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Synopsis

1 Introduction:

Black holes have always been a fascinating object of study since the Schwarzchild metric
was found, shortly after the formulation of general theory of relativity. It is the region of
the Universe which essentially marks the closest encounter between quantum mechanics and
the general theory of relativity: the two cornerstones of modern science. It is natural to
expect such regions of space to provide the most stringent test to any putative Theory of
Everything. This viewpoint indeed has been especially fruitful. Although incomplete yet,
study of black holes in the context of string theory in fact gives a unified view of the Natural
world and provides relation between widely separated models and fields of Physics, the most
prominent recent developments being the AdS/CFT correspondence, or the Gauge/Gravity
duality. The basic idea of the AdS/CFT correspondence is that gravity in AdS space is
dual to a CFT living in the AdS boundary. The standard view of a black hole is that it
has a singularity and a horizon which is a null hypersurface enclosing the singularity, and
represents the limiting surface from within which even light cannot escape. In recent years,
there has been a lively debate on whether quantum mechanics is consistent with a smooth
horizon, or in other words whether the inside of a black hole makes sense. Maldacena and
Susskind [4] have suggested that the region inside the horizon is a geometric representation
of quantum mechanical entanglement. The proposal of [4], summarized by the symbolic
equation ER = EPR is illustrated by the eternal black hole geometry which is dual to the
thermofield state [5]. Tt has been argued in several papers that although the proposal holds
for this illustrative special case, it does not hold in general.

Although, ER=EPR has been very interesting for the formalism, the more interesting
aspects of black holes are their formation and dynamics. In AdS/CFT correspondence, black
holes are dual to microcanonical (or, the equivalent canonical) ensembles in the boundary
CFT. Hence, according to AdS/CFT, the dynamical problem of thermalization where a pure
quantum mechanical state appears to evolve into a micro-canonical ensemble is analogous
to black hole formation. More generally, the question of whether a pure state can evolve
non-trivially into a stationary state is the larger issue of equilibration. In fact, in a broad
class of statistical mechanics and condensed matter examples, thermalization is said to occur
when the final state is effectively a microcanonical ensemble, that is, for a large number of
observables, the expectation values asymptote to those in a microcanonical ensemble with an
equivalent canonical temperature 7' = 1/5. Analytic examples of such asymptotia have been
found by Calabrese and Cardy [6] in two dimensional CFT’s following a quantum quench
where the quenching of the Hamiltonian to a critical Hamiltonian H is assumed to lead to
a boundary state normalized by the insertion of e *2# where H is the CFT Hamiltonian.
These special states (which we will call the CC states, for Calabrese-Cardy) were shown
by Hartman and Maldacena [7] to be dual to a segment of an eternal black hole geometry.

'ER signifies Einstein-Rosen bridge which is a spacelike surface connecting the two asymptotic exterior
regions of an eternal black hole. EPR stands for ‘spooky action at a distance’ of Einstein, Podolsky and
Rosen in quantum mechanics, which is now known as quantum entanglement.



The ‘thermalization’ explored here is limited to entanglement entropy or one- or two-point
functions.

In this thesis, we address the above issues. The pertinent results are contained in [I], [2]
and [3]. The present synopsis which gives a technical summary of these results, is organized
as follows.

In section [ based on [I], we address the question of eternal black hole geometry be-
ing dual to the thermofield state is a fine-tuned example of ER=EPR which is generically
untrue. We explicitly constructed a general class of two-sided geometries which represent
entangled CFTs. We compute correlators between general operators at the two boundaries
and find perfect agreement between CF'T and bulk calculations. We calculate and match the
CFT entanglement entropy (EE) with the holographic EE which involves geodesics passing
through the wormhole. We also compute a holographic, non-equilibrium entropy for the
CFT using properties of the regular horizon. The construction of the bulk solutions here
uses an exact version of Brown-Henneaux type diffeomorphisms which are asymptotically
nontrivial and transform the CF'T states by two independent unitary operators on the two
sides. Our solutions provide an infinite family of explicit examples of the ER=EPR relation.
This part does not appear in any other thesis/dissertation.

In section [B] based on [2], a definition of thermalization is adopted which is robust with
respect to specific choices of observables. We define thermalization as the approach of the
reduced density matrix of a finite subsystem, althought the full system is in a pure state,
to the reduced density matrix of the same subsystem when the full system is in a thermal
ensemble We prove such thermalizations to occur under rather general assumptions, for
the special CC state described above, as well as for an infinite generalization of these states
(which we call generalized Calabrese-Cardy (gCC) states) characterizing additional conserved
charges W3, Wy, ... besides the Hamiltonian. In the latter case, the ‘thermalization’ leads to
a Generalized Gibbs Ensemble (GGE) defined by the density matric e=#2H —rsWs=raWa=... /7.
Similar results have also been subsequently reproduced by Cardy [8]. We proposed that
the bulk or gravity dual of this evolution is the formation of a higher spin(hs) black hole.
The equilibrium expectation values of observables match between AdS and CFT because
the GGE is the CFT dual of a higher-spin blackhole. We also showed (a) the thermalization
rate of the pure initial states, (b) the relaxation time of perturbation in a GGE and (c) that
the relaxation rate and the (imaginary part of the) quasinormal frequency of a higher spin
black hole match.

In the above work, we had to make certain assumptions to prove thermalization. In
section @] based on [3], we examine quantum quenches to criticality in specific field theories.
In this work, we work without the assumptions. We calculate the exact wavefunction that
results from a quantum quench to a vanishing mass in a large class of examples: (i) in theories
of scalars and fermions, (ii) starting from various pre-quench states (e.g. ground state or
squeezed states), (iii) from an initially massive or critical Hamiltonian, and (iv) with a variety
of quench protocols. In all these situations, for quadratic theories, the resulting wavefunction
is of a generalized Calabrese-Cardy form |¢) = exp[— > ", k,W,||Bd) (W2 = H), i.e., it
is a conformal boundary state deformed by an infinite number of W, charges. We find

2In Statistical Mechanics literature, this is called subsystem thermalization.



special squeezed states in the pre-quench phase which lead to small x,~9; in these cases, the
exact correlators, in agreement with the analysis of [2], show equilibration to a GGE with
a relaxation rate determined up to O(k,>2). By contrast, with general pre-quench states,
including the ground state, we find the k,~o are not small; exact correlators in these cases,
although equilibrating at long times, do not generically have a simple thermal or GGE form
even at large distances. The main lesson we draw is that in 2D critical quench, long time
and large distance physics can be sensitive to perturbations by high dimension operators, in
apparent contrast with general Wilsonian lore.

2 AdS3/CFT2(based on [1])

The objective is to explicitly construct a general class of time dependent two-sided geometries
which represent entangled time dependent states in a CF'T. A useful approach to construct
the geometric dual to a CFT state is by using a Fefferman-Graham (FG) expansion, with
boundary data provided by the CFT state. To begin with, let us consider the case of a
single CFT. Since we are primarily interested in the metric, let us focus, for simplicity,
on states in which only the stress tensor is excited. The dual geometry would then be
given by the solution to the appropriate Einstein equations subject to the boundary data
provided by the stress tensor. This approach has been particularly fruitful in the context of
the AdS;/CFTy duality where the Fefferman-Graham expansion has been shown, for pure
gravity, to terminate [9] , yielding the following exact metric derived by Banados et al. [10]

422 1 Lz )L(z_ 1 _
= G oo (G + AHEEED) 4 (st D) )

The boundary data (z — 0) is represented by the following holographic stress tensors (we
choose —A = 1/0* =1)

817Gy T4 (1) = %, 8rGyT__(1_) = Liz-) (2)

The above metric becomes singular at the horizon
- —1/4
2=z =2 (L(zs)L(z_)) / , (3)

and therefore the metric (), describes only an exterior geometry. When L and L are
constants, the metric corresponds to the eternal BTZ blackhole solution [I1] which has a
maximal extension with two exteriors(left and right) joined to the interior region across a
smooth horizon. There is also a past interior corresponding to a whitehole. The maximal
extension is obtained by transforming to Eddington-Finkelstein(EF) coordinate patches. We
will be using five coordinate patches.

3By two-sided, we mean geometries which have two asymptotically AdS regions.
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Banados EF1 EF2 EF3 EF4 K5
Figure 1: The (green parts of) the five figures on the right depict the five coordinate charts
used in [I] to cover the eternal BTZ solution. The coordinate chart K5 is needed to cover the
“bifurcation surface” where the past and future horizons meet (it is a point in the Penrose
diagram). The leftmost diagram (in blue) represents the coordinate chart used in ([{I). Each
of the coordinate charts is shown, for facility of comparison, within a Penrose diagram where
the parts not within the chart are shown in gray.

The EF1 coordinates represented in figure[I] are obtained from the coordinates of () by
the transformations

IO .

To =0 — ! ln(A_A()) T_ = w — ! ln(A_A())
- WL \A+X/) T WL \A Ao

The metric, in these coordinates, becomes

d\2 L L 13 VI
+ —dv® + —dw? — \ dvdw + LalvaD\ + ———dwdA (5)

ds* = ————
R TC S WER! 1 200+ Ao) 200+ Mo

The subleading term in the metric corresponds to the normalizable metric fluctuation, which
gives the expectation value of the stress tensor; this is the holographic stress tensor [12], and
is given here by

L L
SWGgTvv(.T+) = Z, 87TG3Tww($_) = Z (6)
The IR cutoff surface and the boundary metric are
Nip = 1/€2, dspy, = —dvdw (7)

The event horizon Ay, the inner horizon \;, and the singularity \; are at

VLL 1 _
AH:AOETy Ai = =, As:—z(L‘i‘L) (8)

Note that for BTZ black holes without angular momentum L = L and \; = \,. The other
coordinate systems - EF2, EF3, etc., are similar and details are in [I].
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2.1 Solution generating diffeomorphisms (SGD)

We will now proceed to construct new solutions with arbitrary boundary data at the two
boundaries (represented by two arbitrary holographic stress tensors Tg . (z) and 17, ., (z))
by applying the method of solution generating diffeomorphisms to the above geometry. Nor-
mally one considers a geometry obtained by a diffeomorphism as indistinguishable from the
original one. However, this statement is untrue for diffeomorphisms which are symptotically
non-trivial(do not die off sufficiently fast).

The diffeomorphism in the EF1 coordinate chart is given by

A 5), w= G_(
A= EAGICAN =G1(0), w=G_(0) (9)

The new metric gysy, written in terms of #M = (X, 9, ), is

gun(2)diMdzY = ds® = ﬁ [d)\Q + ALdD® + A dw® + 2A, dvd\ + 2A_dwd\
G" (w) GL()  GLOGT @)\ -
A(32+2<A — L+ A Ly ) )dodw|  (10)
o) em e o0 @)
where
L ~G" (D) ~G" (W) ©
AL = VLG A+ A A ! )\ A A B=2(A+ A\
= VIGL DA +h) - A5 <~>’ = VIGL@)(A+3) = Agr s, B =200+ M)
The new IR cutoff surface and the boundary metric are
=(1/) = A =1/(EG (V)G (1)),  dspy, = —didd (11)

The diffeomorphism (SGD) used in the coordinate chart EF2 (see Fig[dl), which is inde-
pendent of the one above used in EF1, is given by

M

Alzm, u=H.(a), w=H_(0) (12)

In a manner similar to the above, we apply the SGD characterized by G+ on EF4 and
the SGD characterized by Hi on EF3 (which shares the left exterior with EF2). We use the
identity diffeomorphism of Kruskal patch K5 (with € = 0). Away from the boundary, the
metrics obtained in the various EF coordinate charts differ from each other only by trivial
diffeomorphisms which become the identity transformation at infinity. Since the physical
content of each of these metrics is represented only by the boundary data, it ensures that
all the different metrics represent the same single spacetime metric in different charts. It
is clear that the SGDs lead to a smooth metric in each chart and their overlaps, provided
Gi(z), Hi(x) are differentiable and invertible functions. We will only consider such func-
tions. It can be verified that such a class of functions is sufficiently general to generate any
pair of physically sensible holographic stress tensors at both boundaries.



So far we have viewed the SGDs as a coordinate transformation. Alternatively, however,
we can also view the diffeomorphism as an active movement of points: M — #M = M 4-¢M,
In this viewpoint, the future horizon A = Ay = \g (see (8)) on the right moves to

A = G (0) G"_ (W)X, A = H' (@) H (©)N\o (13)

Similar statements can be made in the other coordinate charts. The horizons represented
this way are smooth but undulating.

2.2 The Dual Conformal Field Theory

The eternal BTZ black hole geometry corresponds to the following thermofield double state

[5, [7, 13, 14]
Wo) = Z(By, B-) 7" Z exp[—B+ Eyn/2 — B-E_ »/2]In)n) (14)

n

The states |n) denote all simultaneous eigenstates of Hy = (H £.J)/2 with eigenvalues E ,,.
|1ho) here is a pure state in H ® H obtained by the ‘purification’ of the thermal ensemble
with inverse temperature § and angular velocity 2 and 1 = (1 £ Q). For non-spinning
BTZ black hole (2 =0 = J), the CFT dual is the standard thermofield double:

[boo) = Z(8)"* ) exp[-BE,/2]In)|n) (15)

n

CFT duals of our new solutions The SGD’s reduce to conformal transformations at
the boundary. So, we claim that the CFT-duals to the new solutions obtained using SDG are
described by the pure states 1)) = ULUg|ty) where Ug is the unitary transformation which
implements the conformal transformations on the CFT on the right boundary (characterized
by G4), and Uy, is the unitary transformation which implements the conformal transforma-
tions on the CFT on the left boundary (characterized by H. ). This is the Schrodinger picture
of the conformal transformations. However, it is easier and more illuminating if we work
in Heisenberg picture. Here, we note that stress tensors and primary operators transform
under a conformal transformation (v, w) — (0, 0) as

To(P) = () Talo) - <509, 0.3 — 0w () (%) (g
=\ By eol\U) = R\ v A = VAW 05 )\ de
where S(v,?) is the usual Schwarzian derivative.

2.3 Duality Matching
Stress Tensor

We will first consider the stress tensor of the boundary theory on the right. The generalization
to the stress tensor on the left is trivial. We use the definition of holographic stress tensor in

10



[12], 15]. We find that
3GL(0)? — 26, (1)G()
TeAGEI
3G" (0)* = 2G"_(w0)G" (w)
4G"_(w)?

L
87TG3T5@ = ZG/_’_(f))Q +

L

This clearly is the original stress tensor (@) under the conformal transformations v = G (?)
and w = G_(w) of CFT stress tensor (IG).

General two-point correlators

The holographic correspondence for the two point functions of scalar operators of large
conformal dimension in semiclassical limit can be written simply as [10]:

(Yo|O(P)O(Q) o) crr = exp[—2hL(P, Q)] (18)

where L(P, Q) is the length of the extremal geodesic connecting the two points P and Q,
which can be on the boundary of same exterior region(RR or LL) or on boundaries of different
exterior regions(RL or LR).

Gravity side The geodesic length from P(1/e%,v,w) on the right boundary to a point
Q = (1/€%,u,w) on the left boundary is given by

4 cosh[vV/L(v — u) /2] cosh[v/L(w — w) /2]

(19)

With SGDs, the new geodesic length is given by the active transformation of the u,v,w and
w and the new IR cutoff given by (I). Similar, results are also obtained when P and Q are
on same side.

CFT side Using Minkowski to Rindler coordinate transformation as done in [7], we get
the following result

4 cosh [\/Z(U —u)/2] cosh [\/f(w _ w)/Q])zh (20)

(WolO(X 5 X p) O(X 1, X)) = ( "

where (X, r, X_g) and (X, 1, X_) are the boundary points corresponding to the bulk points
P and Q respectively. Operator O is assumed to have dimensions (h, h) and € is a real space
field theory cut-off. We have related the temperature of the CFT to L(= L) by the equation
VL = 27/ B. It is easy to see that this correlator satisfies the relation (I8]) using eg = €;, = €.

In the new states, the correlators are found from (20) by a conformal transformation of
the boundary coordinates. The Jacobian factors have the effect of the replacement ¢ —
e2\/G' (0)G_(w)H' (a)H' (&). With these ingredients, it is straightforward to verify that
(I])) is satisfied with the new geodesics. Similar arguments apply to RR and LL correlators.

11



Entanglement entropy: We can calculate entanglement entropy(EE) of a region A =
ARUAL, where Ap is a half line (v—w)/2 > x g on the right boundary at ‘time’ (v+w)/2 = tg
and Ay is a half line (u — w)/2 > x of the left boundary at ‘time’ (v + w)/2 = t;. The
boundary of the region A consists of a point P(vga, wga) on the right and a point Q' (uga, waa)
on the left, with coordinates

P: wvgy = tr+2xR, woa =1r — xR (21)
Q: wpr = tp+wn, woa=tp— L
The CFT EE is given by the logarithm of expectation value of twist operators, which are
primary operators, inserted at P and Q’, while the bulk EE is given by the extremal geodesic

length anchored at P and Q’. From RL two point function matching, it automatically follows
that CFT EE and bulk EE match perfectly.

Entropy

Inspecting (@), the entropy density matches the result from CFT using Cardy’s formula,
using the expression of stress tensor in ([@). In the non-equlibrium situation, from the metric
(I0) the entropy density is then given by

5

1 /1 1 /=
—— | =VLG, (0) + =V LG (0 22
& (3vEe o)+ 3VEG @) )
And from CFT, in adiabatic approximation, the leading G’ (v) and G’_(w) parts of the stress
tensors are

L L
8mG3 Ty = ZG’+(@)2, 87G3 Ty = ZG’_ (w)? (23)
With this the same non-equilibrium entropy (22) is reproduced.

2.4 Conclusion

We have solved the boundary value problem for 3D gravity (with A < 0) with independent
boundary data on two asymptotically AdS; exterior geometries. The boundary data, spec-
ified in the form of arbitrary holographic stress tensors, yields spacetimes with wormbholes,
i.e. with exterior regions connected across smooth horizons. The explicit metrics are con-
structed by the technique of solution generating diffeomorphisms (SGD) from the eternal
BTZ black string. By using the fact that the SGD’s reduce to conformal transformations at
both boundaries, we claim that the dual CF'T states are specific time-dependent entangled
states which are conformal transformations of the standard thermofield double. We com-
pute various correlators and a dynamical entanglement entropy, in the bulk and in the CF'T,
to provide evidence for the duality. We also arrive at an expression for a non-equilibrium
entropy function from the area-form on the horizon of these geometries.

12



3 Thermalisation with Chemical Potentials(based on

[2])

The dynamics of systems undergoing a quantum quench has been extensively studied in
recent years[I7]. In a quantum quench, some parameter of the Hamiltonian changes over a
brief period of time. The initial wavefunction in the pre-quench phase, whether it is a ground
state or otherwise, typically evolves to a non-stationary state, which then evolves by the post-
quench Hamiltonian which is time-dependent. An important question in such a dynamics is
whether correlators equilibrate at long times, and if so, whether the equilibrium is described
by a thermal ensemble or otherwise [17, 18], 19]. As mentioned in the Introduction, Calabrese
and Cardy [0] had found such thermalization in two dimensional quantum quench where the
quenching of the Hamiltonian to a critical Hamiltonian is assumed to lead to a boundary
state normalized by the insertion of e *2# where H is the CFT Hamiltonian. Generalizing
[20], we will consider the system at ¢ = 0 to be in a “quenched state”

|tho) = exp|—r2H — Zmn ]| Bd) (24)

n=3

Here |Bd) is a conformal invariant boundary state; the exponential factors cut off the UV
modes to make the state normalizable. W, denote the additional conserved charges in the
final theory. It has been argued in [§] that any CFT has an infinite number of conserved
charges. In the work presented below, we will assume that these charges correspond to
local conserved charges like charges of W, currents. More generally, our work applies also
to a finite number of conserved charges. We will focus on two-dimensional conformal field
theories (CFTs) on an infinite line o € R.

We find that the expectation values of local observables supported on a finite interval
A o € [-1/2,1/2]) asymptotically approach their values in a Generalized Gibbs ensem-
ble(GGE),

1
Peqm = 7 exp|—fH — Z,uan], Z = Trexp|—(fH — Z W (25)

whose temperature and chemical potentials are related to the cutoff scales in (24)) as follows
B =4ky, =4k, n=3,4,... (26)

With the above identification of parameters, we will rewrite the initial quenched state (24
henceforth as

|0) = exp[—(BH — Zun )/4]| Bd) (27)

For single local observables, we find that at large times

W) o(@) () = Tt (¢k(0)pegm (B, 1)) + ax e ™ + ... (28)
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where ¢y (o) is an arbitrary quasiprimary field (labelled by an index k). Below we compute
the thermalization exponent 7, in a perturbation in the chemical potentials and to linear
order it is given by

2 ~ ~ ~ n
M= g | Bet > iinQui + O() |, fin = # (29)
Here Ay, = hy + hy, is the scaling dimension and Qnr are the (shifted) W,,-charges (see (40
for the full definition) of the field ¢y (in case of primary fields) or of the minimum-dimension
field which appears in the conformal transformation of ¢;. More generally, we found

pgcc.a(t) = paar.a + a(t)e”mnt (30)

where pyoc a(t) and pear,a are the reduced density matrices of a subsystem A in the gCC
state and GGE respectively. And 7,,;, is the lowest value of 7, among the operators of the
theory considered.

Our work, described above, constitutes a general proof of thermalization for integrable
systems in case of 2D conformal models. Thermalization in integrable systems is a rel-
atively new area of research. Farlier works include various isolated examples, e.g., (a)
one-dimensional hardcore bosons [21], (b) transverse field Ising model [22], and (c¢) ma-
trix quantum mechanics models [23]. The equilibrium ensembles in this context have been
called a generalized Gibbs ensemble (GGE).

One of the main technical advances made in this work is the resummation of leading-log
terms at large times, which leads to exponentiation of the perturbation series, leading to the
thermalization rate, presented in (28], (29)), as a function of chemical potentials. This allows
us to also compute the effect of chemical potentials on the relaxation times of thermal Green’s
functions. Another technical advance consists of the computation of the long-time reduced
density matrix, using a short-interval expansion, which allows us to prove thermalization of
an arbitrary string of local observables.

3.1 Thermalization time scale for single local observables

We will briefly recall how these are computed in the absence of the chemical potentials
[20, 24]. The expectation value on r.h.s. of (28)) corresponds to the one-point function on a
strip geometry, with complex coordinate w = o + i1, 0 € (—00,00), 7 € (—£/4, /4) where
7 is eventually to be analytically continued to 7 = it. This can be conformally transformed
to an upper half plane by using the map

2 = je@m/Pw _ je2n(otin)/B _ jo2m(e—t)/B 1200 (31)
7= —ie?"OmIN/B = _roD/6 2% 5 oo (32)

For a primary field with hy = hy (of the form ¢y (w, w) = ¢p(w)pr(w)),

(D0 = i i)ae = ()" ()" otz

= ay (62”/5 + 6_2’”5/5)7%’c ~ ake_“/'(c())t + .. %(CO) =2/ =4mh /B (33)

4in the sense of subsystem thermalization.
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where in going from the first line to the second line, we have used the method of images
[25], 24] with hy = hi, 2 = Z. In the above ay, Aj are known numerical constants.

Equilibrium expectation value in (28)), for u,, = 0, corresponds to a cylindrical geometry
in the w-plane, with 7 = 0 identified with 7 = . By using the same conformal map
1) this can be transformed to a one-point function on the plane. For a primary field the
latter vanishes. Hence (28] is trivially satisfied. For a quasiprimary field ¢y, its conformal
transformation generates additional terms, including possibly a c-number term.

For the general case with p, # 0, we will regard the W,, as conserved charges of a W-
algebra, although the results we derive will be equally valid as long as these charges, together
with H, form a mutually commuting set, and the currents (W, (w), W, (w)) are quasiprimary
fields.

1 1 _
wo— L / W do— - / (i"dwy Wi (w1) + (—i)"dioy, W (1)) (34)
2 Jr 21 Jr

Here the contour I' is taken to be a 7 = constant line along which dw; = dw; = do. Under
the conformal transformation (31I) to the plane/UHP, the holomorphic part of the contour
integral becomes

. [n/2]
)

n o7 n—1
Walhot = — (—) / dzy |27 Wa(21) + ) o2l Waiam(z1) | (35)
2r \ B r, —

where the a,, ,—2,,, denote the mixing of W, (21) with lower order W-currents under conformal
transformations [26], 27]. The contour I'; is an image of the contour I" onto the plane. The
expression for the antiholomorphic part W, |ansine is similar.

One-point function on the strip with chemical potentials

Consider only a single chemical potential p3, using perturbation theory Feynman diagrams:

(0x(0, )y = (010, 0)) e — LW, G0, w) D"

2
() O w5+ 2w, W)+ OG) (39
The { , } denotes an anticommutator. The operator ordering implies the following: when W3
appears on the left of ¢ (w,w), e.g., in (W3 (w,w)), the integration contour ([B4) for W3
on the strip lies above the point (w,w); similarly when W3 appears on the right of ¢ (w, w),
e.g. in (¢r(w, w)Ws), the contour for W is below the point (w,w).

The first, u-independent, term in the above expansion is already calculated in (33]).

After conformally transforming to the UHP, we regard ¢, on the UHP as ¢} at the
image point on the LHP (up to a constant). Combining with the arguments used for the
holomorphic operators, we eventually get

<{W3,¢k(w,@)}>§$n _ Z'32_7T
<(]§k(w,u_)>>str ﬁQ

Iy(z,2) = /F dz 21 (Ws(21)n(2)0r (2))E™ [ (pr(2) i () €™ (37)

1T+ 4T

(22)"I5(z, ),
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[ B4

Figure 2: Various contours needed to compute the W, insertions in (B6]). At late times, the insertion
of each contour, irrespective of the position of the contour, amounts to insertion of a given factor linear
in ¢t. This allows to resum arbitrary orders of arbitrary W,-charge insertions, leading to the exponential
time-dependence as in (25]).

In the long time limit, O(us3) correction is given by (using that all four contours 'y, T'y, T, f’l
contribute equally, cancelling the 1/4 in —pus3/4)

_ 27t
(Or(0, 1)) ayn = are 2mAk5 <1 — Q3 rfls (—— + constant) + O(,u?,,)) + ..,

B
RN 38
= o0 Bk =2 (38)

where ¢z is the Wjs-charge of the field ¢;. For higher order uj3 terms, closing the contour
integrals and using the leading OPE terms and we find the re-exponentiation and get (28]).
We note that the leading contribution had been isolated by considering a scaling

Qs = 1°2q3.1(27), fia

- t -
fn — 0t = 3 — 00, such that fi,,t = constant. (39)

For higher W,, charges, due to the quasiprimary nature ([B5]), the O(u) correction with all
chemical potentials is given by

2
(Or(0, 1)) dyn = ape 2Rkt B (1 — Z Qn kfln (%t + constant) + O(ﬁ)) + ...
n=3

fin = %, Ag = hy, + hy = 2hy,
[n/2—1]
Qn,k =2 Z an,min_Zm(27T)n_2m_2qn—2m,k
m=0

= i"(2m)" 2 2qnn + 1" 2 (270)" Y2 2qn ok + oo (40)

3.2 Proof of thermalization: Reduced density matrix, Multiple
local observables

Besides the one-point functions discussed above, it turns our that we can demonstrate ther-
malization of all operators in an interval A of length [. 1t is convenient to define a ‘thermal-
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ization function’ 14(t) [28] as

. R Tr(pdyn,A (t)peqm,A (67 :un))
I4(t) = Tr(Payn,A(t) Pegm.A (B, pn)) = 1/2
A = Tl ) = e O T pemt BT

payn.a(t) = Trz [P ()], pegm.a(B: n) = Trx pegm (B, p1:) (41)

Here p = p/+/Trp? denotes a ‘square-normalized’ density matrix. Using the short-interval
expansion above, and the long time behaviour of one-point functions, it is easy to prove that
the system thermalizes

[<t) =1- OéeXp[_Qmet] + ... = pdyn,A (t) t—>_00> peqm,A(Bv /~Ln) + O(e*’ymmt) (42)

This implies thermalization for an arbitrary string of local operators (with oy, 09, ... € A).

(W()]|O1(21)Oa(22)....0n(x,) | (t)) RNy o (peceO1(x1)O2(x2)....0n(x,)) (43)

3.3 Decay of perturbations of a thermal state

We find that the long time behaviour (28)) of an operator ¢x(0,¢) in the quenched state is
the same as that of its two-point function (44]) in the thermal state (28) (with chemical
potentials). The latter measures the thermal decay of a perturbation and is more directly
related to a black hole quasinormal mode.

We define the thermal two-point function asf

Calt,1: 6,12) = 2 Tr(04(1 1000, 0)e 1St (44)

For pn = 0, with ¢, of conformal dimensions h; = Ry,

const e 2™AB - (t — ) > B

const e 2™AR/B ([ — 1) > B (45)

G (t,1;8,0) 225 {

The effect of turning on the chemical potentials can be dealt with as in the previous sections.
By resumming the perturbative series in a straightforward fashion, we get,

Gy (t,05 8, 12) =% G1(0,0; B,0)b(pt)e ! (46)

where b(p) is time-independent, and is of the form b(p) = 1+ O(p). This long time decay is
the same as that of the one-point function (28] in the quenched state, as claimed above.

3.4 Holography and higher spin black holes

Zero chemical potential: A global quantum quench described by an initial state of the
form (27), for large central charges and zero chemical potentials, has been shown in [3] [7] [14]
to be dual to one half of the eternal BTZ (black string) geometry, whose boundary represents
an end-of-the-world brane.

“We use the same notations as in [29).
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In an independent development, it was found in [30] that the quasinormal mode of a scalar
field @ (o,t, 2) of mass m in a BTZ background (dual to a CFT operator ¢, of dimension
Ap = 1+ V1+m?) is of the form exp[—27At/S] at large times. This time-dependence
agrees with the CFT exponent in ([A3]) exactly. This shows that the exponential decay of a
CFT perturbation to a thermal state corresponds to the decay of the corresponding scalar
field in the bulk geometry. This result has been extended to higher spin fields in the BTZ
background in [31].

Non-zero chemical potentials: In case the CFT has additional conserved charges, in
particular if it has a representation of a W, algebra (and consequently the hs(\) algebra
[32]), then the bulk dual corresponding to those conserved charges have been conjectured
to be the conserved higher spin charges of higher spin gravity. In particular, [33 B4] have
shown that if one interprets the grand canonical ensemble (26]) (more generally, the GGE)
in the framework of an hs(\) representation, then the bulk dual corresponds to a higher spin
black hole.

Thus, we would like to conjecture that the bulk dual of the quantum quench with chemical
potentials, would correspond to a gravitational collapse to a higher spin black hole.

As an important consistency check, by analogy with the case with zero potential, in the
present case too, the leading quasinormal mode (QNM) of a scalar field ® (o, ¢, z) should
have a time-dependence given by (). Following the results in [35] we find that at late times
t>> [ the QNM for the hs(\) scalar field ®, behaves, up to O(us), as e ““xo’, where

27 1
where the index k here refers to the operator ¢, dual to the scalar field ®,. Noting that for
this operator we have Ay = 1+ X, and Qs = 3(1+ A)(2+ ) [36, B37], we see that the QNM
frequency wy o agrees, to the relevant order, with the pole of the thermal 2-point function
which, in turn, is related to the thermalization exponent by the relation wy o = —i7y;, with

7, given in (28).

3.5 Conclusion

We considered 2D conformal field theories with additional conserved charges besides the
energy. We probed non-equilibrium physics starting from global quenches described by
conformal boundary states modified by multiple UV cut-off parameters. It was found that
local observables in such a state thermalize to an equilibrium described by a grand canonical
ensemble (26]) with temperature and chemical potentials related to the cut-off parameters.
We computed the thermalization rate for various observables, including the reduced density
matrix for an interval. It was found that the same rate appears also in the long time decay
of two-point functions in equilibrium. In the context where the number of conserved charges
is infinite, and they are identified with commuting W, charges, the equilibrium ensemble (a
generalized Gibbs ensemble, GGE) corresponds to a higher spin black hole [33],[34]. We found
that the thermalization rate found above agrees with the leading quasinormal frequency of the
higher spin black hole; this constitutes an additional, dynamical, evidence for the holographic
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correspondence between the global quenches in this paper and the evolution into the higher
spin black hole.

4 Free Scalar and Fermion Quenches(based on [3])

In the previous section [3] the proof of thermalization required certain assumptions:
(a) the post-quench wavefunction is of the generalized Calabrese-Cardy (gCC) form.

|¢> = eXp[_"fQH - Z "’ann”Bd) (48)

n>2

where W, are additional conserved charges in the system (the results are valid even without
the additional charges present in the system). It was assumed that the charges are obtained
from local currents. For specificity, we have assumed that the system is integrable, with a
W, algebra and the W,,, n =2,3,... (W5 = H) are W, charges.

(b) The spectrum of conformal dimensions in the post-quench critical theory has a gap.

(¢) The dimensionless parameters &, = k,/k45 ', n > 2 are small and can be treated pertur-
batively.

(d) The size [ of the interval is small compared to Ks.

In this section we will focus on our work [3] where working with theories of free scalars or
fermions with a time-dependent mass m(t) quenched to m = 0. we extend the proof of
thermlization, without making the assumptions above. One of the technical advances in this
paper is the use of nontrivial pre-quench states, which we take to be squeezed states. The
motivation for considering this class of states is that besides being technically accessible,
these states are experimentally realizable (see, e.g. [38,139]) and carry non-trivial quantum
entanglement encoded by the squeezing function.

4.1 Critical quench of a scalar field: general strategy

An important example of quantum quench is provided by free scalar field theories with time-
dependent mass (our notations will closely follow [40]). We will consider critical quench, the
mass gap asymptotically vanishes following the quench.

The equations of motion of various Fourier modes get decoupled, where each mode sat-
isfies a Schrodinger-type equation with —m?(t) playing the role of a potential:

d*o(k,t
- PO V@l 1) = Bok ). V() = -mi(0), E= K. (19)

The solution for the field ¢(k,t) = [dx¢(z,t) e ** can be expressed in two distinct

bases,

Ok, t) = agm(k)upm(k,t) +al (—k)ul (k1)
= aout(k)uout(kv t) + aiut(_k)uz;ut(_ka t)v (50)

where the ‘in’ and ‘out’ wavefunctions w;, .. (k, t) are related by a Bogoluibov transformation.
The in- and out- oscillators are related to each other through the Bogoliubov coefficients
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aout(k)

*(k)aout(k) - B*(k)aiut(_k)a
(K)asn (k) + 87 (K)al, (=) (51)

The Bogoliubov coefficients are actually functions of |k|.

=
o

General proof of the gCC ansatz [2] for the ground state The two sets of oscillators
define two distinct vacua |0, in) and |0, out), defined by a;,(k)[0,in) = 0 and @y (k)|0, out) =
0. Using the first line of (BIl), we can express the in-vacuum in terms of the out-vacua as
follows

|0, in) = exp[; ZV @b (K)adu (=R)]|0, out), (52)
= exp[— Z ()b (k) aous (R)]| D), (53)
where (k) = 5"(k)/a" (k) w(k) = —%log(—’y(k)) (54)

where in the second line we have used Baker-Campbell-Hausdorff formula and |D) is a
Dirichlet boundary state defined in terms of the ‘out’ Fock space. Using the propeties
of quantum mechanical scattering problem, we find that (k) admits a small-momentum
expansion of the form

v(k) = =1+ k| + 72lk[* + 5[k + ..., Re(n1) >0 (55)
= k(k) = rolk| + Ks|k|* + kol k]® — ..., (56)

hence, this proves the ansatz ([Af]), where Ws,,n = 1,2,...,(Wy = H) are the even W
Chargesﬁ [41] of the final massless scalar field theory.

4.2 Thermalization to GGE

As we have shown in section Bl the post-quench state, which is of the form (&) shows
subsystem thermalization to the GGE:

subsystem

‘w(k% {kn}»gcc GGE( {:un}> 6 = 4k, Hn = dkp (57)

thermalization

A reduced density matrix on the LHS asymptotically approaches that in the RHS. We will
compute explicit correlators below which satisfy the same property.

The energy and W-charges (as well as the number operator) are conserved in the post-
quench CFT dynamics, we have

<H>gCC = <H>GGE7 <W7L>gcc - <Wn>GGE7 <N(k)>gcc - <N(k)>GGE (58)

SH=W, =3, |k|alut(k)aout(k) Wan = 325 [k[P* 1 out(k)aout(k)a n=23,..
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Thus, the charges measured for the post-quench state also refer to those of the GGE. In
particular, note that

vy = 10 = T — (59)

This relation can be identified with a similar relation in [21].

4.3 Specific quench protocols

Massive to critical scalar quench: For the specific mass function

m?*(t) = m3(1 — tanh(pt))/2 (60)
272 m2e(—t) (61)

p — oo is the sudden limit. Solving (49]), we find the following Bogoliubov coefficients

Wout r (_M#M) I (1 N m;;") p—00 l|k| +win

k)= 62
Ve T () 2 o
2p 2p
500 — [ D) (12 1w )
Win r(%)r(u%) 2 \/Iklwin

Using these values, and the general method of Section 1] we find that the ground state is
of the gCC form (48) where

1 mmi  ((3)m} 1 5 % ma
_ - (e 509 = (= —=0 ), .. 4
= mo<+12p2 o ),/{4 m8(160+288p2+ ) ®

Comparison with CC state ansatz of [20]: The propagator can be calculated in terms
of Meijer G-function. In the asymptotic limit ¢ — oo, it becomes

o 0 1 ) 1 e—mo(2t—r) e—mo(r+2t) 2e—mor )
i) = = (mo(2t — 1)) + + + o <2
a0 ) 8 (o ) 8+v/2mmy ( Va2t —r \r+ 2t N2 )
1 efmo(rf2t) efmo(rJer) 2e—mor
= + + + ... r> 2t
8v/2mmy < Vr—2t VT + 2t NG )

Using this, we can calculate (0¢0¢) and (0¢d¢) and it does not matches with the CC state
value calculated by BCFT techniques in [20] even in high effective temperature limit. The
Energy density in the ¢ — oo limit is,

H =m2/(167) (65)

Again it does not agree with the thermal value[28] with § = 4/mg. In other words, the
higher chemical potentials affect the asymptotic energy density.
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We also consider critical to critical scalar quench with the mass function[40] given by
m?(t) = m2 sech®(pt) and found the various parameters. We also considered massive to crit-
ical fermionic quench with the mass profile[42] 40] given by %2 (1 — tanh (pt)) and identified
various k,,’s.

4.4 Quenching squeezed states

Suppose, instead of the ground state we start with a squeezed statd] of the pre-quench
Hamiltonian

i) = 1) = exp | 5 3 F(k)aly(Ral,(—h) | [0,im) (66)

This is clearly a Bogoliubov transformation of |0,7n). And the quench process is another
further bogoluibov transformation. So, the final state is a gCC state (48) where now the
(k) and k(k) in (B4]) are modified due to the non-trivial initial state as

pr(k) + f(R)a(k)

1

Using elements of scattering theory and assuming f(k) to be regular at k = 0 so that it
admits an expansion f(k) = f(0) + O(k), we find that the first factor in the RHS has an
expansion —1 4+ O(k). This ensures an expansion of k.rs in the form (G6).

Explicit Examples: Starting from the squeezed state define by

f =1 2K

B \/ ‘kP + m02 tanh (/‘ig,ok + :‘i470]{?3) + k

the quench protocol of ‘tanh’ function (&1), in the sudden limit p — oo yieldsﬁ
|f) = exp|— (k2 0H + r4oWa) | D) (69)

k40 = 0 is the special case which yields CC state.

(68)

Correlators in Squeezed States

The propagator and other correlators in a squeezed state ([G9) is given by

(pg) = / dk e (coth (2k: (/<;2 + /<;4k2)) — cos(2kt)cosech (2/<: (HQ + H4/€2)) — 1)

4T k
(0p0p) = / g—ieik”k (coth (2]{:@ + 2/<;3/<;4) — 1)
(000¢) = / Z—ke_zmk: cosech (2k2k + 2k%ry) (70)
T

"These states have importance in diverse contexts [38, 3] including quantum entanglement [39]. Time-
development of these states can address the issue of dynamical evolution of quantum entanglement, among
other things.

8We assume that the norm of the squeezed state is finite, which is ensured by the finiteness of the integral
J dk/(2m)log(1 — [ f(k)[?).

