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We present a theoretical proposal for measuring correlation functions in a quantum field system based on
the use of quantum quenches. Using the examples of massive and massless scalar field theories, we show
that a short-term perturbation of the system leads to a dependence of the further evolution of the average
field on the initial state’s correlation functions. Considering two types of perturbations, namely local and
nonlocal quenches, we show which correlation functions can be measured in each of these cases. The
proposed procedure can be applied to study non-Gaussian correlations.
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I. INTRODUCTION

The state of a quantum system can be characterized by a
set of correlation functions. Recently, progress in the
experimental study of physical systems with a large number
of degrees of freedom has made it possible to measure
various correlation functions, including those of higher
order [1-9]. This progress is a step toward understanding
the role of non-Gaussian correlations in the dynamics of
quantum systems [10,11].

In this paper, we propose a new procedure for measuring
correlation functions in a quantum field system based on
the use of quantum quenches.

The main idea is that a disturbance acting on a system for
a short period of time can lead to a dependence of the
evolution of observables on correlations of the initial state.
Therefore, by measuring some observable after such an
impact, it is possible to obtain information about correla-
tion functions of various order. In this work we investigate
the question of which correlation functions of the initial
state become available for measurement after quenches of
various types. Although the idea of measuring physical
quantities by perturbation is not new [12—17], a specific
feature of our work is that we provide a procedure by which
a broad class of correlation functions can be measured.
Therefore, this procedure provides another way to study
non-Gaussian correlations.
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Previously, the dynamical effects of interactions local in
space, but not in time, in various spin [18-26], fermionic
[27-34], and bosonic [35,36] systems were investigated.
However, in this paper we explore the case of a local
quench [37-40], when the disturbance is localized not only
in space, but also in time. Such perturbations were first
investigated in the context of conformal field theory
[41,42], and then implemented as a flipping of several
spins in spin systems [43-48] or as a quantum measure-
ment [49]. The perturbation localized in space and time has
already been realized experimentally in a quantum field
simulator [50]. In addition, we propose a new type of
quench, namely the nonlocal quench, and show which
correlation functions it enables us to measure.

Although the proposed procedure is applicable to the
study of non-Gaussian correlations of the initial state, in
this paper, as a specific example, we consider the Gaussian
initial state, namely, the ground state of a massive non-
interacting theory. In this case all correlation functions can
be calculated exactly. This enables us to obtain exact
analytical results for the evolution of the average field
after a local or nonlocal quench.

The outline of the paper is as follows. In Sec. II we define
a quantum quench and formulate the general idea. In
Sec. III we consider a local quench in massive and massless
scalar field theory and describe the procedure for measur-
ing correlations. In Sec. IV we generalize the procedure to a
nonlocal quench. In Sec. V we summarize the results.

II. GENERAL IDEA

A simple model that can be used to demonstrate the
procedure for measuring correlations is a free real
scalar field theory in a d-dimensional space given by a
Hamiltonian

Published by the American Physical Society
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= % / A7 + (Vo) + M2P). (1)

Here, the operators @(X) and #(X) satisfy the canonical
commutation relations

[(X), 2(3)] = ih6(x - 3), (2)
(%), p(3)] = [#(%), ()] = 0. 3)

In this paper, both massive (M # 0) and massless (M = 0)
cases will be considered in detail.

Now let us describe what we mean by a quantum quench
in this paper. We will call a quantum quench a perturbation
that acts for a very short period of time and, in the limiting
case, is described by a Hamiltonian H;, () = (¢t — o)V
where 7, is a moment of the quench and V is a Hermitian
operator that will be specified later. As shown in Appendix A,
as a result of such a perturbation, the state of the system
described by density matrix p instantly changes to

po=0p0' (4)
where the so-called quench operator

~ PN

Q=e. (5)

After the quench, the system continues to evolve with a
free Hamiltonian H, so that the observables at time ¢ > 1,
can be expressed using the retarded Green’s function

4y sin(w .
GR(t, )_5) = —9([)/ (czlﬂl))d ( pl‘) e+sz’ (6)

w

where @, = \/M?*+ p?. This function satisfies the
equation

(07 — A, + M?)GR(1,%) = —=5(1)5(X). (7)

For example, the evolution of the average field after the
quench is expressed as follows

@Mﬂm——/ﬁ%@@W—@i—ﬂ%Mﬂm
L GR(t— 19 %~ ) - (())o). (8)

Here and further, the triangular brackets (...) and (...),
denote the averaging with the density matrices p and pg. If
no time is specified, it is assumed that 7 = 7.

