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The dynamics of the geometric phase are studied in inhomogeneous quantum spin chains after a quench.
Analytic expressions of the Pancharatnam geometric phase (PGP) are derived for both the period-2 quantum Ising
chain (QIC) and the disordered QIC. In the period-2 QIC, due to the periodic modulation, the phase difference
between the boundaries of the half Brillouin zone (0, 7] changes with time, and consequently, the winding
number vy () of the PGP is not quantized and thus is not topological anymore. Nevertheless, the PGP and its
winding number show nonanalytic singularities at the critical times of the dynamical quantum phase transitions
(DQPTs). This relation between the PGP and the DQPT is further confirmed in the disordered QIC. It is found
that the critical time of the DQPT inherited from the homogeneous system and the additional one induced by
weak disorder are also accompanied by the nonanalytic singularity of the PGP by decomposing the PGP into
each quasiparticle mode. The connection between the nonanalytic behavior of the PGP at the critical time and
the DQPT, regardless of whether the winding number is topological, can be explained by the fact that they both

arise when the Loschmidt amplitude vanishes.
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I. INTRODUCTION

The geometric phase has seen remarkable advance-
ments [1-3] since Berry published his seminal paper [4],
in which a quantum system is subjected to an adiabatically
changing environment and manifests a geometric behavior in
its phase [5]. The Berry phase encodes the state of the system
and has been associated with a variety of condensed matter
phenomena, such as the quantum Hall effect [6] and quantum
phase transitions [7,8]. Later, the concept of Berry’s phase was
generalized to the cyclic evolution of the quantum system [9]
and to an even more general context that is neither unitary nor
cyclic, which is known as the Pancharatnam geometric phase
(PGP) [10]. Recently, the PGP was proposed to characterize
the dynamical quantum phase transition (DQPT) [11].

The DQPT describes the nonanalytic behavior of the
Loschmidt echo £(¢) = |G(t)|? during the nonequilibrium dy-
namical evolution [12,13], where the Loschmidt amplitude
G(r) measures the overlap of the time-evolving state with the
initial state, i.e.,

G@t) = (Yoly @) = (Yole ™" o). (1

Like for the equilibrium phase transition, one can define the
dynamical free energy density by the rate function A(z) =
—limy_, 4o + In[£(#)], which shows the cusplike singulari-
ties at the critical times of DQPTs [14]. To date, the DQPT has
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been studied extensively in many quantum systems, such as
XY chains [15-17], the Kitaev honeycomb model [18], XXZ
model [19,20], systems with long-range interactions [21-26],
quantum Potts model [27], non-Hermitian systems [28,29],
the Bose-Einstein condensate [30], and inhomogeneous sys-
tems [31-34]. Moreover, direct observations of DQPTSs have
been realized in many experiments, such as trapped ions sim-
ulations [35], a 53-qubit quantum simulation [36], a nuclear
magnetic resonance quantum simulator [37], quantum walks
of photons [38,39], and spinor condensate simulations [40].
Note that another different definition of the DQPT exists
that studies the asymptotic late-time steady state of the order
parameter [41-45]. Two types of DQPTs have been found
related to the long-range quantum Ising chain [26].

According to Berry’s theory, a quantum system acquires a
geometric phase ¢€(¢) over the dynamical phase ¢ () dur-
ing the time evolution [4]. The PGP [10,11] can be calculated
as

%) = p(t) — (1), 2)

with the total phase ¢(t) = arg[G(t)] and oY1) =
- f(; ds(¥(s)|H|¥(s)). One can define the winding number
vp(t) = f0”[8¢f(t)/8k]dk/2n, which is found to be integer
quantized between two critical times and changes by unity
at critical times, so that the winding number is treated as
the dynamical topological order parameter (DTOP) [11].
The PGP shows nonanalytic singularities as dynamical
vortices at the critical times of DQPTs [46,47]. The DTOP
has been confirmed in many works, for instance, slow
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quench in the quantum Ising chain [48], the P7T -symmetric
Su-Schrieffer-Heeger model [49], the massive Schwinger
model [50], systems under periodic driving [51-57], and
others [25,28,38,39]. However, clear evidence shows that
the winding number vp(¢#) may be fractional quantized and
thus nontopological in the XY chain from a critical quantum
quench [58], although the discontinuous point of vp(#) is
still one to one related to the DQPT. A significant question
that follows is whether the DQPT and its associated PGP are
always accompanied by an integer-quantized (topological)
winding number in general.

To answer this question, we investigate the PGP in two
inhomogeneous systems: the period-2 quantum Ising chain
(QIC) and the disordered QIC. It is well known that in-
homogeneity can dramatically influence the behavior of
DQPT [33,59]. The periodic modulation is found to induce
richer DQPTs than those in the homogeneous system [59].
New DQPTs appear after a quench across the critical lines
of the quantum phase transition under the influence of weak
disorder [33]. Another ensuing interesting problem is whether
the new extra DQPTs induced by the periodic modulation and
the disorder are also related to the singularity of the PGP and
its winding number. This is, indeed, the case in our work.
The results reveal that the critical times of DQPTs induced
by the periodic modulation and weak disorder can still be
characterized by the nonanalytic singularity of the PGP. This
can be understood from the fact that the vanishing of the
Loschmidt amplitude contributes not only a cusp in the rate
function for the DQPT but also a dynamical vortex for the
PGP.

However, in the period-2 QIC, the winding number vp(?)
is found not to be quantized anymore, although it still shows
discontinuities at the critical times of DQPTSs. The reason for
the nonquantized winding numbers can be explained as the
phase difference ¢ (1) — ¢ (t) between the PGPs at the
boundaries changing with time due to periodic modulation.
This is different from the case in the XY chain from a critical
quench [58], in which the fractional-quantized winding num-
bers are related to the singularity of the Bogoliubov angle at
the gap-closing momentum.