9Note that we choose here k2, k4,0 to be positive to ensure that the gCC state is of finite norm.
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The first two equations describe two-point functions with (x1,t1) = (0,t), (22,t2) = (1, 1),
whereas the third equation is a one-point function at a point (z,¢) (which is independent
of x by translational invariance). For CC state(ks = 0), the fourier transforms can be
easily calculated, the results exactly match the results obtained using BCFT in [44]. The
equilibrium energy can also be calculated in the t — oo limit as

7

- 1
963 (71)

This agrees with the thermal energy density with § = 4k,.

With non-zero ry, let us first consider (9¢d¢). The associated Fourier transform can
be computed by contour integration. Note that the cosech function has simple poles in the
k-plane at 2r4k3 + 2Kk = i7n. Thus, there are three simple poles for each n. Out of these
poles, there is only one perturbative(ks < k3) branch, the total residue in this branch for
n = +1 poles is

™

16k3

(0000)gcc = — (72)

4 473Fy + 487TOR3) t
(1+47T2/~i4+48ﬁ4/~{i) exp (— (m o+ 4m7a + 487RY) )

4/432

where kg = 545,
4 4211%

Comparison with MSS: Using the charge under the p4 current ¢, = 3, f = 4k, and
k4 = fiy, we match the results of MSS exactly. Note that above, i3t also exponentiates, so
this gives the behaviour expected by MSS and higher orders.

The computation of (J¢d¢) follows along similar lines. Here, the poles are the same.
The only difference is the residue of coth.

Comparison with equilibrium GGE calculation: Using the Wightman function in a
GGE, the holomorphic two-point function is now given by

] 1 dk k —ik(z+t)
ETr (8¢($2,t2)8¢<$1,t1)€_6H_M4W4) - _/ ;

5 | o BT 1
| 3
[ (coth(BIk[/2 + pualk|*/2) — 1)
(73)

which exactly matches ([0 provided we define 5 = 4ka, p1q = 4k4.

4.5 Conclusion

We found an exact agreement between t — oo correlators in the gCC state (68) and in
the corresponding GGE (c¢f. equations ([0) and (73])) with chemical potentials p,, = 4ks.
The relaxation rate of one-point functions is seen to exactly exponentiate (see (72))), and
its perturbation expansion in the higher k,, coefficients agrees with the value from section
calculation by CEFT techniques. We also found that generically GGE correlators (equiva-
lently, late time correlators in a gCC state) and thermal correlators (equivalently late time
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correlators in a CC state), characterized by the same temperature (equivalently same ko are
different, even at large distance scales (e.g. k4 appears in the correlation length in (72)).
So, it is clear that while the fact of thermalization is true, the late time exponents depend
nontrivially on the higher chemical potentials (or higher x,,’s), even though these correspond
to perturbation by irrelevant operators in an Wilsonian RG sense.

At least for the free theories that we considered, the equilibrium chemical potentials allow
a reconstruction of the quench protocol (completely or partially depending on the situation).
Now, it is well-known that the potential of a one-dimensional Schrodinger problem [45] can
be reconstructed from the reflection amplitude. This implies, for the ground state quench,
that through correspondence between the quench problem and the scattering problem, m(t)
can be reconstructed from (k). This, in turn, means that the yu,,’s carry complete knowledge
of the quench protocol m(t). In case we consider a squeezed pre-quench state, the GGE is
characterized by the function r.ss(k) which is given by a combination of the knowledge of
the squeezing function f(k) and the quench protocol m(t). Thus, in case the pre-quench
initial state as well as the quench protocol are unknown, the equilibrium ensemble has an
imperfect recollection of the history.
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Chapter 1

AdS5/CFTy: Geometry of
entanglement

1 Introduction and Summary

It has been a matter of lively debate whether the standard description of a large black hole
with a smooth horizon is quantum mechanically consistent, and is, in fact, consistent with
AdS/CFT. While the firewall hypothesis [46, 47] g argues against the validity of the standard
description, Maldacena and Susskind [4] have suggested that the region inside the horizon is
a geometric representation of quantum mechanical entanglement. Both the above proposals,
and related issues, are discussed in a number of papers; for a partial list, related to the
discussion in this chapter, see [46] 47, 49, 50, 511, 52, B3, B4, B3, 56]. The proposal of [4],
summarized by the symbolic equation ER = EPR, [ is illustrated by the eternal black hole
geometry which is dual to the thermofield state HH It has been argued in several papers
(see, e.g., [51],[56]) that although the proposal holds for this illustrative case, it does not hold
in general. One of the objectives of this chapter is to explicitly construct a general class of
two-sided geometriesﬁ which represent entangled CF'T’s.

A useful approach to construct the geometric dual to a CEF'T state is by using a Fefferman-
Graham (FG) expansion, with boundary data provided by the CFT state. To begin with, let
us consider the case of a single CF'T. Since we are primarily interested in the metric, let us
focus, for simplicity, on states in which only the stress tensor is excited. The dual geometry
would then be given by the solution to the appropriate Einstein equations subject to the
boundary data provided by the stress tensor. This approach has been particularly fruitful
in the context of the AdS;/CFTy duality where the Fefferman-Graham expansion has been

'The contents of this chapter have partial overlap with Ritam Sinha’s thesis work.

2See also [48].

3Einstein-Rosen (wormhole) = Einstein-Podolsky-Rosen (entangled state).

4See [7] for an AdS/CFT check on the dynamical entanglement entropy which involves the wormhole
region, and [I4] for generalization to include angular momentum and charge.

5By two-sided, we mean geometries which have two asymptotically AdS regions.
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shown, for pure gravity, to terminate [9] , yielding the following exact metric [

dz? 1 L(zy)L(z_) 1 -

2 2 LA+ 2 2

ds” = =~ drydx_ <; +z BT + 2 (L(z4)da? + L(z_)da?) (I.1)
The boundary data (z — 0) is represented by the following holographic stress tensors (we
choose —A = 1/0*=1)

STGyTy (14) = %, SrGyT_ () = Liz-) (1.2)

The above metric becomes singular at the horizon
- —1/4
2=z =2(Lxy) Lz ) ", (1.3)

and therefore the metric ([1]), describes only an exterior geometry. A

How does one carry out such a construction with two boundaries, with two sets of bound-
ary data? Indeed, it is not even clear, a priori, whether simultaneously specifying two inde-
pendent pieces of boundary data can always lead to a consistent solution in the bulk (this
question has been raised in several recent papers, e.g. see [50]). A possible approach to this
problem is suggested by the fact that the eternal BTZ solution, which contains ([LIl) with
constant stress tensors, admits a maximal extension with two exteriors, which are joined
to an interior region across a smooth horizon. The maximal extension is constructed by
transforming, e.g., to various Eddington-Finkelstein (EF) coordinate patches (described in
Appendix [A]). A naive generalization of such a procedure in case of variable L, L, of trans-
forming the metric (L)) to EF type coordinates, does not seem to work since it leads to a
complex metric in the interior region B. A second approach could be to solve Einstein’s equa-
tions, by using the constant L, L (eternal BTZ) solution as a starting point and, incorporate
the effect of variable L, L perturbatively, either in a derivative expansion or an amplitude
expansion. While this method may indeed work, at the face of it, it is far from clear how
the variation in L, L can be chosen to be different at the two boundaries.

We will use the method of solution generating diffeomorphisms (SGD). In gauge theory
terms, these are asymptotically nontrivial gauge transformations which correspond to global
charge rotations; the use of these objects was introduced in [58, 59, [60], and used crucially by
Brown and Henneaux[61] to generate ‘Virasoro charges’ through asymptotically nontrivial
SGDs that reduced at the AdS boundary to conformal transformations. (We discuss these
in more detail in Section P]). Brown and Henneaux had discussed only the asymptotic
form of the SGDs. We apply two independent, exact Brown-Henneaux SGDs M to different

6In (L), 2+ =t + x, with € R. For L, L constant, this corresponds to the BTZ black string.

"The inverse metric g™ % blows up at the horizon, as in case of Schwarzschild geometry. However, unlike
there, here the other region z > zp does not represent the region behind the horizon; rather it gives a second
coordinatization of the exterior region again. We will use a different set of coordinate systems to probe the
interior and a second exterior region.

8Such a coordinate transformation has been discussed in [57] in an asymptotic series near the boundary.

9 Tt has been shown by Roberts [62] that the exterior metric (LI]) can be obtained by an exact Brown-
Henneaux type diffeomorphism applied to the Poincare metric. See Appendix for a discussion on this
and a different, new, transformation which is closer to the ones we use here.
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coordinate patches of the eternal BTZ geometry, yielding a black hole spacetime with two
completely general stress tensors on the two boundaries. In other words, our strategy for
solving the boundary value problem can be summarized as: given arbitrary boundary data
in terms of stress tensors Tg, Tr, and Ty, Ty, we (i) find the two specific sets of conformal
transformations (which we are going to call G;,G_ and H,, H_) which, when acting on a
constant stress tensor, gives rise to these stress tensors, (ii) find the SGD’s which reduce to
these conformal transformations and (iii) apply the SGD’s to the eternal BTZ metric.

This solves the boundary value problem we posed above.

The results are organized as follows:

(1) The new solutions: In Section [ we describe the explicit solution generating dif-
feomorphisms (SGDs) and construct the resulting two-sided black hole geometries. The
diffeomorphisms reduce to conformal transformations at each boundary, parameterized by
functions G+ on the right and Hy on the left. The SGD parameterized by G is applied
to the Eddington-Finkelstein coordinate chart EF1 (which covers the right exterior and the
black hole interior, see Figure [[I)) and to EF4 (right exterior + white hole interior), whereas
the SGD parameterized by H. is applied to the Eddington-Finkelstein coordinate chart EF2
(left exterior + black hole interior) and to EF3 (left exterior + white hole interior). To cover
the entire spacetime we also use a Kruskal chart K5 which covers an open neighbourhood
of the bifurcate Killing horizon; here we leave the original Kruskal metric unaltered. The
effect of the above SGDs is that we have a description of different metric tensors in differ-
ent charts. In Section we show that all these can be pieced together to give a single
(pseudo-)Riemannian manifold; we prove this by showing that in the pairwise overlap of any
two charts Ny N Ny the different metrics constructed above differ only by a trivial diffeomor-
phism (see the definition [2.H); the full metric, specified with the help of the various charts,
is schematically represented in Figure [[3l An important manifestation of the asymptotic
nontriviality of the SGDs is to move and warp the infra-red regulator surface (see Figure [2));
the change in the boundary properties, as found in later sections, can be directly attributed
to this.

The new spacetime so constructed inherits the original causal structure, with the event
horizon, the bifurcation surface, and the two exterior and interior regions (see also footnotes
and B2). The horizon is, therefore, regular by construction. In the new EF coordinates
(the tilded coordinates) the horizon consists of smoothly undulating surfaces (see Fig [L4]).

(2) The CFT duals: In Section [ the fact that the SGDs reduce asymptotically to con-
formal transformations is used to infer that the CFT duals to our geometries are given by
conformal unitary transformations Uy ® Ug to the thermofield double state. The correspon-
dence between various AdS and CFT quantities, implied by this, is explicitly verified in the
next few sections.

(3) The AdS/CFT checks: In section ] we carry out this test for the stress tensor. We
compute the holographic stress tensor [12] [15] in the new geometry and show that it exactly
matches with the expectation value of the conformally transformed (including the Schwarzian
derivative) stress tensor in the thermofield double state. In section [ we compare AdS and
CFET results for both (O;,0g) and (OgOg) types of correlators. The holographic two-point
function is found by computing geodesic lengths in the new geometries and we find that
it correctly matches with the two-point function of transformed operators. This can be
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regarded as an evidence for the ER=EPR relation in the presence of probes.

(4) Entanglement entropy: As a further check, in section [ we apply the above result
for two-point functions to show that the entanglement entropy EE in CFT matches the
holographic EE [63] 13] including when the Ryu-Takayanagi geodesic passes through the
wormhole. This constitutes a direct proof of the ER=EPR conjecture for the entire class
of geometries constructed here. We work out the dynamical entanglement entropy in an
example (see fig [L0).

(5) Holographic entropy from horizon: In section [7, we make crucial use of the existence
of smooth horizons on both sides to compute a holographic entropy along the lines of [64].
We are able to compute the entropy in the CFT by using the Cardy formula and an adiabatic
limit (which allows the use of the ‘instantaneous’ energy eigenvalues to compute degenera-
cies); the holographic entropy agrees with this. The entropy turns out to be divergenceless,
reflecting the dissipationless nature of 2D CF'T. There is, however, a nontrivial local flow of
entropy (see fig [L.A).

(6) ER=EPR: In Section [§ we discuss some implications of our solutions wvis-a-vis the
ER=EPR relation of Maldacena and Susskind [4]. Our solutions establish an infinite family
of quantum states entangling two CFTs which are represented in the bulk by wormhole
geometries. We show, in particular, that out of a given set of quantum states we consider,
all characterized by the same energy, there are states with low entanglement entropies, which
nevertheless are still represented by wormhole geometries; this is in keeping with the picture
of geometric entanglement suggested in [4].

2 The solutions

In this section we obtain the new solutions by carrying out the procedure outlined in the
Introduction. As explained in Section [[A] for constant L, L, the metric (LIl represents
a BTZ black hole of constant mass and angular momentum (L83). In that case, one can
construct EF coordinates (see Section [LA]) to extend the spacetime to include the region
behind the horizon and a second exterior. We will, in fact, use five charts to cover the
extended geometry (see Fig[Ll).
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Banados EF1

Figure I.1: The (green parts of) the five figures on the right depict the five coordinate charts
used to cover the eternal BTZ solution™IThe coordinate chart K5 is needed to cover the
“bifurcation surface” where the past and future horizons meet (it is a point in the Penrose
diagram). The leftmost diagram (in blue) represents the coordinate chart used in (LI]). Each
of the coordinate charts is shown, for facility of comparison, within a Penrose diagram where
the parts not within the chart are shown in gray.

2.1 The eternal BTZ geometry

We will now briefly review some properties of the eternal BTZ geometry. The maximal
extension of the eternal BTZ geometry, starting from ([l is described in detail in Section
LAl We will briefly reproduce some of the formulae relevant to the coordinate system (“EF1”)
describing the right exterior and the interior. The EF1 coordinates are obtained from the
coordinates of (LI)) by the transformations

G "

TL. =10 — 1 ln(A_A()) T_ =W — 1 ln(A_A())
- WL \A+X/) T WL \ M+

The metric, in these coordinates, becomes

d)\2 L E \/f \/E
2 2 2
A W - _ _vy= T L

The event horizon Ay, the inner horizon \;, and the singularity \s are at

A= Ao

w‘h
wll

[ VIS W —i(L 4 1) (16)

10 This is the entire geometry for the non-spinning BTZ; for spinning BTZ solutions, we do not attempt
to cover the region beyond the inner horizon, since we are interested in the asymptotic properties in the two
exteriors mentioned above. See also footnote
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Note that for BTZ black holes without angular momentum L = L and A\; = \,. The location
of the event horizon corresponds to (L3]).

In order to regulate IR divergences coming from A\ — oo, we define a cut-off surface >p
at a constant large A = \;,; the metric (L3) on X5 turns out to be

A=\ =1/ = ds’|s, = —(1/€%) dv dw(l + O(e?)) (1.7)
By the usual AdS/CFT correspondence the leading term defines the boundary metric (see

Section [L.C])
dspg, = —dv dw (L8)

The subleading term in the metric corresponds to the normalizable metric fluctuation, which
gives the expectation value of the stress tensor; this is the holographic stress tensor [12], and
is given here by

(L9)

|

L
87TG3TM,(.T+) = Z, 87TG3Tww<.CL’,) =

It is easy to see that we will get the same boundary metric and stress tensor from an
analysis of the coordinate chart EF4. It is also straightforward to derive similar results for
the left exterior (which represent a state with the same mass and angular momentum) using
EF2 and EF3.

2.2  Solution generating diffeomorphisms (SGD)

We will now proceed to construct new solutions with arbitrary boundary data at the two
boundaries (represented by two arbitrary holographic stress tensors g, (z) and Ty, ., (2))
by applying the method of solution generating diffeomorphisms to the above geometry, as
explained in the introduction.

The solution generating diffeomorphisms can be described as follows. Suppose we start
with a certain metric gy n(2)da™dz™ [1Y in a certain coordinate chart Up containing a point
P. The new metric gy, in this coordinate chart, is given in terms of a diffeomorphism
(active coordinate transformation) f : &M = #M(x), by the definition

xt Ox@
9 G=10: Gunl?) = So o arale) (1.10)
In the above, f*g is a standard mathematical notation for the pullback of the metric g under
the diffeomorphism f. For diffeomorphisms differing infinitesimally from the identity map:
M =M — eM(z), we, of course, have the familiar relation

dgmn(r) = Dyén + Dnéur (L.11)

Normally, a diffeomorphism is considered giving rise to a physically indistinguishable solu-
tion; this, however, is not true when the diffeomorphism is non-trivial at infinity (this is
explained in more detail in Section 2.5]).

As explained in Section [LA] we use five charts to cover the entire eternal BTZ geometry
(see Fig[Ld)). These charts are labelled as EF1, EF2, EF3, EF4 and K5. We use a nontrivial
diffeomorphism in each of EF1, EF2, EF3 and EF4, which overlap with the boundary and
the identity transformation in the Kruskal patch K5.

UNotation: 2™ = {\ a2#}, z* = {v,w}.
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The metric in the coordinate chart EF1

The diffeomorphism in the EF1 coordinate chart is given by

A 5), w= G_(
A= W, v==G4(0), w=G_(0) (I.12)

The new metric gysy, written in terms of #M = (X, 9, ), is

Gun (B)didz™ = ds? = — [dv + A2 A5 + A% d? + 24, did) + 2A_dwd)

- X(BQ+2(A+G:/E §+A_glg §+Agzg ;ngZi))dvdw] (1.13)

where

_ o vy 5 G0 , G (@) o .x o«
A+—\/EG+(U)()\+)\O)—)\G,(6), = VLG (@) + Ao) — )\GL(ID),B_Q()\JM\O)

For infinitesimal transformations G4 (x) = x + €4 (x), this amounts to an asymptotically
nontrivial diffeomorphism &M (see (I1T))

& = er(v), & = e (w), & = =X (e, (v) + €. (w)) (L14)
The behaviour of the metric (LI3)) at a constant large A surface is given by
ds? = =\ dodi (1+ O(1/N)) (1.15)

This, by following arguments similar to the previous case (see Section [Z]), identifies the IR
cutoff surface as
= (1/€%) (I1.16)

and the boundary metric as
dspyy, = —dvdw (1.17)

The subleading term in (L1H), as explored in Section M, gives the holographic stress tensor.
We will see there that the subleading term depends on the SGD functions G ; this feature
is what makes the SGD’s asymptotically nontrivial (see Section for a more detailed
discussion on this).

In terms of the old A-coordinate, the surface (LI6) is

A =1/(EG(D)G_(0)) (1.18)

Note that this surface is different from (L), and is nontrivially warped, as in Figure[L2l This
is another manifestation of the asymptotic non-triviality of the diffeomorphism (LI12), which
is responsible for nontrivial transformation of bulk quantities, such as geodesic lengths.

12The subscript in &7 refers to the chart EF1.

31



EF(2+3) EF(1+4) Kruskal

Figure 1.2: This figure shows the IR cut-off (LIG]) in the new geometries. The effect of the
SGDs, in the old (un-tilded) coordinates, is to deform the IR cut-off surfaces. The surface
deformation on the right exterior is given by the change from ([L7) to (LI8); there is a similar
surface deformation on the left exterior.

We note that the leading large A behaviour of ([I3) is that of AdS;

Js? d)\2

(1.19)

As mentioned before, and will be explored in detail in Section M the subleading terms,
represented by the ellipsis ..., are nontrivially different from that of AdSs.

The metric in the coordinate chart EF2

The diffeomorphism (SGD) used in the coordinate chart EF2 (see Fig [[1l), which is inde-
pendent of the one above used in EF1, is given by

M

A= T 0 H (@) u=H, (1), w= H_(0) (1.20)

which leads to the metric

ds* = — [CN + A+ A% d® — 24, did)y — 2A_d@d),

(S ]

where

"

! [~ H”((Z)) o 3 3
—VLH (& )\1+)\0)+>\1H,(a)) B =20\ + \o)

o HY(
A, =VLH(u )()\1+>\0)+)\1H,(ﬂ,

For infinitesimal transformations H.(z) = -+ (), this implies a diffeomorphism £ where

& = —er(u), & = —e_(w), & = —A (. (v) + <. (w)) (1.22)

Note, once again, the asymptotic nontriviality of the above diffeomorphism.
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2.3 The full metric

In a manner similar to the above, we apply the SGD characterized by G+ on EF4 (which
shares the right exterior with EF1, see Appendix [LAT]): and the SGD characterized by Hy
on EF3 (which shares the left exterior with EF2):

EF4: A= Gﬁr(ﬂl))\G’(ch)’ uy = G4 (), wy = G_(@r)
infinitesimally (€3, &}, &5") = (—A(€} (u1) + € (w1)), €4 (ur), e—(wr))
- H(01)H(un)
infinitesimally (€3, &%, &) = (=A(e" (v1) + €7 (wr)), e (v1), e (wy))  (L.23)

EF3: A

, U1 = H+(’171>, wy = H,(’lzjl)

The infinitesimal transformations are similar to those in eqs. ([LI14)) and ([22). As
mentioned above, we use the identity diffeomorphism of Kruskal patch K5 (with ¢ = 0).
The expressions for the metric in various coordinate charts are given in (L13)), (L21), (L114),
(LIT5) and (LI0I).

We will now show that the five different metrics in the five coordinate charts define a single
metric in the entire spacetime. To see this, note that although the SGD’s applied on the five
charts are different, (equivalently, for infinitesimal transformations, the diffeomorphisms &M
in the five charts differ from each other), they satisfy the following sufficient criteria:

(i) At both the right (and left) exterior boundary, the diffeomorphisms coincide. For
example, in case of the right exterior (see ([LI0Q)), as A — oo, u3 — v, w; — w.
Hence @i; = G (u1) — G5! (v) = 9. In other words, for infinitesimal transformations
EM(P) — €M(P) for a given point P with A\ — oco. This implies that the metric (LI3)
coincides at the right boundary with the similar metric(LII4]) obtained by applying the
G4 transformations on the coordinate chart EF4. Similarly, the metric (L2I]) obtained
by the H. transformations in EF2 and the similar metric (LII5) obtained by the H.y
transformations in EF3 coincide at the left exterior boundary.

(ii) Away from the boundary, the metrics obtained in the various EF coordinate charts
differ from each other only by trivial diffeomorphisms which become the identity trans-
formation at infinity. Since the physical content of each of these metrics is represented
only by the boundary data, the above point (i) ensures that all the different metrics
represent the same single spacetime metric in different charts (see Figure [[3)).

(iii) It is clear that the SGDs lead to a smooth metric in each chart, provided G4 (z), Hy(x)
are differentiable and invertible functions. In the rest of the chapter, we will only
consider such functions. It can be verified that such a class of functions is sufficiently
general to generate (through transformations such as ([42))) any pair of physically
sensible holographic stress tensors at both boundaries.
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various metrics

R -1y —EHe

EF2 ( EF1 (5)

left boundary left exterior black hole interior right exterior right boundary

Figure 1.3: A schematic illustration of the metrics related by trivial and nontrivial diffeo-
morphisms (see the definition [Z3]). The metrics (L3), (L93), (L96) and (L99), represented
by the blue lines, define the eternal BTZ geometry; they are all related by trivial diffeomor-
phisms, which either do not extend to the boundaries or when they do, they become identity
asymptotically. The metrics (LI3)), (L21)), (LI14) and (LIIH]), represented by the green lines,
define our new solution characterized by the functions G, Hy. These are also all related
by trivial diffeomorphisms, which satisfy the same criteria as above. The two sets however
represent physically different metrics since they are related to each other by nontrivial dif-
feomorphisms; for instance, (L) and (LI3)) are related by a diffeomorphism, schematically
represented by their separation, which does not vanish (become identity) asymptotically.

Analogy with the Dirac monopole

It is important to note that our new solutions can only be specified in terms of a different
metric in different coordinate charts which are equivalent to each other. This is analogous
to case of the Dirac monopole: the gauge field A, for a static U(1) magnetic monopole of
charge ¢, at the origin needs to be specified separately on two separate coordinate charts:

F =qp,sinf df dp: Ay = gn(1l —cosb) dp, Ag = ¢n(—1 — cosb) do (I.24)

Here R? — {0} is viewed as R x S? where S? is described by two coordinate charts Ny and
N (such as obtained by a stereographic projection on to the plane) which include all points
of $? minus the south and north pole respectively. A% vanishes (and is hence regular) at the
north pole = 0, but develops a string singularity at the south pole 6 = & (for each r > 0).
Similarly, Ag is regular at the south pole, but has a string singularity at the north pole. The
important point to note is that in spite of appearances, Ay and Ag describe the same gauge
field in the region of overlap Ny N Ng. This is because in this region, Ay = Ag + dy where
X = 2¢md¢ represents a pure gauge transformation for appropriately quantized ¢, (Dirac
quantization condition).

In the present case the metric (LI3]) written in EF1, although non-singular on the future
horizon, is singular on the past horizon for general G.. In order to describe the metric in a
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neighbourhood of the past horizon, we must switch to the metric in EF4. Similarly, in order
to describe the diffeomorphism at the bifurcation surface, we must use the metric (LI104) in
the K5 coordinate chart.

Summary of this subsection:

The metrics (LI3), ([2I), (LI14), (LI15) and (LI04), valid in the coordinate charts EF1,

EF2, EF3, EF4 and K5 respectively, define a spacetime with a regular metric. The metrics
are asymptotically AdS3; at both the right and left boundaries; the subleading terms in
the metric are determined by the solution generating diffeomorphisms G4, Hy and can be
chosen to fit boundary data specified by arbitrary holographic stress tensors. A schematic
representation of our solution is presented in Figure

2.4 Horizon

In Section we viewed the SGDs as a coordinate transformation. Alternatively, however,
we can also view the diffeomorphism as an active movement of points: #M — M = #M - ¢M,
In this viewpoint, the future horizon A = Ay = g (see (L)) on the right moves to

A = G (D) G"_ ()Xo, A = H' (@) H' (©)\o (1.25)

10 5 i, 0 0 5 10

Figure 1.4: The figure on the right shows the location of the horizon on the right in the
\, 0, W coordinates. The figure on the left shows the location of the horizon on the left in the
A1, @, & coordinates. These are described by (L25). These surfaces are diffeomorphic to the
undeformed horizon (LG) depicted in Figure Although the horizon has an undulating
shape in our coordinate system, the expansion parameter, measured by the divergence of the
area-form, vanishes (see Eq. (L74).

Similar statements can be made in the other coordinate charts. The horizons represented
this way are smooth but undulating (see figure [.4]).

The geometry of warped horizons in [65, [64] was used to yield a holographic prescription
for computing local entropy current of a fluid. In Section [[ we use a similar technology to
compute a holographic entropy in our case.
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2.5 On the nontriviality of solution generating diffeomorphisms

It is natural to wonder how a metric such as ([L13]) provides a new solution since it is
obtained by a diffeomorphism from (LH); however, the fact that the diffeomorphism ([12l)
is asymptotically nontrivial makes the new solution physically distinct. Thus, in ([I2l) A
remains different from A in the asymptotic region. Indeed, as we will see, the first subleading
term in the metric (LI3]) carries nontrivial data about a holographic stress tensor ([L.42)) on
the right boundary.

Asymptotically AdSs diffeomorphisms were first discussed by Brown and Henneaux [61]
who showed that such transformation led to an additional surface contribution to conserved
charges of the system. These observations were preceded by a general discussion of such
surface charges in the context of gauge theories and gravity in [58, 59, [60]. These authors
identified asymptotically non-vanishing pure gauge transformations as global charge rota-
tions.

In the current AdS/CFT context, the surface charges are encapsulated by the holographic
stress tensors on the two boundaries. As we will see shortly, they change nontrivially under
the solution generating diffeomorphisms (SGD’s). In fact, the SGD’s reduce to conformal
transformations on the boundary. As a result, the ‘global charge rotations’ mentioned above
correspond to a conformal transformation of the stress tensor. The important point is that
starting from a given constant stress tensor on each boundary, the two independent SGD’s
can generate two independent and completely general stress tensors by this method.

We should note that the diffeomorphisms define a new theory in which the appropriate
choice of the IR cutoff surface is (L.I6]). In this description, the horizon becomes an undulating
surface as in Fig[L4 An equivalent (‘active’) viewpoint is to describe the new geometry in
terms of the old coordinates (L), but to change the IR-cutoff surface from (L) to (LIGI).
In either case, the holographic stress tensor changes.

We conclude this section with the following definition of a nontrivial diffeomorphism,
which has been implicit in much of the above discussion.

Definition

A local diffeomorphism which does not extend to either boundary (left or right), or a dif-
feomorphism which extends to a boundary but asymptotically approaches the identity dif-
feomorphism there, is called a ‘trivial’ diffeomorphism. Contrarily, a diffeomorphism which
extends to a boundary where it does not approach the identity diffeomorphism, is called
‘nontrivial’. Quantitatively, a nontrivial diffeomorphism (f) is one under which the holo-
graphic stress tensor computed from the existing metric g at the boundary is different from
that computed from the pulled back metric f*g.

3 The Dual Conformal Field Theory

As we saw above, the SGD’s reduce to conformal transformations at the boundary. We will
construct the CFT-dual to the new solutions using the above idea.
Note that the eternal BTZ black hole geometry, described by (L3) and ([L93]), corresponds
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to the following thermofield double state [5], [, 13|, [14]

o) = Z(B4, B-)7*> " expl—B4 By n/2 — B-E_n/2][n)In) (1.26)

The states |n) € H denote all simultaneous eigenstates of Hy = (H £ J)/2 with eigenvalues
Ey,. \) here is a pure state in H @ H obtained by the ‘purification’ of the thermal state
.

20 ) = Tpese Wi pov. = expl-Bily = B = epl-BT+ 00
[.27
represents the grand canonical ensemble in ‘H with inverse temperature $ and angular ve-
locity €2 (which can be viewed as the thermodynamic conjugate to the angular momentum
J). Also By = B(1 £ Q).
Note that [¢g) is a pure state in H ® H , and is a ‘purification’ of the thermal state
(L27). The non-spinning BTZ: The CFT dual for the more familiar case of non-spinning
eternal BTZ black hole (2 = 0 = J) is the standard thermofield double:

[boo) = Z(8)"* ) exp[-BE,/2]In)|n) (1.28)

n

where |n) now denotes all eigenstates of H.

CFT duals of our solutions Following the arguments above ([26), we claim that the
CFT-duals to the new solutions described in Section are described by the following pure
states in H @ H:

[0) = UrUgltho) = Z(B+,6-)712 Y expl=B1 B n/2 = B-E—p/2JUs|n)Ugln) — (1.29)

n

where Uy is the unitary transformation which implements the conformal transformations on
the CFT on the right boundary (characterized by G4 ), and Uy, is the unitary transformation
which implements the conformal transformations on the CFT on the left boundary (charac-
terized by Hy). See Appendix [LE] for an explicit construction of a unitary transformations

Ukg.

In the following sections, we will provide many checks for this proposal. However, first we
shall discuss how to compute various correlators in the above state ([L29).

I3For definiteness, we will sometimes call the two Hilbert spaces H; and Hg, where L, R represent ‘left’
and ‘right’, corresponding to the two exterior boundaries of the eternal BTZ. Indeed, L, R also have an
alternative meaning. The left/right boundary of the eternal BTZ geometry maps to the left/right Rindler
wedge of the boundary of Poincare coordinates, respectively.

4The thermal state pg ..3_ (see (L27)) implies a field theory geometry where the light cone directions
have periods (.

15 An entanglement entropy for this state was calculated in [7] and matched with a bulk geodesic calculation.
This was generalized to the spinning eternal BTZ black hole in [T4].
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3.1 Correlators

Let us first consider correlators in the standard thermofield double state (L26). It is known
that c.orrelators of one-sided CFT observables, say Og, satisfy an AdS/CFT relation of the
form [19

<’Lp0|OR(P1)OR(P2)OR(Pn)|1/}0> =Tr (p5+,B_OR(P1)OR<P2)OR<Pn>) = Gbulk(Ph PQ, Pn)

(1.30)
where the bulk correlator Gy, is computed from the (right exterior region of) a dual black
hole geometry with temperature 7' = 1/ and angular velocity 2. Two-sided correlators,
similarly, satisfy a relation like

<’§D0|OR(P1)OR(P2)OR(Pm)OL(P{)OL(P;L)W}(ﬁ = Gbulk<P17 P27 Pm, P/17 ceey P;L) (131)

where the bulk correlator on the RHS is computed from the two-sided geometry of the
eternal BTZ black hole [B] [7, 13} 4], given in (L3]) and ([[93]). The bold-faced label P above
represents an image of the field theory point P on a cut-off surface in the bulk under the
usual AdS/CFT map. E.g. in the coordinates of (L3), the map is given by

P—=P=(0\=\=1/&P) (1.32)

where € is the UV cut-off in the CFT, cf. ([L7)). There is a similar map for the left boundary.
In particular, the holographic correspondence for the two point functions of scalar operators
can be written simply as [16]:

(Vo|Or(P)OR(Q)[0) = Tr(pp, 5_Or(P)Or(Q)) = exp[-2hL(P, Q)]
(0| Or(P)OL(Q)|th) = exp[-2hL(P, Q)] (1.33)

where L(P, Q) is the length of the extremal geodesic connecting P and Q (similarly with
L(P,Q)).

It is easy to see that correlators in the new, transformed, state |¢)) ([[29) can be understood
as correlators of transformed operators in the old state [ty), i.e.

(V|OR(P1)...ORr(Pn)OL(P))...OL(P)) ) = (¢0‘OR<P1)---O~R<Pm>oL<P{)---0L<PrIL)‘w(g "

where
Or(P) = ULOR(P)Ur,  OL(P') = UlOL(P)U, (1.35)

For a primary field O with conformal dimensions (h, h), the conformally transformed oper-
ator satisfies the relation

On(t.) = Onto) (22) (22" (1.36)
v, W) = v, w —_— —_— .
R\Y, R\Y, do dio

16We will mostly use unprimed labels, Py, P, ... for points on the spacetime of the ‘right’ CFT, and primed
labels, P|, Py, ... for the space of the ‘left’ CFT.
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3.2 Strategy for checking AdS/CFT

To check the claim that the states ([29) are CFT-duals to the new bulk geometries found
in Section [Z3] we need to show a relation of the form (cf. (L31]))

(Vo] OR(Py)...0r(P)OL(P))...0L(P) o) = Gou(P1, Py, .. P PL L P)) (1.37)

where the RHS is computed in the new geometries. Here P represents the image of the CFT
point P, under AdS/CFT, on the cut-off surface (LI6]) in the new geometry. In the language

of (LI3), the map is . o
PoP=(=\ =1/&P) (1.38)

Two-point correlators: In the particular case of two-point functions

(0| Or(P)OR(Q)[t0) = Tr(ps.,5-Or(P)Or(Q)) = exp[-2hL(P, Q)]
(olOr(P)OL(Q")[th0) = exp[2hL(P, Q)] (1.39)

where E(f’, Q) is the length of the extremal geodesic connecting P and () in the new geometry
(similarly with L(P,Q’)). One may wonder how a geodesic length in the new geometry can
be different from that in the original, eternal BTZ black hole geometry, since the former is
obtained by a diffeomorphism from the latter; the point is that the bulk points P, given by
(L3]) are not the same as the bulk points P given by ([32). For example, a geodesic with
endpoints at a fixed IR cut-off A = 1/¢ (both on the right exterior) corresponds, in the
eternal BTZ black hole, to a geodesic with two end-points at (LI8) A = 1/(e*G/, (0)G"_(w)).
As we will see below, it is this shift which ensures the equality in (L39). This is one more
instance of how our geometries are nontrivially different from the original BTZ solution
although they are obtained by diffeomorphisms (see Section for more detail).

4 Holographic Stress Tensor

In this section we will discuss our first observable O: the stress tensor. We will first consider
the stress tensor of the boundary theory on the right. The generalization to the stress tensor
on the left is trivial. The equation ([37) now implies that we should demand the following
equality

(WIT(P)E) = Tr (p3. 5 URTou(P)UR ) = Thueso(P) (140)

and a similar equation for the right-moving stress tensor T, (w).

Bulk The RHS of this equation is simply the holographic stress tensor, computed in the
new geometry ([LI13]). We use the definition of holographic stress tensor in [12] Dﬂ

8nGsT,, = lir% (K — Khyw — hy) (1.41)
e—

1"We drop the subscript buik from the bulk stress tensor, as it should be obvious from the context whether
we are talking about the CFT stress tensor or the holographic stress tensor.
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where h, is the induced metric on the cut-off surface X : A = S\ir = 1/€, chosen in
accordance with ([L38) which is the natural one in the new geometry (note that it is different
from the cut-off surface implied by (L32])). K, and K are respectively the extrinsic curvature
and its trace on X. It is straightforward to do the explicit calculation; we find that

3G/ (9)° — 2G, (1) G (D)
IEAGE |
3G" (w)? — 2G"_(w)G"' ()
AG" (0)?

L
87TG3T5@ = ZG/_’_(f))Q +

87G3Tyg = gG’ (w)* + (1.42)
This clearly looks like a conformal transformation of the original stress tensor (L9). We will
explicitly verify below that it agrees with the CF'T calculation. The generalization to T,
and to the stress tensors of the second CFT is straightforward. This clearly has the form of a
conformal transformation of the original stress tensor ([L9). We will explicitly verify below in
the CFT that it indeed is precisely a conformal transformation, as demanded by ([.40). The
generalization of (L42]) to the stress tensors Tyg, Toe of the second CFT is straightforward.

We will sometimes use the notation Tx, Tk for Tys, T, and Ty, Ty 1M for Tha, Ton re-
spectively. It is clear that by appropriately choosing the functions G4 and H., any set of
boundary stress tensors Tr 1, Trr can be generated. This is how our solutions described in
Section solve the boundary value problem mentioned in the Introduction.

CFT The unitary transformation in the LHS of (L4Q), implements, by definition, the
following conformal transformation (see Appendix [LE] for more details) on the quantum
operator

0v

UTa(PIUR = (57)  [nl0) = 15500, 0) (143

From (LI2), the relevant conformal transformation here is v = G (0). Using this, the
definition (L122)) of the Schwarzian derivative S(v,?), and the identification [61]

Gs = 3/(20), (L44)

we find that (L43)) exactly agrees with (L.42).
This proves the AdS-CFT equality ([40) for the stress tensor.

5 General two-point correlators

In this section we will discuss general two-point correlators, both from the bulk and CFT
viewpoints following the steps outlined in Section B.1]

5.1 Boundary-to-Boundary Geodesics

As mentioned in ([[33]), the holographic calculation of a two-point correlator reduces to com-
puting the geodesic length between the corresponding boundary points. We will first calcu-

18T%, Tr represent the left-moving and right-moving stress tensors on the Right CFT; similarly for 77, T7,.
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late correlators in the thermofield double state (L26]), which involves computing geodesics in
the eternal BTZ geometry (L3).

In the eternal BTZ geometry

RL geodesic: Let us consider a geodesic running from a point P(1/€%,v,w) on the right
boundary to a point Q' = (1/€%, u,w) on the left boundary As shown in Section [[LA3] (see
[7) both the right exterior (C EF1) and the left exterior (C EF2) can be mapped to a single
coordinate chart in Poincare coordinates. Let the Poincare coordinates for P and Q’, be

(X4r, X_g,Cr) and (X,p, X_1, () respectively. By using the coordinate transformations
given in (LI12)) and (LI113), we find, upto the first subleading order in ep and €y,

X,ig= e\/zv, X p= —eVIw Le%e"/zw, (% = Ley, eVL(v—w) (1.45)

X, = _eVIu 4 Le%eﬁ” X_ = e~ Viw

(i = Lep eV

) )

with L = LBY The geodesic in Poincare coordinates is given by
—AB

cosh 1

X, =Atanht+C, X_= Btanh7+ D, (=

where 7 is the affine parameter, which takes the values 7z and 7, at P and Q' respectively.
The constants A, B,C, D, 1, and 7 are fixed by the endpoint coordinates given above. In
the limit eg, e, — 0, we obtain

| |:e(\/fv+\/fw)/2 (G\EU + eﬁu)(eﬁw + eﬁw)}
T = (0]

R g \/ﬁ )\06%

—VL(u+w)/2 (G\Ev + e\FLu)(e\Ew + G\Ew)}

V2 o€,

where Ao = L/2 (see (LG])). The geodesic length is now simply given by the affine parameter
length

7, = —log [e

(1.46)

LP.Q) = 14 — 71 — log [4 cosh[v/L(v — u) /2] cosh[v/L(w — w)/Z]]

LEREL

For comparison with CF'T correlators in the thermofield double, we will put, in the above
expression, €, = eg = €, where € is the (real space) UV cut-off in the CFT.

