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Slowly decaying real-time oscillations in instanton crystals
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Instanton crystal is a fascinating phase which is encountered when the minimum of the free energy corresponds
to a configuration with an imaginary-time-dependent order parameter in the form of a chain of alternating
instantons and anti-instantons. We present the results of the investigation of the real-time correlation functions

of the order parameter in the instanton crystal phase. In order to obtain the correlation functions in real time,
we formulate an original method of analytic continuation from imaginary times, which is easily adapted into an
efficient numerical scheme for the computations. The resulting correlation functions exhibit nontrivial slowly
decaying oscillations in real time, which is reminiscent of prethermal time crystals.
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I. INTRODUCTION

A. Instanton crystal

In standard theories of phase transitions, one uses the con-
cept of the order parameter and spontaneous breaking of the
symmetry in the phase when the order parameter is not equal
to zero [1]. As one considers thermodynamic models starting
with a time-independent Hamiltonian, physical real time ¢
does not appear in thermodynamic quantities. In contrast, the
imaginary time t is a usual additional “coordinate” that arises
in the formalism of quantum field theory which is nowadays a
conventional tool for describing many body systems.

In many cases, like spin models, the spin integration vari-
ables S(t) contain the single imaginary time variable 7. In
other cases, superconductivity, charge density waves, etc. the
integration variables are functions of two variables of the
type A(z, t’). As concerns the order parameter usually found
from the minimum of the free energy, it does not depend
in all known cases for spin systems on t at all, while in
the two-time cases it may depend on the difference t — 7’.
At the same time, it is not clear whether a function of two
variables 7 and t’ playing the role of the order parameter may
depend on t + 7/, which would violate the imaginary time
translation invariance. This possibility does not contradict to
general principles but one should be sure that the free energy
of such a state is minimal with respect to those of other states.

The question about the possibility of the imaginary time-
dependent order parameter has been raised rather long ago
[2,3]. In these publications, the order parameter was taken as
a train of instantons and anti-instantons but the free energy
turned out to be higher than the one for the static order param-
eter. More recently, the model was extended adding additional
interaction terms in publications [4,5] but the free energies
for the imaginary time-dependent states still exceeded the
free energy of the corresponding state with the static order
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parameter. An attempt to construct soliton trains in imaginary
time has been undertaken in Ref. [6]. In all these cases, how-
ever, the mathematical construction of solitons hinges on the
reflectionless potentials of the underlying scattering problem.
Generation of solitons using a supersymmetry approach has
been discussed in a recent paper [7]. Apparently, in the models
that can be solved exactly, solutions with the imaginary time-
dependent order parameter are energetically unfavorable and
one had to try more sophisticated models.

Fortunately, a proper model has been suggested in our
recent publication [8]. This model contains the fermion part
analogous to the one considered in Refs. [2-5] but the
fermions interact additionally with a boson mode. The cru-
cial difference with conventional electron-phonon models is
that we include into consideration the interaction of currents
created by fermions and bosons rather than interaction of
densities. We have investigated the model in the mean-field
approximation using both analytical and numerical methods
and demonstrated existence of the phase transition from the
static phase into a new state with the order parameter in a form
of an instanton/anti-instanton train in the imaginary time. The
transition can be either of the first or of the second order.

In Ref. [8], we restricted ourselves to the calculation of
thermodynamic quantities. The discussion of the correlations
of physical quantities in real time was left for the future study.
The reason for that was that we deemed this topic highly
nontrivial to deserve a separate work.

As such, this paper is devoted precisely to the study of
real-time correlations in the instanton crystal. We find an inter-
esting behavior which is specific for this thermodynamically
stable state.

The real time ¢ is introduced via the standard quantum
mechanical replacement of the operators

At) = eit(ﬁ—MN)A\e—il(]q—l’-N), (1)

where H is the full (time-independent) Hamiltonian of the
model and p is chemical potential. Within this approach,
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we calculate certain correlation functions assuming that the
system itself remains in the thermodynamic equilibrium.

The thermodynamic average (...) describing these func-
tions equals

(...y=Z7'Tr[(...)exp[—BH — uN)]], 2)
while
Z = Te[e P10,

is the partition function, and 8 = 1/T is the inverse tempera-
ture. The brackets in Eq. (2) can contain products of real-time
dependent operators like those, given in Eq. (1).

So, we consider purely thermodynamic model but are go-
ing to obtain nontrivial real-time dependent correlations. Of
course, (A(r)) = (A) cannot depend on ¢, and the perpetual
motion is impossible.

B. Instanton crystal versus quantum time crystal

Recently, a lot of attention has been paid to the study
of time crystals in several communities including condensed
matter, atomic physics, quantum optics. This activity was
triggered by Wilczek [9] who proposed a concept of quantum
time crystals using a rather simple model that possessed a state
with a current oscillating in time. However, a more careful
consideration of the model [10] has led to the conclusion that
this was not the equilibrium state. These publications were
followed by discussions of the possibility of realization of a
thermodynamically stable quantum time crystal [11-16].

Meanwhile, it has been realized that long living oscillations
can exist in systems out of equilibrium [17-22]. In particular,
in the systems under periodic pumping from external source.
Several experimental works [23-25] have nicely confirmed
that studying long-living or infinitely living time oscillations
in such a context is a very interesting subject of research as
well. Actually, nowadays, the term “quantum time crystal”
relates to this type of systems. A review on this subject has
appeared recently [26].

This shift of the interest from thermodynamic to nonequi-
librium systems has been greatly affected by the “no-go”
theorem proposed in Ref. [27]. According to the statements
of this theorem, the thermodynamic time crystals are not
possible. The proof looks mathematically convincing and,
therefore, the study of the equilibrium systems was discontin-
ued naturally in favour of the nonequilibrium systems, while
the name for this interesting subject of research stayed the
same.

In this paper, we demonstrate that the real-time correlation
functions of the Instanton Crystal can oscillate without signif-
icant decay for the prolonged periods of time. Unfortunately,
the analysis of the current paper does not allow us to say
conclusively if these oscillations survive in the asymptotic
limit + — oo. Overall, the instanton crystal is a genuine ther-
modynamic state obtained within a thermodynamic model
using traditional methods of theoretical physics. The oscil-
lating character of the correlation functions in real time is to
some extent a “byproduct” of the equilibrium properties of
this state. This is the reason why we avoid using the notion
“time crystal” for the new phase found in our case.

Whether the observed oscillations are decaying or non-
decaying, the sole fact of their appearance contradicts the

statement of the “no-go” theorem. It turns out that, although
their arguments are rather generally correct, the proof is not
devoid of the problems. In particular, it was discussed in
Ref. [26] that the proof in the case of nonzero temperature
contains certain holes. We discuss the validity of the “no-go”
theorem in regards to the instanton crystal state in Sec. VL.