Now we are ready to formulate the main idea of this
work. As can be seen from the formula (8), the evolution of
the average field after the quench depends on the values of
(p)o and (7), immediately after the quench. These
averages, in turn, can be expressed in terms of averages

calculated in the state p before the quench. The main idea of
this work is that perturbations of the system by various
operators V lead to the dependence of the evolution of the
average field on various correlations of the initial state p.
This gives a simple algorithm for calculating correlations in
a quantum state: (1) to act on the system using a certain
type of quench and (2) to measure the average field after the
quench. Then, depending on the type of V, the average field
will depend on certain correlations of the initial state p,
including non-Gaussian ones.

In the following Sections, we will study in more detail
the question of which correlations of the initial state p can
be measured with specific implementations of the pertur-
bation V.

III. LOCAL QUENCH

In this Section, we will consider the first example of a
quench, namely a local quench, when the perturbation is
localized in space near a point X, and has the form [37]

V= 2¢5(30). ©)

The operator ¢ is smeared near the point X, using a
smearing function #7(X — X, ) that decreases rapidly outside
the small neighborhood of the point X, and satisfies the
normalization condition [ d/xn(X —Xy) =1,

%@@zfﬁwmqw—%» (10)

The smearing of each field individually, rather than the
entire product, is explained by the need to avoid diver-
gences from averages at coinciding points. This point is
discussed in more detail in Appendix B.

The evolution of the average field after the quench is
described by the formula (8). Let us express the averages
(@) and (1) , immediately after the quench in terms of the
averages before the quench. Expanding the exponents in
the formula (4), we obtain the following expression for the
average value of an operator A immediately after the
quench

tr{poA} = tr{pA} + i% <—%>ktr{ﬁ[...[A,V], ...f/}}.
k=1 " Vk

(11)

Then the 1-point averages immediately after the local
quench are

(@G = (@0)). (12)

(7)o = (#(3)) = n(F = Xp) - nd- (@57 (Xp)).  (13)
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Substituting the expressions (12) and (13) into the for-
mula (8), we obtain the following expression for the
evolution of the average field after the local quench in
terms of correlations before the quench

(@(t.3)) gy = (@(t.5)) +nd- G (119X =Xp) - (§§ (X))

(14)

The notation Q(n) indicates the power of the operator ¢ in
the local quench (9). The first term on the right-hand side
corresponds to the evolution of the average field in the
absence of the quench. The smeared retarded Green’s
function is defined as follows

G§(1 — 19, % = Xg)

— [ @GR i-t0.3-5) G =% (15)

As can be seen from (14), the evolution of the average
field is entirely determined by the smeared Green’s
function. For this reason, this function will be examined
in detail in Sec. III B.

A. Measurement of correlations using local quenches

Let us use the formula (14) to express the correlation
functions before the quench. Here we will assume that
X = X, that is, the correlation function will be determined
by measuring the average field at the point of quench,

(D(8.%0)) gy — (@(1.50)

_ (16)
nAGR(t —14.0)

(@57 (o)) =

This formula is the basis for the procedure of measurement
of correlation functions. By acting with local quenches (9)
with n = 2, 3,4, ... and measuring the following evolution
of the average field, correlation functions (), (%), (P3),
... in the state p before the quench can be determined. It is
easy to find the corresponding cumulants from these
correlation functions and thereby investigate the non-
Gaussian correlations of the initial state.

Thus, local quenches enable us to consecutively find
correlations of the initial state. However, using a local
quench of the form (9), only averages of the form ($$(xX,)),
a=1,2,3,..., can be measured, that is, the averages of the
products of fields localized near the same point X,,. To get
information about averages of a more general kind, we need
to use another kind of quench, namely the nonlocal quench,
which will be considered in Sec. IV.