RR geodesic: If we take the two boundary points on the same exterior region, say on the
right, P1(1/€?,v1,w;) and Py(1/€3, v2, wy), then the corresponding Poincare coordinates are

(using (LIT2)
Xoq = eVl X_ | = —e Vi 4 Lele_ﬁ““ (= Lé eVE(u1—w) (1.47)

X+2 — 6\/ZU2’ X_2 — e Lws + LEQG_\/Z’UQ’ §22 _ LE% 6\/Z(U2—w2)

)

19For the calculation at hand we need to put €;, = eg = €; however, we keep the two cutoffs independent
for later convenience.

20For simplicity, we present the calculation here for I = L; the generalization to the spinning BTZ is
straightforward.
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Following steps similar to above, we have, in the €, e — 0 limit,

—(U1+w2)/2 V1 _ pU2 __pW1 w2
L (en = em)(cem +em))

—(U1+w1)/2 __pU1 v2 w1 _ pWw2
5 = —log [e (—er ¢ )(26 e )}
V2 Ao€3

The geodesic length is then

(1.48)

L(Py,P3) =741 — 742 = log l4 sinh|(v; — vp)/2] sinh|(w, — w2)/2]}

L€1€2

For comparison with CFT, we will put €; = €5 = €.

In the new geometries

As explained in Section 2], the IR boundary in the new solutions, obtained by the SGDs,
is given by the equation ([LI6) or equivalently by (LI8), and analogous equations on the
left. This is encapsulated by the CFT-to-bulk map (L38)). In case of the RL geodesic, the
CFT endpoints (P, Q") now translate to new boundary points (f’, Q' ) with the following new
values of the old (A, A1) coordinates:

1 1
A= — = A
e G (0)G (w)

1 1
& = CHL () H (&) (1.49)

which just has the effect of conformally transforming the boundary coordinates// e = € —

er = /G (0)G_ (W), €, = € = €, = e/ H/ (0)H' (). Using these new values of €, r, we
get

LB.Q) - log [4cosh[ﬁ<a+<@>—ﬂ+<a>>/ﬂ cosh[ma_(w)—H_gw))/ﬂ](1'50)

VLe\/G (0)H' (1) VLe\/G(w)H (&)

Similarly,

LBy Ba) = log [4sinh[\/f(G+(f;1) — G1(99))/2] sinh[VL(G (1) —G_(ub))/2]]

VLe/T (01T, (02) VLeN/G(iin)G_(ihy)
(1.51)

5.2 General two-point correlators from CFT
In the thermofield double state

RL correlator: For the eternal BTZ string, the coordinate transformations from the EF to
Poincare (see Appendix [LA.3]) reduce, at the boundary, to a conformal transformation from
the Rindler to Minkowski coordinates, so that the boundary of the right (left) exterior maps
to the right (left) Rindler wedge [7]. Tt is expedient to compute the CFT correlations first
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in the Minkowski plane, and then conformally transform the result to Rindler coordinates.
Using this method of [7], we get the following result

(\/Zeﬁ”)h(\/fe_ﬁw)ﬁ(—\/zeﬁ“)h(—\/Ze_ﬁw)ﬁ

<w0|O<X+Rv X*R) O<X+L7 X*L)‘w(J) = (e\FL”Jre\/Zu)Qh(—e—\/Zw—e—\/Zw )QB

€

- (4 cosh [v/L(v — ) /2] cosh [V/L(w — w)/2]>2h
B Le?
where the operator O is assumed to have dimensions (h, h) and we have used a real space

field theory cut-off e. We have related the temperature of the CF'T to L(= L) by the equation
VL =271/3. /] It is easy to see that this correlator satisfies the relation (L33)

(WolO(X g, X_p) O(X i1, X_p)|thg) = e 2P (1.52)

where in the expression on the right hand side for the geodesic length (L46), we use eg =
€7, = € as explained before.
RR correlator: By following steps similar to the above, the two-point correlator between

the points (L47) is given by

(VELeVPe )t (v Te /b i LoV i) (Lo Vo'

((eﬁvl —eVLv2 )2h( —e~VIwi4e—VIwy )2k

€ €

(1ho| O(X 41, X_1) O(X 40, X_o)|the) =

B (4sinh [VL(vy — v5)/2] sinh [v/L(w; — wg)/2]>2h
B Le?
It follows, therefore, that

(U] O(X 11, X 1) O(X g2, X o) |thg) = e 2HP1P2) (1.53)

where, again, the geodesic length on the right hand side is read off from ([L50) with ¢; =
€9 = €.

In the new states

As explained in (L34]), correlators in the state |¢) (L29) can be computed by using a
conformal transformation (L36) of the operators. The new correlator is, therefore, found
from the old one (L52) by a conformal transformation of the boundary coordinates and
an inclusion of the Jacobian factors. The latter has, in fact, the effect of the replacement
e = €\/G' (0)G_(w)H (a)H' (©). With these ingredients, it is straightforward to verify
that (L39) is satisfied. Similar arguments apply to RR and LL correlators.

6 Entanglement entropy

We define an entangling region A = Ar U Ap, where Ap is a half line (v — w)/2 > xp on
the right boundary at ‘time’ (v + w)/2 = tg and Ay is a half line (v — w)/2 > x1 of the
left boundary at ‘time’ (v 4+ w)/2 = t;. The boundary of the region A consists of a point
P(vga, wga) on the right and a point @'(uga,wsa) on the left, with coordinates

P: wvsy = tr+xr, wys=1r— TR (154)

/. _ _
Q' upa = tr+xn, wea =t — L
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Bulk calculations
In the BTZ geometry

We calculate the entanglement entropy S4 of the region A using the holographic entangle-
ment formula of [63], 13]. The HEE is given in terms of the geodesic length L(P,Q’). The
geodesic length, as calculated in (L44]), is

LP.Q) = log 4 cosh[vV/L(vga — uga) /2] cosh[v/ L(wgs — waa)/2]
Me?
(L55)
The HEE is then given by Sy = L(P,Q’)/4G5. Using (L44), we get
S, — c log 4cosh[VL((tg + xg) — (tp + 21))/2] cosh[VL((tg — xg) — (t;, — x1))/2] (156)
6 Me?
Note that for g = x;, = 0 and t = tg = —t; (which correspond to a non-trivial time
evolution in the geometry) the HEE (L56) reduces to
27t
Sa = %log [cosh %} + § log [6—£ﬂ] (1.57)

which reproduces the result for the HEE in m

In the new geometries

The HEE corresponding to the conformally transformed state (L29) is given by the length
L(P, Q') connecting the end-points P and @) in the new geometries described in Section 23]
Working on lines similar to the derivation of (L4])), the HEE is given by

4 cosh[VL(Gy(Ip + r) — Hy(fp +31))/2]
\/Ze\/G;(ER v FR)H (I + 71)
cosh[VL(G_(tg — @g) — H_(f1 — :Z’L))/Q]]
\/Ze\/GL(LfR — i) H' (I, — ir)

S4 = %log[

(1.58)

CFT calculations
In the thermofield double state

The technique of calculating the entanglement entropy in the thermofield double state is
well-known [66]. The Renyi entanglement entropy 51(4") of the region A (L54) is given by
the trace of the n'™ power of the reduced density matrix p%. The latter can be shown to be
a Euclidean path integral on an n-sheeted Riemann cylinder. This can then be calculated

21The UV cutoff in [7] is half of the cutoff, € used here.
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in terms of the two point correlator, on a complex plane, of certain twist fields O, with

conformal dimensions
1

h = ﬂ(n— 1/n), h= ﬂ(n— 1/n)

(L59)

inserted at the end-points (P, Q") of A. The two-point correlator is given by a calculation
similar to that in the previous section. Thus,

ST = (Og(vos, woa) Op(uga, won)) )
(\/z)2h+2h
(4 cosh[VL((tr + xr) — (tr + 1)) /2]/€)?" (cosh[VL((tg — xr) — (tz — x1.))/2] /€)?"

The entanglement entropy S = —anSin)|n:1 is

g, =9 4cosh[\/f((tR +xgr)— (tp +21))/2] cosh[\/z((tR —xg)— (tr, —x1))/2]
A 6 0g Le2

(1.60)

This proves that the CFT entanglement entropy and holographic entanglement entropy (L56))
are equal.
In the new states

The EE of the region A, computed in the new state ([29), is given in terms of the conformally
transformed two-point function described in (L34]). The conformally transformed points are
given by

VoA :G+<1~)3A) :GJr(fR—FSZ’R), w:G,(ﬁJaA) IG,<£R—i’R)

upa = Hy(tpa) = Hio(fr + T1), w=H_(0pa) = H_(t;, — Z1)
It follows that the entanglement entropy is
4 cosh[VL(Gy(tg + Zr) — Ho(ty +71))/2]
ex/f\/Gﬁr(fR +ap)H (fy + p)
cosh[VL(G_(tg — Zr) — H_(f; — :iL))/Q]]
VNG (in — Tp)H. (I — 1)

C

SA,CFT = glog[

(L61)

which matches with the HEE (L58)).

6.1 Dynamical entanglement entropy in a specific new geometry

We now compute the entanglement entropy in an illustrative geometry specified by a partic-
ular choice of the functions GG+ and H.. In this example, we take

ZL‘RZO, tR:t, I‘L:O, ty, = —t
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For simplicity, we consider G+ and H. which satisfy
Gi(z)=G_(2) =G(z), Hi(x)=H_(x)=H(x)
With the transformations given above, we have

ir=0, Tpa=1pa=1r="1, i =0, fdpa=pa=1r=—t (1.62)

The expression for the HEE (L58) then reduces to

54 = log 2coshwf< <>~ H,(0)/2

. GG (1.63)

where we have defined the notation —H(—t) = H,(?).

40
30)
U')<
20
10
2 4 6 ~ 8 10 12
t

Figure 1.5: Time evolution of HEE. The red-line represents the linear growth of HEE for a
region consisting of spatial half-lines of both sides of a constant 2-sided BTZ geometry. The
blue-line represents the HEE growth of the region consisting of half-lines of both sides of the
SGD transformed geometry, for G(f) = t+ } cos(3t) and H;(t) = ¢+ 2 sin(f). The undulating
curve can be explained in terms of the quasiparticle picture of [20]; the entanglement entropy
departs from its usual linear behaviour as the quasiparticle pairs locally go out and back in
to the entangling region as the region is subjected to a conformal transformation.

7 Entropy

As discussed in previous sections, our solutions of Section are characterized by a smooth,
albeit undulating, horizon (see Figure [L4)). This allows us, following [64], to define a holo-
graphic entropy current. We will first review the equilibrium situation (static black string),
and then describe the calculation for the general, time-dependent solution. We will include
a comparison with CF'T calculations in both cases.
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7.1 Equilibrium

Bulk calculation: In case L = L = constant, our solutions represent BTZ black strings
(L) with a horizon at A = Ag. The horizon H is a two-dimensional null surface, described
by the metric

— 2
ds®|y = H,,datdz” = (\/zdv/Q - \/Edw/Q) (1.64)

Since the normal to H at any point, given by n™ = M\(M = {\,v,w}), also lies on H,
H possesses a natural coordinate system (7, «) where « labels the one-parameter family of
null geodesics, and 7 measures the affine distance along the geodesics. In such a coordinate

system, we get, by construction
ds®|y = gdo® (1.65)

The area 1-form and the entropy current on the horizon are defined by the equations [64] ,
a = 4G5, JEdx” = \/gda, (1.66)

By inspection, from (L.64]) and (L.65), we find the following expressions for the area-form and
the entropy current

a=VLdv/2 — \/zdw/Q

1 = 1
J) = —VL, J¢ =—-—VL 1.67
S 8G3 \/>7 S 8G3\/_ ( )

The holographic entropy current on the boundary B is obtained by using a map f : B — H
and pulling back the area-form (or alternatively the entropy current Jg,) from the horizon
to the boundary. It turns out 2 that the natural pull back retains the form of the area-form
or entropy current, namely the expressions ([.67)) still hold at the boundary.

To find the entropy density, we define the boundary coordinates ¢t = (v + w)/2,z =
(v —w)/2 (see Section []), (so that (L)) has the canonical form —dt? + dz?). With this the
entropy density becomes

s=JT = 8%;3 <\/E v \/E) (1.68)

CFT calculation: The entropy density from the Cardy formula is

s =\/ctTy/3 4 /T Tw/3 (1.69)

Using the identification ([44]) and ([9), we can easily see that the two expressions (L68])
and ([69) exactly match.

220ur convention for €uv 18 €y = —1.

23The map f is defined by shooting ‘radial’ null geodesics inwards from the boundary, and is found to be
of the form f: (A, v,w) = (A, v + Cr,w + Cs).

24Recall that both Ty, Twew are constant in this case. The more familiar form of (LGY), for a circular
spatial direction of length 2, is obtained by putting S = 27s, Lo = 27T,,, and Ly = 27T}, which gives

S = 2n(\/cLo/6 + \/cLo/6).

47



7.2 New metrics: non-equilibrium entropy

Bulk calculation: We will now follow a similar procedure as above, for the general solution
in Section We find that (in coordinate chart EF1)

ds?|y = idoﬁ = i(\/fGﬁr(ﬁ)dﬁ — VLG (i)din)? (1.70)

leading to the following area one form on the horizon

1 1 =
a= VLG, (0)d5 - 5\@@, (@) di (L.71)
Note that this could alternatively be obtained from the area form in (L67) by a diffeomor-
phism. The resulting expression for the entropy current, following the steps above, is

1

— 1 — -
v o L ! ~ w:
J = — VLG (w), JE =

abren VLG, (v) (L72)

Let us define, as before, the spacetime coordinates as #,# with (7,%) = ¢ & . The entropy
density is then given by

: 1 /1 1 /=
§=Jh=— (5\/3(;;(@) + 5@0’(@)) (L73)
Note that the entropy current is divergenceless
Oy Jb = 05 Jo + 05 J8 =0 (1.74)
This has two implications:

1. No dissipation: We have entropy transfers between different regions with no net entropy
loss or production (see Figure [L6)).

Figure 1.6: The undulating horizon of Figure leads to the non-trivial entropy current
(L73). In this figure, we plot the entropy density § as a function of o, w for the right CFT.
Note that although the entropy density fluctuates, the entropy flow here is such that there
is no net entropy production (or destruction) (see Eq. (L74).
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2. Total entropy is not changed by the conformal transformation: The other implication
is that the integrated entropy over a space-like (or null) slice 3

S = / € Jhdo” (1.75)
b))

is independent of the choice of the slice. In particular, choosing the slice to be ¥y : t =
v+w =0, we get

S = 8%3 /20 (\/EG;(@)d@ - ﬁG’_(@)d@) — 8%;3 s (\/Edv - \/fdw) (1.76)

1 —

:—/da;<\/f+ﬁ):/dxs:s (L.77)
8G

Hence although the entropy density is clearly transformed, the total entropy is not

changed by the conformal transformation.

CFT calculation:

In a non-equilibrium situation, there is no natural notion of an entropy. However under the
adiabatic approximation, the instantaneous eigenstates of a time-dependent Hamiltonian are
a fair representation of the actual time-dependent wave functions. The consequent energy
level density can thus be used to define an approximate time-dependent entropy. Generalizing
this principle to slow time and space variations, and applying this to the stress tensor, one
expects a space-time dependent version of (L.69]), namely

T ~ e, ~
§= ) —Tss Sy S [.78
5 \/ 3 + \/ 3 (L.78)

where the stress tensors are given by (L42). Since we have made the adiabatic approximation,
we expect the above formula to be valid only up to the leading order of space and time
derivatives. Under this approximation, we have

8mG3 Ty = gG;(ﬁ)Q, 87G3 Ty = gG’ (w)? (1.79)

which exactly agrees with the holographic entropy density in (L73)).

Total entropy for Hp is unchanged by the conformal transformation:

Under the conformal transformation ([33]), the reduced density matrix pg is changed by
a unitary transformation:

pr = Tra, [0) (W] = Ur por Uk, po.r = Tra, [tho) (1o (1.80)

The total entropy of the system after the transformation is given by the von Neumann
entropy S = —Trpg In pr which, therefore, is equal to the entropy before; it is unchanged by
the unitary transformation.

25Note that we have not used the adiabatic approximation anywhere in this chapter. Thus, it is unsatis-
factory to use this approximation here. It is, in fact, tempting to believe that the entropy density in (LZ3)),
and not that in (LZ])), actually gives the CFT entropy in general; however, this requires more investigation.
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8 Conclusion and open questions

We have solved the boundary value problem for 3D gravity (with A < 0) with independent
boundary data on two asymptotically AdSs exterior geometries. The boundary data, spec-
ified in the form of arbitrary holographic stress tensors, yields spacetimes with wormbholes,
i.e. with exterior regions connected across smooth horizons. The explicit metrics are con-
structed by the technique of solution generating diffeomorphisms (SGD) from the eternal
BTZ black string. By using the fact that the SGD’s reduce to conformal transformations at
both boundaries, we claim that the dual CF'T states are specific time-dependent entangled
states which are conformal transformations of the standard thermofield double. We com-
pute various correlators and a dynamical entanglement entropy, in the bulk and in the CF'T,
to provide evidence for the duality. We also arrive at an expression for a non-equilibrium
entropy function from the area-form on the horizon of these geometries.

Our work has implications for a number of other issues. We briefly discuss two of them
below; a detailed study of these is left to future work.

8.1 ER=EPR

As mentioned above, our work constructs an infinite family of AdS-CFT dual pairs in which
quantum states entangling two CFTs are holographically dual to spacetimes containing a
wormhole region which connects the two exteriors. Both the quantum states and the worm-
hole geometries are explicitly constructed (see eqns. ([29) and (LI3IL21])). Our examples
generalize the construction in [5] [7) Iﬂﬂ (for other remarks on unitary transformations of
the thermofield double and related geometries see [49, [51], 54} 55| [56]) and provide an infinite
family of examples of the relation ER=EPR, proposed in [4]. Since this relation has been
extensively discussed and debated in the literature ([49] 541 55 56]), we would like to make
some specific points pertaining to some of these discussions.

RR correlators vs RL correlators

It has been argued in [56],[49] and [54] that for typical entangled states connecting two CFTs,
Hr and H,, correlators involving operators on the left and the right are suppressed relative
to those involving operators all on the right. In particular, according to [50], correlators of
the form (OrOp) are of the order e=*(OzOg), where S is the entropy of the right sided
Hilbert space.

In SectionBlwe have computed general two-point functions, both of the kind (Or(P)Og(Q))
and (Og(P)OL(Q )} In case of the eternal BTZ (dual to the standard thermofield double),
an inspection of (L46) and (L48)) suggests that as the boundary point P goes off to infinity,
the cosh and sinh factors tend to be equal, thus L(P, Q) ~ L(P,Q’), thus there is no extra
suppression in the two-sided correlator (O Opr). Of course, such a statement, regarding the
standard thermofield double, has been regarded as somewhat of a special nature.

We are therefore naturally led to ask: what happens in case of the new solutions found
here? The geodesic lengths L(P, Q) and L(P, Q') are now given by ([A0) and (L51]). Once

26See [4, 49, [54]

2"We use unprimed labels for operators on the right and primed labels for those on the left.
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again, if the point P goes off towards the boundary of the Poincare plane, v — co. Hence
G4 (0) — oo (since G, is a monotonically increasing function). Hence, both the geodesic
lengths approach each other. Thus, we do not see any peculiar additional suppression, even
for our general entangled state, arising when the second point of the correlation function is
moved from the right to the left CFT.

On the genericity of our family of examples

We start with the following Lemma.
Lemma: Any state € H ® H,

B) =Y Cylilj), Cy €C, (1.81)
2
can be expressed in the form
W) = Z e UL inUg jn|n)|n) (1.82)
2,7,n

where Ug, Uy, are two unitary operators and A, > 0.

Proof: Using the canonical map H ® H — H ® H*, we can regard the above state |¥) as an
operator ¥ in H, with matrix elements C;;. Using the singular value decomposition theorem
on a general complex matrix, we can write C' = U, LDU; where D is a diagonal matrix with
real, non-negative entries. By denoting D as diagle "], we get (LS2).

The state (L82) can be regarded as a thermofield double with Hamiltonian H = " \,,/S|n)(n|
transformed by unitary operators Uy on the left and by Ug on the right. Thus, the above
Lemma suggests that the most general entangled state (L8I]) can be written as a unitary
transformation of some thermofield double state.

Now, note that the state (L82) is of the same general form as that of ([29) discussed
above. However, while the unitary operators appearing in (L82)) are arbitrary, the Uy g’s we
use in ([[29) are made of Virasoro generators, %)hence although the states ([29]) constitute
a large class of states, they represent a subset of the most general entangled states (L8I]).

Weakly entangled states

To assess the genericity of our states, we ask a different question now: do our set of states
(L29)), which are all explicitly dual to wormholes, include those with a very small entan-
glement entropy S for a given energy EP] The answer to this question turns out to be
ves. As we have noted in the remarks around (L77) and (L80), the entropy S, which is
actually the entanglement entropy of the right Hilbert space, is the same for all our states.
However, the same manipulations as in (L77) shows that the energy of these states are not

28If a CFT dual to pure gravity were to exist, then our states ([29) in such a theory would indeed be the
most general state of the form (L8I). However, such a unitary theory is unlikely to exist [67] [68], although
chiral gravity theories which are dual to CFTs with only the Virasoro operator have been suggested (see,
e.g. [69]). We would like to thank Justin David for illuminating discussions on this point.

29This question was suggested to us by Sandip Trivedi.

o1



the same; indeed by choosing the derivatives G', to be large, we can make the energy of the
transformed state to be much larger than that of the standard thermofield double. Stated in
another way, for states of a given energy, our set of states includes states with entanglement
entropy much less than that of the thermofield double. This is consistent with the proposal
of [4] that even a small entanglement is described by a wormhole geometry.

8.2 Generalizations and open questions

It would be interesting to rephrase the results of this chapter in terms of the SL(2, R) X
SL(2, R) Chern-Simons formulation [70] of three-dimensional gravity. By the arguments in
[70], all diffeomorphisms (together with appropriate local Lorentz rotations) can be under-
stood as gauge transformations of the Chern-Simons theory. The Chern-Simons formulation
has been extended to the gauge group SL(N, R) x SL(N, R) to describe higher spin theories
[9,[71]. Tt would be interesting to see whether our nontrivial gauge transformations generalize
to these higher gauge groups, and hence to higher spin theories. A possible application of
our methods in this case would be to compute HEE by the prescriptions in [72] and [73] in
the nontrivial higher spin geometrie@. We hope to come back to this issue shortly.

The solutions presented in this chapter are generated by SGDs which can be regarded
as forming a group (Vir x Vir)y, x(Vir x Vir)g. Here the first Vir denotes a group of
SGDs which is parametrized by the function G, and so on. As we emphasized in ([L80),
the reduced density matrix on the right pr undergoes a unitary transformation under this
group of transformations, leaving the entropy unaltered. The family of pure states (L29),
therefore, be considered as an infinite family of purifications of the class of density matrices
pr; it would be interesting to see if these can be regarded as ‘micro-states’ which can ‘explain’
the entropy of pr. We hope to return to this issue shortly.

It would also be interesting to use our work to explicitly study various types of holo-
graphic quantum quenches involving quantum states entangling two CFTsP 1t would be of
particular interest to study limiting cases of our solutions which correspond to shock-wave
geometries.

30We thank Rajesh Gopakumar for a discussion on this issue.
31For a single CFT, a similar computation was done in, e.g., [62] [74].
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I.A  Coordinate systems for the eternal BTZ geometry

As we explained in the Introduction, the metric (L)) describes only the region exterior to
the black hole horizon (L3]). As is well-known, for constant (L, L), (LI)) describes a standard
BTZ black hole with mass M and angular momentum J given by

L=8G3(M+J), L =8G3(M —J) (1.83)
In this section we will describe various coordinate systems for this case. In particular, we

will describe the five coordinate charts of Figure [Tl which cover our spacetime.

I.A.1 Eddington-Finkelstein coordinates

EF1 (Right Exterior + Black Hole Interior) For a black hole with constant mass
and angular momentum, it is straightforward to find a coordinate transformation from the

(z,z4,2_) coordinates to a set of Eddington Finkelstein coordinates which we denote by
EF1 (A, v,9)

1 )\—)\0) L 1 ()\2—)\3)
ry=v———=Io , T =Y+ =v— — lo — [.84
FTUTOVE g<A+A0 TIVIT vt .

- %z (3~ e %) 155)

Under these transformations, we obtain the following metric

2 1 L
ds* = —f)\o()\ — Xo)dv? + ﬁdvd)\ + Zdy2 — (A — Ao)dvdy (1.86)

The horizon (L3)) of the metric (L)) is now located at Ay = V'LL/2. The metric is obviously
smooth and describes the black hole interior P4 To achieve a symmetry between the boundary
coordinates, we find it convenient to make one further coordinate transformation from y to
w

L 1 A+ Ao
= 1 [.87
Y =w v+\/_0g<2\/_) ( )

In these new coordinates (A, v, w), the metric becomes

d)\? VL VL

L L
ds* = — 2 4 2?4 Zdw? — Mudw + ————dvd\ + ————dwd), (L.88
AN+ X)? 4 4 2(A+ Ao) 2(A+ o) (188)
which is clearly symmetric between the ‘boundary coordinates’” v and w.
32 Tt develops a coordinate singularity at the inner horizon A = —\g; we do not discuss interpolation

beyond the inner horizon here, although it can be easily done. In any case, there are strong reasons to
believe that generically, the inner horizon and the associated exotic feature of infinitely repeating universes
are unstable against even infinitesimal perturbations.
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EF2 (Left Exterior + Black Hole Interior)

We can invent a second set of coordinate transformations starting from the metric in the
(z,z4,x_) coordinates which would describe the left exterior region of the black hole along
with the interior. This transformation is the following

Ty =u+ lo , T =1y + — [.89

2
2= \/ v <>\1 A2 — Ag) (1.90)

The Eddington-Finkelstein metric obtained via this transformation is

2 L
d82 = _EAO()\l )\O)du - ﬁdﬂd)\l -+ 4dy1 ()\1 - )\o)dudyl (191)

As before, we make a further coordinate transformation y; to w

L 1 >\1+)\0)
=w—4\/=u———=1o = 1.92
. VI VI g( W, (192)

to obtain the following metric in the (A, u,w) coordinates

AN L L VL VL

ds* = 7—1— d + d — Mdudw — ————dwd\; — ————dud )\ (1.93
ETE VS W P e W = Nadudw 200 1 gy LA = g3 gy dudAs(1.93)
EF3 (Left Exterior + White Hole Interior)
Starting from (z,z,,z_) coordinates, we do the following transformations
1 )\1—)\0) 1 ()\1—)\0)
ry=v1———=10 , T = wp — —lo 1.94
T oVL g()\1+)\0 YoVE s A1+ Ao (194)

2
z = \/)\2 <>\1 A2 — )\(2)) (1.95)
The metric obtained is

d\? L L L L
ds? = 71+—dv%Jr—dwf—)\ldvldwﬁrLdvldM+ VL

———dwd); (1.96
4()\1 + )\0)2 4 4 2()\1 + )\0) 2()‘1 + )‘0) o ( )

This metric covers the left exterior and the white hole interior.
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EF4(Right Exterior + White Hole Interior)

Starting from (z,z,,z_) coordinates, we do the following transformations
1 A — )\0 1 A — >\O
=uy + 1 , T_=wi+ = 1.97

5 (- x) 105)

The metric obtained is

VL duyd\ — L
2(A+ o)

AN L , L. ,
= m + Zdul + Zdwl — )\duldwl — 5

ds2 vy
5 O+ Mo

dwydX  (1.99)
This metric covers the right exterior and the white hole interior.

Regions of Overlap

Right Exterior The ‘Right Exterior’ region is described by both the EF1 (A, v, w) and
EF4 (A, uj,w;) coordinates. These are related by the following smooth coordinate transfor-

mations . o . o
_ ] — 40 — ] 0 1.100
v u1+\/zog<)\+)\o) w w1+\/fog<)\+>\o) ( )

Black Hole Interior The ‘Black Hole Interior’ region is described by both the EF1
(A, v,w) and EF2 (A1, u,w) coordinates, which are related by the following smooth coordinate
transformations

1 )\0—)\1) 1 ()\0—)\1)
v=u+—=Io , w=w+ —=Io ;AL = A [.101
VL g<)\0+)\1 VL : Ao+ At ' ( )

Left Exterior The ‘Left Exterior’ region is described by both the EF2 (A, u,w) and
EF3 (A1, v1,w;) coordinates, which are related by the following smooth coordinate transfor-

mations: . \ \ ) \ \
vy =u-+—=10 L 0) w; =w-+—=10 ( LI 0) 1.102
1 VL g<)\1+>\0 1 N/ YR 1102

White Hole Interior The ‘White Hole Interior’ finds a description in both the EF3
(A1, v1,wp) and EF4 (A, uy,w;) coordinates, which are related by the following smooth coor-
dinate transformations:

1 )\0—)\) 1 ()\O—Al)
v =u; +—=10 , w, =w;+—=1o , A=A [.103
1 1 NG g()\0+)\ 1 1 NG g Mo+ M 1 ( )
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I.A.2 Kruskal coordinates

The union of all the above coordinate patches, together with a neighbourhood (indicated by
K5 in Fig[LTl) of the bifurcation surface (the meeting point of the past and future horizons in
the Penrose diagram) can be described by a set of Kruskal coordinates, in which the metric
reads

L
ds® = ——dUdV —UdVd d [.104

The coordinate transformation between various EF coordinates and the Kruskal coordinates
are given below.

1. Right exterior + Black Hole Interior : EF1 to Kruskal

The transformation from EF1 to the (U, V,y) coordinates is

U= —exp(—VLv)(A=Ny), V =exp(VLv), y=w— I_/v—l—\/l_ <>\T/i0) (1.105)

In the ‘Right Exterior’ region, A > \g, while in the ‘Black Hole Interior’, A < Ag. The
above transformations give us the metric (LI04) in both the regions.

2. Left Exterior 4+ Black Hole Interior : EF2 to Kruskal

The transformation from EF2 to (U, V,y) coordinates is

A — A L 1
U = exp(—VLu)(A\ + o), V = —exp(\/_u) L )\z, Y = \/%u + NG log(A1 + Ao)
(1.106)
with,
2 A1+ Ao)
Y=y — _log( . [.107
B NN (0

In the ‘Black Hole Interior” A\ < \g, while in the ‘Left Exterior’ region A; > A\g. These
coordinate transformations give us the metric (L104) in both the regions.

3. Left Exterior + White Hole Interior : EF3 to Kruskal

The transformations from EF3 to the (U, V,y) coordinates is

= —ex v =w, — Lv ! SRl
U = exp(— \/_111)(>\1 M), V= p(\/f Dy : 1+\/_1 < \/_(I 1>08)

In the ‘Left Exterior’ region \; > )\, while in the ‘White Hole Interior’, Ay < A\g. These
transformations give us the metric (LI104]) in both the regions.

4. Right Exterior + White Hole Interior : EF4 to Kruskal

The transformation from EF4 to the (U, V,y) coordinates is

A— X L 1
— —exp(=VIu) A+ A), V = L = w — [ Zuy + —=log(A + A
U exp( \/_ul)( + o), eXp(\/_ul))\—i—)\o’ Y= w Lu1+\/f og( (—l— o))
1.109
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with,

Y=y — }1 (A;\J;_AO) (L.110)

In the ‘White Hole Interior’ A < )y, while in the ‘Right Exterior’ region A > A\y. The
above transformations give us the metric (LI04) in both the regions.

I.A.3 Poincare

In this section we show how the EF1, EF2 coordinates can, in fact, be obtained from Poincare
coordinates ¢, X4+ = Xy + X, in terms of which the metric is written as
ds? C2 (dC —dX, dX ) (I.111)
We will choose L = L for simplicity, so A\g = L/2.
The coordinate transformation from X4, ( to the EF1 coordinates is given by
10g(X+) w— 1 10 <—X+X_ —+ <2) )\ o —2X+X_ —+ C2
VI VIO X )N &
whereas the coordinate transformation from X, ( to the EF2 coordinates is given by
1 — X, X_+? log(X_) A —2X,X_+?
VL X VL Ao ¢

There are similar coordinate transformations between the other charts EF3/4 and Poincare

(1.112)

(1.113)

I.B The new metrics in the charts EF3 and EF4

1 1 - . .
BF3: ds® = = [dA% + AZAP? + A AR + 24, diigd), + 2A_divyd),

Y (32 +2<A+H”<U~J1) pa L) x’fi@l)’{"(wl)))dwlda] (L114)

H' (1) H' (%) " H'.(%,)H" ()
where
~ B B H// — ~ B B H// W B B
A+ = \/EHQ_(Ul)()\l + )\10) )\1 ; (~ ), _ = \/EH'_(wl)()\l + )\10) )\1 ; ( ~1), B = 2()\1 + )\10)
H' (01) H' ()
BF: ds® = — [d)\z + A2dE2 + A2di? — 2A, did) — 2A_diydA

_ X(BQ _ 2<A+ gil Eufli A gig:ﬁ; . Ag:ggi;gfiﬁ;))dwldul} (L115)

where
i Gila) G” (@)
A-i-:\/EG—I—( )(A+)‘0)+)‘G/+<~ )7 G/(~ )7
33 As explained in [7] , it is possible to describe the BTZ black string in terms of a single Poincare chart.
The BTZ black hole is a quotient of AdS3, which in appropriate coordinates [75] corresponds to the periodic
identification of the spatial direction; the BTZ string discussed in this chapter is obtained by decompactifying
the spatial circle, which gives back AdSs.

= VIG @)+ No) + A B=2A+ X))
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I.C UV/IR cutoffs in EF coordinates

From AdS/CFT it is well-known that in a Fefferman-Graham coordinate system such as in
(LI, an IR cutoff surface z = € in the asymptotically AdS spacetime corresponds to a UV
cutoff € in the CFT. We wish to express the IR cutoff in the geometry in terms of the EF
coordinates. By using the relation

- \/; ()\— M) (1.116)

we clearly see that z = € for € small, corresponds to A = 1/€%.

I.D An alternative to Banados’ metric

In [62], Roberts showed that the Banados metric (LI)) can be obtained from the Poincare
metric (LI11) by a Brown-Henneaux type diffeomorphism (an ‘SGD’ in the language we
have used), given by

222 fl (v4)? f (25)
8f/i<1’i)f$(37$) - Z2fi<xi)f$(37$)
(4f’+($+)f’( ))?

S VAP VA R e e ()

It was shown in [62] that the above diffeomorphism reduces to a conformal transformation
on the boundary, with the the following asymptotic form (as z—0)

Xy = felze)+0(2%)

¢ = 2/ filz)f (z-) +O(F) (L118)

It was also shown here that L(x,), L(x_) appearing in (L)) can be obtained from the zero
stress tensor through the conformal transformation f.

A different choice of gauge: The SGD ([L1I7) used by Roberts seems fairly involved com-
pared to the ones we use here in this work, e.g. ([12). Can we obtain the metric (L)
by a simpler SGD similar to ours, which nevertheless has the same conformal asymptotic
form (LII8)? The answer turns out to be yes. Indeed the simplest way of inventing such
a transformation is to take the asymptotic form (LII8) and gauge fix all the higher order
terms in z to 0. We then have a new, exact transformation of the form

Xi = fo(oy), C=zy/file ) fL(x) (I.119)

Note the similarity with our SGDs, say ([12) (recall that z ~ 1/4/A near the boundary).
(LI19) transforms the Poincare metric to

42 S f () L), e,
=t ) T )t (m RERC PR )
2 +(37+)f”(37 )

) <_ ) 2f'+<x+>f'_<x_>) iy o (L120)

Xe = fo(wg)+
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A priori this is a new metric different from ([1l). However, the holographic stress tensor [12]
obtained from this metric is the same as obtained from ([LI]) given by ([L42]). As discussed in
Section 2.5 and 28] the above metric and (L] differ only by a trivial diffeomorphism, and are
hence essentially identical P4 Note that this example shows the enormous gauge ambiguity
in the choice of a metric in AdS; (whose physical content is manifested in the boundary be-
haviour). Indeed, by the same token even the SGD’s are ambiguous; the solutions presented
in Section 2] are one of a gauge equivalent class of metrics.

I.LE Unitary realization of conformal transformation

Under a finite, non-trivial, holomorphic coordinate transformation, w — w’ = f(w), the
stress tensor of a 2D CFT transforms as

T(w') = @Z/)_ T (w) — %S(w’,w)] (1.121)

with the Schwarzian derivative S(w’, w) given by

FPuw' (w3 [Pw N\ [ ow\
S(w' = - = [.122
(W, w) <8w3)(8w) 2(011}2) (011}) ( )
For an infinitesimal transformation w — w’ = f(w) = w + €(w), the Schwarzian derivative
turns out to be

S(w',w) = " (w) + O(e?) (I.123)
The change in the stress tensor, under such a transformation, becomes
0T (w) ~ —e(w)T"(w) — 26 (w)T (w) — %e”'(w) + O(€?) (I.124)

Now, the Laurent expansion of T'(w) and e(w) is

[e.9] o0

Tw)= Y wfn”; )= Y e (1.125)

m=—oQo m=—oQ

where LIL =L_,, eL = —e_, and the L,’s satisfy the Virasoro algebra
(Loms L] = (10— 0) L + 1—02m(m2 — 1)dmino (1.126)

Plugging (LI25) into (LI124]), we get

C
OLm= {<m + 1) Linnén + 5n(n’ = 1)6n5mn,0} (1.127)

n=—oo

34Note that in this new metric ([120), the position of the horizon is at z = oco. Of course, it can be
brought to a finite value by an additional coordinate transformation involving the radial coordinate.
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We wish to construct a unitary operator U = U(e) which implements the above conformal
transformations, namely that it satisfies

U(e)' LyyU(€) = Ly = 8Ly 4+ O(€%) (1.128)

The required unitary operator, in fact, is

[e.e]

Ule) =exp( > enL_y) (1.129)

n=—oo

The proof is straightforward. Note that the LHS of (LI28) becomes

o0 (e o]

1= el L+ b)) = Ln=— > e nlLalw) + Y (Ll )+ O(&)

n n=—oo n=—oo

After flipping the sign of n in the first sum, this becomes
€n[Lim; Ln]

which reduces to the expression ([.I27) upon using the Virasoro algebra ([L126]).
Thus, we have explicitly constructed a unitary operator U such that UTT(w)U — T'(w) is

given by ([L124).
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Chapter 11

Thermalization with Chemical
Potential

1 Introduction and Summary

The study of thermalization in closed interacting quantum systems has a long history (see,
e.g. [17] for a review). It has been known ever since the celebrated work of Fermi, Pasta
and Ulam (FPU) that interacting classical systems need not necessarily equilibrate. The
question of finding sufficient conditions for thermalization in quantum systems is also an
open one. Recently, the advent of holography has linked the issue of thermalization in
strongly coupled quantum field theories to another important, classical, problem of black
hole formation (see, e.g. [76, 77, [78,[79] and references therein). In the latter setting too, the
issue of gravitational collapse of a given matter distribution is rather nontrivial; indeed there
is an interesting debate in the current literature (see, e.g., [80, 81l [82] [83] 84l 85]) regarding
the fate of perturbations in anti-de-Sitter spacetimes.

In this chapter, we will focus on two-dimensional conformal field theories (CFTSE on an
infinite line 0 € R. We will consider the system at ¢ = 0 to be in a “quenched state”

[0) = exp[—exH = Y _ ,W,]| Bd) (IL.1)

Here |Bd) is a conformal boundary state; the exponential factors cut off the UV modes to
make the state normalizable. W,, denote the additional conserved charges in the theoryﬁ

!The contents of this chapter have partial overlap with the thesis work of Ritam Sinha. The conclusions
arrived at are results of joint effort.

