volume inside
the black hole. This computation can be done and, interestingly, it turns out that this
prescription leads to exactly the same curves as the boundary conditions (2.27).

Curves that maximise the volume functional (2.4) in the one-sided black hole back-
ground are obtained by patching together maximal curves across the infalling shockwave.
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Figure 2. (Left) This cartoon depicts the Penrose diagram of a one-sided CGHS black hole formed
by gravitational collapse. (Right) This is a Kruskal diagram of the Penrose diagram on the left.
The color coding coincides. The gray line is an equal time curve.

In the inside region, 0 < z7 < xg , the geometry is flat and the volume functional takes

V= /ds Vytyty—y—. (2.28)

One obtains a two-parameter family of maximal curves,

(w+)2 = a(af)Q + (2.29)

the simple form,

where @ > 0 and 8 < \/% are real valued parameters. The boundary condition (2.27)
selects curves with f§ = 0, which are simply straight lines emanating from the origin
zt =2~ =0 in Kruskal coordinates (see figure 2).

In the outside region, z+ > x(f , the geometry is that of a static black hole and the
volume functional reduces to (2.8) in shifted Kruskal coordinates,

yT =zt y =z + %_‘_ . (2.30)
Zg

There is again a two-parameter family of maximal volume curves satisfying (2.13)
and labelled by E and ty. We use Weierstrafl-Erdmann conditions to patch across the
shockwave. First of all, the curve itself should be continuous. A second condition comes
from viewing the integral in the volume functional as a Lagrange density and requiring
that the momenta conjugate to y+ and y~ be continuous across the shock. Those matching
conditions uniquely determine the parameter o and S in terms of E and tg, and vice versa.
One finds, in particular, that curves with 8 = 0 in the inside region match onto curves
with £ = M on the outside leaving us with a one-parameter family

M 200+ + s gt
_ syt — 4T Y Yyt >z, (2.31)
Yy = —ot, :
M M 0
Ff(g?JrezxM)w vt <ag.
0 0



Subsequently, the remaining parameter ty can be uniquely related to the tortoise time ¢ on
the anchor curve, see figure 2. As in section 2.1, we define the anchor curves, parametrised
by 04, so that the dilaton field is constant ¢ = ¢,

—yty yt > af

e¥a = 7200 _ N = " L
—y* (Z/_ - E) -M y* <z

(2.32)

We now obtain a relation between oy, to and ¢ by combining (2.31) and (2.32). One is now
in a position to evaluate the volume functional (2.4).

The growth of the volume inside the stretched horizon as a function of tortoise time ¢
is given by

M t> 1,
Van(t) = (2.33)
$Mcosh(t) 2+ 0 (37) t<ta,

where t9 is the moment the black hole is formed. We conclude that the volume growth sets
in essentially at the time the black hole is formed, which is consistent with causality.

In contrast to the aforementioned, we could consider the total volume up to an arbitrary
anchor line.!

We have

The result agrees at times t > t5 but disagrees strongly before that time.

) IM t>ty,
0 t<ty,

where t; is the time when the anchor curve crosses the shockwave line, see figure 2. This
is long before the black hole is created? and it would imply that complexity starts growing
at the moment the shockwave is released, see figure 3. For this reason, we prefer to use the
stretched horizon as the anchor curve and only consider the volume inside the black hole.
The volume integral can be cut off at either the event horizon or at the stretched horizon.

We can compare the complexity growth of the gravitational collapse model to the com-
plexity growth of the eternal black hole, both at late time. The result for the gravitational
collapse model is V' = M/2 for ¢ > t5, which is exactly half of the eternal black hole result,
see (2.23). This factor % corresponds to the fact that in the current case we only consider
half of the volume slice (since we only have a one-sided black hole), as compared to the
eternal black hole case (which is two-sided).

3 The RST model: complexity in a semi-classical black hole

The CGHS model can be extended such that one can study a semi-classical black hole
analytically [17, 18]. Here we adopt a particular modification due to RST [8], which is

Mn particular, we could imagine this anchor line to be asymptotically far away, in analogy to computa-
tions done in the AdS/CFT setup.

2In fact, as we move the anchor curve infinitely far away, the time difference of black hole creation and
th also goes to infinity.
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Figure 3. This graph demonstrates the difference between the volume growth Vg and Vie. Vig
starts growing at the time the shockwave crosses the anchor curve ¢; which is much earlier than
the time t the black hole is created.

given by

SrsT = Scaus + Sq + Sct - (3.1)
If one takes N, the number of matter fields f;, to be large, then Sy represents the leading
order quantum correction due to matter, which in conformal gauge reads

Sq = —K/ d?x 04 pd_p. (3.2)
M

Here x := N/12 can be thought of as playing the role of h, which is put to unity. The
additional RST counter term has the following form in conformal gauge,

Set = —K/ d*z 0,0 _p. (3.3)
M

This term is allowed by the symmetries of the model and when it is added the semi-classical
field equations take a particularly simple form and are easily solved analytically.

The solutions of the equations of motion can be written in compact form if one defines
new field variables,

VEQ:i=e 2% 4 gd), VEY =e 2 — gd) +Kp. (3.4)

Using the new fields, the semi-classical action reads

N
2 (4 1

SrsT = 2/ d’z {—&rx@x +0,00-Q + eV 3 > o fio-fi| - (3.5)

M i=1
The RST model continues to enjoy the symmetry of the classical theory that allowed us to

choose Kruskal coordinates, setting ¢ = p and as a result Q2 = .
Again, we study an incoming shockwave of energy M at a2t = :cg of the form
M

T/, = Fa(f — ). (3.6)
0

,10,
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Figure 4. (Left) Cartoon of the Penrose diagram of the life cycle of an evaporating black hole
formed by collapse. (Right) Depicts Kruskal diagram of the scenario illustrated in the left figure.
The color coding coincides.

The semi-classical collapse solution of interest, given in Kruskal coordinates, is

VEQ(zt,27) = —aTzT + (af —27) %@(aﬁ —xzf) - gln (—ztz7). (3.7)
Zo

The solution describes flat spacetime for z+ < xa' and an evaporating black hole for

zt > xar, as shown in figure 4. It is important to note that in the RST model only those
regions of spacetime where Q(x%,27) > Quit := @ (1 — log (%)) are considered physical.
In the flat spacetime region inside the infalling shell, the boundary of the physical region is
a timelike curve that can be interpreted as the origin in spherical coordinates in a higher-
dimensional parent theory. For ™ > a{, the curve (z&,25) for which Q(z¥,zg) = Qait
turns spacelike and defines the location of the black hole singularity. The semi-classical
black hole evaporates and eventually the singularity terminates at an endpoint, after which
the solution can be extended into a late time flat region where the physical boundary is
again timelike. A more detailed description of the semi-classical geometry can for instance
be found in [12].

Although we have closed expressions for the solutions of the RST model, we were not
able to solve the extremization problem of a spacelike volume analytically and in order to
check whether the complexity as volume prescription gives results consistent with general
expectations we had to resort to numerical methods.

Since the extremization of

V= /ds e_2¢\/gwyﬂy"’ (3.8)
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can be performed by solving corresponding Euler-Lagrange equations, the numerical prob-
lem is simply to solve a non-linear ordinary differential equation with appropriate boundary
conditions, whose solutions provide a parametrisation of the extremized volume. Numeri-
cally integrating (3.8) inside the stretched horizon provides us with the volume complexity
V(t) at a value of tortoise time ¢ that is determined by the choice of anchor curve in the
same way as for a classical dynamical black hole. If we use a curve of constant §2 far from
the black hole, then the complexity begins to grow very early, long before the incoming
shockwave reaches the stretched horizon. If we instead use the stretched horizon as our an-
chor curve, then the complexity growth turns on essentially when the black hole is formed
and this prescription is used in obtaining the numerical results presented in figure 5. We
note, however, that the choice of anchor curve only affects the onset time and the early
growth rate of the complexity, but not the slope of the curve (at leading order for large
M/k) showing the decreasing growth rate after a scrambling time has passed from the
onset of complexity growth.

Note that, like in the case of classical collapse, it is not a priori clear what the appro-
priate boundary conditions at the origin are. We have chosen to apply boundary conditions
analogous to (2.27) at Q = Q¢ and then use a shooting algorithm to obtain the corre-
sponding maximal volume curve. We apply the Weierstra}-Erdmann matching conditions
to patch across the shockwave and then continue the numerical evaluation outwards.

Further, it could be reasoned that the factor e=2¢ in (3.8), which is interpreted as the
area of the transverse two-sphere in the higher-dimensional theory, should be replaced by
the quantum corrected area 0 — Q5. We find that the slope of V'(¢) is not particularly
sensitive to this replacement, at least not in the parameter range where our numerical
evaluation is reliable (see below).

Results for the functions V'(t) for different values of M/ are plotted in figure 5. We
observe that for reasonably high values of M/k the numerical result is consistent with
a linear decrease after the scrambling time tg = log(4M/k). We do not expect that
the volume growth follows the linear trend forever, since eventually, the black hole is small
enough, so that quantum corrections become strong on the stretched horizon. In this model,
the coupling strength® on the stretched horizon at the scrambling time is approximately
given by (M - %tg)fé. For instance, a ratio M/x = 1 yields a coupling strength of ~ 1.2
which indicates we should not trust the result at all for this choice of parameters. This is
reflected in figure 5a which barely exhibits a linear growth rate. On the other hand a ratio
M /k = 100 yields a coupling strength of ~~ 0.1 which demonstrates that we should be able
to trust the solution for quite some time after the scrambling time. This is confirmed in
figure 5c¢ and 5d which shows a linearly falling growth rate over a long period of time.

4 Conclusion and outlook

In this paper we have computed holographic complexity as the volume of Einstein-Rosen
bridges inside black holes in two-dimensional dilaton gravity models where we have explic-

_1
®In this model the gravitational coupling is given by the value of (e > — £)7 2.
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Figure 5. Numerical results of volume growth for different values of M/k. The black hole creation
time is indicated by ¢t = t5 while the evaporation process is completed at time ¢ = ¢tg. The blue
curve depicts the numerical result while the dashed orange line is obtained by a linear extrapolation
of the curve around the scrambling time ¢g.

itly known semi-classical black hole solutions. This allows us to follow the time evolution
of the complexity of a black hole that is formed in gravitational collapse and subsequently
evaporates by emitting Hawking radiation. Our main results can be summarized in three
statements.

First, in order to obtain sensible results, we have to calculate extremal volumes in
the four-dimensional parent theory rather than lengths of geodesics in the two-dimensional
reduction. The appropriately defined volume functional can be explicitly evaluated in
the classical CGHS model and it exhibits the expected linear growth with Schwarzschild
time at late times. At the same time it is easy to check that the length of the spacelike
geodesics, that will otherwise arise, does not lend itself to a direct interpretation in terms
of complexity.

Second, when considering dynamical black holes formed by gravitational collapse, we
find it natural to cut off the volume integration at the stretched horizon of the black hole
rather than extending the integration range to a distant anchor curve. This distinction is
unimportant if all we are interested in is the late time rate of growth of the complexity
for a classical black hole but it does affect the onset of complexity growth. If the volume
prescription extends to a distant anchor curve then the complexity already starts growing
as soon the infalling shockwave passes the anchor point and the complexity growth turns
on abruptly. If; on the other hand, we use the stretched horizon to delimit the integration
range, then complexity growth turns on smoothly at a time that coincides with the onset
of Hawking emission at the semi-classical level.

,13,



Third, using numerical methods, we obtain the complexity of an evaporating black
hole as a function of time using the volume prescription inside the stretched horizon. We
find that after the black hole is created, the complexity growth needs a time period of order
the scrambling time to settle to a rate of growth proportional to the area of the stretched
horizon. The growth rate then reliably tracks the area of the horizon as it shrinks due to
black hole evaporation. Towards the end of the black hole lifetime, higher order quantum
corrections are expected to become important and semi-classical calculations can no longer
be trusted.

Holographic complexity can also be calculated in these models using the Wheeler-
DeWitt action formalism. We will present our results on that in a forthcoming companion
paper [6], where we find that the numerical results obtained in the present paper for the
volume complexity are confirmed by action calculations that can be carried out analytically
even at the semi-classical level.

Our results fit very well with Susskind’s argument [2], that the rate of complexity
growth for an evaporating black hole should at any given time be proportional to the
product of the black hole entropy S and the Hawking temperature 7" at that time. In the
models we are considering, the Hawking temperature remains constant and the entropy
is proportional to black hole mass. It follows that the black hole loses area at a constant
rate determined by N the number of matter channels available for Hawking emission. This
translates into a growth rate of complexity that is initially proportional to the initial mass
of the black hole and then drops linearly with time until the black hole has completely
evaporated. In other words, C « ST should decrease linearly in time. This precisely the
behaviour we see in our numerical calculations, following an initial onset period of order
the scrambling time, which is logarithmic in M in these models.

