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Based on an analysis of Feynman’s path integral formulation of the propagator, a relative criterion is proposed
for validity of a semiclassical approach to the dynamics near critical points in a class of systems undergoing
quantum phase transitions. It is given by an effective Planck constant, in the relative sense that a smaller effective
Planck constant implies better performance of the semiclassical approach. Numerical tests of this relative criterion

are given in the XY model and in the Dicke model.
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I. INTRODUCTION

Quantum phase transitions (QPTs) have attracted a great
deal of attention in recent years [1-13], with most of the
studies focusing on equilibrium properties. Recently, due to
significant progress in experimental techniques, simulation of
the time evolution of models undergoing QPTs is becoming
realizable [14,15], and their dynamical properties are receiving
increasing attention. Only a few analytical methods have been
shown to be useful in the study of the dynamics near QPTs,
for example the so-called Kibble-Zurek mechanism for slow
variation of a controlling parameter A passing the critical
point [16-24], and the adiabatic perturbation theory [25-28].

For quench dynamics, a semiclassical approach has been
found to be useful in several models in predicting decaying
behaviors of the survival probability (SP) near quantum critical
points at which the ground levels have infinite degener-
acy [29,30]. Numerical results suggest that the semiclassical
approach may work well even in the neighborhood of the
critical points [31]. However, not much is known about
the condition under which this semiclassical approach is
applicable; in fact, only qualitative arguments have been
given [29], based on properties such as a high density of states
and relatively high initial energy.

In this paper, we study the above-mentioned condition in
a more quantitative way. Based on analysis of Feynman’s
path-integral formulation of the propagator, we propose that
an effective Planck constant can be introduced and used to
give a relative criterion for the validity of the semiclassical
approach. That is, a smaller effective Planck constant should
imply a better performance of the semiclassical approach.
To numerically test this prediction, we utilize the SP, which
has been shown recently, both theoretically [7-9,32-35] and
experimentally [36,37], to exhibit a highly enhanced decay
near critical points and can be used as an indicator of QPTs.
We test the criterion in two models, namely a one-dimensional
(1ID) XY model [38-40] and the Dicke model [41], which
belong to two different universal classes, respectively [29,35].

The paper is organized as follows. In Sec. II, we introduce
the above-mentioned effective Planck constant and present
arguments that lead to the relative criterion. In Sec. III, we
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discuss the properties of the effective Planck constant in the
two models mentioned above. Then, in Sec. IV, we numerically
study the deviation of the SP decay from predictions of the
semiclassical theory in the two models. The numerical results
show that the relative criterion works well. Finally, conclusions
and discussions are presented in Sec. V.

II. A RELATIVE CRITERION FOR THE VALIDITY
OF THE SEMICLASSICAL APPROACH

In this section, we present arguments that lead to a relative
criterion for the validity of the semiclassical approach to
dynamics near quantum critical points, which was discussed
in the preceding section. We consider systems whose Hamil-
tonians are written as H(A), with a critical point at A = A, of
the controlling parameter A. We assume that the ground level
of H(A.) has infinite degeneracy in the thermodynamic limit
and that each system H(A) with X close to A, has a classical
counterpart at least in the low-energy region. For the sake of
convenience in presentation, here we introduce some notation
that is to be used in what follows, namely

S=A—A, So=A—Xryp, €=1—2A (D

A. Basic ideas

Feynman’s path-integral formulation of quantum mechan-
ics supplies the most convenient framework for discussing the
semiclassical approach. For a quantum system whose classical
counterpart lies in a d-dimensional configuration space with
points denoted by ¢, in terms of Feynman’s path integral, the
time evolution of an initial packet ¥(qo,%) is written as

w(vatb):/dQOK(Qbe;‘ZOJO)I/fO(QOJO)' 2

Here, K (gp,t; qo.t) is the propagator [42,43],

K(@ort: doto) = / DICIE, 3)
A

where A denotes the set of paths that carries an initial point
qo at an initial time #; to a final point g, at a final time #,, C =
{g ()} indicates anelementof A,and S = ft:)" dt L(q(1), %q(t))
is the action along a path, with L denoting the Lagrangian
function of the system. In 1D configuration space, the
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path-integral symbol |’ A DIC] is defined by

nl
1
DIC] = lim ./ daw |, @
/A (€] = lim, dihne | [_Oo dihme ‘I(")} @)

where ¢ = (1, — tp)/n.