This paper is organized in the following manner: in
Sec. II, we discuss the QIC with period-2 nearest-neighbor
interactions and give the formulas for the PGP and its winding
number (more detailed derivations are given in Appendix),
and we study the behavior of the PGP via two typical quench
processes. In Sec. III, we derive the PGP of the disordered
QIC in real space (more detailed derivations are given in
Appendix B); similarly, we give two typical examples to
illustrate the behavior of the PGP in the disordered system.
Finally, we summarize our results and draw our conclusions
in Sec. IV.

II. PERIODIC QUANTUM SPIN CHAINS

We consider the quantum Ising chain with periodic nearest-
neighbor interactions in the transverse field [59-62]. The
Hamiltonian is given by

- h
HZ_E ;Jnorfa,fH —E;oj, 3)

where 0%(a = x, y, z) are the Pauli matrices, J,, is the strength
of interactions between the nearest-neighbor spins, and 7% is
the external transverse field. We consider the QIC with period-
2 nearest-neighbor interactions (I € Z),

{J, n=2-—1,
J, =

4
J], n=2I. ( )

For convenience, we set « = J;/J and J = 1 without losing
generality. The period-2 QIC undergoes the quantum phase
transition from the ferromagnetic (FM) phase to the param-
agnetic (PM) phase at the critical point h. = /o when the
external field & increases [60,63].

We can solve the Hamiltonian (3) via the Jordan-Wigner
and Bogoliubov transformations (see Appendix A 1), where
the diagonal form of the Hamiltonian is

1 1
H= Z A <71217}k1 - 5) + Ak2<772277k2 - E) ()
k

Unlike that in the homogeneous QIC, the period-2 QIC has
two quasiparticle excitation spectra, Ax; and Ag,. The zero-
point (ground-state) energy is given by

Ey=) En=—Y (At +Aw) 6
k>0 k>0
and the ground state is |GS) = @), |GSk), with |GSy) =
|Ok10—k10k20—k2> for every k (k > 0)

We study the nonequilibrium dynamical evolution induced
by a quantum quench. The system is prepared in the ground
state |¥o) = @) [Yor), [Yor) = |GSk) of an initial Hamil-
tonian Hy = H(hg). At time ¢t = 0, the external field will be
changed suddenly to another value, /;, that corresponds to the
Hamiltonian H = H (k). In this section, we use ﬁk(ﬁZ), [Pk,
and Ay to denote the corresponding items of the postquench
Hamiltonian A. The time-evolved state is given by

V() = e ). (7)
By decomposing the Loschmidt amplitude G(t)=
[Tio0 Gk(r), we obtain
e*l’Eokf 2 ) - _
G(t) = —7 [T [1+ G- Pt hn] o (8)
=1

where G = —(UU" + VVH) ="' (UVT +VUT) is an antisym-
metric matrix dependent on the parameters of the pre- and
postquench Hamiltonian (see Appendix A 2). Like for the
Lee-Yang zeros, we can illustrate the DQPT in a straightfor-
ward way via the Fisher zeros in the complex time plane [12].
From G;(z) = 0, Im(z) = t, the Fisher zeros of the Loschmidt
amplitude for every k are given by

1
(ks V) = ————I[In|Gry,—po|* + i2n + D],
Ay +A_py ik

€))

with u, v = 1, 2. The Fisher zeros will have an intersection
with the imaginary axis of the complex time plane when the
DQPT occurs. Equation (9) implies that Fisher zeros in the
period-2 QIC have multiple branches which are different from
the single branch in the homogeneous QIC [59]. With the
help of the Fisher zeros (9), we can easily obtain the critical
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momentum k. of the DQPT which satisfies |Gy, —x.v| = 1 and
the associated critical time

m+1
Ly = 2t br (10)
A]Q/L + Afk v

c

To study the behavior of the PGP, we rewrite the Loschmidt
amplitude G (¢) in polar coordinates, which is

dyn

Gi(t) = n(0)e™® = r () OTHOL (1)

where ¢*" (1) and ¢C(¢) are the dynamical phase and purely

geometric phase, respectively. According to Eq. (11), we get
the dynamical free energy (rate function) in the thermody-
namic limit as

/ Tdk
Alt) = — — Inr, (). 12)
0 21
Clearly, the rate function A(#) depends on only the mod-
ulus r¢(¢) of the Loschmidt amplitude G(¢). However, at
the critical momentum k., A(¢) has a nonanalytic point, i.e.,
i, (t) = 0. According to the basic theory in complex math,
when a complex number has zero modulation, its argument
angle can take any value. This will be reflected by a dynamical
vortex (nonanalytic singularity) in the PGP [46,47]. This is the
essential reason why DQPTs can be characterized by the PGP.
The PGP ¢kG (t) can be extracted from the time-dependent
argument ¢ (¢) of the Loschmidt amplitude by

o2 = ¢n(1) — 6" (1), (13)
where the dynamical phase q&,‘jy“(t) is
) = — /0 ds(yr ()| Hel)

_ {[] _ 2(1Gr1—11? + |Gr1 —i2®) ] u
(1 + |G- 1)1 + |Gr1,—x21?)

2(1G k1 12* + |Giz,—121?) <
+11-— 2 2 k(.
(I + |1Gk1,0219)(A + |Gra,—121%)
(14)
dyn

The dynamical phase ¢, (¢), which is found to be propor-
tional to time ¢, is always an analytic function. Therefore, the
nonanalytic behavior of the argument ¢ (¢) will be reflected in
the PGP qka (t) at the critical time, where ¢kG(t) is ill defined.
Note that the PGP ¢ (¢) is usually folded into its principal
angle value, i.e., ¢kG(t) € (—m, ]. One can define the wind-
ing number to describe the accumulated change of the PGP by

_ LT ® 9 — )
T2 )y ok N 27

where .4 is the folding number of the PGP from —x to 7 or
from 7 to —7 when ¢ () exceeds its principal value interval.
The folding number decreases by one when the PGP is folded
from —m to m, and increases by one when folded from m
to —m.