Our results also support the notion that the holographic complexity corresponds to
the quantum complexity of the combined system of black hole and emitted Hawking radi-
ation [2]. The scrambling dynamics that generates the growth in complexity takes place
at the stretched horizon and the growth rate is reduced as the area of the horizon shrinks.
The outgoing radiation is free streaming and no further complexity is generated by the
degrees of freedom that have been emitted from the black hole. At the end of the day, the
black hole has disappeared and all that is left is a long train of outgoing radiation in a
state of high, but no longer growing, complexity.
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1 Introduction

The quantum complexity of a black hole is generated by the scrambling dynamics of quan-
tum mechanical degrees of freedom that are enumerated by the black hole entropy. These
degrees of freedom can be usefully modelled in terms of a quantum circuit with k-local
gates acting on a finite number of qubits.! In line with black hole complementarity [2], the
qubits can be taken to be located at (or near) a stretched horizon just outside the event
horizon and the black hole interior is then viewed as an emergent spacetime region that
provides a dual geometric description of the quantum dynamics of the stretched horizon
degrees of freedom. In particular, the expanding spatial volume of the Einstein-Rosen
bridge of a two-sided eternal black hole is conjectured to reflect the growing complexity of
the corresponding quantum state [3]. A refined version of the conjecture instead relates
the complexity to the gravitational action evaluated on a specific bounded region of the
black hole spacetime, referred to as the Wheeler-DeWitt (WdW) patch, that intersects the
black hole interior [4, 5].

The volume (CV) and action (CA) complexity conjectures have been explored for
a variety of black hole geometries in Einstein gravity as well as extended to black hole

'For a recent review of complexity and black holes, see [1].



solutions in other gravitational theories. Much of the attention and effort has been focused
on stationary black hole solutions while there have been fewer studies of dynamical black
holes (see e.g. [6-9]). Black holes are stable in classical gravity and at late times, long after
its formation by gravitational collapse, the geometry of a dynamical black hole will closely
resemble that of a stationary one. Similarly, in the late time limit, the rate of growth of
the holographic complexity (both CV and CA) of a classical dynamical black hole reduces
to that of a stationary black hole of the same mass and other conserved charges (up to
a factor of two accounting for the two-sided nature of the maximally extended stationary
solution). This changes, however, when semi-classical effects are taken into account. In
asymptotically flat spacetime, black hole evaporation due to Hawking emission results in
the steady reduction of the black hole area and ends in a final state where there is an
outgoing train of Hawking radiation but no black hole. For a large initial black hole mass,
the quantum complexity of this final state will be very large, but finite, and presumably
no longer growing as the Hawking radiation free streams outwards [1].

In [10] we initiated the study of holographic complexity in semi-classical gravity with
the aim of testing the geometric representation of quantum complexity in the context of
black hole evaporation. In order to have analytical control, we considered semi-classical
toy models, the Callan, Giddings, Harvey, and Strominger (CGHS) and Russo, Susskind,
and Thorlacius (RST) models of two-dimensional dilaton gravity [11, 12], that arise from
the near-horizon limit of a near-extremal charged dilaton black hole in higher dimensions.
The RST model is particularly well suited for our purposes. The formation of an RST
black hole by gravitational collapse, and its subsequent evaporation in asymptotically flat
spacetime, is described by an analytic solution of the field equations and this allows us to
make precise statements about the complexity of an evaporating black hole. The complexity
of two-dimensional black holes has been studied previously in the Jackiw-Teitelboim model
in [13, 14], but in this case the two-dimensional spacetime is asymptotically AdSy and the
black holes do not evaporate.

In [10] we found non-trivial agreement between the volume of certain extremal surfaces
and the expected behaviour of holographic complexity of classical CGHS black holes and
evaporating RST black holes, respectively. We restricted our attention to volume complex-
ity (CV), using a suitably defined volume functional that corresponds to spatial volume in
the higher dimensional parent theory rather than geodesic length in the two-dimensional
theory. For classical CGHS black holes, the volume complexity grows at a constant rate
which is proportional to the product of Bekenstein-Hawking entropy and the Hawking
temperature,

dCy
— T 1.1
ST, (1)

as is expected on general grounds [1]. Here ¢ is the proper time of a distant fiducial observer
and (1.1) holds both for two-sided eternal black holes and at late times for dynamical black
holes formed by gravitational collapse. For semi-classical RST black holes, on the other
hand, complexity growth slows down as the black hole evaporates and the rate of growth
approaches zero at the endpoint of evaporation. While the extremal volume could be
obtained analytically for classical CGHS holes, we had to rely on numerical evaluation for



semi-classical RST black holes in [10]. Our numerical results confirmed that at leading
order in a semi-classical expansion the rate of growth of the complexity, when expressed as
a function of the proper time of a distant fiducial observer, is proportional to the product
ST for most of the black hole lifetime.

In the present paper we extend this work by evaluating the holographic complexity
of semi-classical black holes in terms of an action on a Wheeler-DeWitt patch. While
this is more technically involved than the volume computations in [10], it has the distinct
advantage that the entire semi-classical calculation can be carried out analytically and
yields explicit results for the rate of complexity growth of an evaporating RST black hole
throughout its evolution. The relation (1.1) carries over to the semi-classical theory with
the entropy at time t given to leading order by the time-dependent area of the black hole.
The next-to-leading order (logarithmic) term in the Bekenstein-Hawking entropy can also
be read off from our analytic expression for the complexity growth and the result agrees
with previous semi-classical entropy calculations in the RST model [15, 16]. The numer-
ical results for volume complexity obtained in our previous work [10] are consistent with
the new analytic results for action complexity. The fact that our holographic complexity
calculations for a semi-classical black hole geometry reproduce the time-dependent rate of
growth of complexity expected for the quantum dynamics of an evolving stretched hori-
zon, provides a non-trivial positive test for black hole complementarity and the holographic
duality between the stretched horizon and the black hole interior. At the same time, it sup-
ports the validity of the holographic complexity conjectures themselves in a new dynamical
regime.

A Wheeler-DeWitt patch is bounded by co-dimension one and co-dimension two sur-
faces in spacetime. The associated gravitational action must include boundary terms in or-
der to make the variational problem well-posed. For time-like and space-like co-dimension
one boundaries the appropriate boundary terms in the two-dimensional theory are ob-
tained from the standard Gibbons-Hawking-York term in the higher-dimensional parent
theory, while contributions from null boundaries and co-dimension two boundaries require
a more careful treatment [17, 18]. By working in so-called Kruskal gauge and arranging
the boundary terms in the action to respect the same symmetry that simplifies the bulk
field equations of the RST model [12], we are able to eliminate a certain ambiguity in the
holographic action complexity and obtain a remarkably simple end result.

The structure of the paper is as follows. In section 2, we carefully develop the boundary
terms needed to have a well-posed variational problem for the two-dimensional dilaton
gravity models. We then present the holographic action complexity (CA) for a classical
CGHS black hole formed in gravitational collapse in section 3, followed by the corresponding
semi-classical calculation for an evaporating RST black hole in section 4. We end with a
brief discussion and outlook for future work.

2 RST model

The action of the semi-classical RST model consists of three terms,

Sbulk = SO + Sq + Sct 3 (21)



where N
1
Sp = / yv/—=g {e—% (R+4(Ve)* +4\?) — 3 >V fi)Q} (2.2)
M i=i
is the classical CGHS action involving a two-dimensional metric g,, along with a dilaton
field ¢ and N scalar matter fields f;. The length scale A™! is set by the magnetic charge of
the higher-dimensional near extremal black hole and from now on we work in units where
A = 1. The second term,

Sa=—% / Py =g (R%R) 7 (2.3)

with kK = N/12, was introduced by Callan et al. in [11] and captures the one-loop correction
to the quantum effective action due to the conformal anomaly of the matter fields. For
large N this term dominates over one-loop effects coming from the dilaton gravity sector
that can therefore be ignored. The third term in the semi-classical action,

Su =5 [ Puvgor. (24)

was introduced by Russo et al. in [12]. This term is allowed by general covariance and
does not disrupt the classical physics obtained in the limit e=2? > k. It enters at the
same order as Sq and serves to preserve the classical symmetry of Sy generated by the
current O%(p — ¢), where e2* is the conformal factor of the metric g, With respect to a flat
reference metric. We set h = 1 throughout but note that when £ is retained in the action
it accompanies the prefactor x and thus any expression involving x will be directly related
to quantum corrections in the semi-classical theory.

2.1 A well-posed variational principle

The CA proposal instructs us to evaluate the on-shell action of the model in question on
a so-called WdW patch [4, 5]. However, it is well known that the action associated to a
given set of equations of motion is not unique. For instance, adding boundary terms does
not change the equations of motion but will in general change the value of the action itself.
To restrict the set of possible actions, the CA proposal comes with the further requirement
that the variational principle on the WdW patch should be well-posed. The equations of
motion should follow from a stationary action principle assuming appropriate boundary
conditions on the boundary of the WdW patch. A solution to this problem was presented
for Einstein-gravity in [18], where a particular set of co-dimension one boundary terms and
co-dimension two joint terms were proposed. In general, these terms are still not unique, but
the requirements imposed in [18] were enough to ensure a unique answer for the late-time
complexity growth rate in well-known classical black hole geometries. This is not the case,
however, for the semi-classical model we consider below. Indeed, when we calculate the
complexity growth for dynamical solutions that describe evaporating black holes, we find
that certain boundary terms can be added that change the value of the action on the WdW
patch while leaving the variational principle well-posed. One therefore has to introduce
further criteria, beyond those considered in [18], in order to have a definite prescription for



the holographic action complexity. A similar issue arises when the CA prescription is used
to evaluate the complexity of two-dimensional Jackiw-Teitelboim black holes [13, 14]. In
this case, the rate of complexity growth is found to be crucially influenced by boundary
terms and additional physical input is required to fully determine the complexity. As
explained in detail below, a sufficient criterion for the situation at hand is to impose on the
full action, including boundary terms, the same symmetry that allowed the semi-classical
field equations of the RST model to be analytically solved in the first place in [12].

To obtain a well-posed variational problem, we adapt the procedure proposed by [18]
to a two-dimensional dilaton-gravity theory. However, a direct application is obstructed
by the non-local term S;. One way to remedy this problem is to introduce an auxiliary
scalar field Z and write the action in terms of integrals over local quantities only [19],

N
S = | =g [Ri+a (V0 +1) e = § (v2)? - ;; VR @)
with
Fi=e 2 g(gi) ~ 7). (2.6)

As one can easily check, integrating out the auxiliary field Z will return the original non-
local action, up to boundary terms.

Considering a region with piecewise smooth space-like, time-like or null boundaries,
the prescription of [18] gives the following boundary terms involving the combination of
fields y that multiplies the Ricci scalar R in the bulk action,

Sboundary =2 Z O—S/S V |h‘)~CKdE

Ses
+2 ) JN/ dAYE+2 ) aN/ dX 0\ log |0xl| (2.7)
News N Newn N
+2 Z ajf(}jaj.
j€joints

The first term on the right hand side is the analogue of the familiar Gibbons-Hawking-
York term, where K is the extrinsic curvature of each time/space-like boundary component
S € ¥ and h is the determinant of the induced metric on §. The terms on the second
line of (2.7) accompany null boundary components N' € 4. The integration variable A
parametrizes the null line A/. The failure of A to be an affine parameter is measured by &,
defined by the equation?

ECV kP = kEP (2.8)

with k¢ := (?—; and v“()\) being coordinates of the null curve N parametrized by A. The
first term on the second line of (2.7) is not invariant under reparametrizations A\ — X by
itself and the second term is added to offset this pathological feature.® Here [ can a priori
be an arbitrary function of any scalar field, provided d)! does not vanish anywhere.

2Unfortunately, conventions dictate using the Greek letter kappa both in this context and as x = N/12.
We’ve opted for using boldface for one of them to reduce the scope for confusion.
3See [18] for a detailed analysis.



Finally, for each non-smooth joint j, we have to add a term a; which depends on the
type and position of the joint. More explicitly, in the case of joints formed by two curves
S1 and Sy, that are separately either spacelike or timelike, one finds

a =log|(n1 + p1)uns|, (2.9)

where n; are unit normal vectors to S; and p; is a tangent vector of S; that points outwards
from the region of interest.

In case of a joint of two null-lines parametrized by A and X respectively (and corre-
sponding vectors k% and k%), a reads

1
a = log ikuk“ , (2.10)

while in case of a joint between a null and a space- or timelike boundary component,
we have
a = log |k*n,| (2.11)

where k* corresponds to the null boundary in the way explained above and n* is the unit
normal vector associated to the space- or timelike boundary.