Finally, we should point out that we perform all the calcula-
tions in the paper using the mean-field approximation, which
is a standard first stage in the analysis of a new phase transi-
tion. We reserve the treatment of the effects of the fluctuations
around the mean-field configurations for the future detailed
study.

C. The structure of the paper

In Sec. II, we formulate the model and recapitulate the
mean-field equations derived previously [8]. In Sec. III, we
discuss the analytical continuation of correlation functions
from the imaginary-time axis to the real-time axis. We show
that the standard method of continuation via frequency do-
main is ambiguous in the case of the instanton crystal. Instead,
we formulate a method of continuation directly in the time
domain, which can be easily adapted into an efficient scheme
for numerical computations. In Sec. IV, we consider the limit
of negligible interaction between the fermions and the boson
modes analytically. In Sec. V, we present the results of the
numerical investigation of the correlation function in real time
using an original scheme of computations. In Sec. VI we
discuss the validity of the “no-go” theorem of Ref. [27] in
the case of the instanton crystal state.

Section VII contains discussion and concluding remarks.
In Appendix A, we discuss the connection between the cor-
relation function studied in this paper and magnetic neutron
scattering. In Appendix B, we outline the details of the nu-
merical scheme used to produce the results of Sec. V. The
scheme is based on the method discussed in Sec. II1.

II. INSTANTON CRYSTAL
A. Model

The model exhibiting the instanton crystal state was pro-
posed in Ref. [8] on the basis of the spin-fermion model
with overlapping hot spots (SFMOHS) studied previously in
Refs. [5,28-30]. In the Lagrangian formulation, the grand
canonical partition function is given by the functional integral

Z= Tr{e_ﬁ(ﬁ_“ﬁ)}
= /exp(—S[x,XJr,a])DxD)ﬁDa, ?3)
where the action of the model has the structure

S[x, x*,al = So + Sin + S + Sks. 4)

In Eq. (4), the term Sy stands for the action of a system of
noninteracting fermions:

ﬁ v
Solx, x*1= Z/ Xg (O@: + & — )i
P 0

+ &, Talxp(t)dT. ()
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FIG. 1. Fermi surface (red) and overlapping hot spots (green).

These fermions live in two bands 1 and 2, which correspond to
the two antinodal “hot regions” of SFMOHS (see Fig. 1 for the
schematic representation of Fermi surface with hot regions).
Four-component vectors

X @ = X1y @), xig (@) 2oy (), a3y (D)) (6)

contain as components Grasmann fields XSH')(‘L') that cor-
respond to destruction (creation) operators for the fermions
from the bands s = 1 and 2 with spin projection labeled by
a = 1 and 2. The energies ¢ are expressed in terms of the

P
spectra £; »(p) in the bands 1 and 2 as

&y = 3(e1(p) £ £2(p)). (N

The operators f)i, i=1, 2, and 3 are Pauli matrices acting
in the subspace of the bands 1 and 2, while I is the identity
operator acting in the same subspace.

As usual, the imaginary time 7 is defined for0 < 7 < B =
1/T, where T is the temperature. The fermionic fields x,, (7).
Xap *(7) obey standard antiperiodic boundary conditions

Xap (@ +B) = —xop (D), xop (T +B) = —xo5(®), (8

The second term S, in Eq. (4) stands for the interaction
between the fermions from different bands

Sl X1 =~ 3 / AT (021, (D)
pl P2.q
X (- (0t q (), ©)

where V is the volume of the system. Physically, this term
corresponds to the local in time attraction of the fermionic
loop currents Aq(7)

1 v
Ag(1) = WZ Xp 22 Xpta(T)- (10)
P

The first two terms in Eq. (4) originate from SFMOHS. The
last two ones, on other hand, were specifically introduced in
Ref. [8] to stabilize the instanton crystal state. The third one,
Sg, describes a system of currentlike bosonic modes labeled
by different momenta q:

a2

dag(t) 2

Sgla]l =

+ a)(zllaq(t)|2i|dr, (11)

where aq(7) are periodic complex fields satisfying
(aq(T))" = a_q(7). 12)

The fields aq(7) correspond to the coordinates in the language
of oscillator modes, and daq(t)/dt correspond to their veloc-
ities.

Finally, the last term, Sgg, describes the coupling between
the currentlike bosonic modes and the fermions:

B
_Zfo Aq(z)d‘;‘i’)dr. (13)
p.q

The distinguishing feature of the currentlike modes is that,
instead of the charge of the fermions, they couple to the
fermionic loop currents Aq(7).

Starting with Eq. (3), the currentlike modes can be inte-
grated out leading to the appearance of the effective nonlocal
repulsion between the fermionic loop currents in addition to
the local attraction due to the term (9). Then, the overall loop
current interaction can be decoupled by the means of the
Hubbard-Stratonovich transformation. Finally, one can inte-
grate out the fermions to obtain an effective description of the
partition function Z in terms of the functional integral over
the real order parameter field b(t). If we neglect the spatial
fluctuations, we can write it as

Seslx, x T, al =

zZ= [D[b(f)] exp (—BF[b]), (14)

where the free energy functional is

ﬁf[b] // dtdt' K~ (t — v'|w)b(z)b(t")

n v
— 2/ WTrM[ln((af +e&, — )\
+ &5 33 — b(T)5))]. (15)
Nonlocal kernel K~ (t — 7/|wy) is given by

Kt — t'|ay)

N U2 ’on
= 5(t — —Ky(t — , 16
U Uz[ (t—1)+ Ue ot —1 Iwo)] (16)

where

@ cosh [@o(2 — |t — '])]

Ko(t — t'|@) = _ 17
O( I 0 Zsmh% ( )
and
U
& 0w (18)
Uy + U,

is the renormalized frequency of the currentlike mode. The
order parameter field b(t) satisfies the periodic boundary con-
ditions:

b(t) = b(t + B). (19)
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B. Mean-field analysis

Mean-field solutions correspond to the stationary configu-
rations of the free energy functional F[b(t)]:

Uy, [? ,
b(t) + —/ dt'Ko(t — t'|@0)b(t))
Uo Jo

d vy
— W+ ) [ GESTEGE ) Q0

where the fermion Green’s function G(t, t’) satisfies

— b(0)$1G(z, ') = —18(x — 7).
(21)

[0 + &)+ &, 55

In the absence of nonlocal interaction, i.e., for U, = 0, the
solutions of Eq. (20) are known analytically. The minimum of
the free energy functional corresponds to the stationary con-
figurations b(t) = £y, where the static gap yr is determined
from the self-consistency equation

ﬂ(xp +ef ﬁ(xf,“ &)

2 / dp tanh ») 4 tanh »
FO_ (27.[)2 (0) (22)

with

i) = /(5 + v#. (23)