In the case in which the action S changes sufficiently fast
with a variation of the paths and its amplitude is sufficiently
large compared with A, the stationary-phase approximation
may become valid. In this case, the main contribution to the
propagator should be given by those paths not far from the
stationary solutions satisfying §S = 0, leading to the well-
known semiclassical Van Vleck—Gutzwiller propagator,

Dl? i i
K = ; Wexp[ﬁ& - 7,%:|, )

where the label s [more exactly s(gp,%; qo,%)] indicates a

classical trajectory starting from gy and ending at g, within

a time period [fo,#], S; is the action along the trajectory s,
= |det(d?S,/0q0; 9gy;)|, and p; is the Maslov index.

Due to complexity of the paths, it is usually not an easy
task to show directly whether the action S varies sufficiently
fast with a sufficiently large amplitude to guarantee the ap-
plicability of the stationary-phase approximation. Therefore,
we adopt an alternative approach to the problem of the
validity of semiclassical treatment. Our approach is based
on the observation that, at least for an important class of
systems undergoing QPTs, their classical counterparts have the
following rescaling property in the neighborhood of the critical
points. That is, for each pair (A,1") close to A., some rescaling
procedure can carry classical trajectories of the system H(A)
to those of the system H(A'), at least in an approximate way.
(A class of systems possessing this property will be discussed
in Sec. IIC.)

The basic ideas of our approach are as follows: First, for
systems possessing the above-discussed rescaling property,
the integrand ¢'/" in Eq. (3) for a classical trajectory of each
system H (1) can be written in terms of the related quantity for
a fixed system H(A,,) of a fixed value A,,. Specifically, with
the dependence of S on A written explicitly, one may write

1
;LS(?») = S(Am), (6)

eff()»)

where g is some effective Planck constant as a function of A,
and g is a quantity that does not change much with variation
of X, say, within one order of magnitude. [The explicit form of
hegr(X) will be discussed in the following subsection.] Second,
(nonclassical) paths not far from the classical trajectories in the
two systems H(A) and H(},,) should have a relation similar
to that discussed above for classical trajectories. As a result,
S(A) along these paths can also be written in terms of those
for A,,. Third, since the action S(A,,) is independent of A and
the quantity g can be regarded approximately as a constant,
variation of S(A)/h lies mainly in the variation of the quantity
hegr(X). This suggests that a smaller Aeg(X) should imply a
better performance of the stationary phase approximation,
and thus one has a relative criterion for the validity of the
semiclassical approach.
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B. Detailed discussions for a relative criterion

In this subsection, we discuss the details of the relative
criterion discussed above. In many cases, one is interested
in a time period [ty,#,] whose length is proportional to some
characteristic time scale t of the system H()), namely, T =
(tp — to) o< 7. Near the critical point, the characteristic time
scales as T ~ |A — A.|™%, with some exponent o > 0, and it
diverges at the critical point. For brevity, we do not write
explicitly the A dependence of 7.

Since T o t, we can perform a time rescaling, such that
the rescaled time periods of interest in systems H(A) lie in the
same region. Specifically, we do this by

t > T=t/n withn=r1/1,, @)

where t,, is the characteristic time scale of the system H (A,).
Here, we use a tilde to indicate rescaled quantities For
example, the rescaled time region is written as (70,751 with
a length T = T — fo X T,

Let us consider systems possessing the rescaling property
discussed in the previous subsection, with the time rescaling
in Eq. (7) being part of it. The action along a trajectory s of the
system H(A) has the expression S(s) = frt” Ldt. Using L to
denote the average value of L along the trajectory s and making
use of the time rescaling in Eq. (7), this action is written as
S(s) = LnT Using the rescaling procedure mentioned above,
the trajectory s is mapped to a rescaled trajectory s that is close
to a trajectory s,, of the system H(,,). Using L,, to denote
the average value of the Lagrangian along the trajectory s,
the action for s, is written as S(s,,) = f L,dt, = L,,T.If we
write L = y L,,, then we have