In the literatures [25,28,38,39,46,47,49-57,64-70], ¢Z (1)
are found pinned to zero at the boundary of the half Brillouin
zone (or the whole Brillouin zone for topological insula-
tors [28,54]) in the homogeneous systems, i.e., ¢,(G:ﬂ ) —
qSkG:O(t) = 0. This ensures that the winding number vp(?) is

+.4, (15)

VD

integer quantized. However, the situation is different in our
periodic case. It is found that the PGP changes value with time
at the boundary of the half Brillouin zone under the periodic
modulation, which results in the winding number not being
quantized. In the following, we will show our interesting
findings using two typical examples.

A. Quench from the FM phase to the PM phase

We further investigate the PGP q&kG(t) and the associated
winding number vp(¢) for the period-2 QIC by showing two
typical quench examples. We take the value o = J;/J = 0.5,
which implies the system undergoes an Ising transition at the
critical point h. = /a &~ 0.707.

First, we study the case of quench from the FM phase to
the PM phase. In Fig. 1(a), we show the contour plot of PGP
qﬁkG(t) as a function of (k, t), where the quench path is from
hy = 0.5 to h; = 2.0. The symmetry of the Hamiltonian and
the initial state ensures ¢F(t) = ¢ (¢), so throughout this
paper we show only the PGP in the (k, t) plane for k > 0. We
obtain the critical momentum k. and the critical times ¢.(7)
of the DQPTs, which are marked by red crosses, according to
Egs. (9) and (10). Obviously, there is one critical momentum,
k. ~ 1.10, corresponding to multiple critical times, f.(n) =
2n+ 1).(0),n=0,1,... [see Fig. 1(a)]. It can be seen that
¢,§ has nonanalytic singularities (dynamical vortices circled in
blue) at the critical times 7.(n) and critical momentum k.. Fur-
thermore, we notice that qb,?(t) does not complete full circles
in the half Brillouin zone, i.e., ¢7__(t) — ¢ (1) # 2n7w. For

. foldi
instance, when ¢t = 2, ¢kG(t) changes value by 0 — —x =

m — 0.467 [see the blue line + = 2 in Fig. 1(a)]; when ¢t =
foldin foldin
3.78, ¢Z(r) changes value by 0 — —x ol ¢ g 2

7 [see the blue line + = 3.78 in Fig. 1(a)]. Here, —x mld—";g T

denotes restricting qka(t) to its principal angle value (—m, 7 ].
This implies that the associated winding number vp(¢) may
not be an integer, according to Eq. (15).

To establish that this is, indeed, the case, we calculate and
plot the winding number vp(¢) as a function of ¢ in Fig. 1(b).
In order to see the critical times clearly, we also show the
corresponding rate function A(z). It is clear that the winding
number vp(?) is not integer quantized. Specifically, when
t = 2, the winding number vp(t) &~ —0.77 [see the blue line
t = 2inFig. 1(b)]; whenr = 3.78, vp(r) &~ —1.5 [see the blue
line t = 3.78 in Fig. 1(b)]. Nevertheless, the winding number
vp(t) is found to jump discontinuously at the critical times
of the DQPTs. This means that the winding number can still
detect the DQPTs even though it is not topological.

We now focus on three factor components of the PGP ¢>kG(t)
for the momenta k =0, k = 7, and k = k. [see Figs. 2(a)
and 2(b)], which are very relevant to vp(f) according to
Eq. (15). It is found that at the boundary of the half Bril-
louin zone, q&kG:O(t) ~ ( remains almost constant all the time;
however, ¢,(G:n (1) changes continuously with time. The phase
difference q),?:n (t) — ¢E:O(t) ~ q),?:ﬂ (t) changes with time,
and thus, the winding number cannot be integer quantized
anymore. We tested other parameters and found this to be a
general behavior in the case of quench from the FM phase
to the PM phase (see Fig. 8 in Appendix A 3). Note that
the jump in ¢Z_(7) at time ¢* results from restricting the
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FIG. 1. (a) Contour plot of PGP (j),f(t) as a function of (k, t) for
the quench from the FM phase to the PM phase (hp = 0.5 to h; =
2.0). The phase vortices are marked by blue circles at the critical
momentum and critical times (k., t.(n)). The red crosses denote the
critical momenta and critical times obtained according to Eqgs. (9)
and (10). (b) The time evolutions of the winding number vp(¢) (red
squiggly lines) and the rate function A(z) (black line) are plotted for
comparison. It can be seen that vp(¢) is not integer quantized and
jumps discontinuously at the critical times ¢.(n),n = 0,1,2,3,....

PGP to its principal angle value, which will not lead to
the presence of the DQPT. For the critical momentum k. ~
1.10 of the DQPT, we can see that ¢,€(t) has nonanalytic
points at times ¢t = 7.(0), 7.(1), which are exactly the critical
times of the DQPT. In summary, the discontinuous integral
jumps of the winding number result from the nonanalytic
behaviors of the PGP at the critical times; the winding number
is not quantized due to the time-dependent contribution from
the PGP difference ¢ (1) — ¢, (1).