2In the original sense of the term, a quantum quench is defined as a sudden change from a hamiltonian
Hj to a hamiltonian H which governs further evolution for ¢ > 0. The system is assumed to be in the ground
state of Hy at t = 0, which serves as an initial state for subsequent dynamics; the dynamics is nontrivial
since the initial state prepared this way is not an eigenstate of H. In this work, as in [20], we will mean
by a “quenched state” simply a pure state which is not an eigenstate of the Hamiltonian H. The kind of
quenched state defined in ([L)) is sometimes said to describe a global quench or a homogeneous quench, as
the state is translationally invariant. We will briefly mention inhomogeneous and local quenches in Section
0]

3For the purposes of this chapter, we will identify them with W,,-charges of 2D CFT, n = 3,4, ... (with
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This choice of the quenched state is a generalization of that in [20] for which e, = 0, for
n > 3.
The wavefunction for ¢ > 0 is given by

|9(t)) = exp[—iHt][vo) (I1.2)

The questions we will explore, and answer, are: what is the long time behaviour of
various observables in [¢(¢))7 In particular, does the expectation value of an operator (or
a string of operators) approach a constant? If so, (i) is the constant value characterized by
a thermodynamic equilibrium, and (ii) what is the rate of approach to the constant value?
More generally, we would also address, and partially answer, the questions: how does the
existence and rate of thermalization depend on the initial state and the choice of observables?

Thermalization We find in this work that the expectation values of local observables
(supported on a finite interval A : o € [—1/2,1/2]) asymptotically approach (see (IL12) for
the precise statement) their values in an equilibrium ensemble,

1
Peqm = 7 exp|—(0H — zn:,uan], 7 = Trexp|—fH — zn:,uan] (I1.3)

whose temperature and chemical potentials are related to the cutoff scales in ([LI) as follows
B =4ey, p, =4e,, n=34,.. (I1.4)

The relations ([L4]) are uniquely dictated by the requirement that the expectation values of
the conserved charges H, W3, Wy, ... in the initial state match those in the mixed state ([L3])
(see (IL52)). In the absence of the extra parameters €,,n = 3,4, ... this result is derived by
the elegant method of conformal transformations [20]. In the presence of these parameters,
this method is not available; in this work, we deal with the extra exponential factors in terms
of an infinite series and do a resummation.

We emphasize that the thermalization we found above persists even when we have an
integrable model with an infinite number of conserved charges. Relaxation in integrable
systems has been found in recent years in the context of, e.g., (a) one-dimensional hardcore
bosons [21], (b) transverse field Ising model [22], and (¢) matrix quantum mechanics models
[23]. The equilibrium ensembles in this context have been called a generalized Gibbs en-
semble (GGE). Our present result on integrable conformal field theories adds to the list of
these examples. Interestingly, the thermalization we find works even for free conformal field
theories, e.g. a free scalar field theory.

With the above identification of parameters, we will rewrite the initial quenched state

(ILT)) henceforth as

|v0) = exp[—(BH — Zun )/4]| Bd) (IL5)

Wo = H), although much of what we say will go through independent of this specific choice as long as these
charges mutually commute and are defined from currents which are quasiprimary fields of the conformal
algebra.

4This happens essentially due to the fact that we consider here thermalization of local observables and
that local field modes are mutually coupled even in a free field theory. Thermalization happens at times
greater than the scale of localization, as we will see below.
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We find the following specific results:

1. Thermalization time scale for single local observables: We find that at large
times

(W(®) k(@)Y (1)) = Tr (6r(0)pegm (B, i) + ax ™™ + ... (I1.6)

where ¢y (o) is an arbitrary quasiprimary field (labelled by an index k). Below we compute
the thermalization exponent 7, in a perturbation in the chemical potentials and to linear
order it is given by

27T ~ ~ ~ n
W= T | Bt D @i+ OGP) | i = ﬁ“— (IL.7)

Here Ay, = hy, + hy, is the scaling dimension and Q,, ; are the (shifted) W,-charges (see (IL37)
for the full definition) of the field ¢y (in case of primary fields) or of the minimum-dimension
field which appears in the conformal transformation of ¢,. To obtain this result, we perform
the infinite resummation mentioned below ([L4]). At large times, the perturbation series
for the one-point function in the chemical potentials exponentiates (see ([L37)), to give
the corrected exponent in the above equation. In various related contexts, finite orders of
perturbation terms in chemical potentials have been computed before [30, [37, [8G]. Our finding
in this work is that at large times, there is a reqularity among the various orders leading to
an exponential function as in ([LA) (see Section[23 for details).

Universality: In the case of zero chemical potentials, it has been noted in [87], that although
the relaxation time 7, = mey/(2A) = 27/5/(Ag) is non-universal (in the sense that it depends
on the specific initial state ([L1])), the ratio of relaxation times for two different fields, namely,
Thy [ Thy = Ok, /A, is universal (it depends only on the CFT data and not on the initial state
and is hence expected to be valid for a general class of initial states). In the presence of
the additional cut-off parameters ¢;,7 = 3, ... in the initial state ([LI), the ratio 74, /7, =
Via/ Ve = (Diy + D, InQnkn) [ (Dky + D, fin@n k) 1s, however, not independent of the initial
state.

However, as we will briefly discuss in Section [0 for a large class of quench states
(e.g. where the energy density is uniform outside of a domain of compact support) the
[-dependence of 7, in the absence of chemical potentials, can be understood as the depen-
dence on the uniform energy density (see a related discussion in [57]). The time scales 7y,
therefore, do have a limited form of universality in the sense that it depends on a rather ro-
bust feature of the initial state. Our calculations in this chapter leads us to believe that this
feature will continue in the presence of chemical potentials, in the sense that the additional
dependence of the time scales 1/, on the p, is fixed by the charge densities corresponding
to the additional conserved charges. We hope to address this in [8§].

2. Multiple local observables, reduced density matrix: Besides the one-point func-
tions discussed above, it turns our that we can demonstrate thermalization of all operators
in an interval A of length . Tt is convenient to define a ‘thermalization function’ I4(¢) [28]
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as

A ~ Tr(pdyn,A (t)peqm,A(ﬁa fin))
.[A t)="Tr yn,A t eqm,A\M;s Hn)) — 1/2
(t) (Payn, 4 (t) Pegm,a (B, pin)) TPy (£)2) T (pogmn (B 1))

den,A(t) = TrA |¢(t)><¢(t)|> peqm,A(ﬁa Mn) = Tr/i peqm(ﬁa Ni) (H8)

Here p = p/+/Trp? denotes a ‘square-normalized’ density matrix ] We show below that at
large times the thermalization function has the form

Lit)y=1—a() et 4 1=1/8 (IL.9)

where 7, refers to the exponent (IIL9) for the operator ¢,, with minimum scaling dimension[]
a(l) is computed as a power series in [ which we find using the short interval expansion, valid

forl < 1,ie [ <p.
Two immediate consequences of ([[L9) are

(i) Thermalization of an arbitrary string of operators: Note, from ([L9), that

Li(t) &2 1, (11.10)

Since the square-normalized density matrices can be regarded as unit vectors (in the
sense of footnote [), and I4(¢) can be regarded as the scalar product payn (t):Pegm, 4,

([LIQ) clearly implies
pAd?ﬂ%A (t) H—OO> ﬁeqm,A (1111)

This implies the following statement of thermalization for an arbitrary string of local
operators (with oy, 09, ... € A)

(¥(0)|0(01,t1)O0(02, t2)...[00(t)) = Tr(Payn,a(t)O(01,£1)O(02, L2)...)

t—o00

— Tr(ﬁeqm,AO(O-la tl)O(O'Q, tg))
(I1.12)

(ii) Long time behaviour of reduced density matrix:

Carrying on with the interpretation of I4(¢) as a scalar product, we can infer following
asymptotic behaviour of pgy, (t) from (ILI):

Payn.a(t) = pegm.a(B,ps) (1 — e 4+ ) +Q (V e ) (IL.13)

5Note that operators in a Hilbert space H can themselves be regarded as vectors in H x H*; under this
interpretation Tr(A B) defines a positive definite scalar product. With this understanding, we will regard
the hatted density matrices as unit vectors.

SThroughout this chapter, we will consider field theories with an infinite spatial extent. The entire Hilbert
space is assumed to be of the form H4q ® Hz. Trz implies tracing over H ;.

"We will assume here that the spectrum of such A’s is bounded below by a finite positive number. In
case of a free scalar field theory, we can achieve this by considering a compactified target space.
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where Tr(Qz) =1, Tr(,éeqm,A(B,m)Q) — (. We will specify further properties of Q
later on.

Importance of local observables: In case of a free massless scalar field, it is easy
to show that quantities like (1(t)|a2al|i(t)) perpetually oscillate and never reach a
constant (see a related calculation in [23]). The modes «;, represent Fourier modes and
are non-local. Indeed, as [28 [44], 87] showed, in the absence of chemical potentials,
the exponential term in ([L9) is e=2#=/2) and the thermalization sets in only after
t exceeds /2. Thus, for [ = oo, there is no thermalization, which is consistent with
the above observation about perpetual oscillations. We expect the form e=2(=1/2) to
continue to hold in the presence of chemical potentialsﬁ, since the effect of the chemical
potentials on the exponent v, can be viewed as a shift of the anomalous dimension
A = > [inQni + O(ii%) (see, e.g. ([L64)). This shows that, as in the case of zero
chemical potentials, equilibration sets in only after ¢ exceeds [/2. We will see a similar
phenomena next in the context of a decay of perturbations to a thermal state.

3. Decay of perturbations to a thermal state: We compute (see Section Ml for details)
the time-dependent two-point Green’s function G (¢,1; 5, 1) for two points spatially sepa-
rated by a distance [. We find that for ¢,[,¢t — [ > [, the time-dependence is exponential,
with the same exponent as in ([L6]):

1
Gi(t,l;8,n) = ETr (on (L, )% (0, 0)e =2 pntm) = const e (I1.14)

Note that the above thermalization sets in for t > [. For t < [, the two-point function has
an exponential decay in the spatial separation (see Section ll and Figure [L3]).

The computation of the above relaxation times in the presence of an arbitrary number of
chemical potentials uses the technique, described above, of summing over an infinite number
of Feynman diagrams, and is one of the main results of our work.

4. Collapse to higher spin black holes: 1In [3] [7] the bulk dual to the time-dependent
state ([L2) corresponding to initial condition ([LH), for large central charges, has been con-
structed in the case of zero chemical potentials. The dual geometry corresponds to one half
of the eternal BTZ (black string) geometry, whose boundary represents an end-of-the-world
brane. In [14] the result has been extended to the case of non-zero angular momentum and a
Chern-Simons charge. In case of an infinite number of chemical potentials, a bulk dual to the
equilibrium ensemble ([L3]) has been identified, in the context of the Gaberdiel-Gopakumar
hs(\) theory [32], as a higher spin black hole with those chemical potentials [33, 34]. It is
natural to conjecture [I4] 23] that the time-development ([L2]) should be dual to a collapse
to this higher spin black hole. At late times, therefore, the thermalization exponent found
above should correspond to the quasinormal frequency of the higher spin black hole. We
find that (see Section Bl and [89]) this is indeed borne out in a specific example.

8 Although, in the short-interval expansion employed in this chapter to derive m, which uses t ggf8 > [,

such an [-dependence in the exponent cannot be easily seen from the pre-factor «(l) unless one sums over
an infinite orders in [.
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The plan of the chapter is as follows. The results 1, 2, 3 and 4 above are described in
Sections 2 B M and Bl respectively. The resummation of an infinite number of Feynman
diagrams (corresponding to insertions of arbitrary number of chemical potential terms) is
discussed in Section 2.2, which uses results in Appendix[[I.Al The calculation of the overlap of
reduced density matrices in Section Bl needs the use of the short-interval expansion, which is
described in Appendix [LBl In Section [ we present our conclusions and make some remarks
on inhomogeneous quench [88].

2 One-point functions

In this section we will consider the behaviour of the following one-point functions of a
quasiprimary field ¢y (o)

(Or(0,8))ayn = (©(1)|dr(0)|0(1)),
(01(0))egm = Tr (¢x(0) peqm (B, fin)) (IL.15)

We will briefly recall how these are computed in the absence of the chemical potentials [20],
24]. The first expectation value corresponds to the one-point function on a strip geometry,
with complex coordinate w = o + i, 0 € (—00,00), T € (—f/4, 3/4) where T is eventually
to be analytically continued to 7 = it. This can be conformally transformed to an upper
half plane by using the map

z = /B (I1.16)

For a primary field with hy = h; (of the form ¢ (w, w) = @r(w)ex(w)), this procedure gives
H(for other primary fields, the one-point function vanishes)

92\ [0z \™
(D0, ) ayn = (Pr(w, W))str = (6_w) (8_w) (0n(2, 2))unp
= ay (2718 1 e 2BY T et 4O Z9x AL /B = drhy /B (IL1T)
We have used the following result for the one-point function on the UHP:
(On(2: 2)vmp = Aler(2) @i () omp = Ax(z = 2) 7, by =hy, 2/ =2 (I1.18)

which follows by using the method of images where the antiholomorphic factor of ¢ (z, z)
on the upper half plane at the point (z, z) is mapped (up to a constant) to the holomorphic
;. 9 on the lower half plane at the image point (2/,2') with 2/ = 2,2’ = 2 [25, 24]. In the
above ay,, A;, are known numerical constants. Note that

5 = Z~627r(0+i7')/ﬁ _ ieZW(a—t)/ﬁ Z/ — 7= _Z~627r(0—i7')/ﬁ _ _Z~627r(0+t)/ﬁ (1119)

9

so that in the large time limit we have

t—00=2—0,2Z— —ico. (I1.20)

9The subscripts str, cyl will denote a ‘strip’ and a ‘cylinder’, respectively.
1OWe distinguish ¢} from ¢y, to allow for charge conjugation.
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The second, thermal, expectation value in ([L15), for p, = 0, corresponds to a cylindrical
geometry in the w-plane, with 7 = 0 identified with 7 = . By using the same conformal
map ([LI6) this can be transformed to a one-point function on the plane. For a primary
field the latter vanishes. Hence ([LQ) is trivially satisfied.

For a quasiprimary field ¢y, its conformal transformation generates additional terms,
including possibly a c-number term ¢ (e.g. the Schwarzian derivative term for ¢p = Tyy)
and generically lower order operators. The c-number term does not distinguish between a
plane and an UHP. This leads to the following overall result (for u, = 0):

<¢k‘(a)>eqm = <¢k<waw)>cyl = Ck,
(D0(0, 1)) dgm = (D0, @)Y str = e + are ™%+ ey 40 = 202,/ B, (11.21)

where Ay now is the scaling dimension of the minimum-dimension operator in a T'(z1)¢r(z)
OPE. This is clearly of the general form ([LG) for u, = 0.

We now turn to a discussion of these expectation values ([L13]) in the presence of chemical
potentials p,,n = 3,4, ..., as in ([L3) and ([L3]). We will denote the new conserved currents
as W, (w) and W, (w), n = 3,4, .... The conserved charge, W,,, is defined as

1 1 _
w,o— L / Wer odo = / (i"dun Wy (wn) + (—i)"di, W, (an)) (11.22)
27 Jp 27 Jr

Here the contour I' is taken to be a 7 = constant line along which dw; = dw, = do. Under
the conformal transformation (ILI6]) to the plane/UHP, the holomorphic part of the contour
integral becomes

. . |n/2]
" (27 !

Wn|hol ==\ 5 / le Z;L_lwn(zl) + Z an,n—?mz?_Qm_lwn—Zm(zl) (1123)
27T 6 r; —

where the a,, ,—2,,, denote the mixing of W, (21) with lower order W-currents under conformal
transformations [20], 27]. The contour I'; is an image of the contour I" onto the plane. The
expression for the antiholomorphic part W, |sntine is similar.

As mentioned before, in this chapter we will regard the W,, as conserved charges of a
W-algebra, although the results we derive will be equally valid as long as these charges,
together with H, form a mutually commuting set, and the currents (W, (w), W, (w)) are
quasiprimary fields.

2.1 One-point function on the cylinder with chemical potentials

For simplicity we first consider the equilibrium expectation value in ([LI13]). Unfortunately,
unlike the thermal factor above, the factor e~ 2=n#2"Wn in ([L3]) cannot be dealt with in terms
of a conformal map. We will, therefore, treat this factor as an operator insertion, and write

e’zn“"W" k w,u‘; cyl
<¢k(0)>eqm =Tr (QSk(w,w)peqm(ﬁnun)) = < <6—Znil/l(/n> >>

= (on(w,w))g,, (11.24)

cyl
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We will now illustrate how to compute this for a single chemical potential, say s, using
perturbation theory Feynman diagrams

(D (w, w))ey = (Dr(w, ©)) ey — ps(Wady,(w, w))ep™ + < WaWadr(w, @))egp" + O(43)
(11.25)

The first term in the above expression is the constant ¢, that we already encountered in
(IL21). For a holomorphic primary field ¢y, the second, O(us), term, transformed on to the
plane, gives

2_7rhk

(Waor(w)) ™ = 5”

[-3 / Q21 22 Wy (21)6u(2)) + (i) / 0z 22 (W (2) dul2))em™
: 1 (I1.26)

Here we have used the contour representations ([1.22)) and ([L23]). The correlator inside the
second integral obviously vanishes (it factorizes into a holomorphic and an antiholomorphic
one-point functions, leading to a vanishing connected part). The first integral vanishes unless
¢r = Ws (this uses the orthogonality of the basis of quasiprimary fields). In the latter case,
using

c/3

" (z - 2)

the integral evaluates to ¢/(902%); combining with the factor of z* outside (hy = 3 in this
case) we get a z-independent constant, as we must, because of translational invariance on
the plane. With an antiholomorphic primary field ¢y, the calculation is isomorphic. For a
primary field with nonvanishing hy, hj; the result vanishes. For quasiprimary ¢y, as well as
for other W,, charges, the conformal transformation to the plane additionally generates lower
order operators (see, e.g. ([[L23])), each of which can be dealt with as in (IL20). The result
is a finite constant which we will denote as

(quﬁk(w, U_}» = ka

(this will be non-vanishing only for special choices of ¢y, e.g. ¢ = W,,). As explained above,
for n = 3 and ¢x(w, w) = Ws(w), ¢ = —2mc/(905%).

In a similar fashion, the O(p2) term in ([L25]) can be transformed to the plane. Again,
we present the explicit expression for the simple case of a holomorphic primary field ¢.

(Ws(21)Ws(2))c

27r
Wit = (5 [ [tz [ azomamieionz 2
I I's

—Z /d21 /I:dZQ Wg 21 W3(22)¢k-( ))conn 2%2; + /I;fizl Ad22<W3(21)W3(22)¢k( ))conn Z%fg

2

/ iz / s (W (21) W (22) e ()22 zfzg] (11.27)

For holomorphic quasiprimary ¢y, additional, similar, terms appear due to the generation of
lower order operators under conformal transformation to the plane. Only the holomorphic

HThe superscript conn denotes ‘connected’.
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correlator survives (as in the O(us) calculation). Thus, e.g. if ¢p = T'(2), the stress tensor,

we have .

(21 = 22)*(21 — 2)*(22 — 2)?

Again, after performing the integration over z; and zo, we obtain a z-independent constant,
as we must. The analysis of more general fields ¢, and two arbitrary W-charges is straight-
forwardly generalizable. The result is a finite constant (can be zero for a particular ¢y) which
we denote as

Ws(21)Ws(20)T(2))c =

<WmWn¢k(w7 ’lIJ)) = Cmn,k

Note that in (IL27) the result does not depend on the location of the contours I'y, 'y on the
plane, since the W-currents are conserved.
Summarizing, we get

_ 1
(On(w, @)y = k= D ftn €+ 57 D bt e+ O(1%) (IL.28)

2.2 One-point function on the strip with chemical potentials

Similarly to the previous subsection, we will treat the p-deformations in (IL3]) as operator
insertions:

(Dr(0, 1)) ayn = (V(1)|dr(0)[10(t)) = <€7annwn/2>

- = (fn(w, )4

(11.29)

str

As before, we begin by illustrating the calculation of this quantity with the simplest case of
a single chemical potential p3, using perturbation theory Feynman diagrams:

(O (w, @)) 5, = (Pr(w, ©))str — %HW& P(w, w) 1) "

i (”z) S LLWITS, Gy, @)+ 2Way (@)WY + O(al)  (IL30)

The { , } denotes an anticommutator. The operator ordering implies the following: when W3
appears on the left of ¢p(w, ), e.g., in (W3¢i(w,w)), the integration contour ([L22) for W;
on the strip lies above the point (w, w); similarly when W3 appears on the right of ¢y (w, w),
e.g. in (¢r(w, w)Ws), the contour for W is below the point (w,w).

The first, p-independent, term in the above expansion is already calculated in ([L21]).

O(u,) Calculation

As before, we find it convenient to use the conformal transformation ([LI6). The correlator
on the strip then reduces to that on the UHP, as in the ;1 = 0 case before. For a holomorphic
primary field ¢y, this gives

2_7Thk

(Wadp(w)) o™ = 52 [i?’ /Fldzl A (Ws(21)0x(2)) T + (—1)° /Fldzl 2 (Wa(21) 0w (2)) e
(I1.31)
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where the operator ordering explained above implies that the contour I'; lies to the left of
the point (z, z) on the UHP. Now, in the analogous calculation ([L26]), the second connected
correlator on the complex plane vanished because of factorization into one-point functions.
Correlators on the UHP are, however, related to those on the plane by the method of images
(an example of which we saw in ([LI8))). In particular, Wjs at the point (21, z) on the UHP
becomes the holomorphic operator Wi = —W; on the LHP at the point (21, z}) with 2} = 2z,
[25, 24]. The contour T'y gets mapped to its mirror image I} on the lower half plane. With
this, we get

(Wsor(w))i™ = 2—7;2’”“ [l?’/ dz1 2 (Ws(21)on(2)) & (I1.32)
B 4T,

On the complex plane, the contour I'y on the UHP can be deformed to I} on the LHP, hence

the two contours simply yield a factor of 2. In fact, combining with the other ordering, and

applying a similar reasoning, we get an overall factor of 4. Thus, combining with results

from Section 211 we get, for holomorphic primary fields

—E{Wa, du(w) )5 = —pa(Wagn(w) " (11.33)

A similar statement is true for an antiholomorphic primary field.

Let us turn now to primary fields ¢y (w,w) with Ay, hy # 0 (of the form ¢p(w,w) =
or(w)pr(w), as discussed before in the context of ([LIf)). In the cylinder calculation in
Section 2.1 the p-corrections for these vanished. In the present case, they are non-zero for
operators of the form ¢ (w, w)= @(w)@r(w), with hy = hy (as in ((LI7)). After conformally
transforming to the UHP, we regard ¢, on the UHP as ¢ at the image point on the LHP
(up to a constant). Combining with the arguments used for the holomorphic operators, we
eventually get

<{W37 (bk(wv w>}>§?:m _ ,L~32_7r(22)h]3(2’ Z’),

<¢k(w7w)>str 62

I3(z,7) = dz1 2 (Wa(21)er(2)en(2)E™ / (en(2) @i () (I1.34)
D+ 4+ 4T
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Figure II.1: Various contours needed to compute the W, insertions in (IL30). At late times, the insertion
of each contour, irrespective of the position of the contour, amounts to insertion of a given factor linear

in ¢t. This allows to resum arbitrary orders of arbitrary W,,-charge insertions, leading to the exponential
time-dependence as in ([LG). See Figure [[L.2] for more.

The ratio of correlators inside the integral is given by

(2 —2')3

(Wa(21)or(2)ek (ZDE™ [ {en(2) R ()™ = g5 1= 2P — )

(11.35)

where g3 is the Ws-charge of the field ¢. Integrals of the kind ([L.34]) are discussed in detail
in Appendix [LA2l The final result (see ([LZI)) is that the O(us) correction, in the long
time limit (IL20), is given by (using that all four contours I'y,T'y, I}, I} contribute equally,
cancelling the 1/4 in —pu3/4)

27t
(Ok(0, 1)) ayn = ape”2TAkt/B <1 — Q3. fls (% + constant) + O(,ug)) + .y

Qs r = 1°2q31(27), fis = %, Ap = 2hy (I1.36)

Up to O(us), it agrees with (IIL9).

In case of a quasiprimary field ¢g(w,w), it mixes, under conformal transformation to
the plane, with lower dimension operators. The most relevant operator among these, which
is of the form ¢k (2)pk(2), is then to be used in ([L34) for obtaining the dominant time-
dependence; in that case Ay, Qs refer to this operator (rather than to the original ¢y).

For higher W,, charges, the currents W, (w) are typically quasiprimary, and hence they
mix with lower order W,,(z) under conformal transformation to the UHP. Thus the O(u,,)
correction to the dynamical one-point function (¢)a4, is a linear combination of terms of
the form ([L68) (weighted by a set of coefficients ay, ,,, as in ([L37) below). Collecting all
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this, the O(u) correction with all chemical potentials is given by

(Dr(0,t))ayn = ape 2ot/ B < Z Qnjefln ( + constant) + O(u )) + ...,

flp = - 17Ak—hk+hk—2hk
[n/2—1]
Qn,k =2 Z a'n,ml.n72m(27T)n72m72Qn—2m,k
m=0

=" (27)" 22k + "2 2m) " Y0 2Gn ok F e (11.37)

Note that for W3 deformations, the expression for @3 as in ([L36]) corresponds only to the
first term in the above series expression for (),,. This is because the Wj current is a primary
field and does not mix with any lower W current under a conformal transformation. From
n = 4 onwards, the additional terms in @), ’s represent the mixing of W, currents with
W, —am under conformal transformations.

Higher order p-corrections

Let us first consider that O(u2) correction:

(ot )t = L (W o N + 2 W )W) (L3

Again, for holomorphic (or antiholomorphic) primary fields ¢, (w), it is straightforward to
generalize ([L33) to this order.

2
(@) = S Wi (w)” (11.39)

For a primary field of the form ¢p(w,w) = ¢i(w)px(w), proceeding as in the previous
subsection, we get

97\ 2
—W) + p2 (constant x t + constant) + ... (I1.40)

B

The essential ingredient in this calculation is

1 _
(on(w)l = 5 (Quadnt

Lom(z, 2|11, Ty) = / dzy 2! / Az 2 (21 22, 2),
Fl I12

W (20) W (22 ()i ()
(or ()i (1)) (IL4)

By repeating the strategy of (IL7H), we get

fnm(zla 22, %, 2/) =

Coefficient of [log(—2') — log(—2)]? in Ly.(z, 2'|T1,T5)

— Residue,,_. [Residuezw << Wl )&mSw) e ()))mn(z'»gmﬂ — Gk (142)

72



where we have first used the Wm: 29)¢k(2) OPE, and then the W, (21)¢r(z) OPE. In a manner
similar to that in Appendix | we conclude the following structure of I,,,,(z, 2'):

Lnm(2,2"[T1,T2) = qu.k gm.k([log(—2") — log(—z)] + constant) x ([log(—z") — log(—=2)] + constant) (I1.43)

Note that at late times t > 3, ([log(—2") — log(—2)] — 2(2nt)/$ and dominates over
the constant term (the precise sense is that of ([L48])). Similar to Appendix ILA.2] the
4 x 4 = 16 locations of the contour-pairs (I'y, T'5),(I'y, %), (1, a),(I'y, I'%), ..., all contribute
equally, therefore converting (1,,/4)(pm/4) — pinttm. Combining all these, we get (IL40).
The charges ¢, that are defined by the W, o OPE and appear in (IL42]), get multiplied by
some constants ['4 and shifted by lower W,,_q, charges to give the @, in ([L42), as in ([L37).

Arbitrary orders and Exponentiation:

It is straightforward to generalize the above O(fi?) calculation to higher orders in the per-
turbation in chemical potentials. Thus, at the order [[;_; ptn;, there are r insertions of
W-currents, leading to integrals of the form

/ _ ni—1 no—1 ny—1 . /
Lnng.on (2, 2|01, Tg, ..., 1)) = / dz 2] /dz2 z5 / dzo 287 fring.mn (215 295 ooy 205 2, 2,
I I's

o W ()W (22). W () o ()i (e
Jrang.n (21522, 0y 20y 2, 2') = PROrECE (T1.44)

Again, repeating the strategy of ([L73]), we get the following leading (viz. (log)”) contribution
(see (IL4]) for the definition of the leading-log contribution)

Coefficient of [log(—z") —log(—2)]" in Inyny..n.(2,2'|T1, T2, ..., Ty)

Wi, (Zl)---Wmfl (Zr—l)Wnr (Zr)@k(z)@Z(Z/»(ccmn) }:|
{er(2)er ()™

= Qny,k---Gn,_ 1.,k n, .k (I1.45)

where we have first used the W, (z,)¢r(z) OPE, then W, _ (z,_1)¢k(z) OPE, etc. As in
the O(u?) calculation above, we obtain the following behaviour at late times

= Residue,,—, |...Residue,, ,—. {Residuezr—z (<

Inlng,..nr(zv Z/|F17 F2a () Fr)
= Gny ko-Qny 1.k Gk ([log(—2") —log(—z)] + constant) x ... x ([log(—z") — log(—z)] 4 constant) (IL.46)

r terms

The two equations above show that the leading log contribution to (II.44) from every contour
integral of the W, current contributes the factor g, [log(—=z") — log(—z2)]. This is the first
basic ingredient for the exponentiation we are going to find. Furthermore, it is easy to see
that the leading log contribution is the same irrespective of where each contour I'; is placed
(out of 4 possible choices, e.g. T'y, I, 'y, I} in Figure [LT). As before we must combine the
contribution of all positions of the contours, which, therefore, amounts to multiplying the re-
sult for (IL44]) by 4" which converts the original coefficients coming from exp[— " u, W, /4]

as follows . .
Hz‘:l fhi /4 N Hi:1 ,ui.
r! r!

n n—1
?Each W, current comes with a factor of - (%’r) , as in ([L23).
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This is the second basic factor leading to the exponentiation. Combining all these, and
incorporating some additional constants (see footnote [2) we get the following, leading,
order (fip, ...l ) contribution

ot LT _ 27 o
(Gr(w)) S = 11 (Qm,kum ﬁ) +Oo(ut (11.47)
Ti=1

Once again, the constants @, are related to the g, as in ([L37)) in a manner similar to the
O(j1) and the O(ji%) calculation above. We note that the leading log contribution used in
this chapter can be isolated by considering a scaling

~ t ~
fi, = 0, = 3 — 00, such that fi,t = constant. (I1.48)

The second term in ([L47), or for that matter, in ([L40Q), is subleading at large times in the
sense of this scaling.
Using the above results, we now have, for primary fields of the form ¢y (w, w) = @i (w)pr(w)

2Lt

(O, @)or = are™ 7 | 1= Y fin @n,k%ﬂonst)

1 2t 2t
g O fnfim @i+ const) Qus(=5 + const) + ..

n,m

T 2mt ot
+gZHﬂQO,k (i+C0nst)...(%+const) + ...

“{n;}i=1 N B -~ _
r terms
— qpe 2 t/B(At T inQuatOE)) — o o=t (I1.49)

where we have absorbed some constant factors in ag. 7 is given by ([IL9); @, are the
shifted W,, charges of ¢, as defined in ([L37)). The proof of the above equation for general
quasiprimary operators ¢y (w, w) works out much the same way as in case of the O(u) terms,
as discussed in Section We emphasize that it is only the leading contributions at large
times which we have proved here to exponentiate. Thus, we do not claim that the constant
terms marked “const” in the above equation are all the same. As we have remarked before,
the leading contributions can be isolated using the scaling mentioned in ([L4g]).
The schematics of the above calculation is explained in the Figure
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Figure I1.2: The schematics of the calculation of the one-point function. The first term represents the zero-
order boundary Green’s function (IL17)) without chemical potentials (the shading indicates the boundary of
the upper half plane). The second term represents the O(u,,) correction, which involves one insertion of a
W,-charge (which is an integral over the z1-contour. As explained in the text, at long times, this insertion
amounts to multiplying the zero order term by a term of the form f,, log(z), where f,, is described in ([L37).
The third term represents insertion of two such W-charges; as we explained in the text (see (IL4Q0) and
below), each insertion again amounts to multiplying by the factor mentioned above, along with a factor of
%. The pattern continues, to ensure an exponentiation to Go(z) z2»/", as in ([L49). Since at long times
Go(z) ~ et (see (ILID)), and z ~ e~27*/# adding the chemical potentials amount to a shift of the

exponent 7,20) — 7y as in ([LA).

3 Calculation of I(t)

Let us rewrite the expression for the thermalization function (¢) (IL8)) in the form

[(t Zsc/ V ss cc \/ Z ch?

Zse = Tr(payn,a(l )pequ( 1), Zse = Zse| (Z:Z)

Zss = Tx(payn,a(t) payn,a(1)), Zss = Zss/Zi
Zee = Tr(peqm A8, )peqm A8, ))a cc = ch/
2y = Te(papn(0)) = (ol Z. = Tx(ps,,) (11.50)

In Appendix we explain how to compute [ (t) using the short interval expansion, valid
when the length of the interval [ is small compared with the other time scales § and ¢ in
the problem. We reproduce the main formula ([L79) for our purpose, where we explicitly
denote the dependencies on the length [ of the interval, the inverse temperature § and the
chemical potentials 1 (the dependence on § on the RHS is implicit; the one-point functions
depend on both 6 and pu— see Section [2)).

sc l 6 Z Ckl,k‘2 ¢k1 (wh wl))str <¢k‘2 (w27 w2)>cyl’

k1,k2

A Z C/ﬁ,kQ ¢/€1 (wh wl))str<¢k2 ('w?’ w2)>gtra
k1,k2

Z Z C/ﬁ,kQ ¢/€1 (wh wl))cyl<¢k2 (wQ’ w2)>cyl (1151)
k1,k2

It is understood, for the logic of the short interval expansion to go through, that all contours
which represent insertion of the W-charges (see Fig [L1) are drawn outside of the small
disc-like region of both sheets of Fig [T.4l
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3.1 Proof of thermalization

Using the short-interval expansion above, and the long time behaviour of one-point functions
from Section ), it is easy to prove that the system thermalizes in the sense of ([LI0) or

((L1T).
To prove this, note that it is only the holomorphic (or antiholomorphic) fields ¢ which
possibly have non-zero expectation values in the long time limit (IL20). For these fields, the

one-point functions on the cylinder and on the strip agree (see (IL21)), (IL33), (IL39) ). By
virtue of ([L5I), we therefore have in the long time limit Z,. = Z,; = Z... Hence using the

expression ([L50) for the thermalization function we get I(t — 0o) = 1 which proves ([LI0)
and consequently ([LIIJ).

The above-mentioned equality of one-point functions between the strip and cylinder ge-
ometries for holomorphic (or antiholomorphic) fields imply the same for the conserved W,-
(or W, )- currents. This, therefore, proves that

WOWale(8)) = Te(Whpegm) (I1.52)

Note that in proving this, we have used the correspondence ([L4]) between the parameters
of the initial state and the putative equilibrium state. The above equation, therefore, proves
the correspondence (IL4).

3.2 Thermalization rate

To evaluate the rate of approach of I(t) to its asymptotic value 1, we organize the terms in
Zsc, Zss, Z.. as follows

Zsc = Copo(l+57%), S7° = Z éa,0(<¢a>gtr + <¢a>5yl> + Z éa,b<¢a>gtr<¢b>5yl
Zss = CYO,O(1 + SSS + S =2 Z CaO (ba str + anb (ba str<¢b>str7 SSS - Z Ck: k ¢k str)

ch - CY070(]- + SCC ’ - 2 Z CGO ¢‘1 cyl + Z Cab ¢a cyl(gbb)cyl (1153)

where a, b, ... denote descendents of the identity operator, k labels other primaries (than the
identity) and their descendents. C' = C/Cy .
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p=0

Let us first consider the case of zero chemical potentials. Using the results in Sections 2 and
Appendices [LA] and [LBI] we get

St = —arl? (14 0(0)?) + arel'e ™% (14 0(0)?) + O ™)
Si* = —arl? (14 O()?) + 2ars L' (14 0(1)?) + O(e=*)
S;S _ Z [akl~4hke_8”hkt/ﬁ (1 + O(Z)Q) + 0(6—12ﬂhkf)]

k

S = _apl? (1 n 0(2)2)

2

cm Appmt A2 <7T>4hk
ar = —, app = ap = — (=
=G T se 5

(IL54)

N

To this order, it is easy to see that the contribution to I(t) from descendents of identity,
demarcated by ar, aps, vanishes. The leading contribution to /(t), demarcated by ay, occurs
only in Z,, and comes from ((¢ (2, Z))s)> for which hy is the minimum (= h,,) (this could
be a field which appears after a conformal transformation of the original quasiprimary field).
The time-dependence shown of S5° comes from ([LIT). Using this, we get

I(t) =1 — aexp[—279¢ + ..., 79 = 27A,, /5 (11.55)

This is of the form ([L9)) for p = 0, with
A2 dhm -
a=n (g) (1)t (1 + 0([)2) (I1.56)

The discarded terms in ([L33) are faster transients. This proves ([L9) for zero chemical
potential. This result has already appeared in m

p#0

The generalization of the above result to the case of non-zero chemical potentials is straight-
forward. Once again, the dominant time-dependence arises from ((¢,(z, 2))%,)” in the S5°
or Zs. The time-dependence ([L9) follows by using ([L49) in S5°.

3.3 Properties of Q

From the asymptotic behaviour (IL9) of the thermalization function we indicated the asymp-
totic behaviour (ILI3) of the dynamical reduced density matrix pg,(t). By using the long
time behaviour of the one-point functions ([Ld), we can easily deduce the following dominant
behaviour of overlaps of Q with various quasiprimary fields at late times

Tr(Qy(t)) ox et Tr(Q,n(t)) — constant.

130ur exponent differs from Cardy’s value by a factor of 2.
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4 Decay of perturbations of a thermal state

We found in the previous sections that the long time behaviour of the reduced density
matrix pgyn, 4(t) resembles that of a thermal ensemble plus a small deformation which decays
exponentially. We will find in the next section that the thermal ensemble (or more accurately
the generalized Gibbs ensemble) corresponds to a (higher spin) black hole geometry in the
bulk. The small perturbation of the equilibrium ensemble is thus expected to correspond to
a small deformation of the black hole geometry. Consequently, the exponential decay of the
deformation in the CFT should correspond to a ‘ringing-down’ or a quasinormal mode in
the bulk.

We will address the above issue in the next section which deals with bulk geometry.
However, in order to make the correspondence of the above paragraph more precise, in this
section we will directly present a CF'T computation of the decay of a perturbation to a
thermal state. Note that this computation is, in principle, different from the exponential
decay of the one-point function in the quenched state, ([L6l). However, what we will find is
that the long time behaviour ([LO)) of an operator ¢x(0, ) in the quenched state is the same
as that of its two-point function ([L57) in the thermal state (IL3]) (with chemical potentials).
The latter measures the thermal decay of a perturbation and is more directly related to a
black hole quasinormal mode. Throughout this section, we will assume that the conformal
dimensions of ¢y, satisfy hy = hy.

We define the thermal two-point function as

Go(t,0;8,p) = %Tr(qﬁk(o, )i (0, 0)eHH =2 W) (I1.57)

By the techniques developed in the earlier sections, a computation of this quantity amounts
to calculating the following correlator on the plane

(2, 2)br(y, G)e™ ZntnWn) - o = jem2mt/B 7 — _je®™B o = i = —i (I1.58)
where the p,-deformations are understood as an infinite series of contours as in the previous
section.

For ;1 = 0, the above two-point function is standard. Including the Jacobian of transfor-
mation, we get

G+(t,0;6,0) = (

2
&

which clearly matches the long time behaviour of the one-point function ([Ldl) in the quenched
state for = 0. Here Ay = 2hy.

In the above, we considered the thermal Green’s function for two points which are both
at the same spatial point ¢ = 0. It is easy to compute the Green’s function when the two
points are spatially separated by a distance [, say with o1 = and g, = 0. We get

) [l —i)(=ie?™? 4 i)] M 2 const e A (I15)

1 _ 2m e N o\ —2h
G (t,1:8,0) = —Te(ér(L, 1)éx(0, 0)e ) = be’”ﬂ ((ie>m 078 — i) (=i 078 4 g)) 7
1> { const e 2mtAk/B (t—10)>p

const e 2™MAR/B (1 —1) > f (11.60)

14We use the same notations as in [29].
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The coordinates of the two points, in the notation of ([L58) are modified here to z =
12 =0/8 7 = _je2m(40)/B y — j ¢ = —i. The prefactor with the square bracket comes from
the Jacobian of the transformation from the cylinder to the plane. The behaviour of the
Green’s function is shown in Figure [L3l It is important to note that the exponential decay,
found in ([L6]) shows up only for time scales ¢ > .