Note that the idea to use perturbations local in space and
time to measure physical quantities is not new. A recently
developed method called local quench spectroscopy uses
these kinds of perturbations to find the spectra of interact-
ing systems [51,52]. Despite some similarities, including

the need to measure only a local quantity (in our case, the
average field), the procedure proposed in this paper differs
from local quench spectroscopy, since it is aimed at
obtaining information about correlations in the initial state,
rather than about the dynamic properties of the system.
In addition, in this paper, the choice of an observable for
measurement does not depend on the specific type of
local quench.

We would like to emphasize that the method proposed
here is applicable in its current form only to noninteracting
theories. The reason is that in the presence of interaction,
formula (8) is not valid, even if the interacting retarded
Green’s function is used instead of GX. Instead, the
evolution of the average field in this case depends not
only on (@), and (7), but also on higher-order averages.
Developing a similar method for interacting theories is a
separate important problem that requires the use of more
advanced methods of nonequilibrium quantum field theory
with non-Gaussian initial correlations [53].

B. Smeared retarded Green’s function

As noted above, the evolution of the average field is
entirely determined by the smeared retarded Green’s
function. The goal of this Section is to investigate the
behavior of this function over a long period of time. For
definiteness, we will use a Gaussian smearing function

X—=Xp)?
(7 =5g) = (2ne)renp { - 5200 )

with e characterizing the size of the area in which the
quench is localized. Substituting (6) and (17) into (15) and
taking the spatial integral, we get

dp sin(w,(t —
Gg("fQ’f—fQ)z—e(t—tQ)./(‘;ﬂg’dsn( pa()f o))

% e—€2p2/2+iﬁ(f—5c'g)' (18)

For convenience, we will assume that the measurement of
the average field takes place at the same point where the
quench was localized, that is, X = X,. Then the integral in
the formula (18) can be reduced to an integral with respect

to p = [p|
GR(1-1,,0)

S 0 _sin(w,(t—1p)) .
:_g(t_tQ).(zﬂ)ldA ppd 1 Pwp 0 P2,

(19)

Here S, =27%?/T(d/2)—the area of a (d—1)-
dimensional sphere in d-dimensional space, expressed in
terms of the gamma function.
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Let us find the asymptotic behavior of the smeared
retarded Green’s function at long times. We will consider
the massive and massless cases separately.

1. Massive case

For M # 0, the stationary phase method can be used
to calculate the integral in the formula (19) at long times
t—1o> M and 1 — 15> €. As a result, we get

me i wd
W.sm (M(t—tQ) +7)

(20)

GR(t—14,0) % —

Substituting this expression into formula (14), we obtain
the following asymptotic behavior of the average field at
the point of the local quench

<(:A0(l,fg>>Q(n) ~ (p(t,%0)) — nA- (@i~ (%))
M i nd

' (2zM (1 — [Q))d/z *sin (M(t— Io) +T>'

(21)

Figure 1 shows the evolution of the smeared rerarded
Green’s function (18) for a massive scalar theory in the
dimension of space d = 1 for three values of the size of the
quench localization region €. It can be seen that over time,
in all three cases, the behavior of G§ (¢ — 14, x — x() near
the point x, of the local quench becomes the same.

As was argued in [37], the angle of the “light cone” is
related to the maximum group velocity of the particles
created during the quench

40
30 A

20 4
10 A

40
30 - 0.2
20 1

Time

10 A

40 —0.2

30 A
20 A
10 A

() : .

-40 -20 0 20 40
Coordinate

FIG. 1. Dependence on the coordinate M(x —xp) and time
M(t—tg) of the smeared retarded Green’s function G for a
massive scalar theory in d = 1 for the quench localization region
Me =0.2, 1, 5(a,b,c).

0 1
%% Pma . (22)
ap Pmax \/Mz + pzmax \/1 + (M€)2

v max

For a sufficiently small area of localization ¢ << M~! the
disturbance propagates with the speed of light, whereas for
€ > M~ the front propagates more slowly.