The various terms in (2.7) are accompanied by signs s, o and o that are sensitive
to the conventions adapted in the procedure. A coherent set of rules is presented in [18].

Now, consider adding to the action a boundary term of the form

/S hlg(¢, Z)dx (2.12)

involving an arbitrary function g(¢, Z). Adding a boundary term does not alter the equa-
tions of motion and a term of this particular form will not influence the variational principle
if we impose Dirichlet boundary conditions, i.e. take the variation of the induced metric
h and the variation of the scalar fields ¢ and Z to vanish at the boundary. However, it is
easy to see that such a term can drastically change the result of holographic complexity
in our setup. Furthermore, considering regions with null-boundaries, (2.7) depends on an
undetermined function [, which again influences the holographic complexity. The above
prescription thus needs to be supplemented by additional restrictions, as discussed below.

2.2 RST symmetry

In order to overcome the troublesome arbitrariness in the choice of boundary terms, we
propose to restrict the allowed terms by an invariance requirement of the total action S
under the symmetry which guided the definition of the RST model in the first place.

In the following, we work in conformal gauge, where the line element takes the form

ds? = —e*dy*tdy~ . (2.13)
Recall that the term Sct, given by (2.4), was introduced to preserve the symmetry generated
by the current O*(p — ¢). The corresponding infinitesimal transformation of the fields ¢
and p are given by [12, 20]
e?¢

— 57 2.14
—— (214)

1
ORST ¢ = ORST P = §5RST Z=c¢

while the matter fields do not transform.



We now impose the additional requirement that the total action S, including boundary
terms, remains invariant under the RST transformation,

SrsT S =0. (2.15)

The bulk action (2.5) is invariant under dggT up to a boundary term that will have to
be cancelled. Going back to the example (2.12), it is evident that, generically, the RST
variation of such a term will not vanish. We can use this to our advantage and choose the
additional boundary term so that its variation cancels against the variation of the bulk
action.

In order to work out the RST variation of the action Shuk + Shoundary, it is convenient
to define the fields?

Q=24 gzj),

- (2.16)
X=e+rp—39,
2
for which the bulk action (2.5) can be written as
1 1 2 1 &
Shulk = /d2y\/jg [ (VX)? = = (VQ)* + ——ex ) — 5 > (VH)?
" " VI i=1 (2.17)

_2/d2y\/fg [v (XVp) + gv(nvn)} ;

where 7 is a harmonic field, V27 = 0, obtained from the auxiliary Z field via Z = 2p + 7.
The variations of the new fields Q and y can easily be evaluated and yield

OrsT ! = drsT X = —2€, (2.18)

while dggTn = 0. It is now evident that the RST variation of the first line of (2.17) vanishes
and also the variation of the last term on the second line. The remaining non-vanishing
RST variation of the first total derivative term cancels against a contribution coming from
the Gibbons-Hawking-York (GHY) term that we consider next.

2.2.1 Gibbons-Hawking-York boundary terms

Let us now consider the GHY term in (2.7) of the form

205/ KK, (2.19)
S

with K = V,n* where n* is a unit normal vector to the surface S.

In conformal gauge (2.13), the following identity

VIR it = /o dymls + /i@ (2.20)

“Note that this definition differs slightly from the one employed in [10].




holds, where quantities with subscript 0 are to be evaluated with respect to the flat reference
metric ds?> = —dy*dy~. This implies that the GHY boundary term can be expressed as

203/ \/|h|)2Kd2:205/ \/|ho|>2K0dE+205/ VIR 0,p S, (2.21)
S S S

and furthermore, due to Stokes’ theorem (assuming for the moment a region without null
boundaries), the second term can be written as

2 Z os /S VX" 0up dE = 2//\/1 dzyx/—gV(XVp)7 (2.22)

Ses

which precisely cancels the first term in the second line of the bulk action (2.17). This
leaves us only with the term involving the flat reference metric in (2.21). This term does
not contribute when we obtain field equations using field variations (under which the flat
reference metric is fixed). However, its RST variation does not vanish in general,

ORST <QZUS/S vV [ho|x Ko dE) = —4620’3/5 vV Iho|KodX #0. (2.23)
S S

This variation can be cancelled by introducing a suitably chosen additional boundary term.

2.2.2 Time-/spacelike joint contributions

Still assuming no null boundaries, this leaves us with the analysis of the joint contributions
to the action Spoundary in (2.7), i.e.

2 Y o] log|(n] +p])u(nd)"]. (2.24)

j€joints
It turns out that in two dimensions, these terms are actually not necessary to obtain a
well-posed variational principle. The reason is that the argument of the logarithm does
not depend on the conformal factor at all. This is easily seen by writing the unit normal

vector as
9, , 0P

n, = =€ =
" 90,20,8  \/9770,90,%

where @ is temporarily introduced as a scalar field whose contour lines describe the surface

e’(no), (2.25)

S locally. Similarly,
n* = e ’nf (2.26)

and the same is true for the tangent vector p;. It follows that the inner product is inde-
pendent of the conformal factor p.
Since the term is proportional to ¥, its RST variation is easily evaluated,

rst (20,3 ;) = ~deajay, (2.27)

which does not vanish in general. The RST symmetry is easily enforced by simply leaving
out joint terms of this form. This is possible, because, as we have just seen, such terms do
not influence the variational principle in two dimensions.



2.2.3 Null boundary contributions

Let us now include null boundaries in our discussion. It will be beneficial to rewrite the
terms in (2.7) corresponding to null boundaries,

2UN/ d/\)ZK,—I—ZUN/ dX O\x log |Oxl], (2.28)
N N

in a way that is manifestly reparametrization invariant. This is achieved by integrating the
second term by parts which gives
2

20/\// dA\OxX log |Onl| = 207X log |OA| 72@\// dAx0y log |02 (2.29)
N 1 N
and using that
kKt kY V0,1
O log |oNl] = k + —— 22 (2.30)
k% 0yl

we note, that the term involving k cancels the original k-dependent term in (2.28), so that
in total we have

2 M.
EEEY V0,1
(2.28) = 20x7% log |0A]| —2aN/ ANj (2.31)
1

k7 0,1

The second term is now manifestly invariant under a change of parametrization A — X\ :=
eP), since k* — e Pk*. When the original joint terms are combined with the new terms
obtained from integration by parts in (2.31) the full expression is also reparametrization
invariant. Independent of the precise nature of the joints, the original contribution will be
of the form

20 log |Am,k*|, (2.32)

where A is a constant, k% is the null vector associated with the null boundary in question,
and m* is a vector that depends on nature of the joint, which we will be agnostic about for
this argument. The sign ¢ depends on conventions, but the relative sign to oas is fixed by

— if joint lies in the fut f N
U:{ ON 1_]0111 1es 11 e Tuture o (2.33)

+oy  if joint lies in the past of A/

assuming k* is future directed. This implies, that for the total joint contributions on either
side of the null boundary, we obtain

1
myk

A
N

(2.32) — 20X log |0\I| = 20X log

7 (2.34)

which is also manifestly invariant under reparametrization A — \’.

We have now successfully rewritten the terms corresponding to a null boundary and its
attached joints in a manifestly reparametrization invariant form. Next, in order to obtain
the RST variation, it will again be convenient to split those terms into parts which depend
on the conformal factor and parts which do not. We have

Kk V0,1 K k¥ 0,0,
—zaN/ A~i——2w/ ANy 4UN/ dA\YONp,  (2.35)
k7 0,1 ~



where the first term is reparametrization invariant and does not depend on the conformal
factor p.

Considering the joint terms (2.34), we can write them as

myk —my,k*
— 207X21 L 200X1log [A —F
ON X2 108 EN 2+ ON X1 108 EN )
Pk e~ P, kM
= 720/\// d\0y (xlog(e”)) — 20nrX2 log A ST + 20nx1 log AT
N ol Al |
(2.36)

One can easily check that e™”m,, does not depend on p in case of a joint with a space- or

timelike curve (since then m* is given by a normal vector, see (2.25)). In case of a joint

between two null curves, the argument of the logarithm is given by gwl_c“k” = ezﬂnﬂy%“k” ,

but now the above procedure is performed twice (once for each null surface), so that

the resulting argument is nﬂylg”k”. Hence, in all cases, the resulting joint terms will be
independent of the conformal factor p.

Combining the resulting terms, and using the product rule, we obtain
v —
720/\// d/\Jf#]f 00! — 20, X2 log %

_e—Pm, kM
A + 20rX1 log |A € Ml
Ozl

k7 0,1 )

b(2.37)
+2UJ\// d/\)ZBAprUN/ dApOrX ,
N N

where each term is now manifestly invariant under reparametrization A — X and the
first line is independent of the conformal factor p. Importantly, the first term in the
second line combines with the corresponding terms arising from space- or timelike boundary
components, in conjunction with Stokes’ theorem,?

2 Z UN/ dAXOrp + 2 Z 03/ VAl Xn“aﬂpdE—Q/ d’yv/—=gV(XVp), (2.38)

Newn Ses

in order to cancel with the total derivative contribution coming from the bulk (2.17).

Since the RST variation of the remaining bulk contribution vanishes, the RST vari-
ation of the null contributions has to vanish as well. Because the first line of (2.37) is
independent of the conformal factor, these terms are not necessary in order to ensure a
well-posed variational problem and we leave them out to implement the RST symmetry.
As these terms are manifestly reparametrization invariant, removing them will not spoil
overall reparametrization invariance. The RST variation of the last term in the last line
of (2.37) does not vanish, but since it is reparametrization invariant and the variation of p
vanishes at the boundary (there are no derivatives involved), it can be cancelled by adding
a boundary term.

5See appendix A for a justification of the formula when including null boundaries.
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2.2.4 Complete action

Let us now collect the results of the above considerations. We obtain a simple expression
for the total action S, in conformal gauge,

1 1 2 Ly
_ ) - 1 2 1 2 %(X_Q) _ = 2
s /M d*yv/=g L (V)" = 3 (V4 = 2 ; v (2.39)

-4 [ @wav @)

This action has the properties that the variational principle is well-posed on any spacetime
region bounded by spacelike, timelike, or null boundaries. Additionally, it is invariant
under RST transformations in the sense that dggTS = 0. Note that the action does not
involve any boundary or joint terms anymore, since they were either consistently removed,
or canceled against total derivative contributions from the original bulk action.

As a result, the expression for the holographic complexity does not involve an arbitrary
function { anymore. Further, as a side note, the value of holographic complexity on the
WdAW patch can also be obtained by a limiting procedure, regulating the WdW patch with
space- or timelike surfaces only. The resulting limit is finite, and it agrees with the result
obtained by the above RST symmetric prescription for null boundaries.

The on-shell action. The equation of motion
Vi = V2Q (2.40)

+

allows us to choose Kruskal coordinates (z*,z~) where p = ¢, implying Q = y. In this

coordinate system, the on-shell action S is subject to a remarkable simplification,
al K
5 / datda= 2= 304 fid_ fi + Somon| . (2.41)
M i=1 2

In particular, in this form the action has no explicit dependence on the dilaton field ¢. This
is, of course, somewhat misleading, for the shape of the WdW patch in Kruskal coordinates
will indeed depend on the spacetime metric and therefore the dilaton as well.

3 Classical black hole complexity

3.1 Gravitational collapse

Before discussing the semi-classical case, let us analyse the classical gravitational collapse
of an infinitely thin shell of incoming matter f with mass M in the CGHS model. The
energy momentum tensor associated to the matter field f is given by

M
T/, = Eé(ﬁ —z), (3.1)
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Figure 1. Left panel: Penrose diagram of one-sided CGHS black hole formed by gravitational
collapse. Right panel: the corresponding Kruskal diagram with the same color coding. The gray
line denotes a curve of equal tortoise time t.

and for the dilaton ¢ and conformal factor p this implies

—ata™ if ot < af

e 20 — o720 —
—at (2= + M)+ M ifat >af,
zg 0

(3.2)

in Kruskal coordinates. The infalling shell creates a black hole singularity, as shown in
figure 1, which depicts a Penrose and Kruskal diagram on the left and right, respectively.