Besides that, there is also a series of saddle point solu-
tions which correspond to the alternating chains of instantons
and anti-instantons [2-5,8,31]. These instanton/anti-instanton
solutions are expressed exactly in terms of Jacobi elliptic
function sn(x|k):

b(t) = kysn(y (t — 70)lk). (24)
The period of instanton/anti-instanton pair is
W =4K(k)/y, (25)

where K (k) is the complete elliptic integral of the first kind.
For a solution with m instanton/anti-instanton pairs, the re-
quirement of periodicity leads to the condition

ﬂ:mx@. (26)

In order to determine parameters k and y unambiguously,
Eq. (26) should be supplemented by generalized self-
consistency equation

2
/ lep | tanh ﬁ(KPH Buvre) | tanh ’S(K" d )]
(2m)? \/(8 2+ 29 ()2 + z(1+k>2)
(27)
where
2 ~
| e+ ) e, By
Kp = lep | (€ i) (28)

((ep)? +y2445) KB

where

. 2vk
k= e (29)

vk
= T . a1
(8p )2 4 yz (l-zk)

Here, I1(n, k) is the complete elliptic integral of the third
kind. (One can find more details about elliptic integrals and
functions, for example, in Refs. [32,33]). We should also point
out that in the limit k — 1, which corresponds to the dilute
instanton/anti-instanton approximation, Eq. (27) reduces to
Eq. (22).

As we have already mentioned, in the absence of nonlocal
interaction, the minimum of the free energy functional cor-
responds to static order parameter field. However, when U,
is turned on, the energy of the static configuration can get
pushed higher than the energy of instanton configurations.
In this case, the minimum corresponds to a solution with
a particular number m of instanton/anti-instanton pairs. In
Ref. [8], we demonstrated this phenomena both analytically
(for U, /Uy <« 1) and numerically. In the latter case, we used an
efficient procedure based on direct minimization of suitably
discretized version of the free energy functional.

III. ANALYTIC CONTINUATION OF THE ORDER
PARAMETER CORRELATION FUNCTION

A. Real- and imaginary-time correlation functions

The experimentally relevant quantity important for the
characterization of the instanton crystal state is the dynamic
correlation function of the loop currents:

1 N h A
CT0) = 5 Trle O TAy (OAo}, (30)
where 7, is the time ordering operator along real time and
Ao(t) = &' =HR 4=t -1D), 31)

Here, Ay is the operator counterpart of Aq(7) defined in
Eq. (10) atq = O:

. 1 y
Ag=—=)) e, (32)
0 /VXP: P 2Cp

where CIT, and cp are fermion creation and destruction opera-
tors.

Since Ay conserves the number of particles, this definition
of time dependency is in fact equivalent to the Heisenberg
representation of operators. The correlation function C7 (¢)
can be measured, for example, by magnetic neutron scattering
which is sensitive to the magnetic fields produced by the
fluctuating loop currents (see Appendix A).

Analogously, one can define imaginary time counterpart of

Eq. (30):
1 Ao n R
CM(z) = V—ZTr{e—ﬁ<H—“N>7;Ao(r)Ao}, (33)

where 7; now denotes the ordering operator along the imagi-
nary time and

Ao(r) = &7 fpe=r 1) (34)
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By directly applying the time ordering operators, one can
also re-express C7(t) and CM(7) as

Tr{ePH-1D il A=) & o=ilt1H ) 4y

@) = , (35
() VZ (35
Tr{e BH—1N) GtIH ) & o~ ITI(H—pN)
M7y = Tt ¢ — 0 o 36

As one may notice from comparing Eqgs. (35) and (36),
correlation functions C7 (¢) and CM(t) are closely related:
they can be obtained from each other by analytic continuation
[34]. To describe it in more precise terms, let us introduce the
following two functions of the complex argument z = t + it:

Tr{e’ﬂ(H 7#1\7)ez(HfuN)AOefz(FlfuN)Ao}

C ()= , 37
() VZ (37)
Tr{efﬁ(ﬁ7#19)6%(197/41(’)/{061(1'7fMN)AAO}

C=(2) = VZ . (38)

In the complex z plane, the function CM is defined on the
real axis, while the function C7 is defined on the imaginary
axis. The greater function C~(z) is the analytic continuation
of both CM(7) and C7 (¢) into the first quadrant Rez > 0,
Imz > 0. Conversely, the lesser function C=(z) is the analytic
continuation of both CM(7) and C7 (¢) into the third quadrant
Rez < 0,Imz < O:

CMr)y=C"(x) 1©>0, (39)
Mr)y=C~(r) 1<0, (40)
CT@ty=C>(@it) t>0, (41
cCThHy=c<Gr) t<0. (42)

In practice, the connection between real- and imaginary-
time correlation functions is established usually first by
converting everything into the frequency domain, and then
performing the analytic continuation in the transformed do-
main. We shall demonstrate, however, that the procedure of
the analytic continuation in the frequency domain is ambigu-
ous for instanton crystal state. As a result, the function C7 (¢)
should be obtained from CM(z) by analytic continuation di-
rectly in the time domain.

In conclusion of this section, we would also like to point
out that the complex time plane is typically defined in such a
way that the real time corresponds to the real axis while imag-
inary time corresponds to the imaginary axis of the complex
plane. However, we found a complex time plane definition
with interchanged axes more suitable for the presented work.

B. Analytic continuation in the frequency domain

To discuss continuation in the frequency domain, we need
to introduce yet another two real-time correlation functions,

retarded and advanced one:

Q) Ao A R
CR(t) = —’V—fZ”Tr{e—“H—“N)[Ao(t),Ao]}, (43)
criy = ZG;H)Tr{e*ﬁ“?*”m[fio(r),Ao]}, (44)

where ©(t) is the Heaviside theta-function.
For the real-time functions, we switch to the frequency
domain by Fourier transform

CT’R’A(a)) — /

—00

+00

dte =T RA G, (45)

The transformed real-time functions are related to each other
by [35]

ReC” (w) = FImCY*(w) coth %‘” (46)

ImC” (w) = ReCY¥*(w). 47)

On the other-hand, the imaginary-time function CM(¢) is ex-
panded in Fourier series over Matsubara frequencies w, =
2nTn,n € Z:

B
CM(iw,) = / dre T CM(7). (48)
0

Finally, the retarded correlation function CR(w) is obtained
from CM(iw, > 0) by analytic continuation to the real axis in
the upper complex frequency half plane: CR(w) = —CM(w +
i0). Analogously, the advanced correlation function C* (o) is
obtained from CM(iw, < 0) by analytic continuation to the
real axis in the lower complex frequency half plane: C*(w) =
—CM(w — i0).

There are certain subtleties associated with continuation
from a discrete set of Matsubara frequencies. For concrete-
ness, let us consider the analytic continuation in the upper
complex half plane. The accumulation point for the subset of
Matsubara frequencies in the upper half plane is +ioco. Cor-
respondingly, the uniqueness of the continuation procedure
is normally guaranteed by the regular behavior of CM(iw,)
in the vicinity of the accumulation point, i.e., in the limit
iw, — +ioco.

