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ABSTRACT: We expand on the investigation of the universal scaling properties in the early
time behaviour of fast but smooth quantum quenches in a general d-dimensional confor-
mal field theory deformed by a relevant operator of dimension A with a time-dependent
coupling. The quench consists of changing the coupling from an initial constant value
A1 by an amount of the order of dA to some other final value Ao, over a time scale dt.
In the fast quench limit where §¢ is smaller than all other length scales in the problem,
ot < )\1/(A_d), )é/(A_d), ON/(A=d) the energy (density) injected into the system scales as
6E ~ (6X)%(6t)*2A. Similarly, the change in the expectation value of the quenched oper-
ator at times earlier than the endpoint of the quench scales as (Oa) ~ A (0t)?22 ) with
further logarithmic enhancements in certain cases. While these results were first found in
holographic studies, we recently demonstrated that precisely the same scaling appears in
fast mass quenches of free scalar and free fermionic field theories. As we describe in detail,
the universal scaling refers to renormalized quantities, in which the UV divergent pieces
are consistently renormalized away by subtracting counterterms derived with an adiabatic
expansion. We argue that this scaling law is a property of the conformal field theory at
the UV fixed point, valid for arbitrary relevant deformations and insensitive to the details
of the quench protocol. Our results highlight the difference between smooth fast quenches
and instantaneous quenches where the Hamiltonian abruptly changes at some time.
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1 Introduction

In recent years, there has been a great deal of interest in studying quantum quenches [1-

4], i.e., studying of the quantum evolution of an isolated system in the presence of a

time-dependent parameter in the Hamiltonian.

Amongst other things, these processes

are theoretically interesting as probes of two related issues: thermalization and critical

points. Considering the first of these, suppose we start with a system in its ground state.

If a parameter in the Hamiltonian, e.g., an external field, undergoes a rapid change, the

system driven to some highly excited state but one would expect that after sufficient time



the system will approach a steady state which resembles a thermal state. The question
then is to understand the sense in which the final pure state is close to a thermal state,
and to understand the approach to such a state. Similar questions can be studied in a
thermal quench, where the initial state is a thermal state. Of course, these questions lie
at the heart of the foundations of statistical mechanics and they are typically difficult to
investigate, especially when the system is strongly coupled. Recent experiments with cold
atom systems and heavy ion collisions are beginning to yield valuable experimental insights
into such processes, which pose both greater motivation and interesting challenges for the
theoretical community.

A second class of interesting quenches are those which cross a critical point. That
is, suppose the time-dependent parameter passes through a value which would correspond
to a critical point in equilibrium. One would then expect that the subsequent evolution
of the system will carry universal signatures of the critical point. An early example of
such a signal is Kibble-Zurek scaling [5, 6]. Suppose one starts in a gapped phase of the
system, with the quench rate slow compared to the scale set by the gap. Initially the
evolution of the system would be adiabatic. However, as the parameter approaches the
critical point, the instantaneous gap vanishes and adiabaticity is lost, producing an excited
state. Kibble [5], and subsequently Zurek [6], argued that the density of defects at late
times scales as a universal power of the quench rate with the exponent determined by the
equilibrium and near-equilibrium critical exponents. In recent years, this argument has
been extended to quantum phase transitions and the same arguments have been shown
to lead to scaling of other one point functions and correlation functions [2, 7]. The ar-
guments which lead to Kibble-Zurek scaling are based on rather drastic approximations;
nevertheless, there are several model systems where such scaling appears to hold. There is
no theoretical framework analogous to the renormalization group which justifies such scal-
ing, and strongly coupled systems remain beyond the reach of current theoretical tools. At
the other extreme, Cardy, Calabrese and Sotiriadis [8-10] derived a set of exact universal
results for instantaneous quenches in two-dimensional field theories from a gapped phase
to a critical point, using powerful methods of boundary conformal field theory. Yet another
set of scaling relations can be derived from time-dependent perturbation theory when the
amplitude of an instantaneous quench to a critical point is small [11].

In the past few years, the AdS/CFT correspondence has been used to study both
quantum and thermal quenches in strongly coupled quantum field theories which possess
a gravity dual. In this approach, the couplings in the field theory are related to boundary
conditions for the metric and other fields in the dual gravity theory. Therefore studying
a quench process reduces to solving of a set of partial differential equations with specified
initial conditions and time-dependent boundary conditions — a problem which is much
easier to tackle than the original quantum problem in a strongly coupled field theory.
The dual description of thermalization becomes the collapse of an incoming shell leading
to the formation of a black hole horizon [12-67]. One of the interesting results which
emerged from these studies is that few body correlation functions thermalize rapidly — a
phenomenon which is indeed observed in heavy ion collisions. For quenches across critical
points, holographic studies point towards a mechanism for emergence of scaling solutions in



the critical region [68-71] and has led to novel dynamical phases [72-76]. Further, progress
has been made towards observing Kibble-Zurek scaling of defect densities in symmetry
breaking phase transitions [77, 78].

Recently, holographic studies also revealed a new set of scaling relations in the early
time behaviour of fast but smooth quenches in a critical theory deformed by a relevant
operator Oa with conformal dimension A [79-81]. The quenches in question involve intro-
ducing a time-dependent coupling A(¢) for the latter operator. If the coupling varies by an
amount d in a time Jt, a fast quench means

SA(6) 2 <« 1. (1.1)

In this fast regime, studying quenches where the relevant coupling goes from being zero
initially to d A at late times, it was found that the change of the holographically renormalized

energy density §& scales as
0E ~ N2 (6t)472A (1.2)

Similarly, the peak of the renormalized expectation value of the quenched operator was
found to scale as
<OA>ren ~ 0\ (5t)d72A, (13)

consistent with certain Ward identities. These same results also hold for reverse quenches
where the relevant coupling goes from ) at early times to zero at late times. For A > d/2,
this implies that 0 and (Oa) grow with the quench rate, i.e., as 0t shrinks. In fact, the
growth in (Oa) is enhanced by a logarithmic factor for even d and integer A and for odd
d and half-integer A.

Implicitly, egs. (1.2) and (1.3) indicate that for A > d/2, these quantities diverge in the
limit of an infinitely fast quench, i.e., with §t — 0. Hence these results seem to be at odds
with known results for instantaneous quenches, e.g., [8-11]. In these works, a parameter
in the Hamiltonian is taken to change instantaneously from one constant value to another
value at some time tg, and the dynamics is treated in the sudden approximation. This
means that in the Schroedinger picture, the state at ¢t = # is treated as an initial condition
for standard evolution by the new time independent Hamiltonian. Naively, one may think
that such an instantaneous quench should correspond to the §t — 0 limit of a smooth
quench but this is clearly not the case since in the setup just described, the renormalized
expectation values are certainly not divergent.

Of course, the holographic studies [79-81] were implicitly considering strongly coupled
quantum field theories whereas the work on instantaneous quenches typically considered
free (or weakly coupled) field theories, e.g., [8-10], except in two space-time dimensions.
Hence, one possibility is that the new divergences appearing as dt — 0 are only a feature
of the special class of strongly coupled theories which have gravity duals. However, we
recently showed that this is not the case [82]. In fact, precisely the same scaling as in
egs. (1.2) and (1.3) was found to be exhibited in mass quenches of free field quantum
theories. Further, we argued that this behaviour is rather generic. In the present paper,
we provide more details of the calculations presented in [82] and report several new results.
We also provide a new argument that the universal scaling in the early time response shown



in egs. (1.2) and (1.3) holds for a quench from any constant value of the relevant coupling
A1 to any other value Ay as long as the time scale dt is small compared to all other physical
length scales in the problem,

5t < A/A=D \L(A=d) 531/(A~d) (1.4)

In the following, we first consider free bosonic and fermionic field theories in arbitrary
dimensions, with a time-dependent mass which evolves smoothly in some time interval t.
We consider a variety of different protocols, i.e., different profiles for m(t), which allow us
to solve the problem exactly for arbitrary d¢. Hence, we are able to calculate (Oa) for finite
6t and then examine the result in the fast regime where 6\ (0t)4~ < 1. We find that the
(renormalized) expectation value indeed obeys the universal scaling law (1.3), originally
found in the holographic models studied in [79-81].

Our analysis clearly exposes the difference between fast but smooth quenches arising
in the limit 6t — 0, and instantaneous quenches where one works with the sudden approx-
imation. Since we are considering a quantum field theory, the quench rate 1/t and the
quench amplitude m (e.g., the initial mass for the quenches studied in section 2.2) are not
the only scales in the problem. There is, in addition, the UV (momentum space) cutoff
A. Implicitly, our fast quench limit involves a quench rate which is large compared to the
initial mass but still small compared to cutoff, i.e.,

A>1/t>m. (1.5)

Although the quench rate never appears in the discussion of instantaneous quenches, they
can be considered as having 1/6t ~ A. However, local quantities like (Oa) receive con-
tributions from all scales, and are therefore sensitive to whether or not the quench rate is
comparable to the cutoff scale. Indeed we show explicitly that the correlation functions
of individual momentum modes for fast and smooth quenches reduce to those in the in-
stantaneous quenches (as reported in [8-10]) only when the quench rate is large compared
to the momenta — hence matching local quantities would require rates comparable to the
cutoff scale. The regime of our interest is quite distinct from the latter and arguably more
physical. Nevertheless, we expect that for certain quantities, e.g., correlation functions
at finite distances, the results for both types of quenches will agree when the distance is
large compared to §t since one expects that only small momenta contribute to the result.
Our calculations, which are contained in a forthcoming publication [83], show that this is
indeed the case. We expect a similar result for other quantities which are not UV sensitive.
Similarly, one might expect that the results of smooth fast quench should agree with those
of instantaneous quench at late times, t > dt. For free fields we will find that the late time
behavior indeed agrees for d = 3. However, in higher dimensions the late time results for
smooth and instantaneous quenches differ [83]. While we trace the technical origin of the
difference, we can not provide any good physical intuition as to why this should be the case.

A key ingredient in our work! is the renormalization of the underlying quantum field
theory. The bare quantity (Oa) is, of course, UV divergent and we need to add suitable

!The same is true of the corresponding holographic studies [79-81].



counterterms to extract physical quantities at resolutions much coarser than the cutoff
scale. Our problem is quite similar in spirit to quantum field theories in curved space-
times, e.g., see [84-86]. In that case, the required counterterms involve operators made out
of quantum fields, as well as curvature tensors of the background space-time. Further, in
this context, diffeomorphism invariance provides an important guide restricting the form of
the counterterms, which may appear. In the present case with a time-dependent mass, we
find that we need to add counterterms which involve time derivatives of the mass function,
in higher dimensions (d > 6) where stronger divergences appear. Further, the underlying
theory is invariant under coordinate transformations if we treat the mass as a background
scalar field. Hence diffeomorphism invariance is again a useful guide in restricting the form
of the required counterterms.

However, we are still left with the problem of determining the precise coefficients of
the counterterms which render the renormalized observables finite. We find that these
coefficients can be determined by examining the quenches in an adiabatic limit.? That
is, the counterterm coefficients determined for an adiabatic quench still remove all of the
UV divergences in (Oa) for fast (but smooth) quenches. We argue that this result can
be anticipated as follows: in renormalizing the theory, we are always considering quench
rates 1/t which are much smaller than the UV cutoff A. In this situation, we expect
the high momentum modes, near the cutoff scale, do not care if the quench rate is large
or small compared to the mass. Hence any UV divergences should be the same in fast
quenches with 1/(dt) > m and in adiabatic quenches where 1/6t < m. Of course, the
latter adiabatic limit is relatively straightforward to analyze since one is performing an
expansion in derivatives with respect to time.

It is worthwhile emphasizing that the cutoff which we use in our calculations is on the
spatial momenta. If the microscopic theory were to live on a lattice, we would think of a
Hamiltonian lattice theory with continuous time and a spatial lattice. The renormalization
procedure described above means that we only need to adjust a finite number of parameters
in the microscopic theory to get finite results for composite operators like the energy density.

To conclude the introduction, we outline our key results and provide their locations
throughout the paper.

1. We show in detail that the adiabatic expansion provides the correct counterterms
which renormalize one point functions for free bosonic and fermionic theories for time-
dependent masses. The bosonic case is discussed in section 2.1 while the fermionic
case is contained in section 3.

2. We obtain numerical results for the renormalized one-point function of the mass oper-
ator and therefore of the energy production as well. In the limit of fast quenches (1.1),
our results clearly display the scaling behavior shown in egs. (1.2) and (1.3). We also
find explicit analytic expressions for the leading order response at early times, which
again confirm this scaling. The bosonic case is described in sections 2.2, 2.3 and 2.4
while the fermionic case is contained in section 3.

2Note that similar calculations appear in the context of inflationary cosmology where it was found that
the leading adiabatic contribution is sufficient to cancel the UV divergence [90]. These calculations are, of
course, in d = 4 where counterterms with time derivatives are not required.



3. In section 2.2.6 (and appendix A), we construct higher spin currents for free massive
scalars. We argue that these also obey a set of universal scaling relations. The latter
is explicitly shown for the spin-2 and spin-4 currents.

4. In section 2.6, we briefly discuss the relationship between fast smooth quenches and
instantaneous quenches. We explain why the response is clearly different for these
two protocols: this stems from the fact that the renormalized quantity deals with
quench rates which are fast compared to the physical mass scale, while instantaneous
quenches involve quench rates fast compared to all scales, including the UV cutoff
scale. The comparison between the fast smooth quenches and the instantaneous
quenches will be discussed in much greater detail in [83].

5. In section 2.7, we compare the late-time response (i.e., ¢ > dt) of a smooth fast
quench with that of an abrupt quench for free bosonic field theory. In particular, we
explicitly show that for d = 3, that the response is independent of dt at late times
and leads to a logarithmic growth of (¢?) with time, in exact agreement with the
abrupt quench result. For d = 5, we show once again that at late times, the 6t — 0
limit is smooth.

6. In section 4, we argue that the universal scaling discussed in this paper is a property
of any quantum field theory whose UV limit is a conformal field theory, e.g., a
conformal field theory in any number of dimensions deformed by a relevant operator.
For quenches which take the system from any nonzero value of the corresponding
coupling to some other value of the coupling this universal scaling holds for early
time response — so long as the time scale of quench is the smallest physical scale in
the problem, as in eq. (1.4). The scaling is purely a property of the UV conformal
field theory.

2 Quenching a free scalar field

We start by analyzing mass quenches for the simple case of a free scalar field ¢ in d
spacetime dimensions, i.e., d — 1 spatial dimensions. In particular, we focus on varying the
mass with the following profile:

m?(t) = m? (A + B tanh(t/dt)). (2.1)

Hence the mass goes smoothly from the value m?(A — B) in the infinite past to m?(A + B)
in the infinite future but the transition occurs essentially in a time period of duration Jt
centered around t = 0.> While much of our discussion does not depend on specific values of
A and B, we will begin with a discussion of the case A = —B = 1/2, with which the theory

3Note that here and throughout the paper, we are only considering global quenches. That is, the mass
is only a function of time and varies in the same way throughout all of the spatial directions.



is massive with mass m? in the past and becomes massless in the future.* As we will show
that the scaling behaviour in egs. (1.2) and (1.3) is recovered with this particular choice.
In section 2.3, we also examine quenches with the mass profile

m?2(t) = m?sech?(t/dt) (2.2)

where the mass vanishes both the infinite past and the infinite future. We again find that
the renormalized expectation values show the same scaling as in egs. (1.2) and (1.3).

Finally in section 2.4 we show that the analysis easily extends to general A and B and
we again find the same scaling as long as the coefficients satisfy

§(m?) 6t* = |m?(—oc) — m?(+00)| 512 = 2|Bjm* ot* < 1, (2.3)
in accord with eq. (1.1), and also

m*(=00) + m*(+00)
2

The particular protocols or mass profiles in egs. (2.1) and (2.2) were chosen because

62 = Am2 ot < 1. (2.4)

they allow us to completely solve the corresponding quantum field theory. That is, the mode
functions for the scalar field can be written in closed form, as we will show below. In fact,
for the profile (2.1), we can use results first derived in studying quantum fields propagating
in curved spacetimes [84, 85]. Specifically, in that case, scalar field was examined in an
expanding flat Freedman-Robertson-Walker cosmology, which corresponds to a conformally
flat geometry described by metric

ds* = a(t) (—dt* + di?). (2.5)

A (minimally coupled) free massive scalar field ¢, with a constant mass m, propagating in
this cosmological background obeys the equation of motion

(O —m?a*(t)) ¢ =0, (2.6)

where [J denotes the ordinary flat space d’Alembertian. That is, the scalar field equation in
this curved geometry is identical to that of a scalar field in flat space but with a time-varying
mass m?(t) = m2a®(t). Further, it was noted in [84, 85], that with a?(t) = (A+B tanht/dt),
i.e., with the mass profile (2.1), the corresponding mode functions are given in terms of
hypergeometric functions. Hence we may use these results but now interpret the theory as a
scalar field undergoing a mass quench. It is also important to mention that with these closed
form solutions, we are able to study the behaviour of the theory for arbitrary quenches
rates 1/t and hence we can take the limit §¢ — 0 to approach an instantaneous quench.

Let us begin with analyzing the theory with the mass profile (2.1). We start by
decomposing our field in mode functions

¢ = / dddllf 72 ku5+a£‘“1§‘) : where { ag,a } = a1t (k k;) (2.7)

4With this choice and taking the limit 6t — 0, we will be able to compare our results directly to the
previous results for instantaneous quenches in [8-10] . We might also comment that a ‘tanh’ profile similar
to eq. (2.1) appeared in the holographic studies of [79, 80].