In line with our previous paper [10], we take the WAW patch to be anchored at the
stretched horizon, defined as a membrane outside the black hole, with an area that is one
unit larger than the area of the event horizon,

e 20 — o=20BH ] — \f 41, (3.3)

In the classical collapse solution considered here, the stretched horizon is a curve of constant
dilaton ¢ outside the black hole. If we instead anchor the WdW patch on a curve far outside
the black hole, the main difference is to shift the onset of complexity growth forward in
time, to the time in tortoise coordinates when the infalling shock wave passes through
the anchor curve on its way to forming the black hole. As was discussed in [10], it seems
more physical to place the anchor curve at the stretched horizon and have the onset of
complexity growth coincide, at least approximately, with the time of black hole formation
(here defined as the tortoise time at which the shock wave meets the stretched horizon).
The WdAW patch at a given tortoise time ¢ is defined as the union of all spacelike
surfaces originating from the point on the anchor curve that intersects the appropriate
constant ¢ curve and extending towards the black hole, see figure 2. The holographic
complexity C at time ¢ is then given by the action evaluated on the WdW patch. The
classical action can be obtained by formally setting x to zero in (2.41). Furthermore, since
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Figure 2. Evolution of the WdW patch for classical gravitational collapse. Color coding coincides
with figure 1.

the collapse solution only involves infalling matter, for which d_ f = 0, the matter term
in (2.41) does not contribute to the action. This is true independent of the precise form of
the matter profile. In particular, we could have started with a smoothly varying incoming
matter flux, instead of a sharp shockwave, and this conclusion would still hold. It follows,
that the on-shell action reduces to

C=28q= 2/ detdz™ =:2A, (3.4)
WdwW

where A can be interpreted as the reference metric “area” of the WdW patch drawn in
Kruskal coordinates.

An asymptotic observer would use the tortoise coordinates (¢, x), which are related to
Kruskal coordinates (z*,27) by the equations

ot = et
(3.5)
T+ —e e,
T

We are interested in the growth rate of holographic complexity %, where t is the tortoise
time associated to the anchor point of the WdW patch, see figure 1. To this end, we denote
the Kruskal coordinates describing the anchor point as (acj7 x ), while the singularity curve
is described by (méﬂm;) It is practical to consider two separate cases: the WdW patch
anchored before the shock wave arrives, 1 < zg , and after, T > :ESL .

Before incoming shockwave. It is apparent from figure 2 that the change of the area
in Kruskal coordinates, A, before the shockwave arrives, is given by

dA = —a day — alida . (3.6)
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From the definition of the stretched horizon (3.3), which we identify with the anchor curve,
we obtain the equivalent relation

M
— ) (962 + t) =1, (3.7)
Zo
which immediately implies that
M
—xAd:rA—xAdmA—xjdxA, (3.8)
0
so that
M

Furthermore, since de = :rjldt, if we shift the time variable ¢, so that t = 0 corresponds
to where the shock wave meets the stretched horizon, then d.A = Metdt, or

C=2Me" forat <af. (3.10)
We observe an exponential onset towards 2M at ¢t = 0, the black hole creation time. The
time scale of the exponential growth is given by the characteristic scale A of the model,

which we have set to 1.

After incoming shockwave. The analogous calculation can be done for times after the
black hole creation, ¢ > 0. One easily finds

dA = (zg(z}) — z) daly — afida, . (3.11)

Using (3.8) in conjunction with the defining relation for the black hole singularity,

M =z} <x§ + i\of) , (3.12)
one obtains
dA = (zg(xj;) + %) da} = %d:p; = Mdt, (3.13)
or
C=2M foraz" >z, (3.14)

so that the holographic complexity growth C is continuous at z+ = x0+ and remains constant
for o+ > x.

Our findings, summarized in figure 3, are consistent with the expectation that the
complexity of the quantum state corresponding to a black hole should grow with a rate
proportional to the black hole entropy times its temperature.

— 14 —
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Figure 3. Growth rate C of holographic complexity as a function of tortoise time ¢, using the
CA prescription, for classical gravitational collapse. Following an exponential onset, holographic
complexity grows linearly with time.

3.2 Eternal black hole

For completeness we should mention that our prescription also works for the classical
eternal black hole for late time. Its solution in terms of the dilaton, in Kruskal coordinates,
is given by

e =e=M-ata, (3.15)

see e.g. [21]. The black and white hole singularities are located on the curves defined
by M = xgxg

A Kruskal diagram including the WdW patch for late times is given in figure 4. As is
usual for the CA prescription in the context of two-sided black holes, we have to provide
a second anchor point on a ‘left’ anchor curve, see e.g. [22, 23]. The result for complexity
growth will then be a function of tg —t;, where tg (t) are the tortoise times w.r.t. the right
(left) side associated to the respective anchor point position, see figure 4. For simplicity,
we take the two anchor points to move symmetrically as time progresses, i.e. tf, = —tp, so
that the result only depends on ¢ = tz. In this case, we expect the complexity growth to
have twice the contribution of a one-sided black hole.

The variation of the Kruskal area A is easily performed and indeed provides the ex-
pected holographic complexity growth

C=4M, (3.16)

in the late time limit.

4 Semi-classical black hole complexity

4.1 Evaporating black hole

Again, we study an incoming leftmoving shockwave pulse of energy M at z+ = war of
the form

M st — ). (@1)

T, =
T

,15,



/ \

M‘
’ N,
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Figure 4. Kruskal diagram of eternal black hole. A symmetric WdW patch is presented. Color
coding agrees with previous figures.

The semi-classical collapse solution, in terms of the field € defined in (2.16), using Kruskal
coordinates, is given by [12]
Qzt,27) = -tz + (zf —2T)

+

M
— Ot —af) - “In (—ata™), (4.2)
Tq 4

which in turn determines the dilaton ¢ and the metric via its conformal factor p = ¢. The
field n (see (2.17)), needed for the holographic complexity computation, is related to the
K

conformal anomaly of the energy momentum tensor T,{,,, (TJ #) = &R, which fixes the form

of the energy momentum tensor in light cone coordinates y*, cf. (2.13), as [11, 24]
(TL) = =k [02p0sp — O2p + e (y™)] (43)

where 1
ty = Z (8i778i77 + 26177) (4.4)

is determined by boundary conditions imposed at past null infinity Z—, stating that there
should be no outgoing energy flux at Z~. In this form, the energy momentum ‘tensor’,
including its quantum corrections, is actually not a tensor anymore. This is related to the
fact, that the quantum corrections depend on a choice of vacuum, which makes reference
to a specific coordinate system. For the case at hand, this is the coordinate system where
the metric is manifestly Minkowskian near Z~.

The form of t1 in Kruskal coordinates z* can be determined [11] to be ty(zF) =
—1/(22%)2. The field 7 is fixed by (4.4) and reads [19]

(et 2”) =log(—ataT), (4.5)

which is needed for the evaluation of holographic complexity, see equation (2.41). Since
the field 7 determines the functions ¢4 (at least in Kruskal coordinates), it can be viewed
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as encoding the boundary conditions of the energy momentum tensor (7). This is in line
with the fact that the field n only appears within a total derivative term in the action (2.17).

The form of <TJJ: ) implies, that an asymptotic observer near future null infinity Z*
will see a non-vanishing outgoing matter energy flux, i.e. Hawking radiation, which turns
on with an exponential onset as the black hole is formed and turns off when the mass of
the black hole has been depleted. The endpoint of Hawking emission is abrupt in the RST
model and even requires a small adjustment in the form of a negative energy shock wave
emanating from the black hole endpoint.® This reflects a breakdown of the semi-classical
description when the remaining black hole mass approaches the Planck scale and serves as
a reminder that our semi-classical calculation of holographic complexity will be subject to
similar limitations as the black hole mass is depleted.

Altogether, the solution (4.2) together with (4.5), describes flat spacetime for 2 < af
and an evaporating black hole for z+ > xa' with outgoing Hawking radiation towards
future infinity Z, see figure 5. The location of the black hole singularity is determined by
the curve (2, zg) which satisfies Q(z,zg) = Qi = 5(1 —In%) for 2™ > 2. A useful
parametrization of this curve, which we employ at a later stage, is given by

aM ., y (4.6)

(1-;(1)) (e (G (1) )

where the range of the parameter u is the interval (0,1). The point (z(0),z5(0)) repre-
sents the formation of the black hole singularity, while (2 (1), 25 (1)) describes the point
where the black hole has entirely evaporated. This parametrization has the convenient
property

—zd(u)zg(u) = ZGTU . (4.7)

The curve Q(z5,25) = Qerit = 4§ (1 —In %) for 2+ < 2§ defines the boundary of physical
spacetime before the matter shockwave arrives, and is given by

ot
LTplp =

K
1 (4.8)
in Kruskal coordinates.

As in the classical theory, we take the anchor curve for our WdW patch to be the
stretched horizon of the black hole, defined as a membrane outside the black hole event
horizon, with an area of order 1, in Planck units, larger than the area of the black hole
event horizon. For technical simplicity, we follow [2] and take the stretched horizon of an
RST black hole formed by shockwave collapse to coincide with the apparent horizon during
the period of evaporation. This determines the anchor curve as

M K
—m;<mA+m—+):Z, (4.9)
0

See e.g. [21] for more details.
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Figure 5. Left panel: Penrose diagram depicting the life cycle of evaporating black hole formed by

collapse. Right panel: the corresponding Kruskal diagram with the same color coding. The gray
line denotes a curve of equal tortoise time ¢.

as usual, in Kruskal coordinates. With this convention, the area of the stretched horizon
vanishes at the evaporation end point, whereas it should strictly speaking be 1 in Planck
units there. However, the error is negligible as long as the black hole remains large compared
to the Planck scale, i.e. whenever the semi-classical approximation can be relied on in the
first place. With these ingredients, it is now possible to define the WdW patch in a similar
fashion as in the classical case, see figure 6.

The on-shell action (2.41), together with the field n given by (4.5), can be formulated as

K dzt dx~
Wdw 2 Jwaw =T x
In addition to the ‘flat’ reference metric area A in Kruskal coordinates, the semi-classical

C:2A+gB::

holographic complexity acquires a correction §B. For future evaluation purposes, we note
that the correction term can also be given an ‘area’ interpretation, by changing from

Kruskal coordinates to their logarithm,
+ +
0" =log(x
gla™) (4.11)
o~ =log(—z7).

To evaluate holographic complexity we again consider two cases: the WdW patch anchored
in the region before the shock wave arrives, 1 < zar, and after, z+ > mar.

Before incoming shockwave. The evaluation of the change of area A is completely
analogous to the classical case, see figure 6. We have

dA = (zg(ah) —ay) do — (¢ — af(2)) day, (4.12)
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Figure 6. Kruskal diagrams of evolution of a WdW patch of an evaporating black hole. Color
coding coincides with figure 5.

which can be evaluated, making use of (4.8) and (4.9), to give

dA = (Me' =T +0 (M) dt. (4.13)
The result deviates from the classical calculation by a constant contribution proportional
to k.
Similarly,
— (.t +
dB = log <w> dlog(z7) — log < _,_xA_ ) dlog(xy). (4.14)
T A rp(y)

The result is exponentially suppressed as t — —oo, but gives a non-negligible contribution
for times near the black hole creation (¢ = 0) of the form

K K 4M

Combining the results leads to a total complexity growth C before the incoming shock-
wave t < 0 of
2Me! — & (1+1og(%) +t+0 (e ) for —tgSt<0,

€= KO((%et)g) for t < —tg,

(4.16)

where tg = log (%) is the scrambling time. A graphical representation of this tiny on-set
behaviour can be seen in figure 7 for ¢ < 0.
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After incoming shockwave. Replacing the spacetime boundary by the singularity
curve in the region 7 > 18' gives the correct change of Kruskal area,

dA = (zg(z}) — ) dafy — (2 — 2 (2)) day . (4.17)

In addition to (4.8) and (4.9), using the parametrization (4.6), we can express the result as

dA = M(1 — u)dt — gdt +O (e_L”) 7 (4.18)
where corrections are suppressed after a scrambling time tg. The parameter u is related to
time ¢ via

AM AM
e e T (4.19)
K K
which, for times after the scrambling time tg, can be expressed as
K 4M
t2>tg)~ — [t+1 — . 4.20
wrzts)~ g (1108 () (1.20)

Notably, the growth of the Kruskal area .4 with time ¢ is linear after the scrambling time.
Moreover, the result for ‘% is continuous at the black hole creation time ¢ = 0.
That leaves us with the evaluation of the logarithmic area B,

dB = log (M) dlog(z7) — log ( _f?g_)) dlog(zy) . (4.21)
Ta Tp\Ty

The result is suppressed after the scrambling time ¢g, but contributes near the black hole
creation time ¢t = 0,

K K 4AM

—dB~——log| — | dt 4.22

s~ 5o () (4.22)
which shows that also % is continuous at ¢ = 0.

It is interesting to observe, that the contribution of B before the scrambling time tg
conspires with the non-linear contribution of A before the scrambling time to provide linear
growth up to corrections of order M~! even before the scrambling time. The final exact
result for the complexity growth rate after the black hole creation is given by

. t+1+log (4L +e7t)
Ct)=2M|(1- r
®) ( %—O—e*t

_ K 4M K _4

This result holds until the black hole has fully evaporated, but, as stated above, it becomes

(4.23)

unreliable when the remaining mass is of order the Planck scale.