0.0008} |G_|_(t,1)|

0.0006

0.0004

0.00021-

Figure I1.3: Plots of the thermal Green’s function G (t,1;3,0) for 8 = 2w, Ay = 1.5. The curve on the
left (blue) is for I = 6, and the curve on the right (orange) is for [ = 8. Note that the exponential decay in
time occurs for times larger than [.

The effect of turning on the chemical potentials can be dealt with as in the previous sec-
tions. At O(pu,), we will have, as before, a holomorphic contribution and an antiholomorphic
contribution. The former is proportional to

(0r(2)0k(7)) x /dzlz’f1<Wn(21)¢k(2)¢k(y)> (IL.61)

T

As we see, the structure of the integral is the same as in the previous section. As before,
logarithmic terms appear in the above integrals which give the leading, linear, t-dependence.
Similar remarks also apply to the antiholomorphic contour. Since the calculations are very
similar to those in the previous two sections, we do not provide all details. By resumming
the series over the infinite number of contours, we find in a straightforward fashion that

G (£,0: B, 1) 225 G(0,0: 8, 0)b(p)e (IL62)

where b(p) is time-independent, and is of the form b(p) = 1+ O(p). This long time decay
is the same as that of the one-point function (IL6]) in the quenched state, as claimed above.
For points separated by a distance [, the above exponential decay shows up for ¢t > [, as in
(TG0,

In the above, we have discussed the two-point function in real space. It is straightforward
to convert the result ([LG0O) without chemical potentials to Fourier space, which develops
poles at

2
Weml,—o = —z%(Ak +2m), m=0,1,2, .. (I1.63)
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Our results in ([L6]) can be interpreted as a shift, caused by the presence of the chemical
potentials ji,, of the dominant pole wk70|#:0 to

27 N )
Wk,0 = —ZF(Ak + Z finQnk) = =1k, (I1.64)

where the notation is the same as that of ([LGl). In this chapter we will not address the ques-
tion of the shift of the subdominant poles wy ,, (for m = 1,2, ...) due to chemical potentials
(the current status of these can be found in [35] [36, 37]).

Two-point functions of the kind ([L57), for a single chemical potential p3, and up to order
3, have appeared earlier in [36] (calculations up to O(p3) have appeared in [37]). What we
find in this work is that at large times, the perturbation series in p,, up to all orders in all
chemical potentials, can be resummed, to yield the leading correction to the thermalization
rate in the presence of chemical potentials.

At a technical level, the one-point function in the quenched state corresponds to a one-
point function in a geometry with a boundary, and for operators considered here, these turn
into a two-point function on the plane, by virtue of the method of images. The thermal decay
naturally involves a two-point function on the plane |'9 and agrees with the above two-point
function at late times.

5 Holography and higher spin black holes

Zero chemical potential: As remarked in the Introduction, a global quantum quench
described by an initial state of the form ([L3), for large central charges and zero chemical
potentials, has been shown in [5] [7, [14] to be dual to one half of the eternal BTZ (black
string) geometry, whose boundary represents an end-of-the-world brane.

In an independent development, it was found in [30] that the quasinormal mode of a scalar
field ®(o,t, z) of mass m in a BTZ background (dual to a CFT operator ¢y of dimension
Ap = 1+ v1+m?) is of the form exp[—27At/S] at large times. This time-dependence
agrees with the CFT exponent in ([L60) exactly. This shows that the exponential decay of
a CF'T perturbation to a thermal state corresponds to the decay of the corresponding scalar
field in the bulk geometry. This result has been extended to higher spin fields in the BTZ
background in [31].

Non-zero chemical potentials: In case the CFT has additional conserved charges, in
particular if it has a representation of a W, algebra (and consequently the hs(\) algebra
[32]), then the bulk dual corresponding to those conserved charges have been conjectured
to be the conserved higher spin charges of higher spin gravity. In particular, [33] B4] have
shown that if one interprets the grand canonical ensemble ([L4)) (more generally, the GGE)
in the framework of an hs(\) representation, then the bulk dual corresponds to a higher spin
black hole.

15 Actually the thermal calculation involves a product of two such factors, one holomorphic and the other
antiholomorphic, but one of the factors just gives an overall constant and only one factor leads to the
important time-dependence.
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Thus, we would like to conjecture that the bulk dual of the quantum quench with chemical
potentials, would correspond to a gravitational collapse to a higher spin black hole.

As an important consistency check, by analogy with the case with zero potential, in the
present case too, the leading quasinormal mode (QNM) of a scalar field ®y(o,t, z) should
have a time-dependence given by ([L62]). Following the results in [35] (see also [36], 37, 89])
we find that at late times ¢ > f the QNM for the hs(\) scalar field &, behaves, up to
O(us), as e~ w0’ where

27 1
Wko = _Zﬁ (1 + A+ ,ugg(l +A)(2+ )\)) (I1.65)
where the index k here refers to the operator ¢ dual to the scalar field .. Noting that
for this operator we have Ay = 1+ A, and Q3 = 5(1 + A)(2 + ) [36, B7], we sce that
the QNM frequency wy o agrees, to the relevant order, with the pole ([LG4) of the thermal
2-point function which, in turn, is related to the thermalization exponent by the relation

Wro = —iYk, With v, given in ([LG]).

6 Discussion

In this work, 2D conformal field theories were considered with additional conserved charges
besides the energy. We probed non-equilibrium physics starting from global quenches de-
scribed by conformal boundary states modified by multiple UV cut-off parameters ([LI]). It
was found that local observables in such a state thermalize to an equilibrium described by a
grand canonical ensemble ([L4)) with temperature and chemical potentials related to the cut-
off parameters. We computed the thermalization rate for various observables, including the
reduced density matrix for an interval. It was found that the same rate appears also in the
long time decay of two-point functions in equilibrium (see ([L@) and ([L.14])). In the context
where the number of conserved charges is infinite, and they are identified with commuting
W, charges, the equilibrium ensemble (a generalized Gibbs ensemble, GGE) corresponds
to a higher spin black hole [33, 34]. We found that the thermalization rate found above
agrees with the leading quasinormal frequency of the higher spin black hole; this constitutes
an additional, dynamical, evidence for the holographic correspondence between the global
quenches in this work and the evolution into the higher spin black hole.

One of the main technical advances made in this chapter is the resummation of leading-log
terms at large times, presented in Section 2.2 which leads to exponentiation of the pertur-
bation series, leading to the thermalization rate, presented in ([LG), (IL49), as a function
of chemical potentials. This allows us to also compute the effect of chemical potentials on
the relaxation times of thermal Green’s functions. Another technical advance consists of the
computation of the long-time reduced density matrix ([L9), using a short-interval expansion,
which allows us to prove thermalization of an arbitrary string of local observables.

One might wonder whether the results presented in this chapter are tied to the use of
translationally invariant quenched states such as ([LI]), whose energy density and various

16We wish to thank Alejandro Cabo-Bizet and Viktor Giraldo-Rivera for informing us that the difference
between equation ([LGH) above and the corresponding equation (4.2) in a previous version of their paper [35]
was due to a typo, which has now been corrected in the new version of their paper.
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charge densities are uniform. We will address the question of inhomogeneous quench in a
forthcoming paper [88], both in the CFT and in the holographic dual, using the methods of
[1] where we create an inhomogeneous energy density by applying conformal transformations.
It turns out [88] that if the initial state has inhomogeneities in a compact domain and has
uniform energy densities outside, local observables again thermalize asymptotically with
exponents governed by the uniform densities. Other important issues involve local quenches
(see, e.g. [90L [0T]), and compact spatial dimensions. The issue of thermalization when space
is compact is quite subtle. It has been shown in [28] that at large times one can have
the phenomenon of revival (observables effectively returning to their initial values). The
dynamical entanglement entropy for a quantum quench in a space with boundaries is an
interesting, related, issue; we hope to come back to this in a forthcoming publication [92].
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II.A  Some details on one-point functions

Here we collect some additional helpful material on the one-point functions discussed in this
chapter.

II.A.1 A few explicit one-point functions with zero chemical po-
tentials

Case k = descendent of identity: In this case, ¢y (w,w) is of the form T, T, or : TT : or some
descendents thereof. Under a conformal transformation ([LI6), these operators pick up a
c-number term in addition to a term proportional to the corresponding operator on the
plane/UHP. We will give some examples to illustrate the calculation

1. cylinder: In this case

(T )en =~ 55 = T ome =~
CTT w0 = ([ — AT~ TG hor = (S (166)
2. strip: In this case
(T = ((~ 3 = T o =~ = ()
G e = (I = 2T — T o
= ((%Z)z + App(z—2) 7t = %Z)z + appe 5P 4 (I1.67)

where App, app are constants as in (ILI7) and ([LIS]).

Case k = descendent of other primaries: In this case,

1. cylinder: The one-point function vanishes as in the case of primaries.

2. strip: The one-point function can be related to one-point function of primaries which is
dealt with above.

II.LA.2 Some details on O(u,) correction to the one-point function

In this section we will consider the following integrals which arise in connection with O(pu,,)
correction to the one-point function (¢(c,t))ayn:

[n<Z,Z/|F1> E/dzl Z?ilfTL(zleVZ/)a gn(’zlquZ/) E/dzl Z?ilfn(zlwzu Z/)
I

e e (- 2y
hena ) = Da@ne - M are (1165)
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The second integral on the first line is an indefinite integral. The integrals above can be
explicitly computed. E.g.

22 Z/2

2(z1 — 2)? * 2(z1 — 2')?
2 (224 2) 2(22' + 2)
(z—2")(z — 2) N (z—=2")(z1 — 2)

I3(2,2'|T'1) = g3.x[Ra(z, 2')(—log(—2) + log(—2")) + 322 J_r z:;]

93(21,2,7) = @3 p[R3(z, 2") (log(z1 — 2) — log(z1 — %)) —

(2% + 422" + 2?)
(z — 2)?

R3(z,2') =

(11.69)

Note that I3 is essentially obtained from the lower limit of the integral, i.e. from —g(0, z, 2’).
The contour I'y in I3 specifies which branch of the log is to be taken. In particular

I3(2, 2'|T) — Is(z, 2'|T')) = —2migs ), Rs(z,2') (I1.70)
In the long time limit ([L20), we get
I5(z, 2|T1) = Is(z, 2'|T1) = 2gs.1t(270/B) + g1 X const 4+ O(e=2™/7) (I1.71)

In this equation we have displayed the principal value of the relevant integrals (the discon-
tinuity ([LZQ) tells us the coefficient of the log term or the linear ¢ term).

However, we would like to understand the above results more simply, by using the
Wi(z1)¢r(z) OPE which is of the form:

n—1
or(2) ©r,i(2)
W, (z Z) = Qpp———— + Q,, i ————— + regular terms 11.72
(21)en(2) = ank (21— 2)" ;1 Tz — 2 & ( )

where ¢y, ;(2) is of dimension hy + i1 Using this, we get an expansion for the connected
3-point function of the form:

Wa(z)en(2) i (ENE™ - Gnk Cn1
(e (2)er (2 )™ (z1=2)" (= 2"z = 2)

Performing the integral in (IL6S)),

+O0(z—2)? (I1.73)

z
gn(21,2,2") = qui (log[21 —zl—(n-1) + )
21— R
Cn,l

+

(z1 — 24+ (n—1)zlog[z1 — 2] +...) + ...

/

The ellipsis in each round bracket represents terms with higher powers of 1/(z; — z) (up to a
maximum of (z; —z)~"); successive round brackets themselves are arranged in higher inverse

I"This is the general form; some of the «, ; coefficients may, of course, vanish.
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powers of z — 2’. Using the W, (21)p;(2') OPE in a similar fashion and using the symmetry
property g,(z1, 2, 2") = (=1)"gn(21, Z, 2) we can arrive at a general structure

9n(0, 2,2") = g x(log[—2] — log[—2'])R.(2,2") + ...

where R, (z,2') = (—=1)""'R, (%, 2) is of the form P, (z,2")/(z — /)" ! (P._1(2,2/) is a
homogeneous symmetric polynomial of degree zero). See the explicit form of R,, for n = 3 in
(IL69). The omitted terms are all ratios of homogeneous polynomials in (z, 2’) of the same
degree in the numerator and in the denominator. This implies that we have, in the long time

limit ([L20)
L(2,2|T1) = Is(2, 2'|T1) = 2Gux(27/ B)t 4 Gus X const 4+ O(e=27/7) (I1.74)

which, of course, agrees with (IL7IJ).

Note that the dominant time-dependence 2¢, xt(27/8) comes from the long-time limit
of the coefficient R, (z,2") of the log terms, which can be read off from the discontinuity
I(z,2'|l1) — I(z, 2'|T'1) (see (ILT0)). Now, the contour Jr,_, d=1 can be deformed to
a very small circle §I',dz around the point z; therefore the leading long-time behaviour
R&O)(z, 2') can be derived by using the leading OPE singularity in (IL72)) and computing the
residue at z; = z:

Coefficient of [log(—z") — log(—2)] in I,,(z, 2")

. Wn * / conn
= Residue,, —, (< <E§;()gljp(f<)j’)’“>(izzc ) = xR0 (2, 2) = qur (I1.75)
K\Z))c

II.B Short interval expansion

In this section we will explain a formalism suitable for computing partition functions of
the kind that appear in ([L30). For convenience we will first compute these quantities in
Euclidean time 7 = it and later analytically continue back to Lorentzian time. With this,
each of the expressions Zs., Zs, Z,. is of the form

Tr(paipag) = Dy, Dy 0(Fp1, p2]) exp (—S[e1] — Slea]) (IL.76)

geometry 1 geometry 2

where S[p] represents the action for the CFT (with fields ¢) and the delta-functional in the
measure represents a gluing condition between a geometry ‘1’ and a geometry ‘2’ along a
‘cut’” which is the location, at a particular time 7, of the spatial interval A : o € (—1/2,1/2)
For Z,, both geometries are that of a strip of the Euclidean plane described by complex
coordinates (w,w) = o %+ it defined by boundaries at 7 = +(/4 with boundary conditions
determined by the boundary state |Bd) introduced in ([L3). For Z.., both geometries are
that of a cylinder cut of the Euclidean plane with identified boundaries at 7 = —f/4, 33 /4.
The geometries for both Z,, and Z.. are familiar from calculations of Entanglement Renyi

18To be precise, §[F] = §(¢1(A<) — pa(As)) §(p1(As) — pa(A<)), where A (A-) represents the limiting
value from below (above) the cut.
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entropy (of order 2) and can be calculated from appropriate correlation functions of twist
fields [93] which exchange two identical geometries. For Z,., the two glued geometries are
different (that of a strip and a cylinder), hence the method of twist operators do not apply
in a straightforward fashion. (See Figure [L.4]). In this work, we will therefore, employ the
method of the short interval expansion.

Figure I1.4: Two different geometries, the strip and the cylinder, glued along the cut as described in the
text. The method of the short interval expansion allows us to compute the functional integral over this
geometry by replacing a small tube enclosing the two glued cuts by a complete basis of operators ¢, ® ¢k,
where the operators live in the two Hilbert spaces.

The idea of the short interval expansion [94] is as follows. To begin, we express the
functional integral (IL76) as an overlap of two wavefunctions in H; ® Hs, as follows

Zhy = Tr(panpaz) = (Vout|in) = [DP)(w1) [DPy(w2) Vin[@1, P2 ¥ [P1, P2

w1E€D, w2 €D2

Yinlpr,P2] = [Der(wi) [Dpa(ws)d(p1lon, — @1)0(p2lon, — 92)0(F 1, s]) exp (=Slpr] = Spa])

w1E€D, w2 ED2

Yout [P1, P2) = D;m(wl) D¢S02<w2)5<¢1|81>1 — 01)0(p2lop, — P2) exp (—S|e1] — Spa])
w1 ¢Dq wo&Do

(1L.77)

Here D, (respectively, Dy) is a small disc drawn around the cut in geometry 1 (respectively,
geometry 2).

Note that only |¢;,) depends on the gluing condition since the delta functional in the
measure does not affect |1,,;). The basic point of the short interval is that in the limit
when the length [ of the cut is small compared with the characterizing length scale of the
geometries (in our case, when | < [3), the wavefunction 1,1, pa] becomes jointly localized
at the centre (wy,w;) of the disc Dy and at the centre (ws, ws) of the disc Dy , and hence
can be expanded in terms of local operators, as follows

[Win) = > Chy ey Gry (w1, 1) Gy (w3, 12)[0)1 ® [0) (I1.78)

k1,k2

Here k1, ko label a complete basis of quasiprimary operators of the CF'T Hilbert space. Each
term in the sum represents a factorized wavefunction (between geometries 1 and 2), which,

19We will take the centre of the disc in each geometry to coincide with the centre of the cut, which has
coordinates w = iT,w = —i7T.
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therefore, gives

Zsc - Z Ckl,kQ <¢k1 (wh wl))str<¢k2 (w27 w2)>cyla

k1,k2

Zss - Z Ckl,kQ <¢k1 (wh wl))str<¢k2 (w27 w2)>str7
k1,k2

ch - Z Ckl,kz <¢k1 (wh wl))cyl<¢k2 (w27 w2)>cyl (1179)
k1,k2

Here the subscripts str and cyl refer to “strip”, and “cylinder” respectively. The one-point
functions are evaluated on the respective geometries without any cut (see Section [2 for
more details). The glued functional integral ([L76), (IL77) is recovered by summing over
k1, ko with the coefficients Ck, x,; , as clear from ([L79) these are determined by the gluing
condition and depend on the size of the cut [94] (see Section [LB.] for more details).

II.B.1 The coefficients C}, 4,

As explained in [94] (see also Section [LBI), the coefficients Cj, j, are determined by the
equation
2y

C/ﬁ ky — (nlﬁnl@)_% lim (2122)2(hk1 k) (2122)2(%14—%2) <¢k1 (217 21)¢/€2(227 22»@2
’ Zl2 21—001,22—>002
(I1.80)

where C, represents two infinite planes glued along a cut A, Z, is the functional integral such
a glued geometry and Z; is the functional integral over a single plane. This equation can be
easily proved by inserting quasiprimary a operator at infinity in each plane in an equation
like (ILZ6) or (ILZZ). The two point function in the glued geometry is to be determined by
using the uniformizing map:

y=(2+1/2)/(z —1/2) (I1.81)

The normalization constants n, are determined by the following orthogonality condition of
the quasiprimary operators

_ _ nkl 5k1,k2
(Dr (21, 21) iy (22, 22) ) = T (11.82)
12

212

where ny, is a normalization constant. Note that Cj, x, = C,r,- Below we will use the
notation

Chr ks = Cryka/Co (I1.83)

Case (k1. ko) = (0,.0): We will denote the identity operator as ¢g = 1. It is obvious that

0070 - ZQ/Zl2 (IIS4)

20Tn case geometries 1 and 2 are identical, the superscripts in w;, w;,7 = 1,2 indicate which sheet we are
considering.
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Case (k1. ks) = (k.0): The only case where Cj o # 0 is when ¢x(z, Z) is a descendent of the
identity operator, e.g. T'(z), T(2), : T(2)T () :, A(z), A(2) etc] E.g.

? . /4

o :C :CY* :—'C’ = — ...
Cro 70/ Co0 70 = 15 Y170 = 355

(I1.85)
All other Cj o vanish as they are proportional to a one-point function of a primary operator
on the Riemann surface (and hence to that on the complex plane).

Case (ki.ks) = (primary, primary): In case ¢y, , ¢y, are primary operators, ([L80) gives

. 1 leiw/2 2(hy +hiy)
Chy oo = Edlﬁ,kg (T) (11.86)

Case (k1. ky) = (descendent, descendent): In case ¢y, is of the form L_p, L_p,... Ly, L_n,...¢01,
and ¢y, is of the form L_, L_,,..L_g L_,...¢;,, we can show that

R . 2(hg, +h
Ckh]@ = 511712 52:”,27« 5Zm725A(n1,7’L2,...,ml,mg,...,rl,TQ, ...,51,82,...)l (P, + kl),

hkl = hl1 -+ ZTL, hk2 = h12 + Zm (1187)

where A(...) is a numerical coefficient.

HHere A(z) = :TT:(z) — 02T is the level 4 quasiprimary descendent of the identity.
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Chapter 111

Free Scalar and Fermion Quenches

1 Introduction and Summary

The dynamics of systems undergoing a quantum quench has been extensively studied in
recent years [I7]. In a quantum quench, some parameter of the Hamiltonian changes over
a brief period of time. The initial wavefunction in the pre-quench phase, whether it is a
ground state or otherwise, typically evolves to a non-stationary state, which then evolves by
the post-quench Hamiltonian which is time-independent. An important question in such a
dynamics is whether correlators equilibrate at long times, and if so, whether the equilibrium
is described by a thermal ensemble or otherwise [I7, I8 [19]. With the advent of AdS/CFT,
the issue of thermalization has assumed additional significance as it maps to the subject of
gravitational collapse to a black hole [78,[05]. This has given rise to an extensive literature on
holographic thermalization (see, e.g. [76,96] 7], for some of the early papers on the subject).
This correspondence has a direct bearing on the issue of universality of thermalization since
a collapse to a black hole state is also typically associated with loss of most memory of the
collapsing matter. In this chapter, we will find that the final equilibrium state is characterized
by an infinite number of thermodynamic paramaters (chemical potentials) which retain a
partial memory of the quench protocoll; in the holographic dual, this corresponds to retention
of memory by the final black hole of the collapsing matter.

A significant step in proving thermalization in a closed 2D system was taken in a recent
paper (MSS) [2] (similar results have subsequently appeared in [8]). MSS considered 1+1
dimensional quenche, ending with a critical post-quench Hamiltonian and made the fol-
lowing assumptions:

(a) the post-quench wavefunction is of the generalized Calabrese-Cardy (gCC) formf]

) g0 = exp[—raH — Y _ £, W,]|Bd) (I11.1)

n>2

'For a quench from a ground state, the final chemical potentials retain a full memory of the quench
process. When the initial state is different, the final chemical potentials retain partial information about the
initial state and the quench protocol.

2Unless otherwise stated, the spatial direction will be regarded as non-compact.

3In an obvious notation, we will define the boundary state with an energy cut-off, exp[—x2H]|Bd) as the
Calabrese-Cardy state |¢)cc. These states were introduced in [44] to describe 2D critical quenches.
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where W, are additional conserved charges in the system (the results are valid even without
the additional charges present in the system). It was assumed that the charges are obtained
from local currents. Below, for specificity, we will assume that the system is integrable, with
a W algebraH and the W,,, n =2,3,... (W, = H) are W, charges.

(b) The spectrum of conformal dimensions in the post-quench critical theory has a gap.

(c) The dimensionless parameters &, = k,/k5 ', n > 2 are small and can be treated pertur-
batively.

(d) The size [ of the interval is small compared to ™

With these assumptions in place, MSS proved that the reduced density matrix of an
interval of size [ in the state ([ILI]) asymptotes to that in a GGE ﬁ, defined by

e*ﬁH*ZZO::), 1220 Whn

Pcoce — 7 , B = 4ko, o = 4K, m > 2 (IH.Q)

with a relaxation rate given byﬁ

2T

Y= 3 A+ ZﬂnQn + O(ﬁz) s P = uila (IT1.3)
n=3

=1

where A, @, are given by the conformal dimension and other W, charges of the most relevant
operator of the CFT (by assumption (b) above, A > 0). A consequence of this result is that
the expectation value of an arbitrary string of local operators, which can be enclosed in an
interval of length [, exponentially thermalizes to its expectation value in the GGE.

One of the motivations of the present work is to extend the proof of thermlization,
without making the assumptions made in MSS, in theories of free scalars or fermions with a
time-dependent mass m(t) quenched to m = 0. We allow for nontrivial pre-quench states.

We proceed in two ways:

e We consider arbitrary quench protocols m(t) and arbitrary squeezed states as pre-
quench states (including the ground state) and show, by mapping the quench problem
to an auxiliary one-dimensional scattering problem, that the quench leads to a wave-
function of the gCC form. This proves the main ansatz of MSS (assumption (a) above).
We also show that by judiciously choosing the pre-quench states one can satisfy the per-
turbative assumption (c). Thus, for theories satisfying (b) and, for intervals satisfying
(d), thermalization follows from first principles.

4This clearly holds for the theory of free scalars and fermions discussed in this work.

®The assumptions (c) and (d) were made for technical reasons, which can, in principle, be obviated in
other methods, e.g. if the higher spin deformations x,~2 can be represented geometrically (like ko which
is treated as an imaginary time). Assumption (b) appears to be more essential. In case of the scalar field
model discussed in the present work, this condition implies compactifying the range of ¢ on a circle.

6GGE refers to a generalized Gibbs ensemble; see, e.g. [98] for a review. Thermalization to a GGE in
the context of an integrable CFT was anticipated earlier in [99, [14], and, for more general general integrable
models, in [T00, (10T} 21} (02, (103, (104, 22, (105, 99, 23, [106).

"To be precise the overlap of the square-normalized reduced density matrix in the pure state ([(ILI]) with
that in the mixed state ([IL2), behaves like 1 — (const)e=27%. See MSS for more details.
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e For specific quench protocols, but with arbitrary pre-quench states as above, we com-
pute exact time-dependent correlators, and explicitly show thermalization of one- and
two-point functions, without making any of the assumptions of MSS

One of the technical advances in this work is the use of non-trivial pre-quench states,
which we take to be squeezed states. The motivation for considering this class of states is
that besides being technically accessible, these states are experimentally realizable (see, e.g.
[38,39]) and carry non-trivial quantum entanglement encoded by the squeezing function.

We list below some salient features of our analysis:

1. Memory retention by the equilibrum ensemble: By using inverse scattering
methods applied to the above-mentioned auxiliary potential scattering, we are able to
relate the post-quench wavefunction, in particular x,-parameters of the gCC state, to
the quench protocol m(t). In fact, if we start with the ground state of the pre-quench
Hamiltonian, the k,, parameters completely encode m(t), implying that the equilibrium
ensemble specified by p, = 4k,, carries a precise memory of the quench protocol! In
case we start with a squeezed state, the equilibrium ensemble remembers a combination
of the quench protocol and the knowledge of the initial state.

2. UV/IR mixing (IR sensitivity to irrelevant operators): As already found in
MSS, the relaxation rate of various operators ([IL3]), which govern late time dynamics,
depends on all the chemical potentials p,, equivalently on the r,. Now from ([ILII)
it is clear that the k, represent perturbing a given initial state by higher dimensional
(irrelevant) operators. Indeed, our computation of the exact correlators, shows that
for a large class of operators, these correlators at long times and large distances, are
affected by all these chemical potentials, in apparent contradiction to IR universality
(this is elaborated in Section [B). This phenomenon is actually related to the memory
retention mentioned above.

3. Holographic correspondence: Our results show that for a given quench protocol, a
GGE with a finite number of specified chemical potentials can be obtained by taking
the pre-quench state to be a suitably chosen squeezed state. By using this result and
the correspondence shown in MSS between thermalization to GGE and quasinormal
decay to a higher spin black hole, we infer that higher spin black holes with an arbitrary
set of chemical potentials get related to thermalization of squeezed states in the field
theory.

Outline: The outline and organization of the chapter is as follows:

In Section 2] we consider mass quenches in a free scalar in two dimensions. We relate
the dynamics to an equivalent potential scattering problem, discussed further in Appendix
MILAl We find that the exact time-dependent wavefunction can be related to a Bogoliubov
transform of the ‘out’ vacuum (the post-quench ground state). Using this fact we write

80f course, as we mentioned above, the assumption (a) about the gCC form of the wavefunction is in any
case true.
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down the exact form of the scalar propagator. These results hold for a general mass quench,
including quenches from a massless to a massless theory. We find that the quenched state
is always describable in terms of a gCC state (using an application of the BCH formula,
as described in Apendix [ILBI). In Section [Z4] we work out all this for a specific quench
protocol (i.e. specific time dependence of the mass parameter). In Section we consider
cases where the pre-quench state is a squeezed state. We show that this gives us a large
class of initial conditions, by tuning which we can prepare a quench state in the exact form
exp[— Y, koW, ]| D) which has a finite number of given x,, coefficients.

In Section Bl we show how to generalize the above results to fermions.

In Section M we work out the scalar propagator for the specific quench protocol of Section
2.4l This allows us to compute various exact correlators, starting either from a ground state
or from specific quench states leading to a gCC state with a finite number of x,, parameters.
We show that these correlators thermalize exponentially to a GGE; the relaxation rate is
found non-perturbatively, which agrees with (IIL3]) in the perturbative regime.

In Section [l real time Wightman correlators in a GGE are computed.

In Section [6] we show that the IR behaviour of exact correlators is sensitive to all the
chemical potentials even though these represent perturbation by irrelevant operators. We
also show that the equilibrium ensemble remembers the quench protocol.

In Section [ we make concluding remarks and mention some open problems. In Ap-
pendices [IL.Cl and [ILDI we discuss some notations and general results about bosonic and
fermionic theories.

2 Ciritical quench of a scalar field: general strategy

An important example of quantum quench is provided by free scalar field theories with time-
dependent mass (our notations will closely follow [107), 40], which also contain an extensive
reference to the relevant literature).

S = _% / d*x(0,0 0" — m2(t)$?)

1 [ dkdt /. .

—5 [ S (1808 = (8 4 @)k OP) , 6(-k ) =0'(kt) (L)

In this section we will consider a mass function m(t) (this is referred to as a ‘quench protocol’)

which decreases from an asymptotic value mg in the past to the asymptotic value m = 0 in

the future. This is called a critical quench since mass gap vanishes following the quench.
The equations of motion of various Fourier modes in ([IL4) get decoupled, where each

mode satisfies a Schrodinger-type equation with —m?(¢) playing the role of a potential:

¢ (k, 1)

— 5 T Ve(k.t) = Bo(k,t), V() = —m?(t), E = k> (I11.5)
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Figure III.1: The equivalent Scrhédinger problem. We have assumed a quench of the mass

parameter from myg to 0, so that m?(¢) R ma3, m?(t) 7200,

As explained in Appendix [ITLAl (see, e.g. [108], Chapter 3 for details), the solution for
the field ¢(k,t) can be expressed in two distinct ways, as (c¢f. (IL9S)

(k1) = ain(k)wsn(k, 1) + al, (=Rl (=, 1) = Gous (k) tous (k, 1) + @l (=R)ub (<K, 1),
o(z,t) = / % o(k,t) e (I11.6)

where the ‘in” and ‘out’ wavefunctions w;, out(k,t) are defined as in (IIL99). The in- and out-
oscillators are related to each other through the Bogoliubov coefficients a(k), 5(k)

in(k) = @ (k)agu (k) — B (k)ab, (<),
tout(k) = a(k)am, (k) + 5*(k)al (—k), (I11.7)

which are related to the potential scattering data as explained in Appendix [IT.Al The
Bogoliubov coefficients are actually functions of |k|, as explained in Appendix [TL.A.2l

2.1 General proof of the gCC ansatz [2] for the ground state

The two sets of oscillators define two distinct vacua |0, in) and |0, out), defined by a;,(k)|0,in) =
0 and auu(k)|0,0ut) = 0. Using the first line of ([ILT), we can express the in-vacuum in
terms of the out-vacua as follow

10,in) = eXp[% > (k)al, (k)abu(—k)]0, out), (ITL.8)

where

(k) =67(k)/a* (k) = r* (k). (IIL9)

In the last step we have used the expression for the reflection amplitude in (IILI0T)). Equation
(IILY)) establishes the relation between the quantum quench problem in the QFT and the
auxiliary potential scattering problem discussed in Appendix [TLAl

9This is proved by simply checking that the right hand side is annihilated by o (k)aou: (k) — 8% (k)al . (—k).
Here ), is defined as the sum over discretized values of k, as elaborated in Appendix [ILCl
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In the above expression ([ILS) we represent the states in the Heisenberg picture, as is
customary in QFT in curved spacetime.

With the above ingredients in place, it’s a simple exercise, using the Baker-Campbell-
Hausdorff formula (see Appendix [ILB]), to show that the in-vacuum can be written in the
following for

10,in) = exp[% Y (k)al | (k)abu(—k)0, out) = exp[— > w(k)aby (k)aou (k)] D),
k

k
1
k(k) = ) log(—(k)) (I11.10)
where |D) is a Dirichlet boundary state (IILII3)), defined in terms of the ‘out’ Fock space:
1
D) = expl—§ 3l (K)abu(~))0. out). )
i

Using the relation with the scattering problem (as described in Appendix [ILAI), especially
(IL9) and ([ILI04) we find that v(k) admits a small-momentum expansion of the form

(k) = —1 4+ k] + 7lkl +6lk 4 oy 0 =75, Re() 20 (IIL12)

Using this power series expansion, and the expression for (k) in ([ILI10), we can expand
k(k) also in a power series, as follows:

k(k) = kolk| 4 k3| k|? + ral k[® — ...,
1 1

%, k= 7 (7 +292) ka = ¢ (77 + 337 + 335) (I11.13)
Note that it follows that Re ko > 0. Below we will find explicit examples of this power
series for specific quench protocols m(t) which interpolate from mg to m = 0. For quenches
involving a single real scalar field, we will find that the above expansion ([ILI3]) has only
odd powers of \k\ and, explicitly ko > 04 Putting everything together, we find the
following expression for the ground state |0,in), in a gCC form ([ILI]) with the boundary
state identified as a Dirichlet state ([ILI1I)):

Ro =

0, in) = exp[—roH = > K2, Wan]| D) (I11.14)

n=2

where Wa,,n = 1,2, ....,(Wy = H) are the even W, charges [4I] of the final massless scalar
field theory, which we define here as follows {1

H=W, =Y |klal (k) aou(k), Wap =D [k al, (k) aou(k), n =2,3,...  (IIL15)
k k

10T his result was independently found some time ago, for the quench protocol discussed in Section 24 in
[109]. We thank Sumit Das for sharing these results with us.

UThis is consistent with the fact that a real scalar field provides a representation of the W, algebra [41]
where the odd W,,’s vanish. See below.

12For massless—massless quench, s turns out to be purely imaginary (see Section 23]).

13The normalization convention here for the W-charges differs from that of [41].

141f the time-dependence of the Hamiltonian stops after a finite time, the post-quench Hamiltonian coin-
cides with the W5 charge, and the other W5, charges also represent conserved charges of the post-quench
evolution.
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The values of these charges are given by

(Wa) = kPN (R)), 1=1,2,3, ..,
k
where (N(k)) = (0sn]abye(k)aout (k)]0im) = |B(K)[? (I11.16)

The last step famously follows by expressing the out-oscillators in terms of the in-oscillators

using (IIL7]).

Note that ([ILI4) is a relation between Heisenberg states, that is, the LHS, evolved to any
time t, equals the RHS evolved to the same time t. Thus, if the time-dependence of the
Hamiltonian stops at time t = ty, then we havdd

T <elfioo H(t/)dt/> |O”L’I’L> _ 67R2H72$Lo:2 HZnW2n|D>’ t Z tO (11117)

Conclusion: Thus, we find that the ground state, under a quantum quench to zero mass, is
exactly represented in the generalized Calabrese-Cardy (gCC) form, as predicted in [2)].

We will indeed, find below that the above conclusion holds even when we start from more
general states in the initial massive theory.

2.2 Thermalization to GGE

As proved for general initial gCC-type initial states ([ILI)) in MSS [2], for a perturbative do-
main in the x, parameters, and as we will show below explicitly for a large number of specific
cases, the post-quench state, which is of the form ([ILI]) shows subsystem thermalization to

the GGE ([IL2):
W)(KJ?a {Kln}»gcc

subsystem

Pace (B, {tn}), B = ko, pn = 4ty (I11.18)

thermalization
Note the alternative form of this equation:

subsystem 1

expl= Y KRN (R))ID) — el 3 (k)N (k) = 4k(k) - (11119)

k k

Both equations are to be interpreted as the statement that a reduced density matrix on the
LHS asymptotically approaches that in the RHS. We will compute explicit correlators below
which satisfy the same property.

The energy and W-charges (as well as the number operator) are conserved in the post-
quench CFT dynamics, we have

<Wn>gCC = <Wn>GGE7 <N(k)>gcc = <N(k)>GGE (111'20)

15In case the time-development continues asymptotically, but as e */* as in ([IL24)), then ([IL17) is again
true for ¢ >> tg, up to terms of magnitude e=*/%.

<H>gCC = <H>GGE’
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Thus, the charges (IIL16) measured for the post-quench state also refer to those of the GGE.
In particular, note that

vy = 80 = 0 —

This relation can be identified with a similar relation in [2I]. To prove the above equation,

we have used (IIL9), (ILI0) and (ILI102).

(I11.21)

2.3 The propagator

Using the defining property of the in-vacuum |0,in), and the mode expansion of ¢(x,t) in
terms of the in-modes, it is easy to derive the following basic two-point function

dk ,
(0, in|é(z1, 1) 62, £2)[0, in) — / O iy (1) )
dk
:/§ (k) Puuoue (b, tr )ugy (ks t2) + (k) B (k) ot (K, 1) tout (=, £2)
+a*<k)ﬁ<k)u:ut<_k7tl)u:ut<k7 t2) + ‘6(1{;) 2uZut<_k7tl)uout<_k7t2):| eik(:mf:m) (11122)
In the second step we have used the relation ([ILI03) between the ‘in’ and ‘out’ modes.

Using ([IL9) and ([ILI02), we can find

2 _ 1 2 _ [y (k)I?
N () ) _ 7k
a(k)p*(k) = e © (k)B(k) = = WP (111.23)

The propagator ([IL22)) has recently appeared in [I10] who used it to study the relation
between smooth fast quenches and instantaneous quenches. Related expressions, in a some-
what different form, have appeared in [111].

Using the relation ([IL9) to relate (k) to the reflection coefficient 7*(k) (see Appendix [TLAl),
we find that the above propagator can be expressed in terms of the solution of the auxiliary
potential scattering problem. In Section Ml we will determine this propagator exactly for a
specific quench protocol.

2.4 A specific quench protocol

We will now work out some of the above ideas for the specific mass function
m?(t) = m3(1 — tanh(pt))/2 (I11.24)

The Schrédinger problem with a tanh potential can be exactly solved (see, e.g. [10§], Chapter
3, where this model appears in a simple model of cosmological particle creation). Using this
fact, we can find the following explicit solutions for w,(k,t) and wyu(k,t):

g~ Wint iw_ dwg iw;
(k. t) = F ] = R e I11.25
tin(F: ) \/me21</7 p p 6) ([1125)
g~ Woutt IW_ Wy Wyt
out(k, 1) = F s T ] et 111.26
Uput (K, 1) ,—QWOM2 1< P P p + e ( )
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where o F] is a hypergeometric function and

/ 1
Win = k2 + m%, Wout = ‘k‘, w4 = §<wout + win)

Using ([IL103)) (see Appendix [ILA] for details) and properties of hypergeometric functions
[T12] for large arguments, we find the following Bogoliubov coefficients

r(5)r(-3) () o)
Oé(/{?) _ Wout ‘P ' P : ﬁ(k) _ Wout 'P ' 4
Win _iwy _dwg Win iw_ iw_
r(=5)r(-%) r(5)r (%)

Using these values, and the general method of Section 2 we find that the ground state is of

the gCC form (ILI4),

0,in) = exp[—roH — Z KonWan|| D)

n=2
where the k,,’s are found by using ([ILI10), as follows:
l (7 + @ (—m70)> —imoyp® (—MT‘)) + 6pyp™M (—MT(’) + Timey P (1) + 2p
Ko = , Ra =
P 24mop?

(111.27)

where 1™ (z) is the n-th derivative of the digamma function 1 (z) = I'(2)/I'(z). In an
expansion in 1/mg, mg/p (to be interpreted in the sense of Appendix [[ILE]), these coefficients
read as follows

1 wmd  C(3)m} 1 5 72 m?
_ L mmy (B)ms S (L I D
"2 m0(+12,02 Tt )’M mi'i( 160 288 2 ) 2

Note that these are functions of both the scales myg, p characterizing the quench protocol.
The coefficient of odd powers of (mg/p) in this expansion turns out to be purely imaginary.
Note that the x,’s (in this case the first two, ko and k4) encode the quench protocol ([IL24])
completely; since the k,,’s are related in a one-to-one fashion to equilibrium chemical poten-
tials p,, = 4k, ([IL2), it follows that from the equilibrium state one can retrieve the quench
history (see Section [6.2] for more details).