S(s) = ynS(sm). ®)

Furthermore, we note that Eq. (8) also holds, approximately,
for Feynman paths close to the classical trajectories s and s,
in the two system, respectively. For such paths in the system
H()), the integrand in Eq. (3) can be written in terms of
S,, of the fixed system H(A,), namely ¢'?"5»/" The point
is that, with variation of A, §,, remains unchanged and it
is (yn) that changes. It is not difficult to see that, if (yn)
may become sufficiently large, it should be reasonable to
expect that the stationary approximation can be applicable
and the semiclassical approach can be valid. Clearly, the
quantity i/(yn) plays the role of a rescaled, effective Planck
constant.

With the system H (},,) fixed, to get a criterion in a relative
sense for the validity of the semiclassical approach, one can
use 7 to replace 7. Similarly, one can use L to replace y.
Moreover, in most cases, apart from some constant, the value
of L lies in the same order of magnitude as the initial energy.
Hence, instead of L, we can consider the expectation value of
the energy of the initial state with respect to the ground level,
which we denote by A g. For example, for an initial state such
as the ground state of H (L), denoted by |Wy(Xg)), Ag is given
by

Ag = (Wo(Ro)[H(M)|Wo(Ro)) — Eo(R), ©)

where E((A) denotes the ground level of H(}). Finally, in the
relative criterion discussed above, one can use the following
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form of the effective Planck constant:

h
‘[AE'

fiegr = (10
Hereafter, we set i unit.

To summarize, based on the arguments given above, we
propose the following relative criterion for the validity of the
semiclassical approach to dynamics near a quantum critical
point. That is, if (i) trajectories of the classical counterparts
of the system H()\) have similar shapes after a certain
rescaling procedure, and (ii) the contribution from Feynman
paths far from classical trajectories can be neglected, then a
smaller effective Planck constant A.s should imply a better
performance of the semiclassical approach.

C. Classical trajectories in a class of systems possessing
the required rescaling property

In this subsection, we show that a prerequisite of the relative
criterion given above, namely the closeness of rescaled clas-
sical trajectories, is satisfied in a class of systems undergoing
QPTs. In fact, in many cases, in the low-energy region of
a system close to a critical point, the Hamiltonian can be
approximately written as harmonic oscillators, i.e.,

HO) =Y oi()ef e, (1n

i=1

where cj(k) and c¢;(A) are bosonic creation and annihilation
operators for the ith mode with frequency w;()). In terms of
the action-angle variables, the classical motion is given by
0;(t) = wi(M1r + 6;(0),  Li(#) = 1;(0). (12)
In the vicinity of the critical point, one may focus on the
zero modes. For these modes, the frequencies w; (1) have the
following form:

w;i () = v;i(Ae)I8], 13)

where § is defined in Eq. (1). If these zero modes belong to the
same class of universality, their values of ¢; should be equal,
say, being «. Then, one has

o

; (14)

8

5’11

wi(d)
@i (Am) N

independent of the mode i. Making use of the relation in
Eq. (14), it is not difficult to find a rescaling procedure, under
which trajectories of the classical system H(X) are mapped to
those of H(A,,).

III. PROPERTIES OF THE EFFECTIVE PLANCK
CONSTANT IN TWO MODELS

To test the above-discussed relative criterion for the validity
of the semiclassical approach, we first need to study the
properties of the effective Planck constant fg in Eq. (10) in
some concrete models. In this section we do this in two models,
namely the XY model [38—40] and the Dicke model [41].
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A. Effective Planck constant in an XY chain

We first discuss an XY chain of N %-spins in a transverse
external field. The Hamiltonian is written as

N
I+y . . -y
H==) (Tgi Oip1 T a7 07y +)‘Uiz)’ (15)

i=1

where y gives a measure to the anisotropy of the in-plane
interaction, and A denotes the intensity of the external magnetic
field applied along the z axis. We use the periodic boundary
condition. This model reduces to an Ising chain in a transverse
field at y =1 and gives the XX model for y = 0. This
XY model has two critical points A, = %1, independent
of the value of y, with the correlation length scaling as
A — A7V [6,8,44,45]. Without loss of generality, we discuss
only the critical point A, = 1.