B. Quench from the PM phase to the FM phase

As a second example, we consider the case of quench
from the PM phase to the FM phase. In Fig. 3(a), we show

(a)

e ¢E=0(t)
SEoE o |

0 t* 4
(b)

=Tt

o= 0 ;| G
= > o (O

— A1)

=Tt

0 t.(0) t.(1) 4

t

FIG. 2. Factor components of the PGP are plotted as a function of
t (a) for k = 0 and k = 7 and (b) for k = k. ~ 1.10. At the boundary
of the half Brillouin zone, ¢Z_(t) ~ 0 is almost constant, but ¢__(¢)
changes value with time. Note that the jump of ¢Z__ (r) at time t*
results from restricting the PGP to its principal angle value, which
will not lead to the presence of the DQPT. However, for the critical
momentum k.., ¢,g (t) shows nonanalytic singularities at critical times
t =t.(0) and #.(1). The black line is the rate function A(¢), which
shows singularities at critical times ¢ = 7.(0) and #.(1).

the contour plot of the PGP qﬁkG(t) as a function of (k,1).
Here, the quench path is from hg = 2.0 to #; = 0.5, which
is the inverse path of the previous example shown in the
Figs. 1 and 2. Unlike that in the case of quench from the
FM phase to the PM phase, there are three critical momenta,
kei, ke, and k.3, corresponding to three groups of critical
times, f.1(n) = (2n+ 1)11(0), f2(n) = 2n + 1)2(0), and
ts(n) = 2n+ 1)t5(0),n=20,1,2,.... This can be under-
stood based on Eq. (9); that is, three branches of Fisher zeros
have intersections with the imaginary axis in the complex
time plane [59]. At the critical momentum and critical times
(keytem(n)),m=1,2,3, qﬁkG(t) has dynamical phase vortices,
as circled in blue [see Fig. 3(a)]. Similar to the case of quench
from the FM phase to the PM phase, d),f (t) does not complete

full circles in the half Brillouin zone. For instance, when ¢t =

0.53, ¢kG(t) changes value by f@g —m — 0, which im-

plies the corresponding winding number vp(f = 0.53) =~ 0.5.
We plot the winding number vp(¢) and rate function A(¢) in
Fig. 3(b). It can be seen that the winding number vp () shows
an approximately linear change with time ¢ within two neigh-
boring critical times. As expected, the discontinuous points of
vp(t) are accompanied by the critical times of DQPTs and the
dynamical vortices in PGP [see Fig. 3(b)].

We also investigate the case of quench within the same
phase in Appendix A3 (see Fig. 9), where the DQPT is
absent. It is clear that the PGP ¢,? (t) is analytic on the
(k, t) plane, and its winding number vp(f) is a continuous
function of time when the DQPT does not occur. All the
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FIG. 3. (a) Contour plot of PGP d),f;(t) as a function of (k,t)
for the quench from the PM phase to the FM phase (hy = 2.0 to
h; = 0.5). The phase vortices are marked by blue circles at the
critical momentum and critical times (k.,f.(n)). The red crosses
denote the critical momenta and critical times obtained according to
the Fisher zeros (9) and Eq. (10). (b) The winding number vp(¢) and
rate function A(t) as functions of time ¢. Note that the critical time
t.1(0) is not distinguished clearly, so we use the first-order derivative
d)./dt of the rate function to highlight the singularity (see the inset).

examples reveal that the PGP and the winding number are
not topological in the periodic-2 QIC, which is different from
that in homogeneous systems [11,28,48,49,51,52]. In both
periodic and homogeneous systems, the discontinuous points
of the winding number vp(¢) and the dynamical vortices
in the PGP are closely related to the critical times of the
DQPTs, and they occur when the Loschmidt amplitude equals
Zero.

In previous works in which the homogeneous systems
were intensively studied [11,28,48,49,51,52], the winding
number vp(¢) itself was integer quantized, and so were the

T
~
N
T0
2_99& —e— a=0.9997
ppo o os09%98 ——
—e— =1
0 2 4 6 8 10

FIG. 4. Factor components ¢¢_(¢) for different parameters « in
the case of quench from the PM phase to the FM phase (hy = 2.0 to
hy = 0.5). (a) The speed of oscillation tends to decrease with « from
0.5 to 1. (b) In particular, the oscillation period goes to the infinity as
o approaches unity, and ¢ (¢) is zero for the homogeneous system
(x=1).

discontinuous jumps of vp(¢) at the critical time of the DQPT.
The quantized jumps of vp(¢) at DQPTs are also observed in
period-2 QIC, but vp(#) is no longer quantized. The discrep-
ancy between these two types of quantization can be traced
back to different physical origins. The quantization of the
jump is protected by the dynamical vortex of the PGP in
(k, t) space. The PGP diverges at the dynamical vortex where
the Loschmidt amplitude G(t) = r(t)eli@“O+6*" 1 yvanishes
and its phase is ill defined. However, according to Eq. (15),
both the boundary term and the jump term contribute to the
winding number. Although the jump term always provides
quantized contributions as just explained, the boundary term
[¢pZ (1) — @< o(1)] is not necessarily quantized in general.
For example, in the period-2 QIC, the PGP exhibits different
behaviors as time is changed at the boundary of the half
Brillouin zone (k = 0 and k = ) in the presence of periodic
modulation.

To illustrate the effect of periodic modulation, we show
the factor component qSkG:O(t) for different parameters « in
Fig. 4, where o = 1 corresponds to the homogeneous system.
It is clear that ¢,§=0(t) oscillates with time in the periodic
QIC, and the speed of oscillation tends to decrease with o
from 0.5 to 1 [see Figs. 4(a) and 4(b)]. In particular, ¢kG=0(t)
is zero in the homogeneous system (o = 1). Therefore, we
conclude that the PGP changing with time at the boundaries
of the half Brillouin zone results from the periodic mod-
ulation. Actually, the change in the PGP with time at the
boundary of the half Brillouin zone is also observed in the
periodic Kitaev chain [47]. Therefore, it is inferred that the
winding number in the periodic Kitaev chain is not quantized
either.
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III. DISORDERED QUANTUM SPIN CHAINS

In this section, we extend the PGP to disordered systems.
The Hamiltonian of the QIC with disordered hopping interac-
tions is

1 h &
H=— ;J,,o;a;;l -5 ;o;, (16)

where J, = J + AJ, are the hopping interactions between the
nearest-neighbor spins. AJ,, are independent random numbers
distributed uniformly in the interval [—w/2, w/2] with the
strength of disorder w. For convenience, we take J = 1 with-
out loss of generality.