As a boundary condition, we will choose the uz to be the in-modes which behave as plane
waves in the infinite past. Similarly there will be a corresponding set of out-modes which
become plane waves in the infinite future. The operators az above are then defined to
annihilate the in-vacuum, i.e., az|in,0) = 0. Exact solutions for these in-modes are [84, 85]

1 -
——— exp (zk‘ - T — iwgt — iw_dtlog(2 cosh t/ét)) X

YR Vv 2win
1 + tanh(t/ot
o <1 T W St w0t 1 — iwindt; —|—an2(/)> : (2.8)
where 9 F] is the usual hypergeometric function and
Win = \/E2+m2(AfB),
Wout = \/l;,:2 +m?(A+ B), (2.9)

w4 = (wout + win)/2 .

2.1 Regularization and renormalization

The quantities we are interested in involve a sum over all modes and are typically UV
divergent and need to be renormalized by adding suitable counterterms. In this subsection
we show how this can be done. The discussion is valid for generic m(t) — in fact we will
find the counterterm in terms of the function m(t) and its derivatives. However it is useful
to begin the discussion with the mass profile (2.1).

First focus on the case where A = —B = 1/2, in which case we have wi, = V k2 4+ m?2
and wout = |E\ Now we adopt the perspective presented in the holographic analysis of [79—
81] in the following. In particular, we think of the scalar field theory as a CFT deformed
by the operator Oa ~ ¢?, with conformal dimension A = d — 2. Further, the quenches
are made by varying the corresponding coupling in time, i.e., A(t) = m?(t). Our first
calculation will be to determine the expectation value of (¢?), which is straightforward
given the mode decomposition above

1 d* 'k
(0% = (in.016%in.0) = s [ L. (2.10)

Of course, this expectation value (2.10) contains UV divergences associated with the
integration of k = \E! — o0o. The standard approach to deal with these UV divergences
is to add suitable counterterms involving the time-dependent mass to the effective action,
as in the holographic renormalization of [79, 80]. We turn to the determination of the
counterterms in section 2.1.3. However, as described in [82], it is straightforward to find
the counterterms which render the expectation value (2.10) finite. Hence let us write the
renormalized expectation value as

m

d—2
Phn = iy [ (5 AP~ fulbm). .11



where fei(k, m(t)) designates the counterterm contribution and €;_» denotes the angular
volume of a unit (d-2)-dimensional sphere, i.e.,

9 (d-1)/2
r((d-1)/2)

As a first attempt to evaluate fe(k, m(t)), we might naively think that the counterterm

Oy = (2.12)

contributions needed to regulate (¢?) are those related to the divergences in the constant
mass case. That is, with a constant mass, we can identify the UV divergences by expanding

Q kd_2
(@) = 5ami1 | s
2(27[')‘1_1 k2 4+ m?2
O, 2 4 6
_ dz/dk -3 <1_ me | dm? 5m+0(ms/k.8)> ‘

(2.13)

2(2m)d-1 2k2 " 8kt 16kS
With the simple substitution m? — m?(¢), we might then conjecture that eq. (2.11) be-
comes finite with

m 2 m 4 m 6
feo(k,m(t)) = k773 (1 — 2(]:2) + 382? - 516(12 + O(m(t)g/kg)) : (2.14)

where we would only include the terms proportional k™ with n > —1. As we will see below,
this conjecture is only correct for d < 5. For higher spacetime dimensions (i.e., d > 6 in the
scalar case), new counterterms involving time derivatives of the mass are allowed by dimen-
sional counting. For example, in d = 6, the term proportional to m(t)*/k is associated with
a logarithmic divergence in (¢?). However, by dimensional analysis, fei(k, m(t)) could also
contain a term of the form 97m(t)?/k, which might cancel a new logarithmic divergence
proportional to 82m(t)? in d = 6. Of course, in the case of a constant mass (2.13), no
such divergence appears but in the present case of a mass quench, a new UV divergence
of this form will be found. As we go to higher and higher dimensions, the set of dimen-
sionally allowed terms involving time derivatives of the mass quickly grows and in fact, the
corresponding divergences (generically) do appear, as we will see below. However, let us
note that the same dimensional arguments would have identified a potential contribution of
the form dym(t)?/k in d = 5 but no corresponding divergence is found. Hence this makes
evident that these terms are subject to constraints beyond simple dimensional analysis.
In particular, we will show that this single-derivative contribution can be ruled out by
diffeomorphism invariance.

Finally, let us comment that in holographic calculations [79-81], these kind of terms
naturally appear since couplings are not just constants but boundary values of spacetime-
dependent bulk fields. Holographic renormalization then requires introducing counterterms
in the gravitational action constructed out of derivatives of the boundary values.

2.1.1 Regulating the theory using an adiabatic expansion

An elegant way to find the necessary counterterm contributions is to look at the divergences
appearing in eq. (2.10) for an adiabatic quench, i.e., an infinitely slow quench. In that
way, one can organize all contributions with an adiabatic expansion and exactly find the
divergent pieces. The discussion below is for a general function m(t).



The adiabatic expansion is an expansion in time derivatives, more precisely in powers
of df'm/m™1 < 1. These ratios are, of course, small if the time variation of the mass
is infinitely slow. In a generic quantum mechanical system, this expansion is achieved by
expanding the state as a linear superposition of instantaneous eigenstates and solving the
resulting differential equations for the coefficients in a derivative expansion. For a free field
theory, the procedure is easier — one can obtain mode solutions of the equations of motion
for each momentum mode,

dzuE 2 2
(R m(1) ug =0, (2.15)

in a WKB type approximation. That is, we wish to find solutions of this equation which

up = \/2512W exp <iE-f— z'/t Qk(t’)dt’> . (2.16)

Demanding that this ansatz solves eq. (2.15) requires that €y satisfies

are of the form

2 o 1O 5 (Ol

2
ET3 g, o ) , with wi = k* +m?2(t). (2.17)

The adiabatic expansion is then obtained in eq. (2.17) by expanding the solution as
0 =0 + 0l o . (2.18)

where Qén) is n'* order in time derivatives. We can now substitute this expansion into
eq. (2.17) and solve it order by order. The first two orders are trivial, yielding

0l — (2.19)
2000 — 0,

where the latter yields Ql(j)

N 2 0) (2 1 /&p 3w?
()" + 2000 — -1 <w—2w) (2.20)

20V + 2000l — o,

= 0. The next two orders produce

which are solved by

1 [y 32 3)
02— L (WE_ oW a ¥ =o. 2.21
k 4wy (wk sz o F ( )

Again substituting these results into eq. (2.17), we find the next order equation

2 — 360w 448wy 2ig, — w22 — 10w e +ws W'
() 200 0fY o0y = R HIRASEA DA ESSIH AL 5
Wi

which gives

2970} + 396wxwEy, — F2wi? — 80wy Wy, + 8wi W'y

QW _
b 128w]

(2.23)

~10 -



As we will see, it is enough to expand up to this order to get all the necessary coun-
terterm contributions to regulate present theories up to d = 9. Now, we want to extract
the large-k behaviour of

(6?) = Qd 2 / e B (2.24)

and so we will need to expand 1/ for large k, as well as in time-derivatives. Using
wi = k* + m?2(t), we find

RO N m2(t) N 3m'(t)  5mO(t) L
Ok %2 8kA 16k6
dpm*(t) 5 2012 20092, 2
+ Sd T 3256 ((8ym>(¢))* + 2m> (t)0; m*(t)) + - - -
dpm?(t)
- ors 4|, (2.25)

where each line in the last expression corresponds to a particular order in time derivatives,
e.g., the first line is zeroth order; the second line, second order; etcetera. The ellipsis
at the end of each line indicates terms that are higher order in 1/k, i.e., 1/k® and higher.
Multiplying by k%2, those are all the divergent terms in spacetime dimensions less or equal
tod =9. We can see that the first line corresponds to the terms discussed in eq. (2.13). But
this is only the zeroth-order adiabatic approximation and there are additional divergent
terms at higher orders in the expansion in time derivatives.> Of course, the results match
those reported in [82], where we found

fet(k,m(t)) = kT3 — kd;mQ(t) + kd8_7 (3m*(t) + 97m?(t)) (2.26)
R (10mE(t) + Ofm?(t) + 10m*(t) 97 m>(t) + 59ym?(t) Oym>(t)) + - - - .

32
For a fixed spacetime dimension d, we would only keep the terms up to the power k! and
drop any terms with more negative powers of k. Again, the contributions explicitly written
above are sufficient to regulate theories up to and including d = 9.

The above discussion applies for a general space-time dimensions, however, we should
distinguish between odd and even dimensions. For odd d, all of the powers of k£ appearing in
eq. (2.26) are even (or zero) and fq essentially subtracts a series of power-law divergences
A", where A is the UV cutoff scale. When d is even, the powers of k are now odd, and
similar power-law divergences are appearing for the positive powers of k. However, apart
from these divergences, we may also find a logarithmic divergence when eq. (2.26) contains
a 1/k term. If we considered this term alone, the k integral in eq. (2.11) is divergent
both in the UV and in the IR. Hence, we also need to introduce a lower bound pu; for
each such integral, which then yields log(A/u;). Hence we see this amounts to introducing
an extra renormalization scale in defining the renormalized expectation value (2.11) for
even d. The appearance of these new scales reflects certain scheme-dependent ambiguities
in defining the renormalized theory, and in particular, as observed in previous holographic
studies [79, 80], new ambiguities can arise with time-dependent couplings. Of course, the

5We might also note here that all of the terms appearing in this expansion involve an even number of
time derivatives.
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potential A divergences are all eliminated in eq. (2.11) and we take the limit A — oo in
evaluating the renormalized expectation value. Hence in the final result, an infrared scale
must replace the UV cutoff in the logarithmic dependence on the renormalization scale,
e.g., log(dt p;) — see sections 2.2 and 2.2.2 for further discussion.

With the subscript on p;, we are emphasizing that in principle one can introduce a
separate renormalization scale for each such integral corresponding to a separate countert-
erm. For example, with d = 6 in eq. (2.26), there can be a separate renormalization scale
associated with the integrals proportional to m*(t) and ?m?(t), since they correspond to
contributions coming from distinct counterterms — see section 2.1.3 for further discussion.
However, in our explicit calculations in the following, we will set all of these scales to be
equal, i.e., u; = p. The effect in the computation is to divide the integral in the expecta-
tion value (2.11) into two parts. The first, from k& = 0 to k = p does not include the 1/k
contribution in fct while in the second, from k = p to k = oo, we use the full expression
for fet including the 1/k term.

Now we claim that the large-k terms appearing in the adiabatic expansion provide the
correct counterterm contributions to regulate (¢?) for general quenches. This claim may
seem surprising since the adiabatic expansion should be only valid for slow quenches. How-
ever, one can easily verify numerically that with eq. (2.26), the renormalized expectation
value (2.11) is finite, e.g., with the mass profile (2.1) even outside of the adiabatic regime.
The point is that we are considering a quench rate 1/t which is always slow compared to
the UV cutoff scale, though it may be fast compared to m, e.g., as described by eq. (1.5).
The condition for validity of the adiabatic expansion is wy < W;%- For this condition to hold
for all k, we must have m ét > 1. However, for high momenta k > m, this condition still
holds as long as k 6t > (m/k)?, which is always satisfied for sufficiently large k. Hence the
fact that we are interested in studying fast quenches where m 6t < 1 does not matter for
the very high momentum modes, whose contributions are producing the UV divergences.
This explains why the adiabatic expansion provides a consistent and convenient framework
to find the divergent pieces of the expectation value. In fact, the counterterms are universal
and, in particular, independent of the rate at which the mass varies.

2.1.2 Explicit verification for tanh profile

We now show explicitly that eq. (2.26) provides the correct counterterm contributions
for general quenches, we return to the tanh profile in eq. (2.1) with A = —B = 1/2.
Recall that in this case, the bare expectation value is given in eq. (2.10) where the details
of hypergeometric functions appear in eqgs. (2.8) and (2.9). Now we proceed to expand
these hypergeometric functions for large momentum. In the series representation, the
hypergeometric function is defined as

oFi(a,b;c;z) = Z Mﬁ, (2.27)

n=0
where (), =z(x+1)---(z+n—1) and (z)9 = 1. Further a,b, ¢, z are given in eq. (2.8).
In particular, we recall that the argument z is given by

- % (1+ tanh(t/5t)) (2.28)
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This variable is the same regardless the choice of A and B. Now we can expand wj, and
w_ for large k and see how the first few terms of this series behave. Then we have to take
the absolute value squared to get the counterterms for the expectation value of eq. (2.10).
By checking the behaviour of the series, it can be verified that each successive term begins
with a lower power of k. Hence in order to get all the divergent terms up to d = 9, it is
sufficient to work with only the first five terms in eq. (2.27).

Focusing again on the mass profile (2.1) with A = —B = 1/2 and expanding these
terms for large k, we find

kd_2

1
2P| = k973 + ikd*‘r’ (=m? +m?2) +

in

1 47 4 4 4o Am2z 12m%2? 8m?3
+§k: <3m —6m z+4+3Im 2" — 52 + 52 a2
1
+ Ekd_g < — 5mS + 15m82 — 15m522% + 5mb23+
8m2z  120m2z2 n 400m223  480m?2z* n 192m?22°
St ott St4 St ot
20mtz  90m*z?2  120m*z3  50m*z4
o T D2 X E ) 1 o(kt1). (2.29)
0t? 5t2 5t2 ot2

At first sight this expression does not look similar to eq. (2.26), but we will now show that
they are both actually the same. To start with, we should notice that we can write m?(t) as
a function of z as m2(t) = m2(1 — z). Then, for instance the k%5 term in eq. (2.29) is just
—m?(t)/2, matching the corresponding term in eq. (2.26). The same happens with all the
terms that are independent of the value of t; i.e., they give m*(t) and m%(t), as they should.
The appearance of terms which are inversely proportional to dt reflects the appearance of
time-derivatives in those terms. In fact, we can use trigonometric identities to express
derivatives of the mass in terms of powers of the same mass function. This is because
derivatives of the hyperbolic tangent are formed by terms proportional to tanh and sech.

For instance, the first derivative of m?(t) gives Oym?(t) = —%Tg—:sechQ(t /dt) and the second
derivative, 02m?(t) = %sech2 (t/ot) tanh(t/dt). But now using trigonometric identities, we

can write sech in terms of tanh: sech?(x) = 1 — tanh?(z). Moreover, tanh(t/6t) = 2z — 1,
so we can express every derivative just in powers of z. The second derivative will give, for
example, 9Pm?(t) = %z(l -3z + 2z2) and up to an extra minus sign, this expression
matches exactly the last three terms appearing in the k=7 term of eq. (2.29). In the same
way, we can translate all the terms of eq. (2.29) to match the universal form that we found
in eq. (2.26).

We emphasize that the above calculations are valid for any value of 6t and hence this
verifies that a single set of counterterms can be chosen to regulate (¢?) independent of the
quench rate. In particular, the same counterterms should be valid in the limit 4t — 0. We
have also performed the same calculations with expanding the hypergeometric function for
the reverse quench and found the same counterterms, now as functions of the new m?(t) =
m72(1 +tanh(t/0t)). We will also see that for a pulsed quench (2.2), as studied in section 2.3,

the same counterterm contributions (2.26) again regulate the expectation value for any
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value of dt. Hence all of these examples provide a verification of our claim that studying
an adiabatic quench is sufficient to determine the correct counterterm contributions to
regulate (¢?) for general quenches.

2.1.3 Counterterms in the path integral

Up to this point, we have been interested in finding the necessary contributions which
render eq. (2.10) finite and allow us to calculate the renormalized expectation value in
eq. (2.11). However, we may also be interested in computing other observables, e.g., the
expectation value of the energy-stress tensor — see section 2.2.4. Of course, expectation
values of other operators will again generally be UV-divergent and also need regularization.
The point we would like to emphasize in this section is that all such divergences should
be eliminated by a common set of counterterms regulating the effective action or partition
function. Once we have the regulated partition function, we can find the renormalized
expectation value of the operators of interest by taking functional derivatives with respect
to the appropriate sources. Suppose the path integral is regulated by a UV cutoff A, then

we have
Z<m279uu) = /[D¢]A €xp [_i50(¢a mzaguu) - iSct(m27gyva A)] (2'30)
which includes the free field action
1
S0(6. 1% 9) = 5 [ ey/=g[50,00,6 + m?] (231)

and the counterterm action®
Set (mz, G A) = — / ddx\/—g [sooAd + s10m2A%72 4+ s9om*AT4 (2.32)
+ (330m6+331m2Dm2)Ad*6+ (S4Om8+541m4Dm2+842m2D2m2)Ad*8—|— e
+ R |:850Ad_2 + 551m2Ad_4 + (852m4 + S53Dm2) Ad_6—|-
2 _
+(854m6 + S55 (amZ) +356m2Dm2 + 857D2m2> AE 4 } + - } )
where R is the Ricci scalar of the metric g, and s;; are finite numbers. Of course, for a
fixed dimension d, we only retain the terms above with positive powers of A and in cases,
where the naive power is zero, it should be replaced by a logarithmic divergence log(A /)

— as discussed in the previous section. Now the expectation values of the ‘mass operator’
and the stress tensor are given by

1 0
(¢ )ren = —2i [ﬁ —— log Z] : (2.33)
) -9 5m2 guu:nul/?A‘)OO

(Tyv)ren = log Z} . (2.34)

Guv="Npv; A—o0

. [ 1 9
—9 | ——
V=g 69"
Again we have explicitly shown all of the possible counterterms in eq. (2.32) which would
be needed to regulate these two expectation values up to d = 9.

SNote that because we are considering a free field theory, all of the counterterms are pure c-numbers.
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Now several comments are in order: first we have introduced a background curved space
metric in the partition function (2.30), even though we are evaluating the final expectation
values in flat space. This is, of course, because the metric serves as the source of the
stress tensor as in eq. (2.34). Further, in this vein, we have included counterterms linear in
Ricei scalar in eq. (2.32) since even though these terms vanish in flat space, their variation
still contributes to regulating the expectation value of the stress tensor in eq. (2.34). Of
course, these terms are not needed to evaluate (¢?);en in eq. (2.33). We have ignored terms
involving higher powers of the Ricci Scalar since they do not contribute to the two one-
point functions in eqgs. (2.33) and (2.34). Further we have dropped any total derivative
terms in the counterterm action, as well as terms that can be related to those appearing
in eq. (2.32) by using integration by parts and the identity V*R,,, = %VVR. As a result,
we were able to eliminate any counterterms linear in the Ricci tensor.