The total result is plotted in figure 7. The plot confirms the continuity and linear
falloff of the growth rate of holographic complexity C. A short time before the lifetime ¢z
of the black hole has been reached, the value of the complexity growth rate hits zero and
subsequently becomes slightly negative. This is potentially problematic, since there is no
reason to believe, that the complexity growth rate of an evaporating black hole should ever
be negative. However, at that time, the mass of the black hole has already attained the
Planck scale, and, as stated above, our result is not trustworthy anymore.
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Figure 7. The growth rate C of holographic complexity as a function of tortoise time ¢, using
the CA prescription, for evaporating black holes of different initial mass. The exponential onset
at the creation time of the black hole is followed by a linear falloff period until the black hole has
evaporated.

4.2 Eternal black hole

We can also study a semi-classical eternal black hole by including a heat bath at spatial
infinity, with a temperature equal to the Hawking temperature of the black hole. The heat
bath provides a steady incoming energy flux which matches the outgoing flux from the
radiating black hole. The solution, in Kruskal coordinates, is given by [21]

t o) = —gta FE e (B
QzT,27)=—a"x +M+4 410g(4). (4.24)

The spacetime curvature is singular where 2 = 4, i.e. on curves satisfying
tag=M 4.25
rirg =M, (4.25)

describing a black hole and white hole singularity. These are the same curves as for the
singularities of the classical eternal black hole described by (3.15). The Kruskal diagram for
a semi-classical eternal black hole solution is thus identical to that of a classical eternal black
hole, shown in figure 4, but the physics described by the semi-classical solution is somewhat
different. In contrast to all other solutions considered in this work, the parameter M
in (4.24) is not proportional to the ADM mass of the black hole. Since the semi-classical
solution describes a black hole in equilibrium with a heat bath at infinity there is non-
vanishing energy density in the asymptotic region and the ADM mass diverges.” The
parameter M is characteristic of the black hole size and therefore we will continue to refer
to it as the ‘mass’ of the black hole.

Since the semi-classical Kruskal diagram is unchanged compared to the diagram of a
classical black hole, and the Kruskal area A is only sensitive to the location of the singularity
and not the detailed form of the dilaton field, it agrees with the classical calculation,

dA = 2Mdt, (4.26)

"The infinite train of radiation does not lead to a catastrophic back-reaction on the geometry because
the gravitational coupling, governed by e?, goes rapidly to zero asymptotically.
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for late times. Further, it follows from (4.24) that ¢+ = 0 in Kruskal coordinates and
then equation (4.4) immediately implies that n = 0. It follows that the semi-classical
correction B vanishes.

We conclude that the complexity growth of the semi-classical eternal black hole for
late times agrees with the classical result (3.16),

C=4M, (4.27)

and does not receive semi-classical corrections.

5 Discussion and outlook

In this paper we have investigated the holographic complexity of evaporating black holes
in a toy model where the semi-classical geometry is known explicitly. The CA proposal
for black hole complexity can be adapted to this model and we have obtained analytic
expressions for the increase in complexity over the lifetime of a semi-classical black hole.
This extends our previous work in [10] where we numerically evaluated the semi-classical
complexity using a CV prescription for the same model. The analytic CA results presented
here provide a much more detailed picture of how complexity evolves as the black hole
evaporates compared to the previous numerical CV evaluation. For parameter values where
the semi-classical approximation can be trusted, the two approaches are in good agreement,
starting from a scrambling time after the black hole is formed and for most of the remainder
of the black hole lifetime.

In order to ensure a well-posed variational principle for the action on a Wheeler-
DeWitt patch, it is necessary to include appropriate boundary terms in the action. These
boundary terms are not unique, something that is true for CA in general, but for a range of
black holes in classical Einstein gravity the ambiguity does not affect the late time rate of
increase of complexity [18]. In the context of semi-classical black holes, the finite black hole
lifetime limits the ability to take a late time limit and the ambiguity involving boundary
terms needs to be addressed in order to have a well-defined CA prescription. This can
be achieved in a natural way in the RST model by extending a symmetry of the original
semi-classical bulk theory to the boundary terms as well. The final analytic result for
complexity growth rate during the evaporation process, presented in formula (4.23), has
several interesting features.

First, it confirms linear falloff of ¢ with time after the scrambling time tg, already
observed (numerically) in [10] using a CV prescription. In fact, up to small corrections,
equation (4.23) exhibits linear behaviour already from ¢ = 0, the time of black hole forma-
tion, in contrast to CV where the numerics indicates an initial adjustment period of order
the scrambling time. The linear falloff is important, as it captures the time evolution of the
entropy of the evaporating black hole. Classical black hole entropy is given by Sy = 2M
in this model and at the semi-classical level the black hole radiates mass at a constant
rate k/4, so that

So(t) = 2M(t) = 2M — gt. (5.1)
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The Hawking temperature is independent of black hole mass in this model so the relation

Ct) x SMt) T, (5.2)

is seen to hold at leading order in a x/M expansion for large initial black hole mass.
Second, the subleading logarithmic term in the rate of complexity increase in (4.23)
can also be given an interpretation in terms of entropy. In [15, 16], it was shown that the
leading order quantum-corrected entropy for a semi-classical black hole in equilibrium with
a thermal heat bath, is given by
K
)

. (5.3)

S — 2¢~2%n fo _E El
e + 5 ?n > + 1108
where ¢y, is the value of the dilaton field at the horizon. When evaluated for a dynamical
solution of the RST model describing a black hole formed by an incoming shock wave, this
gives
K aM K
=2M — -1 — ] - = 4
s 5 log ( - ) 5 (5.4)
immediately after the black hole is formed and zero at the evaporation endpoint. Compar-
ing to (4.23) shows that the rate of complexity growth at the onset of black hole evaporation
is consistent with the relation (5.2), even including the subleading logarithmic term.® If we
instead evaluate the entropy formula (5.3) for the static solution (4.24), describing an eter-
nal black hole in equilibrium with a heat bath, we find that the entropy takes its classical
value,
S=2M. (5.5)

The cancellation of the semi-classical corrections can ultimately be traced to the back-
reaction on the spacetime geometry due to the matched ingoing and outgoing radiation
flux [15]. Interestingly, the corresponding cancellation also takes place in the rate of com-
plexity increase (4.27) for an eternal RST black hole and we once again find that the
relation (5.2) holds with S(¢) given by the semi-classical entropy.

One may wonder how to interpret our formulas after the black hole has evaporated.
One can still define a stretched horizon as the timelike curve where the transverse area
is one unit larger than zero. This curve is very close to the boundary at ¢ = ¢t and a
WdW patch anchored on it only covers a microscopic spacetime region.? Both the Kruskal
area A and the semi-classical correction B will have minuscule values, which do not change
with time. This is consistent with zero growth of the holographic complexity at late times,
but having a vanishingly small WdW patch action at late times does not reflect the very
large absolute complexity that was built up during the evaporation of the black hole and is
carried in the outgoing train of Hawking radiation. For a classical black hole, the growth
of the WdW patch action continues indefinitely and this issue does not arise. An obvious
way around this is to only use the action prescription to calculate the change in complexity
and define the absolute holographic complexity as the integral of C over time. With this

8Due to the slow evolution of the logarithm, this remains true for the bulk of the black hole lifetime.
9The same is of course true for a WdW patch at very early times, long before the black hole is formed.
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prescription the complexity is a monotonically growing function of time and does not get
discontinuously adjusted to a near-zero value at the endpoint of the evaporation process.

The constant Hawking temperature of CGHS and RST black holes simplifies calcu-
lations but is rather unphysical. It would be interesting to study the charged version of
the CGHS black holes, see e.g. [25, 26], or the semi-classically corrected Jackiw-Teitelboim
(JT) model, see e.g. [27], since black holes in those two-dimensional models have varying
temperature.
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A Stokes’ theorem in two dimensions with null boundaries

Stokes’ theorem in the context of Lorentzian manifolds is usually presented for manifolds
with spacelike or timelike boundaries. For simplicity, we focus on a single smooth boundary
component OM. The result for piecewise smooth boundaries is obtained by summing over
individual boundary components. The theorem states that

/ VIV = / N2, (A1)
M oM

where n* is a inwards (outwards) pointing unit normal vector if dM is spacelike (timelike)
and the. .. indicates contributions from other boundary components. The integrals natu-
rally involve the metric determinant |g| and the determinant of the induced metric |h| at
the boundary oM.

The expression on the right hand side of (A.1) does not make sense for null boundaries,
as the induced metric h and the unit normal vector n* are degenerate in this case. Since
Stokes’ theorem in its general form is a statement involving differential forms, it is oblivious
to a metric on a manifold.!® Thus Stokes’ theorem also has to be valid for manifolds with
null boundaries. Our goal in this appendix is to find a simple expression to replace (A.1)
for null boundary components in a two-dimensional context. This is easily achieved using
a limiting procedure where the null boundary curve is approximated by a family of either
timelike or spacelike curves.

We work in conformal gauge,

ds® = —e*dy*dy~, (A.2)

with light-like coordinates (y*,y~) and consider a null boundary component, M, that we
take to lie in the future of M and described by a null curve of the form y~ = y, = const.

®The need for a metric only arises if one wants to integrate scalar functions over a manifold in a
coordinate-invariant way.
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In a region near the point (ygL ,Yo ), the null curve is approached by a family of timelike
curves

v =y +elyt —u), (A3)
with € > 0, in the limit ¢ — 0.
The outward-directed unit normal to the timelike curve in (A.3) is given by

n— P (—%m + \/Ea,> 7 (A4)

and the determinant of the induced metric evaluates to

\/m = ep\/ga (A5)

thus giving

lim VIhntj, = 7/ dytj, . (A.6)
=0 Jam oM
We could also have approximated the null curve y~ = y, by a family of spacelike curves

and considered the past directed normal vector. The resulting limit agrees with (A.6).

Furthermore, a similar procedure can be applied for null curves defined by y™ = const.
and for null boundaries that lie in the past of M. The general result, for the case of M only
having null boundaries defined by yT = const., and not making reference to a particular
coordinate system, can be written as

/M\/\gwuj“ =) JN/Nd/\kj\‘/j,L (A7)

Newn

where the sum runs over all piecewise smooth null boundary components. The future-
directed null vector k*, tangential to the null boundary yT = const., is introduced, such
that 0y = k*0,, and o are signs determined by

1 N lies in th t of M
- { 1es 1n € past o (AS)

—1 N lies in the future of M
In this form, the expression is manifestly invariant under reparametrizations A — X,
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1 Introduction

If black hole evaporation is a unitary process, the entanglement entropy between the out-
going radiation and the quantum state associated to the remaining black hole is expected
to follow the so-called Page curve as a function of time [1, 2]. Early on, the entanglement
entropy is then a monotonically increasing function of time which closely tracks the coarse
grained thermal entropy of the radiation that has been emitted up to that point. This
changes when the coarse grained entropy of the radiation exceeds the coarse grained en-
tropy associated to the remaining black hole, at which point the entanglement entropy is
limited by the black hole entropy and becomes a decreasing function of time. The time
when the entanglement entropy transitions from increasing to decreasing is referred to as
the Page time. Reproducing the Page curve without explicitly assuming unitarity is an
important step towards resolving Hawking’s black hole information paradox [3].

In a recent breakthrough, a Page curve was computed using semi-classical methods by
studying black holes in asymptotically anti-de Sitter (AdS) spacetimes coupled to a con-
formal field theory (CFT) reservoir [4, 5].! The result hinges on the use of the Quantum
Ryu-Takayanagi (QRT) formula [7—10] and the existence of extremal hypersurfaces termi-
nating on so-called islands behind the event horizon [11]. A version of the Page curve can
also be obtained for eternal AdS black holes, but in this case the islands extend outside

!See e.g. [6] for further details on such a setup.
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Figure 1. Page curve for an evaporating RST black hole.

the horizon [12]. Explicit computations have for the most part been restricted to two-
dimensional Jackiw-Teitelboim gravity [5, 11], but see [13] for a discussion of islands in
higher dimensional AdS black hole spacetimes.

In the present paper we demonstrate that the QRT formula can also be applied in the
context of an evaporating black hole in asymptotically flat spacetime. At leading semi-
classical order in the model that we use, and for a large initial black hole mass, the Page
time is found to be one third of the black hole lifetime. This main result is presented in
figure 1, where the entanglement entropy of the outgoing Hawking radiation that has passed
beyond a distant spatial reference point is plotted as a function of time registered at the
reference point.

