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Abstract

In this work we explore the thermalization of two point functions of free scalars
in d + 1 dimensions after a quantum quench. The mass is time dependent and is
taken to zero. A detailed analysis of this problem has been done in 141 dimensions,
in [1]. My goal here is to extend this understanding to higher dimensions. In
previous works, [2| [1], we have seen that the post quench system equilibriates to a
generalised Gibb’s Ensemble. The post-quench observables retain a memory of the
quench by having signatures set by the scale of the pre-quench state. We restrict our
calculations to two kinds of pre-quench states: the ground state of the pre-quench
Hamiltonian, and specific excited states called the squeezed states (CC and GCC).

All observables seem to reach an equilibrium. The correlation functions in the
CC approach a thermal ensemble and those in the GCC approach a GGE, at late
times, and are related by, § = 4k, and p = 4k4. We observe a distinction between
odd and even dimensions. The approach to equilibrium is exponentially decaying
in time for odd d and fall off as a power law for even d. We also calculate the
time dependent thermal correlator and observe a similar difference in odd and even
dimensions.

In the second last section, we discuss the possibility of UV-IR mixing in the GCC
and GGE. The post-quench state is characterized by infinite number of conserved
charges which may correspond to irrelevant operators in the theory. Observables
seem to be affected by all such operators even at low energies, which is interesting
given our intuitions set by Wilsonian renormalization.

Finally, we wish to understand the implications of this result in the context of
holography, with the knowledge that thermalization in the gauge theory corresponds
to a quasi-normal decay to a black-hole. A quench itself can correspond to an
excitation in the bulk.
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Chapter 1

Introduction

This is where the preliminaries of the project is introduced.

1.1 Ergodicity and Subsystem Thermalization

Thermalization is the process of attaining thermal equilibrium. We are interested in
knowing what class of operators thermalize. The quantum ergodic theorem seems
to answer our question. Ergodic systems, classically, are those systems which are
uniformly distributed in the entire phase space. When we describe something as
being ergodic, its time average is same as its average over phase space. Quantum
mechanically, the latter is equivalent to taking an ensemble average.

e What are the conditions that need to be satisfied for us to say that a class of
observables (say {A}) have reached thermal equilibrium? We should find that
when we allow the states to evolve unitarily, for most times in the long run,
[(A(t)) — Ape|< €, where A, is given by the value of the observable in the
microcanonical ensemble and € is set by the experimental tolerance [3].

e (lassically, if a system starts from a phase point X, and has constant energy
E,, ergodicity demands that

lim %/0 d5(X — X (1)) = poe(E) (1.1)

T—o00

i.e., X(t) should cover the entire phase space for every initial condition X,.
In quantum mechanics, given a Hamiltonian of eigenstates |W,(¢)) of energy
E., a microcanonical ensemble can be defined by taking an energy shell of
energy width 6E. We define pme(E) = Y 5 p pisp 5l%a)(Pa| where Q is
the number of states in the microcanonical shell. Say we start with an initial

state,|Wo) = 3o, <mpar Cal Vo) [W(1) = 32, cae™ | Wa)

SNCONE@)]= D lealPWa){Wal+ Y Y cache  FmEN W) (Ug]  (L2)
« «a B
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Now when we take |W(¢))(¥(¢)|, the second term gives zero since it is fluctu-
ating. At this stage it is important, that the system is non-degenerate such
that, E,, # E, for n # m. Thus,

[CONTD)] =D _leal’|Va)(Val= Paiag (1.3)

Pdiag = Pme When ]ca|2: %, which is true only for a very special class of states.
A better way to look at ergodicity is in terms of operators rather than states.
A sensible expectation in a quantum ergodic system is to expect, that given a
set, of macroscopic observables {A},

(U(O)AD)) =7 Tr[Apne] = (Ame (1.4)

irrespective of the initial state |¥,). This should hold for most times at long
times. This means that the mean square difference between LHS and RHS
in Eq. (2) is vanishingly small when averaged over long times. Parallely,
ergodicity can be defined as,

(U(O)AD)Y) = Tr[Apme] = (A)me (1.5)

If the expectation value relaxes to a well defined state , then the two definitions
(Eq.2 and EqA?)) coincide.This loosely means that Ap,,. can be considered
equivalent to Apgiag

Thermalization in the present case means asymptotic approach to an equilib-
rium ensemble which is called the Generalized Gibbs Ensemble (GGE) because
it is characterized by chemical potentials p’s completely with possibly an infi-
nite number of conserved charges W'’s.

1

PGGE = 26

~2apelVa (1.6)
If we look at a closed quantum system as a whole in a pure state, then its
density matrix as the system evolves remains pure. It does not seem possible
for the whole system to thermalize. But there is a sense in which part of the
system can still thermalize. This is known as Subsystem Thermalization.
Even though the full quantum state is pure, local observables within a sub-
system can be a mixed state and therefore expected to show thermalization.
More quantitatively this means that

<0102 < > = <1/J<t>’0102 e |'¢(t)> — Trace (psubOlOQ . ) (17)

where pg,; is the reduced density matrix for the subsystem of interest attained
by tracing over the remaining part. This is not so hard to expect. A a simple



example consider two qubits (spins) In a Be alr = —+ wit
pl id qubits (spins) in a Bell pair [bp) (101) +[10)) with

Sk

2
the density matrix

00 0 0
Cloo1/2 12 0

Pv =10 1/2 1/2 0 (18)
0 0 0 0

Evidently pgp = pyp- Tracing over the 2nd qubit we get

pr= {1(/)2 132} (1.9)

But this represents a mixed state. This also shows that there is a relationship
between thermalization and entanglement between subsystems.

Thermalisation demands that any system, irrespective of the initial conditions reaches
a specific state asymptotically. In case of integrable systems, the trajectories in phase
space are confined by constraint equations to region of the phase space. For unitary
theories, the integrable systems will return to their initial state in finite time due to
the periodic nature of their orbits. Consider an integrable system, with initial con-
ditions such that it excites only one normal mode of the system. The system forever
stays in that state, since there is not exchange of energy between the orthogonal
normal modes, thus it never reaches the thermal state asymptotically. However, if
degrees of freedom are more than the number of constraints, the system might still
be free to span a sub manifold of the phase space. Thus, integrable systems can also
experience subsystem thermalization. For a review on thermalization in quantum
systems, see references [4] [5].



Chapter 2

Quantum Quench

2.1 The Lagrangian

Our choice of the physical system here is a scalar field with no interactions. This is
simple and convenient for our purpose. Quenching in general is a material science
term which means rapid cooling of a metal piece to obtain desired properties. In
our context it means varying one or more couplings and parameters in our theory
by making them explicit functions of time. This may seem too ambitious at first
but there are physically realizable systems where we can achieve this. For example
in ultra-cold gases, a sharp change in the background magnetic field is a perfect
example of a quantum quench. Since we are dealing with a free theory, the only
parameter at our disposal is the mass of the scalar. So we consider the following
theory in general d dimensions

S = —% /ddx (0,00"¢ + m*(t)$?) (2.1)

with the equation of motion (EOM) being (9% + m?(t))¢ = 0. Here we study this
theory for a specific mass function m(t) which starts with some finite mass mg and
drops to m = 0 later (see fig]2.1)). [6] But even before going into that, by a very
simple mapping to a quantum mechanical scattering problem in 1-D, we can solve

for o(t).

2.2 Scattering in Quantum Mechanics

We can perform a partial Fourier Transform (because of translational symmetry in
spatial dimensions)

+oo dd_lk . -



Figure 2.1: Mass quench from my to O(taken from [1])

QM QFT
T t
E k2
Vi) | -m(t)
Y(E,x) | 9k, 1)

Table 2.1: Analogy between quench and scattering problem.

with ¢*(k,t) = ¢(—Fk,t). Now the action becomes

1 . .
5= [kt (joE 0P + )6 (E. ) (23)
the EOM decouples for different Fourier modes
- -

This looks like a Schroedinger-type equation in one spatial dimension, if we identify
these things (see table 2.1). Then following Landau [6], we can solve this exactly
for a certain types of mass functions. Here we give a brief summary of how to go
about it for a specific mass function of the type in the figure above.

2.3 A Specific Quench protocol
We work with the mass function
m?(t) = mj(1 — tanh(pt))/2 (2.5)

In the far past and the far future since the mass function/potential approaches a
constant value, ¢(k,t) must look like plane wave. If we call u;,(k,t) the solution

'Here metric signature is taken to be (-+-++)
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which approaches positive frequency in the far past and similarly uout(lg, t) in the
far future, i.e.

= oo e_iwint - 0o e—lwoutt
um(kv t) = S0 uout(k’ t) _tj—> \/T (26)
in out

where w;, =1/ k2 4 m?2 and wy, = ]/;| Since this a second order linear ordinary
differential equation, we must have 2 independent solutions which are um(l;, t) and
uj, (k,t) or uey(k,t) and uf,,(k,t), which is just a different basis. The two therefore
must be linearly related through a Bogoliubov transformation

Uin(K) = (k) tpu(K) + BR)wS, (—F) (2.7)
k) = o (k) (k) — B(k)up, (—k) (2.8)

As this was already done in [1] and also done in Birrell and Davies, we merely state
the following solutions for wu;, and g,

e~ wint iw_iw 1Win,
Uin = 2F) ( ——1 - ;62’”)
V 2Win, p p p

e out w_ Wy iWou Lo (29)
uom_li( b ey THTC )
and the Bogoliubov coefficients
olfy = [ U )
v P50 = 5) (2.10)
oy = [
Win I(55)0(1 = 57)

And so

Gk, t) = Qi (k) tin (K, ) + a3 (—k) 5, (=K, 1) = Qout (k) ttous (K, 1) + a5, (= k)b, (<K, 1)
(2.11)

Moreover the in and out vacua are also related by a Bogoliubov transform [1]
1 Datal
|0;n) = exp 5 Z”y(k)a’za_lZ |0out) (2.12)
k

Sudden limit

If the quench is done suddenly, i.e.

p — 00 (2.13)



which gives a step function drop
m2(t) = miO(—t) (2.14)

Now the Bogoliubov coefficients become

- 1 E+w,n Pt 1 E —Win
() = L gy = LA (2.15)
|k|wzn |k|wm
and the in and out waves
e_iwint e—iwoutt
Uip = 5 Uout = 2.16
\% 2win ' V 2wout ( )
With everything defined above, we can write our field ¢ as
too  gd—1p. o 5 o oo
0@ = | ot (amEuan(E0) + ai (B (1))
oo (2m)d—l (2.17)

oo gd—1p 5 = 2 ik-%
:/ W <aout(k)u0ut(k t) +aout( k) out( k7t)) elk

We will do most of our calculations in this limit.