Implicitly above, we are treating the mass-squared as a background scalar field which
is a function of all of the spacetime coordinates, i.e., m? = m?(z*). For example, this
assumption is evident in eq. (2.34) where the variation yields the expectation value of
the local operator operator ¢?(z*). Now if the path integral (2.30) is performed with a
covariant action, the counterterm action, as well as the entire partition function, will be
diffeomorphism invariant, as assumed with the presentation in eq. (2.32). In particular,
the derivatives of the mass only appear there as powers of the covariant d’Alembertian
operator.” Of course, in applying this counterterm action to study (global) mass quenches,
we only consider the mass to be a function of time but the structure revealed here readily
explains why all of the counterterm contributions in eq. (2.26) have an even number of time
derivatives. We might also comment that in the curved background geometry we have

1 0 Om?
=— —|\vV-9gd" — 2.35
=5 9 <\/ 99 8xu> (2.35)
and hence these derivative terms also contribute nontrivially to regulating the stress tensor
in eq. (2.34).

Let us observe that there are four terms at order k=% in eq. (2.26) but only three

Om?

corresponding counterterms at order A8 in eq. (2.32). Hence the four counterterm
contributions are not all independent. In fact, it is straightforward to show that for a
time-dependent mass, the variation of the counterterm with s4; m*Om? is proportional to
S41 (2m26,52m2 + Gtmzﬁth), which has precisely the ratio of coefficients with which these
two terms appear in eq. (2.26). In fact, by carefully comparing egs. (2.26) and (2.32), we
can identify the coefficients:

1 1
=T @2, TP T 8d—4)ay”
1 1
_ - 2.36
0T T8 —6)os T N T T 32(d— 6)0s (2:36)
S = 75 S = 75 S = 71
107 128(d — 8o, T 128(d — 8o, 27 128(d — 8)o,

"Again, integration by parts was used to reduce certain covariant counterterms to this form, e.g.,
(8m2)2 = ¢"'9,m? d,m?* ~ —m?0Om?>.
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where 221

0y = 0 (2.37)
In principle, the adiabatic expansion in the last subsection could also be used to find the
remaining coefficients in eq. (2.32), which would be needed to regulate the expectation
value of the stress tensor (2.34) — in dimensions up to d = 9. However, as we will explain
in section 2.2.4, we can avoid this calculation, at least in evaluating the expectation value of
the energy density (the t¢ component of the stress energy tensor). The latter can be related
to ($?)en using a diffeomorphism Ward identity. We will explicitly apply this approach for

d = 5 in section 2.2.4 and for d = 3 in section 2.2.5.

2.2 Response to the mass quench

In this subsection we calculate renormalized quantities which measure the response to a
mass quench of the form (2.1) with A = -B =1/2.

2.2.1 Numerical results

Given eq. (2.11) for the renormalized expectation value and eq. (2.26) for the necessary
counterterm contributions, we are in position to compute <¢2>ren for spacetime dimensions
from d = 3 to 9. We first perform this computation numerically. The evolution of the
resulting expectation value is shown in figures 1, 2 and 3 for different values of the quench
rate dt. In these plots, the expectation value for an ‘adiabatic’ quench is subtracted, where
the latter actually corresponds to 0t = 10. We have verified that the expectation value
is essentially independent of §t for larger values. Further, as discussed in section 2.1.1,
regulating the expectation value in even dimensions requires the introduction of additional
renormalization scales. In the plots presented here, we have set all of these to one, i.e.,
p; = 1. Further we have also set m =1 in the mass profile (2.1).

We can see in figures 1, 2 and 3 that the peaks in the expectation value grow (in
absolute value) as 6t becomes smaller, and that this growth becomes even faster when the
spacetime dimension is increased. To quantify the growth more precisely, figure 4 shows
(¢?)ren(t = 0) over a broad range of §t, going from §t~! = 1 to ¢t~ = 200, in a log-log
plot for d = 3 to 9. Furthermore, for each value of d, the linear fits were made to the
curve and the results indicate that the expectation value scales as (¢?)on ~ 6t~ for small
5t.8 For the special case of d = 4, where this formula seems to indicate no scaling, we
found that there is actually a logarithmic scaling. Both of these facts match the scaling
found in holographic analysis [79-81]. In particular, the quenched operator is ¢? with
A = d—2 and hence the exponent in eq. (1.3) becomes d —2A = 4 —d, precisely the scaling
found with the linear fits. Further given that A is an integer, the holographic results also
suggest that there should be an extra logarithmic enhancement for even dimensions [81],
i.e., (¢%)ren o< 6t*~%1log(6t). The logarithmic scaling found for d = 4 certainly agrees with
this expected enhancement, although there was no evidence of such an enhancement in
d =6 or 8. In section 2.2.2, we will see this occurs simply because for the particular tanh
profile, the logarithmic contribution simply vanishes at t = 0. Figure 5 shows similar plots

8Recall that we have set m = 1 and hence §t < 1 should be interpreted as m §t < 1, in agreement with
the fast quench condition (2.3).
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Figure 1. (Colour online) Renormalized expectation values (¢?)en as a function of time t/dt,
for d = 3 and 4. In each plot, the different curves correspond to different quench rates: dt =

1/1,1/2,--- ,1/10 where the curves exhibiting higher peaks (in absolute value) correspond to smaller
2(2m)4!
Qg2

values of t. Note that the expectation value is multiplied by the numerical constant o5 =
Further, at each time, the expectation value for an ‘adiabatic’ quench is subtracted.

of (¢?)ren(t = 0t/2) over a broad range of §t for d = 6 and 8. There the fit with the extra
logarithmic enhancement is clearly preferred over the linear fit.” Hence we have found that
effectively the mass quenches of a free scalar theory quench reproduces precisely the same
early time scaling that was discovered with a holographic analysis [79-81].

Note that the holographic result is even valid for d = 3, where there is no divergence
but a linear relation to dt. We leave the detailed analysis of this particular case after we
discuss the analytical results in section 2.2.2.

2.2.2 Analytical leading contributions: d > 5

The numerical results above revealed that fast mass quenches in the free scalar theory have
the same early time scaling (1.3) as in the holographic quenches [79-81]. However, looking
at the curves of figures 2 and 3, the entire time profile of the expectation value seems
to take a relatively simple and possibly universal form. In particular, for odd spacetime
dimensions, one can easily verify that the response takes a form similar to a certain time-
derivative of the mass profile. In particular, it seems that (¢2)ren o< 94~ 4m?(t), where the
power of the time derivative in this ansatz was chosen as it matches the power-law scalings
already discussed. In this section, we will verify this universal form by developing an ex-
pansion of the hypergeometric functions which allows us to extract the leading behaviour
of the expectation value in the limit in which §¢ — 0. In fact, we will show that this leading
behaviour is in perfect agreement with the numerical response presented in previous sub-
section. In the case of even d, we perform a similar expansion to again extract the leading
universal response for small §t and we will find an enhancement by a logarithmic factor.

“Note that as well as the usual fast quench condition (2.3), we must also require that pdt < 1 for these
logarithmic terms to dominate the scaling behaviour.
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Figure 2. (Colour online) Renormalized expectation values (¢?)en as a function of time t/6t,
for d = 5, 6 and 7. In each plot, the different curves correspond to different quench rates: ot =

1/1,1/2,---,1/10 where the curves exhibiting higher peaks (in absolute value) correspond to smaller
d—1
values of 6t. Note that the expectation value is multiplied by the numerical constant o3 = %

Further, at each time, the expectation value for an ‘adiabatic’ quench is subtracted.

We first define dimensionless parameters. The relevant physical variables in the
quenches here are the initial mass m, the momentum k& and the quench rate dt. With
those, we define

K =mdt, (2.38)
qg=kot.

Now we want to expand the hypergeometric function for small x and fixed q. We will need
to expand the hypergeometric series in eq. (2.27) to second order in k, which gives

—ik? —in?
2Fi(a,bicz) =Y (142 )”( u )n = (2.39)

. . |
n=0 (1 —iq — z;—;) n:
n

where the notation ( ), is as defined below eq. (2.27). Also note that given our defini-
tion (2.38), terms with higher powers of x will contain extra factors of 6¢ and so in the
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Figure 3. (Colour online) Renormalized expectation values (¢?).cn as a function of time t/6t,
for d = 8 and 9. In each plot, the different curves correspond to different quench rates: &t =
1/20,1/21,--- ,1/30 where the curves exhibiting higher peaks (in absolute value) correspond to
smaller values of dt. As in the previous figure, the expectation value is multiplied by the numerical

2(2m)?!

constant o, = =5-—. Further, at each time, the expectation value for an ‘adiabatic’ quench is

subtracted.
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Figure 4. (Colour online) Expectation value (¢?),en(t = 0) as a function of the quench times 6t for

spacetime dimensions from d = 3 to 9. Note that in the plot, the expectation values are multiplied

d—1
by the numerical factor: o4 = 2(?{22 . The slope of the linear fit in each case is shown in the

brackets beside the labels. The results support the power law scaling (¢?),en ~ 6477

limit of 6t — 0, these contributions will be subleading, giving a slower scaling with d¢. From
eq. (2.39), we see here that each term in the infinite series has an order x? contribution.
Indeed the contribution proportional to 2 is an infinite series in powers of z. However, we
are only interested in computing | F1|? and then integrating over all momenta. Remarkably
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Figure 5. (Colour online) Expectation value (¢?)en(t = 6t/2) as a function of 5t for spacetime

dimensions d = 6 and d = 8 — the lower curve corresponds to d = 6. As in previous plots, the
expectation values are multiplied by o5 = % We show in a blue solid curve the best fit
by a function f(0t) = §t~*(alogdt 4+ b), where we get o« = 1.9995 for d = 6 and o = 4.0097 for
d = 8. The purple curve is the best fit for a function f(6t) = adt*~?. The plots clearly show
that there is an extra logarithmic divergence in expectation values. The results support the scaling

($?)ren o< 5t*~%log(6t) for even d.

it turns out that for a given d these integrals which multiply factors of zP vanish for all
p > pg where pg is an integer which depends on d. Therefore we can calculate the non-
vanishing contributions to (¢?) explicitly, with only the first few terms. We also need to
regulate the expectation value after making this expansion. So in the same way as before,
we expand the series for large ¢ and subtract the divergent contributions. Of course, this
procedure produces leading order expansion in 2 of the counterterm contributions that
were found in eq. (2.26). We are able now to compute the leading contribution in k2 to
the expectation value of ¢?. This gives, for odd d > 5,19

d—1 T

(@)ren = (—1)F 5 O m (1) + O(51°77). (2.40)

Note that to get this universal result, we need to use the same relations that were used
in computing the counterterms in order to relate z with m?(¢). As we are considering the
mass profile m?(t) = %2(1 — tanht/0t), eq. (2.40) supports the early time scaling

() en ~ m2/5t34 (2.41)

that was found numerically above. Here, it emerges from the leading term in an analytical
expansion when 0t — 0. A nice way to visualize this behaviour is to replot the numerical
results as 6t94(¢?).en and compare the curves with the leading order contribution (2.40).
This is shown for d = 5 and 7 in figure 6. As we see, the numerical curves collapse
down onto the leading analytical profile as t gets smaller and smaller. Further, the plots

10WWe are putting aside d = 3 here — that special case will be analyzed separately at the end of this
subsection.
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Figure 6. (Colour online) §t¢~4(¢?) ., for different values of §t in odd spacetime dimensions. The
curves approach the analytical leading order solution (2.40), shown as the dashed red line, as §¢
gets smaller. In panel (a) for d = 5, running from top to bottom on the left hand side, the solid
lines correspond to 6t = {1,1/2,1/5,1/10,1/20,1/50,1/100,1/500}. Similarly from bottom to top
in panel (b) for d = 7, the curves correspond to 0t = {1/2,1/3,---,1/10}.

demonstrate that that the numerical curves converge to the leading behaviour (2.40) more
quickly in higher dimensions, as might be expected since the power law scaling is more
pronounced.

Now let’s turn to the case of even dimensions where the situation is more subtle.
First, we have the IR regulator p which we use to produce the dimensionless variable
v = udt along with x and ¢, as in eq. (2.38). Now we follow the same procedure as before:
expanding to leading order in x? and further expanding for large ¢ to find the counterterm
contributions. The difference in this case is that in evaluating (¢?).en, the integration over
the momentum is divided into two regions, as described in subsection 2.1.1, and this is
where the v dependence will appear. In fact, in a manner similar to that found above, we
find that the entire v contribution is encoded in the first few terms of the expansion of
hypergeometric functions and after some manipulation, those terms simplify to yield

d—4, 92

()0, = (-1 1og(uan) Z 0 (242)
where we already wrote the expectation value in terms of dimensionful p and the dots
indicate terms independent of u. However, let us note that we will see that the latter
contributions include terms that still scale as 6t*~?. Further let us re-iterate the comment
in footnote 9 that for the above behaviour contribution to become dominant, we need
puot < 1 as well as mdt < 1 to be in the fast quench regime. Hence eq. (2.42) reveals
a further logarithmic enhancement of the leading response over the power law scaling in
eq. (1.3). Rather for even d, we find

log ot
<¢2>1‘€H ~ m2 5td_4 9

where we have set © = 1 above. In fact, this logarithmic enhancement is exactly the kind

(2.43)

of behaviour found in the holographic studies [79-81]. If we present the numerical response
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Figure 7. (Colour online) Renormalized expectation value for different values of §t in d = 6. Panel
(a) shows 6t%(¢?)ren. As we reduce dt from §t = 1/10 to 6t = 1/1000, the peaks in the response
continue to grow. In particular, the curves correspond to 6t = {1/10,1/20,1/50,1/100,1/1000}.
Panel (b) shows §t%(¢?),en/ log §t. Here as §t decreases, the curves converge to the analytic expres-
sion (red dashed line). In this case, the amplitude of the left peak increases monotonically as ¢
shrinks and the various curves correspond to 6t = {1/10,1/20,1/30,---,1/100,1/1000}.

as 0t%(¢p?4) en, as is shown in figure 7a for d = 6, the peaks in the curves continue to grow
as 0t becomes smaller and smaller. This growth reflects the additional logarithmic factor
appearing above in eq. (2.43).

In figure 7, we show instead §t%(¢% %) en/ log 6t for d = 6. There is also red dashed line
that corresponds to the leading order expression derived analytically and as expected, the
numerical response collapses down onto this analytical profile as dt decreases. However,
there is still a part of this analytic response that we need to describe. Basically, the
hypergeometric function will give us a structure like

(6%)ren = 61 ()5~ og(udt) + g (t)0t' 1 + O (5157 , (2.44)

where ¢1(t) is given by eq. (2.42). Unfortunately, ¢2(¢) cannot be expressed as neatly as
in the case of ¢1(t), possibly indicating that the form of this contribution is not universal.
In fact, all of the terms in the expansion (2.39) of the hypergeometric functions contribute
to this profile. The result for even dimensions d > 4 can be written

: /2 ¢ ;log () 971 = j+1 =
¢2(t) = lim (—1) Z(—l) WZ AHN[G-F) - (2.45)
i=2 j=1 k=0

We have written the double sum in terms of a limit because we found that we can approx-
imate the entire expression for ¢2(t) well with the expression above where h is kept finite
but large. In particular, the analytical profile shown in figure 7b corresponds to eq. (2.44)
evaluated with ¢t = 1073 and taking h = 25 in eq. (2.45), as well as m = p = 1. Again,
as shown in figure 7b, there is essentially exact agreement between the numerical solution
and this analytic profile. Note also that even for §t = 1073, log(dt) ~ —6.9 and so both
terms in eq. (2.44) contribute significantly to the expectation value, i.e., one must go to
much smaller values of 6t before ¢2(t) can be neglected.
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Finally, let us turn to the question of why we did not see the logarithmic enhancement
in the original numerical results, i.e., in figures 1, 2, 3 and 4. Recall that in those plots,
we were examining (¢?)en(t = 0) as a function of the quench times 6¢. The key point
here is that we choose to evaluate the response at time ¢ = 0. Here we might note that
in figure 7a, all of the curves go through the same point at precisely ¢t = 0, i.e., the entire

td=4 at this time. This effect arises because

scaling has been removed by multiplying by &
we are studying the specific mass profile m?(t) = m?(1 — tanh(t/6t))/2. In this case, any
even number derivatives of this profile precisely vanishes at t = 0. Hence we were simply
unlucky in our choice of the time at which to sample the response. As shown in figures 5
and 7a, the logarithmic enhancement can be seen in the numerical results when we examine

the response at any other value of ¢.

2.2.3 Analytical leading contributions: low dimensional spacetimes

There are a number of reasons to treat d = 3 and 4 separately. First, eq. (2.40) does not
make sense when d = 3 since the latter would give a negative number of time derivatives
in this formula. Moreover, for both d = 3 and 4, all terms in the hypergeometric series
expansion (2.39) contribute. Finally, our expansion in powers of £ has some problems in
the IR related to simultaneously taking the limits «,q — 0.