By using the Jordan-Wigner and Bogoliubov transforma-
tions [71,72], the Hamiltonian in Eq. (16) can be reduced to
the diagonal form (see Appendix B 1)

. 1
H=Y A, (n,',nn — 5) (17)

in real space, where ' and 7, are fermionic creation and
annihilation operators and A, is the excitation energy for n
quasiparticle mode.

The ground state is |GS) = ), |0,) in real space, where
|0,)(n =1, ..., N) denotes the vacuum state in the quasipar-
ticle mode A,, i.e., 1,|0,) = 0. The ground-state energy is
given by

N
1
Eoz—ZEAn. (18)
n=1

We study the quantum quench from Hy = H(hy) to H =
H(hy), where the initial state |vy) = |GS) is taken as the
ground state of the prequench Hamiltonian. Therefore, the
time-evolved state at arbitrary time after quench is given by

1Y (@)) = e |yr). (19)

Considering the relation between the ground states of the pre-
and postquench [33,73], we have

1 1 ~
Vo) = 17 exp (5 > ﬁ,t,GmnnZ> 1%o), (20)

mn

where [y) = |GS) is the ground state of the postquench
Hamiltonian. Therefore, we obtain the Loschmidt amplitude
and decompose G(t) = (Yoly(t)) = e v []V_1 G,(¢) for
every quasiparticle mode A,,, with

o~ 1 o
Gn(0) = e [T ol 4 741G P 1)

n>m "~ mn

in real space, where N2, = 1 + |G,,|? is the normalization
coefficient (see Appendix B 2). The associated Fisher zeros
of the Loschmidt amplitude can be calculated by G(z) = 0,
that is,

1
=5 MIGul® +i2j+Dr], jeN. (22

Ay +

According to Eq. (22), we obtain the condition for the occur-
rence of the DQPT and the critical times as

Q2j+Dr
AI’H + [\n ’

Similar to Eq. (11), in polar coordinates, the factor of the
Loschmidt amplitude is given by

Gm(1) = Re[Gy(1)] + iIm[G,y (1)]

= rp(0)e* 0 = 1, ()OO 04

|Gpnl =1, tc(j) = (23)

with the modulus 7,,(1) = v/Re[G,(1)]? + Im[G,,(1)]?> and

the argument ¢,,(t) = arg [G,,(t)]. The associated dynamical
dyn .

phase ¢,; (¢) is

! ~ 1 ~
P (1) = —/0 ds(Y ()|Hul|Y (s)) = (5 - pm>Amt, (25)

with
Zn>m |Gm” |2
[Tem 4 1Gual®

Therefore, the PGP in the disordered QIC can be calculated
by

Pm = (26)

BS(t) = Pult) — o2 (1). (27)

In the following, we will show two typical examples to
illustrate the PGP ¢>f,f (t) in the disordered QIC with weak
disorder, so that there is only one extra group of DQPTs
induced by the weak disorder in the system [33].

A. Numerical results

To illustrate the effect of the weak disorder on the DQPT,
we show the rate functions for the weakly disordered QIC
(w = 0.001) and the homogeneous QIC (w = 0) in Fig. 5.
The quench path in Fig. 5(a) is from Ay = 0.5 to h; = 1.5.
It can be seen that the homogeneous QIC has critical times
tay(n) = 2n+ 1)t.1(0),t,4(0) =~ 1.99 [see the blue line in
Fig. 5(a)]. However, the system has one more group of crit-
ical times in the presence of weak disorder, where the new
critical times induced by the disorder are given by 7.,(n) =
(2n 4+ 1)t.2(0), 1.,(0) ~ 3.14. Similar behaviors are also ob-
served in Fig. 5(b), where the quench path is from hy = 1.5
to h; = 0.5. The homogeneous QIC has only one group of
critical times, 7.1 (n) = 2n + 1)t.,1(0), .1 (0) &~ 2.57, and the
new extra critical times emerge in the disordered QICs, which
are given by ¢ (n) = 2n + 1)t,,(0), 1.2(0) =~ 3.13. Note that
we display the results of three disordered samples for each
quench case. It is found that the different samples influence
only the values of the rate functions and do not change the
critical times of the DQPT. The critical times are generally
determined by the disorder strength w, which has been tested
for several values. Therefore, in our work, we do not need
to average over large numbers of disordered configurations,
which greatly reduces our workload.

Unlike the case in the periodic QIC, the PGP cannot be
decomposed into every momentum k due to the lack of lattice
translation invariance. However, we can decompose the PGP
into the quasiparticle mode A,, in real space according to
Egs. (24), (25), and (27). In Fig. 6, we show the contour plot of
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(2)
03k H ! ) i sample 1
’ A h0=9'5 —~h,;=1.5 : sample 2
=02 ; : ; sample 3
-~ H ,
< i |
0.1} : i Do
i i homogeneous
0.0 D . .
0 t4(0) t,(0) 5 ty(D) t,(1) 10
(b) ¢
L hy=1.5—h,=0.5 — sample 1
04k —Esample 2
e :
< 0.2 :
b homogeneous !
0.0
0 t4(0) t,(0) 5 ta()  tu(D) 10
t

FIG. 5. Rate functions in the disordered QIC with strength of
disorder w = 0.001. The quench path in (a) is from Ay = 0.5 to
hy = 1.5, and that in (b) is from hy = 1.5 to h; = 0.5. For each
case, we give results for three disorder samples. It can be seen that
different weakly disordered samples influence only the values of rate
functions and do not change the critical times. For comparison, we
also display the rate function of the homogeneous QIC (w = 0). Itis
clear that new critical times t.,(n),n =0, 1, ... of DQPTs emerge
in the presence of weak disorder. The system size is N = 1000.

the PGP qbf,f(t) for the quench from Ay = 0.5to h; = 1.51in the
(m, t) plane, in analogy with the (k, ¢) plane in the period-2
QIC. We mark the two dynamical vortices by blue circles,
which are consistent with the critical times 7.;(0) and #.,(0)
calculated according to Eq. (23) [see Fig. 6(b)]. Typically,
the dynamical vortices are related to the nonanalytic contri-
bution to the PGP from one specific component, ¢S (¢). To
find those singular components, we analyze the quasiparticle
modes near the dynamical vortices and find that the nonana-
Iytic point of qﬁrff:l (t) corresponds to the critical time 7.,(0)
and that of ¢>g:161(t) corresponds to the critical time 7. (0)
[see Fig. 6(a)].