We work with a two-dimensional dilaton gravity model of the type introduced by Callan,
Giddings, Harvey, and Strominger (CGHS) in [14]. More specifically, the dilaton gravity
sector is that of the model introduced by Russo, Susskind, and Thorlacius (RST) in [15],
which remains analytically solvable at the semi-classical level. For the matter sector, we take
a two-dimensional CFT with a large central charge ¢ > 1, but rather than working with a
large number of free scalar fields as in the CGHS-model, we assume that the conformal mat-
ter is holographic. This allows us to take advantage of an insight put forward by Almheiri
et al. [11] in the context of two-dimensional AdS gravity, and use a three-dimensional grav-
itational dual description to calculate the contribution of the two-dimensional bulk matter
to the generalized entropy in the QRT formula. In this model, the formation of a black hole
from collapsing CFT matter into vacuum and its subsequent evaporation can be studied
analytically. The Hawking radiation emitted in this process naturally propagates towards
future null infinity. This is in contrast to the AdS setup, where the coupling to a heat
bath is essential for letting the radiation escape. Our computation in asymptotically flat



spacetime thus gives rise to a rather clean physical picture, both from a computational and
conceptual point of view, and offers evidence that the QRT prescription applies beyond
asymptotically AdS spacetimes.

The QRT prescription can be motivated via a replica trick involving Euclidean worm-
holes, as explored in [16-20]. Furthermore, the Page curve has been computed from bound-
ary conformal field theories in [21] and the effect of a quench protocol on the Page curve
was studied in [22]. Outside the direct scope of black hole physics, Page curves are found to
be connected to the eigenstate thermalization hypothesis [23] and the study of chaos [24].

The paper is organised as follows. In section 2 we review the main result of [4, 6, 11] and
argue for the validity of the QRT formula in our asymptotically flat spacetime model. Then
in section 3 we introduce the two-dimensional dilaton gravity model and establish notation.
Following that, in section 4 we derive the QRT formula for our model. Results for eternal
black holes are presented in section 5.1 and for a dynamical black hole in section 5.2. In
section 6 we present some conclusions and outlook.

2 Page curve from QRT

Our goal is to compute Page curves for black holes in asymptotically flat spacetime. We
will do the computation both for an eternal black hole in an asymptotically linear dilaton
spacetime and for a dynamical black hole formed by the gravitational collapse of matter
into a linear dilaton vacuum. We follow the holographic approach of [4, 5|, which uses the
quantum Ryu-Takayanagi (QRT) formula

Sgen = ATTa(I) + SBulk[Sar] - (2.1)

N

The first term on the right hand side is the standard Ryu-Takayanagi entropy associated
to a given subregion A of the spatial manifold on which the CFT in question is defined.
Here I denotes a codimension two region that penetrates into the dual bulk spacetime and
is homologous to A. The second term is the von Neumann entropy of bulk quantum fields
with support inside a spacelike region bounded by AU I.

In [4] the system consists of a standard holographic CFT, with Hilbert space Hcpr, at
finite temperature T so that the dual geometry is an asymptotically AdS black hole. The
CFT is assumed to be coupled to an auxiliary system, denoted by H;aq, where Hawking
radiation emanating from the black hole is collected. The region A in (2.1) above is taken
to be the entire boundary where the CFT is defined, i.e. Ha = Hcrr and Hjz = Hrad,
and one looks for regions I, homologous to A, for which the generalized entropy (2.1) takes
extremal values. The QRT prescription for entanglement entropy between A and A, or
in this case the entanglement entropy between the black hole and the Hawking radiation,
is then given by the smallest extremal value of (2.1). At early times the minimum value
corresponds to the “empty” surface I = & and the generalized entropy Sgen is dominated by
the von Neumann entropy of the Hawking radiation which grows monotonically with time.
Eventually another extremum, involving an “island” I which lies just inside the horizon,



takes over.? For this latter extremum, Sgen is dominated by the area term in (2.1) and is
therefore given approximately by the Bekenstein-Hawking entropy of the black hole. The
end result is the Page curve,

Sgen = Inin(Sra(h SBH) s (2‘2)

and a Page time defined as the time when the two extrema trade places providing the
smallest extremal value of Sgep.

In this paper we study black hole geometries in 1+1 dimensional dilaton gravity, which
are asymptotically flat with an asymptotically linear dilaton field. Linear dilaton spacetimes
are familiar from constructions in string theory where they arise as holographic duals to
some non-conformal theories. A prominent example is given by the near-horizon limit of
NSNS fivebranes, which is a spacetime of the form

R x Ry x S, (2.3)

where Ry denotes the direction along which the string theory dilaton is linear. This back-
ground is an o’-exact solution of heterotic string theory [25]. The dual field theory in this
case is N' = (1,1) supersymmetric Yang-Mills theory in six dimensions, which does not
flow to a conventional QFT in the UV but rather to a non-local theory called little string
theory [26]. The dilaton gravity models studied in the present paper are in fact closely
related to the above fivebrane background, as explained for example in [27]. However, this
will not play an important role in our discussion beyond exemplifying that linear dilaton
spacetimes can serve as holographic backgrounds for a class of non-conformal theories.

The holographic dictionary for such linear dilaton backgrounds works in a similar way
as in standard AdS/CFT, except the dual variables are defined in the asymptotic linear
dilaton region instead of the AdS region in conventional holography (see [26] for details).
In our computation we will place a timelike “anchor curve” at a fixed radial position far
outside the black hole. In the gravitational theory the Hawking radiation emitted from the
black hole will pass through the anchor curve as depicted in figure 2. Hence, we do not need
to artificially split our system into a QFT dual to the black hole plus an auxiliary system
where the Hawking quanta are collected as in an AdS background. Instead the split is
taken care of in a natural way by the anchor curve dividing the system into an “inside” part
containing the black hole and an “outside” region containing outgoing Hawking radiation.
We will compute the entanglement entropy between the radiation that has passed through
the anchor curve and all that remains inside, including the black hole itself, and see explicitly
that it follows a Page curve as a function of time experienced by asymptotic observers who
remain stationary with respect to the black hole. The challenging aspect of the computation
is the evaluation of the second term in (2.1) for any given trial island I. To simplify this
task, we follow [11] and use AdS3/CFTy duality to compute the von Neumann entropy of
the bulk fields using a standard Ryu-Takayanagi prescription. We will come back to this
in section 4.

2More precisely, the island refers to the internal entanglement wedge defined by I [11]. In this paper,
we will often neglect this distinction and refer to I itself as the island.
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Figure 2. Penrose diagram of an evaporating RST black hole formed from collapsing matter
(green). A timelike anchor curve separates the spacetime into interior and exterior regions. As time
evolves along this curve, more and more Hawking radiation has passed through it on its way to
future null infinity. The island moves with time along the purple curve inside the event horizon.

3 The model

We start with the classical CGHS dilaton gravity action [14],

1
Igrav = ﬂ /d237 -9 672¢ {R + 4(V¢)2 + 4)‘2} ) (3~1)

where ¢ is the dilaton field and A is a characteristic length scale that can be set to A =1
by a rescaling of the two-dimensional coordinates. The vacuum solution is given by flat
spacetime with a linear dilaton profile,

ds’* = —dotdo™, ¢=¢o—o0, (3:2)

where ¢q is an arbitrary constant that can be absorbed by a constant shift of the spatial
coordinate o = %(O’J'_—O'_). The strength of the gravitational coupling is controlled by
the dilaton field and becomes large as o tends to —oo. The two-dimensional model can
be viewed as a spherical reduction of a four-dimensional theory. In this case, the scale A
is inherited from the parent theory and e=2¢ is proportional to the area of the transverse
2-sphere in four-dimensional Planck units.

We will find it useful to employ so-called Kruskal coordinates, for which the metric in
conformal gauge takes the form

ds? = 2@ ) gt da (3.3)



with the conformal factor equal to the dilaton p = ¢. In this coordinate system the equations
of motion obtained from (3.1) reduce to

040_e 2 41 =092 =0%e 2 =0. (3.4)

In the absence of matter fields, the dilaton gravity theory is non-dynamical and the general
solution to the above field equations, up to constant shifts of the 2+ coordinates, is given by

e =M-—ztz, (3.5)

where M an integration constant. For M = 0 we get back the vacuum solution (3.2), writ-
ten in Kruskal coordinates. For M < 0 the solution exhibits a naked singularity analogous
to the negative mass Schwarzschild solution in four dimensions. For M > 0, a rescaling of
the coordinates, zt = vMv and 2~ = vV Mu, gives the well-known two-dimensional “cigar”
solution in Lorentzian signature [28, 29|,

dvdu

ds* = — ,
1—ovu

(3.6)

with a curvature singularity at vu = 1 and a bifurcate event horizon at vu = 0. The
integration constant M is proportional to the black hole mass,

M= (3.7)

™

where we have temporarily restored the characteristic mass scale A. The temperature of a
CGHS black hole is independent of its mass,

T=g". (3.8)

The Bekenstein-Hawking entropy, given by one quarter of the horizon area in Planck units in
the original four dimensional theory, can be expressed in terms of the dilaton field evaluated
at the horizon,

S =2e% =2M =
Horizon A

(3.9)

A purely two-dimensional argument leading to the dilaton dependence in (3.9) is that while
the area of the horizon is unity, the gravitational coupling constant is controlled by the
dilaton as is apparent from (3.1), and this must be taken into account when evaluating the
Bekenstein-Hawking entropy S = Area/4G .

3.1 Coupling to matter

In the original CGHS model [14], the dilaton gravity sector is coupled to matter in the
form of N minimally coupled free scalars, with N > 24 so that semi-classical corrections
are dominated by one-loop effects due to the matter fields. Here we will instead assume
a strongly coupled matter sector described by a holographic two-dimensional CFT with
large central charge ¢ that has an AdSs gravitational dual. This is an important technical
assumption which allows us to simply evaluate the von Neumann entropy of the CF'T fields



on a spacelike section but does not affect the gravitational sector. In particular, the theory
still has solutions describing dynamical black holes formed from incoming matter energy-
momentum.?

Through the holographic dictionary, the two-dimensional central charge is related to

three-dimensional gravitational quantities via the Brown-Henneaux formula,

3L3

c=———. 3.10
2G(3) ( )

As discussed in section 5.2 below, we can arrange our computation of the von Neumann
entropy of the matter fields in such a way that we only have to deal with pure gravity in
AdS3 spacetime.

We are interested in semi-classical black holes with initial mass M large compared to
the scale set by the central charge of the matter CF'T, for which there is a natural expansion
parameter given by

(&
= — 1. A1
ERPTIVEN (3.11)

In most of what follows we work to leading non-trivial order in ¢, but to get started it
is useful to consider the ¢ — 0 limit where semi-classical effects are turned off. In this
limit, the gravitational field equation is sourced by the energy-momentum tensor of the
two-dimensional matter CFT,*

4020 [v#v,,qs — g (06 — (V§)? + 1)} =T, (3.12)

while the equation of motion of the dilaton field is unaffected by the coupling to matter.
The CFT energy-momentum tensor has two non-trivial components T 1 (z) and T__(z ™),
each of which only depends on one of the light cone coordinates. The field equations take
a particularly simple form in the Kruskal coordinates (3.3),

—0,0. e =1, —20%e =Ty, (3.13)
and the response to arbitrary incoming matter energy flux is easily obtained,
e = =F(") -2t [#7 + G(z)], (3.14)
where

Fet) = 2t Tyi(@®),  CQat) = 3Toi (). (3.15)

We take the energy-momentum tensor to have compact support in 2+ corresponding to a
thin shell of infalling matter energy incident on the linear dilaton vacuum. For our purposes,

3When comparing to black holes in [14, 15] we make the identification N = ¢ and & = ¢/12.
*Our conventions match those of [30] except we are dealing with Lorentzian CFT. In particular, the
classical energy-momentum tensor is defined as

e _ 47 08
V=9 6guv ’

and the normalization for the energy-momentum tensor therefore differs from the one used in [14] by a

factor of 2.



the detailed form of the solution (3.14) is not needed, only the behaviour at early and late
times, and we can therefore consider an idealised solution where two static configurations
are patched together across an infinitely thin null shock wave,

b et oot
o2t ) _ —2tem) _ ) T et <, (3.16)
M —at (1:*+1M+) if 2t >z .
0
A rescaling of the coordinates,
M
at =afv, T = —u, (3.17)
Lo
brings the metric and dilaton into the following simple form,
o2y _ L 20w _ ) U ifv<t, (3.18)
M 1—v(u+1)) ifv>1.
In the v < 1 linear dilaton region, the change of coordinates,
v=e", u=—e* (3.19)

brings the metric into manifestly flat form, p(w™,w™) = 0, while a set of coordinates, for
which the metric is asymptotically Minkowskian in the v > 1 region outside the shock wave,
is given by

ot

v=r¢e7 , u=-1-e" . (3.20)

Time as measured by asymptotic observers at rest with respect to the black hole is
1
t=g0" +07). (3.21)

3.2 Semi-classical black holes

On a curved spacetime background, the energy-momentum tensor of the matter CFT is no
longer traceless due to the conformal anomaly,

my - &
(T) = R, (3.22)

where R is the Ricci scalar of the background metric. In two spacetime dimensions the
continuity equation expressing energy-momentum conservation can be integrated using
only (3.22) as input [31] leading to the following expressions in conformal coordinates,

c

3 (20%p —2(02p)* — t) (3.23)

c

(Thm) = —50+0-p, (Tax) =

where t4 (%) are functions of integration determined by physical boundary conditions that
reflect the matter quantum state.