Let us illustrate the latter problem with d = 3. In this case, the counterterm contri-
bution (2.26) reduces to fe(k,m(t)) = 1 and hence in terms of dimensionless variables,
eq. (2.11) can be written as

_a . 2 _ 1 / q 2
d=3: (¢ )ren = P dq 7\/@ |2 F | 1] . (2.46)

However, if we now first expand the integrand in powers of x and then consider the limit
q — 0, we find an extra divergent term: —x?/ (2q2). Of course, this ill-behaved term arises
because we are expanding ¢/windt = 1/4/1+ k2/¢? for both k and ¢ around zero. For
general dimensions, this term becomes ¢¢~2 Jwindt = q¢3 /v/1+ Kk2/¢? and the order k2
term becomes —%qu*? Therefore a similar logarithmic divergence appears for d = 4 but
no extra divergence appears at order 2 for d > 5. Furthermore, we observe that we do
not encounter any IR divergence coming from the same expansion for the reverse quench
(i.e., A= B =1/2) in any d. In the latter quenches, we have simply wi,dt = ¢. Finally, we
note that no such IR divergence appeared in the numerical calculations for either d = 3 or
4. Therefore we conclude that this is not a physical divergence of our system. Rather it is
a spurious problem generated by our expansion in powers of k.

Hence we remove this divergence by simply subtracting the spurious term as an extra
counterterm contribution, which yields for d = 3,

2

S 1 — tanht/dt
()een = 07 w200 T 37 2 4 0(08%) = Pt 1o </
i=1 $

>+OW%,@M)

where o4 was defined in eq. (2.37). Above, the second expression is just the sum that
appears when expanding the hypergeometric function and the third one is the result of
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summing all the terms in the sum. We might also mention that for the reverse quench in
d = 3, we find (¢?)ren = 4%37712515 log <1_ta+ht/6t> + O(5t3), which is just the negative of
the above result.

Let us also say that subtracting that extra counterterm has its effect on the final
expression for the expectation value. In fact, by carefully comparing the full numerical

integration with the analytic answer we found that they are shifted by a factor vm?2. We

write m in this way to emphasize that this extra term is non-analytic in m?, so in fact
what we are finding is that
2
9 m  m2dt 1 — tanht/dt 3
ren = —— — 1 ot’) , 2.4
(% )een = =~ 5 og( 5 +0(6t") (248)

where we have substituted o = 47 for d = 3 using eq. (2.37). We can recognize, though,
that this extra term is due to the x-expansion because, for instance, it does not appear in
the reverse quench where wfn = k24 m? and there is no problem in taking both limits. This
difference is illustrated for both types of quenches in figures 8b and 8c. In section 2.7, we
will see that this constant term simply corresponds to the renormalized expectation value
for a fixed mass.

Now if the leading term in eq. (2.47) is evaluated in the middle of the mass quench, we
have (¢2)ren(t = 0) = 282 ;m26¢. Hence as observed in figure 4, this result is linear in 6t and

16
so it actually approaches zero in the limit 6t — 0. This behaviour should be contrasted

with the growing response found in higher dimensions, e.g., as shown in eq. (2.41). In
fact, the same diminishing response will be found in d = 3 when the expectation value is
evaluated for any finite value of ¢/§t. However, this scaling is deceptive as it may lead one
to expect that the quench has a vanishing effect in the limit 6t — 0. Considering eq. (2.47)
but in the limit ¢/6¢ > 1 instead, we find

(67 )ren(t > 6t) ~ émQ t, (2.49)

which is independent of the quench rate!

We will analyze the late time behaviour of the quench in greater detail in section 2.7.
However, the above expression (2.49) clearly indicates that the apparent scaling behaviour
shown in figure 5 and eq. (2.47) does not give an accurate characterization of the overall
effect of the mass quenches in three dimensions. Pushing our numerical results to longer
times, we were able to go as far as t/dt ~ 18. At these ‘late’ times, we found that the
response is indeed linear and independent of §t. For instance, a linear fit to the numerical
results in figure 8 certainly respects the analytic limit.'! However, in section 2.7, we will
show that for very late times, where m?t? > 1, the growth is no longer linear but rather
logarithmic.

This result also highlights another key difference between eq. (2.47) and the leading
behaviour (2.40) found in higher dimensions. In higher dimensions, the time profile of
the leading analytic term approaches zero exponentially fast (with a ‘tanh’ mass profile)
for ¢/6t > 1, while in eq. (2.47), the corresponding time profile grows without bound at

large times.

'We also observe that examining the curves in figures 8a and 8b shows that the analytic expression (2.48)
differs from the full numerical results only by terms that are roughly of order §t.

— 24 —



-0.985

~0.9980 -

-0.990 F
09907 -0.9985 -

2.
<" >ren

L ~0.9990 -
~0.995 r

~0.9995 -

-1.000 r
T S TS S S S S RS ~1.0000 & | I I I

/6t t/ot

(a) 6t =102 (b) 6t =101

0.0000 B

-0.0005

-0.0010

-0.0015

-0.0020

-0.0025 - B
T S S S S

0 5 10 15

t/6t

(c) Reverse quench with 6t = 1074

Figure 8. (Colour online) o4(¢?).en in three-dimensional space-time. The red curves correspond
to the leading order analytic expression (2.48) while the blue curves are the full numerical solution.
By comparing panels (a) and (b), we can see that the difference between the two solutions is roughly
of order O(dt). We can observe that apart from having an extra minus sign difference, the reverse
quench in panel (c) starts from zero without needing to be shifted by the factor of m.

The situation for d = 4 is quite similar, but now the k expansion generates an extra
logarithmic divergence in the calculation of the response, as already commented above.
However, the same discussion as in the case of d = 3 still applies. Being in an even number
of dimensions, the leading order response has two components as in eq. (2.44) and so for
d = 4, we have

(0% )ren = P1(t) log(udt) + ¢a(t) + O(6¢2) . (2.50)

Here we find ¢1(t) = %2(1 + tanh(t/dt)) and ¢o(t) is given by eq. (2.45) with d = 4.
We also note that for the reverse quench in d = 4, the only difference is that we find
o1(t) = —%2(1 + tanh(¢/dt)). Evaluated at t = 0, the leading contribution for small §t is
just (¢?)ren = mTQ log(pdt). Hence as the numerical results in figure 4 showed, the leading
contribution in d = 4 scales logarithmically when dt — 0. Again, this logarithmic scaling
was also agrees with the behaviour found in holographic quenches [79-81]. We might also
comment that for large times, i.e., t/6t > 1, both ¢1(¢) and ¢2(t) approach a constant in
eq. (2.50).
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2.2.4 The stress-energy tensor

There is an elegant and independent consistency check of our results involving the energy
density. In particular, we can consider the diffeomorphism Ward identity [79, 80]

0y (€) = —(Oa) A, (2.51)

where € is the (renormalized) energy density. In the case of a constant mass, this identity
simply expresses the conservation of energy for the system, i.e., the r.h.s. vanishes identi-
cally. But in the case of a time-dependent coupling, eq. (2.51) determines the work done by
the quench. Following the conventions of [79, 80], in our case, A = m?(t) and Op = —%qﬁz,
so with our previous analysis, we already have all of the information needed to compute
the r.h.s. of the identity. The independent consistency check will then consist of evaluating
the time derivative of the energy density, i.e., computing the Lh.s. of eq. (2.51) directly.
The energy density, defined by the T}; component of the stress-energy tensor, is given by

€= %(a@ By + Bip Dip + m(t)2 ¢2) , (2.52)

where the index i is summed over the spatial dimensions. Given our mode expansion (2.7),

this expression results the following expectation value,

Qq—
(€)= 2(§7r)2d

/k“dk (100ugl? + 0sugl? + () ugl?) (2.53)

Now it is straightforward to check analytically that taking the time derivative of the above
expression and simplifying the result with the equations of motion for the scalar field, yields
exactly 9,(€) = $0m?(t)(¢?), as required by eq. (2.51).

We can also verify this agreement numerically. For simplicity, we will set d = 5
and in this case, we know that all counterterms come from the zeroth order terms in the
adiabatic expansion, which can be extracted from the constant mass expectation value —
see discussion below. In this case, eq. (2.53) reduces to

4

2
(E)m2()=m2 = 05" /dkz EBvVE2 +m?2 =0t /dk: <I<:4 + %kQ - % + o(k—2)> . (2.54)
Hence we know the necessary counterterms in d = 5 will to regulate the expectation
value of the energy density by subtracting off these first three terms, with m? replaced by
m(t)2. With this subtraction, we can evaluate the finite part of eq. (2.53) to get figure 9a.
By numerically differentiating it with respect to time we should get exactly the r.h.s. of
eq. (2.51) and that is indeed the result, as shown in figure 9b.

As a further check of our analysis, we can verify that the counterterm contributions
have the expected form. That is, even though we are finding them separately and inde-
pendently in eqs. (2.26) and (2.54), they should actually come from the same counterterm
action, as discussed in section 2.1.3. In the present case of d = 5, the action in eq. (2.32)
reduces to five terms

Set (mQ,QW,A) =— /dda;\/—g [800A5+510m2A3+320m4A + R (850A3+551m2A)] . (2.55)
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Figure 9. (Colour online) Numerical verification of the diffeomorphism Ward identity (2.51) for
d = 5. Panel (a) shows (£) as a function of time. Panel (b) shows the corresponding 0;(£) as a
function of time (dashed) and the r.h.s. of Ward identity (thin solid) evaluated using our previous
results. In each case, the curves from top to bottom correspond to ¢t = 1/10,1/20,1/30,--- ,1/100.
The straight red dashed line in panel (a) shows (£) for the constant mass case (m? = 1).

The counterterm contributions to (¢?) and (€) are then determined from this action by
egs. (2.33) and (2.34), respectively. It is clear that the terms involving the Ricci scalar do
not contribute to (¢?) when the latter is evaluated in flat space. Similarly, the variation
of the s50 term to (£), coming from the variation with respect to the metric, vanishes
in flat space. Finally, the variation of the ss5; term yields a contribution of the form:'?
(Tyw) ~ (8,0, — nuw ) m?. However, since the mass only depends on time, one finds that
this particular contribution vanishes for the energy density, (£) = (T}). Hence, in fact,
only the first three counterterms in eq. (2.55) will contribute in the present case. That is,

we should find

1
<g> ~ 5 (800 A5 + S10 m2 A3 + 890 m4 A) ,

(%) ~ s10 A% + 2590 m* A (2.56)

Now if we integrate eq. (2.54) up to a momentum kp,ax and compare to the analogous result
in eq. (2.13), we find

1 k.5 2k3 4kmax
<6> ~ max M~ Rmax _ m ’
O ) 6 8

1 [k 2 kmax
m > . (2.57)

2 max
(@) ~ o (B -

Hence we find that the coefficients of the cubic and linear divergences match between the
two expectation values, as desired . Further, we can supplement the list of coefficients in
eq. (2.36) with sgg = —1/(d 0s), after generalizing eq. (2.54) to d dimensions.

12G8ee the discussion related to eq. (2.69) below. We also note that while the ¢t component vanishes here,
this contribution would still be essential to regulate the pressure in the present quenches.
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2.2.5 The energy density in three dimensions

As in the case of section 2.2.3, it is interesting to repeat the above analysis but focusing on
the d = 3 case separately. In this case, the scaling found for (¢?),e, in section 2.2 is pro-
portional to §t. Hence on the r.h.s. of the identity (2.51), this is multiplied by &ym? which
gives a factor of 1/6t and so one would find that 0;(€)ren does not scale at all with d¢. Since
the quench essentially takes place over an interval §t, this would then reproduce the naive
scaling §(E)ren ~ m20t as suggested by eq. (1.2), i.e., no work is done in the limit 6t — 0.
However, we will show below that this is not really the case and rather we find that 9;(€)ren
scales as 1/6t and that §(€)ren ~ m® — see figures 10 and 11. Note that the latter result
indicates that the work done is not analytic in the mass coupling, i.e., 6(E)ren ~ (m2)3/ 2,

Let us start by computing the expectation value of the energy density for a constant
mass. In this case and with d = 3, eq. (2.53) yields

k dk 1 [k kmaxm? 1
(EVm2y=mz = | =—— Vk>+m? = — [ 22 4 2% UL O(1/kmax) | - (2.58)
47 47 3 2 3

The first two divergent contributions would be removed by the counterterm contributions

and hence the renormalized expectation value of the energy density would be (£)ren =
—m3/(127) in the case of a constant mass. Again it is notable that this result is not
analytic in the mass coupling. However, we can easily extract the counterterm contributions
to regulate the expectation value in the case of a time-varying mass from eq. (2.58) to find
fd=3 = k% 4+ m?2(t)/2. Subtracting these terms in the integral in eq. (2.53) with d = 3
then yields the renormalized expectation value of the energy density. Then we computed
this expectation value numerically for different values of 6t ranging from 6t = 1/10 to
0t = 1/100, as shown in figure 10. We observe that the energy density grows from its
corresponding value at minus infinity — as we set m = 1, this means 47 (E)ren(t <€ 0) =
—1/3 — to a certain constant value at late times. In particular, as 6t becomes smaller,
the latter constant seems to be independent of d¢. Hence, from this figure, we can see that
the naive power counting does not work, because as described above, it suggests that the
change in energy density would be proportional to dt.

Further, we can also compute the time derivative of this profile and compare it with
the r.h.s. of the Ward identity (2.51), using our previous results for the expectation value
of 2. Again, we get perfect agreement, as shown in figure 11. There we also see that 9;(E)
scales as 1/4t.

How can we understand this scaling? The key point is that the change in the expec-
tation value of ¢ has a scaling proportional to dt but the full expectation value does not
start from zero. Recall from eq. (2.48) that the expectation for d = 3 is given by

2
oy . m  m7dt 1 — tanht/dt 3
(@hren = =1 = =5 los ( 5 +0(5t%). (2.59)

Now, as 6t — 0, the second term and all the subleading will go to zero and then (¢?),en ~
—m/(4m). So if we integrate the Ward identity (2.51) in this limit, we find

3{E)ren = (E)ren(t = 00) = (E)ren(t = —00)

:—%Qﬁ@:myﬂﬁﬁz—w»:—a (2.60)
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Figure 10. (Colour online) Renormalized expectation value of the energy density as a function of
time for different values of 6t. From bottom to top (on the right hand side), the different curves
correspond to 6t = 1/10,1/20,1/30,---,1/100. Hence with decreasing dt, the curves accumulate
towards the top red dashed line at late times. Note that all expectation values are multiplied by the
constant oy = 4. The red dashed line at the bottom corresponds to the constant mass value (with
m? = 1) while the one at top corresponds to 1/6 — see main text for explanation of this value.
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Figure 11. (Colour online) Time derivative of the renormalized expectation value of the en-
ergy density as a function of time for different values of §t. Different curves correspond to
ot = 1/10,1/20,1/30,---,1/100, with curves with smaller d¢t correspond to higher peaks. Note
that all expecation values are multiplied by a constant o5 = 47. The dashed lines correspond to the
time derivative of (€)en while the thin solid lines correspond to evaluating %8,57712 (t){$?)ren. The
agreement between both calculations shows that the diffeomorphism Ward identity is satisfied.

Further at very early times (i.e., ¢t < 0), the energy density will match that found in
the case of a constant mass. Hence given the results in eq. (2.58), we have (€)i=_o =
—m3/(127). Hence for late times (and small 6¢), we should find the energy density to
approach (€);—o, = m?/(247), which is exactly what is shown for the long time behaviour

in figure 10.
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To close this section, we reiterate that eq. (1.2) suggests the scaling of the energy
should be §(&)en ~ m25t for d = 3. This scaling was not realized here in eq. (2.60) but
this result depended on the fact that (¢?) = —m/(47) in the past, i.e., at the start of the
quench. On the other hand, if we considered a ‘reverse’ quench, where the mass starts at
zero and rises to some finite m, this initial expectation value would vanish and hence the
expected scaling would be fulfilled. That is, zero work is done by the reverse quench in the
limit 6t — 0.

2.2.6 Universal scaling of higher spin currents

It is known that free scalar field theory has an infinite set of higher spin conserved currents
Jiyi, |87, 88]. Apart from being conserved, these currents are symmetric in their indices
and, in the case of massless theory, traceless. It is interesting, then, to analyze how these
currents behave in the present quenches. In particular, we will be interested in determining
how the higher spin currents scale in the fast quench limit.

Higher spin currents for a massless complex scalar field are given by [88]

S
. (_1)k *
Jiq iy X — —— 0y 05, &% 0y, , -+ 0i, ¢ — traces, (2.61)
' kzzok!(k—kd;‘)!(s—k)!(s—k—l—d;‘)! ' BT
where indices i1, - - - , 5 should be symmetrized above. In case of a complex scalar field, the

even spin currents are symmetric under the interchange ¢ <> ¢*, while odd spin currents
are antisymmetric. In our calculations, we are dealing with real fields and so the odd spin
currents trivially vanish. Hence we will only consider the even spin currents.

Let us start by revisiting the spin-2 current, i.e., the stress-energy tensor of the confor-
mally coupled scalar. Hence we can obtain this current by varying the scalar field action
with respect to the metric,

(2) 2 4S
Jap = ——F— 7> 2.62
b /_g 5gab ( )

where 1
§=-3 /ddx\/—g (0,0" 0" ¢ + m?¢* ¢ — ER ¢*B) (2.63)
and ¢ takes the usual value for the conformal coupling: & = %%. Upon varying, we obtain
Jab = Ad—1 (¢aab¢ + (b ab(z)) + 4(d — 1) (8a¢ab¢ + 8(1(25 8b¢)
_ Nab C 1% 2 %

d-1) (0cp0°¢* + m*p* o) . (2.64)

We note that the equation of motion, ¢ = m?¢, was used to simplify the above expression.
Further, we can verify that if we set m? = 0, the above result reproduces the s = 2 current
in eq. (2.61), up to an overall numerical factor. It will be convenient for the following to
split the current into two parts: the minimally coupled current (obtained by setting & = 0)
and the remaining contribution coming from the conformal coupling term proportional to
R in eq. (2.63). Then we have

. .(2)min .(2)conf
D e (2.65)
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where

(2min _ 0a@0p9* + 029" 1

Jab = 5 37ab(0°¢*0cd + m2¢*¢), (2.66)

J = LR (006" + 6" 0ud) — (D000’ + DudDh0) (267

+ (@06 + 606" + 206" 0,0)) (2.68)

Of course, we have restored the terms involving [J¢ using the equations of motion in jc(;;)conf.