The Hamiltonian in Eq. (15) can be diagonalized analyti-
cally. To do this, one may first map the system to that of spinless
fermions through the Jordan-Wigner transformation [11,38—
40],

of =[] —2dla;)d +dy.

Jj<i
o) = —i [[(0 - 2dd))d} - ). (16)
j<i
of =1—2dd;,

where dj and d; are fermionic creation and annihilation

operators for a site i. In terms of d; and d;, the Hamiltonian is
written as

N
H==Y"[d, d;+dldi +ydd], +didis1)]
i=1

N
—1 ) (1 —2dld)). (17)

i=1

Next, transform to momentum space by the transformation

N N
1 1
dl = —=> "dle", dy=—=> die™", (18)
‘ v N i=1 l ‘ v N i=1

where dZ and dj are fermionic creation and annihilation
operators for a wave vector k, and r; represents the position
at a site i. Setting as a unit the distance between neighboring
sites, the wave vectors k are given by k = 2am /N, where m =
—N/2,...,(N/2—1) for an even N. Then, the Hamiltonian
is written as

H = "[20. — cosk)ddy + iy sink(d'd] + d_dy) — Al.
k
(19)

This Hamiltonian can be diagonalized by the following
Bogoliubov transformation:

fi = w(dy — ive(d'

(20)
£ = wd! + ived_y,
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where
ur(r) = cos[O(2)/2],
with 6, defined by

vr(2) = sin[0x(2)/2], 21

y sink

tan[6,(A)] = ; (22)

—cosk’
The result is
. 1
H= §8k<fﬁfk — 5>, (23)

where

& = 2/ (A — cosk)? + y2sink. (24)

When A is sufficiently close to A, = 1, in the low-energy
region with |m| < N, Eq. (24) gives

& = 4my|m|/N. (25)

Due to this linear dependence of g; on m, these fermionic
modes can be mapped to bosonic modes via the method of
bosonization [11]. The bosonic modes, labeled by r with r =

1,2, ..., have energies E"

bos = @rMbos, Where

W, X (26)
and fpos = 4wy /N. A characteristic time of the system is
given by

2 N

T=— 0 —.

Ey, 2y

bos

27)

To compute Ap, we express |Wo(Lp)) in terms of the
eigenmodes diagonalizing H(}) in Eq. (23). Using n; to
represent the annihilation operators for the eigenmodes of
H(Xp), ni and f; are connected by the relation [7,8]

Nk = COS Qy fir — i sin Otkf;k, (28)
where
ay = [6r(A) — Ok(Ro)]/2. (29)

Note that 1z |Wo(Ao)) = O for all k. The ground state |Wy(Ao))
can be rewritten as [7,8]

[Wo(h0)) = [ [lcos o — i sinan £ 1, 11W0(0)).  (30)
k

where |Wy(1)) is the ground state of H(A). Let us compute
(Wo(ro)| H (2)|Wo(Ao))
= (W) | Jleos o + i sinae f- fi
k

x H) [ Jleosax — i sinen f; £1,11Wo(1)). (31)
k

Making use of the relation
HO)f = flle0) + HOI, (32)
after some algebra, we get

(Wo(1o)| H (M) Wo(ro)) = Eo(2) + ZZSk(/\) sin® o (33)
k>0
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Finally, we have

Ap = Z 2e: (M) sin” . (34)
k>0

To see the main properties of the energy scale Ag in
Eq. (34), let us compute sin® a;. Making use of Egs. (22)
and (29), after some algebra, we get

.2 1 Pk
sin“ oy = — —

1
272 ’
Vit at

(35)

where
pr = (ho — cosk)(A — cos k) + y?sin® k, (36)

gr = (g — M)y sink. (37)

For fixed values of § and §, numerically we found that, when
N is sufficiently large, the main contribution to A g comes from
those k for which |k| < || and |k| < |8p| and the number of
these k is proportional to N. Making use of this fact, and the
fact that |§| < y and |§p| <K y, we get g ~ 2§ and

2 (6 —5)° 2.2

i R 38
sin” oy 48283 (38)
Therefore, for sufficiently large N,
2
N
Ap o L5 — 80)2, (39)
885

proportional to both N and (8§ — 8y)* (see Fig. 1 for direct
numerical simulations).