2.3.1 The Propagator

|0,in) being the ground state of the initial Hamiltonian, the propagator in |0, in) is
just the quantity

(Osno( $17t1)¢($2,f2)|0 n)

too  gd—1p. . . . B .
1 * ik-x
m’/ 27‘1’ ToNd—1 am(k)uin(kﬁ,tl) + am(—k)um(—k’ tl)) e 1

too gt . o (2.18)
/ T )dql (am((j)um(k: t) + al, (—q)ul, (— q,tg)) 2|0,

dd*lk R T (a7 —
:/(27r)‘““m(k‘ tr)uf, (K, tz) e (717)

Out of the 4 terms only aa’ survives and we use the commutation relation [a(k), a'(q)] =

(27)% 1§91 (k — ¢) and then integrate over the delta function to get the last line.
We can also write this in terms of the ‘out’ variables

A1k . ) ]
/(%ryi—l“i"(kvtl)U2‘n(k,t2)ez (a1 —a3)

— — —

d—1
= / (ir)d’i (10 Pttt (B 1)t (R, 2) + a)B* Bttt (Bt Jtous (<Fot2) - (219)

+ 0 (R)BUR )t (—F, 11 )15 (R, 12) + [B(R) P (=K, 0 s (—F, £2) ] €7 (53 2)



We can also express the Bogoliubov coefficients as

BV D Tt
(k)] 1_‘;%(),{)‘2 15L& 1—\7(’?\;) (2.20)
o(R)3 () =~ s, " (RB) =
B N ST
where
5 _ B(F)
o OF .
v(k) o () (221)

2.3.2 The Cardy-Calabrese(CC) Ansatz and the CC state

The Cardy-Calabrese ansatz states that the post-quench state immediately after the
the sudden quench is given by the CC state

|CC) = e ™| Bd) (2.22)

that is a Euclidean time evolution acting on the Drichlet boundary state |Bd). But
as MPS argued, this state is not correct at least in 2-D. The correct post-quench
state is given by a generalized Cardy-Calabrese state (gCC)

|gCC) = exp [—/@H - Z EnWh || Bd) (2.23)

n>2

where W,, are additional conserved charges other than the Hamiltonian.

2.3.3 Preparing gCC states (by quenching squeezed states)

The gCC states can be obtained from excited states of the initial Hamiltonian.
Instead of the initial state being the ground state of the pre-quench Hamiltonian,
we can choose it be any arbitrary squeezed state.

This is just the Bogoliubov transformation of |0;,). As the |0;,) state can itself be
written as a Bogoliubov transform of |0,,), the post quench state mathematically
looks like the [0;,) state with /s replaced by ‘effective’ v's

. . k
_eXp |: Z'yeff k out out(k)] ’OO’Mt>> Yeff = E; (225)

11



By tailoring the choice of the squeezing function f(k) (or equivalently v.sr(k)) can
lead to a particular gCC state. For example choosing

2|k
Flk)=1-— i (2.26)
\ k2 4 m2 tanh(@u%‘|+ﬁ4y/a3) 4|k
leads to a gCC state with x, =0 for n > 4
[Vin) = | f1) = exp[—roH — k4, W4]|D) (2.27)

In particular if k4 = 0, then we end up with the CC state |CC) = exp[—r2H]|D),
which is the same state as in the Cardy-Calabrese ansatz.

Ko and k4 are tunable parameters independent of the mass (the scales in the pre
quench state). However, when the pre quench state is the ground state |0;,), the
parameters are set by mass, which is the only scale in the theory. Then the post
quench state is given by gCC, where k5 is of the order of 1/m and k4 is of the order
1/m3, and so on.

The propagator in squeezed state

The propagator in the squeezed state is just given by replacing v by 7ers (op a and
S byaess and Sesr) in the ground state propagator

<f|¢('fiv tl)fﬁ(fh tl)’f>

dk o 7 * 7 7\ % o 7 7
_/27r[’aeff(k)‘Zuout(k7tl)uout(katZ)+aeff(k)ﬂeff(k)uout(htl)uout(_ ,12)

0 1 ) B p Rt (0005 12) + B ) P (= 1t (—F 1) e

1—@3)

(2.28)
Squeezed states are important because they are experimentally realizable.
2.4 Thermal and GGE
The GGE 2 point function is defined as
— — 1 — — — —
(o(a1, 11, )d(22,t2)) o = T (e PHEIVa (a7, 1, ) 9(7, 1)) (2.29)
Defining & = 21 — 22, t = t1 — 2 and G = |E|(iei(5i+#k3)$1)’ the thermal correlator
becomes:
- - 1 ddk k& — |kt —k-T |kt
(6,107 )= 5 | oy GeFTe Ry GenRae] (2.30)

The detailed derivation is given in appendix [A]

12



2.5 Results for the Ground State Quench

1385 [
0.1650 /\/\A o0z0f
1.es0 _— s [ FaW oS

1.980

19750 d=3 s d=5 0.0} d=7

n L L n L ! L L - L
2000 4000 8000 2000 10000 1000 2000 3000 4000 5000
time(t)--->

1000 2000 2000
time(t)---> time(t)--->

Numercally integrated Ground State Quench
Time independent part of Ground State Quench correlation function.

From the above figure we see that the two point correlation function of ¢ in the
ground state of the pre-quench Hamiltonian 2.18 which looks like

2.31
(2m)i" 2R m? (2:31)

does thermalize to some equilibrium valus at large times. The numerics are not very
steady and exhibit oscillations that decay with time, but do not go to zero. While
performing the numerical integral, I have always taken m greater than k,,,,. This

has to do with the subtleties in the sudden limit. In the quench profile[2.5 we took
p — 0. However, in practice p ~ % Thus, m is the largest scale in the theory and

thus sets an upper limit on the momentum. This is discussed in detail in Appendix

Eof.

/ dk  p =2k? —m? cos(2kt) + m?

13



Chapter 3

The Slab Propagator

The following calculation of propagators using the method of images has been in-
spired by the works of Sotiriadis and Cardy in |7].

3.1 The CC state (k4 = 0)

The Calabrese Cardy state is given b:
|CC) = exp|—kH]|D) (3.1)

where |D) is a Dirichlet boundary state with the boundary condition that ¢;p, = 0.
The 2-point correlator of ¢ in the CC state can be written as (D]e™*# ¢ (1) (r2)e " |D),
here 7 is Euclidean time. Now in the Heisenberg picture, the real time dependent op-
erator can be written in terms of the operator at time t = 0 as, ¢(t) = e'¢(0)e !
where the -iHt term corresponds to positive evolution in time. Now in the Eu-
clidean picture, we take 7 = it. Then we have the corresponding relation ¢(7) =
e p(0)e 17 where the e #7 corresponds to evolution in positive Euclidean time.
Our problem is a translationally invariant problem, so I have left the  dependence
implicit. Then the propagator can be mapped to a slab propagator problem as:

(DIe™ g(r1)p(ra)e ™| D) = (Dle=H e g(0)e~ e H g(0)e~H e~ |D) (3.2)

This corresponds to the following picture:

Now the boundary condition implies that the Green’s function takes the value
zero, whenever any of the charges lies on a boundary. From electrodynamics we
know that this problem can be solved by the method of images where the boundaries
are replaced by an infinite number of positive and negative charges, such that the
Green’s function vanishes at the position of the boundaries. One of the operators
is treated as a probe, and infinite images of the other are taken (in this case, ¢(m).
We are left to solve the Laplace’s equation: 9%¢ = p(x,7), where 9*> = 92 + 92
Note that the CC state corresponds to a post quench state which, according to the

quench problem described before follows the dispersion relation w = |E|, and has
zero mass. The Green’s function for a single point source satisfies,
(82 + 0H)G(T — o', 1) = 6%(T — 2')d(7) (3.3)

14
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Figure 3.1: slab for CC state correlator

For a translationally invariant problem, upon taking the Fourier transform this
becomes (in Euclidean d+1 dimensions),

2 2 ddq ik - dk
= (9% + ag.)G(E, 7) = 8(7) (3.5)
= /(w2 + k)G (w, k)™ dw = /ei“”dw (3.6)
- 1
() = (3.7)

Therefore,

.  dw ein
G(k,T) —/_ gw2+l_€,2
o (3.8)

L kil
2k°

where, the last step is arrived at by doing a contour integral. In our case the
boundaries are replaced by an infinite number of positive and negative charges.
Thus the Laplace’s equation looks like:

oo

(02 + O2)G(& — @, 71, 73) =64(& — ) (Z (jr — ol+2nL) + 3 6(~|r1 — ro|+2nL)
n=1

Y 8(n -+ (2n+ 1)L Z —r—m+ (2n-1)D)) (39)
n=0 n=1
Thus,
G(E, 7') :%}a ( Z 6_‘E‘(|TI_T2|+27’L) + Z 6_|E|(—|7’1—T2|+2nL)
n=0 n=1

Ze_uc\ T+ T+ (2n+1)L Ze—lkl —T=T2+(2n-1)L )> (3.10)

15



Performing the k integral and analytically continuing 7 to ¢t we would get G(Z, t1, t2),
which we know, from Path integrals, corresponds to the two point correlation func-
tion of an operator at t; with an operator at t5 and 7 is their spatial separation. One
can perform the n sum first and then do the k integral. This gives rise to the same
integral as obtained from calculating expectation value in the squeezed state with
ke # 0 and k4 = 0. We might also choose to perform the k-integral first and then
perform the n sum. It so appears. For even d, we do not have a very good analytical
handle over these problems. In these situations the second approach seems to give
us a better numerical control over our results.

(D71, 11) (a2, t2))stap =G(T = 21 — a3, 1, 1) (&-11)
Ak e* T & 1RI(] [+2nL) N IEI(—] [+2nL)
_ -z ei T1—T2 n + e* —|T1—T2 n
e (% >
_ Z o IRl(ri+ma+(2n+1)L) _ Z 6—\E\(—71—T2+(2”—1)L>> (3.12)
n=0 n=1

16



d | Autocorrelation function in CC state (¢(t1,0)¢(t2,0))co

1 2 %
m (Hi(t1;t2)+% + H_i(tlgtz)_% - Hi(thtl) - H_i(tg;tﬂ) - 47T(ﬁ+2i(t1+t2)) - 47I'(t27t1)

2
—ﬁ <csch2 (Lt?tl)) + sech? (7ﬂ(t1;t2)> )
3
. _w(z)(i(tzgt1>+1)+¢<2)(i(t1;t2)+%>_w(2)( i(ty— t1))+¢ (1 i(n;m)) 6 N 0
1672 B3 T (BH2i(t1+t2))3 (ta—t1)3
4
() )i (5 ot () (7))
5
] G e o e ) ) ) I Y
].287Td ,85 (5+2i(t1+t2))5 (tz—t1)5

6
120[36 <(26008h<2ﬂ— i t2)> + COSh(W) + 33)CSCh6(W) —+ (—26008h<w> +
7 | cosh (T ) 4+ 33)sech (M)

ey (— 00 (5L 4 1) +© (T 13— (1 Tt 4 yf@ () — el ) -
60 + 154
8 | TL(B+2i(t1+t2))7 | 32xi(ta—t1)7

%( (1191 cosh (W) + 120 cosh (4ﬂ(t/1f,>_t2)) + cosh (W) + 1208) csch® (W)

9
+ (1191 cosh W — 120 cosh W) + cosh (GW(“BHQ)) — 1208) sech® (W) )
_¢(s)<i(t2gt1)+1> ¢(8)< t1+t2)+ ) w(3)<1—i<t2;1)>—w(8)(%—i“l;t?)) N o . L05i
245767539 7T5(5+2i(t1+t2))9 647r5(t2—t1)9
10

Clearly, when I take t, = t; = t, we get a divergence which is because of the coinci-
dence of the operators. Now I subtract out the divergence and I get the one point
function at spacetime point (t,0). Then in the ¢ — oo limit, we get:
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d One point function in CC state (¢¢p(t,0))cc
207 | 2t
(log(2)+~) 743 8 115 ﬁ—4(ﬂ63)+4w2+ s
2 ( 43 T 1920m(2t)F 48w (2t)? +0( [E] )> + N2 +O([N] )
. sech”(2zt —4nt
3 hmt%oo - 4/6)(2 ) — 12%32 + e4ﬁ2 + -
' VO E) e (5 ) ) | 0)
4 1imy oo 167250 T PG s e T
. cosh( 4Zt)— SeCh 2mt 4};”
5 limy o0 it )12,3)4 CF) — 1807 T e12,34 +-
. ¢x4)(2zt ) ¢m4)(§__257)4-48<(5) 6 3¢(5) 3
6 1m0 128735 T w3(B+4dt)d T Ba3ps 512(73 B) ¢4 o
. w2 (—26 cosh( dmt >+cosh< % ) +33)SeCh6( 2mt ) 47”5
7 limy 0o — 15050 — 94556 + 12056 4.
: wO@) | YOF ) O35 60 v (1)
. hmt5—>°° 7687187 15367157 — Gty T TeseEn T
204874 3t8 +-- ]
) 1191 cosh 120 cosh ( 82t ) 4-cosh 1208)sech 3
hmf—m aat 8- (168)058 ) o) CF) - 31§038 +
9 o B
Tes03° 1
: ‘Z’(S)(%%)W(S)(%—%) 840 105¢(9) 105¢(9) 105
10 limy o0 24576753 FB+a0° T 3eem T R 65se( A T

There is a distinct difference between odd and even dimensions. The autocorrelation
function and the one point function go as power law in time in even d, which is odd
spacetime dimension D. The decay to equilibrium is exponential in case of odd d,
which is even spacetime dimension D. Also, the one point function decays to a
constant, which is what we expect in a translationally invariant system. But, this
constant is not zero. The C'C' state decays to a thermal equilibrium, which is an
excited state of the CFT. An excited state has a scale in the theory, which is its
energy. In this case, the energy depends on temperature of the system, which is
reflected in the appearance of 3 in the constant.