(2)conf
b

The reason for doing so is that it makes apparent that j,

is a total derivative, i.e.,

5O — ¢ (0 (6°0) — napD(¢*)) - (2.69)

Then, in our case (where (¢?) only depends on time), we find that the a = b = ¢ component
of this part vanishes and we are only left with the minimally coupled current. Therefore
the energy density calculated with the full stress tensor (2.64) agrees with that found with
the minimal stress tensor (2.66), as was done in the previous sections.

Of course, for a constant mass, the spin-two current (2.64) is conserved. However, if
we allow for a time-varying mass, the divergence of this current yields

. . (2)min 1 .
04y = 04 = o' = —§8tm2(t)<¢ ) . (2.70)

Of course, we have reproduced the diffeomorphism Ward identity (2.51), from which we
can determine the energy which the quench injects into the system if we are given the
expectation value (¢*@). The reason for revisiting this result for the spin-2 current is that
we will now apply the analogous analysis with the spin-4 current and we will find the
scaling of this higher spin current in the limit of fast quenches. Further, we will use this
approach to argue for the scaling of all of the higher even spin currents.

First we must build the spin-4 current for the massive theory as follows: take eq. (2.61)
and explicitly symmetrize the indices. Then introduce all the necessary trace terms with
the necessary coefficients to ensure that the result is traceless in the massless case. The
next step is to generalize this current for a massive field. Here, we take the divergence of
the massless expression and add all the necessary terms proportional to the mass to ensure
that the divergence vanishes upon evaluation on the massive equation of motion. This
procedure is explicitly carried out for the spin-4 current in appendix A. The final result is

2

(4 (4m2=0 m . .(2) 2 (2)conf
Jivinizia = Jivinigia T 2(d o () (% o)l (%)! Mivia ((d + 1) disi, + 75 Jisia ) , (2.71)
where again the indices in last term should be symmetrized. Now we are interested in
obtaining the analogous Ward identity for the spin-4 current. In particular, we make the
mass time-dependent and evaluate the time-derivative of the jt(é)t component. Note that the
part proportional to the conformally coupled spin-2 current will vanish and hence we find
(4) d+1 (2) d+1

O dier) = 57d LoV (d 8tm2(t) (o) =

T N~ <. m2 . .
2+ 2) (3] XADNC] aym2(t) (€) (2.72)
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To determine the scaling of this spin-4 ‘charge density’ in the limit of fast quenches, we
can use the scaling of the energy density (£) ~ m*/§t?=* to find:
2\3
@,  (m?)
(Jrete) ~ St (2.73)
Hence in the fast quench limit, the spin-4 charge diverges with precisely the same power of
St as the spin-2 charge and the spin-0 charge (i.e., $?), while an extra power of m? appears
to make up the necessary dimension of the new operator.
Extending the construction of the spin-4 current, described above, to obtain higher
spin currents in the massive theory is straightforward, though tedious. We expect that
the massive terms for the spin-s current can decomposed, as in the spin-4 case, in terms

of the spin-(s-2) current and a total derivative term. Then, it is easy to see that for a
time-varying mass, we will get a hierarchy of generalized Ward identities,

0G0y ~ am2(t) (55L7) . (2.74)

Now integrating these identities will similarly yield a hierarchy of scalings for the final
currents in the fast quench limit, i.e., ( ]t(s)t> ~m?{( ]t(sf)) Hence the scaling of all of the
higher spin currents would be determined by that originally found from how (¢?) scales.
Then in general we should find that
. <m2)§+1

<]t(8)t> ~ A4 (2.75)
Of course it would be interesting to explicitly construct the currents in the massive theory
and derive these scalings for the higher spin currents. However, our expectation is that
after a quench, all of currents that will scale with precisely the same power of §t. In
particular then, for d > 4, all of these currents will diverge as dt — 0.

2.3 CFT to CFT quenches

This subsection is devoted to study the response of the scalar field under a quench whose
mass profile is asymptotically zero at both infinite past and future. We smoothly turn on
the mass up to some m? and then go back to the critical point. The whole process is again
characterized by a time length dt. We may proceed analytically if we choose the following

mass function

m2

) = e

Analysing this system is interesting because it provides a further check of our previous

(2.76)

analysis. In particular, we should expect to have the same scaling behaviour for the renor-
malized expectation values in the limit of fast quenches. Moreover, the counterterms should
be the same as in the previous case with the only difference that we should change the mass
function (and its derivatives) to the new profile. Even though this is expected, it is not
at all trivial: rather it provides a good confirmation of our results. Lastly, we will return
to such CFT-to-CFT quenches later in section 4 to give a general argument that should
be valid for arbitrary CFTs and hence the present section provides an explicit example of
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these processes. Finally, as in the case of the tanh profile, it is straightforward to extend
the present analysis of these pulse-like quenches to include a constant mass, i.e.,

m2

2 2
m-(t) = mg + COSTt/(St . (2.77)
We will explicitly analyze quenches with this profile in section 2.4. However, our intuition
suggests that universal scaling in egs. (1.2) and (1.3) should still hold if we satisfy both
m?26t? < 1 and m36t? < 1. Again, this emphasizes that what is important is that the
theory has a UV fixed point, i.e.,, the UV description of the theory is a CFT. The IR
details become unimportant in the fast quench limit, i.e., when 1/t dominates all of the
IR scales.
As with the tanh profile (2.1), we can exactly solve this problem by decomposing the
scalar field into momentum modes, as in eq. (2.7). This modes will satisfy the Klein-Gordon
equation with mass given in eq. (2.76),

dux m?2
k 2
+ (kP — >=0. 2.78
dt? ( cosh? t/6t> U ( )

This equation can be written in hypergeometric form by expressing it in terms of variable
y = cosh?(t/dt),

du 1 duy k2512 m26t?
1 By (- E LI DYSY 2.
v ~y) dy? +<2 y) dy ( Ty >u’“ 0 (2.79)

We are interested in those solutions that behave purely as positive frequency waves in

the infinite past, so we need to fix initial conditions so that ug(t — —oc0) = \/éériwk exp(—ik-

¥ — iwgt), where wy is just wy = k because in the infinite past we are in the massless
theory.'® Then, the complete solution for the modes in terms of k and y is given by

1 2ikya
Uy =
o VArk E1/2E3/2 - E1/2E;/;/2

1 1 13
E F ;=1 — E /5 sinh F = T
><< 3/2 2 1(61717727 3/>+ 1/2 8111 (t/dt)2 1<a+2,b+2,2, Z/)),

X (2.80)

where
L(c)L'(b—a) ,
E,=—2 " E. = E, b),
LO)I(c—a) (a5)
kot kot
a:a+z7, b:a—ZT, (2.81)
o 1+ V1 +4m26t?
= 0 .

13The way to take this limit is to use identities that relate hypergeometric functions of argument z with
a linear combination of hypergeometric functions of argument 1/z — see, for instance, eq. 15.3.7 in [89]. In
our case, as t — —oo, 1 —y — —oo and then, such identities are useful.
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Now, as we did in the previous case, we integrate over momentum modes in evaluating
the expectation value of ¢ and this integral is UV divergent. To get the finite renormal-
ized expectation value, we must subtract the appropriate counterterm contributions. In
section 2.1.1, we used an adiabatic expansion to obtain the counterterms supposing only
that the mass depends on time. Hence we can expect the counterterm contributions in
eq. (2.26) will regulate (¢?) for any mass profile. Hence, we use the same expression here
and only change the profile of m?(t) to the pulsed one (2.76). In this way, we obtain

(6%)ren = / T (Jugl? — fu(km(2))) | (2.82)

which is UV-finite, as we will see below. A more nontrivial result is that these expectation
values should yield the same leading order behaviour, as derived in section 2.2.2, where the
results were expressed in terms of derivatives of the mass profile. In fact, we found that
this same universal behaviour indeed emerges for the pulsed profile and so eq. (2.40) also
gives the correct result in this example. In particular, figure 12 shows the renormalized
expectation value of ¢? for odd dimensions d = 5,7,9. As we did in the original quenches,
here, we divide by the expected scaling m?/§t%~* and plot eq. (2.82) for different time
intervals §t. We see that the curves rapidly converge to the analytic expression given in
eq. (2.40) as 0t goes to zero. This clearly shows that both the expected scaling in eq. (1.2)
and the leading analytical behaviour in eq. (2.40) are valid in the present example of a
pulsed quench.

For even d, we expect the scaling to be enhanced by a logarithmic factor, as discussed
in section 2.2.2. In the case of the previous case with the tanh profiles, we could not see
this enhancement in our numerical results [82] because the leading order term vanishes
at t = 0. However, in the present case, the even derivatives of the mass are not zero
at ¢ = 0 and hence, we should be able to see the expected behaviour even at zero time.
This can be seen exactly in figure 13, where the fits of the curves support the scaling
(#®)ren ~ m?/6t%*logt. In contrast, for odd d, the corresponding derivatives of pulse
profile (2.76) vanish at ¢t = 0. However, we can instead evaluate (¢?),en(t = —0t/2) to
reveal the same scaling applies in odd d, as shown in figure 14. Of course, this scaling was
already confirmed above by matching the leading analytic behaviour.

2.4 Universal scaling for arbitrary initial and final mass

In this section, we would like to show that the universal scaling in eq. (1.2) is not exclusive
to quenches which involve a critical theory at the initial and/or final times, but are also
found for arbitrary initial and final mass under certain assumptions. Basically what we
need is 1/0t to be the only relevant scale of the problem. So long the initial and final mass

(and their difference) are much smaller than 1/6t, we will find the same scaling.

For the tanh profile (2.1), this scaling can be explicitly seen by extending the analysis
of the renormalized expectation value (2.11) to general initial and final masses, i.e., general
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Figure 12. (Colour online) (¢?),e,6t¢~4/m? for different values of §¢ and different odd spacetime
dimensions d. The solid curves correspond to d¢ = 1,1/2,--- 1/10 with ¢t decreasing as they
converge to the analytical leading expression (2.40), plotted with dashed red curve. This leading
term has <¢2>§Zﬁl ~ (—1)%85747712(75).

A and B in eq. (2.1). Hence we have
k9=2dk
<¢2>ren :/

o Fy <1 Vw5t iw_0t; 1 —iwindt; Htanh(t/&))

2
- fCt(k7 m(t))] )

Os Win 2
(2.83)
where
Wi =k 4+m?(A-B) =k +m?, (2.84)
Wi =k +m?*(A+B) =k + mff , (2.85)
and the counterterm contributions fe(k, m(t)) are given by eq. (2.26).
Now let us redefine the integration variable in eq. (2.83). We define
=k +mi (2.86)
and hence
wi = k> 4+ m? mfc = k% + (0m?), (2.87
Wi =k (2.88)
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Figure 13. (Colour online) Renormalized expectation value of ¢? at time ¢ = 0 as a function of
ot for different even dimensions. The blue curve corresponds to d = 4, where the fit by a function
0t~%(a; — ag logot) gives a = 0.0028, showing the expected logarithmic growth; the purple curve
corresponds to d = 6 and the same fit gives a = 2.0006; the yellow curve corresponds to d = 8 and
the fit results in o = 4.0019, just as expected by our power law scaling (1.2).
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Figure 14. (Colour online) Renormalized expectation value of ¢? at time ¢/t = —0.5 as a function

of 0t for different odd dimensions. The blue curve corresponds to d = 5, where the fit by a function
0t~ %ay + ag gives a = 1.006, showing the expected scaling; the purple curve corresponds to d =7
and the same fit gives o = 2.991; the yellow curve corresponds to d = 9 and the fit results in
a =4.977, just as expected by our power law scaling (1.2).

With this choice, eq. (2.83) starts to look like the expectation value for a quench from
an initial mass-squared (§m?) to the massless case. In fact, the absolute value of the
hypergeometric function in the integrand will look exactly like that. We have to take care
about the rest of the integral. Applying the change of variables (2.86), eq. (2.83) becomes

Pon= [ (o) T bR g (R mgm)] . @s)

mg
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Further as in section 2.2.2, we introduce a dimensionless momentum ¢ = INf(St, which
then yields

d—3
1 0 ~d—2d" m25t2 2 N N
(¢*)ren = 57d1 / 1 a (1— 2_2 > [|2F1\2 — fet (q (1 — m%5t2/q2)1/2 ,m(t)) }

myst OsWin

(2.90)
In the limit of m;dt < 1, the expectation value becomes
1 oo qd—qu ~
2 2
ren — F — Je y t ] ) 2.91
o= gzt [ T (B fe Gom(e) (291)

up to contributions suppressed by mfcétQ. Hence we have reproduced exactly the expression
computing the renormalized expectation value for a quench starting at (§m?) and ending
at zero mass. Then, as shown previously, in the case where §(m?)§t? < 1, the expectation
value of ¢? scales as dm25t*—<.

Hence to obtain the universal scaling (1.2) in quenches with arbitrary masses, we need
to satisfy two conditions:

mypit < 1, (2.92)
s(m?)ot? = (m2 m?«) St < 1. (2.93)

2
It is easy to check that these two conditions are equivalent to those in egs. (2.3) and (2.4),
ie., (m? — m?)5t2 < 1 and (ml2 + m;)étQ < 1.

Finally, we will comment on the case of the pulsed quench around any arbitrary mass.

If our mass profile becomes m(t)? = m3 + #i/ét, then it is easy to verify that the only
change in eq. (2.79) is to add a term proportional to m2 ending up with
duz (1 dug [ (K* +m§)6t>  m35t?
1— Eg-— k_ 0 2 =0, 2.94
y(1—y) a2 <2 y) i ( 1 ar K (2.94)

In analogy to eq. (2.86), we define k? = k2 + m2, so that the equation becomes the same
but with & — k. Then the solution for the modes will be the same with the only difference
that in eq. (2.81), k is replaced with & (in a and b). To obtain the expectation value, we
will have to integrate over all momenta. In a way completely analogous to the previous
case, we can perform a change of variables to integrate in & and in the limit of miit? < 1,
we will get exactly the same integral as in section 2.3. Hence it is expected that the same
scaling will appear. In conclusion, for the pulsed quench, the expectation value of ¢? will
scale as m25t*~? provided that m26t? < 1 and m%étQ < 1.

2.5 Comparison to linear response

The results of sections 2.1 and 2.4 for the tanh profile are leading order in the dimensionless
variable (mdt)2. Therefore they should agree with a linear response calculation. In this
section, we compute (0/¢?|0)i, in linear response theory for the quench starting from a
CFT and ending with a massive theory and show that the result is in exact agreement
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with the expansion of the exact answer to O(m?), for each of the k modes individually.
This agreement should hold for the other kinds of protocols as well, such as the pulse profile
in section 2.3.

The linear response result for the expectation value (0|¢?|0);, is given by the expression

(0162 )0 — (01620 Ol0)ilsmo = — [ d*a" [t w(¢) G (o', ¢) (295
where the retarded correlator is given by
Gr (z,t;2' 1) =0 (t — '), (0] [¢°(2,1), 0" («/,1')] |0)in - (2.96)

The correlation functions are to be evaluated in the initial theory, which is the massless
free field theory. The right hand side can be computed exactly leading to

d—1
<O|¢2(:U,t)|0>in—<0|¢2(:p,t)0>in|m2:0:—/ ;iﬂ dk1 2k2/ dt' m? (t') sin[2k (t—t')]. (2.97)

We will express the right hand side of eq. (2.98) as a power series expansion in

1 = exp(2t/dt) . (2.98)

In eq. (2.97), we write m2(t') = %2(1 + tanh(¢'/6t)) = m? 1-7-;7/' Then expanding this
expression as a series in 7' and performing the intergral over ', we obtain

d—1 o _1\n
(0162 (2, )|0)in — (0162 (2, )|0)inlo_g = m / ;iﬂ dklzgk‘((;{;zlln?)nw' (2.99)

Let us now consider the O(m?) contribution to (0|¢?(z,t)|0)i, from the exact answer. This

is given by
(0|¢%(, 1)]0); —/ddlk| Fy |1 4w 0t iw_6t; 1 — iw; 5t-1(1+tanh(t/5t)) 2
) in — (27T)d_1 <2|I€’) 2471 —Ub, —Ul, in 72
(2.100)
where in this case
1
win = k|, wout = VEZ+m?, wi= §(wout + win) - (2.101)

We need to expand the hypergeometric function to O(m?) and express the answer as a
power series expansion in 7. It turns out that

o0
—1)m
FP=1+m Y O i o) 2.102
LA =1m* ) gy Ol (2.102)
Substituting eq. (2.102) into eq. (2.100), it is easily seen that the O(m?) contribution to

the exact answer matches the answer from linear response theory (2.99).
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2.6 Comparison with instantaneous quenches

The results of the previous sections appear to be at odds with the well studied examples
of instantaneous (or abru pt) quenches in field theories, in particular [8-10]. The behavior
of e.g., eq. (1.3) suggests that for A > d/2, the expectation value of the operator O and
hence the rate of energy production diverges in the limit ¢ — 0. In contrast, the results
of instantaneous quenches indicate that there is a smooth limit. In this section we resolve
this apparent discrepancy.

The main point is that the fast quench limit, considered here, involves a quench rate,
i.e., 1/dt, which is fast compared to the scale set by the relevant coupling, but slow com-
pared to the UV cutoff. This is implicit in the above since we are working with renormal-
ized quantities, where in fact the UV cutoff has been sent to infinity. However the abrupt
quenches which are considered in the literature involve an instantaneous change of the
Hamiltonian at some time, e.g. t = 0. The wave function evolves from early times accord-
ing to one time independent Hamiltonian Hj, up to time ¢ = 0. The resulting wavefunction
at t = 0 then acts as an initial condition for evolution with a different time independent
Hamiltonian H,.;. This process can be considered as a limit of a smooth time-dependent
Hamiltonian provided the scale of variation is infintely fast compared to all scales in the
problem. In a field theory, this means that 1/0t is large compared to all momentum scales
including the UV cutoff scale A. This is clearly not the limit considered in our work.