The boundary functions ty are sensitive to the choice of coordinate system. This is

to be expected since notions of positive frequency and normal ordering depend on the



choice of time variable. Under a conformal reparametrization of the light-cone coordinates,
at — ¢y (2F), the conformal factor of the metric transforms as

_ 1o dytdy”
+ _ + _ -d I
ply"sy) = plaa7) = Slog == (3.24)

When inserted in (3.23) this leads to the usual anomalous transformation of the energy-
momentum tensor involving a Schwarzian derivative,
dy*\? + L y"  3")?
— | T =T - = == —-C . 3.25
(05 ) Test®) =Tese®) - 05, =L 300 )

In order to preserve the form (3.23) for the energy-momentum tensor in the new coordinates,

we effectively obtain a new function ¢4 (y*) related to the old one via

dy*=\* + + + o+
<dx7i) te(y™) =te(2™) +{y", 27}, (3.26)
As an example, consider a black hole formed by gravitational collapse as in (3.18). At
early advanced time before the arrival of the collapsing matter (i.e. v < 1), we have a
linear dilaton vacuum and vanishing energy-momentum tensor. The metric is manifestly
flat in the (w™,w™) coordinate system in (3.19) and it follows that ¢_(w™) = 0. Upon

+

transforming to the (0%,07) coordinate system (3.20), in which the metric is manifestly

asymptotically flat, one finds non-vanishing outgoing energy flux at o™ — oo,

c c 1

T _(o ):—1225,(0 ):24 (1—m) . (3.27)
In [14] this expression was interpreted as the energy flux of Hawking radiation from the
black hole as observed by an asymptotic observer. Energy conservation implies that a black
hole emitting Hawking radiation loses mass. When the semi-classical expansion parameter e
in (3.11) has a small but finite value, the classical solution (3.14) is only valid on timescales
that are short compared to the lifetime of the black hole, which is tjifetime = 1/€ at leading
order. The semi-classical back-reaction on the spacetime geometry due to Hawking emission
matter can, however, be accounted for by adding to the classical action Igay in (3.1) a non-
local Polyakov term induced by matter quantum effects [14],

c

Ip=—— [ dztdz"0,p0_p, 3.28

Q= "15r -pO—p (3.28)

written here in conformal coordinates.? If we take ¢ > 24 then I should be dominant com-

pared to semi-classical contributions from the dilaton gravity sector. Further modifications

to the theory are needed in order to find analytic solutions to the semi-classical equations
of motion. We will follow the approach of [15] and add the following term,

— ¢ | ez
IrsT = pr d“zv/—goR, (3.29)

SWhile the non-local nature of Ig is not immediately apparent in the conformal gauge expression (3.28),
it enters the formalism via the boundary functions ¢+ in (3.23).



to the semi-classical action, which is allowed by general covariance and does not disturb
the classical (¢ — 0) limit of the theory. The RST term Iggr involves a factor of ¢ and
therefore enters at the same order as the Polyakov term Ig.
The resulting semi-classical field equations simplify dramatically when a new field vari-
able is introduced, .
-2
Q=c ¢+ﬂ¢, (3.30)

but there are subtleties involved. In particular, the new field variable is bounded from
below, Q > Quit = 5 (1 — log 55), and when Q — Q¢ the gravitational coupling becomes
strong in the semi-classical theory [15]. This has a suggestive physical interpretation, where
Q — Q¢ represents a boundary of spacetime, analogous to the boundary at the origin of ra-
dial coordinates in the higher-dimensional theory from which the CGHS model is descended.

One benefit of including the RST term (3.29) is that semi-classical solutions of the full
theory Igray + Ig + Irst can be expressed in Kruskal coordinates (3.3), where the field
equations reduce to

0,0.Q+1=0, -02Q= iti, (3.31)

with ¢4 the same boundary functions as before. The linear dilaton vacuum remains an
exact solution of the semi-classical equations and takes the form
Q= otz — = log(—zTz7), (3.32)
48
in the new field variable. Notice that ti(z%) # 0 even if this is the vacuum solution but
this is because the metric is not manifestly flat in Kruskal coordinates. Transforming to a

+

manifestly flat coordinate system o renders the functions t+(o%) = 0 as expected.

A two-sided eternal black hole solution is given by
Q=M1 —vu) + Qerit (3.33)

where we have rescaled the coordinates as in (3.6). Here we find that in Kruskal coordinates
that ti(z%) = 0 but if we transform to coordinates for which the metric is manifestly
asymptotically flat,

v=e¢"", u=—-e"° , (3.34)

we find that t+(c%) = 1. This corresponds to a flat space energy-momentum tensor
Tit(oF) = 57 which is exactly the energy-momentum tensor of a thermal gas of tem-
perature T = % which is the temperature of the eternal black hole. The outgoing energy
flux carried by the Hawking radiation is matched by an incoming flux of thermal radiation
at the same temperature as the Hawking temperature of the black hole.
Finally, consider the formation and subsequent evaporation of a dynamical black hole.
As in the classical case without back-reaction, we imagine a situation where a short burst
of matter energy is injected into a linear dilaton vacuum described by (3.32). The solution
describing the full evolution of such a black hole can be found in [15]. Here we are mainly
interested in the geometry outside the collapsing matter shell, i.e. for v > 1, where it takes
the form
ds? = —Me** dvdu, Q= M(1—v(u+1)—elog(—Mvu)), (3.35)

with ¢ and Q related via (3.30).
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4 Generalized entropy

In order to derive a Page curve for these semi-classical black holes, we adapt the expression

for the generalized entropy,

g Area(I)
gen = T Gy

to the two-dimensional setting at hand. The first term on the right hand side involves

+ SBulk[Sar] (4.1)

the area of the transverse two-sphere evaluated locally at an island, and gives zero in the
absence of an island. Comparing with the black hole entropy in (3.9) yields 2e2¢() as the
area contribution of an island in the classical limit. The natural semi-classical extension of
this expression, which gives zero in the absence of an island, is given by
Area(I)
4G N

The second term on the right hand side in (4.1) is universal and is the main focus of this

=2(Q) = Qerit) - (4.2)

section. It is the von Neumann entropy of the CFT matter fields on a spacelike surface Sar
that is bounded at one end by the island I and at the other end by a point A on a timelike
anchor curve. We take the anchor curve to be a constant € curve with Q = Q4 > M so
that it is located well outside the black hole. For an eternal black hole (3.33) a curve of
constant €2 is at a fixed spatial coordinate, o = o4 in the manifestly asymptotically flat
coordinate system (3.34). For an evaporating black hole, the corresponding statement is no
longer exact due to the log term in (3.35). The spatial location of the anchor curve drifts
in the asymptotic coordinates (3.20) but for Q4 > M the drift is extremely slow and can
be ignored on time scales of order the black hole lifetime. The final answer for Sy does
not depend on which S45 is chosen as long as it is a spacelike surface that connects A and
I. In the absence of an island, the surface S4; is instead bounded by A at one end and a
point on the boundary curve = ¢ at the other.

Following [11], we compute the von Neumann entropy holographically by passing to
a three-dimensional gravitational theory and evaluating the geodesic length between the
points where A and I are embedded in the dual three-dimensional spacetime,

Length

SBulk[Sar] =~ (4.3)

The calculation is simplified if we arrange the embedding geometry to be pure AdSs. This
can be achieved in two steps. The first step is to identify a set of light-cone coordinates

ds? = —e?dytdy (4.4)
where the integration functions ti(yi) are zero. The second step is to perform a Weyl
rescaling of the two-dimensional metric that strips off the conformal factor €2?. Then both
t+(y*) and the gravitational contribution the energy-momentum tensor in (3.23) vanish.
In this case, the matter CFT is in a vacuum state and the dual three-dimensional geometry
is empty AdSs spacetime. In Poincare coordinates the metric is

L2
ds? = 2—23 (dz2 - dy+dy_) , (4.5)
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and the geodesics are semi-circles centered on the holographic boundary. The Weyl trans-
formation in step two above can be implemented as a coordinate transformation in three
dimensions which maps the regulated holographic boundary to a surface,

z=6e PV (4.6)

that depends on dynamical input from the two-dimensional matter theory. Here ¢ is a UV
cutoff parameter.

A standard calculation involving AdS3 geodesics then leads to the following result for
the holographic entropy,

SBulk[Sar] = %log d(A, I)QeP(A)eﬂ(I)]

4.7
- (4.7)
where d(A, I) is the two-dimensional distance measured between the points A and I in the
flat metric dsj,, = —dyTdy~ and the subscript is a reminder that the formula should be
evaluated in coordinates for which t4(y*) = 0. We have dropped the UV cutoff from the
formula as it just contributes an additive constant.

5 Page curves

We now have everything in place to calculate generalized entropy in the RST model using
the QRT prescription. Our primary goal is to obtain the Page curve of an evaporating black
hole that has a finite lifetime but first we carry out the corresponding calculation for a semi-
classical eternal black hole. This provides a first test involving a black hole in asymptotically
flat spacetime which turns out to be considerably simpler than the evaporating case.

5.1 Eternal black hole

A semi-classical eternal black hole in asymptotically flat spacetime is supported by a thermal
gas of incoming radiation that maintains the mass of the black hole against the energy loss
to Hawking radiation. The two-dimensional black holes studied in this paper all have
temperature T = % and the thermal gas must be at the same temperature. As was noted
below (3.33), the energy flux outside an eternal semi-classical RST black hole is

c
Titi(oF) = —, 5.1

wx(07) = o (5.1)

when evaluated in manifestly asymptotically flat coordinates and this is precisely the energy-
momentum tensor of a thermal CFT at a temperature of T' = % It was also noted that

t1(v) = t_(u) = 0 for an eternal black hole and therefore (v,u) is the appropriate set of
coordinates to use when evaluating Sgyy in (4.7). The relevant matter CFT vacuum state
is the Hartle-Hawking state where positive frequency modes are determined with respect
to time in Kruskal coordinates rather than asymptotic Minkowski time.

The eternal black hole is two sided and we place a timelike anchor curve in each
asymptotic region. For simplicity, we assume that our anchor points lie symmetrically on
the anchor curves, as shown in figure 3. Then each anchor point has a mirror anchor point

— 12 —



Figure 3. A Penrose diagram of an eternal black hole. A pair of timelike anchor curves (blue
curves) separates the spacetime into an interior and two exteriors. The two spatial hypersurfaces
intersect the anchor curves at different times. On the late time surface the generalized entropy is
dominated by the area term associated to the islands denoted by purple dots.

(denoted by superscript m) in the other exterior region, which is related to the original
point by (v,u)™ = (u,v). We also take the black hole mass to be large compared to the
scale set by the matter central charge, so that € = ;g5; < 1, and the anchor curves to be
located in the linear dilaton region, so that Q4 > M. With these assumptions in place
the semi-classical field variables are well approximated by their classical counterparts in all
regions of interest and our calculations simplify.

Inspired by [4, 11], we now perform two calculations: one with no islands, and one
with a single island on each side. Consider first the no-island scenario. In this case, the
area term of the generalized entropy is by definition zero, as I is empty. The von Neumann
entropy of the bulk fields is non-vanishing and given by the length of the geodesic in AdSs
that connects the two mirrored anchor points. This means that we can directly apply (4.7)
but with I replaced by A™, as indicated in figure 3,

Sbulk = TCQ log [('UA — ’[}Am)2(UA — U,Am)2 62P(vA’uA)€2p(vAm’uAm) 5 (52)

where (va,u4) denotes an anchor point on the curve on the right in the figure. The anchor
curves are assumed to be located well outside the black hole where the conformal factor is
well approximated by its classical value,

1

62p(v7u> % .
1—vu

(5.3)

The bulk entropy then takes a simple form,

c (va—ua)* ¢
= —log ——5 ~ =t 5.4
Sbulk = 75 log (= oauq)? = 34 (5.4)

where t 4 is asymptotic time, measured by an observer on the anchor curve, and the asymp-
totically flat coordinates (¢, o) are related to the (v,u) coordinates via,

v=elT7, u=—etT7, (5.5)
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Corrections to this result are either exponentially suppressed (by factors of e=%4 or e=274)
or subleading in powers of €, or both. Our computation includes, by construction, the
entropy of the radiation emitted on both sides of the black hole and we note that the
entropy growth rate in (5.4) is precisely twice the rate that was obtained in [32] for the
entanglement entropy of radiation emitted to one side.