For later reference, the “out”-number operator ([ILI6]) turns out to be

(N(k)) = csch (Wk) sinh? . <k EA mg) csch <W7M> (I11.29)

p 2p p

Once again, we verify, as in ([II.17), that the time-evolved ground state can be ezactly
described by a gCC state, of the form (IIIZ:ZU

16We should note the distinction of this statement with the exact form in ([ILI7). Since for the “tanh”
protocol, there is no finite time ¢, beyond which the Hamiltonian is time-dependent, one should use ([ILI7))
here as an asymptotic statement, for ¢ > 1/p, with exponentially small corrections O(e™*t).

97



Sudden limit

We will be especially interested in the sudden limit (p — oo) of the above quench protocol
m?(t) = mgO(—t) (I11.30)

For later use, we note that in the sudden limit
p — 00, (I11.31)

the Bogoliubov coefficients become

(111.32)

Uin (K, t) = (k,t) =

70— Uou I11.33
\/2win Hout \/2wout ( )

The &, coefficients in this limit are given by taking the p — oo limit of ([IL28)):

1 1 5
Rog = —, Ry = —3 ( ) g eee (11134)

mo "= a \ 760
Thus,

. H 5w,
0,in) = exp[——

+..]|D) (I11.35)

which is a gCC state[] In the sudden limit, the number operator ([IL29) becomes

2
(/A - Ikl)
4/k2 + m2|k|

A more precise and careful version of the sudden limit, than ([IL31]) is described in Appendix
MLEl

(N(k)) = (IIL.36)

2.5 Quenching from critical to critical

We will consider a quantum quench for the scalar field where both the initial and final masses
vanish (i.e. a quench from a critical Hamiltonian to a critical Hamiltonian).

170One might be alarmed by the positive sign of the W;-coefficient in this state. This would mean that if
all the higher #,,~3 were absent, x(k) would have grown as +k*, hence implying a divergent norm of the gCC
state e™ 2k #(R)N (k)|D>. However, such catastrophies are avoided by higher &,, coefficients, as they must,
since the gCC state is equal, as a Heisenberg state, to the initial ground state, which has a finite norm. We
will have more to say in Appendix [ILE] on other possible divergences associated with the sudden limit.
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m*(t)

YARN

Figure II1.2: A mass-profile describe quantum quench from a critical Hamiltonian back to the critical

Hamiltonian. Here m?(t) toEee, g,

t

A typical mass function which follows this property is [40]:

m?(t) = mg sech®(pt). (I11.37)

Using the coordinate transformation y = e***. The equation of motion, analogous to (IILH),
becomes k1) 12 )
Y mgy

" (k,y) + + < + ) o(k,y) =0 I11.38

(k9] y dpy (1 +y)? ) (HHL55)

With o = 1/2 + %\/4m3 + p?, this equation can be solved to give

u(k,t) = e (1 4 2™ [C’l CaPy O (a, L4 a, 1+ Z—, —62’”)
p p
k ik
R <a, EICLRNIPNE —e2f’t>} (I11.39)
p p
C; = 1 and Cy = 0 gives the incoming solution u,, (k) which satisfies the property (IIL99). On
taking the ¢ — 400 limit of u;, (k) we can express u;, (k) in the form a(k)uou (k) +5(k)us,, (k)
(see Appendix [T Al for more details), where

oty - —E)TE) a0
r(%—a+1)r(%+a)
B(k) = isin(ra)cosech (7%‘) (I11.41)

Using ([IL9)) and ([IL10), we can express the in-vacuum in a gCC form (IILI]) with
ikp /{:2/)2 ik3p3 k4p4 ik5p5
R(k) = 55— 71~ =75 8 0
2mg  4mg  6mg  8mg  10my

(111.42)

which leads to » )
p —p

fry /13 ey .
29 4
2mg 4my

K2

Note that ko is imaginary. By contrast, ks in a massive quench, is real and positive (see
e.g. (IL34), and is identified with 3/4 where /3 is the inverse temperature of the associated
thermal state. With imaginary ks, such an identification is clearly problematic. We will find
in the next section that starting with an appropriate squeezed state, one can manufacture a
CC state with positive ks.
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2.6 Quenching squeezed states

Suppose, instead of the ground state we start with a squeezed state@ of the pre-quench
Hamiltonian{9

[, in) = | f) _eXp[ >k k)] |0, in) (I11.43)

This is clearly a Bogoliubov transformation of |0, in). To see this, note that |f) is annihilated

0 = Jaw(k) = FR)al,(=R)] 17 (k). in)
= [ Ry aoua(k) = B (R)abua () = F() {alk)aluu(—) = B)ana(R) }| 1K), out)
= {0 (k) + F(R)B(R)} aoua(k) = {B" (k) + F(k)a(k)} abu(=k)] |f(K), out)  (111.44)

Thus, it follows that the squeezed pre-quench state is also expressible as a generalized
CC state

90 = |) = exp [; Zweﬂ<k>aiut<k>alut<—k>] 0, out) (I11.45)

where the effective v_, (k) is
B (k) + f(k)a(k)

k)= I11.4
Tl = G+ 1 RIBH A0
Using the result (IIL45) and the method leading to (IILI0), we can again show
) = exp[Y_ = (k)abu(k)aou(—k)]| D),
k
1
e (k) = =5 log (=74 (k) (IL1.47)

where k.r¢(k) has an expansion of the form ([ILI3]) as argued below.

General arguments from scattering theory: Using elements of scattering theory de-
scribed in Appendix [ILA] we can rewrite ([IL46) as follows

Vo (k) = (1‘70_(?,:(5}]({]1)) (f((;)) (I11.48)

18These states have importance in diverse contexts [38, [43] including quantum entanglement [39]. Time-
development of these states can address the issue of dynamical evolution of quantum entanglement, among
other things.

19We assume that the norm of the squeezed state is finite, which is ensured by the finiteness of the integral

[ dk/(2r) log(1 — | F(R)]2).
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Here we have used §*(k) = —r'(k)a(k), where 1’/(k) is the dual reflection coefficient ([IL97]),
which has a small momentum expansion ([ILI0S) r'(k) = 1+ O(k). Assuming f(k) to be
regular at & = 0 so that it admits an expansion f(k) = f(0) + O(k), we find that the first
factor in the RHS has an expansion —1 + O(k). Using ([ILI06), the RHS has an expansion
—14 O(k), which ensures an expansion of .y in ([IL47) of the form (IIIEEI) We will list

a number of examples below to find such an expansion of (k).

Explicit Examples: In the first two examples, we fix the quench protocol to be given by
the ‘tanh’ function ([IL24)), in the sudden limit p — co. We will determine the .y explicitly
by using ([IL47) and the expressions for the Bogoliubov coefficients (IIL32]). In the

e Gaussian: For a Gaussian squeezing function with variance proportional to mZ, ie.
f = exp[=k?/(a®mg)], we get
|| (6a* + 1) k] (30a® — 10a* — 3) |k
a?myg 12a%mg3 240a19mg®

Kefy(k) = + O(|k]") (111.49)

e Preparing CC states and gCC states with specified parameters: It is clear
from ([IL47) that given specific Bogoliubov coefficients, e.g. ([IL32)), we can obtain
any desired expression for k.r¢(k) by tailoring the choice of the squeezing function

f(k). Thus, e.g.
2| k|
VE? + mg? tanh (koo k| + kaolk|?) + |K|

yields a function (k) = Kaolk| + Kao0lk|® with specified parameters ko = ko, fy =
k4. This identifies the squeezed state with a gCC state with these /{—parameters

fk)=1- (I11.50)

‘"Lp, m) = ‘f> = eXp[— <H270H + /€4,0W4) ‘D) (11151)

Specializing even more, we can manufacture ko9 = 1/mg, kg = 0, i.e. Kepp = Kook, (cf.

(IL34)) by choosing

2|k|
k)=1-— I11.52
f(k) Vk? + mg? tanh (|k|/mg) + |k| ( )
which yields a CC state of the form
. 1
[, in) = |f) = exp [—m—o E |k|a£ak] |D) (IT1.53)
k

We note that these squeezing functions are localised functions which vanish at both
k — 0 and k — oo limits and hence the resultant squeezed state is normalisable. Note
that the functions f(k) are even functions, and hence are actually functions of |k|.

20This does not ensure Re(k2) > 0 by itself. We have to tailor the choice of f(k)’s to ensure it, as done in
the examples below.

2INote that we choose here k2,0, ka,0 to be positive to ensure that the gCC state is of finite norm; see
footnote
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e Critical to critical: Applying the above method to the quench protocol discussed in
Section [2.5] we find that the following choice of the squeezing function

a (—62|k‘(“2’°+“4’°k2)) +a — i|k|

—a + (a + i|k|)e2IM (r2.0+r4.0k?)

fk) =

leads to a gCC state e~*20H=r4i0Wa| D) - Specializing to

a (—e?r2oll) 4+ q — i|k|

J(k) = —a + (a + i]k|)e2r2olk

leads to a CC state e~*20H| D).

The propagator in a squeezed state
The propagator in a squeezed state |10, in) = | f) is obtained by replacing o — awesr, 5 — Bess
in ([IL22):

<77Z)7 'LTL|§Z§(ZL‘h t1)¢(x27 tQ) |w7 ZTL>

dk . .
= / o [|a€ff(k)|2uout(kv t)upy (ko ta) + adf(@ﬁeff(k)uout(ka t1)Uout (=K, t2)
0y (B) Bep (k) (=K 005 (K, t2) + | Bep g (B) P (=, 1) tous (— K, t)] 0177
(I11.54)

3 Fermion theories with time-dependent mass

We will now consider fermion field theories with a time-dependent mass:
S = —/dQ:E(i\IW“GM\II —m(t) W)

Once again, a general analysis of an auxiliary Schrodinger problem can be performed [42], to
infer the emergence of the general Calabrese-Cardy (gCC) state. However, we present below
the analysis for a mass quench specific quench protocol, involving a tanh function, which
describes quantum quench from a non-critical to a critical Hamiltonian.

We start with the Dirac equation with the following time-dependent mass:[42], [40]

:@(

m(t) 1 — tanh (pt))

The Dirac equation is

("0, — m(t)) ¥ = 0 (I11.55)

The ansatz for a solution of this equation is

U(k;z,t) = (7°0, — 7' 0, — im(t)) e=" D (k, t) (II1.56)
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where ®(k,t) is a two-component spinor that satisfies the following equation

(07 + k* + m?(t) — iv"m(t)) ®(k,t) = 0 (I11.57)
Defining ® = (¢, ¢_)T, the equations decouple in the eigenbasis of 4 in Dirac basis,

(07 + K> + m?(t) F im(t)) du(k,t) =0 (I11.58)

where ¢ (t) is the solution corresponding to 7° eigenvalue 1 and its part with asymptotic
positive energy eigenvalues appears with the spinor u(0) in the mode expansion of ¥(z,1t).
Similarly, ¢_(¢) is the solution corresponding to +° eigenvalue —1 and its part with asymp-
totic negative energy eigenvalues appears with the spinor v(0) in the mode expansion of
U(z,t). The conventions and the explicit solutions are described in Appendix The
explicit solutions lead to the following expressions of Bogoluibov coefficients a (k) and 54 (k)

_ilk| _ win
oy (k) = F( p)r(l p)

4 4 (IT1.59)
T (1 - z(|k\$glg+wm)> r (_z(\k|:l:1;b;))+wm))
()r(-%)
By (k) = : “ (ITL.60)
- T (_i(*|k\i2m0+wz'n)> T (1 - i(*\k|¥mo+wm)>
p 2p

In terms of the ‘out’ oscillators, the ‘in’ ground state is

(e}

Z ’Y(kj)alt:,outbik,out

k=—o00

|¥) = exp 0, in)

where (k) = X(k:)g :Ezg* (IL122). Using a similar BCH formula to ([ILI0) for fermionic
creation and annihilation operators, we get

|\II> _ 6—K2H+H4W4—K6W6—...|D> (11161)
1 ~m 1 3 1 2 1 3
where K2 =5 + 12,2 + E(’)(m//)) ) R4S o a2 + 3 O(m/p)°,
3 w2 1 3
56 = Somp ~ 96mipE T s OU/P)

and |D) is the Dirichlet state of the fermionic theory. Using the chiral mode expansion

(IV116) and (IV.117),
D) = eZwsign(kaldly o (111.62)

In writing the W, charges for the fermions, we have used the currents mentioned in the

Appendix [ILD]

22We choose the overall normalization of the Wa,, (2)-currents so that the Wa,, charges are given by Wa,, =
>k k2=t [af (R)a(k) + 0T (k)b()].
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4 Exact time-dependent correlators

4.1 Ground state

In this section, we will consider the specific quench protocol discussed in Section 223
Using the general computation ([IL22)) of the propagator and the specific values ([IL.32]) and

([IL33), we find

Goo(z1,ti;22,t2) = (0,in[o(z1, t1)d(22,12)[0, in) =

/%Gqﬂ(lf) [(2|k| (\k\ + \/M) +m3) (@(k)e—ik(x;—m;) +@<_k)€ik(x;_x;))
+ (2|/€| (‘k‘ - \/M) + mg) (@(k)eﬂ'k(m?fmf) + @(_k)eik(m;ﬂ;))

—m2 <@<k>€ﬂ-k(m;ﬂ;> Lo(- k)efik(m;f:vf))
2 (@(k)e—“ﬂ@ ) 4 @(—k)e—ik@—m)} (I11.63)

where we have defined a:li = x; £t;, © = 1,2. Note that the last two lines involve the
combinations ty + t9, which reflect the fact that time-translation invariance is lost due to the
time-dependent perturbation. In the above expression

Gq70(k)

1
= I11.64
8|k|2\/ k% +m3 ( )
is the significant part of the above propagator. Singularities of this quantity in the k-plane
are explained Figure [IL3t these are a double pole at £ = 0 and two branch points on the
imaginary axis, at k = +imy.
After performing the Fourier transforms, the propagator is given by:

Ggo(z1,t1; 29, 19)

1 m2 ,
= o (—Gfé <IO (:102 — xf) 2

07 7%
ma 3 1 3
+ Gl (TO (e =1)% 0,11 ) ~ G (Z o(# = )% g 11 )
+ 4K, (mo }:EQ_ - :El_}) + 4K, (mo }:E;L - xﬂ)
+2im sgn (v; — @7 ) — 2im sgn (25 — z7)) (I11.65)

For 9 —xy = r and t; = t; = ¢, in the asymptotic limit this becomes
1 efmo(Qtfr) efmo(r+2t) 2e—mor
+ + +
8/2mmy ( V2t —7r Vr+ 2t NG
1 e—mo(r—Qt) e—mo(r—l—Zt) 2e—mor
= ( + + ) + ...
8v2mmg \ /r — 2t Vr+ 2t NG

23Note that the quantities defined in Section [Z4] are obtained by a naive definition of the sudden limit
(IIT31). As explained in Appendix [ILE], although for Wy and higher charges, this definition has be refined
as in ([[IL123)), for correlator calculations we can continue to use the naive definition.

1
Ggo(0,t;r,t) = 3 (mo(2t — 1)) ) +...or<2t

r> 2t
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The linear terms are dictated by the double pole at the origin of the k-plane. These agree
with the expressions obtained by [I11] in the so-called deep quench limit (see Section [ for
more details). The ellipsis represent higher transients.

Correlators:

e Two-point functions of vertex operators O, = ¢“?: The dominant behaviour in the
IR limit is given by exponentiaing the linear part in the above (¢¢) propagator (after
subtracting the coincident part). We get

(0,in|e 1?00 e 10D|() in) = e~ FMOT ¢ > /2 (I11.66)

This result agrees with that in [ITI]. The dominant exponential is, again, given by
the double pole at the origin of the k-plane. As remarked in Figure [IL3] the thermal
correlator is also dominated by this double pole at the origin. It is no surprise therefore

that the above result ([IL66) exactly agrees with the thermal result ([IL87), with the
identification = 4Ky = 4/my.

e Two-point functions of the holomorphic operator: O = &b

<0, in\&b(wl, tl)a(b(l’g, tg) ‘O, 11’l>

dkeikr
= O(—k)2lk|(k* +mAY2 + 2k% + m?2) + O(k)(=2|k|(k% + m2)/? + 2k + m?

3/2\/1 L
m2 —00 —mor +m0 r i 15\/m0 (;)

3/2 5/2
= —— Y Ko (mgr) =225 —¢ +0 H I11.67
s Kalmor) 8v2r 64v/27 r ( )

where we have chosen r = x1 — x9,t; = t5 (note that there is no time-dependence for
equal times in this case, as we expect for holomorphic operators since these do not
‘see’ the boundary that represents the quench).

Note that the derivatives annihilate the double pole at the origin of the k-plane, hence
the two-point function is dictated solely by the distant singularity. Consequently, the
rate of fall-off is NOT universal (see Section [l for further details).

e Two-point functions (¢ 0¢):

(0,in|0¢(x1, 1)0¢(x2,1)]0, in)

dk m% eik(r—i—Zt) m%
= - = —— K 2t I11.
/ or (k2 rA)IE g To(mo(r+2t) (I11.68)

2 We define 9 = £(0, + 8;), 0 = 5(9, — Oy).
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e One-point function (9pdg):

(0,in|0gd¢(x,1)|0, in)
dk  m3 ekt m3
— (&Ml T g omt
/27T 8(k? + mj)'/? 8 o(2mot)

+0 (1)5/2 (111.69)

We also present a calculation of the energy density. In the ¢ — oo limit,

E 2
7= m2/(8n) (I11.70)

Note that it does not agree with ([IL8S)) with 5 = 4/mg. In other words, the higher chemical
potentials affect the asymptotic energy density.

3/ 3 /2

t—o0 672m0t ? V
167 256\/_

4.2 Correlators in Squeezed States

The expression for the (f|p¢|f) propagator in a squeezed is given in ([IL54]). In this section
we will compute these in the squeezed states (IIL50) which are tailored to produce a given
real value of Ky > 0 and k4 (with all other s, = 0). We find

(pp) = / dk 6|;|r (coth (2[k| (ko + kak?)) — cos(2|k[t)cosech (2|k| (k2 + Kak?)))

dk et 1 1 oy 1
= /%W (64k|(m+m4k2) —17 3 cos(2|k|t)cosech (2|k| (ko + kak?®)) + 5)

(0p0¢p) = / g—f_eikrk (coth (2kko + 2k ky) — 1)
0

(0p0¢) = / gi 2L cosech (2kak + 2k7ky) (IT1.71)

The first two equations describe two-point functions with (z1,¢1) = (0,%), (z2,t2) = (1, 1),
whereas the third equation is a one-point function at a point (z,¢) (which is independent of
x by translational invariance). In the propagator, the last term in the second line gives the
usual —log(r) term of free scalar in 2D spacetime.

With k4 = 0, i.e., for the CC state e "2f| D), the integrals can be done exactly and
energy density can also be calculated exactly,

oy o () (o ) s eom (2)))

8T
mcosech? (ﬁ)
(0000) 00 = ——— gy (I11.73)
(0p0¢) o 612 sech <4/@2> (IT1.74)



These results have also been obtained using BCFT in [44]. The energy density is

E s
i I11.75
L 96k3 ( )
This agrees with the thermal energy density in ([IL88) with 3 = 4s,.
With non-zero ky, let us first consider (0¢pd¢). The associated Fourier transform can
be computed by contour integration. Note that the cosech function has simple poles in the
k-plane at 2r4k® + 29k = imn. Thus, there are three simple poles for each n (see Figure

M3, given by

2/3
—2 6*3ky + V6 (\/48143 — 81m%k4n? + 9i7r‘//£4n)

ky =
6{'/ V3K (16k3 — 27m2k4n2) + 9iTkin
2/3
A/=6rz + i (V3 + 1) (V/ASKE — STmPryn? + Oimy/an )
kz -
2 62/3 i’/\/g\//ii (163 — 27m2kyn?) + iTKin
2/3
v—1 <2\3/—6/i2 + (\/48%;% — 81m2k4n2 + 9i7rw//<;4n) )
ks = —
62/9 /1 {/ \/48K] — Slakn? + Oirr /i
(IT1.76)
In an expansion in small k4, we get
ey = 1 i7r3/1in3 3i7r5/1%n5 32’7?7/15’@7 (ITL.77)
2Ky 8K3 32K1 32k1°
by — iVk2 dmn 3i7r2\/5/j_§n2 B ’i7r3/<4113 (I1L78)
VE1  4ka 32k, 16k5
by — ik imn N 3im?\/kan? B ’i7r3/<4:z3 (111.79)
VEe Ak 3252/2 16r;

Out of these poles, it is clear that in the perturbative regime (r, < k3), only k; will
contribute. This is because a pole at k = —iky will turn up in e~2*o* and so large values of
ks and k3 will contribute highly damped solutions (note that poles in the upper half plane
do not contribute for ¢ > 0). Thus, k; is the pole whose residue we are interested in for
comparison with perturbative results. In practice, to get non-perturbative results, we would
have to take into account the residues at the other two poles as well. Note that the pole at
the origin (for n = 0) is cancelled by the & multiplying the cosech.

From the expansion of cosech (2k4 (k — k1) (k — ko) (k — k3) 4+ ¢wn) around k;, we find
the residue of cosech to be (1)

2:‘{,4 (k?l — k?g) (k’l — k’g)

(111.80)
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Taking the leading order of the cosech residue which is given by the n = 41 poles, we find
the total residue

= _%ﬁg (1 + 472k + 487?4,%?1) exp <—

4 (7 +4Am3Ry + 487OR3) t) (111.81)

4/432

ka4
2,3 "
42Ky

where k4 =

Comparison with MSS: Using the charge under the p4 current ¢4 = 3, § = 4k and
k4 = fly, we match the results of MSS exactly. Note that above, 3t also exponentiates, so
this gives the behaviour expected by MSS and higher orders.

The computation of (0pd¢) follows along similar lines. Here, the poles are the same.
The only difference is the residue of coth at k; which is

1

1I1.82
2:‘{,4 (k?l — k?g) (k’l — k’g) ( )
Thus the total residue is similar to the earlier case.
2 43R A87O K2
S 5 (14 47°Ry + 487%R]) exp | — (7 o+ 4Ry + A8TOR) v (IT1.83)
16kK5 4K

which shows twice the relaxation rate as before (as expected from MSS).

5 Real time propagator in a GGE

We first review the purely thermal case briefly.

Real time propagator in a thermal ensemble Consider the real time, thermal Wight-
man propagator (see, e.g. [29] for the various definitions of propagators)

Gy (71t 20,105 8) = %Tr (e P (w2, ta)p(21, 1))

= L S (N pam)e e PH (N, }) (I1184)
Z

{Nn}

By using the occupation number representation of the Hamiltonian, it is easy to derive the
following result (z = zy — x1,t =ty — t1):

1 [dk o o
Gy (w1, t1; 22,05 8) = 5 / o (Gi(k; B)e™ =M 1 G _(k; B)e~ Rtk |
1
The two-point function of d¢ is, therefore,
1 1 [ dkk ekt T 1
7T (P 0santootent) =5 [ S = a0
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which is the well-known result obtained from CFT techniques [44].
It is also easy to compute from the above the thermal two-point function of exponential
vertex operators

(explige(0,t)] exp[—iqp(r, t)]) s = exp|—¢*r/2p] (TI1.87)

Note that this result agrees with the expected result [44] from conformal field theory exp[—27Ar/f],
using A = ¢? /47 (see Appendix [TLC).
The energy density in a thermal ensemble is
E s
- - I11.88
L 652 ( )
We will now define the Wightman function in a GGE in an analogous fashion (for simplic-
ity we consider only one chemical potential p4 here; the generalization to arbitrary number
of chemical potentials is obvious):

—OH=paWa g xQ,t2)¢($1at1))

G (21, t1; 29,193 B, f14) (
S N Ho(ar)e  g(wg)e e PH-mWa (N, )y (IIL8)
{Nn}

NIHNI

By a simple evaluation, this turns out to be

dk o Lo
Gy (w1t 10,123 B, pa) = 2/2 (G (k; B, pa)e™ Mt 4 G (ks B, pa)e R tilkl] |

1
Gk B 1) = Rz £ 1)

(111.90)

The holomorphic two-point function is now given by

1 1 [ dk ke k)
— —BH —— - _
ZTr (6 8(25(3:27 t2)a¢<xla tl)) - 2 /0 o7 eﬁ|k‘+ﬂ4|k‘3 1

1 [>*dk, _,
= —/ —Fk e D (coth(Blk[/2 + palk[/2) — 1)
0

4 2m
(IIL.91)
which exactly matches ([ILT1]) provided we define, in keeping with ([IL.2))
6 = 4/‘@2, Mg = 4;%4 (11192)

The explicit evaluation of this Fourier transform is carried out below ([ILZI).

6 Thermalization

In the previous two sections, we found that the exact correlators show thermalization at late
times. Here’s a brief summary for some specific correlators
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Ground state |0,in) | CC state e~0/m0| D) | Thermal state
<8¢<0 t) (b(,r’ )> ~ e—mor/\/; ~ e—wmor/Z ~ e—ﬂmor/Q
< lng(Ot —iqp(r,t )> ~ efqzmor/S ~ efqzmor/8 ~ efqzmor/8
energy density (H) m3/(16m) mm?/96 mm2/96
| (000¢(0,1)) | ~e ot [\t ~ e~ mmot | 0 |

Table III.1: The 2nd and 3rd columns give equal time correlators at late times for a mass quench ([IL30);
the 4th column gives the same correlator (time-independent) in a thermal state with 8 = 4/mg. In the 2nd-
column the initial state is the ground state |0,in); in the 3rd column, the initial state is a special squeezed
state (IIL53) which is of the Calabrese-Cardy form e~/™0|D). In the first two rows, we list two-point
functions at seperated points. In the 3rd row we list the asymptotic energy density. In the 4th row, we
list the late time behaviour of a one-point function; the vanishing asymptotic value agrees with the thermal
state— but we compare here the exponential decay in time between the second and third columns. Note
that the asymptotic values always agree between the CC state and the thermal state, but barring the case
of the exponential vertex operator, the late time behaviour differs from the CC state, signifying nontrivial
modification of the behaviour by the higher chemical potentials.

Besides this, we also find an exact agreement between t — oo correlators in the gCC state
(IL50) and in the corresponding GGE (¢f. equations ([ILTI) and (IIL91))) with chemical
potentials i, = 4ks. The relaxation rate of one-point functions is seen to exactly exponenti-
ate (see ([IL8I])), and its perturbation expansion in the higher x,, coefficients agrees with the
MSS value ([IL3]). We also found in the previous two sections that generically GGE correla-
tors (equivalently, late time correlators in a gCC state) and thermal correlators (equivalently
late time correlators in a CC state), characterized by the same temperature (equivalently
same ry) are different, even at large distances (e.g. k4 appears in the correlation length in
(ITL33)).

It is clear from the above discussion and Table [[IL1l that while the fact of thermalization
is true, the late time exponents depend nontrivially on the higher chemical potentials (or
higher £,’s), even though these correspond to perturbation by irrelevant operators in an RG
sense. In the next subsection we address this issue of sensitivity to irrelevant operators in
some detail. In the following subsection we will discuss a second (related) issue of memory
retention by the equilibrium ensemble through the higher chemical potentials.

6.1 UV/IR mixing

In this section we will discuss the issue of large distance/time universality (or the lack
thereof) in a critical quench. A useful guide in this turns out to be the pole structure of the

propagator (¢(k)¢(—k)), which is explained in Figure [IL3
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Figure II1.3: Singularities governing the two-point function in the complex k-plane: (a) of the quantity
Gy0(k) for the ground state quench propagator (ILG3)), (b) of the quantity G4 (k; ) in the thermal prop-
agator ([ILR6]), (c) of the quantity G4 (k; 83, ps) in the GGE propagator (IILAQ) with 8 = 2, uy = 0.2; we
have shown 30 leading poles. In each case the pole at the origin is a double pole, and yields the universal
linear large distance behaviour of {¢¢). Due to the equivalence between the quenched state and the gCC
state ([IL14)), the branch cut in (a) can be seen as a limiting case of an accumulation of single poles in a
generalized version of (c¢) with an infinite number of chemical potentials determined by ([IL34]),([[IL92). In
two-point functions such as (0p0¢), the double poles disappear and the large distance behaviour is sensi-
tive to the sub-leading singularities, which are clearly different. This shows different types of large distance
behaviour which are sensitive to the presence of higher dimensional operators.

Universality: Let us first discuss the naive argument for universality in the present con-
text. Note that in case of the sudden quench we found ([IL38])

0,im) = exp[— - — 4
n) = exp|—— —
’ P e~ 160m3

+..]|D)

which would appear to imply that, in the limit when the scale of the quench is very high:
mgy — 00, the contribution of the Hamiltonian is the most dominant and those of the higher
dimensional operators Wy,, n > 1, are subdominant. This argument, of course, is flawed,
since my is dimensionful, and we have to specify my is large compared to what.

There are, of course, more refined arguments for universality which define an IR limit in
terms of dimensionless distances and times

mor, mot > 1 (I11.93)

which is called the deep quench limit in [I1I]. Ref. [III] argues that in this limit, the
propagator in ([ILG3) is dominated by the leading expansion of the integrand in |k|/my,
which is given by a double pole. From ([IL65), we find that the leading behaviour of this
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propagator is indeed given by the linear term which is solely determined by this double pole.
We find that this double pole and the consequent leading behaviour exactly coincides with
that of the thermal propagator ([IL86). Indeed, all the three propagators, the quenched
one ([IL63), the thermal one ([IL86G) and the GGE one ([IL90Q), coincide in the leading
behaviour. Thus, the higher order chemical potentials do not modify the leading behaviour.
Note, however, that the subleading behaviours are rather different in the three cases: the
exponents are different, as well as in the quenched propagator there is a prefactor involving
a square root.

Lack of Universality: The long-distance/time leading behaviour of the (¢¢) propagator
is, of course, a rather limited part of the story. Does the above universality hold for correlators
involving other operators, in particular, primary fields (recall that ¢ is not a primary field)?

To address this issue for one-point functions of primary fields of the kind O(z,z) =
©(2)p*(Z) which has a decay rate given by ([IL2), (ITL3]). For the sudden quench discussed
in Section 2.4 using ([IL34]), we find that the fractional contribution of W, to the relaxation
rate ([IL3)) is determined by the dimensionless quantity

. . 1 1 n—1
Hn = ,un/ﬁ L~ 1 <_)

n

which is of order one! What has happened is that, since the quench is characterized by a
single scale, the chemical potentials due to the higher dimensional operators are determined
by the same mass scale as the temperature, thus the dimensionless contribution due to W, <4
is necessarily of order one. We would expect this kind of behaviour in any single-scale quench.

Indeed, we find in (IILGY) that the leading behaviour of the one-point function of d¢d¢
is not given by the thermal value (nor with any finite number of chemical potentials). This
is best understood by looking at the Figure [IL3l The derivatives 0,0 kill off the double
pole at the origin in all three diagrams, leaving singularities away from the origin. These in
Figure (a) differ from those in Figure (b) or in Figure (c). Figure (c), if redone with infinite
number of chemical potentials as given by ([IL34l), reproduce the singularities of Figure (a).

Thus, we find that ALL higher dimensional operators are equally important in determining
the long time behaviour of this operator. This is what we anticipated also from the MSS
expression for the relaxation rate, as explained above.

The same story holds for two-point functions (O(xq,t;)O(x9,t2)). The exact quench
computation, even in the deep quench limit (IIL93) is not reproduced by the thermal result
or any finite number of chemical potentials. This can be explicitly seen for O = 9¢ in the
previous two sections. We have also verified this lack of universality for operators which
are a composite of ‘derivative’ operators and exponential vertex operators, e.g. O = dgpei®.
Once again, the reason is the annihilation of the double pole at the origin by these generic
operators.

It is only the pure exponential vertex operators O = ¢“? whose two-point functions
(ITT.66) respect universality in the deep quench limit, that is it is reproduced by the thermal
behaviour (these operators do not annihilate the pole at the origin).

Conclusion Generically universality, as defined above, is violated. Long time/distance
behaviour is affected by perturbing the initial state by higher dimensional operators.
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6.2 Memory retention

In this section we will discuss the issue of non-standard thermalization in the models studied
where the equilibrium chemical potentials allow a reconstruction of the quench protocol
(completely or partially depending on the situation).

Let us first consider the case of quenches from a ground state. As is clear from ([ILI0)
and ([IL9), the x,-coefficients of the gCC state ([IL14]) have a one-to-one relation to the
reflection amplitude r(k) of the potential scattering problem discussed in Appendix [TLAL
Now, it is well-known that the potential of a one-dimensional Schrodinger problem ﬂﬂ
can be reconstructed from the reflection amplitude (k). This implies, through the above
correspondence between the quench problem and the scattering problem, that m(t) can be
reconstructed from (k). This, in turn, means that the u,’s carry complete knowledge of
the quench protocol m(t). Thus, the equilibrium ensemble remembers the quench protocol!
As an example, the coefficients «,, in (IIL28) can be used to determine the parameters my
and p which specify the quench protocol m(t) completely.

In case we consider a squeezed pre-quench state, the GGE is characterized by the function
kefr(k) (IL4AT) which is given by a combination of the knowledge of the squeezing function
f(k) and the quench protocol m(t) (see ([IL48)). For a given quench protocol, the initial
state, characterized by f(k) can be completely determined by the k,-parameters (see, e.g.
(IIL5T)).

Thus, in case the pre-quench initial state as well as the quench protocol are unknown,
the equilibrium ensemble has an imperfect recollection of the history.

7 Discussion

In this work, we explicitly verify for actual critical quenches the ansatz made in MSS for
the generalized Calabrese-Cardy form (gCC) ([ILI) of the initial state. We show that for
an arbitrary mass quench in a theory of free scalars as well as in a theory of free fermions,
a large choice of pre-quench initial states (ground state or squeezed states) leads to a gCC
state. We find that our results hold even when the quantum quench begins and ends in a
massless theory, although in this case, the putative temperature sometimes turns out to be
imaginary and the issue of thermalization in these cases is subtle.

We find that while the ground state and generic squeezed states lead to gCC states
with all infinite number of x, parameters present, one can choose special squeezed states
to prepare gCC states with specific values of any given number of the k,-parameters; in
particular we can prepare a CC state of the form e~ | D) from special squeezed states.

We compute the exact propagator in these quenches and hence the exact time-dependence
of correlators. We find that the correlators thermalize at long times and the results verify
those of MSS wherever a comparison is possible. We have a simple understanding of the
identification ([IL2) of the x,’s with the chemical potentials j, in terms of poles of the
propagator. In specially prepared gCC states with non-zero values of ko and k4, we show
that the exponential decay given by the relaxation rate ([IL3]) persists non-perturbatively in
Ry4.

2We thank Basudeb Dasgupta for pointing out this reference to us.

113



We point out that the presence of the extra charges in the gCC state, which are higher
dimensional operators, non-trivially modify the long distance and long time behaviour of
correlators, in apparent contradiction to Wilsonian universality. This is an example of a
UV/IR mixing; operators which are expected to be relevant in the UV by usual RG arguments
are found here to affect the IR behaviour of various correlators. We present an understanding
of this in terms of poles of the propagator in the complex momentum plane. We find that
while exponential vertex operators do not suffer from these ‘non-universal’ corrections, all
other operators (derivatives and composites of derivatives and exponentials) do show this
non-universal behaviour.

We also find another atypical behaviour, related to the above: the equilibrium ensemble
remembers about the quench protocol. In case we start from the ground state of the pre-
quench Hamiltonian, the chemical potentials of the GGE encode a complete knowledge of
the quench protocol m(t). With pre-quench squeezed state, the chemical potentials encode
a combination of information about the initial state and the quench protocol.

7.1 Higher spin black holes

In MSS we have established a relation between thermalization to a GGE and, in the holo-
graphic dual, quasinormal decay to a higher spin(hs) black hole. In particular, we have found
that relaxation rate in the former process is equal to the imaginary part of the quasinormal
frequency involved in the latter process.

The demonstration above depended on an ansatz about the initial state being given by
a gCC state. In this work (see, e.g. (IIL5I)) we have shown explicitly that by choosing
to start with a squeezed state with an appropriate squeezing function, one can explicitly
generate such gCC states. In Section we have shown explicitly (see (IIL8I))) that the
exact formula for relaxation rate supports the perturbative formula (IIL3]). This, therefore,
explicitly proves the relation between the quench dynamics and the quasinormal decay to
higher spin black holes. Note that we now have the relaxation rate non-perturbatively,
including the two non-perturbative branches ([ILT76). It would be interesting to compare
these two branches with the corresponding non-perturbative branches of the hs black hole
quasinormal frequency [35].

Although we have not computed an explicit collapse process to a higher spin black hole,
it is natural to speculate that the memory retention by the thermal state in the field theory,
discussed above, would imply that the higher spin black hole obtained from such a collapse
starting from a pure AdS vacuum would remember the dynamics of the collapse which is
governed by the dynamics of the quench.

We note that a massive to massless quench does not have a direct holographic dual since
the theory in the past is not conformal. In this work we have included a discussion of quenches
from a critical Hamiltonian to a critical Hamiltonian, starting from ground states/excited
states. This can potentially describe a collapse geometry. We hope to return to this issue at
a later point.

Other open problems: Some of the obviously important extensions of the above work are
to the case of (i) massive to massive quenches, (ii) higher dimensions, (iii) interacting theories.
In particular, it would be interesting if the phenomena of IR non-universality persists in
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higher dimensions. The calculation of Bogoliubov coefficients and exact propagator for the
tanh protocol appears to go through [40] in higher dimensions in a straightforward manner.
However, the analysis of the poles requires more care. We hope to come back to this issue
shortly.
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III.A Potential scattering and Bogoliubov transforma-
tion

In the text (see ([ILH)) it has been shown that the scalar mass quench is equivalent to the
following Schrodinger problem:

_ dY(E,x)

dx2 + V<X)1/}<E7 X) = Ew(Ev X)

with the mapping (for a given fixed k)

X t
E k?
V(%) —m?(t)
V(E, x) (k. 1)
w*(Eax) ¢*(k7t) — ¢(_k7t)

We will focus on the potentials of the form depicted in Figure [ILIl The generalization
to the case of Figure [IL2 is straightforward.

The wavefunctions in such a potential, which asymptotes to a constant at both ends (see
Figure [IL)) are of the general for

tWint —iwint _ R 2 2
(k. 1) = Ay (k)e’ t+ By (k)e s t— —00 wip = k?+m§ (I11.94)
Ay (k)e™outt + Bo(k)e ™outt . t — 00 wWow = |K|

where
As(k) = ap(k)Ai(k) + Brr(k)Bi(k), Ba(k) = apr(k)Bi(k) + B (k)Ai (k). (IIL95)

The coefficients ayr(k), 511 (k) are determined by the shape of the potential V' = —mQ(t
The reflection coefficient from the right is given in our conventions, by

r(k) = As(k)/Ba(k)|a,=0 = Brr(k)/arL(k) (I1.96)
For later reference we note the reflection coefficient from the left is
r'(k) = Bi(k)/A1(K)|p,—0 = —BL (k) /arL(k) (IL.97)
To make connections with QFT later, let us WI‘itE@

Ok, t) = aim(k)uin (k1) + aj, (=k)ui, (=k, 1) = dou (k) vou (K, 1) + ag,(—k)ug, (—k.1)
(111.98)

26We will closely follow the treatment in Landau and Lifshitz [I13], Section 25.

2TThe suffix LL indicates the Landau-Lifshitz convention ([I13], Section 25). Our «, 8’s (ILI0T) will differ
from these by a normalization factor.