2. Massless case

For M =0, the integral in the formula (19) can be
expressed in terms of the (imaginary) error function

erf(x) :%Axdye‘yz, erfi(x):\/ii_rﬂxdyeﬂ’z. (23)

For physically relevant dimensions, the result is

GR(t—10,0) = =0(1—1g)

%-erf(’}—;g) (d=1)
m (t— Z‘Q) . e—(l—tQ)2/252 (d: 3)
(24)
In the big time limit 7 — 7, > ¢
-1/2 (d=1)
GR(t—10,0)~{ —1/22(1=1g) (d=2) (25

e 12 (

I
w
N

Thus in this limit the average field at the point of the local
quench has the following asymptotic behavior [see for-
mula (14)]

(D(1.%0)) gy ~ (@(1.50)) = - (97 (Fo))
1/2 (d=1)

1/27(t —tg) (d=2) . (26)

Several remarks follow from this formula. First, in
d =1, an important difference from the massive case is
that the term that appears as a result of the quench does not
become zero at t — oo, but takes a constant value through-
out the entire space. Second, in d = 3, the exponential
decay of the smeared retarded Green’s function makes it
challenging to use the method in the case of a massless
scalar theory.
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FIG. 2. Dependence on the coordinate p(x —x,) and time
u(t—ty) of the smeared retarded Green’s function Gf for a
massless scalar theory in d = 1 for the quench localization region
ue = 0.2, 1, 5(a,b,c). Here p has dimension of mass and arbitrary
positive value.

The Fig. 2 shows the evolution of the smeared rerarded
Green’s function (18) for a massless scalar theory in the
dimension of space d = 1 for three values of the size of the
quench localization region €. It can be seen that, regardless
of €, for 1 — 1 > e, the function G¥ (1 — 19, x — xp) takes a
value —1/2 constant in space and time, consistent with the
asymptotic expression (25).

Note that, in the massless case, the group velocity does
not depend on the momentum and is always equal to the
|

speed of light, so regardless of ¢, the light cone is always
present.

C. Local quench from the ground state

In this Section we will apply the results obtained above
to study a specific example. As noted earlier, formula (16)
enables us to investigate non-Gaussian correlations of the
initial state. However, in this Section we will consider a
simple Gaussian initial state. This will allow us to obtain an
exact analytical solution for the evolution of the average
field after the quench.

Let us assume that before the quench the system was
in the ground state of a scalar theory with mass M, and at
time ¢ =t a local quench V= A3 (Xp) was applied. In
the absence of the quench the average field is zero so the
formula (14) has a simple form,

(@(t. %)o@ =34-G (27)

§(1—19.% = Xp) - (#5(X0))-

Since the full dependence on time and coordinate is
contained only in the smeared retarded Green’s function
GR(r - 1o, X — X), the qualitative behavior of the average
field after the quench does not differ from the behavior of
the aforementioned function studied in the previous Section
and for d = 1 shown in Figs. 1 and 2. In d = 1, this means
that in the massive scalar theory at long times the average
field oscillates with a decaying amplitude proportional to
1/,/f=",. However, in the massless case the average field
takes a constant value in space and time.

For sufficiently long time 7 — 1, > eand t — 1o > M -
(for M #0) after the quench we can use the formulas
(21) and (26) for the average field at the point of the
quench

A (= 1/2 (M=0,d=1)
ot x ~ =31 (p3(X , 28
(@(1.%0)) o3) (@5(x0)) 12n(t = 1) (M=0.d=2) (28)
G € U (M =0.d=3)
[
In both massive and massless cases, the magnitude of the ~ Correlation function for the ground state is
average field is proportional to the smeared 2-point
correlation function before the quench dlp A
D(X))P(X,)) = +Hip(F1=%2) 30
wEaE) = [ (30)

(3%, / dix, / oy (p(F)P )

(¥ = Xp). (29)

In intermediate calculations, we will assume that the mass
M # 0 and will then take the limit M — 0 if needed. Taking
into account the expression (17) for the Gaussian smearing
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function, we obtain

K()( ZMZ) EM?)2

M?

(@3(X0)) = { gume (1-erf(eM))-e

Here K,(x) is a modified Bessel function of the second
kind, erf(x) is the error function given in (23). There
are two limiting cases of the ratio between the size e of
the region in which the quench is localized and the
characteristic scale 1/M in the system before the quench.
In the limit eM < 1,

(@5(Fo)) = § §i d=2). (32
87[72!&2 (d = 3)

These formulas are exact for M =0 and d=2, 3.
However, in d =1, an infrared regularization is needed
for a massless scalar field. In the opposite limit eM > 1,

h 1

(@5(X)) Mo are)

(33)

Similarly, the case of a quench from a thermal state can
be considered. In this case the evolution of the average field
will depend on the temperature 5.