To make this point explicit, we will now compute the two-point correlation function
in position space in the free bosonic field theory with the time-dependent mass given by
eq. (2.1). We are interested in this at late times. For this purpose, it is convenient to work
in terms of the “out” modes,

ddfl

k -

where

vp = ik - T — iwyt — iw_6tlog(2 cosh t/ét)) X

\/zzm esp
— tanh(¢/dt) >

1
oI (1 + dw_0t, iw_0t; 1 + twoutOt; 5 (2.104)

with the various frequencies defined in eq. (2.9). These modes have the usual plane-wave
behaviour at late times, ¢ > Jt,

1
V 2Wout

The in and out sets of modes (uj and vy, respectively) are related by a Bogoliubov trans-

vp — exp <2E T — iwoutt) . (2.105)

formation

*
ap v + B v

af v+ B u_f. (2.106)

T I
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The Bogoliubov coefficients have been evaluated in [84],

Wout F(l - iwinét)F(—iwoutét)
win (—iwdt)T(1 —dwdt)
wWout L'(1 — iwin0t)T (iwout0t)

kT : 2.1
g win  T(iw-0t)L'(1 + iw_0t) (2.107)

O‘E:

The correlation function of the field is then given by

d—1
(in, 0|p(Z,t) (T, ') |in, 0) = /(;ﬂ_)dklulg(f, t) u’]%(a_:",t/) (2.108)

d*1k
:/(Qﬂ)d—l{m;ﬂg V(@ t)“i‘(ﬁ/ )+akﬁ~ vp(Z, o g (@, 1)+

Using (2.107) one finds

sinh? (7w, 0t
ol = 1418 = = (e 9%)
sinh (7win0t) sinh(rweyt0t)
B0k = Wout  TWindt [T (iwout t)]? (2.100)
7k Wy sinh(rwindt) (—wirw—6t2)[[(iw_d6t)]2[T (iwy dt)]2 ’
Consider now the limit
windt < 1 Woutdt <€ 1, (2.110)
in which the quantities appearing in eq. (2.109) become
2
2 (Wout - win)
— 4) . —
|Bk| 4woutWin
* "‘)2 t w'2
St — 2 2.111
Bk k dwinWout ( )

Let us now compute the correlation function (2.108) taking both the limit (2.110) and
considering late times
t/5t>1,  t/st>1. (2.112)

Using eqs. (2.105) and (2.111), a short calculation yields

(i 06000 im.0) [ 55 "k i) (2.113)

—Zwout(t t) — W2 WQ
X [e (WOUt wm) COS Wout (t - t/) + M €08 Wout (t it )

2Wout 4w0utwm 4w0utwm

Note that ¢ has disappeared from the result. In fact this reproduces the result for an
instantaneous quench from a mass m2, = m?(A — B) to a mass m2,, = m?(A + B), e.g.,
see eq. (8) of [10].

In this paper, we have concentrated on local quantities like (¢?) or the energy den-
sity. These involve integrals over all momenta all the way to the cutoff, and clearly the
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limit (2.110) is not appropriate for large UV momenta in these integrals. In our analysis,
we have worked with renormalized quantities which, as we noted above, implicitly involves
taking the UV cutoff A much larger than 1/d§t. This is why our limit of fast quenches is
physically different from the instantaneous quenches, studies elsewhere, where the quench
rate is necessarily fast compared to A. In fact in the continuum limit, it is unphysical to
consider such an instantaneous quench. It would be interesting to investigate these issues in
a theory with finite cutoff. In such a theory one would expect that the scaling discussed in
this paper should hold in a protocol where A~! < §t < m~!. On the other hand, when dt
is the same order as A~!, the answers should approach those for an instantaneous quench.

Nevertheless, for distances |# — #’| > 6t, only momenta much less than §¢~! should
be making a substantial contribution to the correlation functions. For such quantities, the
condition (2.110) is effectively satisfied and so by the above analysis, one should expect
only small differences between a fast smooth quench and an instantaneous quench at late
times, i.e., when eq. (2.112) is also satisfied. Details of this comparison will be discussed
in [83] — see also discussion in the following section and in section 5.

2.7 Late time behaviour

In section 2.2.3, we observed some interesting late time behaviour for the expectation value
(¢?(x,t)) in three dimensions, i.e., at late times, the expectation value is independent of
0t. This may lead us to suspect that this late time behavior agrees with the results of an
instantaneous quench. In this section, we will show that in a suitable regime this is indeed
true for d = 3, but one finds that the same agreement does not generally occur in higher
dimensions [83].

As we noted in section 2.2.3, the numerical analysis only allowed us to evaluate the
expectation values out to times of order ¢ ~ 10 dt. Hence given the values of m and 4t that
we were using, we were always in a regime where m?t?> < 1. We therefore first compare the
result obtained in section 2.2.3 with the result of an instantaneous quench in this regime.
We will show that with the results already obtained we can reproduce our previous results
in this limit but also go beyond them and evaluate the proper long time behaviour of the
scalar field for m?t? > 1.

The starting point will be to consider the correlator for instantaneous quench,
eq. (2.113) and evaluate this expression at coincident points in space and time, i.e., T = &',
t = t’. This gives,

@@ - [

Focusing on the quench to the critical point, i.e., A = —B = 1/2 in eq. (2.1), for which

wly = k? and w? = k? + m?, we find

d=1k 1
(2m)d=1 402 win

(wfn + wgut — (w-2 — wgut) cos(2woutt)) . (2.114)

mn

o Qao ktdk
<¢ (ZE,t)) - 2(27_‘_)01,1 /7]# +m2

Of course, this expectation value is divergent in the UV, so it must be regulated as described

(k* + m?sin®(kt)) . (2.115)

in section 2.1.1. While in general this is a somewhat involved procedure, we begin here by
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considering d = 3 in which case there is a single mass-independent UV divergence — see

egs. (2.13) and (2.14). Hence the difference between the quenched expectation value and

t.14

that for a fixed mass m will produce a finite resul That is, we subtract

(Pt = 5 [ el = 5 Ll (2.116)
fixed — 2(27T)d_1 fixed - 2(277)‘1—1 \/m :
from eq. (2.115) and then evaluate the finite difference
2
2 2 m dk .2
uench — xed — kt
2
_m t/ P Gy (2.117)
A | py/p? + m2t2

for d = 3. In these expressions, we have substituted o5 = 47 for d = 3 using eq. (2.37).
Above in the second line, we also introduced the dimensionless momentum p = kt. The

first thing to verify is that we recover our previous results for d = 3 in the regime where
242
t

m?t? < 1 — see discussion in section 2.2.3. In this limit, we can drop the m?t? appearing
in the denominator of the integrand to find
2 00
9 9 m-t dp . 1 5
<¢ >quench - <¢ >ﬁxed = 47_‘_/0 pﬁSln p= é m-t. (2118)

This is exactly the same result we found in eq. (2.49), showing a linear growth in the
expectation value of ¢? with a slope that is independent of 6¢. From these results, we can
also identify the constant displacement in eq. (2.48) and in figure 8 as the renormalized
expectation value for a constant mass, i.e., (¢*)fixedren = —m/(47).

However, given eq. (2.117), we can go further and analyze the behaviour of the expec-
tation value for any value of m?t?. In particular, this expression can be integrated exactly

for any m?t?> and evaluated in terms of generalized hypergeometric functions,
242
2 2 _mitt [ 13 99) 33, 20
<¢ >quench <¢ >ﬁxed— An (2t1F2 (2;172,mt> 2F3 <1,1,2,2,27mt . (2.119)

Figure 15 shows a plot of this expectation value as a function of mt. From the figure, we
observe that the linear growth (2.118) of the expectation value is only valid for mt < 1.
After that, the expectation value continues to grow but in a slower rate. In fact, one can
take the limit mt — oo in eq. (2.119) to find

m

lim  ((¢%)quench — (¢ )fixed) = —— log(mt). (2.120)

mt—o0 81

Hence we see that for very late times, i.e., mt > 1, the expectation value continues
to grow but only logarithmically. In any event, if we look into infinite future time, the
expectation value is divergent. At first sight, this unbounded growth may seem counter-
intuitive since, for example, it may seem that the physical work done by the quench will

1 Note that we are subtracting the expectation value with the mass fixed at the initial mass of the quench
rather than the final mass (which would be zero). Either choice would leave a finite remainder but the
expressions simplify somewhat here by using the initial mass.
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Figure 15. (Colour online) Expectation value of ¢? as a function of time. We are in the limit of
t/0t > 1. The solid curve corresponds to the full solution for any value of mt. The red dashed line is
the linear behaviour found in eq. (2.118) for mt¢ < 1. The orange dashed line shows the logarithmic
growth found in eq. (2.120) for mt¢ > 1. Finally, the inset zooms in the region of small mt.

also diverge. However, if we recall that eq. (2.51), the time rate of change of the energy
density is given by the product of this expectation value with the derivative of the mass
coupling. For the mass profile (2.1), the latter decays exponentially in time and hence the
corresponding integral for the energy density remains finite and well-defined, despite the
logarithmic growth of the expectation value (2.120).

Let us now examine the question: why does the long time answer for smooth fast
quench as defined in this paper agree with the instantaneous quench result for mt < 1. We
need to consider the validity of assumptions which were implicit in the above discussion.
Our starting point was eq. (2.114) which was found by taking the limit of coincident
points in eq. (2.113). However, the latter correlator was simplified by assuming late times
as in eq. (2.112) but also small §¢ as in eq. (2.110). While the late time assumption is
certainly valid here, it is not clear that the second assumption should hold. In particular,
one expects that for sufficiently large momenta that the inequalities in eq. (2.110) will be
violated. However, if we examine the form of the integrand in eq. (2.117), we see that it
decays as roughly 1/p? for large (dimensionless) momentum. Hence we can expect that
the dominant contributions to the integral come from small and finite values of p. Further
given that p = kt, we will certainly satisfy két < 1 in the late time limit and hence
eq. (2.110) will be satisfied. For example, one can make a simple estimate of the error
introduced in ignoring the very high momenta as follows: certainly, eq. (2.110) is satisfied
for k ~ m and hence the integrand in eq. (2.117) is accurate for dimensionless momenta at
least up to p = mt. Then an upper bound on the error in our result is given by the integral
from p = mt to co but removing the factor of sin? p. The final result of this integration
is a fixed constant, i.e., approximately 0.07m. Hence at large mt, this upper bound on
the error is small compared to the results given in egs. (2.118) and (2.120). In fact, given
that the numerical fits to the constant term were also good, this suggests that even this

approximation is a gross over-estimate of the error.
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In fact we can check the validity of our approximation by comparing the full integrand
of eq. (2.108) in the limit of late times, i.e., by using eq. (2.105) for the out-modes, with
the approximate eq. (2.115). Let’s recall that eq. (2.108) is not assuming any relation
between the energies in the system and ¢, while eq. (2.115) assumes wit < 1 for every w.
Essentially, we want to compare the integrands of

(%) smooth = 1/ 2(k) dk (2.121)

kd 2 ) )
— /dk? ( |aE|2 + ak‘ﬂ% eszoutt + O%BE e—21woutt + ‘/BEF} _ k‘d_3> ,

Wout

where o and i are given by eq. (2.107), and

<¢2>instant = 1/@2(]‘;) /dkf( ke (kQ + m? Sinz(/ft)) — kd_g) , (2.122)
Os k‘2 + m?

for d = 3. Figure 16a plots the integrands in these two expressions as a function of k£ and
in fact, there is no visible difference. The figure uses mdt = 102 and mt = 10 but similar
results hold for different values of these parameters. It is clear that the integrand decays
rapidly, i.e., in figure 16a, it has become negligibly small around mk ~ 5. Therefore the
approximation kdt < 1 is effectively satisfied since even though we are integrating over all
momenta in the expressions above, the main contribution comes from very low momenta.
The latter is explicitly verified in figure 16b which shows (¢?) after both the smooth
and the instantaneous quench. As we show before, the instantaneous expression can be
integrated analytically and the final result is given by the right-hand side of eq. (2.119) plus
<¢2>ﬁxed7ren = —m/(4x). This result is shown in the figure with the solid blue curve. The
purple points correspond to integrating numerically eq. (2.121). We see good agreement
between both expectation values. In fact, if we compute the relative difference between
them at late times, we see that it is of order 10~% and hence we verify that both approaches
give the same result at late times.

However, the same agreement does not hold in higher dimensions, as we will discuss
in detail in [83]. However, let us present the late-time limit of the smooth quench in d =5
here. Recall that the desired expectation value is given by eq. (2.121) with d = 5. Although
this expression is quite complicated, we can integrate it numerically for different values of
mt and follow the evolution of the expectation value at late times, as shown in figure 17 for
mét = 107115 In the figure, the blue dots are obtained by evaluating the absolute value
of the hypergeometric, as we did in section 2.2. However, that analysis only allowed us to
go relative short times, in units of 1/m. The evaluation of eq. (2.121) is shown in purple
dots for late times and we can see a nice continuity between the two approaches, showing
its consistency. The exponential fit of the purple dots also shows that the expectation
value is decaying as expected due to the exponential nature of the mass profile. Note
that even though the decay is exponential, it does not decay to zero, but to a finite value.

15We chose this value of mét in order to compare with our previous results of section 2.2. Note that in
that section, we were using units of time measured in units §¢ and so a very small d¢t would yield a plot
that is very compressed around ¢ = 0 in mt units.

— 44 —



(k)

S S SR Y s |
2 4 6 8 10

(a) Integrands for ¢ = 10. (b) (¢*)ren as a function of time.

Figure 16. (Colour online) Analysis of the approximation of low energies and late times in d = 3,
with §t = 1073 (where the units are set by m). Panel (a) shows the integrands in eqs. (2.108)
and (2.115) at ¢t = 10 but there is not visible difference between the curves. Panel (b) shows (¢?)en
as a function of mt. The solid blue curve corresponds to analytically integrating the expression
for the instantaneous quench, eq. (2.122) for d = 3. The purple dots correspond to numerically
evaluating the smooth quench expression of eq. (2.121). Again there is no visible difference between
the two approaches.
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Figure 17. (Colour online) Expectation value of ¢? as a function of time with mdt = 10~!. The
blue dots correspond to evaluating the expectation value as in section 2.2, while the purple dots
are those coming from numerically integrating eq. (2.121). The solid line shows a fit by a function
of the form f(mt) = a 4+ bexp(—cmt), with parameters a = 0.136, b = 0.442 and ¢ = 1.349.

One can perform the analysis for different §t’s and see that in the limit of ¢ — 0, that
constant approaches to (¢?)(t — oo) ~ 0.168m3 /0. It would be interesting to have an

analytical understanding of this asymptotic value and also to generalize these results to
higher dimensions.
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3 Quenching a free fermionic field

Another way to test our universal scaling formulae in egs. (1.2) and (1.3) is to quench an
operator with a different conformal dimension. In this section, we will be quenching the
mass of a free Dirac fermion ¢ in d dimensional spacetimes. Then, our operator of interest
will be (OA) = (), whose conformal dimension is A = d — 1 and the corresponding
coupling is the mass \(t) = m(¢). It is interesting that in this case we should expect diver-
gences to appear as (OA)ren ~ 0A/5t227% = §1 /6192 and hence, even for low dimensional
spacetimes with d = 2,3 we should be able to find divergent behaviours.

The calculations are analogous to those for the scalar field. In partiuclar, the situation
can be related to one of fermions in curved space-times, where analytic solutions are known
for specific mass profiles. Then one can compute the expectation values and find numerical
solutions. We will also be able to find analytical leading order solutions in the fast quench
limit when ¢ — 0. The main conclusion is that the scaling relations, (1.2) and (1.3), which
were originally discovered by the holographic analysis also hold in this case. Further, the
universal power-law scaling is enhanced by a logarithmic factor in the case of even d.

We will be following the conventions and notation of [86], where the problem of fermions
in flat FRW backgrounds is discussed. In this case, the equations of motion for a Dirac
field ¥ are not directly those that we are interested in, i.e., the Dirac equation with a
time-dependent mass. However, it is possible to do a confomal rescaling of the fields,
U = C’(t)l%dw, where C(t)? is the expansion factor, and then, one finds that 1 satisfies
the Dirac equation of motion,

(i7"9), — m C()) v = 0, (3.1)

where we will define our time-dependent mass as m(t) = m C(t). The exactly solvable
model here requires C'(t) = A+ Btanht/dt [86], and so

m(t) = m (A + Btanht/dt), (3.2)

in contrast to the scalar case (2.1), where it was the mass squared that had the tanh profile.
Solutions to eq. (3.1) are given by

¥ = (720, + ik —mC(t)) ¥ (1), (3.3)
where j denotes spatial coordinates and ¢ satisfies
é,; + (Ez +m2C? + mnY C) ¢p = 0. (3.4)

For simplicity in the last expression we are not writing the time dependence on C' or the
fields any more.
Now, the full solution for fermionic field ¢ can be written in terms of the in modes as

9d/2— 1

Y= G (d - /Q/dd U, [ Lin Z ain(ky N)Uin (K, X, 2, )40 (k, \)Vin (K, A, 2 t)), (3.5)
7'(' Win
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where

1 in in . . i in(— ik
Uin(k, N\, x,t) = 7 / % (—zat + ik — mC) by, ( )(t)e’ u(0,N),

1 in in /. . ; in(+)x* k-7
Vin(k, A, 2, ) = _%,/% (i) — ikjy? — mC) gD (e FTu(0,2),  (3.6)

and the sum over the spinor index A runs up to 24=3/2 if d is odd. Here u(0,\) and
v(0, \) are constant basis spinors, the w’s here and below are defined as in eq. (2.9) and
Mmin = m(t = —o0). Further, aj, and b;, are operators that annihilate the in-vacuum.