3.2 The Thermal State (u = 0)

As encountered earlier, the correlations function in a thermal equilibrium is given
by

(61, 11,0005 12))s = Tr(e P 9(1, 1, )0(75, 1))

_ % S AN e PP b (i, 1), to) { Nk D)

{Ne}

(3.13)
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Now this can be mapped to a cylinder, which opens up to a plane with periodic
boundary conditions, repeated after an interval . Upon going to Euclidean space
and keeping ¥ dependence implicit, we get

= Ve P o(0)e e B(0)e (N ) (3.14)

This corresponds to the following picture:

Figure 3.2: slab for Thermal state correlator

From the figure, it is clear that this is the same as removing the negative charges
from the CC slab and summing over only the positive charges. Also, comparing the
two figures one finds that, § = 2L = 4k. Therefore, the Euclidean Green’s function
in momentum space, now looks like:

. 1 (& — i
G(]C,T) _ 2|E| Z€f|k|(\7—177—2|+2nL) + Z€f|k|(f|71*7—2\+2nL)) (315>
n=0 n=1

<¢(1Ei,t1)¢(ﬁfé,t2)>/3 = G(f = xﬁi - -7/?271517 t2)

:/dd_keﬂz.f<i€_|g|(ﬁ_n+2nm+i€_|12|(—|n—72|+2nL)>
1=
(27T> 2’k‘ n=0 n=1

(3.16)

We can double check that, performing the n sum first gives us the same integrand
as obtained in the previous derivation of the thermal correlator. For this section,
however, we perform the k integral first on every term and then sum the n terms

up.
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Autocorrelation Function in Thermal State
d | (¢(0,0)p(t,0))s (Recursion relation: (¢¢)sio = | Large time limit
4?;252 ! (—g—)<¢¢) (Real Leading Order
d—1
term)
. . PO A-) O 14+Z) O A+ N-Z) 44O (14 N+E)
limpy 00 (—ﬁ— Bzma 24 54776 £ ) 47r6 10g<N252>
2
2t
B2csch2[%] —ﬁe 3
3
L OO DO X
8m2td 167233 8m2Bt2
4
4 2 —ont
rgresch (%)(2 + cosh(%)) e
5
3i A=+ (1+7) 3
T 16m3t5 128pi3 35 3273 8t4
6
12056 CSChG(%> <33 + 26 cosh( ) + cosh(‘%”)) —%6_%
7
15 YO0-5+00+7) 5
32m47 15367437 _W""
8
rekesch®(%) (1208 + 1191 cosh(251) + 120cosh (1) + | gifpee 7
I cosh(%))
105 _ YO -5+ 0+5) 105
T 64n5td 2457675 39 25675 3t8
10

The autocorrelation functions in the thermal state decay to zero at large times. This
can be understood physically as follows. Say, a system is already in thermal equi-
librium. Then, it is perturbed at one of the sites and the effect of this perturbation
is measured at the same site as a function of time. Gradually as the system relaxes
back to thermal equilibrium once again, the effect of the perturbation completely
dies out, as though it had never happened. This is seen in the autocorrelation
function. However, the two point correlation function for two spatially separated
points should be interpreted slightly differently. When you slightly perturb a site
in a system at thermal equilibrium the disturbance propagates spatially and is dis-
sipated out at large times. Thus, when the effect of the disturbance is measured at
a point separated by a finite distance, the effect seems to be a decaying function of
time( either exponential or a power law). However, when you start with a thermal
state with a prescribed energy given by its temperature, the correlation between two
spatially separated points is a function of the energy of the system. Thus, at large
times, it is not zero but a constant characterized by its temperature. For example
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at d=3,

<¢(T) t)¢(0’ O>>/3 =

coth (”(T t)> + coth (”(TH )

(3.17)

3.2.1 0Oddd

8w pr

Approach to thermal equilibrium of CC correlator

d (CClg(0,1)¢(r, 1)|CC)

((0,0)0(r,0))5

3

200th< T)—tanh(%)—tanh(@)
3 8 Br

|

coth(%)

47 Br

Bcoth(%)—l—ﬂ'rCSChQ(%)
8723273
B(tanh(%)—l—tanh(%))
1672 32r3
rr(sech” (70420 ysech’ (7 729))
5 1671'2/3727“3

B coth(=x ) +xrcsch’(=x)
87’!‘2527‘3

3(tanh(%)+tanh( @))
3273 Brd
3(sech’(Z£20) 1sech’ (2520))
32m2[32r4
tanh (T2 )sech” (=20 )
1673313
tanh (70720 Ysech” (7720
16wB3r3
332 coth(% ) +7r (3B+27r7’ coth(% ) ) CSCh2 (% )
7 16733375

+ o+ o+ F

332 coth(% ) +7r (3,B+27rr coth(% ) ) CSCh2 (

167333715

15coth( =)~ csch’(7r)
3274 3r7 167 34rd
(15ﬁ2+47r2r2 coth? (%)JrlQﬂ'ﬁr coth( %))CSCh2 (

T

B

7

3273570
3tanh (720 (4x2r2sech” (220 552
Gam 1 37
3tanh(Z0520) (4r>r2sech” (20520 ) —552)
Gan 1B

sechz(”T§2t))(15/32767r2r2sech T2 ) | 422

+
_|_

6473 34r6

sech®(7220) (1562 —6n2r2sech”(Z0520 ) an2y2
5

),
)

9 6473 34r6

15 coth (=) csch’ (=)
T 32r1Br7T T167B4rT
(1562+47rr COth(%) (35+7r7" coth(%)))CSChQ(

+

i)

32733176

Clearly from we see that for odd d, the decay in time is exponential, with

the leading order exponent being %’T

3.2.2 Even d
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Approach to thermal equilibrium of the CC correlator (Plotted against time)

d |r=4,08=4n Legends and values

e Pink dotted:
(CClo(t,0)(t, 7)|CC)

e Blue Line:(¢(0,0)¢(0, %)) s

0.00021154]

— value: 0.000211447
4 Ojjo e Red line: Fit of (¢¢)cc with a +
bt
B — a=0.000211447
— ¢=2.00622

e Range of t:[100, 1000]

e Pink dotted:
(CClo(t,0)(t, 7)|CC)

e Blue Line:(¢(0,0)¢(0, %)) s

5.93709x 10 | — value: 5.9371 x 10_6

6 sesroexto | e Red line: Fit of (¢d)cc with a +
5.93707x108 btic
o : 200 600 800 1000 — a=>h.9371 x 10_6
— ¢=4.07256

e Range of t:[50,1000]

e Pink dotted:
(CClo(t,0)(t, 7)|CC)

e Blue Line:(¢(0,0)¢(0, %)) 4

2.93856x 1077 | — Value: 293852 X 10_7

8 293854x1077 [ L] Red line: Fit of <¢¢>CC with a +
bt—¢

2.93853x1077 |

200 400 600 800 — a=2.93852 x 1077
— ¢=6.09988

e Range of t:[20,800]
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Approach to thermal equilibrium of the CC correlator (¢(0,0)¢(t,0))s
Value | d = 4, Range of t: | d = 6 Range of t: | d = 8 Range of t:
of r | [100,1000] [100,1000] [20,800]
2.0048 4.0176 6.0897
1
2.0051 4.0183 6.0919
2
2.0062 4.0210 6.0998
4
2.0139 4.0398 6.0555
10

From [3.2.2] and [3.2.2] we see that for even d the correlation functions fall off as
power laws in time.

3.2.3 [Explanation for the Odd-Even difference
The Thermal Auto-Correlator

The auto-correlation function in the thermal state is defined as (Euclidean ordered
ie. 1 > 1)

Gin (11,7372, 7) = (P(71, ") p(72, 7)) 8
L (3.18)
= ETT<€ Qs(Tl?F‘)Qb(T?’?))

We can unfold the cylinder by using the method of images. Working in the partial
Fourier Transform variables, Gy, (71, r; 72, 7) becomes

. dk
Gth(Tla T2, F) = WGth(Tla T2; k)

Ak 1
= / —<27T)d2—wksth(7'1 — 7'2) (319)
Qa1 > d—2
= 2(27r)d /0 dk k Sth(Tl — 7'2)
where
Sin(T) = Z e knB+T) 4 Z e knB=7) (3.20)

n=0 n=1

Q4_1 is the solid angle of a d-1 dimensional spherical surface in d space dimensions
and we have used the dispersion relation wy = |k|. This is easily seem from the
figure below.
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Now we can do the following jugglery

Gun(r— 72 = 750)5 = %/ b -2 Lf:e () +Z€_k s ]
BB [ B () e
() G )
[ () S )

(3.21)

In the second step we can get the powers of k by action of derivatives with respect
to 7. In the third line we have performed the k integral. Finally in the last step
we evaluate the derivatives. These sums can be evaluated exactly in Mathematica.
The result for a few small dimensions (d > 2) is tabulated below.