We now repeat the calculation with symmetrically placed islands at I = (vy,ur) and
I = (uy,vr), as indicated in figure 3. In this case, the area term in the generalized
entropy (4.1) is non-vanishing and bulk term involves geodesics in AdSs3 that connect the
anchor point and corresponding island on each side of the black hole. The contributions
from the two sides of the black hole are identical and add up to

(va —vr)*(ua —ug)?
(1 —vaua)(1 —vrur)’

Sisland = 4M(1 - UIUI) + g log

gen

(5.6)

where we have used (3.33) for the semi-classical area function (1) — Qcit. Both the anchor
point and the island are assumed to lie in a region where the classical approximation (5.3)
can be used for the conformal factor. This is automatically satisfied for an anchor point
outside a large mass black hole and we will check ex post facto that it also holds for the
island. Extremizing over (vr,ur) and working to leading order in € < 1, we obtain

Uy UA 4e
L2 =

. 5.7
vr vA uA (5.7)

This is a saddle point and not a minimum. However, the QRT prescription instructs us
find all extrema and select the one that gives the lowest value for the generalized entropy.
Inserting the leading order saddle point values for vy and wuy into (5.6) gives
; c

Séselﬁ“d:ALM—&-gaA—&-..“ (5.8)
Comparing to the no-island result in (5.4) shows that for t4 > o4 + i the generalized
entropy is dominated by the island configuration. The o4 term accounts for the time it
takes for the Hawking radiation to travel from the black hole to the anchor curve. Correcting

for this, we obtain
1 12M

thage = — =
38T 4e c

, (5.9)

for the Page time of an eternal RST black hole. The Page curve is drawn in figure 4.

For a two-sided black hole in AdSs gravity, the island and its mirror were found to be
outside the event horizon [12]. This remains true here as well. The island saddle point (5.7)
is outside the event horizon but inside the stretched horizon, with the proper distance
between island and event horizon given by a tiny number,

d I~ 4de —_— . (510)
The fact that the island is close to the event horizon justifies using the classical approxima-

tion for the conformal factor in (5.6), as promised. For another perspective on the location
of the island, consider an observer sitting on the anchor curve who sends an ingoing light
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Figure 4. Page curve for the eternal RST black hole with tpage = 6Sgu/c. The graph plots

Sgen — %’0 4 as a function of retarded time on the anchor curve.

signal to the island. A straightforward calculation shows that in order to be received at
an island at (vr,ur), that corresponds to an anchor point at time ¢4, the signal must be
emitted from the anchor curve at an earlier time 9%, such that

tg — 15 =204 +t,, (5.11)

where t, = log(i) is the scrambling time. This is in line with a similar result in [12].
However, because our black hole is in asymptotically flat spacetime and not AdSy the time
difference t4 — t‘jlbs explicitly depends on the location of the anchor curve.

5.2 Dynamical black hole

We now turn our attention to dynamical black holes and compute a Page curve for a black
hole that is formed by gravitational collapse of matter and then gradually evaporates due to
Hawking emission. The steps in the calculation are the same as before, i.e. to find extrema
of the generalized entropy with and without an island and determine which one gives the
minimum value. The area term in the generalized entropy can be read off directly from the
semi-classical black hole solution but the remaining bulk term requires more work.

In the holographic evaluation of the bulk entropy term in (4.7) we are instructed to
identify light-cone coordinates where the t1 contribution to the two-dimensional matter
energy momentum tensor is zero. The correct choice is the (w™,w™) system in (3.19)
where the metric is manifestly flat in the initial linear dilaton region before the matter shell
collapses to form the black hole. These coordinates are suitable for the evaluation of (4.7)
when calculating the generalized entropy on a trial surface in the linear dilaton vacuum

where the CFT is manifestly in its vacuum state and the three-dimensional holographic

,15,



Figure 5. Penrose diagram of a dynamical RST black hole with two spacelike hypersurfaces
indicated, one before the Page time and the other after, corresponding to the no-island and island
configurations, respectively.

dual is pure AdSs. Of course, a dynamical black hole is not the linear dilaton vacuum and
t4(w™) is non-vanishing due to the incoming energy flux that forms the black hole. There
is, however, a simple way around this problem. Following [32], we take the incoming matter
to be described by a coherent state built on the vacuum state of inertial observers at past
null infinity. As shown in [32], the von Neumann entropy of such a state is identical to
the von Neumann entropy of the vacuum state. As a result, we can use the AdS;/CFTs
Ryu-Takayanagi prescription (4.7) to calculate the bulk term in the generalized entropy,
provided we use the coordinate system that corresponds to the CFT in its vacuum state.
This means in particular, that we are instructed to calculate the two-dimensional distance
d(A,I) in (wt,w™) coordinates.

The generalized entropy is to be computed for the two competing configurations, with
and without an island, indicated in the Penrose diagram in figure 5. The final result is the
one that gives a smaller value for the entropy.

5.2.1 Island configuration

Let us start by determining the generalized entropy for an island configuration,

Sisand — M (1 — vr(1 4 ur) — elog (—Muvyur)) (5.12)
e[ g 20) e
128 & vy & ur ) (I—va(l+ua)) (1 —ovr(1+ug))
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where we have used (3.35) for the area term 2(Q(I) — Qeit) and the coordinate distance
d(A,I) = vV—AwTAw~ has been expressed in (v,u) coordinates. We are assuming that
the island is located outside the infalling shell of matter and that both the anchor point
and the island lie in a region where a classical approximation can be used for the conformal
factor of the dynamical black hole metric. The anchor point is by assumption far outside
the black hole where the classical approximation is always valid. It turns out to also be
valid for the island for much of the lifetime of an evaporating black hole provided it starts
out with a large enough mass but it will fail towards the end of the lifetime when the black
hole has evaporated down to a small size.
Extremizing (5.13) over (v, uy) yields the following two conditions,

c 14wy c ¢
0= —2M(1+us)+ T oy T o T A A’ 513
( ur) 120 (1 —wvr(1+wy)) 24vr  6vslog (’:T/IA) ( )
c vr c ¢
0=—-2M - ’ 514
vr 12uy (1 —vr(1+ug)) * 24ur  6uylog (%) ( )

In order to solve for the location of the island we make the simplifying assumption
10g(1;—*1‘)>>17 which allows us to drop the last term on the right in the top equation, and
later on we verify the self-consistency of this assumption. The resulting equations can be
rearranged as

ur

(il +u))?—(1—)vy(1+u)+e=0 and log <“A> =4(1+u).  (5.15)

One of the two solutions of the quadratic equation for vr(1 + uy) corresponds to an island
in the near horizon region,
€
up=—1+—+0(e?) . (5.16)
vr

The other solution has the island near the black hole singularity and is unphysical. Inserting
the island solution into the remaining equation in (5.15) we find

uA:—l—ﬁ—l-O(eQ). (5.17)
U1

In terms of the asymptotic coordinates (3.20) we have
ug = —1— ATt vy = efATtA (5.18)

The above relations imply that

1
log (v—A> ~ 204 + log <7> >1, (5.19)
vr €

so the simplifying assumption that we used to obtain the island solution is indeed justified.
We also assumed in the calculation that the island is located at v; > 1 and this turns out
to be valid when t4 — 04 2 log(1/€). The expression for the outgoing energy flux (3.27)
reveals that the first Hawking radiation passes through the anchor curve at t4 —o 4 ~ 0 and
the island solution is already valid within a time of order the scrambling time after that.
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We can again probe the location of the island by considering an observer sitting on the
anchor curve who sends an ingoing light signal. The relation between v; and vy in (5.19)
implies that in order to be received at an island at (v, uj), the signal must be emitted
from the anchor curve at a time t9°%, such that t4 — t%bs = 204 + ts with ¢4 the black
hole scrambling time. Earlier, we found the same result for an island just outside the event
horizon of an eternal black hole. Here the island is inside the black hole but still located
very close to the event horizon.

Finally, inserting the leading order saddle point values for v; and uy into (5.13) gives

island __ c
Sgen —QM_ﬂ(tA_UA)'f'H- , (5,20)

as a function of the retarded time at the anchor curve. Although the time-dependent
contribution is initially of order €, compared to the leading order area term, it is important
to keep in mind that this contribution grows with time, and eventually becomes comparable
to the leading order result. This expression for the generalized entropy, which is valid when
a time of order the scrambling time has passed after the first Hawking radiation emerges
into the outside region beyond the anchor curve, is to be compared to the contribution from
a no-island configuration that we now turn our attention to.

5.2.2 No-island configuration

In the absence of an island, the spacelike surface Sq; extends from the anchor curve to
the semi-classical boundary at 2 = Q. The gravitational coupling becomes strong at
the semi-classical boundary and it is not a priori clear how to proceed. The validity of
the semi-classical black hole solution indeed breaks down near the boundary but from a
higher dimensional perspective this has a simple interpretation in terms of the area of the
transverse two-sphere going to zero. We are primarily interested in the dependence of the
bulk entropy (4.7) on asymptotic time and this will not be greatly affected by the detailed
conditions imposed at the origin. This can be seen by adopting a simple prescription for
the strong coupling region and then checking that a change in the prescription does not
change the leading order result at late times on the anchor curve.

In the following we let the spacelike surface S4; end at a fixed reference point (vg, ug)
on the boundary curve for all anchor points. In other words, we will simply ignore any
adjustment of the endpoint at the semi-classical boundary in response to changing the
anchor point. We take the reference point to be in the v < 1 linear dilaton region inside
the matter shock wave, i.e. with ug = —¢/vg for some vy < 1. The generalized entropy is
given by

2
Sno—island _ i 1 1 vi 1 U’i VAUA
gen 12 08|\ '8 Vo o8 u ) (1—va(l+wua))

c
= —(ta — 5.21

12( A—o04)+ ) ( )

up to logarithmic correction terms. In particular, all dependence on vy is contained in the
sub-leading terms that we have dropped. This expression is valid for retarded time of order

the scrambling time and onwards.
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Comparing the island and no-island results in (5.20) and (5.21), respectively, shows
that for retarded time t4 —o4 > i the generalized entropy will be dominated by the island
configuration. The Page time for a dynamical RST black hole is one third of the black hole

lifetime,
1 16M

tPagc = i = c (522)

The corresponding Page curve is drawn in figure 1.

6 Discussion

By assuming a QRT formula we have explicitly obtained Page curves for semi-classical
black holes in asymptotically flat spacetime in a two-dimensional dilaton gravity model.
This includes both an eternal black hole, supported by an incoming energy flux matching
the outgoing Hawking flux, and a black hole formed by gravitational collapse that gradually
evaporates. In both cases, the generalized entropy is minimised at early times by the bulk
von Neumann entropy of the two-dimensional matter CFT but at a Page time the system
crosses over to a configuration where the minimum generalized entropy includes a non-
trivial Ryu-Takayanagi area term associated with an island near the black hole horizon.
This is consistent with earlier results obtained for AdSy black holes but our computation
offers a rather clean physical picture and offers evidence that the QRT prescription applies
beyond asymptotically AdS spacetimes.

For the eternal black hole we confirm the appearance of an island outside the horizon,
whereas for an evaporating black hole the island is always inside the horizon. Towards the
end of evaporation the island appears to melt together with both singularity and horizon
at the black hole endpoint. Our semi-classical calculation is, however, only reliable as long
as the black hole mass remains large compared to the scale set by the central charge of the
matter CFT.

For the evaporating black hole the Page time comes out to be 1/3 of the black hole life-
time. This fits with the following simple reasoning [33]. Radiating into a cold surrounding
space is an irreversible process and the entropy of the radiation grows at twice the evapo-
ration rate of the black hole. This can be seen more explicitly by considering the relation
between internal energy and entropy of the gas emitted by a black body in two dimensions,

W

S
T

(6.1)

We can compute the ratio of the entropy of the gas that the black hole emits compared to
the entropy lost by the black hole. The black hole satisfies the first law ASgy = —AM/T
where AM is the mass lost by the black hole in a given time interval. The entropy increase
of the gas radiated is ASgas = 2AU/T where AU is the energy of the emitted gas, which
must equal AM, and we get ASg.s = —2ASgH.

Our results rely on two dimensional conformal methods. On a technical level this is
reflected in the fact that we can conveniently obtain the bulk contribution to the entropy
via a AdS3/CFTy computation. It is furthermore convenient that in two dimensions there
are no grey body factors. On a more fundamental level, we are able to account for radiation
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and back-reaction in the RST model by working in a conformal gauge and explicitly using
the conformal anomaly in two dimensions. Although there is no known analogue of the
RST model in higher dimensions, our result suggests that a QRT like prescription may also
work for other non-AdS black holes, especially ones that can be embedded into a boundary
theory with a higher-dimensional AdS dual.
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