This picture gets problematic if one considers the in-
stanton crystal state. If the Instanton Crystal consists of m
instanton/anti-instanton pairs, the period of the corresponding
imaginary-time correlation function is B8/m. As a conse-
quence, coefficients CM(iw,) are nonzero only for n = mk,
k € Z.Now, imagine we pick two subsequences of Matsubara
frequencies, iw,, = iwy and ia);k = iwmr—1, and then per-
form the analytic continuation either using only the values
CM(iw,, ) or using only the values CM(ia);,k ). On one hand, one
expects from the identity theorem of complex analysis that
the results of these two continuations should coincide with
result of the analytic continuation with the full set of Mat-
subara frequencies CM(iw,). On the other hand, the result of
continuation using CM(iw;k) is constant zero, while the result
of continuation using CM(ia),,k) is some nontrivial function.
This allows us to conclude that analytic continuation in the
frequency domain is ill defined in the case of instanton crystal
state.
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C. Direct analytic continuation in time domain

In the mean-field approximation, the imaginary-time cor-
relation function CM(7) has the form

cM(x)

_4 13,60 )
_,3/0 10|: o)’ {X2Gp(t + 19, T + 70 }i|

dp’ o
X |:/ ﬁTr{Esz'(To, TO)}i|- (49)

Equation (49) contains the averaging over the position 7y of
the instanton lattice. This is the necessary procedure because
the instanton crystal state configuration is invariant against the
translations in the imaginary time t (the periodic boundary
conditions on the interval (0, 8) are implied), and one should
properly average over the positions of the instanton lattice
when calculating thermodynamic correlation functions.

In the following, it is convenient to introduce vector-
function

5,(0) = —Tr(EGy(r, 1)} (50)

and
G dp -

With the help of this definition we can rewrite Eq. (49) as

4 [P
Mo =5 / A0S + 1080, (52)
0

The problem of analytic continuation of CM(7) hence reduces
to the analytic continuation of the function S,(t + 7p) . Once
it is done, the real-time function CT(t) can be expressed as

B
cT@t) = %/ d7oS: (o + i1)S2(T0). (53)
0

The starting point for the continuation of S,(t) is the gap
equation (20). The nonlocal kernel K Nt — t'|wp) [see def-
inition (16)] is the inverse to the direct kernel K(t — t’|wy),
which is equal to (see Ref. [8])

K(t — t'|lwg) = (U + U2)8(z — ')
— U2Ko(t — 7'|wp). (54)
Applying the direct kernel to both sides of Eq. (20), we rewrite

it equivalently as

d
b() = (Up + Un) / #Szpm

—U/ﬂd/K(—/ /dps N, (55
2 | T Ko(t — T'|awp) sz(fs (55)

where we also used the definition (50).

Nonlocal kernel Ky has an important property: it is the
Green’s function for a certain differential operator with pe-
riodic boundary conditions (see Ref. [8]):

d2
[—ﬁ + wg}Ko(r — t'|wy) = w3(t — 7). (56)

Let us apply [—9? + ] to the both sides of Eq. (55):

d?b(1) ) _ dp d*Syp(r)
Jz2 + wyb(t) = (Up + Uz)f —(27[)2 i

I R S
o) @n)2P

The obtained differential equation needs to be supple-
mented by another one which relates the derivatives of the
vector-functions §p(r) to the order parameter field b(t). To
derive it, let us turn our attention to the fermion Green’s
function Gp(r, 7). In addition to Eq. (21), it also satisfies

Gp(r. (=0 + )+, T3 — b(1)Er] = —18(r — 7).
(58)
Subtracting Eq. (58) from Eq. (21) and putting t/ = t, one

obtains
@ + 3:)Gp(T. T, = 3:Gp(r. 7)

= —[g; 33 — b(1) %7, Gp(z, T)]. (59)
Now, let us multiply both sides of equation (59) by %;, i =
1, 2, and 3, and apply trace. Using the cyclic property of
trace and commutation relations for Pauli matrices, one can
write the resulting equations jointly as

dSy()

dt

= —2iB,(t) x §,(1), (60)

where

Bp(r)=(0, —b(r), &) (61)

The necessary final touch is to get rid of the second deriva-
tive of Cyp(7) in Eq. (57). This can be achieved by applying
Eq. (60) twice and leads to

b d
%2’) - o [UO/ ﬁszp(r) - b(r)}

d
+ U+ Uh) / ey 1D0)Sap() 87 Sap (L.
(©2)

Equations (60) and (62) constitute a closed system which
the functions b(t), db(tr)/dt and gp(r) satisfy: once the val-
ues of b(t), db(t)/dt and §p(r) at some 7 are known, the
functions at other points can be reconstructed by integrating
Egs. (60) and (62). Correspondingly, the analytic continuation
of these functions can be facilitated by analytic continuation
of the system of Egs. (60) and (62).

After the analytic continuation of Egs. (60) and (62) are
done, it is convenient to restrict them to some line parallel to
the imaginary axis (with our definition of complex time, real
time runs along the imaginary axis). The equations along this
line, which can be parametrized as t + it with fixed 7, are
obtained from Eqgs. (60) and (62) by replacing

df() | _dfe+i)

63
drt dt ©3)

where f(7) is one of the functions b(7) and §p(r).
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The resulting equations take the form

dSy(t +it)
dt
d*b(t +it)
dt?

d
= a)g[b(r i) — UO/ ﬁszp(r n it)j|

= 2By(t +it) x Sp(r + it), (64)

dp . _ . .
— (U() + UZ)/. m‘l&'p [b(f + lt)S};p(T + lt)
+ &, Sop(T +it)]. (65)

These equations allow one to determine b(t + it), db(t +
it)/dt and §p(r + it) from their values at + = 0. Moreover,
the initial value of db(t + it)/dt at t = 0 can be related to
the values of b(t) and §p(t). To do that, let us differentiate
Eq. (20) once:

B —_ &
db(t) n %/ d‘[/dKO(T T le)b(t/)
dt Up Jo dt
_ dp dSy(7)
= (Uo + Uz)/ oy di
. dp _
= —2i(Uy + Ug)/ mep Sip(T). (66)

Here, we used Eq. (60) in the last line. Then, we can write
db(t +it)
dt =0 dt

U, [#  ,dKy(x —7'|&
:i_2/ gr KT~ T1B0) )
U() 0 dt

.db(7)
=1

dp _
+2(Uy + Us) / Gyt Sip(2). (67)

IV. ANALYTICAL RESULTS FOR THE REAL-TIME
ORDER PARAMETER CORRELATION FUNCTION IN THE
MEAN-FIELD APPROXIMATION AT U, =0

In the previous section, we introduced the correlation func-
tions of the order parameter both on the real-time axis, C T(t),
Eq. (30), and on the imaginary-time axis, CM(t), Eq. (33).
Now, we are going to calculate these functions at U, = 0.
Of course, we have shown previously [8] that the instanton
crystal state is not thermodynamically stable in the absence
of nonlocal interaction. However, we have also seen [8] that
even a small nonlocal interaction U, stabilizes the instanton
crystal. As aresult, calculations presented in this section allow
us to demonstrate explicitly how the analytic continuation
from t to ¢ is performed and how the instanton/anti-instanton
train in imaginary time is transformed into oscillations in real
time. In addition to that, for the physically relevant case of
U,/Uy < 1, we may expect that the results are close to the
results at U, = 0.