To see the origin of this contrasting behavior between odd and even dimensions,
one can do the following. First we analytically continue 7 — 7 + it. Then in the
limit 7 — 0 and ¢ > [, we can approximate the sum by an integral using the
Euler-Maclaurin formula. For d > 2

i": ( 1 )H 1 /°° dn
; ™~ Bd-1 ; d—1
n—0 nﬁ +t 6 0 (Tl + Zt/ﬁ) (322)
N 1 1
T (d—2)p (i)
The term with nf8 — 7 can be approximated similarly
i 1\ 1 /°° dn
\nB—it) BT ) (n—it/B)"!
1 1 (3.23)
[@— 28 (1= i)
1 1

T (d—2)B (—it)i2
In the large t limit, n = 0 or n = 1 does not really matter. Therefore we have found
that this naive approximation of the sum by an integral gives us

, Qui(d—2)T 1 1
Gunlr +itir =0)s = =555 |2 + Cee
_ Qdég;?’)! (z’t)lfi*2 d is even (3.24)
0 d is odd

This gives us power law decay in even dimensions. Of course in odd dimensions the
cancellation is not exact and we get an exponential decay instead.
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Auto-Correlator in the CC state

The auto-correlation function in the CC state is defined as (Euclidean ordered i.e.
T > 7'2)

GCC(Tla T} Ta, F) - < (7_17 7?)925(7-27 F)>

dk
:/(277) Geoco(m, 123 k)

_ / dk 1 (3.25)

(Sth('rl — TQ) + SCC(Tl + 7'2))

(27T)d Zwk
Qg1 d—2
= 2(27r)d dkk (Sth(Tl —Tz) +Scc(7'1 +7’2))
0
where
Sth( ) _ Z —k(2nL+T) + Z 6—k(2nL—7’)

((2n+1)L+17) ((2n—1)L—1")
Sco(™) == ¢ -2

n=0 n=1

We have already evaluated the thermal part (Si). The Sce term is no different.
The role of 7 = (71 —72) is now played by 7/ = (71 + 7). Repeating the same exercise
as in the thermal case above gives us

— — Q — o —
Geo(m, 7519, 7) — Gu(11, T3 72, T) g = ﬁ/ dk k4 25@0(7'1 + 72)
0

“ o o
’;(@"“1)“7’) +;((2n—11)L—T’> ] -

Analytically continuing to real time (7" — 7’ + it’) and once again approximating
the sum by an Euler-Maclaurin integral in the large time limit gives us the same
odd-even behavior

Qy1(d — 2)!
o 2(2n)d

” =, — Qd—l(d — 2)' > 1 0o 1
Geoc(m, 772, 7) = Gun(T, 772, T) g = 2(2m)d Z (at")d=2 + Z W
n=0 n—1
~ Qd—(;g:)ld—?’)! (it/)ld—z d is even
0 d is odd

(3.28)

3.2.4 r dependence after thermalization

Our critical quench takes us to a massless theory, this theory has no scale to begin
with. Our Post quench Hamiltonian is a critical Hamiltonian at zero temperature.
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When we start an excited state however, the the energy of the excited state intro-
duces a scale into the system. Thus, as observables in the excited state decay to
thermal state, the equilibrium is characterized by a temperature that reflects this
scale. For correlations functions in a thermal state, the system already has a scale
(the temperature). We expect that correlation functions in d spatial dimensions
should look like, e;—:,/&, where p is some rational number and £ is some correlation
length set by the temperature, the inverse of which can be perceived as a thermal
mass. At quantum criticality, the correlation length becomes infinite and the corre-
lation function becomes just dependent on the geometry of the system, hence falls
off as a power law in terms of spatial separation r between the operators. The free
energy cost for transmitting the response to a perturbation in the system (measured
by the free energy) is zero. In our case, we are calculating the time independent
correlation function at a generic temperature set by 4. So we expect a Yukawa-like
behaviour. As mentioned earlier the thermal state can be represented as a cylinder,
where the Euclidean time has been compactified. We can use the Kaluza Klein
reduction to obtain the correlator in the thermalized state.

ST, 7) =Y du(@)eFT (3.29)

neL

For the free scalar field he Klein Gordon equation looks like:
O¢ = 0Mdy¢ =0, where M =1,..d+1 (3.30)

Now using the form of ¢ after implementing periodic boundary conditions, we get:

2mn

g

which looks like the massive Klein Gordon equation in one lower dimension with

2
thermal mass my;, = ”Anl

Now in d + 1 = 4 dimensions, for fields satisfying (02 — m?2)¢, = 0,

00y — (— )¢ =0, V n=0,%1..+0c0 where p=1,..d (3.31)

d3k eikx e~ mnaT
n\Y, n\") = = 3.32
(0 0.000,(r0) = [ i = (3.32)
Since now each ¢ can be decomposed into n modes, we get:
60,000 0)5 = 123 (3.33)
’ nYe = 4mBr £ AmfPr '

The first term corresponds to the zeroeth mode and the we see that as  — 0 (or
temperature goes to infinity), only the zeroeth mode contribution remains. This
limit also corresponds to the large r limit, since in the exponentials, r and /5 appear
together as % which is a dimensionless quantity. At large r, the leading order correc-
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tion is an exponentially decaying term with coefficient, 3

. The results are slightly
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puzzling to me, since even at an arbitrary temperature, the correlation function
seems to be predominated by a power law decay. Also at infinite temperature, the
thermal fluctuations are so high that there should be a rapid drop in the correlation
function as a function of separation. However, that is clearly not the case in the
results above, since it becomes solely a power law decay in r at that limit. The
thermal correlation functions in odd spatial dimensions are tabulated in the second
column of Table 3.2.1] Clearly, upon doing a large r expansion, the leading terms
are Greens functions in d spatial dimensions. We also found the same thing for
Even d, numerically. The numerical results have been tabulated below [3.2.4] When
the correlators are just spatially separated and then [ which is the circumference
of the cylinder, is taken to zero, the correlators don’t see the Euclidean time di-
rection at all. Thus, the correlators exactly match the Green’s function in one less
spacetime dimension.The value of a is much much smaller than the values of the
correlation function at finite values of r. This is important because, if that were
not the case, then that would mean the correlation function between two infinitely
separated points is non-zero, which is inadmissible due to cluster decomposition.

leading behaviour in r of ¢¢ correlator in Thermal equilibrium ‘
Numerical value of ¢ in the Greens function in d dimen-
d=D -1 fit of (¢(0,0)¢(r,0))s with |
o sions
a—+br=°
3 0.9999 ~ 1 r1
4 2.0000 ~ 2 r—2
5 2.9999 ~ 3 r—3
6 4.0000 ~ 4 r4
7 5.0090 r°
] 6.0097 r=o
9 7.0252 r=7

The Greens function in 2 dimensions is Logarithmic with respect to spatial sep-
aration. The fit of the d + 1 = 3 function also gave a Log fit:

At least with respect to behavior at large spatial separations in thermal equilibrium,
we observe no difference between Odd and Even dimensions. The general formula for
spatially separated thermal correlation function is, in the high temperature/ large
distance limit is (for d > 2) :

27r

i T (3.34)

prd—2 rd—2
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2000 4000 6000 8000 10000

Figure 3.3: Time independent thermal correlator in 3 spacteime dimensions (d=2)
fitted with 0.5943 — 0.0506 log
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Chapter 4

The GCC and the GGE

4.1 The gCC State (k4 != 0)

The 2 point functions in the gCC state cannot be calculated in the slab picture.
We therefore use the expressions for the equal time correlator and evaluate them
numerically. The integral to be evaluated is

(9CClo(0,1)¢(7, 1)|gCC)

——e
oo (2m)T 2R
_ _ dk k[T ikrcosf ( : d—2 2\) 2
= Q(d - 2) 22 dfe (sin@)"~? [coth(2k(k2 + kak?)) — cos(2kt) csch(2k (k2 + Kak?))]
0 i 0

0 Jk k:d_2 1 - %
=Q(d - 2)/0 2007 /1 dze® (1—2?) [coth (2k(kg + r4k?)) — cos(2kt) csch (2k (k2 + H4/€2))]
(4.1)

Here Q(d) is the solid angle of S¢, the sphere in d dimensions. The angular factor
can be calculated in general for d > 1 as

1 d=3 . d—1 ~ d 1
/ (1 — 9:2) E eFrdy = /mT (—2 ) oF1 (; 2’ —ZkQTQ) (4.2)

1

where Oﬁl(;;) is the HypergeometricOF1Regularized function. With the angular
integral in hand we can now evaluate the the 2-point function in the gCC state and
study its variation with x4 in various dimensions. For k, = 0, we reproduce the same
results as in the slab. The leading correction to thermalization is then expected to
be linear when &y is small (£, = k4/k3 is defined to be dimensionless). See figure

4.1l

4.1.1 Oddd

For odd d and for small k4, we qualitatively find an exponentially decaying approach
to thermalization with thermal relaxation rate given by exp | — (1 + agfiy + (’)(542))t] ,

with oy being a number which depends on the dimension d.
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Figure 4.1: GCC 2 point function of ¢: The top row is d = 3 while the bottom
is d = 5 for values ko = w, r = 2, t € [10,50] integrated up to k. = 100.
The thermalization exponent is written in units of m/ky for r = 2. In general the
modification is non-linear (left) but for sufficiently small &y, it is linear (right).

4.1.2 Evend

For even d and for small k4, we qualitatively find a power law approach to equilibrium

t~(d=2)1+aaratO(Fm?)] with o, being a number which depends on the dimension d. This

is seen from the figure 4.2|

4.2 The GGE Correlator (u!=0)

The 2-point function in the GGE ensemble with non-zero p is given by

© gl -1 E|+p| kP
(#(7,1)9(0,0)) 5,u I/_ W@’Zk'rm [COth <ﬁH+2M\) (|/<7|t> - ZSID(|“)]
©dk k2 [T btk
= Q(d—2)/0 2(27r)d/0 dfet*r st (sin §)4—2 {coth (ﬁ 2# >cos(kt) —isin(k:t)}

=Q(d - 2) /Ooo (12]{(2]2:; /_11 dzet*re (1- x2) 2 [coth <ﬁk‘—i—2,uk‘3> cos(kt) — isin(kt)]
(4.3)

I
w

Here Q(d) is the solid angle of S¢, the sphere in d dimensions. The time ’t’ appearing
here is the time separation of the 2 operator insertions as compared to gCC equal-
time correlator, where ’t’ is the time after the sudden quench. We can also study
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Figure 4.2: GCC 2 point function of ¢: The top row is d = 4 while the bottom
is d = 6 for values Ky = 1, r = 2, t € [20,100] integrated up to ke = 100. In
general the modification to the thermalization coefficient is non-linear (left) but for
sufficiently small £y, it is linear (right).

the autocorrelation function (r = 0) which is given by
< gk 1 Blk| 4+l - 0
- —— h - - ]
(6(0,0)6(0, 1)) 5, / @ [cot ( S | cos Ikl ) — isin(|Flt)

=Q(d—1) /OOO %k“ {coth (M) cos(kt) — z‘sin(k:t)]
(4.4)

In this case the k4 = 0 integral can be done exactly and agrees with the cylinder
calculation done in the section above. Its the same exponential decay for all odd
space dimensions and some power law for even dimensions. And as we will see
qualitatively that adding a small x4 slightly increases the exponent in both the
cases. The Sin term (imaginary part) is the same even with x4 # 0 and is calculated
to be (in d space dimensions)

1 _d_1 9 g4 7Td d— 1
W t* "% cos (7) r (T) (4.5)

which vanishes for odd d but not for even d. The real part in each case however is
now more complicated and has to be handled numerically. We however study the
case when r # 0 as it is more generic and
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Figure 4.3: GGE 2 point function of ¢:The top row is d = 3 while the bottom is
d = 5 for values f = 2w, r = 2, t € [10,50] integrated up to kjue = 100. The
thermalization exponent is written in units of 27r/3. In general the modification to
the thermalization coefficient is non-linear (left) but for sufficiently small g, it is
linear (right).