It can be shown that this solution reproduces the corresponding solutions for flat space
at infinite past and infinite future — see [86]. For the tanh mass profile (3.2), there exist
analytic solutions for ¢; that are of the form

") (1) = exp (—iwy t — iw_5tlog(2 cosh t/6t)) x (3.7)

1+ tanht/5t>
2 )

where o F] is the usual hypergeometric function. Note that this solution is similar but not

o F <1 + tw_0t £ imBt, iw_0t F imBt; 1 — iwi, 0t;

equal to that appearing for the scalar field modes (2.8). Further, we will again focus on
quenches to the critical point, where A = —B =1/2.

Now we are interesting in finding the time evolution of the mass operator 11/ through
the quench. This is given by

_ _ di-1k S\ 22
(Gv) = (0.infi0]0,in) = | P (22) % v (3.5)
T) 2 in —1

that after some algebra it turns to

@W = 0;1 /wdiv(ki)dk = —Ufl/kd_4dk (Zj) ("Ji;:';:in>
x ((m(t) = K2) 16512 + |0ul? — 2m(t)im (050167 ) (3.9)

where ¢ is actually d)ikfl(ﬂ and oy is a numerical factor that depends on the spacetime

dimension as

- { 21_‘1/2(277)%/9(1_2 for even d, (3.10)

(26-D/2)(27)F" /Qu_  for odd d.
As in the case of scalar fields, this expectation value is in general UV divergent so we
need to regulate the result by subtracting the appropriate counterterm contributions

(G)een = 07 [ (w1 = fe(m(®). ). (3.11)

These counterterm contributions can again be found as for the scalar field in section 2.1.1.
In this way, we find that

t)3 3m(t)s
Fer(m(t), k) = —m(t)k?=3 + m(2)k:d‘5 - mé)kd—u (3.12)

+ iafm(t)kd*‘r’ - <1168;1m(t)+5n;(t) (Oem(t)0ymi(t) + m(t)@fm(t))) kT
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are all the necessary terms needed to regulate theories up to d = 7. Note that again
contributions with time derivatives of the mass profile appear, now from d = 4 onwards.
Further, the first line of eq. (3.12) corresponds to the counterterms that would appear in
order to regulate the expectation value for a constant mass.

Given this finite expectation value (3.11), we are able to evaluate it numerically for all
dimensions and different values of the quench rate dt. The results are shown in figure 18.
Note that in these plots, we are subtracting the expectation value in the adiabatic case, for
which we are using 6t = 10. We verified that the adiabatic expectation value is independent
of it as long as dt is large enough.

As in the scalar case, we should distinguish between odd and even spacetime dimen-
sions. In the case of even d, we also get logarithmic divergences (apart from the usual
power-law divergences), that need extra renormalization scales in order to avoid infinities
near k = 0. Much in parallel to the scalar case, this will generate a logarithmic enhance-
ment of the scaling behaviour in the expectation value.

We can appreciate how the expectation values grow as we decrease dt in different
dimensions in figure 18. Note that in contrast with the scalar case, now we can see large
growth appears as low as d = 2. In order to quantify the precise nature of this growth,
we compute the expectation value at a fixed time ¢ = 0 for a larger range of 6t and
plot it in a log-log scale in figure 19. Even though the choice t = 0 appears not to be
appropriate to find the expected logarithmic enhancement, the figure and the linear fits
there support completely the expected power-law scaling (1)4))en ~ m/dt?=2. Again, if we
do the same exercise but at a slightly shifted time, we find that in even dimensions there is
a logarithmic enhancement of the divergences. This behaviour will be supported soon by
analytical results in computing the expectation value. For now, we can only say that there
is a logarithmic growth in d = 2 that is in agreement with previous holographic results.

As in the case of scalars, one can recognize certain relationship between the expectation
values and time-derivatives of the mass by looking at the plots of figure 18. What we will
show next is that if we compute the leading contribution in the limit of ¢t — 0, we’ll find
precisely those mass derivatives.

The procedure is exactly the same as in the scalar case. We define dimensionless
variables ¢ = kdt and kK = mdt and then use the hypergeometric series expansion to get the
leading terms in a x-expansion. To get the counterterms to that order we can also expand
for large ¢q. The difference in this case is that the expectation value given in eq. (3.9) also
requires to compute the time-derivative of the hypergeometric function and in general, this
can be an involved task. However, we should notice that the only time dependence in the
hypergeometric function is in the last argument, i.e., z = (14 tanht/6t)/2. The rest of the
coefficients do not depend on time. Then,

= a)n(b)n 2(1)" = a)n\0)n 2 n-l
O (2F1(a,b;¢c;2(t))) = O (Z ()c)(:) (;;) ) = Z ( zc)(:) (étz 1)! (2Z(t) - Q(Z(t))2) ;
(3.13)

where we use the usual trigonometric identities to express the time-derivative of z(t) as a

—~

n=0 n=0

function of z(t) itself. With this in mind, we can expand our hypergeometric series and
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Figure 18. (Colour online) Renormalized expectation values of 1) as a function of time. The
different curves correspond to ¢t = 1/1,1/2,--- ,1/10. The curves are so that higher peaks (in abso-
lute value) correspond to smaller d¢. Note also that we are plotting the expectation value multiplied
by the numerical constant o; that depends on the spacetime dimension. Also note that we are sub-
tracting at each time the expectation value in the adiabatic case, for which we are using §t = 10. In
even spacetime dimension d, the plots corresponds to having the renormalization scale set to kg = 1.

note again that only the few first terms are needed in order to get the leading order s
behaviour. For odd d > 3, we obtain
— d—1 T d—2

(Fhen = (=1)'F 3770 m(e) + O(6111) (3.14)
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Figure 19. (Colour online) Expectation value (¢9)).c,(t = 0) as a function of the quench times
ot for spacetime dimensions from d = 2 to d = 7. Note that in the plot, the expectation values
are multiplied by a numerical factor o¢ depending on the dimension. The slope of the linear fit
in each case is shown in the brackets beside the labels. The results support the power law scaling

<'l/_1w>ren ~ 6t7(d72) .

which correctly gives the expected scaling behaviour mdét?~¢. Figure 20 shows how the
numerical solutions approximate this leading order analytic term as 6t — 0.

For even d the situation is again a little bit different, since we have an extra logarithmic
term. Then we can define

(P)ren = 07" (161 log(kodt) + Yodt? ™ 4+ ). (3.15)
where kg is the renormalization scale. Then, the universal term yields, for d > 4,
(_1)d/2+1 3

In contrast, ¥2 is much more complicated and we expect that it is not universal. For the
present tanh quenches, 1o can be written as

: " z+d/2+1 2 xd_2 xhil Z(t)j_:H_l = . .
19 = — lim (Z(—l) log (x ) 5 2(t) Z <($_1)' H(j —z)) +

h—o0
z=2 j=1
h 242 1 x—1
+) z(zf)’l+1(_1)90+d/2T log (%) Bl I~ i)) , (3.17)
=2 1=0

where again z(t) = 0.5 + 0.5 tanh(¢/dt).

As in the case of the scalar field, these results support the holographic scaling where
power-law growth is enhanced by a logarithmic factor in even d. We can appreciate these
additional logarithmic factors by looking at figures 21a and 21b. There we divide out by
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Figure 20. (Colour online) ()t));e,6t9=2 for different values of 6t and different odd spacetime
dimensions d. As the curves approach the leading order analytic solution (3.14) shown with the
dashed red line, §t gets smaller, with solid (numerical) curves going from 6t = 1 to 6t = 1/10. For
d = 3 we also included the curves with 6t = 1/50 and 1/100.

the expected power-law scaling and we still see that the expectation value is growing as we
decrease 0t. Finally, by using both egs. (3.16) and (3.17), in figures 21c and 21d, we can see
that the numerical solutions approach the analytical leading term for sufficiently small §t’s.

4 Quenches in general interacting theories

Both the results in [82] and in this paper show that different observables in free field
theories after a smooth fast quench obey the same universal scaling relations as in quenches
in holographic theories, as shown in [79-81]. As the holographic CFT’s are implicitly
strongly coupled, we seem to have found the same scaling at two ends of the spectrum
of possible interacting quantum field theories. Hence we should expect that the same
result holds for a large variety of quenches in a wide range of interacting theories. In this
section, we give arguments that the universal scaling in eq. (1.2) appears quite generally
for fast quenches. The crucial assumption will be that the interacting theory which is
being quenched approaches a UV fixed point, i.e., its UV properties can be described by
an appropriate CFT.
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Figure 21. (Colour online) (¢)1)),e, for different values of ¢ in d = 4 and 6. In panels (a) and (b),
we only divide by the expected power-law scaling. As we reduce 6t from 6t = 1/10 to 6t = 1/100
for d = 4 and from §t = 1 to §¢t = 1/10 for d = 6, we see that the expectation value still grows,
indicating the presence of an extra logarithmic factor. If we take the latter into account and divide
by it as well, we find panels (¢) and (d), where we see that the curves now converge towards the
analytic expression (red dashed line).

To motivate the general argument, we begin by considering quenches with a pulse
profile in a CFT, as presented in [82]. In this case, we can use conformal perturbation
theory. The starting point is a CFT which is deformed as follows

S = Scpr + / d?z \(t) Oa(z), (4.1)

where Op is a relevant operator with dimension A < d. We assume the profile for the
corresponding coupling A(¢) has the form

() = SNK(t/6t), (4.2)

where 0\ is the maximum coupling value and h(y) is some smooth function that goes from
0 to 1 and back to 0 (at least roughly) in the interval y = 0 to 1. Then, our coupling (4.2)
has the form of a pulse in the time interval ¢ € [0, 6¢] with a maximum 6. Note that this
form essentially matches that of the profile (2.76) that we analyzed in section 2.3. There
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the mass profile was a pulse that goes from the critical point (i.e., the massless theory) to
the same critical point after passing through some maximum mass at ¢ = 0. Clearly this
condition is not strictly necessary to obtain the universal scaling (1.2), as we have shown in
quenches with a tanh profile for both the scalar and fermion masses yield the same scaling.
However, the above framework will help to formulate our general argument.

Basically, since our theory is critical at both infinite past and infinite future (and
anywhere outside the interval ¢ € [0, dt]), we can calculate the expectation value of our
operator using conformal perturbation theory, which yields

(OA(0)) = (OA(0))crr — O / %z h(t/5t) Gr(z,0) (4.3)
- 5;\2/dd$ h(t/ét) /ddx’h(t’/ét) K(z,2',0) + -,

where all expectation values are evaluated in the critical (conformal) field theory. Now, the
first term in the r.h.s. vanishes because Oa is a relevant operator, so its expectation value
(Oa(0))cpr must vanish. The second term is the linear response term where the retarded
correlator is given by

Gr(x,0) = i0(t) ([Oa(z), Oa(0)])crr - (4.4)

The next-to-leading term is given by three-point correlator,

K(z,a',2") =0t = t)0(t' — t"){|(O(2")O(2")O() + O(2)O(2") O(2") ) crr
+0(t -0t — ") {|O(@")O(x)O(x") ) cpr - (4.5)

As in the free field cases analyzed in this paper, the expression in eq. (4.3) is usually
UV divergent so we need to regulate it by adding counterterms in order to get a finite
expectation value. We will assume that renormalization can be done without problems to
have a finite value that only depends on two renormalized parameters, 0t and dA. This
assumption relies on the fact that, as mentioned in [91-93], we do not expect that the
quench protocol would lead to any unconventional RG flows.

It is natural to expect that these counterterms are precisely given by the adiabatic
expansion, as we have seen explicitly for the free field theory. Again, the reason is that
the UV contributions to these quantities are insensitive to the quench rate so long as the
rate is slow compared to the UV cutoff scale. Our protocol is chosen such that the rate
is fast compared to the scale of the relevant coupling, as in eq. (1.1), but always slow
compared to the UV cutoff, i.e., Adt > 1. For free field theories, it is easy to perform the
adiabatic expansion since all we had to do is solve the wave equation in a WKB expansion,
as described in section 2.1.1. For interacting theories, this is no longer the case and we have
to use the standard procedure in quantum mechanics starting with an expansion of the
wave functional in terms of instantaneous eigenstates of the (time-dependent) Hamiltonian.

Now, as all correlators in eq. (4.3) are CFT correlators, they should be independent
of the parameters 6\ and dt. So, basically, ¢ will set the scale for the integrals and
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dimensional analysis will fix the form of all the possible terms in the expectation value.
This means that

(OA(0))ren = @y ONGtE28 4 ap GA2 6124735 .. (4.6)

where the constants a, are finite numbers by assumption. Then, we can see that the
first term, the linear response, is responsible of producing the universal scaling found, i.e.,
(OA) ~ 6)/6t?2~. However, we still have an infinite set of nonlinear contributions and
so the next step is to show that the these become negligible once we take the limit of
fast quenches (1.1). For that, it will be easier to define a dimensionless effective coupling,
g = 0A5t™2, so that eq. (4.6) becomes simply

(OA(0))ren = (58) ™2 [a19 + asg® + -+ ]. (4.7)

That is, conformal perturbation theory (4.3) has expressed the expectation value in terms of
a series expansion in terms of the dimensionless coupling. The quenches we are considering
correspond to keeping dA fixed, while taking 0t — 0. This means that we are taking our
effective coupling small, i.e., g — 0, since we are quenching a relevant operator with A < d.
Hence with these protocols, the expansion (4.7) is a very effective perturbation expansion
and the leading behaviour is determined by just the first term, Of course, as we already
noted, this term gives the desired scaling that was found in our previous calculations.
We should note that any pulsed quench will then give the desired scaling, independent,
for instance, of the underlying CFT. Hence the present argument encompasses both the
holographic CFTs of [79-81] and the massless free fields studied here in previous sections.
In our discussion of free field quenches, we found that the universal scaling behav-
ior (1.2) is valid for profiles which are lot more general than the pulses considered above.
Indeed, we now argue that the same scaling applies for general profiles subject to certain
constraints and for general field theories subject to the assumption that the UV proper-
ties are described by a conformal fixed point.'® That is, we regard our original theory as
emerging from an RG flow away from some perturbed CFT in the UV with the action

Sinit = Sorr + / e 2o Oa(x), (4.8)

where )\ is the coupling constant for some relevant operator Oa (z). Now consider a quench
where the profile of the coupling A(¢) only varies in the time interval t € [0, Jt]. At early
times, A(t) will simply be fixed at A9 while after the quench it will take another constant
value A\;. For example, consider a coupling which interpolates between constant values
)\0 and /\1

Ao for t <0,

At) =< Ao+ SAF(t/8t) for 0<t<ét,
A =X +0AF(1) for t >dt.

We leave the details of the function F(y) unspecified other than F(y < 0) = 0 and
F(y>1)=1 and the maximum is finite with Fjyax > 1. Further this profile may dip

16Tn many respects, the following argument closely resembles the holographic analysis in [81].
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below zero by some finite amount and so we specify the minimum as Fi;, < 0. Implicitly,
we are also assuming that the profile is smooth. Now we will work in the regime where

Mot <1, Mot <1, (Ao+FuaxdN)0t9™2 <1, Mo+ FuindN)6t2 < 1. (4.9)

We will calculate the expectation value of the operator at some time ¢ which is earlier
than (or soon after) t = dt. Now motivated by the conformal perturbation expansion in
eq. (4.3), we evaluate the change in (O(t)) relative to the initial theory (4.8) by expanding
in A, ie.,

(O(F, 1)) — (OF, 6))r, = 0 /0 “a' P (¢)5t) / dF Gy (F— Tt — ) (4.10)

2 pt t

+ % i dt'F (t’/ét)/ ddlf’/o dt"F (t”/ét)/ddla?” Ky, (¢, 25", 7" 6,2) + - -,
where G ), denotes the retarded Green’s function for the deformed CFT in eq. (4.8) and
similarly K, denotes the analogous three-point correlator (4.5) in this deformed theory.
Of course, the first term in this expansion corresponds to the linear response. In writing the
explicit range for the time integrals in eq. (4.10), we have used the fact that the function
F(y) vanishes for y < 0. Since all of the correlators in the above expansion are retarded, i.e.,
only have support within the past light-cone, the spatial integrals are also limited to a range
of order ¢ < §t. That is, the integrals in eq. (4.10) only receive nonvanishing contributions
from correlators where the operators are separated by a proper distance of less than O(dt).
Now the fast quench regime defined by eq. (4.9) implies that these separations are all small
compared to the inverse mass scales of the quenched theory. Hence the correlators will
basically be the same as the CFT correlators, in eq. (4.3) and up to small corrections, the
integrals again all scale with the power of 6t determined by dimensional analysis. Therefore
the change in the expectation value takes a general scaling form,

(Oa(®))ren = (OaB))ren g = (88) 72 [b1(t/68) g + ba(t/58) g +--- ], (4.11)

with none of the IR scales defining the deformed theory appearing in the problem. Again,
the leading behaviour is determined by the linear response, i.e., the term linear in the
dimensionless coupling, and hence the change in the expectation value has the desired
scaling, O\ 61424,

Further, the diffeomorphism Ward identity (2.51) still applies in the present context.
Hence energy is only injected into the system while 9;A(¢) is non-vanishing, i.e., only in the
interval 0 < ¢t < §t. But this is precisely the interval in which the change in the expectation
value was evaluated in eq. (4.11) above. Now if we further assume that A > d/2, then
this change will be large compared to the unquenched expectation value in the fast regime.
Hence integrating the right hand side of eq. (2.51) will lead to the expected scaling of the
energy, as given in eq. (1.3).

Hence we have argued that the universal scaling in egs. (1.2) and (1.3) will emerge for a
broad variety of quenches in a wide class of interacting field theories. Of course, the above
framework could be made even more elaborate, e.g., by introducing further deformations
in the initial theory (4.8). Again, the first essential ingredient in our argument was that
the interacting field theory under study can be considered to emerge in the infrared from
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an RG flow away from a conformal fixed point in the UV. Further, we are considering
fast quenches where the quench rate 1/6t is much larger than any of the IR mass scales
defining the initial theory or appearing in the quench protocol. The upshot of this is that
when dt is the smallest physical length scale in the problem, the early time response is
entirely governed by the conformal field theory at the UV fixed point, which explains its
universality. In particular, the scaling behavior is independent of the details of the protocol
so long as eq. (4.9) is obeyed.