Now, we can discuss the behaviors of the effective Planck
constant her in Eq. (10). Substituting Egs. (27) and (34) into
Eq. (10), we get

14
N Y, er(h)sin? o

Variation of heg with § for a fixed 8y and a fixed N is shown in
Fig. 2. It is seen that A.g reduces to a quite small but nonzero
value when § — 0. On the other hand, when § — §,, one has

hegr = (40)

0.020

0.015

0.010
w

0.0154» /
\ /
LLl
< 0.0101 ]
0.005 y E
- - - N=10000||
0.0004 ' . ' : ' . —' N=1.6000
0.0 0.5 1.0 1.5 2.0 x10?

FIG. 1. (Color online) Variation of the energy scale Ag in
Eq. (34) with § in the XY model for §; = 10~* and y = 0.7. Inset:
Apg (triangles) increases linearly with the particle number N [see
Eq. (39)], with § = 107, The solid line is a fitting straight line.
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64 1.4 N |
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A2 04 02 4 62810 12 x107 |
= N
C 1 -
2
-4 1 4
64

0 2 4 6 8 10 12 14 16 18 20 x10*

o
FIG. 2. (Color online) The effective Planck constant fi. (in the
logarithm scale) vs § in the XY model, for N = 16000, §, = 1073,

and y = 0.7. Inset: A is approximately proportional to N2 (§ =
4 x 107%).

Ag — 0; as a result, hi.f — 00. Moreover, since both t and
Ag are linear in the system’s size N, the effective Planck
constant decreases as 1/N? (see the inset of Fig. 2).

B. Effective Planck constant in the Dicke model

The Dicke model describes the interaction of N atoms with
a number of bosonic modes via dipole interaction within an
ideal cavity [41]. In our study, we consider a single-mode
bosonic field. In terms of a collective operator J for the
N atoms, whose components satisfy the same commutation
relations as those of the angular momentum, the single-mode
Dicke Hamiltonian is written as [46]

H\) = wold; + wa'a + ;—N(aT +a)Jy + 7). (4D

Making use of the Holstein-Primakoff representation [47—49],

Jy =b'\/2j —blb,
J_=+/2j— bbb, (42)

J.=blb—j,

where b and b' satisfy [b,b'] = 1 and j = N/2, the Hamil-
tonian can be diagonalized in the thermodynamic limit [46],
giving

HO) =) eaMc)(0)ea(h) + f, (43)

n=1,2

where c,t()») and c,(A) are bosonic creation and annihilation
operators, &,(1) are the quasiparticle energies in increasing
order, and f is a c-number function. In this limit, the system
undergoes a QPT at a critical value A, = ,/wwy/2, with a
normal phase for A < A, and a superradiant phase for A > A..
In the normal phase,

1209 = [4[(” + 6f) & (0 - )" + 16120])
(44)
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FIG. 3. (Color online) Variation of a characteristic time t with §
in the Dicke model, for N = 30, 8, = 1072, and w = wy = 1. Inset:

7 vs the system’s size N for § = 1073,

and in the superradiant phase,

5 3 12
2 2
1) 13
—gi\/<—g—w2> + 40w} ,
m m

(45)

e12(A) = o +

where u = wwq/ (422). Tt is easy to check that e;(1) = 0 at A,
in both phases.

In the thermodynamic limit, the Dicke model has a
characteristic time scale t given by

2

T = m, (46)

diverging in the limit A — A, and the SP has a period 7 /2 [50].
For finite N, we utilize the revival of the SP to compute
numerically the characteristic time 7. In Fig. 3, it is seen that
T increases with decreasing § and remains finite in the limit
8 — 0 at finite N.

The energy scale Ag in the Dicke model cannot be
calculated analytically, and to understand its properties we
have to resort to numerical simulations (see Fig. 4 for an
example). Making use of the obtained A g, the effective Planck
constant A can be computed. Variation of A with & is shown
in Fig. 5. Itis seen that fi.g in the Dicke model behaves in a way
that is qualitatively similar to that in the XY model discussed
above, e.g., italso decreases with increasing N (inset of Fig. 5).