4.2.1 Oddd

We vary p and note the effect it has on the thermalization rate. In odd dimensions,
for small i it is always given by exp [—%’r(l +oag i + O(/_LQ))t] where oy is a number
which depends on the dimension d. This can be seen from the figure 4.3]

4.2.2 FEven d

Again we vary i and note the effect it has on the approach to thermalization in even
dimensions. Here, for small ji it is given by ¢~ (4-21+aai+O)] with oy depending on
the dimension d. In general though, for large values of ji the nature of the function
might something completely different as is shown in figure 4.4

4.2.3 Recursion Relation for the Correlator in the Thermal /GGE
Ensemble

The GGE two-point function in arbitrary dimensions is given by

d - - - -
ol 4 d :1 d'k G kT —u|k|t G —k-T o]kt 4.6
(p(z1, 1, ) p(23, 2)>57M 5 —(27r)d _e™ve + GLe e (4.6)
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Figure 4.4: GGC 2 point function of ¢:The top row is d = 4 while the bottom
is d = 6 for values § = 1, r = 2, t € [20,100] integrated up to ke = 100. In
general the modification to the thermalization coefficient is non-linear (left) but for
sufficiently small i, it is linear (right).

where 7 = 21 — 22, t = t1 — {2 and

1

Ge== +(Bk|+-pu|k|3
|k|(£e (BIEI+ulkl®) 1)

(4.7)

This can also be written as

(o(T, t)qS(O,O))%M = /Z (;ljr];de“;"?ﬁ lcoth (@) COS<|];|t> - isin<|E|t>]

— Qd*zd / dk kd_Q/ d@eikrcose(sin Q)d_Q [coth (%) cos(kt) — isin(k:t)}
0 0
(4.8)

Q4_1 is the solid angle of a d-1 dimensional spherical surface in d space dimensions.
The time ’t’ appearing here is the time separation of the 2 operator insertions. Now
we pull out a k?(sin 0)? = k? — k?(cos #)? and write it as a derivative operator acting
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on the correlation function in d — 2 dimensional space as follows

(o(7, 1) (0, O))g# = %/0 dk kd4/0 dfe s (sin g)4—* [coth (%) cos(kt) — isin(kt)

Qg o0 LA k
— i / dk kd4/ dfet*rcosb (sin )4~ [coth <%) cos(kt) — isin(kt)
0 0

1
e

x k2 (

><

— 2(27T) ( 82 + 82)/ dk ]{?d_4/0 d@@ikTCOSG(SiDQ)d_4 [COth < ) COS(th — 7 Sl

0

= S g 6B ([, 0)0(0, 02
(4.9)

Thus we see that the recursion relation connects the correlator in d dimensions
to correlators in d-2 dimensions. This is consistent with our results. If in odd d
there is an exponential falloff then we would have an exponential falloff in all odd
dimensions. Similarly if we have a power law decay in even d, then we would have
power law decays with increasing degrees in higher even dimensions.

4.3 UV/IR Mixing

Consider a lattice at a certain temperature with a spin degree of freedom at each
site. The temperature specifies energy and therefore the (macro) state of our lattice
system. A 2-point function (go say) would correspond to for example how the spin
at site number 7 responds to perturbing the spin at site 0. In general g, would be
a function of the distance (index) i and other scales present in the problem. At
zero temperature when all the spins aligned together, lets say that g has a certain
behavior. Now consider the same 2-point function at very high temperature 7', the
spins are all disordered and the same 2-point function g, now is expected to be
different. g9 is a function of the temperature and if there is some other quantity
characterizing the state of our system (a chemical potential), it should also show up
in the n-point functions.

From the above example we see that the 2-point function depends on the state
in which it is calculated. Now lets link this with the our understanding of Renor-
malization Group (RG) and RG flow. In the Wilsonian way of thinking, we can
integrate the momentum modes up to a certain cut-off A, but in the process the
couplings in the Lagrangian must also change and become functions of A so that the
path integral and therefore all n-point functions remain unchanged. In the ground
state, we can lower the cutoff up to k ~ 1/r but in an excited state with very large
energy Fg(or momenta k) we can only come down to ~ ks i.e. A ~ ks. Due to
this extra scale in the problem g5 is expected to be a function of ks. In general this
information about the excited state must show up in the n-point functions. This
is what is seen in our calculations above. The k4 characterizing the excited gCC
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state now appears in the 2-point function and similarly p in the GGE ensemble. In
chapter [6] we have discussed the concept of UV-IR mixing using a Toy example.

4.4 Interpretation of W’s in higher D

Maldacena and Zhiboedov in their paper [§], showed that any CET with higher spin
conserved currents has correlation functions that exactly match that of a free field
theory, which can constitute N number of free bosons or fermions. The presence of
one single higher spin conserved current implies the presence of an infinite number
of higher spin conserved current. Thus, in higher dimensions, apart from the global
conformal symmetry, there exists a higher spin symmetry, given by the W, algebra.
The operators corresponding to this can be In 2D CFT, the Virasoro is a subset of
the W, algebra. For free scalars, the operators corresponding to such currents can
be constructed as, ¢ 0 ,, 0 ;... O ,,¢. In the context of our problem, this is par-
ticularly relevant, since our post quench state is a CF'T of free scalars characterized
by these higher spin charges.
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Chapter 5

Detailed Calculations in d = 3

5.1 Limits

We calculate two-point functions of different types- Non-Equilibrium and FEqui-
librium correlators. Non-Equilibrium correlators are calculated in different initial
states, namely the ground state, the CC and gCC state with Hamiltonian and one
extra conserved charge. Equilibrium correlators comprise of the thermal and GGE.
We are mostly interested in the equal-time correlators (ETC’s). If the Subsystem
Thermalization is correct, then the non-equilibrium ETC’s must agree with the equi-
librium ETC’s in certain limits which are describe in the figures below. The first

1
m T 2t
L 4 L 4 L 4
First limit for non-equilibrium ETC
g r
\ 4 \ 4
First limit for equilibrium ETC
Figure 5.1: First Limit
1

r m 2t
\ 4 \ 4 \ 4

Second limit for non-equilibrium ETC

r
@

L BN

Second limit for equilibrium ETC

Figure 5.2: Second Limit
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limit is defined as
2mt > mr > 1 Non-equilibrium ETC

5.1
r/B>1 Equilibrium ETC (5:1)

The second limit is defined as
2mt > 1mr < 1 Non-equilibrium ETC (5.2)

r/f <1 Equilibrium ETC

Hence forth we refer to them just as first limit and the second limit respectively.

5.2 Ground state quench

In the sudden limit, the ground state ¢p¢ ETC is

Bk [ 2|k[2+m? — m2Cos(2|k|t) iz
e
2P\ AR (R

We get this expression by plugging in the expression for the in-out waves w;, ,Uout
and the Bogoliubov coefficients in the sudden limit. Details of the calculations are

in the appendix [B| Performing this complicated integral by techniques of complex
analysis gives

(Oul6(2.)0(0.1)10,) = | : (5.3)

m + m2 2¢—mT + e—m(2t+r) e—m(2t—r) r < ot
167r 16v/2 ﬂ_% mry/mr m W
{Oin|o(r,1)$(0,1)[0in) =
m2 2¢—mr e—m(r+2t) e—m(r—2t) )
16\/571-% <mr Vmr + r A/ m(r+2t) r A/ m(r—2t ) r>2t
(5.4)
The ground state 0;¢0;¢ ETC is
Bk [ 2|k|2+m2 — m2Cos(2|k|t 2
0ul0:0(700:00.0)10,) = [ S (A QoD ) e 55
(2m) A(|k|24+m2)2 |k|?
Notice that this is just the same as (¢®) except for a factor of k2. This time the
integral is done exactly
_ (m3r2+4m)K1(mr)+2m2TKo(m7”) - m3 Ky (m(r+2t)) _ m> Ky (m(r—2t)) r> ot
(0in|0:(7, 1) 0;(0,1)[0i,) = 2 K e , o , Lomr ’
_( +4 )Klg(ﬂzrl+2 Ko(mr) _m K11(6777TL§:+2t)) 4 m Kll((;r:git—r)) < 2t
(5.6)
The leading order contribution at late times in the first limit is
mi 2e—mT efm(r+2t) efm(Qtfr)
0;1|0; 7t 0; 0,t)|0;n) = — + — +
(Oin[0:6(7 )0:6/(0,£)|0in) 16v/273/2 \ mry/mr mry/m(r +2t)  mry/m(2t — 1)
(5.7)
and the second limit (with ¢t — oo and small r) is
1
(00l0:6(7, 00:0(0,)]00) = —5 5 58)
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5.3 Squeezed state quench

The ¢p¢ ETC in the quenched state |fy) (see eq. [2.27)) is

(fal@(0,)p(7,t)| fa) = . /_00 dk e (coth(2k (k2 + kak?)) — cos(2kt) csch(2k(k2 + kak?)))

8m2ur
(5.9)

1
8m2ir

(f4]0:0(0,)0;p(7, 1) | f4) =

/ dk ™" (coth(2k(kz + rak?)) — cos(2kt) csch(2k (k2 + rak?))) k*
o (5.10)

same as ¢¢ except for a factor of k? in the integral.

CC state
The ¢¢ ETC in the CC state (k4 = 0 in |fy)) is (this is exact without any approxi-

mations)
(CClp(0,0)0(7. DI CC) = [2 coth (™) — tanh (W) _tanh <7Tm<7"4—2t>>]

(5.11)
which in the first limit is
_ o m ﬂ _mmr _ mm(2t+r) _ _ mm(2t—r)
(CC16(0.)6(F,1)|CC) = 15— + o (e I )
(5.12)
and in the second limit
. 1
(CC1(0,)6(7, 1)|CC) = 55+ (5.13)

The 0;00;¢ ETC in the CC state (k4 = 0 in |fy)) is (again exact without any
approximations)

am3 Tmr o /TTT mm(r + 2t) o (mm(r + 2t)
~ %56, [2 coth (T>csch (T) + tanh (f)sech (f)

tanh (“m(’"m%echz(ﬁm(rm)]

4 4

(5.14)

which in the first limit is

3

(CC19;0(0,)0:6(F, 1)|CC) = _7;7; (e=™mr/2 4 emmmt) 4. (5.15)

and in the second limit is

3

(CC106(0, )P, )| CCY = — Tt (5.16)

ot 16r
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gCC state
The ¢¢ ETC in |fy) = |gCC) is calculated as follows. We have to take care of

contribution from poles occurring when the arguments of coth and csch functions
become i n7. Introducing the dimensionless parameter /4 = k4/k3 and keeping track
of the slowest decaying transient perurbatively in £y, we get for 2¢ > r (first limit)

2 2
(9CCl6(0, 0)6(7, 1)|gCC) m—t— 4 — (1 + 3%154 ¥ ) [2exp (—i (1 bk ) r) +

167rK2 167rK2 8K2

exp (—ﬁ (1+£1{4+-~> (2t+r)) —exp (—ﬁ (1+£1{4+-~> (2t—r))]
(5.17)

while for » > 2t it is

1 3 2 2
(gCCp(0, £)(7, )| gCCY ~ (1 + 5 ) [2 exp (—i (1 et ) r) +
167rKe 4 2K9 8ka

2 2
exp (_QL (HLF;H...) (rm)) + eap (_L (HLM...) <T_2t>)]
K9 8ko 2K9 8ka

(5.18)

Similarly the 0;00;¢ ETC in |fy) = |¢gCC) is calculated to be (for 2t > r i.e first
limit)

T 512Ky _3/2 ™ 2Ky ~2
(9CCIr9(r, 00:(0, 019CC) = e (1+ +o (7 )) x [2exp{—%7”(1+ 4+ 0 ()a?))}+

2 K4
4

71'254
4

+0 (52)}]
(5.19)

exp{—2i(2t+r)(1+ +O(542))}—6Xp{—2i(2t—7")(1+
K2 K2

while for r > 2t its

T 572K _3/2 T 2Ky
(9CCIi0(r 106(0,D]00C) ~ — g (1+ S0 (m )) « [pespt- g0+ ™

+0 (Ka?))}+

w25y ) (’{42))}]

T 7r2/€ s
exp{—g —(r+20)(1 + T4 +0 (k?)} + exp{—5—(r =201+
(5.20)

5.4 Correlators in GGE and the Thermal Ensemble

We also calculate the correlation functions in the thermal and the generalized Gibbs
ensemble. If the Subsystem Thermalization really holds true, then the correlation
functions we have calculated must agree with these at least in appropriate limits.