Similarly, we study the PGP ¢¢(t) for the quench from
hy = 1.5 to hy = 0.5 (see Fig. 7). Two dynamical vortices
exist at the critical times ¢.;(0) and 7.,(0) [see Fig. 7(b)].
According to Fig. 7(a), the critical times #,;(0) and #,,(0) are
induced by the nonanalytic points of ¢C_,¢,(t) and ¢pC_;(1),
respectively.

To summarize this section, we reformulate the PGP in real
space, which allows us to study the PGP in the disordered
QIC where the momentum is not a good quantum number.
We observe the DQPT independently not only from the rate
function but also from the dynamical vortices of PGP in the
(m, t) plane. The consistency of the two methods confirms the
validity of our approach. It is found that the disorder induces
new DQPTs in addition to those from the homogeneous QIC,
and the new DQPTs are also accompanied by the nonanalytic
singularities of the PGP. Recall that in the periodic QIC, the
nonanalytic singularities of the PGP occur when the modulus

(b) ; 0
TT
900
/2
600
m 0
300 2
161
1 —Tt
0.0

FIG. 6. (a) The factor components of the PGP ¢¢(¢) for m = 1
(red lines) and m = 161 (blue lines) in the disordered QIC with w =
0.001. The quench path is from Ay = 0.5 to #; = 1.5. It can be seen
that ¢,ff=] (t)and ¢,ff=]6] (t) show nonanalytic singularity at the critical
times 7, (0) ~ 3.14 and 7.1 (0) & 1.99, respectively. (b) The contour
plot of the PGP q)ﬁf (t) in the (m, t) plane. There are two dynamical
vortices, circled in blue, corresponding to critical times 7., (0) & 1.99
and 7,,(0) ~ 3.14. The red crosses denote the critical momenta and
critical times obtained according to Eq. (23).

of the Loschmidt amplitude equals zero. Likewise, this is also
the case in the disordered QIC.

IV. CONCLUSION

In this paper, we investigated the PGP in periodic and
disordered QICs after a sudden quench. In the period-2 QIC,
we found that the winding numbers vp(7) are not quantized
and thus not topological. By comparing the results of the pe-
riodic QIC with that in the homogeneous system, we clarified
that the non-integer-quantized winding numbers result from
the periodic modulation, which can dramatically change the
behavior of the PGP at the boundary of the half Brillouin
zone. Nevertheless, the PGP still manifests nonanalytic sin-
gularities at the critical times of the DQPT. This clarifies that
the standard definition of the winding number can no longer
serve as a topological quantum number in the period-2 QIC.
Furthermore, we gave a general expression to calculate the
PGP in real space, which allowed us to investigate the PGP in
the disordered QIC. Although the disorder breaks the transla-
tional invariance, we can calculate the PGP by collecting the
contribution from every quasiparticle mode A,, in real space.
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d(t) 0

=T

(b) ON0)
TC
900
/2
600
m 0
300 S
161
3 % =TT
0 t.,(0) t ,(0) 4

t

FIG. 7. (a) The factor components of the PGP gbf,f (t) form =3
(red lines) and m = 161 (blue lines) in the disordered QIC with w =
0.001. The quench path is from hy = 1.5 to h; = 0.5. It can be seen
that p%_,(#) and ¢S_,, (+) show nonanalytic singularity at the critical
times 7.,(0) ~ 3.13 and #,,(0) &~ 2.57, respectively. (b) The contour
plot of the PGP ¢S(¢) in the (m, ) plane. There are two dynamical
vortices, circled in blue, corresponding to the critical times 7.1(0) &~
2.57 and £,,(0) ~ 3.13. The red crosses denote the critical momenta
and critical times obtained according to Eq. (23).

We found that all the critical times, including the one induced
by weak disorder, of the DQPTs in the disordered QIC have
a one-to-one correspondence with the nonanalytic points of
the PGP. From our results, the DQPT and the nonanalytic
behavior of the PGP are closely related in all three cases, the
homogeneous, periodic, and disordered systems, regardless of
whether the winding number is quantized (topological).
Finally, we emphasize that the one-to-one correspondence
between the nonanalytic singularity of the PGP and the DQPT
is because they both occur when the modulus r(t) of the

J

—2h/J 0
J 0 2h/J
H, = - ) )
2l - +ae®) A —ae®)
—(1 —ae®) 1+ ae*)

Loschmidt amplitude G(z) = r(t)eli@©O+¢*" Ol yanishes. Our
work reveals the essential connection between the DQPT and
the nonanalytic behavior of the geometric phase, which is
of great help for understanding the general properties of the
quantum system in the short-term dynamical process. Mean-
while, we also recognize the limitations of using the winding
number as dynamical topological order parameters to describe
DQPTs, which calls for a new dynamical order parameter to
characterize the notion of phase and phase transitions out of
equilibrium.
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APPENDIX A: PERIOD-2 QIC
1. Diagonalization of the period-2 QIC

For the period-2 QIC (3), by applymg the Jordan- ngner
transformation o7 = cle™ Enannn | g~ =
and o} = 2c Tcn —1 w1th spin raising and lowering op-
erators a = (0 +i0;,)/2, we obtain a spinless Fermion
model [74 77],

= e_”'[ Zm<n m mc

- ——Z{[J (clent1 +clcl, )+ hefe,] + Hel. (Al

Note that {J,} is a period-2 sequence, so the Hamiltonian (A1)
can be mapped in the complex lattices (N’ = N/2),

= Z{[J(afb +a'b) + hala,)

+ [oeJ(bTa,,+1 +bia’, )+ hbib,]+Hel), (A2)

where ay_1 + cy_1 and by — cy(l € Z). The Hamllto—
nian (A2) contains the superconductor terms aTlff and bjl a, s
which ensure that the parity of the number of fermions
is conserved. After a Fourier transformation with a, =

\/;Ni’ >, e*ay and b, = % > e”‘"bk, the superconductor
terms give the terms aka . and b a ', in momentum space.