ZNote that our conventions ensure ¢(—k,t) = ¢*(k,t) which is the reality condition for ¢(z,t) =

J(dk/2m)¢(k, t) explikz].
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in terms of two separate sets of linearly independent solutions: (see, e.g. [10§], Chapter 3)
with the defining properties:

—iWint —iWoutt

e e
V 2win’ V 2wout

Thus, u;, does not have a negative energy wave component oc ¢t in the past)@, similarly
Ugy; does not have a negative energy wave component o< e°u! in the future.
These expressions for ¢ agree with the earlier ones ([IL94]), if we identify

1 1 1 1

t— —00: Uy —

t— 00 Uyt —

(111.99)

Ay (k) = a; (k), Bi(k) = ——ain(—k), As(k) = —=a} ,(k), Ba(k) = ——aou(—k)

/—2 Win mn /—2 Cout out

This implies

AV 2wm V 2wout

in(K) = " (K)aou (k) = 57 (k)ag,,(=F) (I1.100)

out

where the new scattering data {a, f}, to be identified with Bogoliubov coefficients in the
quantum theory, are related to old one ([IL93]) by some normalization factors

alk) = | [“aps(k), Bk) = | =B (k), (I1L.101)
r(k) = Bri(k)/ar(k) = B(k)/a(k)

Note that the reflection amplitudes r(k) remain unaltered. The new scattering data satisfy
the normalization conditions

(k) = |B(F)[ =1 (111.102)

which follows from probability conservation in the scattering problem. Upon quantization,
the coeflicients a;, .yt (k) are treated as operators in the Fock space (with a}, ., (k) rewritten

in,out
as al, ,,,(k)), as in the text (see (IILG)).
Note that the in- and out- wavefunctions are related to each other as follows:

tin(k) = o(k)uou (k) + B(k)ug,, (—k) (I1.103)

One of the important points of this analysis is that under some broad conditions on the
potential (see [I13], Section 25, also [114]), the reflection amplitude has a Taylor expansion]

r(k) = =14 ri|k| + ro|k|® +7r3k]* + ..., Re(r1) >0 (IT1.104)
It is also of interest to note that the other reflection amplitude (k) has an expansion
(k) = 1+ 7i|k| + rhlk|® + rh k> + ... (I11.105)
Note that

(k) /r'(K) = a(k)/a* (k) = 1 + of ). (I11.106)

29We consider exp(Fiwt) to be future/past directed, with energy defined by i9/0t. This is to be contrasted
with p = —i0/0x with exp[tikz| identified as right/left directed.

30Roughly speaking, 7(0) = —1 is due to a hard-wall reflection, and Re(r1) > 0 follows from 1—|r(k)[* > 0
which, in turn, follows from ([ILI02).

117



III.A.1 Examples of potentials

Below we describe a few examples of potential scattering (see [I13], Section 25) to test the
validity of the power series expansions ((IL104) and (IILI0G).

1. Consider a step potential UyO(x). Let us choose a wavefunction in the past to come
from the left, with energy slightly above the barrier U,. We will denote the transmitted
wave as ~ ¥ this plays the role of the ‘out’ wave. It is easy to find the lefE1]
reflection coefficient r(k) = (|k| — k2 4+ UZ)/(|k| + VK2 + UZ). This admits the
following expansion in the right momentum |k| :

21k|  2K* |K)?
Y= —14+ 220 =~ M
W= T
which is consistent with the nature of the power series expansion ([ILI04]) which was
inferred from general arguments.

It is easy to show that the right reflection coefficient is r'(k) = —r(k). This clearly
satisfies an expansion of the form ([ILI05).

2. For arectangular barrier potential Uy©(z)—UyO(z—a) with width a, for E' > Uj the left

reflection coefficient r(k) = —\/(U61 sin? (a\/ k? + U&))/(Ué sin? (ch/k2 + Ug) +4|k)2(ktU3))
admits the following expansion in the left momentum |k :

2k?cosec? (ally)

r(k)=—-1+ iF
0

3. For a smooth barrier potential Uy (14 e%*)~", the left reflection coefficient (k) =

7r<lc|—\a/k2+U§>) cosecls (n(lk-ﬁ-\/k?—l—Ug)

a

sinh ) admits the following expansion in the

left momentum |k| :

h(Z2)  27%k% coth? (T
r(k):_lJFQW\k\cot (a)_ wk* cot (“)+---

a a?

III.A.2 Even parity of the Bogoliubov coefficients

It is clear from the correspondence between the QFT problem and the potential scattering
problem that the A;, B; are actually functions of the energy E, implying that a(k), 5(k) are
all actually functions of k. In particular, for real k, the Bogoliubov coefficients have even
parity

a(k) = a(=k) = a(|k|), B(k) = B(=k) = B(|k]), r(k) = r(=k) = r([k]), '(k) = 1/(=k) = r'(|k])
(111.107)

31Note the left-right flip due to the mapping —x — ¢, as explained in footnote 20
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III.B Baker-Campbell-Hausdorff Calculation

We will show that

= exp ( ny )) |0) = exp ( Z/@ ) | Bd) (II1.108)

k

Wher
(k) = — log(x(k) /o) (111.109)
and

|Bd) = exp < > yoal (k) ) 0), (I11.110)

The choice 79 = —1 corresponds to the Dirichlet state ([ILT13)) (similarly, 79 = 1 corresponds
to Neumann boundary condition). To derive ([ILI0S), we note that the right hand side can
be written as

> B(k) ZA ZB > A(k) | exp [—ZB(k:)
k k k

where we have defined B(k) = —r(k)a'(k)a(k) and A(k) = va'(k)a'(—k). The identity
(IL.108) follows by noting that [B(l), A(k)] = —r(k)A(k) (6ks + Ok—1), and by using the
following form of the Baker-Campbell-Hausdorff (BCH) formula

exp exp )| |0) = exp exp

eXeVe X = P (IT1.111)
where [X,Y] = sY.
In the context of this chapter, we will be interested in evaluating (k) from ([ILI09) in

a power series in k, using ([ILI2). Since the leading term in (k) is —1, with the choice of
the Dirichlet boundary state 79 = —1, we get the equation ([ILIQ) in the text.

III.C Bosons

The action for a free massless scalar is

S= % / dzdt [(0,6)? — (0,:6)°] = —% / dedt 9,606

32We thank Samir Mathur for drawing our attention to [II5] where a relation of the form ([(ILI09) was
derived earlier in a somewhat different context for a single oscillator.
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The normal mode expansion is (we use “box normalization” k = 2mn/L, [ % = %Z)
n

dk [ a(k) at (k) o
o(x,t) = / [mexp (ikx — ilk|t) + o exp (—zkx+z|k|t)]

2
a, ex nx —1n|t) | +h.c
v — p (e — ilalo)

= Z [ a(k) exp (ikx — i|k|t) + @' (k) exp (—ikx + z|k|t)] (I1.112)

70 LV2IK| V/2Ik|

We will often use a,, = a(k), with a slight abuse of notation. The commutation relations are

[a(k), a*(l)] = Ont.

Boundary states In terms of standard CFT oscillators «,,, &,, the Dirichlet boundary
state is given by (see, e.g. [110] Eq. 4.1.13)

D) = expl3 i, ][0)

In terms of our oscillators a,, = ay,

a_p, =ivnal . a_, =ivnal

2 n

|D) = exp[— Zan a’,]|0) = exp ——Zan a',]|0) —exp[—%ZaT(k)aT(—k)Hm (IT1.113)

n>0 n#0 k#£0

In the first step we used the relation between our oscillators here and the standard CFT
conventions (see [24], Chap. 6).

Euclidean CFT We define w = x +ir, w = — i1, 7 = 1t. The Euclidean Propagator is

(6(0,0)6(z,7)) = (6(0, 0)6(w, ) = ~—(Inw + Inw)

™

Vertex operators Consider the exponential vertex operator O(w, w) = expligp(w, w)].

(expliqd (0, 0)] exp[—igd(w, )]) = w /T /4T
Hence h = h = ¢?/87, A = ¢* /4.
Boson W-currents We have used the following definitions of the W, currents [41] (nor-

mal ordering is implicit),

T(2) = 0¢(2)0¢(2) (I11.114)
Wi(z) = 20°0p0¢ — 30°p0*¢ (I11.115)

33We use the conventions of [24].
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III.D Fermions

We have used the following conventions in the text.
1 O m 0 1
nul/: 0 —11’ a,u:(atuam)v Y 8,114:7 at—’Y amu
1 0 0 1
0 o 1 . . . .
Vg = [0 _1} y V= [_1 O] , in Dirac basis.
1 _
S = [1 1} A =8795"1 = [0 1] L Y =87187 = [_01 (1]} , in chiral basis.

211 1 10

u(0) = ((1]) , v(0) = ((1)) are the spinors in the rest frame.

The spinors in a general frame are

u(k, m) = ;) {(a”fm)} 7 v(k,m) = b {_( k ]

(w+m —k (w+m) [—(w+m)
1 1
u(k,m) = ———|(w+m) k|, o(k,m)= ——— 1k (w+m
(bom) = s [t H, il = e b (k)
(IIL.116)
where we have used the normalization w(k, m)u(k,m) = —v(k,m)v(k,m) = 2m. In the

chiral basis, the mode expansion in the massless limit is

11 -1 dk 1 [ age ™7 + sgn(k)blei**
U (z,t) = S -U(x,t)=— ] —=—= . gy
c(xa ) S (l‘, ) \/§ |:1 1 :| /27_(_\/5 [_Sgn(k)akezk-x _ bLGZk'm
/ * dk 1 [(1+ sgu(k))(are™ ™" + bl (I11.117)
. (1 — sgn(k))(are* — blet*) |

Writing as ¢(x,t) and ¥(x,t),

U(z,t) = / %(ake—ik'ubgeik'x) (I11.118)
0

— 0 dk . )

Yz, t) = / 2—(%6*2’”—5;6*'93) (I11.119)
oo 2T

Solution of Dirac equation and Bogoliubov coefficients Using the coordinate trans-
formation y = e~”" and the ansatz, we get the following equation:

o' (y) k? miy* + 2im0p> _0
v Py 2+ 1)

Ly) + + ¢+(y) ( (I11.120)

The ‘in’” solutions are solutions which become plane waves in far past and the ‘out’
solutions are solutions which become plane waves in far future. Due to the explicit 7 in the
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equation of ¢, the positive energy solutions ¢+ in/out »(k, t) and the negative energy solutions
e~ win/oul are related as

¢+,in/0ut,m(k7 t) = ¢7,in/out,p(k/‘7 t)*a gb*,in/out,m(ka t) - ¢+,in/out,p(k7 t)*

So, the solutions can be written as

¢+,in/0ut(k7 t) = ¢+,in/0ut,p<k7 t) + Qbf,in/out,p(kv t)*
gbf,in/out(ka t) = gbf,in/out,p(ka t) + ¢+,in/out,p(k7 t)*

The explicit solutions are

)

Gl t) = (€72 4 1)*%9 gitlwintmo) [ (2 (k —mo — win) i(—k —mg— wm); | in, ert)
p

b in(k,t) = (e + 1)%0 e—itlwin—mo) (Z (k +mo — wm)’ i(—k+mg — wm); | iwin ; em)

O our(yt) = ikt (eprt n 1)4';”70 P (Z (k —mo+ W@'n)’ i(k—mo— wm); |+ %; —62’”)
| 2p 2p p
(B +mo —win) @ (k+mo+wip) ik m)

1 o,
2p ) 2p ) _'_ ) e

G our(k,t) = e " (e 4 1)@79 o Fy ("
(IT1.121)
Defining the Dirac spinors as
Usnjout(k, 2, t) = Kinjout (70@ — ikyt — im(t)) eikz¢+7in/0ut7p(k, t)u(0)
Vinjout (b, 2,8) = =K jour (Y00 + iky' —im(t)) € ™ ¢ i joutp(k, 1) 0(0)

1/2 '
where Kipjout = Z<+) . For constant mass, U(k,z,t) = u(k,m)e** and

win/out"'min/out
V(k,z,t) = v(k,m)e®™® where u(k,m) and v(k, m) have been defined in (IV.114)). The mode
expansion of W(xz,t) in terms of in/out modes are

> dk
Y t) = NG |: infoutUin out (K, 2, t bT' Vinjout (K, 7t]
("L‘ ) /—oo \/m i out / t( v )+ k,in/out ' in/ t( z )

Using properties of hypergeometric functions [I12], the Bogoliubov transformations between
‘in” and ‘out’ solutions are

¢+,in7p(k7 t) - a+(k)¢+,out,p(k7 t) + 6+(k)¢—7out,p(k’ t)*
(bf,in,p(ka t) - O‘*(k)qbf,out,p(k% t) + /8+<k)¢+,0ut,p<k7 t>*

Hence, the Bogoliubov transformations between the ‘in” and ‘out’ operators are

Win 12 Kout * *x7t
A in = <a+(k) Ak out — X(k)ﬁ-f-(k) bfk,out)

Wout KZ
1/2
Win Kou * ~ *
boan = (w t) 2 (o (R) e+ KB (Kl ) (111.122)

where x(k) = x(k) = sgn(k). It is straightforward now to find the expressions for the
Bogoliubov coefficients which are reproduced in the text (IIL60).
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Fermion W-currents We have used the following definitions of the super-W,, currents
[T17] (normal ordering is implicit),

T(2) = —1 (4" 00(2) — 0*(2)

Wi(2) = 507 (P (2) — 96" 00(2) + 990 5P ) — uroP(2))
F 250070 — " P(2))

III.E Subtleties of the sudden limit

In Section .4l we analyzed the behaviour of the quench under the “tanh” protocol for large
p in a power series in mg/p. In particular, in Section 24 we defined the sudden limit as the
limit (IIL3I)). In this section we will give a more precise definition of this limit. In certain
quantities, like the number operator (IIL29)) in Section P-4 and the propagator in Section E]
etc. the distinction is not essential, but in general the naive limit entails UV divergences.
E.g. all W-charges, including the energy density, under a naive mg/p expansion introduced
in Section 2.4] appear to have progressively higher UV divergences as one goes down the
order. To treat these divergences properly, let us first analyze these. Later on, we will find
that terms in this expansion can be resummed to yield finite expressions, provided we define

the sudden limit by the equation ([ILI23]).

Energy density
1 A 1 m2 mo\4t m2[1 A
B/L=o | aklblNy=md| o = =5+ 0 (%) =5 | omlog (
/ 27 /_A 1Nk m0<87r 32mA? * A p? 4878 mo
1 | Tmg 0 mp\ 4 0 mo 4
= A <_> Mo
Togmlos® + opz FO LR }+ <p)
where we have used the asymptotic number density ([IL29), in an mg/p expansion:

2
. <k:—\/k;2+mg) (m0)2 w2m2 +O<mo)4
kR ml p ) 18 (kB +m?) p

W4 density

A dk 41og(A — 3+ log(1 2 4
Wik = [ RN, = | T 22 0800 | Mo ()

—A 64w 3271'/\2

2 2 2
mo TA 1 mg mo\* mg
+ <—) ( + @71‘(2 log(A/mg) — 1+ log(4)) + 5E6A +0 (T) ) +0 (—

p 96m2
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W density
A 2 mo 2
dk A log (%2) 1 log(4) 15m mo\ 4
I — LB N, =8 A _ _ 0 (_)
Ws/ /A 2RI mO[ (327rm3 * ( 60 24r 327 sizeaz T O\R) )T

LT A N A2 n 1 1 (mo )
192md " 192mg 128" S\ A

1 e 5Tm?2 mo\ 4 mo \*
— — rlog(4 _ 0 -0 o
2567 08 + 1535 1536A2+O<A) >+O<p>]

III.E.1 Resumming the divergences

It turns out that the terms with growing UV-divergences with growing powers of mg/p can
be resummed to the following form.
Introduce the scaling functions

E/L = m%g(:p,y), W4/L = méF(x,y), WG/L = mgG(x,y), T = m%/,oQ, Y= mg/AQ

The leading singularities in the above expressions for the charges are captured by

1 (% +y) log (7*x + y) 1
S(x,y):g—i- o +...:8_7r_|_...
(108 (252 +4?) +log (w*x +) ) (40 (5y + 3) + 7'a? + 207a)
Flany) == 115201 L
G(ffa?/):%<ﬁ+iﬁ2x(9y+4)+y2+y+l) 8 2 1 21
7\ 120 ' 32 \/m 21y
+191og (727;4;2 + yg) + 101og (*z + y)] SRR

The correct version of the “sudden” limit, therefore, is to take the limit A — oo first, for
finite, large p/mq (see Figure [IL4]). , i.e.

2 2
Y= % -0, z= % = small, fixed (IT1.123)
In this limit, as we can see from the above expressions:
1 1
which implies
=m — — —— 1o L cee = MA— e
o\gr 182 B, 0%
Wa/L oc i log(-) + -
mo
p? p
Ws/L ox my ~— log(—) + -+~ (I11.124)



y=(mo/AY

¢ o

x=(mo/p)*

Figure I1I.4: The sudden limit.

III.LE.2 Summary

In those quantities, which are UV-convergent in the limit A/my — oo (irrespective of the
value of mg/p), e.g. the energy density and the correlators discussed in the text, it is okay to
use the naive definition of the sudden limit ([IL3T]). However, for W, and the higher charges
which have log(A/mg) and higher UV divergences, the only uniformly sensible way to define
this limit is ([ILI123)), as in figure [IL4l
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Chapter 1V

Exact Growth of Entanglement in
Fermionic Quenche

1 Introduction and Summary

Thermalization in unitary quantum field theories has been a topic of great significance. Using
AdS/CFT correspondence, it has also been linked to black hole formation [78],95]. One of the
current views of thermalization is that of the thermalization of a finite subsystem, in which
the conjugate subsystem is considered the heat bath. In other words, it is the thermalization
observed by an observer who has access to only a subsystem of the full system. It can
also be considered as if the ‘fine-grained’ observabled] are spatially widely separated bilocal
or higher point observables. Starting from a pure state, in the high energy (high effective
temperature) limit, the final thermal entropy observed by such an observer is actually the
entanglement entropy of the subsystem with its conjugate. Obviously, the pure state has to
be a time-dependent state. Closely related to thermalization(equilibration in general), the
study of time-dependent states after a quantum quench has also been of great interest[17, 19].
Quantum quench is the process in which the parameters of the Hamiltonian of a system in a
certain state are changed with time. After the quantum quench, in the long time limit, if the
subsystem of our interest looks like a thermal ensemble, in the sense that the expectation
values of observables in the finite subsystem have the same expectation values as in a thermal
ensemble, then we say that the system has thermalized. In this work, we will be mainly
considering quantum quench as the preparation of the time-dependent states of our interest.

We will also restrict ourself to critical quantum quenches, in which the final Hamiltonian
is a critical Hamiltonian, i.e., the corresponding theory is a conformal field theory (CFT).
More specifically, we will be considering free fermions in which starting from a certain state in
the massive theory, the mass is set to zero gradually or suddenly. In more general theories,
starting from the ground state of a gapped theory, it has been proposed [20] [6] that the
state obtained after the critical quench is a Calabrese-Cardy(CC) state which has the form

IThe contents of this chapter have partial overlap with the M.Sc. thesis of Shruti Paranjape. The author
made leading contributions in all the sections below.

2Observables which show the non-thermal behaviour of the pure state, in contrast to ‘coarse-grained’
observables which cannot distinguish between the pure state and the thermal ensemble.
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e 2| B), where ry is a scale given by the initial gap and the other scales of the quench
process, H is the Hamiltonian of the CFT and |B) is a conformally invariant boundary state.
It has been shown that such a state thermalizes to a thermal ensemble with temperature
T = 1/8 = 1/(4k3). This result has also been generalised to the case in which the final
theory has other conserved charges of local currents [2]. The corresponding ansatz for the
state after quench from ground state is a generalized Calabrese-Cardy(gCC) states which
have the form e—*2H—raWi—reWe—-| D)) where again the parameters ko, k4, K¢, - - - are given by
the initial gap and other scales in the quench process, e.g. 6t = 1/p the time taken to set the
mass to zero, and Wy, W, - -+ are the conserved charges of local currents. In this case also,
it has been shown that the state thermalizes into a generalized Gibb’s Ensemble(GGE) with
the density matrix e #H—#4Wa—neWs=- where the corresponding temperature and chemical
potentials are T'= 1/ = 1/(4ks), ptq = 4Ky, pig = dkg, - - .

The gCC state ansatz has been shown to be true for mass quenches in free scalar and
free fermion theories in a recent paper(MPS) [3]. Starting from the ground state of the
massive theories, the quenched states obtained are of the gCC form with infinite number of
charges Wy, with n € N (W, = H). For the scalar theory, it was also found that naively
taking the sudden limit when the mass profile is taken to be a step function, the final state
is non-normalizable. For massless free scalar theory, Ws, = > |k;|2”*1dlzdk, where d;rg and dy,
are the bosonic annihilation and creation operatorsd It was also shown that starting from
specially prepared squeezed states of the massive scalar theory, CC state and gCC state with
finite number of charges can also be created. By calculating correlators, thermalization of
these states were explicitly shown.

In this work, we find similar results for the fermionic mass quench. In the sudden limit,
starting from the ground state, we observe that the final state has divergent energy density,
Wy, Ws,---. Again, as in the case of scalar fields in MPS, starting from specially prepared
squeezed states using the sudden quench limit, we can prepare CC state and gCC state with
a finite number of charges of our choice. For the CC state and the gCC state with finite
number of charges, we calculate correlators and explicitly show thermalization to thermal
ensemble and GGE respectively.

Among the other calculable quantities, entanglement entropy(EE) is the most interesting
one. The EE growth has been calculated(mostly numerically) in many dynamical systems,
see for e.g. [20, Q0 118, 119, 120, 121, 122]. It has also been extensively examined in
holographic systems [123], [7, 14! [77, [124]. Recently, non-monotonic EE growth consisting of
an initial dip around the quench time has also been observed in a holographic set-up in [125].

Since our final theory consists of only massless Dirac fermions, so using bosonization, we
could calculate EE in some of our time-dependent states. We are interested in EE of a single
interval only. For CC states, we find that EE grows monotonically. The asymptotic time limit
is given by the well-known expression from CFT in a thermal ensemble, Sy = £ log(sinh(7)),
where for Dirac fermions ¢ = 1 and the effective temperature 1/8 = 1/4k. In case of gCC
states, we are not able to calculate EE with the charges of the usual fermionic bilinear Wy o
currents. But we are able to calculate the EE with the fermionic charge corresponding to
the bosonic charges Wy, = > \k\zn_ld,tdk. These are the charges of bosonic bilinear W,
currents for n > 1. For such gCC states with the W, charge, we found a dynamical phase

3The normalization of the charges differ from the normalization in [41] 26].

127



transition in which EE grows non-monotonically when the effective chemical potential p is
greater than a critical value. Below this critical value, the EE growth is strictly monotonic.

In summary, the key results of the present work are:

1. For ground state quench, similar to the scalar quench, a naive sudden quench limit gives
divergent conserved charges. Calculation of the correlators show equilibration explic-
itly. But the long distance and time and ultimately the stationary limit is significantly
different from thermalization to a thermal ensemble. This is the same manifestation

of the UV/IR mixing found in MPS.

2. Starting from appropriately prepared squeezed states of the massive theory, we can
prepare CC and gCC states with specific Ws,, charges using quench. Calculation of
correlators in CC state and gCC states explicitly show thermalization to thermal en-
semble and GGE respectively. Here again, for gCC state, the long time and long
distance limit of the correlators have significant dependence on the chemical poten-
tials. This is again another avatar of the UV /IR mixing.

3. For CC state, we are able to calculate the growth of entanglement entropy of a single
interval explicitly in analytic form. The EE growth is strictly monotonically increasing
for CC state. The stationary limit is, as expected, the entanglement entropy of a single
interval in thermal ensemble.

4. We also calculate the EE growth of a single interval in gCC state with W, charge of
the W, representation of fermion corresponding to the W, bilinear bosonic represen-
tation. We find dynamical phase transition in which the EE growth is monotonically
increasing upto a critical value of k4. Beyond the critical value, the EE growth is
non-monotonic.

The outline of the chapter is as follows:

In section 2| we solve the Dirac equation with time-dependent mass and from explicit solu-
tions for a specific mass profile, we calculate the Bogoliubov coefficients for the transforma-
tion between the massive and massless modes. In section [Bl we find the final state after the
quench starting from the ground state and a few squeezed states of our interest. In sections
[ and [, we calculate energy density and some correlators in the different quenched states
that we obtained. The EE growth of a single subsystem in CC state is explicitly calculated
in section In section [7, we show the dynamical phase transition in the EE growth of a
subsystem in a particular gCC state. Section [§ contains some discussions. The appendix
contains details that we have omitted in the main sections.

2 Free Dirac fermions with time-dependent mass

The action for Dirac fermions with time-dependent mass is

S=— / dz?® [iUy*0,V — m(t) P V] (IV.1)
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The equation of motion (EOM) is
[i7°0, — iy 0, — m(t)] U(z,t) =0 (IV.2)
and we are interested in the solvable mass profile[42], 40)]
m(t) = m[l — tanh(pt)]/2 (IV.3)

m is the initial mass and p is the only scale of the quench process. p — oo is the sudden
limit in which the mass is set to zero suddenly - much faster than any other length scale in
the theory. It is easier to solve ([V.2)) in the Dirac basis in which -, is diagonal. Since the
system is translation invariant in the spatial z-direction, the solution ansatz is

U(z,t) = [1°0, — 7' 0, — im(t)] e (1) (IV.4)
Substitution in the EOM gives,

(07 + k2 +m(t)* — ir"m(t)] e ®(t) = 0
where m(t) = dym(t).

®(t) is solved in the eigenbasis of 4°. For the two eigenvalues of 7° (1 and -1), the two
solutions ¢ (t) and ¢_(t) are given by,

(07 + K> + m(t)> — im(t)] ¢ (¢)

0
(07 + k> +m(t)* + im(t)] o_(t) = 0

(IV.5)

where ®(t) = [¢,(t) o- (t)]T. The eigenstates of 79 are uy = [(1]] and vy = [ﬂ, they are

the spinors in the rest frame.

For the mass profile (IV.3)), there are two important bases of solutions in which we are
interested in. The first one is the ‘in’ basis in which the two independent solutions of the
second order linear differential equations become different single frequency modes in the
t — —oo limit. In other words, one solution becomes the negative energy mode and the
other solution becomes the positive energy mode. Similarly, there is also an ‘out’ basis of
solutions in which one solution becomes the negative energy mode and the other becomes
the positive energy mode in the ¢ — oo limit. Accordingly, we will also have different ‘in’
and ‘out’ creation and annihilation operators. Consider the solutions of (IV.5) in the two
bases to be

¢:|: (ta k) - ¢in,:|:p(t7 k:) + ¢in,im(ta k) (IV6)
¢:l: (t, k) - ¢out,:l:p<t7 k) + ¢out,:l:m<t7 k) (IV7>

where the limits are

I Qi () = €70, i (1, ) = €

—iWoutt Woutt

lim gbout,:l:p(ta k:) =ec lim gbout,:l:m(ta k) =€
t—o00 t—o00
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where ‘p’” means positive energy and ‘m’ means negative energy. The above solutions are the
same but written in two different bases for simplicity in the appropriate time limits, they
are related by Bogoliubov transformations.

But from ([V.3)), we see that the equations of ¢, and ¢_ are the complex conjugates of each
other, so

Ginap(t k) = G (L,5), Ginm(t, k) = 5, (t, K) (IV.8)
(bout +p(t k) ¢out m<t7 k)7 (bout,er(t’ k) = (b:ut,—p(t’ k) (Ivg)

The Bogoliubov transformations are

¢in,+p<tvk> = O‘;—(k)(bouﬂrp(tvk)+ﬁfi-(k>¢out+m<t k)

= & () Gout (£, ) + B (R) Bl (1,F) (IV.10)
Ginp(tK) = O (K)bout—p(t k) + B (k) bout,m(t. )

= & (F)bout—p(t, k) + B (k)P 1 (t, K) (IV.11)

where o/, (k) an /_(k) are actually functions of |k|, since the equations of motion have only
k? terms.

Now, suppressing the basis labels ‘in” and ‘out’ since they apply to both bases, we write
the uy part of W(x,t) as (upto normalization)

Uz, t; k) = (700, +~'0, — im(1)] eFr (1) Ll)} (IV.12)

And the vy part of U(z,t) as
Vet k) = (Y00, + 410, — im(t)] e (1) {ﬂ
= [0 +~'0, —im(t)] e_ikxgbip(t) {ﬂ (IV.13)

We can define the spinors as (upto normalization)

1 ~
1 -
W = Y b

With proper normalization, the final Dirac fermion mode expansion is

dk 1
U(z,t) = /%m[akU(:p,t;k)erLV(x,t;k:)

= / % \/;—w[aku(t; k)e“%ﬂ(t)+va(t;k)e—ikx¢_m(t)] (IV.14)
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2.1 Bogoliubov transformation of oscillators

The initial mass is taken to be lim;, o, m(t) = m. It is convenient to take the final mass
limy_, m(t) to be some My, because of the spinor convention (in P&S), although we are
interested in mg,; = 0.

With time-dependent mass, as mentioned above, the spinors are functionals of m(t), but
their normalizations are constants or else they will not solve the Dirac equations. So, we
have to differentiate between ‘in’ spinors and ‘out’ spinors. Taking this into account, the
mode expansion of W(x,t) starting from ‘in’ basis to ‘out’ basis is

dk 1 —ikx
V(r,t) = /%\/T [am KWin (K, M) Pin 1 p(t, K)e ka‘|“bm 1 Vin(k, m) o7, +p(t> k)e g

dk 1 '
— [ 5O Rt 1), 1 R) () B ) )

+{al (k) bl wVin(k,m)o5 ., (6 K) + i, ptin (=, m) By (K) b, (t, k)}e ]
(IV.15)

where we have used the facts that the k integral is from —oo to oo and o/, 8, and ¢4, are
functions of |k|. In t — oo limit, m(t) — meus, SO,

] dk 1 Wout % —ik-x
tli)l’gl()@(l’,t) = /QW\/m [{OJ_,_( )ain,kuin(k7m0ut) + b;'rn,—kvm<_k7mom> ;(k)}e F

+{a ( ) in, kvzn(ka mout) + ain,—kuin(_ka mOut)Biy(k‘)}emgj]

Comparing with the mode expansion in the ‘out’ solution basis in the same limit ¢ — oo,

tliglo \II(:L‘a t) = / %\/Tm [aout,kuout(ka mout)¢out,+p(ta k)e F + biut,kvout(ka mout)¢out7+p(ta k)e g

we get the Bogoliubov transformations of the creation and annihilation operators.

Goute = 0 (k) @ino + bl X (K, Mou) B (K) (IV.16)
b:rmt,k = (k)bjn k + Qin,—k X(ku mout)BqL(k) (IVl?)

L it + L L it + L 3
where a (k) = % o, and f4(k) = %&r( ). Using (IV.114))

1 Win + Mip
X(ka mout) - 2m w _'_ m uout(k Mout, wout)vzn( k’, Mout, _wout)
out out out

= sgn(k) when Mg, — 0 (IV.18)

where we have to be careful that vy, (k, mu.) is a functional of the accompanying mode,
which is ~ e~®eut! in the above case. Similarly, with mg,; — 0,

1 Win + Min  _
V. pr— _— —_— p— I .1
X(k) ST \/ I (ks Mouts Wout ) u(—k, Mout, Wour) = segn(k)  (IV.19)
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taking into account the normalization of Uy Ve = —2Mgy. Inverting (IV.16) and ([V.17),
we get
Gink = a:(k)aout,k_Sgn(k)ﬁi(k)biutﬁk (IV20)
b;'rn,—k = a+(k)biut,—k + sgn(k) B (k) aout (IV.21)

From here on, we will suppress the subscript ‘out’ on creation and annihilation operators,
SO Aoyt = A, similarly for by, and their Hermitian conjugates. Also, since x (k) and x(k)
are simple sign functions, with a slight abuse of the nomenclature, we will call a (k) and
B4 (k) as the Bogoluibov coefficients. Moreover, x(k)? and y(k)? are identically equal to 1.
So, the fermionic anti-commutation relations of the ‘in’ and ‘out’ operators constraint the
Bogoluibov coefficients as

o () + (B (R)* =1 (IV.22)

2.2 Explicit solutions

In the ‘in’ basis, for our choice of mass profile, the solutions are

Ginsy = ettt (e + 1)—"2—’3 JF (Z (|k| —m — w)’_i (|k| +m + w); - iﬁ; —thp)
2p 2p p

Gin—m = €T (7" + 1)7% 2 F1 (2 ko my w)’ Pk = m +w); iy 1; —eth)
2p 2p p

where w = VK2 +m?2. While in the ‘out’ basis, the solutions are

?

Gout+p = oilklt (eprt I 1)—2'2—”; P (’L|k‘| —im + iw’ i|k| —im —iw L+ M; —62’”)

2p 2p p
Gout,—m = pilklt (e—2pt 4 1)—3—’:; JF, <—z|k| —im + lw’ —i|k| —im — zw; L M; —e_QPt)

Using the properties of confluent hypergeometric functions o F; given in [I12], the Bogoli-
ubov coefficients of the frequency modes as defined in ([V.I0)) are

r-g)r(-)
’ p p
a, = _ L (IV.23)
i(|k|+m+tw —i|k|+im—iw
F(_(\|2p ))F<1+ \|2p )
r)r-x)
/ p p
= V.24
p r (1 _ i(—\k|2—m+w)) r <_i(—\k|+m+w)> ( )
p 2p

In the sudden limit(p — 00). the Bogoliubov coefficients of the frequency modes are

\k| + my, + VE2 + m?
o (k) = o] (IV.25)

k - in T VkQ 2
(k) = Ik = m 317 o (IV.26)
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As mentioned above, for a quench starting from the ground state of the massive theory, the
naive sudden limit gives a non-normalizable state in the massless theory [3]. The problem
arises only for a quench starting from the ground state. In case the quench is starting from
squeezed states of our interest, the naive sudden limit given above works well. As defined
in (IV.16) and (IV.I7), the Bogoluibov coefficients of the oscillator modes differ from o/, (k)

and /' (k) by an overall factor.

o0 - P _> - (1v.27)
m r ( "f‘*m“”) r (1 + 7*2“‘2'*2;”*’“)
JERE

m
1 —
\/ VE2+m2p (1 _ z‘(—\kIZ—erw)) r (_z‘(—\kl+m+w)>
14

2p

By =

(IV.28)

In the sudden limit, they are

k: kQ 2
an(k) = J1o o MEmt VA m (IV.29)

VE2 +m? 2[k|
1 m |k| — m — k% +m?
VE2 +m? 2|k|

For completeness, the expressions of o’ and ' in (IV.II) for our particular quench

protocol are
"= V.31
- T ( i(|k|=m+w) erw ) r (1 |k\+m+w ) ( )
r

U (% (1-
L = r (z(mm(w)))F (E _ (2+m+w)> (IV.32)

Bu(k) =

(IV.30)

2p 2p

3 Quenched states

3.1 From ground state

Starting from the ground state of the massive theory |¥) = |0,in), using Eq ([V.20)), the
state in terms of ‘out’ operators is given by

GlU) =0 = [ai(k)ak — sgn(k)B (k)b k] W) =0

= | W) = eZrsentrkael o) (IV.33)

oy (k)
where (k) = — V.34
®) = 5 ) .
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where we have taken |0) to be the ground state of ‘out’ oscillators. Using the Baker-Campbell-
Hausdorff(BCH) formula derived in appendix ([V.El), the above state can be written in gCC
form. For the particular mass profile (IN.3), «, (k) and 5. (k) are given in ([V.27) and
(IV.28). The gCC form which was first obtained in MPS is

|W) = emret—raWamreWo—. 1)) (IV.35)

where

1+7T2m+1om3 1+7r2+10m3
ky=—+—=+—0|— Ky = — —O0 | —
*Tom 1202 ' m p) 12m3  24mp?  m3 p )’

3 w2 1 m\®
= — — — Iv.
"6 S0ms 96m3p? i m5o ( p) ’ (1V.36)

and |D) is the Dirichelet state and the explicit expression is in Appendix [V.C| Tt should be
noted that since the mass does not go to zero at any finite time, the above state should is
only valid in sufficiently long time limit and the correction due to the non-vanishing mass is

O(e 7).

3.2 From squeezed states: CC state and gCC states

We could start with specially prepared squeezed states so that after the quench, the states
become CC states or gCC states. Here, we will consider only the simple case of sudden
quench (p — o00). For our aim of creating a CC state or a gCC state, finite ‘p’ quenches are
an unnecessary complication.

We start with a squeezed state of ‘in” modes

|15) = exp < i f (k)a;rn,kb;rn,k> 0, in) (IV.37)

k=—00

where unlike (%), f(k) need not be an even function of k, but | f(k)|? is an even function of
k.
It is easier to work with |S) as an operator relation. |S) can also be defined as

x| S) = b/ S) = 0 and {ak,ag,} - {B_k, Bik,} = 5(k — k') (IV.38)

where the new operators in terms of the out modes using (IV.20) and ([V.21]) are

VAEfmp "t A+ ifmp)

= A*(k)a’owf,k - Sgn<k)B*(k)bout,fk

- 1 (k) i
b_ = bin— + am
VA Fmp) A fmp)
= A*(k)bout,—k + sgn(k) B*(k)al,, (IV.39)
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where A(k) and B(k) are the Bogoliubov coefficients for the transformation from ‘tilde’
operators to ‘out’ operators and are given by

Al) = a (k) — sgn(k) 5L (k) [* (k) B(k) = (k) + sgn(k)a’ (k) f* (k)

, (IV.40)
(1 + [f(R)?) (L+[f(R)?)
|A(k)]* + |B(k)]* = 1 (IV.41)
Now using the BCH formula (IV.133)) from appendix ([V.E),
) = exp {— > (k) (hurpGout + Dlugbouts) } D) (1V.42)
k
where (k) = i:((g, and F(k) = —% log(7(k))

For a CC state, i.e., so that |S) in eqn ([V.42)) is e=*2 | D), f(k) should be tuned as
(VE% + m? + m) cosh(kok) — k sinh(kok)

fk) = (VE? + m?2 + m) sinh(k2k) + k cosh(k2k) (1V-43)
Starting with
fy = 2 m) (k) (VIZ +m? +m) () 1) (IV.44)

‘k| <62‘k|(lig+n4k2 ) (1 /k2 + m2 _'_ m) (€2|k‘ Ii2+li4k2) 1)

we get a gCC state of the form e *2H =W D) where as mentioned earlier, W, is the con-
served charge of the Wy current of free Dirac fermlonsﬁ Note that f(k) are odd functions
of k. For future reference, we can invert Eq ([V.39) and we write down the ‘in’ and ‘out’
operators in terms of the ‘tilde’ operators.

Qin ;= ! ag + Jh) b, (IV.45)
(L+[f(R)[?) (L+[f(R)[?)

Db = . i, - W (IV.46)
’ (L+[f(R)[?) (L+[f(R)[?)

otk = A(k)ay + sgn(k) B* (k)b (IV.47)

bl i = A(k)B, — sgn(k)B(k) (IV.48)

4 Energy density
In the post-quench theory, the occupation number is given by

Ny = alag + bl (IV.49)

4For the action (IIH) H =3, |kl(alas + b} bk) or H = [ 2&|k|( alay, + blbr). Wy has been normalized
so that Wy = >, |k[? (aka;c + bTbk) or Wy = [ -4 (277)3 k|3 (akak + bTbk) in the continuum limit.
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using the Bogoliubov transformations (IV.47) and (IV.48)) and definition of |0) in (IV.3S),

the expectation value of the occupation number is given by
N = lim (Olalay, + bLby.|0)
— 00
= B*(k)B(k){(O[b" ,b_1.|0) + B*(—k)B(—k){0|a ,a_x|0) + ...
= B*(k)B(k)+ B*(—k)B(—k) (IV.50)

The expression of B(k) is given in (IV.40). For ground state, we have to use f(k) = 0 in the
expression of B(k). So, energy density of the post-quench state is given by

E= /OO %m [B*(k)B(k) + B*(—k)B(—k)] (IV.51)

—00

Ground state quench

For ground state quench, the occupation number is given by

Ne = lim (0, inl 830, in) = 82 ()2 + 182 (—b)P
Since a (k) and g, (k) are even functions of k. Using ([V.22), (V.34) and (IV.134)), we have

BOP = e )

Hence, the occupation number in the ground state in the asymptotically long time limit is
given by

2 = gmtnlk) (IV.52)

2

This is the occupation number in a GGE defined as
Tre~ >k 4H(I{,‘)Nk _ Tre—4/@2H—4n4W4—/@6W6—--- (IV54)

where the x’s are given in ([V.30]). Using the expressions of f, (k) from ([V.28]), the explicit

expression of the occupation number is

N, = csch (%{:) (cosh <%) ~ cosh (ﬂ (k- W))) b (@)

p—00 . k
VE? + m?