With the help of the mean-field equation (20) in the ab-
sence of nonlocal interaction, the correlation function CM (1),
Eq. (52), can be written in the form of a correlation function

of the order parameter b(t):
1 P
U@ = 5 / b(t + 10)b(10)d To. (68)
0

If we take into account the periodic properties of b(t), this
leads to the expression

w
UicM(r) = %/ b(t + 19)b(10)d 70, (69)
0

where the period W of the instanton/anti-instanton chain is
given by Eq. (25). The analytical continuation T — 7 4 if in
Eq. (69) is straightforward and we write

1 w
UM tin = o f b(r + it + 10)b(rp)dTy.  (70)
0

Now, we use a known Fourier series expansion for Ja-
cobi elliptic function sn(x|k) [33] to write the function b(7),
Eq. (24), as

A 00 sin 221+ 1)t
b(r)=— Y ——t (1)
. QI+HW
W = sinh T
where
W =2K®&)/y, K*=1-kK. (72)

The series expansion (71) can be continued to the strip T +
it, —=W’'/2 <t < W’/2. This allows us to rewrite Eq. (70) in
the form

UgcM(r +ir)

ind 1

1672
= W3 Z QDWW . 2 QUL DWW
w [0 sinh T2 sinh HEp

/W/Z D2 QI+ D(to+ 1 +it)
X Sin
—-W/2 w
2720 + 1
in udm (73)

Calculating the integral over 7, for /, I’ > 0, we obtain

2 00 27 (214+1)(z+it)
81 COS ——/——

2 o TR
W= 4= sinh W

CM(r +ir) = (74)

It is clear that the function CM(t + it) is analytic in the vicin-
ity of zero, and the method of the analytical continuation from
the imaginary time 7 to the real one ¢+ works. At the same
time, although the function CM(t + it), Eq. (74), is explicitly
periodic in 7, its periodicity is not evident in real time ¢.

The periodicity and divergencies of the Jacobi elliptic func-
tions are well-known. As such, b(t + it) has the poles at
iW’/2 and W/2 + iW’/2, and the period along ¢ equals W’.
Hence, we can represent the function C7 () in the form of the
Fourier series

> . (75)

cT () = i i Cp1 cos (2;?

=0 L=0
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FIG. 2. Instanton lattice configuration and the corresponding real-time correlation function at U, = 0 and zero temperature. (a) Normalized
order parameter of the instanton lattice b(y,7)/yy as a function of dimensionless imaginary time y,7. The dimensionless period of instanton
lattice is oW = 20.0. (b) Normalized correlation function of the order parameter C7 (yyt)/C7 (0) as a function of dimensionless real time yyt

at U, = 0.
Setting T = 0 in Eq. (74), we calculate the coefficients Cy ; to
be

(-t 21+ 1
W3 sinh LDV (9] 4 1) 4 12

(76)

and obtain the final expression for the correlation function
BAW' A — 1
0= ST Vet
3 - 7RI DW’
LU sinh ==

21+ 1 (271Lt)
X 5 cos — |-
QI+ 1) +1? w
In the limit £k — 1 of the large period of the instanton/anti-
instanton lattice, K (k') — /2, and Eq. (72) transforms into

(77)

W — m/y. (78)
We see from Eqs. (77) and (78) that, in this limit, the correla-
tion function C7 (¢) is periodic in real time with the frequency
2y. This frequency equals to the excitation gap in SFMOHS
studied previously [28-30].

To illustrate this discussion, we provide Fig. 2, where we
present an example of the instanton lattice configuration at
U, = 0 and the corresponding real-time correlation function
obtained after analytic continuation. Panel (a) displays the
normalized order parameter b(yy7)/yp as the function of di-
mensionless imaginary time 7. Here, y; stands for the static
gap at zero temperature [see Eq. (22)]. The order parameter
configuration shown corresponds to the instanton crystal with
dimensionless period yoW = 20.0. Panel (b) displays the nor-
malized order parameter correlation function C7 (yyt)/C7 (0)
as the function of the dimensionless real time yyt.

V. NUMERICAL RESULTS

In order to proceed with the actual numerical computa-
tions, we had to specify particular fermion dispersions & »(p)
[see Eq. (7)]. In agreement with our previous work [8], we
chose it in the same form as it appears in SFMOHS:

e1(p) = api — Bps — . &x(p) =ap, — ppr —p, (79)

where p is the chemical potential. We also introduced an
energy cutoff A limiting the width of the dispersion:

a+p
2

(P2 +p2) < A (80)

The specific values used throughout the computations were
a=pB=10,A/y =1.0,and n/yy = 0.0.

The configuration of the instanton crystal can be con-
trolled by the following set of dimensionless parameters:
Uy + U)/ o, the ratio U, /U, the period of the lattice yyW,
the modified frequency of the boson mode yy@, and the
number of the periods m. Here, y; stands for the solution of
the static gap equation (22) at zero temperature and in the
absence of nonlocal term (U, = 0). We also used the static
self-consistency equation (22) at zero temperature to fix the
value of the parameter (Uy + U>) /0.

These parameters are not completely independent. The
period of the lattice oW and their number m need to be
determined from the dimensionless inverse temperature y,f
and other parameters by the condition of the minimum of
the free-energy functional (15). Correspondingly, in the limit
of zero temperature, m — +o0o and we determine only yoW
from the same condition.

Despite these facts, it is convenient to treat these pa-
rameters as if they are independent for the purposes of the
numeric investigation. Generally, we expect the properties of
the instanton crystal configuration to vary smoothly with the
control parameters, while the phase transitions correspond to
the jumps in the parameter space.

Finally, we should mention that throughout the numerical
calculations we assumed the limit of zero temperature.

In Fig. 3, we display the computed normalized real-time
correlation functions C 7—()/oz‘ )/C 7(0) for varying values of the
strength of the nonlocal interaction U, /Uy. The values of the
other parameters were kept fixed: yoW = 20.0 and wy/yp =
0.10. The values of U, /U, used for the calculations are listed
in the figure. As we may observe, the oscillations with period
W’ [see Eq. (72)] which were present in the limit U, /Uy = 0
survive for small but finite values of U, /Uj. At the same time,
the amplitude of these surviving oscillations gets modulated,
and the magnitude of the modulation grows together with the
strength of the nonlocal interaction U, /Uj.
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FIG. 3. Normalized real-time correlation function of the order parameter C7 (yyt)/C7 (0) for fixed wy/yo = 0.10 and y,W = 20.0 but for

varying strength of nonlocal interaction U, /Uj.