For local quenches V = 1¢%(X,) with n > 3, the evo-
lution of the average field depends on the higher correlation
functions of the initial state. For the ground state considered
in this Section, these correlation functions can be expressed
in terms of 2-point correlation functions (31) using Wick’s
theorem. Therefore, the use of such quenches in this case
does not bring new information. However, in the general
case of a non-Gaussian initial state, such quenches may be
of interest, since they make it possible to study non-
Gaussian correlations.

[20)

FIG. 3.
point of nonlocal quench.

)
).
i 1)k )
)

. . L]
TQ,j-2 TQj-1 LQ,j

IV. NONLOCAL QUENCH

As noted at the end of Sec. III A, local quenches only
provide information about averages of the form (p%(Xy))
where all fields are localized near the same point x,. To
generalize the procedure to the measurement of more
complicated correlation functions, we propose a new type
of quench, namely a nonlocal quench

V=1295(X0.1) - ds(Fgn) (34)
where each operator entering the perturbation V can be
localized near its own point.

Using formulas (8), (11), and (34), we obtain the

following expression for the evolution of the average field
after the nonlocal quench

P(1, %)) + ﬂzn: GR(1
(@ (le) %*90/)' (pS<xQn)> (35)

As can be seen from (35), in general, the evolution of
the average field depends on n correlation functions. In
order to identify the contribution of only one of these
correlation functions, it is necessary to measure the average
field in the vicinity of the corresponding point after a
sufficiently short time after the quench.

To better clarify this point, consider a situation where
the time 7—1t, after the quench is such that the light
cone with the origin at the point X, ; has not yet intersected
with the light cone with the origin at any other point
near which the quench was made (see Fig. 3). This means
that if X lies inside this light cone, then only one term
remains in the formula (35)

(@, %)) o(n) =

- tQ,f—)_c)Q,j)

X)) +4-GS(1—19,X—3Xp;)

(@(t. %)) o) = (@(1,
( psEgy) - ps(Xo.n)). (36)

@S()_C)Q,l)

Formula (36) is the basis for the procedure for measuring
correlations using nonlocal quenches. As in the case of a
local quench, measuring the average field after nonlocal
quenches enables us to find correlations of the initial state.

L3S

L] L]
LQ,j+1 LQ,j+2

Case when the light cone with the origin at the point X, ; has not yet intersected with the light cone with the origin at any other
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At the same time, due to the nonlocality of the interaction, it
is possible to find the averages of the product of fields
localized near different points.

Note that to use this method, it is sufficient to know the
asymptotic behavior of the retarded Green’s function,
which can be found by some other method, e.g., from
the linear response. The sole requirement is that the Green’s
function reaches its asymptotic behavior before the time at
which the light cones intersect.

For nonlocal quenches (34) with n > 3, the evolution of
the average field depends on the higher-order correlation
functions. This, in principle, makes it possible to study non-
Gaussian correlations of the initial state.

Before moving on to the example, let us provide an
interpretation of the nonlocal quench (34). Note that
formula (35) for the evolution of the average field contains
only a term linear in 4. This means that the same expression
can be obtained by expanding the exponential in the quench

operator Q in a series up to the linear term,

A, . n
h (/’s(xQ,l) fﬂs(xQ,n)- (37)

0=tV ni-
If, prior to the quench, the system was in the vacuum state
|Q), then the state immediately after the quench,

A ir, . R
¥p) = 0/Q) ~ Q) _E(pS(xQ,l) - Ps(Xp.n)|Q),  (38)
is a superposition of two states. The second state is the
result of particle creation near n different points in space.
Therefore, from the perspective of subsequent evolution of
the average field, a nonlocal quench can be viewed as the
creation of a superposition of this kind. A similar descrip-

tion applies to other initial states.