It is interesting that in m — oo limit, Ny, — 1, not 2. This is because lim, oo |a (k)]? = 1/2
and we have the constraint |a, (k)|> + |8, (k)|* = 1.

For arbitrary p, the energy density cannot be calculated in closed form. In the sudden limit
p — 00, the energy density diverges as log(A) where A is the UV cutoff. Hence, all other
W charges also diverge in the sudden limit. Hence, naively taking p — oo produce a non-
renormalizable state. So, the sudden limit has to be taken as in MPS where m/A — 0 while
m/p — €. Simply put, the quench rate parameter p should be much small than the UV
cut-off.
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Squeezed state quench: CC and gCC states
For CC state given by ([V.43]), the expectation value of occupation number is given by

2

= T (IV.55)

Ny

This is the occupation number of fermions in a thermal ensemble of temperature 1/8 =
1/4ks. The enengy density is

> dk s
E=[ —=Ny=—0 IV.56
/_ L2m P 96k2 (IV56)

Similarly, for gCC state given by ([V.44]), the expectation value of occupation number is
given by

2
1 + €4I€2|k|+4li4‘k|3

N; = (gCC|N,|gCC) = (IV.57)
This is same as the occupation number of fermions in a generalised Gibbs ensemble of
temperature 1/8 = 4k, and chemical potential py = 4k4 of Wy charge. The enengy density
cannot be calculated in closed form.

5 Correlation functions

Since our theory is a free theory, all the observables can be explicitly calculated. In the
following subsections we calculate (¢ (r,¢)1(0,t)) correlation functions for the three differ-
ent states obtained above. The quench process cannot differentiate between holomorphic
dof(‘left-movers’) and anti-holomorphic dof(‘right-movers’), so (4f(0,%)¥(r,t)) is equal to
(T (r, t)2(0,t)) and they are time independent quantitiesﬁ We also calculated (¥ (r, £)1(0, 1))
which has non-trivial time-dependence. Also as expected, —(17(0,¢)1(r,t)) is the com-
plex conjugate of (f(r,)1(0,t)). Since, we are calculating equal-time correllation func-
tions, so for example for (17(r,t)(0,¢)), we would rather be calculating 2 (¢(r, £)¥(0,t) —
(0, 6)P(r, 1))

Using the Bogoluibov transformations ([V.47) and ([V.4])) in the chiral mode expansions
(IV.116) and (IV.I117) we get

© | . . '
(w) = /0 . [A(k)&ke_lkw + sgn(k)B* (k)b e™™* 4+ A*(—k)bl ™™™ + sgn(k)B(—k)&,kelkw}

(IV.58)
V(@) = /0 ) % [A(—k)d—ke‘“m — sgn(k)B*(—k)bje "7 — A*(k)bl €™ + sgn(k) B(k)akeikw}
(1V.59)

5A simple reason why these quantities are time independent is the fact that they are holomorphic-
holomorphic and antiholomorphic-antiholomorphic quantities and they cannot ‘see’ the presence of the
boundary state | D). They are already thermalized/equilibrated.
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where w =t — x and w =t + x. For the ground state quench, f(k) =0, ax = Gin, b= bin.k
and |0) = |0,in). )
For a general f(k) corresponding to some |0), the correlation functions are

_ ~ 1 [~ dk ; —ikr
(0](0, £y (r, 1)[0) = 5/0 o [(2|B(k)[> = 1)e™ — (2|B(=k)[> — 1)e™""] (IV.60)
O 0,00 00) = — [ 57 [t A (~DB-R)E ) 4 sgalk) AR B (Bye )]
o 2w
(IV.61)
where we have used ([V.41)) to write A(k) in terms of B(k) in the first equation.
Ground state quench:
Taking careful limit, for ground state quench, we have
. . 1 [*dk k|
T E— -
Qi 00 0f0in) = =5 [ i
1
=m [L_q(mr) — I (mr)]
O— V.62
2mmr? * 2rm3rd - <m4> ( )

> dk isgn(k) msin(k(2t — 1))
2 VT m?
_ —% lsen(r — 26)Io(m(r — 2t)) — Lo(m(r — 2t))]

O151 (0,06 (r.0]0) = /

m—00 1 1

1
, — ) av.
t>r/2 2m(2t —71) + 2mm?(2t — r)3 o <m4> (Iv.83)

where I,(z) is Modified Bessel Function of the First Kind and L,(z) is Modified Struve
Function.
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Quenched squeezed state - CC state:

For CC state, all the calculations are done in |Sce) defined as the state (IV.37) with the
expression of f(k) given in (IV.43).

(CCl0,)(r, t)|CC)Y = —i /OO % tanh(2ko|k|) sin(kr) (IV.64)
0
< dk 1 1
h (=
o i CSC8H<24/£2> (IV.66)
- [ dk
(CCH 0, ) (r, t)|CC) = —z/ %sech@k/@)cos(k(% — 1)) (IV.67)
0
. h w(2t—r)
_ _zsec ég/;;@ ) (IV.68)

These are exactly what have been calculated using BCFT techniques [44]. Tt is evident from
(OV.68) that 1) expectation value is already the thermal expectation value at temperature
T =1/ =1/(4ka), i.e., it is already thermalized.

Quenched squeezed state - gCC state with Wj:

Similarly, for gCC state, all the calculations are done in |Sfoc) defined as the state ([V.37)
with the expression of f(k) given in ([V.44]).

< dk

WHO, )b(r D) gee = —i / X anh (2ol + 26 K[F) sinhr) IV .69)

0
[ dk . 1 1

= —ZA % Sln(kr) |:64K2]€|+4H4|k‘3 1 — 5 (IV70)
- > dk

(T (r, )0(0,1)) yoc = —i/ o sech(2kqk + 2r4k%) cos(k(2t — 1)) (IV.71)
o 2w

Again, it is evident from ([V.70) that ¢y expectation value is already thermalized into
the expectation value in a GGE with 7" = 1/ = 1/4ky and p = 4k4. A possible way of
evaluating these integrals (which yield no closed form answer) is via the residue theorem.
The integrands in both cases, have poles at the solutions of 2kek + 2k4k3 = 2”; Lir, where
n € Z. These poles and their residues have been treated in detail in [3]. The sum of residues
is still an infinite sum which cannot be performed. In the perturbative regime (k4/k3 << 1),

we see that our correlators match the general form presented in [2] with h = 1/2 as expected.

As expected form MPS, here in the fermionic theory also we see the UV/IR mixing. For
the ground state quench, all the charges affect the long distance and long time limit of the
correlators. This is explicit seen in the case of gCC state with W, charge only. The long
time and large distance limit or the correlators are very much dependent upon k4, although
a naive Wilsonian RG argument would show that k4 is an irrelevant coupling.
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6 Exact Growth of Entanglement in CC state

We will consider only a finite single interval or subsystem A, with its endpoints at (wq, w)
and (wg,ws) in light-cone coordinates, or (0,¢) and (r,¢) in space and time coordinates.
Using the replica trick ([126], [93]), the n'™ Rényi entropy S,(A) of the interval is given
by the logarithm of the expectation value of twist and antitwist operators inserted at the
end-points.

Sl A) = —— log (W(1) [Ta (wr, 1) T (wa, @) (1)) (IV.72)

1—n

The entanglement entropy(EE) Sy is given by lim,_,; S, (A). We can diagonalize the twist
operators and write them as products of twist fields. Hence,

k=(n—1)/2 k=(n—1)/2
Tww)= [] Tentw,w), Tolww)= J[ Tenlw o) (IV.73)
k=—(n—1)/2 k=—(n—1)/2

In CC state, in Heisenberg picture, the quantity of our interest is
Zy = (Dyle ™1 T (0, ) Ton (r, t)e ™" 251 | D)) (IV.74)

The subscript ‘f” means we are working in the fermionic theory and the subscript ‘b’ would
mean we are working in the bosonic theory. To find the exact expression of the entangle-
ment entropy of a spatial region in our free fermionic CFT, we will use the method using
bosonization described in [127]. Moreover, as shown in Appendix([V.DI), Dirichlet state
|Dy) in fermionic theory corresponds to a Dirichlet state in the bosonic theory |D,) and Hy
corresponds to Hy,. So, we get

Zi = (Dyle Mgl 4”%(‘25(0’“"1’(““)6’“21{!’|Db) (IV.75)

This is a free scalar theory in a strip geometry with Dirichlet boundary conditions and
operator insertions at (0,¢) and (r,t). It can be calculated explicitly

05 (2] = —dn 25 (6(0.0(0.8) ~ (6(0.10(r.1)) (v 76

The n'™ Rényi entropy of interval A is given by

| EmD2 g

DL ((8(0,)6(0,1) — ($(0,1)(r, 1))

k=—(n—1)/2

({2(0,£)9(0,8)) = (&(0, 1) (r, 1)) (IV.77)

Sp(A) = —Ar

1
= 47rnJr

Taking n — 1 limit, we get the entanglement entropy,
1
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Remark on winding number: While the free boson considered in MPS [3] is the uncompactified
free boson, the boson in ([V.75]) is a compactified free boson. So, Hamiltonian of the compactifed
boson has zero mode terms but the winding number is not important for our analysis. In the large
system size limit(L — oo), the zero modes vanished. Even if we are taking the limiting case of a
finite size system, the zero momentum modes do not play any role in our calculation. Using the
mode expansion of the boson ¢(w,w) = ¢(w) + @(w) in [128§],

P 1 . .
w) = Q4w+ Y —— (dpe ™ 4 dl ™ V.79
) = @ Ly )
p(w) = Q+ L 0+ ! (d,ne‘i’“ﬂ +d e"’“ﬂ) (IV.80)
2L = Vdmn o
First, Q and Q are cancelled identically in (IV.75]). Moreover, by bosonization formulae [128] [129],
P = V4w Ny P =VAnNy (IV.81)
Nf = JO = — Z {a%ak — bLbk} Nf = jo = — Z [aika,k — bikb,k] (IV.82)
k=0 k=0

But for our particular CC state, from ((V.I3I)), N¢|CCy) = 0 and N¢|CCy) = 0. Now, P and P
commute with all the other bosonic creation and annihilation operators of non-zero momentum,
hence they don’t play any role in the calculation of (IV.75]). If we still keep the system size finite,
the winding number would be important to interpret the stationary limit as a thermal ensemble.
But we must take the L — oo limit, if we want to examine the stationary limit. In other words, L
is the largest length scale in our theory and time ¢ << L.

The bosonic propagator in CC state has been calculated in [3]. Tt is given by
W2 [ o
2 sinh (R)
cosh (;—r) + cosh (”—t)
K2 KR2

r — 0 gives the UV divergence of scalar field theory in 2D spacetime. The n'™ Rényi entropy
and entanglement entropy of interval A in CC state is given by

. 2 ™ 7t
1 sinh (E) (1 + cosh (E)) 2
Sn(A) = nr’ log : — lim 2log(e) — log( T )

(CCIo0,0)6(,1)|CC) = ——log (v 83)

12n COSh (%) 4 COSh <;r_§> e—0+ 165%
(IV.84)
. 2 r 7t
111 sinh (@) (1 -+ cosh (E)) 1 2
Sa = - |zlog — lim log(e) — = log < bl .85)
312 cosh (%) + cosh (g—;) ot 2 1615

Taking the stationary limit ¢ — oo gives the entanglement entropy of A in a thermal ensemble
at temperature 7' = 1/5 = 1/(4ks).

1 ) T ) 1 w2
Sy = 3 {log (smh (4—/{2)) — 51—1>%1+ log(e) — 5 log <@>} (IV.86)
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Figure IV.1: Entanglement entropy growth of an interval(r=5) in CC state.

This exactly matches the thermal value which has been calculated using CFT techniques
[93]. It is fixed only by the temperature, the central charge of the CFT(¢c = 1 for dirac
fermion), and ‘r’ the length of the interval. Taking the high temperature limit ko — 0, we
get the extensive thermal entropy formula Syer, = é%

Besides the thermalization, the most interesting aspect of figure (IV.1]) is that the entan-
glement entropy grows monotonically. The first derivative of S4 w.r.t. time is

oS B 7 sinh? (%) tanh (%)
<8—75A>CC 3Ko [cosh (%) + cosh (:_;)] (IV.87)

T it m(r + 2t) (r —2t)
= 2tanh [ — | —tanh | ——— tanh | ——— | [IV.8
12/‘{,2 [ o (2:‘{,2) an ( 4/{2 ) +tan ( 4/*{,2 8)

From the first expression, as a function of time ¢ > 0, it is clear that there are no finite zero.
Hence, the EE growth of CC state is always monotonically increasing. Also note that in the
high effective temperature limit k5 — 0, the approach to thermal value is sharper. In the
limiting case, from the second expression, it is clear that the thermalization time is

t = — IV.
5 (IV.89)

which has also been calculated using BCFT techniques in [20].

It would be interesting to check the monotonicity of EE growth in gCC states. Unfor-
tunately, even for the free fermions with explicit twist operators, the entanglement entropy
in gCC state with W, charge cannot be explicitly calculated. The bilinear fermionic Wy (w)
current when bosonized gives ¢* terms[26], so the bosonized theory is an intereacting theory.

7 Non-Monotonic EE Growth and Dynamical Phase
Transition

Although we could not calculate EE in gCC state with W, charge of the fermionic bilin-
ear W, current, we can still calculate entanglement entropy explicitly with the fermionic
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Figure IV.2: Entanglement entropy growth of an interval(r=>5) for different choice of k4 and
Ro = 1.

charge corresponding to the bosonic charge Wy(w) = >, \k|*dldy,, where d! and dj, are the
bosonic annihilation and creation operators. As mentioned above, the zero modes do not
play any role. Refermionization of the bosonic bilinear W, is done in Appendix inwmalg] So,
the fermionic state that we are considering is

W) = e eHr—maWa| D ) (IV.90)

where the expression for W is given in (IV.137).
Again, the Rényi and entanglement entropies are given by the expression ([V.77) and

(IV78). The scalar propagator with the bosonic W, charge has also been calculated in
MPS.

%) ikr

(p(0,t)p(r,t)) = / g—iek [coth (2k (k2 + Kak®)) — cos(2kt)cosech (2k (ko + kak?)(IV.91)
The momentum integral cannot be done explicitly. But we still can plot the entanglement
entropy numerically. Figure (IV.2)) are the plots of EE growth with ‘small” and ‘large’ values
of k4. As expected, the entanglement entropy reaches an equilibrium quickly.

The most interesting aspect of Figure (IV.2]) is the non-monotonic growth of EE in the
gCC state with ‘large’ k4. As in case of CC state, to study the monotonic or non-monotonic
behaviour of S 4, the more appropriate quantity is not S4 but rather ‘%A, the expression also
simplifies tremendously.

1 <
<8ﬁ> - = / dk (1 — ¢™*")cosech (2rsk + 2r4k®) sin(2kt)
ot / o0 3

1 o0
= 3 / dk (1 — cos(kr))cosech (2kok + 2k4k*) sin(2kt)  (IV.92)

Unfortunately, the above integral still cannot be done in closed form. The objective is to find
finite positive real zeroes of the above expression as a function of time ¢. But, calculating

6We would like to thank Justin David for informing us that this refermionization could be done in principle
using U(1) currents and it has not been done anywhere.
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zeroes of Fourier transforms, unless it can be done in closed form, is notoriously hard, the
most famous example being the Riemann hypothesis.

The most interesting question that can be asked in Figure (IV.2)) is whether even a small
infinitesimal x4, although not visible in the numerical plot, gives rise to the non-monotonic
EE growth or whether the non-monotonic behaviour starts from a sharp finite value of k4.
If it is the second case, then it is a dynamical phase transition. In other words, the question
is whether (IV.92) has finite zeroes as a function of time even for an infinitesimal x4 or do
the finite zeroes appear for k4 greater than a critical value.

We found that the non-monotonic behaviour starts abruptly at a critical value of ky =
16k3 /2772, i.e., it is a dynamical phase transition. In terms of the effective temperature
and chemical potential in the stationary limit, 8 = 4Ky and py = 4Ky, the critical value is
py = 332772,

Althought the integral (IV.92)) cannot be done in closed form, we can take advantage of
the fact that for our question we do not need to know the precise zeroes. Using contour
integration, the integral is given by the sum of residues of the poles given by 2kok + 2k4k% =
inm where n € Z — {0}. n = 0 is not a pole of (IV.92]). The expressions of the poles(from
MPS)EI are

2/3
—2 6% + /6 (/3345 — SLrky? + 9im /i)
k= (IV.93)
6{’/\/3\//{2 (163 — 27m2k4n?) + imKin

2/3
/=6 + 1 (V3 + 1) (V/ASKE — S1mPran? + 9im/Fan )
ky = (IV.94)
2 62/3 \3/\/3\/52 (16K3 — 27m2K4n?) + imKIn

2/3
31 (2\3/ —06ko + <\/48/{§’ — 81m2Kkyn2 + 9’L'7T\//-€_4n> )
b — (IV.95)
62/3\//§_4<’/\/48/{% — 81m2kan? 4 9im\/Ran

Out of the three poles, only one is perturbative. In x4 — 0 series expansion, the other two
start with O(\/La) One of the three poles is always imaginary for arbitrary n and arbitrary
positive ky.

There are three important ingredients for the proof of the dynamical phase transition:

1. All three n'" poles become purely imaginary when 1643 — 277%k4n? is negative, or ky

is greater than 16x3/2772n?, we will call this the n™ critical value k4.,

16k3
Fdem = 27m2n2

(IV.96)

"The numerical values of the poles may get interchanged for specific values of the parameters but the
result will always be the same set of roots. This arises from the particular method used for solving the cubic
equation.
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Below this value, the residues of the n' poles are exponential decaying functions of
time ¢, with no oscillatory factor. Obviously, (n = +1) critical value Ky 1s larger than
Kaen for |n| > 1. With & scaled to 1, k4. is 16k35/277% ~ 0.0600422.

2. With k4 less than (n = £1) critical value, the sum of the residues of (n = £1) poles
is larger than the sum of the residues of all the other (|n| > 1) poles. Hence, the
behaviour of the first poles of n = %1 dictate the behaviour of the integral ([V.92))
when ry < 16k3 /2772,

3. Above this critical value, for each n, two of the poles have real parts while one of them,
say ki, is imaginary. The poles are
ki = —2isgn(n) b, ks = a +isgn(n)b, ks = —a+isgn(n)b (IV.97)
B3 — 2/6k, B3 4 23/6k,
a = s e —
2 22/3\/3V/B k4 2 62/3/B\/k4
B = \/817r2/i4n2 — 48K3 + 97|n|\/kKy

where we have to take the real roots of the radicals. k;’s have the largest imaginary
parts and the exponential decay of their residues as a function of time are faster while
the other poles ko and k3 have comparatively large magnitudes and ocsillationsfl In
the total integral, the contributions of the imaginary poles k;’s cannot compete with
the contributions of the oscillating poles. Lastly, it would be a very special arrangment
if all ocsillating terms conspire to give a non-oscillatory sum. Hence, the total integral
is oscillatory as a function of time and the EE growth is non-monotonic.

For future reference, we also note that the expansion of the real part ‘a’ in (V.97)) around
the n'M critical value fiy.,, is

VRl = 35 (VAT (ra = rac)
a= — —
2Bl 54 (2/ani )

100173/ |n| (kg — Kaen)®'?
1944 223/,

+ O(ky — Faen)™”? (IV.98)

For all our calculations below, we have scaled ky to be 1. The first point is clear from
figure (IV.3]). The real parts of (n = £1) poles vanish at x4 ~ 0.060, which is the critical
value found above. The critical value of (n = 4+2) poles is k4 ~ 0.015.

8We will call this value just ‘critical value’ without the ‘n'® specification because, as shown below, this

is the critical value of k4 where the dynamical phase transition happens.
9This competition between poles of each n might be important, if we have turned on W chemical potential
instead of Wy, in which case there will be five poles, or Wy in which case there will be seven poles and so on.
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Figure IV.3: Real parts of poles of n € {+1,4+2} as a function of k4 with ks scaled to 1.

Below the critical value, we will show that the total contributions from n = +1 poles
is larger than the sum of all residues of |n| > 1 poles. We will concentrate on the late
time period, t > r/2. For e®** of sin(2kt) factor in (V.92)), the contour is closed upward
encircling the upper half plane, and for e~**_ the contour is closed downward encircling the
lower half plane. From the expansion of cosech (2k4 (k — k1) (k — k2) (k — k3) + i7n) around
k1, the contribution from ki poles for arbitrary n are the real parts of

Py (ky) = 2miRy (k1) = (—1)" — <6i2k1t B

N 6:‘{,4(]{31 — k?g)(k?l

6ik1(r+2t) + 6ik1(r+2t))
2

(IV.99)

-1)" A iky (r—2t) | —iki(r+2t)
3

6H4<k1 — k2)<k1 — 5 ) if Im[kl] <0
(IV.100)

where R, and Ry denote the residues. Similarly, cyclic replacements of k; with ko and ks
give the contributions of ks and ks poles. For the poles in the lower half of the complex
plane, since the contour is anticlockwise, (J,, have an extra minus sign in the residue. We
will call the contributions to the integral form n = 41 poles as Iy(t) and the contributions
of the |n| > 1 poles as I1(t). The other parameters (x4, r and x which is already scaled to
1) are suppressed.

As a first visual evidence, Figure ([V.4]) is the comparison of numerical integration of
(V.92) and Iy(t). It is evident that the residues of (n = +1) poles dominate the contour
integration. We have chosen k4 = 0.0600420 which is very close to the critical value. As
mentioned above, with this choice, all the poles except the n = +1 poles give ocsillating
residues as a function of time. Although it is not very conspicuous, it is also evident from
the graph that I, (¢) is oscillating around Iy(t), the value of the numerical integration is above
the Iy(t) curve in some regions and below in other regions of time ¢.
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Figure IV.4: Comparison of numerical integration of (954/0t) ¢ (blue curve) and Io(t)
(purple curve) as a function of time ¢. The parameters are x4 = 0.0600420, r = 5.

The numerical integration is unreliable in the long time limit. So, to complete our
argument, we will calculate an upper bound of I;(¢) and compare it with Io(¢) for a specific
time t. The choice of the parameters are

k=1, kg = 0.0600420, r =5, t = 4r = 20, (IV.101)
With these parameters, the n = 1 and n = —1 poles are
ky = 2.35382341 ko = 2.358571% ks = —4.71239541 rn=1 (IV.102)

ky = 4.71239547 ko = —2.35382341 ks = —2.3585719 ;n=—1 (IV.103)
and Iy(t) is given by

Io(t)]|t=20 = P(k1)|n=1+ P(k2)|n=1 + Q(k3)|n=1 + P(k1)|n=—1 + Q(k2)|n=—1 + Q(k3)[n=—1
= 6.646589 x 107% (IV.104)

We can show that I1(t)[;=20 is less than [y(t)];=90. The first few poles are

k1 = 5.54955511 ko = 2.5383386 — 2.77477751 k3 = —2.5383386 — 2.77477757 ; n = —3
ky = 5.17379354, ko = 1.8496206 — 2.5868967: k3 = —1.8496206 — 2.58689677 ; n = —2

ky = —=5.1737935: ko = —1.8496206 + 2.58689677 ks = 1.8496206 + 2.5868967:  ; n =
k1 = —5.549555057 ko = —2.5383386 + 2.77477751 ks = 2.5383386 + 2.7747775:  ; n=3

The residues of these (|n| > 1) poles cannot be summed up into a closed form, as that would

amount to doing the integral in closed form. We are interested in an upper bound. The
residues of two of the three poles of every (|n| > 1) have an oscillation factor. As we saw,
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even each residue has a separate 3-6 real oscillating terms as a function of time. So, we can
represent the sum of the modulus (absolute value of the amplitude) of the oscillating terms
of the three residues for each n, by a bigger function which has the analytic sum from |n| > 1
to infinity. And if the sum is less Iy(t), then [y(t) dominates the contribution from all the
other poles

35 r 10740

3fk1070F
2.5 1070}
x 10740F
Jx 10740}

1|x1074F

e

-10 -5 5 10

n

Figure IV.5: Comparison of sum of modulus of residues of (|n| > 1) poles with the approx-
imating function f(n) = 1073%/n?. The dots are the discrete n values of the corresponding
functions.

Figure ([\.3]) are the plots of the sum of the moduli separately for the oscillating terms
of the three residues as a function of n and the approximating function f(n) = 1073%/n?.
Now, we have

n=-—2

10—39 © 10—39

n? n?
—0o0 n=2

= 1.289868 x 10 (IV.105)

This is much less than Iy(t)];=20 in (V.104)) and is of the order of 107° of Iy(t)|=20. So, the
non-oscillating Iy(t) dominates [;(¢), the contribution from the other poles. Hence, below
k4 = 16K5 /2772, the EE growth is monotonic.

Visually from figure (IV.4)), ¢ = 3.7 is a time-slice where the difference between I(t)
and the numerical integration has a local maxima. At this time slice, repeating the above
exercise, Io(t)|i=37 = 0.109727 and repeating the same exercise of estimating the upper
bound of I;(t)|,=3.7 with the same parameters as ([V.101l) except the change in ¢, we get a
good upper bound to be 0.0064493 which is less than Iy(t)|;=37 and is of the order of 60%
of In(t)|s=3.7. So, the approximation of the full integral by Iy(t) gets better with increasing
time. In the long time limit, we can effectively take the only time-dependence to be the

10A simplified example of our strategy is the comparison between say X and asin(z) + bcos(y) where
{X,a,b,z,y} € R, while A > |a| and B > |b| and {4, B} € R", then A + B > |a| + |b] > asin(z) + bcos(y)
and if X > A+ B then X > asin(z) + bcos(y).
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time-dependence of Iy(t). It is worth mentioning here that even (n = +1) pole calculations
take into account k4 non-perturbatively, since two of the poles of each n are non-perturbative
m Ky.

As listed above as one of the main points, above the critcal value, each n has an imaginary
pole but the other two poles have real parts and also have larger magnitudes so the total
residue of the three poles of each n is oscillatory. It would also be a very special arrangement
if all the oscillatory contributions of each n conspire to give a non-oscillatory 054 /0t. Hence,
we conclude that the EE growth is non-monotonic above the critical value.

Near the critical point (k4 — k4e) — 07, we can try to estimate an upper bound of the
time upto which the EE growth is monotonic. The upper bound is half of the longest time
period. Using the leading term in expansion of ‘a’ from ([V.98]) and the expressions of the
residues (V.99)) and (IV.100), the lowest frequency(|n| = 1) gives the upper bound as

TN Ky — Kae (2t — 1) =y (277)2/3\/31@51(/:6 4T 2.95 /-@226 (IV.106)
_ —7T) =17 = - — .
22/3\/§“Zé6 2VK4 — Kae 2 VK4 — Kac

where finite ‘7’ can be neglected in the limit (kg — K4.) — 0.
The critical value in terms the effective temperature 8 = 4k, and chemical potential
sy = 4k* in the stationary limit is

(IV.107)

H4
3.5
3.0

2.5 Non-monotonic EE growth

2.0
1.5
1.0

0.5 Monotonic EE growth

2 4 6 8 10'3

Figure IV.6: The critical curve py = 32/277% in terms of the effective temperature and
chemical potential in the stationary limit and the phase diagram.

For the early times t < r/2, in the residue calculations (IV.99) and (IV.I0Q), we have to
replace the sign of the exponents with r — 2¢ so the magnitudes of the exponentials decreases
as time increases. Upto the critical value of k4, the EE growth is always monotonic for this
time period.
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7.1 Turning on other charges

We could also calculate the EE growth of gCC states with other charges of the fermionic the-
ory corresponding to bosonic bilinear Ws,, = > |k|2"_1d,tdk where n = 3,4,5,.... Repeating
the exercise of quenching tuned squeezed states of scalar field theory in MPS, the propagator
with these charges are simply given by

dk e = 2n—1
(0(0,)¢(r, 1)) = [ ——— | coth 2ok + Y Konk

n=2

— cos(2kt)cosech (252%; + Z Hznk2n1> - 1) (IV.108)

n=2

Substituting this propagator in the general formula (V.77) and ([V.78)) give the Rényi
entropy and entanglement entropy. The first derivative of EE w.r.t. time is

1 [ 00

n=2
We believe the dynamics will be much richer with these other charges, with much more
complex phase diagrams which can be in a n — 1 dimensional space. But the general poles
analysis cannot be done in these cases because the poles will be given by quintic and higher
order equations. Considering gCC states with W, and Wy charges, the numerical plots of EE
growth looks the same as ([V.2]) where by trial and error method, some parameter subspace
gives monotonic growth and some subspaces do not give monotonic growth. Considering
n = =1, the poles are given by 2kok + 2k4k> + 2kk® = im. For kg = 1 and k4 = 0.06,
numerically we find two interesting parameter subspaces of kg. The first one is when all the
poles become imaginary when x4 is decreased.

k1 = 2.0887597 sgn(n)i, ko =2.9527785sgn(n)i, ks = —6.5425830sgn(n)1,

ky = —6.6158300sgn(n)i, ks = 8.1168748 sgn(n)i for ke = 0.0007249 (IV.110)

key = —0.0076887 — 6.5788763 sgn(n) i, ko = 2.0887456sgn(n)i, ks = 2.9528549sgn(n),

ky = 8.1161520sgn(n) i, ks = 0.0076887 — 6.5788763 sgn(n) i for ke = 0.0007250
(IV.111)

This looks like the same transition if n = +1 dominates, but the poles with real parts have
large imaginary part also, so they would be highly damped. The other case is
k1 = —0.8215058 + 1.9681831 sgn(n) i, ko = —5.2389645sgn(n)i, ks = —5.2472000sgn(n) 1,

ky = 6.5497983 sgn(n) i, ks = 0.8215058 + 1.9681831 sgn(n) for ke = 0.0019179
(IV.112)

k= —0.8215060 + 1.9681836 sgn(n)i, ky = —0.0040372 — 5.2430724 sgn(n) i,
ks = 6.5497775sgn(n) i, ks = 0.0040372 — 5.2430724 sgn(n) i,
ks = 0.8215060 + 1.9681836sgn(n)i  for g = 0.0019180 (IV.113)

for the smaller x4, although two of the poles have real parts, they have to compete with the
three imaginary poles. So, this could also be phase transition.
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8 Discussion

In this work, we have examined free fermionic mass quench. We find that the ground
state quench equilibrates but not to a thermal ensemble. Starting from specially prepared
squeezed states, we get CC and gCC states with fermionic bilinear W5,, charges. Calculation
of correlators in CC and gCC states explicitly shows thermalization to thermal emsemble
and GGE respectively.

For CC state, we calculate EE growth exactly. The EE growth is strictly monotonically
increasing. For gCC state with a particular charge, we find dynamical phase transition in
which the EE growth is monotonic upto a critical value of the effective chemical potential.
In the pure state, the effective chemical potential is the coupling constant of the current
corresponding to the charge. Above the critical value, the EE growth is non-monotonic. It
would be interesting to reproduce our result in large ¢ holographic CFTs and examine what
it would mean for Black hole physics.
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IV.A Conventions

1 0
Ny = |p _J ) au = (8t7 aﬂﬁ)a ’Yuau = ’70615 - ’716367

=t — D=1+ _i_l g_g 5_3_
v T W= o Cow 2\ot ox)’ Cow

1 0 0 1
0_ 1 D )
Ya = {0 _1} sy Ya = [_1 0] , in Dirac basis.
11 -1 0 ao0e-1_ |01 1 adaa1 |01 . ) .
S = ﬁ L 1 } Ve =570 = 1 ol Yo =875 = 1 ol in chiral basis.
{ak, CLL} =21 (k= k'), {bk, bL} =27 §(k — k'), other anticommutators are zero.

{an, ail,} =4d(n—n'), {bn, bL/} = d(n — n'), other anticommutators are zero.

We will use k = 2 for continuum limit(L — oo) and n for quantization in a finite box of
size L, where n =n’ 4+ 1/2 and n’ € Z.

IV.B Spinors and transformation to chiral basis:

Taking constant mass m, we can easily find the boosted spinors, u(k, m) and v(k, m). For
constant m, ¢,,(t) = e " and ¢_,,(t) = e™*. So from ([V.4),

Uz, t) = hoat _ A1, — im] o—iwttiks Lﬂ ey {—(w; m)} -

e = e )

Hence, upto normalizations fixed by inner products, the boosted spinors are

u(k,m):il_(w;m)}, v(k,m):i[_( K }

w+m)
We have the adjoint spinors as,

u(k,m) = ul(k,m)’ =—i[—(w+m) k] [(1] _01} =i[—(w+m) —k]
1 0

Q_J(/{?,m) — UT(/{Z7m)’}/0:_i [/{3 —(W+m)} |:0 1

} =ik (w+m)]
Now borrowing Peskin & Schroeder(P&S) conventions of spinors, we want to fix the inner
products u(k, m)u(k,m) = 2m and v(k, m)v(k, m) = —2m,

a(k,myuk,m) = [—(w+m) —k] {—(w+m)}

I = 2m(w + m)
k

v(k,m)v(k,m) = [k (w+m)] {—(erm)

} = —2m(w + m)
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So the normalized spinors are

u(k,m) = ; (w+m) v(k,m :; k

) = gy ] = s L)

U = ; w+m v(k,m :; w+m
u(k,m) = CEED) [(w+m) K], o(k,m) CEED [k (w+m)]

(IV.114)

The spinors with time-dependent mass m(t) are obtained by just substituting m(¢) in the
place of ‘m’ only inside the matrices, which is clearly seen from ([V.I12)) and (IV.I3). The

normalization cannot be changed to time-dependent mass else the spinors won’t be solutions
of the corresponding Dirac equation.

The transformation to chiral basis is accomplished by using the transformation matrix

S = % {1 _11} . The mode expansion as in P&S is

1
V(z,t) = /%\/lz—w [aku(k,m)eﬂk'x+b£v(k,m)eik'm]
- [ ) e L]

= Z_k% [ak [—sgil(k)] e an } }

s
B /dk: 1 {akeik'ersgn(k)bLeik'x]

—sgn(k)age ** — bl etke
In the chiral basis,

11 -1 dk 1 [ age ™7 + sgn(k)bl et
U (z,t) = S-U(z,t)=— == AP
(ZL‘ ) (ZL‘ ) \/Q |:1 1 ] /27T\/§ [—sgn(k;)akelk‘” _ b;iem'm

* dit 1 [(1+ sn(k))(age™ 4 bje=)
T Je2m2 ' ‘ IV.115
I 1 o (1V115)
Writing this as ¢ (z,t) and ¥(x, 1),
< dk 4 ,
'll)(l” t) B / %(akeizk'm + bj;:elk-x) (IV116)
0
b 0 dk —ik-x T ik
Y(x,t) = 2—(le — b.e™") (IV.117)
oo 2T

IV.C Fermionic Boundary State
The action (IV.I)) with m(¢) = 0 in the chiral basis is

S = /d [2\117“8 U+ Uy" 9, \II}

/ dwdw (Y10 + YTy + oy’ + o)

N)IN
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On varying the action and collecting terms, we get the following
55 = / @ (5010 + 5T + 5100 + 5500) (IV.118)

Given a boundary at t = 0, it will also have certain boundary terms, which we want to be
Zero.

1o + oyt + PToy + oyt _ =0 (IV.119)

We impose this as an operator equation on the boundary state |B). The condition for a
boundary state can be achieved via two identifications

=i’ and ! =i (IV.120)
¢ =—¢, and ' =4 (IV.121)

Now we impose the boundary conditions at ¢ = 0 in terms of the mode expansions ([V.116))

and (V.117):

1. The boundary condition of (IN120) gives a; F ial , = 0 for k > 0 and b, Fib' , = 0
for k£ < 0. Similarly, the second condition is aj 4 mik =0 for k <0 and by & ibik =0
for £ > 0. Combining the separate conditions, we get a, F isgn(k:)ai,g = 0 and

bt sgn(k‘)bi . = 0. Hence, the boundary state corresponding to the first identification
is

|IN) = exp (Z isgn(k)(alal , — b,ibT_k)> |0) (IV.122)
K
2. The boundary condition (IVI21)) is ay F sgn(k)b', = 0 for k > 0, ay £ b, = 0 for

k < 0 and b, + aik =0 for £k < 0 and b, F aik = 0 for £ > 0. The boundary state for
the first identification is

|D) = exp (Z sgn(k)aLbT_k> |0) (IV.123)

From the action S, we can find the non-zero components of the energy-momentum tensor
T =Ty and T' = Ty, and the components of the U(1) current are J, = J and Jgz; = J,

T = L (6100 + pou) T = L (5190 + 400 (IV.124)
J =y J =T (IV.125)
The boundary conditions (IV.120)) and (IV.121]) satisfy the condition
T(w)]=0 = T(w)|e=0, on the cylinder. (IV.126)
or, (zQTZZ(z)) |2(t=0) = (22 _55(2)) | (¢=0) on the plane. (IV.127)
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where z = e27(t=@)/L and z = ¢27(+@)/L Thus |N) and |D) are conformal invariant boundary
states. It is also worth noting that the boundary conditions also satisfy

J(w)|i=0 = —J (W) =0, on the cylinder. (IV.128)
or, (2J.(2))|s0=0) = (2J2(2)) |z on the plane. (IV.129)

Considering the zero modes in the cylinder, it means that the above boundary states are not
charged. With @ = Jy + Jo,

QIN)=0, Q|D)=0 (IV.130)
Besides, specially for the state |D), (Jo — Jo)|D) = 0. Hence

Jo|D) =0  Jy|D) =0 (IV.131)

IV.D Bosonised Boundary State

Consider a Dirichlet boundary state ¢ |D) = —@ | D). Using the bosonised fermions :

,ll) _ efzﬁ 71'\/@4,0(111) . ¢T _ GZLP e Z\/éﬁgo( ) .
P = 672— PIVATE(D) ot = ei@P . o iVATE(®)

To translate the boson Dirichlet condition into the fermionic one, we get

$ID) = eTPEP eI D)
— 3P, fiLP ﬂLP: —ivAnp | . |D)

= e 2% e
_ efg[Q,P}eszP —iYTp . piVATE . |D)
e2(@PI=[PQD 4| D)
e P |D) = =y |D)
where we have used the relation e® ¢¥ = e¥*[#¥l+ ¢ and [Q, P] = [Q, P] = i. We have also

used (VI31)) which gives P|D) = Jo|D) = 0 and P|D) = Jo)|D) = 0.
Similarly, we can show that (7 — 1) |D), (¢ — ") [N) and (¢T — i) |[N) vanish, where
|N) is defined by (¢ —@) |[N) = 0 which is the Neumann boundary condition for scalar fields.

IV.E Baker-Campbell-Hausdorff(BCH) formula

Although we are interested in the ‘out’ massless oscillators, the BCH formula is valid for
both massive and massless oscillators. So, we will suppress the ‘in’ or ‘out’ identification of
the oscillators. Starting from

T) = exp <Z sgn(k)y(k)al bt k) 0) (IV.132)
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we wish to obtain an expression of the form

|Y) = exp (— Z r(k)(atay + b,tb@) exp (Z sgn(k)azbtk> |0) (IV.133)

k

Commuting exp <— S k(k) (alax + bLbk)) through exp (Z sgn(k)azbik), we get
F k

exp (j{jsgn<k>e2““ﬂa2bik> )
k

Thus,

sen(k)y(k) = e 2® sgn(k)
= w(k) = —% log(v(k)) (IV.134)

IV.F Refermionization of bosonic bilinear W,
The bosonic(real scalar) bilinear W, current [41], 26] is

Wi(w) = 2000 ¢ — 30°¢0*¢ (IV.135)
Using U(1) current relation J = T =
W, current. Because of the fermionic anti-commutation relation most of the four fermion

terms drop out and the only four fermion term that survives is didweTe). Finally, the
expression is

Wi(w) = %z/ﬁ P+ %a%p* o — %az/ﬁa%/; — %631/1% — 20yt oty (IV.136)

And the corresponding charge is

~ 1 /14
mZE(?[Q””PW*”J
/ dkydkydksdky
(20
— azlbLQkaCLk4(5(/{71 + /{72 - /{73 - /{Z4) - bklak2a23b245(—k1 - /{72 + /{73 + /{Z4)

ket [ [akla,@aks%a(h ko + ks — ka) + al, ag,bisbl, 6(ky — ks — ks + k)

+ by, bl ab ar, 0(—=ky + ko + ks — ka) + by, b b, bl 6(—ky + ko — kg + m)} )

(IV.137)
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