It is natural to assume that the frequency of the modulation
corresponds to the bosonic mode frequency. In Fig. 3, the
period of the modulation does not change with variation of
U, /Uy, which correlates with the fact that we kept wg/yy fixed.
To test this hypothesis, we performed another series of calcu-
lations where the strength of the nonlocal interaction U, /U,
was fixed while we changed the frequency of the bosonic
mode wy/yy. The results are displayed in Fig. 4. The period
of the instanton lattice was again fixed at yoW = 20.0, while
we kept U, /Uy = 0.1. The values of wy/yy are listed in the
figure. As we may observe, the frequency of the modulation
does indeed grow together with the bosonic frequency wy/yp-

Finally, we performed a series of more physically realis-
tic computations where the instanton lattice period was not
chosen arbitrarily but was determined from the condition of
the minimum of the free energy. The results are presented in
Fig. 5. We kept the strength of the nonlocal interaction fixed
at U, /Uy = 0.2, while the bosonic frequency was varied. The
values of the modified bosonic frequency @,/yp and of the
instanton lattice period yoW are listed in the figure as usual.
In principle, we may again observe the structure of modulated
oscillations with period W’ which we noted in Figs. 3 and
4. At the same time, it is important to point out that the
modulation dominates the oscillations in this case.

VI. VALIDITY OF THE “NO-GO” THEOREM IN THE CASE
OF INSTANTON CRYSTAL

In the publication [27] by Watanabe and Oshikawa (WO),
a theorem has been proposed that the time crystal is not pos-
sible in the thermodynamic equilibrium and therefore one can
speak of this phenomenon only including nonequilibrium pro-
cesses like, e.g., pumping, many body localization, etc. (for a
recent review, see Ref. [26]). There are many definitions of the
time crystals but we follow just the one used in Ref. [27]. The
arguments of Ref. [27] are based on scaling and counting pow-
ers of the volume V entering physical quantities. Moreover,
the proof of Watanabe and Oshikawa (WO) excludes even
the possibility of the time dependence of the order parameter
correlation function. However, there are certain problems in
their proof which render the theorem not applicable to the case
of the instanton crystal.

WO consider a correlation function of two quite general
operators A and B composed of local operators a(r) and b(r)
in a form of integrals over the space

i1 dv gL a
A_V/Va(r)d r, B_V/‘;b(r)d r (81)
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FIG. 4. Normalized real-time correlation function of the order parameter C7 (yyt)/C (0) for fixed U, /Uy = 0.10 and y,W = 20.0 but for

varying frequency of bosonic mode wy/y.

(we have normalized here the operators A and B multiplying
the integrals over r by V~). With this choice, the operators A
and B scale with the volume as V° and, using the locality of
the operators a(r) and b(r), one can assume that the commu-
tators containing the Hamiltonian H scale as

[A, Hloc VO, [B,Al o VO, [[A, H], Al V!, (82)
where [, ] are commutators. According to the assumption by
WO, the Hamiltonian A describes a completely general model
with finite range interactions, and one can make estimates
simply starting with Egs. (81) and (82) without assuming
anything else.

A. Zero temperature

The main part of the proof of the theorem by WO is
based on the use of the Cauchy-Schwarz inequality applied
at zero temperature 7 = 0 to a general model with a gen-
eral Hamiltonian H. The main claim of the theorem is that
the nondecaying real-time dependence is impossible in any
macroscopic thermodynamically stable system. According to
the authors, the restriction 7 = 0 should not be so important,
and they suggest in the second part of the paper a discussion
at finite temperature based on the rigorous bound for spin
systems [36].

However, making scaling with V and putting 7 =0 1is
not an unambiguous procedure and the result depends on the
problem considered. Generally, one can take either the limit

1) T — 0 and then V — oo or 2) first V — oo and then
T — 0. What they have in mind is apparently the case 1)
when temperature 7' can be smaller that the energy of the first
higher level.

If so, one should assume that in the limit V — oo the first
excited state is separated from the ground state by a finite
gap Ap that does not vanish in the limit V — oo. Certainly,
geometrically finite systems having a finite distance between
the levels exist and the limit 7 < A is possible but one cannot
scale time with volume in the way as it was done by WO. In
any case, the model of fermions and bosonic modes consid-
ered by us cannot be described by first putting 7 = 0 and only
then V — oco. We start with a model of a metal with a level
separation A = (vV)~!, where v is the density of states, and
fix a finite 7, which means that we consider explicitly the case
2). Studying properties of the system in the thermodynamic
limit V — oo, we cannot keep the restriction 7 < A because
A — 0. Therefore the proof at T = 0 presented in Ref. [27]
cannot be applied in our model, and the Cauchy-Schwarz
inequality does not help.

We already considered the real-time correlation functions
C~(z) and C=(z) in Sec. III A. For comparison with experi-
ments, it is convenient to use their combination C¥(¢):

cCkoy=co)+c=@)

_ %Tr{e_ﬂgg{A(t),A(o)}}y (83)
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FIG. 5. Normalized real-time correlation function of the order parameter C” (yt)/C7 (0) for fixed U, /U, = 0.20 and varying modified
frequency of the bosonic mode @y /yy. The period of the instanton lattice was determined from the minimum of the free energy.

where H, = H — uN and A(t) is given by Eq. (1). As we

calculate thermodynamic averages, we also need operators

depending on the imaginary time t:
A(it) = " A7 (84)

Estimating bounds is not what is usually done in physics.
In this section we simply want to understand in simple terms
whether our results on the dependence of the function C¥ ()
on time ¢ really contradict to the “no-go” theorem [27] that
forbids any time dependence of the function CX(¢) in the limit
V — oo or it is a special property of the instanton crystal.

In order to answer this question, we simply consider the
limit of short times ¢ and expand the function C*(¢) in ¢. The
first terms of the expansion equal

1 it A aA
C*(@t)—C*0) = B ;e_ﬁE" [—5(n|[Hg, AlAln)

it s s 2 s
- §(n|A[Hg,A]|n)] - E(n|[Hg,A] |n).