A. Nonlocal quench from the ground state

As an example, as in the Sec. III C, we will consider a
quench from the ground state of a scalar theory with mass M.
In this case, the initial state is Gaussian and all the information
about the state is contained in 2-point correlation functions, so
there is no need to consider nonlocal quenches with n > 3.
Let us assume that at time 7 = ¢, a nonlocal quench V=
/1(,05 (xQ @s (xQ 2)(ps(Xp3) was applied. Here the points
Xo.1> X2, Xg3 are such that the localization regions do
not intersect. In this case, the formula (35) gives

(@(,%)) 003

=21-GR(t—19.X—Xg1) - (@5(X02)Ps(X03))

-

+2-G§(t =19, X = Xgo) - (Ps(Xg.1)Ps(¥03))
+ 4 G§(1 = 19.X = Xg3) - (Ps(.1)Ps(Xg2)).  (39)
Here we took into account that in the absence of a quench, the

average field is zero, so the first term in the formula (35) is
missing.

If during time 7 — 7, the light cones with the origins at
points Xy, X 3, did not intersect with the light cone with
the origin at point X, ;, then for X = X, ; only the first term
contributes to the right-hand side of the equation (39)

=1 GE(1 = 15.0) - (ps(Rp2)ds(%03)).

(40)

(#(t.%01)) i

In addition, if # — 7y > e is satisfied, then the asymptotic
expressions (20) and (25) for the smeared retarded Green’s
function can be used.

A smeared 2-point correlation function at nonmatching
points can be calculated using (17) and (30)

(Ps(X02)Ps(Xp3))

d
:/ d‘p h €—€2p28+i[3()?Q,2_}Q.3). (41)

Q)2 /M? + p?

Figures 4 and 5 show the evolution of the average field in
d =1 after the nonlocal quench for the cases of massive
and massless theory, respectively. The smaller absolute
value of the average field in the light cone of the middle
point is explained by the fact that the smeared 2-point

40

0.00010

0.00005

[
£ 204 0.00000
S
—0.00005
104
o~ o~
~ ~r —-0.00010
- .
T T T T T T T
-40 -30 -20 -10 0 10 20 30 40
Coordinate

FIG. 4. Dependence on the coordinate M(x —x,) and time
M(t —tp) of the average field after the nonlocal quench for a
massive scalar theory in d = 1. Here Me =1, A =h = 1.

Time

T T T T T T T
-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04
Coordinate

FIG. 5. Dependence on the coordinate u(x —x,) and time
u(t —tp) of the average field after the nonlocal quench for a
massless scalar theory in d = 1. Here u is a momentum IR cutoff,
ue=103 1=n=1.
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correlation function decays with distance. This effect is
more pronounced in the case of a massive theory, since in
this case the correlation function decays exponentially with
increasing distance, rather than logarithmically.

The use of the ground state allowed us to obtain an exact
analytical solution for the evolution of the average field,
and therefore served as a good example. However, we
emphasize once again that the proposed procedure also
enables us to analyze non-Gaussian initial states. In this
case, the use of nonlocal quenches (34) with n > 3 makes it
possible to study non-Gaussian correlations.

V. CONCLUSION

In this paper, a method for measuring correlations in a
quantum field system using local and nonlocal quenches
was proposed. The main idea was that a short-time
perturbation on the system leads to a dependence of the
further evolution of the observables on the correlations in
the initial state. Taking the average field as an observable,
we investigated the question of which correlation functions
of the initial state can be measured using specific
perturbations.

As the first example, the case of a local quench was
considered. In this case the disturbance was localized in the
vicinity of a certain point in space. The dependence of the
evolution of the average field on correlations before
the quench was found. It was shown how the consecutive
application of local quenches makes it possible to find
various correlation functions, including those of higher
order. It has been demonstrated that a local quench enables
us to obtain information only about correlations of a certain
type, namely, the averages of the products of fields
localized near the same point in space.

To overcome this problem, a new type of quench was
proposed, namely, a nonlocal quench. In this case each
operator entering the perturbation is localized near its
own point in space and the averages of the product of
fields localized near different points become available for
measurement.

Both types of quenches have been analyzed for free
massive and massless scalar field theories. The differ-
ence in the behavior of the average field over long
periods of time for these two theories was investigated.
In particular, it was shown that in the massless case in
1-dimensional space, the average field gets a constant
value in the entire space, which depends on the initial
state of the system. A characteristic feature of the
massive theory is that the size of the quench localization
area affects the angle of the light cone, which is related to
the maximum group velocity of the particles created
during the quench.