IV. NUMERICAL TEST OF THE RELATIVE CRITERION
IN TWO MODELS

In this section, we discuss a numerical test for the relative
criterion proposed in Sec. II, that is, a smaller effective
Planck constant A implying a better performance of the
semiclassical approach. The two models discussed in the
previous section satisfy a prerequisite of the relative criterion,
which is discussed in Sec. IIC (for the XY model, see
discussions in Sec. IV A for details), hence they are suitable
for this purpose.
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d

FIG. 4. (Color online) Variation of A ; with § in the Dicke model
for 8 = 1072 and @ = wy = 1. Inset: Ag increases almost linearly
with the system’s size N, for §) = 1072 and § = 10™*.

0.005

Specifically, we study the SP decay for an initial state as
the ground state of H()), written as

M(t) = [{(Wo(ho)le ™ HD Wy (ho)) . (47)

The SP is a special case of the so-called quantum Loschmidt
echo (LE) [51-53], defined by the overlap of the time
evolution of the same initial state under two slightly different
Hamiltonians, namely

Myg(1) = [(W(0)| expli H ()t] exp[—i H (o)1 W(0) . (48)

In the study of the LE, usually one writes H(A) = H( o) +
€V . Inrecent years, the LE has been studied extensively in the
field of quantum chaos [54—-69].

The semiclassical approach has been shown to be useful
in predicting decaying behaviors of the SP for times that are
not long in the two models discussed above [29]. Here, we are
interested in the deviation of the semiclassical prediction from

114 250

10_' 2001*
9_- c% 100 K

84

| 15 30 45 60
74 N
6_ -

®o—ee

In(ﬁeﬁ)

4
34

0.010 0.015 0.020

)
FIG. 5. (Color online) Variation of A (in the logarithm scale)

with § in the Dicke model, for N = 30, §, = 1072, and w = wp = 1.
Inset: A Vs the system’s size N for § = 1074,

0.000 0.005
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the exact SP. Suppose we consider a time period from ¢ = 0 to
t = Tp. We divide this time period into m intervals, separated
by instants t; = iT;,/m of i = 1,2, ... ,m — 1. The following
quantity gives a measure to the deviation mentioned above:

ol
ll

1 & )
= i - ®)2, (49)
m i=1

where

In M(t;) — In My.(¢;)
In M(t;)

and X indicates the average value of x;. Here, M. () represents

the semiclassical prediction of the SP. To test the relative

criterion, we must compare the behaviors of the derivation

D and those of the effective Planck constant h.; with the
variation of the parameter §.

P =

(50)

A. Test in the XY model
In the XY model, the SP has the following expression [8]:

M(z):l_[Fk, (51)
k>0
where
Fi = 1 — sin?(2ey) sin®(xt) (52)

evaluated at the parameter value A. In this model, when § is
small, the SP shows a periodic behavior in time, with a period
proportional to the system size N [7,32]. In our numerical
simulations, we found that the period is given by t/2, where
7 is the characteristic time given in Eq. (27). However, for §
large the SP exhibits an irregular behavior [32].

The model does not have any classical counterpart in the
whole energy region. However, in the close neighborhood of
the critical point and in the low-energy region, as discussed in
Ref. [29], a classical counterpart can be constructed. In fact,
as discussed in Sec. III A, near the critical point A, low-lying
states of the system can be mapped to a bosonic system, such
as harmonic oscillators with frequencies w,. In the case in
which the frequencies w, are sufficiently incommensurable,
the classical counterpart has a motion resembling a chaotic
one when the time is not long. In this case, the semiclassical
theory predicts an exponential decay of the SP [29],

M (1) ~ e 2R (53)

where

o3[ vou)-{[roef) o

Direct computation of the value of R in the classical system
is very difficult, hence, instead, we evaluate it numerically by
fitting M. (¢) to the exact SP at a very large value of N.