GGE ¢¢ Correlator
The real time propagator in GGE (with one other chemical potential) is defined as

(00,1005, 2)) 3y = 5 Tr (M0l 0 )o@ ) (521)

In 3 4+ 1 dimensions this is simplified to (see Appendix for details)

400 dk |: eLk?(’I‘-l—t) 6+L/€(T—t)

(O(21,11) P22, t2)) g = /_ ePk+uk? _ 1 - —e—Bk—uk3 | (5.22)

2
o ST
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where 7 = 21 — 22, t = 1 — 2 and k(r) = |k|(|7]). The GGE calculation is very
similar to the gCC calculation. Again we have simple poles when denominator hits
inm. Defining a dimensionless parameter i = /33, after an involved calculation we
get a perturbative solution in ji.

Fort >r

(D(21, 1) P(a3, t2)) gop & (T+127% i+ ) x

b
4dmrf

[exp (—2; (1+4r’p+--) (¢t —|—T)> —exp (—2/; (14+4r°a+--) (t— T)>:|
(5.23)
while for ¢ < r, we have
(O, )0, ) ¥ s + s (14120 i)
[&’cp <2; (1+4r’p+--) (¢t +r)> + exp <237T (1+4n%a+--) (r— t))}
(5.24)

The ETC here is

1
487r + 2nr

(61, 1) ST, 12)) g ~ (1+127% + ) exp(‘%r“ HAT ')>

(5.25)

Thermal ¢¢ Correlator

The real time propagator in Thermal Ensemble is obtained by putting ;1 = 0 in the
GGE correlator

(00 0, )05, 15 = HTr (0@, 0 )0 1) (529

which simplifies to

B . +o gk etk(r+t) etik(r—t)
R B g P
(5.27)
+oo dk . eakt
:/_OO 12 Sin kx [eﬁkJrukS — 1]
This is computed exactly
coth <@) coth (#)
1, P9, t = 5.28
<¢($1a 1, )Qb(l'z, 2)>5 877'57’ 877'57’ ( )
We are interested in the Equal Time Correlator, where ¢ = 0
coth (%)
(p(a1,11,)¢(72,th))p = ———=— (5.29)

47 PBr
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The first limit of which is

(6, 1, )o@, h))s ~ = (1+2e7F +--) (5.30)

47t fBr
Note that this matches the GGE ETC when we put jt = 0. The second limit is
. . 1
(O(a1,t1, )o(T2, 1)) = 22 + e (5.31)
GGE 0;¢0;¢ Correlator

The real time 0;¢0;¢ propagator in GGE (with one other chemical potential) is
defined as

(0i0(21,t1,)0ip(23, t2)) gopy = %TT (6_6H_”W4az¢(fl,t1, )a@(@,b)) (5.32)

In 3+ 1 dimensions this is simplified to (see AppendixD] for details)

+o0o dk |: ebk(T+t) e—Hk(r—t)

<82¢('fiat1)al¢(x3at2)>5’ll :/ eBk+uk® _ + — o—Bk—pk3 + 1:| k;Z (533)

2
oo STAT

where 7 = #1—22, t = t1—12 and k(r) = |k|(|7]). Again we solve this perturbatively

in .
Forr >t
(@0(1,11), 0i6 (2, 12)) 3,1 = — 5 (142072 + 0 (#%/2) ) x
[exp [QE(T +t)(1 + 472 + O([P))} + exp [Zg(r —t)(1 +47%0 + O(QQ))M
(5.34)
while for ¢t > r
(D, (a1, 1), Dib(2,12)) 5, 1 = —% (142072 + 0 (52) ) x
[exp [—Q;(T +t)(1+ 4720 + O([F))} —exp [—Qﬂw(t —r)(1+ 470 + O(/?F))M

(5.35)
The ETC just becomes (to = t1)

(0,61, 11), 0,62, 11)) 5 = - (1420724 0 (52) ) exp [_2”1«(1 +dn2n+ O(MQ))}

B3r p
(5.36)
Thermal 0,¢00;¢ Correlator
Putting = 0 in the GGE correlator
S S 1 _ S S
(0:0(a1, t1,)0p(22, t2)) g = =T (e PR (a7, 11, ) 0ip (23, ts)) (5.37)

Z
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which simplifies to

(Db, 11)9r (. 1)) 5 — / 2

2
oo 8mEr

+oo gk ) ekt )
:/_ o2g S kx [eﬁk+uk3 — 1] k

o0

+oo  Jk eLk(T—‘rt) e—i—Lk(r—t)
e s

(5.38)

This is again calculated exactly

O, )0 )} = — e (H2 ) esch? () weoth (M) ) esch? (")

433r B 433r

(5.39)
The ETC (t =0) is
2
(0L, 1)0,0(53, 1)) = — T OPEINSATEIBL 54
233r
which in the first limit (r > () is
_ _%e—am/ﬂ L. (5.41)
and in the second limit (r < f3)
1 0
= —W + O(’l“ ) (542)

5.5 General comments

Comparing GGE with GCC we see that f = 4ky and p = 4k4. Transients are
obtained in the Ground State when we do the calculation without taking the deep
quench limit (unlike [7]). ¢ is a descendant field in 4 dimensions and ¢ is a primary
field in 4 dimensions. Thus they have different conformal dimensions, however, they
both exhibit the same decay coefficient in the exponential which is, %” In the small
limit the correlator reduces to the spatial Greens function in d+ 1 dimensions.There
are differences in the pole structures of the ground state and the GCC and GGE. The
Ground State has a branch cut singularity, whereas GGE and GCC have discrete
poles. In the exponents of GCC and GGE, we observe mixing of relevant operators
with irrelevant operators. These can be treated as signatures of UV-IR mixing which
is discussed in the following chapter [6] The correlation function in the GGE, however,
is not obtained by doing a path integral from a partition function corresponding to a
modified Hamiltonian, that follows the dispersion relation w = |k|+«|k|®. The time
evolution of the GGE still happens according to the Hamiltonian H with w = |k|.
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Chapter 6

Wilsonian Renormalization and
UV-IR mixing

Consider the action,
5= [ a0 + e + (6.1)

In 4 dimensions the mass is a relevant coupling and ¢ is an irrelevant coupling. The
two point correlation function of ¢ sees a correction in the mass of the field due to
the ¢°® interaction term. Thus instead of decay of the two point correlation function

_2
—ﬁzr(l-ﬁ-#

being &~ e™™" we see that it goes as ~ ¢ ) where, m = 2 and g = gA, where

A is the energy cutoff of the theory. Taking m and g to be constants, we see that
as we go to lower and lower energy scales, that is, A — 0, the second term in the
exponent goes to zero. Thus, preferentially the effect of g dies out at lower energies
(or large distances). The exponent does not have an RG invariant. Thus, we do not

see any UV-IR mixing. The above calculation has been inspired from chapter 12 of
Peskin and Shroeder [9].

6.1 Toy Model

Now, consider a toy model,
5= [ do((©0) + m*e? + 06)) (6.2

Clearly in 4 spacetime dimensions, m is a relevant coupling and ¢ is an irrelevant
coupling.Now, mg would be an RG invariant. The two point function of ¢ in 4
dimensional Euclidean space is given by,

e

pp2 _I_ m2 + 92p47 =Ty — I (63)

(016(2)(1)[0) = / &
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The answer is a Bessel function which when expanded in the large r limit depends
on r, m, g and the product s = mg. Since s is a dimensionless parameter, we can
do a perturbative expansion in s, where up to leading order we get,

efmr(1+§+%+'“) (\/g(f)g +O()) 4+ )+ O(is) 4. > (6.4)

r r2

pei0 T T (SO p o) 4 )0+ ) (65)
2g°r rs
Thus here we see that the dependence on g persists even at large r through the RG
invariant mg. This is very similar to what we obtain for the GGE and GCC where
irrelevant operators like p and k4 seem to affect the two point correlation functions
even at large by combining with relevant operators to form RG-invariants. This can
be viewed as UV-IR mixing, as was also discussed in [1].

44



Chapter 7

Relation to Holography

There are two kinds of AdS/CFT dualities. Maldacena proposed a duality between a
CFT( N=4, Super-Yang-Mills theory) and a string theory living on a 10 dimensional
spacetime. The second kind was proposed by Polyakov and Klebanov and and gives a
correspondence between certain CFTs and type Vasiliev theory, which is the theory
of higher spin gravity. We discuss both the of the following concepts below and
explain how both these dualities are of interest to us.

7.1 The Maldacena Type duality

The N=4 super Yang Mills Theory is a 3+ 1 dimensional theory of Matrix/ Adjoint
fields such as gauge fields Aj;(7, 1), spinor fields ¥ (Z,t), or scalar fields ¢f;, where
i and j take values from 1 to N. The Lagrangian has a coupling gyy. At this
stage we define the t'Hooft coupling as A = ¢%,;N. This theory is dual to a String
theory on AdSs x S;5. The defining parameters in the String theory are g,, the
string coupling, 4, the string length, and R 44, the radius of the AdS geometry.The
following relations connect the field theory with the string theory:

gﬁz(M = Gs (7-1>

A= (de5>4 (7.2)

From the above two equations, it follows that, when I set R 45 = 1,then

Gy = ~— (7.3)
ly=A"1 (7.4)

We are interested in the physics as we vary A and N. It turns out we get four
regimes.

The gravitational constant Gy for the AdS theory is proportional to %, and so as
N — 00, Gy — 0. Now we know that in gravity, Gy comes in the denominator of the
action. For example, the Einstein Hilbert action looks like S = m JV/—gRd*z.
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Figure 7.1: The regimes of the holographic dual of N=4 SYM

Thus while computing the path integral, when we exponentiate the action, the Gy
appears like 7, in the quantum action. Thus, taking G to 0 is analogous to taking
h to 0, which is the classical limit. We see that for a certain A\, as N decreases and
Gy increases we traverse the quantum regime. As we make N larger and larger,
making Gy smaller and smaller, we approach the classical regime.

Secondly, from we see that the string length is comparable to the radius of
the AdS in the small A limit. At large values of A when [, < R 445, the string theory
is not perceived and the geometry becomes like just AdS gravity.

Quasinormal decay

In the AdS/CFT correspondence, a thermal state in the CFT corresponds to
a large static black hole in the AdS bulk. Perturbing the thermal state is similar
to perturbing the black hole and the decay of an excitation in the AdS to a black
hole is the return to thermal equilibrium in the CFT. Now, AdS space with a black
hole can be viewed as a box, with boundaries at the AdS radius and the black hole
horizon. Now say we excite a field in the spacetime and we wish to see how this
excitation propagates. In the box picture, it has two reflecting surfaces at the two
boundaries, thus we expect standing wave solutions, which can be expanded in terms
of the normal modes characterized by discrete frequencies. An AdS with a black
hole can be viewed as a box with a reflecting boundary condition at infinity and an
absorbing boundary at the black hole horizon. In this case the solutions are given
by quasinormal modes characterized by complex frequencies and are found to decay
in time. Physically this means that any excitations will get absorbed by the black
hole eventually.

In our case we study a free scalar field theory which is trivially a CFT. This
would be similar to the A — 0 limit of N=4 SYM, which in the large N limit
would correspond to Classical String theory. As of now, in our calculations we
have dealt with a single scalar, but its possible to extend our study this case. We
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understand thermalization in the field theory end through the concept of subsystem
thermalization as described in the Introduction. However, its interpretation in terms
of quasinormal decay in the bulk is incomplete because it is not dual to Classical
Gravity where such an interpretation is possible.