(85)

The linear in ¢ terms cancel each other as they should. The
quadratic in ¢ term is more interesting. Using the standard
Heisenberg equation in the imaginary time

dA(7) A
= [Hy, A(T)], (86)
we bring Eq. (85) to the form
12 A
CR(t) —CRO0)~ ——= ) e B (n|[H,, AT |n)
22 &
12 s s
=2z 2 ¢ T llHy, AP )
12 B dA(r) dA(x)
—__t BEn 1, 42
7z e (n| I I |n). (87)

Now, using Eq. (81) and introducing a correlation function
Lir—1')

(88)

Lir— 1) = L[ p-pndaT. D) daCt. 0)]
=t dt dt

we bring Eq. (87) to the form
K K tz 1 ’ ’
C*1t)—C™(0) = 3V L(r —r')dr'. (89)

The function a(z, r) in our model corresponds to the local
loop currents which are local quantities. Local quantities are
also assumed in Ref. [27]. At first glance, this should lead to a
finite value of the integral over r’ in Eq. (89) in any thermody-
namic system, which would give in the limit V — oo the zero
value of C¥(z) — CX(0).

The only possibility to avoid this scenario is formation of
a long range order in space such that the correlation function
L(r) — const in the limit |[r| — oo. Then, the integration over
r’ in Eq. (89) would give an additional volume V and the
CX(t) — C*(0) would become time-dependent. At the same
time, the function L(r — r’), Eq. (88), contains finite deriva-
tive of the order parameter a(t) with respect to the imaginary
time 7. To the best of our knowledge, only the instanton
crystal proposed in Ref. [8] possesses this property.

Of course, the consideration suggested in this section is not
sufficient for proving the existence of the slowly decaying real
time oscillations but it does indicate what has been missed in
the arguments presented in Ref. [27]. For the explicit proof,
one should perform calculations like those carried out in the
previous sections.

‘We emphasize that the very possibility of the existence of
the slowly decaying real time oscillations is the consequence
of the existence of the instanton crystal and one cannot expect
them in other systems.
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B. Finite temperature

The proof of second part of “no-go” theorem of Ref. [27],
which deals with the case of finite temperature, is based on
the exact Lieb-Robinson bound for spin systems [36]. Cru-
cially, Watanabe and Oshikawa assume that Lieb-Robinson
bound necessarily implies the existence of a similar bound
in the Fourier representation. However, as it is pointed out in
Ref. [26], this assumption is incorrect because Lieb-Robinson
bound is satisfied only at finite times. This fact renders the
proof for the second part of the “no-go” theorem invalid.

VII. DISCUSSION AND OUTLOOK

A. Summary

In this paper, we considered the model of instanton crystal,
i.e., spontaneously broken state characterized by a periodic
structure of the order parameter in imaginary time. Staying
in the context of the mean-field approximation, we have fo-
cused on the dynamical autocorrelation function CT(t) of
the order parameter. In the model we studied, the said func-
tion describes the dynamical correlations of a macroscopic
arrangement of loop currents. As such, the relevant correlation
function can be, in principle, accessed by means of magnetic
neutron scattering which should be sensitive to the magnetic
fields induced by the loop currents.

In order to compute the dynamical correlation function,
we have performed the analytical continuation from imagi-
nary to real times. As we have shown, the typical procedure
based on the fourier representation of correlation functions
is ambiguous in this case. Instead, we proposed the method
of continuation directly in time domain, which is based
on analytical continuation of a system of differential equa-
tions satisfied by the mean-field configuration. The important
feature of the method is that it is straightforward to implement
numerically.

The results of our calculations indicate that C7 (¢) exhibits
nontrivial slowly decaying oscillations. Peculiar feature of
these oscillations is that their amplitude is periodically modu-
lated, moreover, the period of the modulation corresponds to
the bosonic mode frequency. Unfortunately, these results are
not enough to make a definitive conclusion about the behavior
of C7 (¢) in the limit # — 4-0. One possibility is that the decay
saturates at some point and the oscillations survive at long
times. Another possibility, which is rather plausible, is that the
oscillations die out, however the correlation function saturates
at some nonzero constant. In this scenario, an instanton crystal
in imaginary time would behave like a prethermal time crystal
in real time.

B. Discussion

All the considerations in the paper are rather theoretical
and highly involved. To somewhat remedy that, we suggest
the following qualitative picture of what is going on.

Our picture follows from the initial loop currents statical
picture. The system in the ordered phase can be either in
the +1 and —1 states (depending on the direction of the
loop currents) forming classical macrosopic bits. The phase
of the instanton crystal is characterized by an imaginary-time-
dependent order parameter b(t). We interpret its oscillating

behavior as a possibility for the system to be in both 41 and
—1 states simultaneously forming a state

V) = all) + Bl-1) (90)

with real o and B satisfying the normalization condition
a® + B2 = 1. In the language of the order parameter b(t) the
degeneracy with respect to o and 8 corresponds to an arbitrary
position 1y of the instanton/anti-instanton lattice. In the limit
of a large period of the lattice, the probability of the finding
system either in the state |1) or in state | — 1) is close to unity
but, generally, it is a superposition of the both.

The period of the oscillations can rather easily be ex-
tracted from the picture presented here. In the case k — 1
corresponding to the large period 4K (k)/y of the instanton
lattice, the gap in the spectrum 2y in the limit £ — 1 should
produce oscillations in real time with the period 7y !, which
is standard for a 2-level system. Our result obtained in this
limit is 2K (k")/y . Using the limiting value K(k’ — 0) = 7 /2
we obtain the same period Ty .

So, the properties of the real-time behavior of the instan-
ton crystal correlate with those of a macroscopic qubit. The
slowness of oscillation decay corresponds to the suppression
of the decoherence. It is a collective effect originating from
the special long-range order present in the instanton crystal.

C. Outlook

Since all the results have been obtained using the mean-
field approximation, the important open question is: what is
the influence of the fluctuations around the mean-field config-
uration?

As we have argued in Ref. [8], the fluctuations should
not destroy the instanton crystal state: We have considered a
system with at least two spatial dimensions, and the imaginary
time acts as an additional dimension as well. At the same time,
the order parameter in the absence of instantons corresponds
to discrete Z,-symmetry breaking.

However, the form of the dynamical correlation function
may be influenced by the inclusion of fluctuations. We believe
that the important role in this regards may play specifically
fluctuations in imaginary time. As we have mentioned, in the
absence of nonlocal interaction, the instanton configuration
is a saddle point: there are fluctuation modes with nega-
tive energy. In the limit of large period of instanton lattice,
these modes correspond to the displacement of instantons
and anti-instantons relative to each other. The introduction of
nonlocal interaction stabilizes the instanton configuration and
brings the energies of these “displacement” modes above zero.
Nevertheless, we expect these modes to play the role of the
important low-energy excitations. In conclusion, we should
say that we are hoping to touch the subject of the fluctuations
in the future work.
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APPENDIX A: MAGNETIC NEUTRON SCATTERING
AND CORRELATION FUNCTION C7 (¢)

In this section, we show that the correlation function C7 (¢)
computed previously can in principle be directly measured.
The model for the instanton crystal considered here has been
suggested for interacting loop currents and a boson mode
that both oscillating in space with the vector Qag. Studying
experimentally inelastic magnetic neutron scattering might be
a proper tool to measure such magnetic structures and we
show now that the correlation function C7 (¢) is just what is
needed to obtain the scattering cross-section.