The Hamiltonian thus takes the form H =), \IJk H, Y, in
the half Brillouin zone k € (0, ], with the spinor operator

W =(al,a_y,b,b_y)and
—(14ae ™) —(1=ae )
(I—ae™™)  (14+ae®) (A3)
—2h/J 0
0 2h/J
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The factor Hy is obviously a Hermitian matrix, which can be
diagonalized to the form H; = ZAZ" with diagonal matrix
Ay = diag(Ax1, —Ax1, Ara, —Ag2). By defining the canoni-
cal transformation

OF = (nfy» =M nyr —Mi2) = (@), a_x. b}, b_)Z, (A4
we obtain the Hamiltonian in diagonal form,
H =Y 0/A0. (A5)
k>0
Furthermore, the canonical transformation (A4) can be ex-
pressed as
Ty Uk) V) Dy Dy
FZT = V*(k) U*(k) CD;ZT =M chT P (A6)
where Tt = (1, k1, Mi2s N—x2)”  and g = (a, a,

b b_y)T.

2. Loschmidt amplitude in the period-2 QIC

We study the quantum quench from Hy = H (hy) to H=
H(h;). According to Eq. (A6), the canonical transformation
between the quasiparticle operators of pre- and postquench
Hamiltonians is given by

Iy _ I
+ =MM"~ :
T +T

Iy k

( uot+vvt

il

uvt +voT I
vt +v*ot

U*0T + V*VT fw;T
(A7)

By considering the quasiparticle ground states satisfying

Nl Wor) = 0 and 7, [Yor) = 0, we can express the ground

state |1or) of the prequench Hamiltonian as a superposition
of the ground state |y ) for the postquench Hamiltonian,

! Lt ot | 7
|1/f0k>=jvexp EFkGFk [Yor)

1 £ . .
=+ [T 0+ Guwmn' o), (A8)

=1
where G = —(UUT +VVT) "L (WVT 4+ VvUT). According to
Pauli’s exclusion principle of fermions and momentum

J

The dynamical phase qb,(:yn (t) is defined as [11]

conservation, the matrix G has nonzero elements Gy, ., that
is,

0 Gr1,—k1 0 Gri,-12
-Gy - 0 G — 0
G Tl,—k1 2, —k1 (A9
0 =G, k1 0 Gi2, 12
—Gi1,-12 0 —Go,—12 0

Therefore, we can obtain the Loschmidt amplitude G(¢) =

e Ge(®), with

e*iE()]J 2 . _
Gt) = — 7 [ [1+1GkuwPe @t 220], - (A10)
n,v=I1

where N = Hi’u:] j\[kﬂ,*kv = Hi’u:] 4/ 1+ |Gku,7kv|2 is

the normalization coefficient.

3. PGP in period-2 QIC

In polar coordinates, we have

Gi(t) = RelGr(1)] + ilm[Gy ()]

= ()P0 = ()9 O+ O], (Al1)
where Re[G; ()] and Im[Gy(¢)] are the real and imaginary
parts of Gi(¢). Therefore, the modulus r,(¢) of Gi(¢) is given
by

re(t) = VRe[Gr(t)I* + Im[Gi (1)1 (A12)
The argument ¢ (¢) of Gy (¢) is
(1) = arg[Gr(1)] € (—m, 7], (A13)
where we follow the standard form
arctan ¥, x>0,
7 x=0,y >0,
-7, x=0,y<0,
n—l—arctanf—;, x<0,y>0,
arg[Gi(t)] = . (A14)
arctan © — 7, x <0,y <0,
0, x>0,y=0,
T, x<0,y=0,
not defined, x=0.

with x = Re[Gi(r)] and y = Im[G,(1)].

oo — _ /O ds (W (5) [ (5)) = — /0 ds (Yo | Hee P yog) = — /0 ds (o B o)

1

. . - . 1 ~ . 1 ~ 1
= —f(%kl[l\kl (ﬁ/iclﬁkl - 5) +A_n (ﬁ'klﬁ—kl - 5) + Ap (7’/}(277/& - 5) + A (ﬁTkzﬁ—kZ - 5)} [Yox)

= —t[Ax1 (Yol 7 + 07 i |Wok) + Ao (Worl iy Tike + 711 ofi—ia o] — Eoet s

(A15)
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where Eo. = —(Ay + Ag,). From Eq. (A8), we have

Prict = (Worl il ik [Woe)

- 1 1 " . " T r r -
= (¢Ok|J\/2—j\/2—(1 + Gy _pol—r2 )1 + Gk1,7k1777k177k1)77){177k1(1 + le,—klﬁ/ilnikl)(l + Gk1,7k277/i1771k2)|w0k)
kt,—kt Vi, —k2

_ |G, -1 1> + |G, —r2|?
(1 + |Gkt -1 1) + |Gr1,—i2]?)

Similarly, we obtain

|Gr1,—x1 I* + 1Gr1, -2 |?