There are some quantities or observables that remain invariant from the string
theory end to the gravity end. For example, the Log of the number of microstates in
the weak A limit matches exactly with the Bekenstein-Hawking entropy calculated
at large A. Thus, we hope to find a connection between the decay of correlation
functions to thermal equilibrium in the free field theory and the quasinormal decay
to an AdS black hole. A thermal state in 2D CFT is dual to a BTZ black hole in
AdS;. Given the differences that we find in odd and even dimensions in the field
theory, an interesting question to study would be, what observables decay as a power
law in time after exciting the bulk. Much of my understanding of the above concepts
comes from studying [10], [11] and [12].

7.2 The Polyakov-Klebanov type duality

In this kind of duality, vector-valued (O(N)) conformal field theory in D dimensions
is dual to a Vasiliev theory in AdSp,,. Vasiliev theory is a theory of AdS gravity in
which spin-2 gravitons are coupled with higher spins. Say, in 2 4+ 1 dimensions we
have a theory constructed out of vector-valued fields ¢;(,t), by which I mean they
exhibit some internal symmetries which make them of the O(N) kind. They could
have a simple Lagrangian such as £ = (9,¢;)*+g(¢;¢;)*. Now in 2+ 1 dimensions, g
is a relevant coupling. Thus, by arguments of Wilsonian RG flow, its effect increases
at lower energies( IR). Thus, there are cases when this theory can become conformal.
One is at ¢ = 0, which is the UV CFT, and second, when g = g%, which is an RG
fixed point (called the Wilson-Fischer fixed point) and is the IR CFT. In general,
we can obtain CFTs which are RG fixed points of the "vector" theories which are
dual to higher spin gravity in one higher spacetime dimension. When we talk of free
field theory, we take the UV CFT, where the coupling is zero. In D = 2, this kind
of duality is described by the Gaberdiel-Gopakumar duality [13]. Without going
into too much detail, I would like to put forth that the CFT is labeled by another
parameter. Let’s call it )\ It turns out that when \ = 0, the theory consists of free
fermions and and when \ = 1, the theory consists of free bosons.

Now these CFTs live on the boundary of the holographic gravity theory. If these
CF'Ts exhibit higher number of conserved charges, corresponding to higher number
of conserved currents, then they couple to the higher spin gravity fields from the
bulk. How do we see this? When we have a theory with conserved currents, the
generating functional for the n-point functions of the conserved currents is given by,
Z[A,] = [ Dy exp{(iS,[¢] + [ A,J"}, where A, can be thought of as a gauge field
coupling to the conserved current. These functionals have the property, z[A4,] =
Z[A, +0,], which is easy to show given, 9,J" = 0. If A" is a field in the bulk, then
Au is the value it takes on the boundary. Similarly, a conserved currents of the form
JH Jree  JrYre couple to higher spin gravity gauge fields like, A,,, A5, Ajvpe. In
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2D, these extra conserved currents in the field theory have corresponding conserved
charges which satisfy the W, algebra. As mentioned earlier, the presence of one
higher spin conserved current demands the existence of infinitely many higher spin
conserved currents. This is so because the algebra is not closed for a finite number of
them. In case of free bosons, only the currents with even number of indices survive
(Wo, Wy, W, -++). The 2nd rank tensor J* is actually T*”. We see, in 2D, that
the OPE expansions of the energy momentum tensor with a W operator of rank n,
depend on other W operators of other ranks. Naively,three point functions in the
field theory correspond to three point vertices of higher spin gauge fields in the bulk.
Thus, we see that the three point function of the stress energy tensor with other W's
would imply the coupling of spin-2 gauge field with higher spins.

Keeping the above in mind, we can pose similar questions about the relation of
observables in the bulk and in the field theory. It was shown in [2| that a decay to
a GGE in the field theory corresponds to a collapse to a higher spin black hole. In
two dimensions the relaxation to GGE was exponential and the exponent exactly
matched the imaginary part of the quasinormal frequency in AdSs;. As explored by
both [2] and |1], the exponent was %’T(Ak +> . iQuk), where i are like the chemical
potentials associated with the higher conserved charges and Ay corresponds to the
conformal dimension of the operator.

The conformal dimension of an operator charges with dimension, thus if these
results were to hold true in higher dimensions we would expect the relaxation rate
to change with dimension. However, quite surprisingly for all d + 1 with d odd,
we see the same decay rate %’r What is more surprising is that for even d, the
decay is a power law and not an exponential. The power law however depends on
the dimension and the relaxation in time is ~ ¢~%*2. Clearly then, the holographic
duality is not well understood. It is also true that Vasiliev theory has been studied
in 2D and 3D. Thus in principle, we should be able to compare our 2+ 1 dimesional
results with calculations in AdS, Vasiliev theory.
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Appendix A
Thermal and GGE

The GGE 2 point function is defined as

<¢(l'_i, tlv )(b(‘féa t2)>ﬁ>,u = lTT<eiﬁH7‘uW4¢($—ia t17 )(ﬁ(llf_é, t?))

Z
Al
L S N ol )
{Nk}
Using the partial Fourier transform
O(7,t) = / e* (K, t)dk (A.2)
where
o(k,t) = a(k)u(k,t) + o (~k)u" (k1) (A.3)

d d L
(@111, ) B, 12)) oy Z({Nk}]e g~ m// Ik d )
{Nk}
o+ at (o) (<o, 1) (@@ t2) + o (“g)u (<, £2) ) {Ng})
(A4)

Out of the resulting four terms only two terms give non-zero values. Since H =

S Nilk| and Wy = 37, Ni|k|?

e BH=-1Wa N, 1) = e BTk AT Nk\E\3|{Nk}> (A.5)
Thus we get
7 7 _ 1 d'k  dlq R+ 3a2) 0B Sk NulFl—p Sy NulF®
(P71, t1, )p(T2,t2)) g = Z//( 7)d (2m)d {Nzk}
(N H(a(k)u(k, t1)a (:Q)u*(:qatz)+GT(—qk)u*(—qutl)a@u((ﬁfz))|{é\7k}>
A.6)
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Using the commutation relation

la(k), at(=@)] = (2m)*6°(k + ) (A.7)

and the form of the number operator
af(=@)a(k) = Ny(27)*6%(k + ) (A.8)

Therefore
<¢(fiatlv )¢ x27t2 // ddkdd L(E 21+ Z B> Nklg‘_UZ{Nk} Nk|/_€‘|3(2ﬂ_)d5d(];+ (7)
{Ny}
[<{Nk}|<Nk + DHNR U, ) (g, t2) + NN HUNG (st (@ 12)]

(A.9)

Doing the q integral for the first term and k integral for the second and then writing
it in terms of a single dummy variable:

d L k]
<¢($_i,t1,)¢($_§,t2)>5,uz %/ (;lﬂ—];d Z e—BEka\k\—ltE{Nk}Nk\k\ [<{Nk}|(Nk+1)|{Nk}>
{NVe}
(k) (R t2)e ™20 (NG NG NP (B, (R, 1)o7 =e2)|

(A.10)

Since free scalar fields are bosons the number densit)j is that of t}}e Bose-Einstein dis-
tribution. Directly using (Ny) = £ 37y y e 2 MlH o Zong MR (IN Y NG NG }) =

1
ARy e get

-,

1 Ak e—dEI(t1-12) gik-(e1-a2)  ulR|(11-82) o —ik-(z1—a2)

_ - - - + — — -

2 / (2m)d [ |k (1 — e=Blkl+ulkl?) |k|(ePIkIHuIklP — 1)
(A.11)

<§Z5(£L’_i, t1, )qb(fé, t2)>57u =

Defining ¥ =21 — 22, t =t1 — {2 and G+ = \E\(iei(5i+ﬂk3>:|:l)

— — 1 d’k k- _—u|k|t —uk-@ |kt
(B, 1) B(T, 12)) = 5 W[G_e e~UFlt 4 G e e ] (A.12)
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Appendix B

Calculation Details of Ground state
correlator

The two point function (at equal times) is calculated as

= dk 7 x (T ik
Oun0(7 06(0,)100) = [ 5 uinF. )5 . )
B / 3k [ 2k* +m? — m2Cos(2kt) SR T (B.1)
(2m)3 A(K2 + m2)z k2
doing the angular integraﬂ7 we get
B /OO dk [ 2k* + m? — m? Cos(2kt) ethr (B.2)
) 1672 (k2 + m2)2 ikr '
Lets look at the time independent part first
©  dk 2]’62 2 ikr
oo 1672 \ (k2 4+ m2)2 ir

Assuming r > 0 we close the contour always in the upper half plane so that integral
along Cy and along Cg is 0. Integral along C3 and Cj is identical. Now integral along
C1+C1+2 C3 = 0 and integral along C] = —7i x Re(0) = g5 from half residue theorem.
The integral along C3 after change variables, k = im (1 4+ u/mr) then (dk =  du) is in
the following form

—Cy = 166_2 2/ du et (1+2W (2+%)) (B4)
S T+ 55) Ve 2+ 55)

1
42y 4

/ (;ijr])fgeig'Ff(|k|) - . /OOO dk k f(k)sin(kr) = [/OOO Rk f (k) dk + /_OOO eikrkf(_k)dk]
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Im(k)

Figure B.1: Singularity Structure of Integrand in ground state Fourier integral

In the asymptotics of mr we expand above function around - =0

e~ e ty/mr e ¥ 11 Vu o0 -3\ _, 3
Cy= d+/d+/(’) : uzd]
3= 1672 12 [/0 5 . ior u ; ((mr) )e u2du
(B.5)

o= S [ﬁ r(1) s Ar(2) s o((ml)ﬂ (B.6)

In the asymptotic limit mr > 1 we only consider the first term

> dk 2k% + m? etkr m m? _ _3
/ 1672 \ 3(k? 4 m2) 3 ( )Z_(CHQC?’)ZM +< 3>€W<mr) 2
—0 k(k? +m?)z o Tr 8v/2 w2

(B.7)

now lets look at time dependent part, we follow the exact same procedure followed for the
time independent part.

_ / < _dk —m? Gk r+20) / < _dk —m’ Gik(r—21)
00 3277 \ G k (k2 + mQ)% 00 3277 \ G ko (k2 + mQ)%

(B.8)

We consider a general form of the above two integrals

/oo dk _m2 ika
e
00 3277 \ i r ke (K2 + mz)%

We try to integrate it along branch cuts, we will have to choose the contour depending upon
the Sign(a), when a > 0, C1 = (imRe(0) — 2C3) and when a < 0 C1 = —(imRe(0) 4+ 2C3),
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im x Re(0) = —m/327r and integral along Cj is evaluated using the same techniques as
before.

R 1;';\'; [W F@ ) w;m F@) w((m\in‘ )]

(B.9)

Using above results, for > 2t and in the limit m(r 4+ 2t) > 1, m(r — 2t) > 1

/OO dk [ —m? Cos(2kt) <e““"> . —m N m?2 e—m(r+2t) N e—m(r—2t)
oo 1672 (k2 + mQ)% ikr 677 16y2 75 \mr /m(r+2t) mr /m(r—2t)
(B.10)

for r < 2t and in the limit m(r +2t) > 1, m(2t —r) > 1

/°° dk [ —m? Cos(2kt) <e““"> ~ m2 e—m(r+2t) N e—m(2t—r)
oo 167 (k2 + mQ)% ikr 16v2 72 \mr Vm(r+2t)  mr \/m(2t —r)
(B.11)

Hence in (1+3) dimension 2 point function after critical quench in the asymptotic limit
from [Equation B.7] [Equation B.10|and [Equation B.11|following expression

m m2 2¢—mT e—m(r+2t) e—m(2t—r)
<ot
167 r + 1612 5 < rvmr t mr \/m(r+2t) t mr \/m(2t—r)> +

<0in’¢(ra t)¢(07t)|oin> = (B.12)

m2 2¢—mT + e—m(r+2t) e—m(r—2t) 4
1642 ﬂ-% mry/mr mr /m(r+2t) mr y/m(r—2t)

We are interested in the long time behavior of the correlation function. Thus taking ¢ — oo,
in which case r < 2t.

r> 2t

__m /me™™"
167r 8\/57137*\/77

(B.13)

Thus the decay rate as seen from the slowest spatial transient is —mr.