In the future, we plan to apply the Keldysh diagram
technique with non-Gaussian initial correlations [53] to
study the effect of interaction on the evolution of observ-
ables after quenches of various type. We expect that the

presence of an interaction may erase information about the
initial state due to long-term thermalization after a quench.

We hope that the proposed procedure for measuring
correlation functions will contribute to the development of
the field of the quantum state tomography and will be
applied to study non-Gaussian correlations in many-body
quantum systems.
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APPENDIX A: DENSITY MATRIX AFTER
QUENCH

To derive the formula (4) describing the change in the
density matrix as a result of quench, we assume that the
interaction is activated for a very short but finite period of
time from ¢, — At/2 to ty + At/2, and the Hamiltonian
has the form

H(t)=Hy+ f(0)V. (A1)

Here, the function f(#) is nonzero only in the time
interval mentioned above and satisfies the normalization

condition
to+At/2
/ dr
to—At/2

The evolution operator / in the presence of interaction
satisfies the equation

im0 (10,2 HU( 11 Al
ih— dto—— | = Jto—— ).
ot ¢ 2 ¢ 2
Integrating this equation from ¢, — At/2 to ¢, iterating the

resulting integral equation and putting ¢ =ty + At/2
we get

. At At
U o +7,[Q—7

3 i < i)k/tQ+At/2
= —|— —_——
k=1 h TQ—AZ/Z

Due to the condition (A2) for At — 0, the contribution
from I:IO can be neglected

F() = 1. (A2)

(A3)

3 Tr—1
dt, / dt,... / dty,
to—At/2 to—At/2

(A4)
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N At At
U ZQ+7,IQ—7

PR - i kl 19+A1/2 ko
_1]+;< h) o ([Q_m/z dtf(t)) VE 4 o(1)
= eV 4 o(1). (A5)

For At — 0, we get
Uty +0,15—0) = e = Q. (A6)

This means that the instantaneous change in the
density matrix as a result of quench is described by the
formula (4).

APPENDIX B: ALTERNATIVE DEFINITION
OF LOCAL QUENCH

To understand why (9) was used for the definition of a
local quench, let us consider an alternative definition

¥ = 4(07)5(F) = 4 / ¢ (7) n(E—Fp).  (BI)

The 1-point correlation functions immediately after the
quench can be found using the formula (11)

@G = (@0)).

(7))o = (&()) = An- (9" () - n(¥ - Xo).

Hence, the evolution of the average field after the quench is
described by the following expression

(B2)

(B3)

D0 T)) oy = (@(1. 7)) +4n / dYGR (1 = 15.% - )

. <An—l

P"3)) -0y = Xo). (B4)

This expression contains the average values of the product
of fields at the coinciding points. Generally speaking, such

averages diverge. Let us demonstrate this using the exam-
ple of the thermal state in the absence of interaction, when
the 2-point average has the following form

(@(x1)p(%2))
:/(;lig?d%coth(%%)e*’f’(’?l‘@), (BS)

where @, = VM? + p?. At coinciding points

(9*(%)) Aw dpﬁcoth(ﬂhzw”)

@p

(B6)

With p — co, the integrand behaves like p?=2, so there is
an ultraviolet divergence in any dimension d of the space.
One way to eliminate this divergence is to use the normally
ordered perturbation operator V [54].

On the other hand, this problem is not present
when using the definition (9) for the local quench [37].
Indeed, as can be seen from the formula (14), in
this case, the expression for the evolution of the average
field after quench contains the average values of the
product of the smeared fields. The reason why such
averages do not diverge is easy to understand using the
same example of a 2-point average, but now with smeared
fields

(@) = / e,y () (32)

(X = Xp) - n(¥y = Xp). (B7)
After substituting the expression (B5), the Fourier trans-
form from the smeared function appears in the integral
expression. Let the smearing function be Gaussian [see
formula (17)]. Then its Fourier transform is also a Gaussian
function, so the integrand decreases exponentially at
p — oo, and there is no ultraviolet divergence.
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