Considering neutrons scattered by the instanton crystal, we
start with a Hamiltonian # containing both the neutrons and
the instanton crystal. We write it in the form

H=H,+H+ V. (A1)

In Eq. (A1), H, is the Hamiltonian of free neutrons

B,=>"Edfd, (A2)
p

where £, = p2 /2M is the kinetic energy, and d;’ ,dp, are cre-
ation and destruction operators of neutrons. The Hamiltonian
H describes the system of interacting electrons and bosonic
mode studied here, and Vi, stands for the interaction of neu-
tron magnetic moments with the magnetic field created by
electron currents. At the moment, we write this term without
going into details of the interaction in the form

Vi =T Y df dyr.q,, Ao, (A3)
q

where operator Ay has been introduced in Eq. (30).

We assume that the interaction constant I" is small and use
for calculation of transition rate the perturbation theory in I'.

The initial state of neutron and system att — —oo is given
by a function ¥y = |p) ® |P;), where p is the initial momen-
tum of neutron, and ®; is the initial state of the instanton
crystal. We write the Schrodinger equation for the function
|W(z)) in the interaction representation as

AV
i— = it (DY), (AD)
where
V0) =T Y et drdy o e Ao(r). (A5
q

The parameter A is infinitesimally small, A — +0 and is, as
usual, introduced as adiabatic switching of the interaction at
t = —oo. Time-dependent operator of loop currents Ag(z) has
been defined in Eq. (31).

Equation (A4) is solved representing |\W(¢)) as

() = Te ot wy)
t
~ [1 —i / dr'vima’)}wo). (A6)

We are interested in a matrix element ay; of the transition
between the initial state i and the final state f of the form

[Ws) = |p) ® |Py) and we write
t
ap = —ill / dr' e e BB (@ | Ag (1) @), (A7)
—00
Then, we obtain

t t
|aﬁ|2 — F2/ dt/ekt’ / dtue)‘z”efi(Ep/7Ep)(t’7t”)
—00 —00
x (®;|Ao(t")| @ ) (D flAo(t")| D). (A8)

Up until now, we considered particular initial and finite
states of instanton crystal. In reality, we need to sum over un-
observed final states |® ;) and perform thermal averaging over
initial states |®;), which leads us to the following expression:

— r [ e
lag> = lim — / f dt'dt" ")
r—>+0 Z 00

x e HEy _EP)(’,_’N)Tr{e_ﬁ(ﬁ_“mz&o (tHAs(t"))

t
= lim I’V dr'dt" '+
A—+0 0
x e By B> (g, (A9)

Now we want to take the limit + — 400 and calculate
the transition rate. It is convenient to start with the Fourier
transform C~ (w) of the function C~> (' —t”):

T dw el g
C>([/ _ t//) — f _Cw(a))efla)(t -t )’ (AlO)
oo 2T
where
o0 .
C>(a))=/ dte' C> (1). (A11)
—00

Then, we have

t
lim /f dt dtye® 1 BBy ) T (1 _ 1)
—0Q

A—>+0

o0 t

= — lim dw dtdie*1+2) gm0t —t2)
27T A—>+0 — 00

« ei(Ep—Epr)(rl—tz)CT(a))

1 o0 2 2At
- lim/ d ¢

» 5CT (),
27 i=+0) o A2+ (0 — Ep+ Ey)

(A12)
and, finally,

—las|?
dt|ft|

r [« N _ 2A
= — dwC” (w) lim 5
27 J_oo A—>+0 A2 + (0 — E, + Ep)

o0
= FZV/ doC” (w)8(w — Ep + Ey)

o0
=T?VC™(Ey — Ep).

This is actually the standard way of derivation of the scat-
tering cross-section in quantum mechanics. One can conclude

155152-13



GRIGORY A. STARKOV AND KONSTANTIN B. EFETOV

PHYSICAL REVIEW B 105, 155152 (2022)

that the magnetic neutron scattering cross-section is directly
given by the function C~ (Ep — Ep) and can be written as

dzo(q,E)
dEdSQ

where E is transferred energy and q transferred momentum.
In its turn, C~ (¢) is directly related to the function C T(t), as
we have discussed in Sec. III.

x I?VC™(E)S(q — Qap): (A13)

APPENDIX B: NUMERICAL SCHEME FOR ANALYTIC
CONTINUATION

For an instanton crystal consisting of m instanton/anti-
instanton pairs, we denote the period of the pairas W = §/m.
The numerical scheme that we developed in our previous
paper [8] can be used to compute b(t;) and 6’p(ti) for a discrete
set of N equidistant points 7; belonging to a single period:
0 < t; < W. Consequently, solving the system of Eqs. (64)
and (65) for each of 7;, one obtains the values of b(t) and
§p(r) at points 7; + it;. With this knowledge, the correlation
function can be approximated as

4
cT (@)= v Zszm + it;)S2(%), (B1)

which is the discretized version of Eq. (52). Note also that we
used the periodicity of the instanton crystal to reduce the sum
to a single period.

The important technical detail which deserves to be men-
tioned is the way the initial conditions for db(t + i0)/dt are
computed. Using the periodicity in the imaginary time, we
rewrite Eq. (67) as

db(f+lt) ZIE /W dr/dko(f - r/la)o)b(r,)
=0 Uo Jo dt

dt
p
+2(U0+U2)/m8p51p(1’), (B2)

where
m—1
Ko(t = t'ldo) = ) Ko(x — 7' — kWlay)
k=0
@ cosh [6)0(% — |t — 1:’|)]

= - . (B3
2 sinh 2o B9

Note that the functional form of Ky(z — t’|@yp) is identical to
the functional form of Ky(t — t’|@). The only difference is
that the inverse temperature S is replaced with the instanton
crystal period W.

Correspondingly,

dKo(t — v'|@p) ) ,
—— = —sign(t — 1)
dt

o sinh [5)0(% — |‘L' — ‘L'/|)]
X .

- B4
2sinh Y2 B

Finally, we can write the discretized version of Eq. (B2) as

db(z; + it)

_U2 1% dko(l’i — ‘L’j|c~00)
= ]—— -~
dt

b(t;
- N % dt ()

p_
+2(U + Uz)/ G pr Sip(zi), (BS)

where it is assumed that sign(0) = 0.

In the absence of nonlocal interaction, U, = 0, functions
b(t + it) has the poles along the lines T = 0 and v = W/2.
This poles survive even for finite U,. In order to avoid them,
we chose the set of time points 7; to be T = W/N(i — 1/2)
for 1 <i < N. As in our previous work [8], we used pro-
gramming language JULIA [37] to perform the numerical
calculations presented in the paper.
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