The SP may follow the semiclassically predicted exponen-
tial decay for a finite time period only. Examples are given
in Fig. 6. We first take 7, = 60, which is the approximate
time at which obvious deviation appears for § = 2 x 10~*. In
Fig. 7, we plot the deviation D, computed with this 77, as a
function of the parameter § for a fixed &. It is seen that the
value of D remains small outside the region of § close to &y,
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In[M(t)]
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-0.006
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FIG. 6. (Color online) Decay of the SP (circles) (in the logarithm
scale) in the XY model. Parameters: §, = 10~3, N = 16000, y =
0.7; 8 =2 x 107* in the upper panel and § = 9 x 10~* in the lower
panel. The solid line indicates the semiclassical prediction.

and it decreases with increasing N (right inset of Fig. 7). It is
important to note that the shape of the curve of the distance D
in Fig. 7 is similar to that of the effective Planck constant A in
Fig. 2. This confirms the relative criterion proposed in Sec. II
that A can serve as a relative measure for the validity of the

0.
1 4
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FIG. 7. (Color online) The deviation D (in the logarithm scale)
vs 8 in the XY model. Parameters: N = 16000, §, = 1073,y = 0.7,
and T, = 60. Left inset: D vs é for 7, = 120. Right inset: Variation
of D with the system’s size N for § =4 x 107,
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FIG. 8. (Color online) The deviation D vs § in the Dicke model
for N =30, 8) = 1072, w = wp = 1, and T;, = t/5. Inset: variation
of D with the system’s size N for § =2 x 1073,

semiclassical approach. Furthermore, we found that variation
of the computed time period 7}, does not alter this conclusion
(see the left inset of Fig. 7 for results obtained with another
value of Ty).

B. Dicke model

In the vicinity of the critical point of the Dicke model, the
semiclassical approach predicts the following decay behavior
of the SP [29]:

Mo (t) = co(1 + £242)71/2e~TH/0+E7) (55)

where ¢y ~ 1 and

1 [ew, dU \*
F = - —— s g =
2 h 3p()
with the derivatives evaluated at the center of the initial state
of the system. Here, w, is the width of the initial Gaussian

ew? 92U

——, 56
2h op; (56)

wave packet in momentum space, U = fOT” V dt,and T, is the
period of the classical motion corresponding to the nonzero
mode. Equation (55) predicts an initial Gaussian decay e’ Y
followed by a long-time power-law decay 1/t.

In our computation, as in the XY model, the values of I
and £ are evaluated by fitting M.(¢) to the exact SP at large
N. In the computation of the deviation D, we take 7 = t/5.
As seen in Fig. 8, variation of D with § shows a feature similar
to that of the effective Planck constant Ay given in Fig. 5.
In addition, as fe shown in the inset of Fig. 5, D decreases
with increasing N. These results confirm the validity of the
above-discussed relative criterion in the Dicke model.

V. CONCLUSIONS AND DISCUSSIONS

In this paper, a relative criterion is proposed for the validity
of a semiclassical approach to the dynamics near quantum
critical points, which should work at least for an important
class of systems undergoing QPTs. Specifically, an effective
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Planck constant feg is introduced that can give a relative
measure to the extent of the validity; that is, a smaller
hegr should imply a better performance of the semiclassical
approach. This criterion implies that, under a fixed initial
condition and in the thermodynamic limit, the closer the
controlling parameter A is to the critical value A, the better the
semiclassical approach should work. This relative criterion has
been tested numerically in two models, namely the XY model
and the Dicke model.

Still, several problems remain concerning the above-
discussed semiclassical approach to the dynamics near QPTs.
First, the arguments given for the above-mentioned relative
criterion are based on the closeness between classical tra-
jectories of different systems H(A) under a certain rescaling
procedure. The closeness has been shown to really exist in a
class of systems, however a generic condition for the existence
of the closeness is still lacking. Second, the contribution is
still unclear for the paths that are not close to any classical
trajectory. Third, the proposed criterion has a semiquantitative

PHYSICAL REVIEW E 92, 042157 (2015)

feature in the sense that it gives a relative measure only, and
several approximations have been used in the introduction of
the effective Planck constant.

Finally, it should be reasonable to expect that the semi-
classical approach discussed above may be useful in the
study of other properties of the nonequilibrium dynamics of
a system near a quantum critical point. This nonequilibrium
dynamics is an important topic and is under investigation both
numerically [70] and experimentally [71]. For example, it is
relevant to the problem of defect creation in an approximately
adiabatic process [27].
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