For the (9;¢0;¢) correlator, the derivatives pull an extra factor of k2. This kills the double
pole at the origin. Moreover we can do the integral directly in Mathematica to get the
answer quoted in the main text.
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Appendix C
Calculation Details GCC/CC

correlator

We have
3 ok . '
(fal (0, t1,) (T, t2)| f4) = /%%(coth@k‘(@ + /€4k2)> — cos(2kt) Csch(QW(/iz + H4/€2)>>
0 1.2 i r
_ /O (19275)]2 SI;(QI;)(COth(Qk(HQ + /14k2)) — cos(2kt) csch(Qk(m + H4k2))>

1 > LRT
=55 /Oo dke'* (coth(2k(m + kak?)) — cos(2kt) csch(2k (ks + F»4k2)))

! / dk (e”‘” coth(2k(k2 + rak?)) — %e‘k(rwt) csch(2k (ks + Kak?))

" 8rur )
— ée‘k(’"_zt) CSCh(2k‘(/€2 + /<a4k2)))
(C.1)

For the CC case (k4 = 0), the Fourier Transform is evaluated directly in Mathematica.
The harder case is gCC. For simplicity we break the integral as follows

oo dk ; , .
= / 6277 2 e coth(2k(ka + kg k%)) —e* T2 cosech(2k(ky + kg k2)) —e* 20 cosech(2k(kg + K
oo 16 7 .

T (k) Ta(k) T3(k)

(C.2)
The integrand has poles at the solutions of
2k ko +2k4 K3 =inm (C.3)

here we introduce a dimensionless parameter K4 = r4/K3, in the small expansion roots of
the above equation are

. 2,,3
7 1 m™m  3rZn?
_ v e e - CA4a
tatn) = = (e = T = v+ 06 (©4)
i 1 ™ 3mn? ~
]{S(n) = —;2 <\/a + T - T\/@‘F O</€4)>
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The singularity structure for the integrand in is given in Consider

Im(k)

Re(k)

Figure C.1: Singularity Structure of Integrand in [Equation C.2

general form of each term in the integral

_ / Tk ke (C.5)

o 1672 ir

for a > 0 we close the contour in the upper half of the complex plane and for a < 0 we

close it in the lower half, then principle value of

C} + Cf + Cy = [Sum of all the poles sitting on positive Im(k) axis] a>0

C1 + Cf + C) = — [Sum of all the poles sitting on non-positive Im(k) axis] a<0
(C.6)

Integral along Cy = C% = 0 and integral along C] = —mi x Re(0) from half residue theorem.

Cy = mi x Re(0) + [Sum of all the poles sitting on positive Im(k) axis] a>0

C1 = —mi x Re(0) — [Sum of all the poles sitting on negative Im(k) axis] a<0
(C.7)

We will try to obtain result perturbatively in 4, for any value of n with Ky < 1, ka(n)
and k3(n) will give us very fast decaying transients and k1(0) = 0 will give us the slowest
decaying transient, next immediate fast decaying transients will be given by poles at k1(1)
and k1(—1). hence in the small k4 limit we only consider contribution from poles at k1 (0),

k1(1) and k1(—1). Contribution of a pole at kq(n) for each term in is
etk1(n)r
~ 8mrry (ki(n) — ka(n)) (k1(n) — k3(n))
(_1)n+1 eik1(n)(r+2t)
1671k (k1(n) — k2(n)) (k1(n) — k3(n))

27i x Re[Ty(k1(n))]

271 x Re[Tz(k1(n))]
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(71)n+1 etk1(n)(r—21)
167Ky (k1(n) — ka(n)) (k1(n) — ks(n))
To evaluate perturbatively in 4 we consider expansion of the following

quantity
1 1 312 n?
~ 1 - N .

6mrma(ki(n) — Fa(n)) (Fa(n) — Fs(n)) ~ 1671 ( teg ) (C.9)

2wt X Re[Tg(kl(n))] (CS)

For r > 2t, we can see from [Equation C.8|that contribution from pole at k; (0) from all three
terms add up to 0 (a > 0 case for all three terms). We close the contour in the upper half of
the complex plane and using |[Equation C.4lEquation C.7| [Equation C.8| and [Equation C.9|
we obtain expression for leading order (contribution from k(1)) perturbatively in K4,

L (13 Gl +
~ —FRy+ - exp | —=— — Kat-|r
1677 r g ™ P\ "ok, 8y

exp (—2:2 (1 ;; n4+-~-> (r+2t)> + exp <—27;2 <1+;; /<a4+"'> (T-%ﬂ
(C.10)

now when r < 2t we evaluate first 2 terms in by using results for a > 0 case
in and for the third term we use results for a < 0 case. we get contributions
from poles at k1(0) and k(1) for first 2 terms and contribution from k;(0) and k;(—1) for
the last term, again using [Equation C.4||Equation C.7] [Equation C.8 and [Equation C.9, we
obtain expression for leading order and first transient perturbatively in sy.

Loy L e " (14t +
~ —K exp | —— — Kyt T
167mr ko 167r Ko 4 p 2K9 8Ko 4

2 2

s s T T
. |1+ —=—K 2) | — . |1+ —k ) (2 —
eXp( 2@( +8R2/€4+ >(r+ )) eXp( 2@( +8H2n4+ )( 7

Taking ¢t — oo limit

1 32 s 2
- 1+ ) 2 ST T C.12
167rm2< L ”4)[ ewp( 252< TRt )r>] (C.12)

When £4 = 0 this squeezed state calculation will be reduced to CC state calculation. Again
the (0;¢0;¢) calculation is very similar and we do not include it in here.
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Appendix D

Calculation Details of Thermal/GGE
correlator

The GGE 2-point function is

(@(@1, t1, (7%, t2)) o = %Tr(e‘ﬁH—“W%(ﬂ, t1,)d(3, 1)) (D.1)
_ % S ({NHe P Wi 1) (@5, )| {N}) (D.2)
{Ni}

Using the partial Fourier transform for the field and the ‘mode expansion’
o(T,1) = / e B(F, ) dk (D.3)
where
o(k,t) = a(k)u(k,t) + o’ (—k)u*(—k,1) (D.4)
We use the occupation number representation of the Hamiltonian to continue further.

d d L
(Ol 1)0(n )= 0 (Mo e [ [ L S D ()

{Ni}

(a(R)u(k, t1) + af (=k)u* (=k, t1))(a(@)u(d, t2) + aT(:Q)U*(:E], tz)))\{NkD
D.6

Out of the resulting four terms only two terms give non-zero values. Since H = ), Nk|E |
and W4 = Zk Nk‘k‘B

e BH—1Wa {N}) = e Bk Ny |k|—p 32, N[ {N}) (D.7)

Thus we get

ddk; dd
(B(a1, 11, ) D (3, 12)) o = //

:w
Hl

Z e P2k Ny|E|l—p S, Nilk[?
{Ni}
(D.8)

o7



N a(Ryu(k, t)at (“g)u* (g, t2) + af *k>u*<—7c,t1>a<q">zégé§2>>r{ka}>
Using the commutation relation
[a(k), al (=) = (2m)?6%(k + ) (D.10)
and the form of the number operator
at(=Qa(k) = Ny(2m)44(k + @) (D.11)
Therefore
(O 10, )0 £2)) e = // ddk dd (473 5 Bk Nilbl= Ty Ml ()5 4
{Ni}
(D.12)
(HNEHVE + DN ul, t)ut (Zg,t2) + NN N (S, ) (@ )
(D.13)

Doing the q integral for the first term and k integral for the second and then writing it in
terms of a single dummy variable:

d 7 ok
(Ol 100 ) = 5 [ g 3 €Tk MR MR [ 0+ 1)
{Nk}

(27
(D.14)
u(k, ) (R, t2)e ™ ) 4 (NG NN D (B, ) u(F, to)eF 1)
(D.15)
_ = 73
Directly using (Ni) = % > n, € B2k Nkl =122 vy NeF 6N A NN} = m7

we get

- -,

1/ dik [eLE(tltZ)eLE-(:{le) €L|E|(t1t2)e£-(£1x2)}
(

(p(@1,t1, ) (22, t2)>,37,u =

o = = - + = = =
2. @m)dLE|(1 — e-BIkI+ulk?) | (BIFFRIEE _ 1)
(D.16)
ne ¥ = 71 D o= _ 1
Defining ¥ =21 — 22, t =t1 —t2 and G4 = EPE=E Ty
=t 2 _ 1 d’k G k-Z 7L|E|t G —ik-Z L\E\t D17
(0(1,t1,)8(@3, t2)) g = 5 amya [C-¢77eT T + e e (D.17)
For d = 3, doing the angular integral
Bk 4k eoso © k2dk 2sin(kr)
LRT COS — D.]_
/ (QW):se /0 @r)2  kr (D.18)
< k2dk sin(kr)
= D.19
/OO 472 kr ( )
1
— kdk tkr —LkT‘ D.2
~ 8mur /oo (e ) (D-20)
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1 oo
]f kdke*r (D.21)

= A o
gives
too g cth(@+t) Hik(a—t)
R B P = =ttore | IR

which is what we reported in the main report. For the thermal case (1 = 0 ), the "Fourier
transform’ can be done directly in Mathematica, giving

coth (W) coth (#)
8mBr 87 Br

(d(771,t1,)p(T2,t2)) g = (D.23)

while for the GGE case we have to perform a careful contour integral. The singularity
structure for the above integral is shown in the figure below

Im(k)
o
o
o Cy
[ J
®
®
®
® C1
‘o Re(k)
U
® !
o
[ J
o
®
o Cé
®
)
Singularity Structure of Integrand of (30) in 1+3 dimensions
The poles are at the solution of the equation
§k+gﬁ:¢nw (D.24)

This is the exact same singularity structure for squeezed states with § = 4ke and u = 4ky
identification. So following the same procedure the smallest singularity is at k = 0, when
r > t for both the terms in the integrand we choose a contour which closes in the upper
half of the complex plane. Both of them have the same contribution from the pole at k =0
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1 Blw when integrated along C] and along C; both terms get 0 contribution from

k = 0 poles hence the average along C] and Cy is 1/(457r).

In the case when ¢ > r for the 2nd term we have to choose C) which gives a -ve sign
for the contribution from the second term and hence for » > ¢ contribution from pole at
k=01is 0.

which is

Defining g = % Lets look at the contribution from the next smallest poles which is

n = 41 we can write 8 k + p k3 = u(k — k1)(k — ko) (k — k3) + I 2nm where ki, ko and k3
are same as before with the 8 = 4k and u = 4k4 identification.

Now when t > r for the first term k1(1) is the closest pole and for the second term
k1(—1) is the closest pole hence we have

1
~ 4B

(1+127%0+ ) {exp (25 (L+4r°a+ ) (t+r)> — exp (2; (L4+4ra+--) (t— r))]
(D.25)

when t < r for both terms next smallest pole is at k(1) and in that case we have

1 n 1
T 4w Anrp

(1+127%0 +- ) {exp (—25 (1+4r°a+ ) (t+r)) + exp (—2; (L+4ra+--) (r— t))}
(D.26)

The (0;¢0;¢) correlator is not very different. All it does is that the derivatives pull
an extra factor of k2. This kills the pole at the origin. and the above calculation is
almost same so we do not repeat it here.
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