We can extend this discussion to make explicit the independence of the scaling behavior
from the initial and final mass scales appearing in the quenches of the free field theory in
section 2.4. As we have seen above, the leading result is given by the linear response.

Hence we consider the linear response answer for (¢?) in free scalar field with a mass
2

profile similar to one considered there, i.e., a profile which interpolates between m; and

mfc = m? + §(m?) with
m2(t) = m? + 6 (m?) F(t/dt) (4.12)

where the function F(y) rises from zero around y = 0 and quickly settles to 1 soon after
y = 1. The intitial and final masses, as well as dm are small compared to the quench rate

mit < 1, mypot < 1, omit < 1. (4.13)
The change in the expectation value is given by a generalization of eq. (2.97)

(01¢*(Z,1)|0)in — (016 (&, 1)|0)insmz=0

d—1 t
=6 (7712)/(;);‘:1 2(k2i—m?)/o dt'F (t'/6t) sin [2 (t—1t) \/k2+m?] (4.14)

where we have used the fact that the function F(y) vanishes for y < 0.

To estimate this, consider for example a function F'(x) which is piecewise constant

0 for y <0
Fly)y=X Fy for 0<y<l1
1 for y>1.

Then for any ¢ < 6t, eq. (4.14) becomes
(0¢*(, £)|0)in — (016° (&, 1)[0)in]sm2=0

) ey sin2 [(%) 2+ (miét)ﬂ
=—-Fy0 (m2) ott d/ (2m)d—1 (q2 + (mi(st)z)?)ﬂ

where g = kdt. Clearly m; has dropped out of this expression. Furthermore to the leading

(4.15)

order in the limit (4.13), the integral in (4.15) becomes independent of m; as well. This
leading answer is the same as in the case of a quench from a CFT.

Note that if we use the expression (4.10) for times much longer than dt, we will need
to address issues of infrared divergences associated with conformal perturbation theory for
constant deformations [98, 99]. For the question we are addressing here, we do not need to
do this. For a recent discussion of our scaling result in a theory with an infrared regulator,
see [100].
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5 Conclusions

In this paper, we have expanded on the results of fast but smooth quantum quenches
that we previously presented in [82], and extended the results to more general quenches.
We have given details of our calculations in free field theories, where both numerically
and analytically we obtain the same scaling relations as in previous holographic studies
of the same kind of quenches [79-81]. This universal behavior in the early time response
was found in a variety of quench protocols which interpolate between arbitrary constant
masses so long as the quench rate 1/dt is large compared to all other physical mass scales
in the problem. In section 4, we provided a general argument that the universal scaling in
egs. (1.2) and (1.3) will appear in fast quenches of any quantum field theory which flows
from a conformal fixed point in the UV, i.e., for any theory that can be described as a
CFT deformed by some relevant operator(s). The scaling is purely a property of the UV
conformal field theory, which emerges at early times as long as the duration of the quench
is short compared to all other physical length scales in the problem, as in eq. (1.4).

A key ingredient in our work, and in the corresponding holographic studies [79-81], is
the renormalization of the underlying quantum field theory. Bare quantities, such as the
expectation value (Oa), are UV divergent and counterterms are needed in order to extract
physically meaningful quantities. The problem here for quenches is quite similar in spirit
to quantum field theories in curved space-times, e.g., [84-86]. In that case, the required
counterterms involve operators made out of quantum fields, as well as curvature tensors
of the background space-time. As discussed in section 2.1.3, for a global quench with a
time-dependent mass, we need to add counterterms involving time derivatives of the mass
function. In fact, to properly renormalize the expectation value of the stress tensor, we
should also consider the theory in a curved background and include additional counterterms
involving curvatures — even if we are only considering these expectation values in a flat
space background.

However, we are still left with the problem of determining the precise coefficients of
the counterterms which render the renormalized observables finite. We argued that these
coeflicients can be determined by examining the quenches in an adiabatic limit and in
section 2.1.1, we demonstrated explicitly how to construct the necessary counterterms order
by order in the expansion for slow quenches. Moreover, this procedure does not depend on
any specific mass profile and so, the resulting counterterms should be universal. We verified
that claim by correctly regulating quenches with a variety of different mass profiles using
the same counterterms. Of course, it may appear surprising that an adiabatic expansion,
which is an expansion in time derivatives, yields the correct counterterms for a fast quench.
We argued that the physical reason behind this is that high momentum modes won’t see
whether the quench is fast or slow, so long as the quench rate is smaller than the cutoff
scale A. In our cases we managed to take that cutoff to infinity while renormalizing the
physical quantities, so we could expect that the counterterms would be the same in both
slow and fast quenches. It would be interesting to test these assumptions in interacting field
theories. Quenches in the large-N vector model, for instance, have been studied previously
in the literature [10, 94-97]. This would be a good place to make explicit calculations and
verify whether our intuition holds even when we have interacting theories.
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Renormalized observables. As emphasized above, our considerations refer to the
renormalized quantities which require ‘removing’ various UV divergences in our calcu-
lations. While this is, of course, the standard approach in quantum field theory, one may
still ask how our renormalized observables would be related to measurements made in a
physical experiment, where implicitly there is a finite UV cutoff? As a simple analogy, let
us consider a quench which consists of suddenly applying external pressures to a crystal.
The phonons in the crystal would provide the analog of our quantum fields, i.e., at least
in a certain regime, they would have a QFT description. The quench will ‘excite’ the final
state of crystal in two ways. Naturally, the quench will generate phonon excitations in
the crystal but the external pressure may also deform the crystal structure in the final
configuration e.g., modifying the dispersion relation for the phonons. The work done in
deforming the crystal structure would then be the analog of the changes in the divergent
‘zero-point’ energy that appears in the bare expectation value (£) and which is subtracted
by introducing mass-dependent counterterms to produce the renormalized energy density.
Similarly, the energy available in the phonon excitations would correspond to the final
(E)ren- The latter is the energy that can be accessed and manipulated by probing the
system with local operators. Let us add for the analogy of the crystal quench becomes
more precise if we also insist that the quench time Jt is larger than the lattice spacing,
which provides the UV cutoff scale. However, note that in this analogy, we have a cutoff
which is itself time-dependent. This feature is quite different from the framework studied
here where the cutoff is always fixed. Of course, more precise analogies without this defect
could be developed, e.g., by considering cold atoms trapped in a two-dimensional optical
lattice where the transverse potential is made to vary in a time-dependent but spatially
homogeneous manner.

While the above analogy should make clearer the role of bare and renormalized quan-
tities in a physical system with a finite cutoff, one may still ask what quantities would
appear in experimental measurements. Answering this question becomes even more com-
plicated for even dimensions, where in section 2.1.1 we found that logarithmic divergences
introduced various renormalization ambiguities. Such ambiguities were also discussed in
the holographic context in [79-81]. The resolution there is that various fiducial experi-
mental measurements would be made to fix these ambiguities. For example, examining
eq. (2.32) for d = 4, we find that there will be two such logarithmic terms.!” However,
with some thought, we can see that the associated renormalization scales can be fixed by
first measuring (¢?);en and (€)ren at some fixed finite mass.

Implicitly in the previous discussion but more generally, we can work with quantities
which are free of UV divergences by comparing expectation values at different times or
in different quenches. For example, as discussed in section 2.7, the difference <¢2>quench —
(#®)fixeq appearing in eq. (2.119) is completely finite for quenches in d = 3. Similarly, one
can produce UV finite quantities by comparing the results for different quench protocols or
by quenching different initial states with the same quench protocol, as in briefly discussed
in appendix B. Of course, another family of UV finite observables would be correlators

"These are the terms proportional to Ad*47 i.e., with coefficients s20 and ss1.
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measured with finite separations, e.g., as in eq. (2.108). Further, one may be able to
find evidence of universal scaling in the early time response with a strategic choice of the
positions in the correlator.

Of course, it would also be interesting to analyze cases where the cutoff remains finite,
e.g., in some lattice model. Though the analysis would be more complex in such a case,
we expect that our universal scaling properties should emerge in the regime where the
scales are properly distinguished, i.e., in a regime where A > 1/§t > m. In fact, one
might expect that as 1/dt approaches the cutoff scale, one would recover the results of an
instantaneous quench.

Comparison to instantaneous quenches. Finally, we should comment on the relation
between our smooth quenches and the instantaneous (or abrupt) quenches that are usually
studied in the literature [8-11]. Some preliminary discussion of the comparison between
these two classes of protocols was given in section 2.6 — see also section 2.7 — and a more
detailed discussion will appear in [83]. Here, the universal scaling in egs. (1.2) and (1.3)
suggests that divergences will appear as 0t — 0 (whenever A > d/2). This would seem to
contradict instantaneous quench results. However, as we already discussed in [82], these
two types of quenches are different: while the present quenches evolve smoothly in a time-
dependent scheme, the instantaneous quench approach can be thought as the evolution of
a far-from-equilibrium initial state evolving under a fixed, time-independent, Hamiltonian.
The scalings discussed in this paper hold for renormalized quantities and as emphasized
above, the renormalization procedure demands that the quench rate is slow compared
to the UV cutoff scale. On the other hand, instantaneous quenches necessarily involve
quench rates which are fast compared to all scales, including the UV cutoff. Indeed we
have explicitly shown that for free field theories, the momentum space correlator agrees
with that for an instantaneous quench only when the momenta are small compared to the
quench rate 1/t. Local quantities, like the one-point function of the mass operator or the
energy density, involve an integral over all momenta and so this condition does not hold.
However, this constraint above may still hold effectively if the contributions to the
integral at high momentum are suppressed for other reasons. One case where the latter
might apply is at late times after the quench. The intuition behind is that at late times, we
expect only low energies (or momenta) contribute and hence the observables for fast smooth
quenches and for instantaneous quenches may agree at late times. Section 2.7 presents some
preliminary evidence for this conclusion. In the free bosonic theory for d = 3, we found
that at sufficiently late times, the one point function becomes independent of §¢ and grows
logarithmically in time. Further, this late time growth exactly agrees with the result from
an instantaneous quench. For d = 5, we showed that the late time result for a smooth
fast again becomes independent of §t as 6t — 0. However, as we will discuss in [83], this
answer only roughly agrees with the expectation value at late times after an instantaneous
quench. More generally, the expectation values generated by the two different protocols
fails to agree even at late times in higher dimensions [83] and hence the precise agreement
in d = 3 is quite exceptional. However, the disagreement found more generally should
come as no surprise since the expectation value (¢?) involves a momentum integral up to
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the cutoff scale where, as we already argued, agreement should not be expected. However,
we should add that a detailed analysis reveals agreement for the late time correlators at
finite spatial separations which are large compared to dt. Again a full discussion of these
issue will be presented in [83].

Higher spin currents. One interesting feature of the free field theories studied here is
that they contain an infinite family of conserved higher spin currents. In section 2.2.6,
we began a study of the response of the higher spin currents in fast smooth quenches. In
particular, we discussed the construction of the higher spin currents in the case of massive
free fields — see also appendix A. This construction naturally leads directly to a general-
ization of the diffeomorphism Ward identity (2.51) for the higher spin currents. In general,
there is a hierarchy of generalized Ward identities (2.74), which can be used to understand
how the ‘work’ done in varying the mass parameter changes the various higher spin ‘charge
densities.” In the fast quench regime (1.1), the latter yields a simple universal scaling
property (2.75) for these higher spin densities, i.e., <]t(s)t> ~ (m?)2+1 /6144, Of course, for
spin-2 and spin-0, these are scalings of the energy density and the mass operator, in accord
with egs. (1.2) and (1.3). We explicitly carried out this construction and demonstrated
the corresponding scaling for the spin-4 current. Hence it will be interesting to explicitly
construct all of the massive higher spin currents and to explicitly find the corresponding
generalized Ward identities. Of course, it would also be interesting to develop a better
intuition for the physical meaning of this hierarchy of Ward identities and the resulting
universal scaling.

Finally it would be interesting to make a connection to the physics of Kibble-Zurek
scaling [5, 6], which arises in the regime of slow quenches. One could, e.g., consider a time-
dependent mass which interpolates between finite values but vanishes at some intermediate
time. In this case, one would expect Kibble-Zurek scaling to hold when the quench rate
is slow compared to the initial mass. Further as the quench rate is increased, one should
find a crossover to the scaling discussed in this paper. We leave this interesting problem
for future study.
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A Conserved higher spin currents for a massive scalar

In this appendix, we will show explicitly how to construct the spin-4 current for a massive
scalar field from the corresponding current for the massless conformally coupled scalar —
see eq. (2.61).

The massless spin—4 current reads

. 1 1 . 1 1
Jt(éld = =0n (b abcd(b + ¢aabcd¢ a¢ Oped® — a¢6bcd¢ + ab(bacd¢ +

576
334 nabncdaef¢aef¢* 3 (Al)

1 . 1 1
+% nabae¢ acde¢+ nabaed)acded) nabace¢ade¢ + -
where the traces coeflicients have been chosen to make the current traceless and the whole

expression should be symmetrized in all four indexes. When we take the divergence, it is
straightforward to verify that this current is conserved:

1

144 0 OObed ™ — 75 D" Obcad

144
* Qa 1 a * Qa a *
Ocad” 0% @ t 35 cd¢a w®” + % "0 pea® + 576 PO ypea P
1 1
192 lecaa ¢* 8eead (ZS nbcada¢8a€e ¢

MbeOda®™ 0", = 0, (A.2)

. 1 a * 1 * na
8a]((£id = 7@ 8b¢8 acd¢ - @ 8b¢ 0 acd¢
1
3

s nbcawa:adcb + 155
1

384
as all terms have 0%, ¢ or its conjugate, which vanishes because of the equations of motion
in the massless case. To generalize eq. (A.1) to the massive case, we will need to add
terms proportional to the mass squared, so that all these terms now are cancelled but upon
evaluation in the massive equation of motion 9%,¢ — m2¢ = 0. So, for instance the first
term in the r.h.s. of eq. (A. 2) should be cancelled with one of the form +m OpPOeq ™.

Now, all the possible m? terms we can add to the current are of the form

G = M| A (670 + 00ead™) = B (000 06" + Dap 06") + C a6 0,"

where A, B,C are constants to be determined (as always, the most general form of the
current should be symmetrized). By taking the divergence we obtain,

07" = 3(A — 2B) (0400:a6” + Ob"0cad)) + 3A (6 Docad + BDyeas”) +
3(A — B +2C) (50" $0qqd" + 150" ¢* 0uap) + (A.3)
+ 3A (Mot 0%q® + Mcdd%q ") — 3B (npc0”, 9" 04d + Mpe0”, 903 ¢")
and so, we are left with a 3 x 3 system to solve for A, B, C in order to have j ﬁld +3 éﬁ?ﬁf
conserved. This gives A = 1/576, B = 1/384,C = 1/1152. But we still need to add terms
proportional to m? in order to cancel the terms that appear in the last line of eq. (A.3).
For those we just need to add

Jabea = —3m"( MMabNed®” @ (A.4)

and then we have the full generalized 4-spin conserved current for the case of a massive
scalar field.
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We can do an analogue procedure in any spacetime dimension and we get

m= 2 d d
Janea = Jsnes G ( i+ < + 1) i+ 5 +m2j0> S (A

(d/2 4+ 2)!(d/2)! \ 27! 2
where
i = 6706 + 60cad”, (A.6)
G = ~0.4"0a¢ — 00040, (A7)
35 = 1640t %0, (A-8)
Jo = Ned®” ¢. (A.9)

The crucial fact for our discussion in section 2.2.6 is that we can write the current as
the sum of the minimally coupled and the conformally coupled spin-2 current and then it
is direct to evaluate the generalized Ward identity.

Finally, we should say that this procedure is, in principle, easily generalized to any
higher spin current. However, the procedure becomes tedious as the number of terms in
the massless current grows quickly with the spin and so does the number of possible terms
that should be canceled with mass terms.

B Scaling of excited states in the scalar quench

It is interesting to also analyse the behaviour of excited states under a quench. This
gives an extra observable to evaluate and it may be particularly useful in case one wants
to make explicit contact with experiment. If we take the case of even dimensions, for
instance, extra regulator ambiguities appear in the problem, as discussed in section 2.1.1.
So, if someone is performing an experiment, before looking at the scalings and so on, one
should establish a way to fix these ambiguities. Interestingly, after being fixed, one should
be able to compare different states using the same protocol, so excited states become useful
observables to evaluate the behaviour of the system.

We can think of different possible excited states such as giving the system some ex-
citations of in-modes or even think about a coherent state of in-modes. In any case, one
interesting example is to compute (¢?),, = (in, O|ag ®? a;%n]in, 0), for any momentum & and
any number of excitations n.

However, we already know the exact solution to ¢ under the quenches we are con-
sidering, i.e., see egs. (2.7) and (2.8). So, in order to evaluate the excited expec-
tation values we only need to use repeatedly the property of commutation of the aj

modes — see eq. (2.7). Explicitly, what we need to find are expressions of the type
(in,Olag - - - aEaE,a%/a%- : -a%]in, 0) and (in,0lay - - aga%aﬁ,a%- : -a%]in, 0). After some al-

gebra we get
d—2

<¢2>n = <¢2>0 + 2n2k |2F1!27 (B.1)

m
where (¢?)¢ means the vacuum expectation value and the hypergeometric function is evalu-
ated at the same arguments as in the main body of this article but at a fixed momentum k.
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Now one can ask whether the difference between the excited states expectation value and

the vacuum also scales as 0t — 0. However, it is quite direct to show that as &t goes to

zero with fixed momentum k, the hypergeometric function goes to 1, and so the difference

(%), — (¢*)o would go to some constant depending on k and n but would not scale with

some power of §t, as found for the vacuum expectation value.
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