DPrlkl = , (A1T)
T A 1G a0 +1Gu )
|Gt~ I + 1G k1 k2|
Do = k1,—k1 i k1,k2 . (A18)
(1 4+ 1Gr1 =11 1)A + |G—g1,121)
|G_i1.2|* + 1Gra, —r2]?
P = SR (AL9)
(1 4+ [G—k1,121P)A + |G, —x21%)
|Gr1.—i2|* + |Gra, —2]?
Pt = k1,—k2 k2,—k2 (AZO)

(14 1Gr1,—21)(A + [Gro,—i2 )

By substituting Egs. (A17), (A18), (A19), and (A20) into
Eq. (A15), we have a final formula for the dynamical phase

(9

) — { |:1 201Gk, —u P + G —2) ] u
(1 + |Grr, -1 DA + |Gr1,—x2|?)
[1 B 2(1G 1 g2 * + |Gz, 2 *) i| kz}t-
(1 4+ G k1.2 + [Gra,—12|?)
(A21)

Therefore, according to Eqgs. (A13) and (A21), the PGP can
be calculated as

¢ () = p(1) — 8,7 (0). (A22)

As mentioned in Sec. II A, the PGP exhibits different
behaviors at the boundaries of the half Brillouin zone [see
Fig. 2(a)]. Here, we show more examples of the PGPs at the
boundaries of the half Brillouin zone in Fig. 8. In all the
quench protocols that we have tested from the FM phase to
the PM phase, we found that while ¢,f:0 (t) = 0 is vanishingly
small, ¢kG:ﬂ (t) changes more rapidly with time. As a result,
the time-dependent boundary contribution ¢Z__(¢) — ¢, (1)
breaks the integral quantization of the winding number.

For comparison, we show ¢,f (t) and vp(¢) for the quench
in the FM phase in Fig. 9. The quench path is from Ay = 0.2
to hy = 0.5. It can be seen that qka(t) changes value in the
interval [0,0.9] and does not have the nonanalytic oscillation
with time (see Fig. 9). Meanwhile, from Fig. 9(b), the winding
number vp(r) and rate function A(¢) are smooth continuous
functions with time. This clarifies that if the quench does
not cross the quantum phase transition (QPT), the dynamical
topological phase transition and DQPT will not occur in the
period-2 QIC.

(A16)

APPENDIX B: DISORDERED QIC
1. Diagonalization of the disordered QIC

Spin-1/2 quantum spin chains with nearest-neighbor inter-
actions can generally be mapped to the spinless fermion in
quadratic form via the Jordan-Wigner transformation

H— t 1 ip .t

= Z [cmAmnc,, + E(cmancn + H.c.)], (B1)
mn

where ¢, and ¢ are the annihilation and creation operators

of the fermion [78]. For system size N, matrices A and B are

both N x N. The Hermiticity of H demands that A is a Her-

mitian matrix, and anticommutation of the fermion operators

(a)
I — ¢E=0(t)
_ —e— (1)
o=
B2l
| h=0.5-h,=1.5 /
n} ()
S e 9C (1) /
B 0 h,;=0.3—h,=1.5
" © D A0
_ —e— (0
=0
=
-, ,=0.4—h=25 /
0 5 10

t

FIG. 8. Factor components of the PGP at the boundaries of the
half Brillouin zone (k = 0 and k = ) are plotted as a function of ¢
for several choices of quench paths from the FM phase to the PM
phase. At the boundary of the half Brillouin zone, ¢,f;:0(t) ~ 0 is
almost constant. In comparison, ¢Z__(¢) changes more significantly
with time.
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(@)

10

/4

®) k

* vp(t)
— A(D)

h,=0.2—h,=0.5

0 2 4 6 8 10

FIG. 9. (a) Color plot of ¢Z(z) for the quench in the FM phase,
without crossing the QPT. (b) Corresponding winding number vp ()
and rate function A(z).

demands that B is an antisymmetric matrix. Matrices A and B
are given by

Amn = _h(smn - Jnam,n+1/2 - Jm8m+1,n/2s (B2)

B, = _Jm5m+1,n/2 + Jnam,n-‘rl/z' (B3)

To write the Hamiltonian (B1) in the diagonal form H =

>, An(nfl N — %), we can use the Bogoliubov transformation
in real space,
Nm = Z(Umncn + ancjl)’ (B4)
n
My = Y (Ul + Vcn); (B5)
mn

in matrix form it is

(7)=()-(0 () oo

withn = (11, ..., nx)" and ¢ = (cy, ..., cy)T. The eigenen-
ergies of H can be obtained by solving the following
eigenvalue equations:

®(A — B)(A+B) = A’®, (B7)

W(A + B)(A — B) = A*W, (B8)

where A = diag(Aj,..., Ay). The matrices U and V are

given by
U=3@+W), (B9)

V=21o-w. (B10)

2. Loschmidt amplitude in disordered QIC

We study the quantum quench from Hy = H(hy) to H =
H(hy). According to Eq. (B6), we have

()= ()

ot 4+vvt vt +vorT i
= ~ - ~7 ~r |l .+ ] BID
urvi+vgt ur0T +v*v 7’
By considering 7,|¥0) = 0 and #,|¥) = 0, we obtain the
relation between the ground states of the pre- and postquench,

1 1 . N L

[Yo) = W EXP <§ Z ﬁjnGmnrlj,) )
1 ~

=< [1 0+ Guilibiio.  ®12)

m,n>m

where N = [1,, .o Non = [Lypom v/ 1 + |Gun|* is the nor-
malization coefficient and G = —(UUT + vV~ LUVT +
VUT) is an antisymmetrical matrix determined by only the
Hamiltonian parameters. Notice that the method we use to
calculate the Loschmidt amplitude in the disordered QIC is
similar to that in the period-2 QIC [see Egs. (A6), (A7),
and (A8)].

According to Eq. (B12), the Loschmidt amplitude is given
by

N—1
G(t) = Woly @) = e B [T Gu()
g~ iEot _WiZI _
=7 [ 0+ a6, 2, (B13)
where |
Gor) = 1B ] w1+ e BotB| G, ] (B14)

is the component of the Loschmidt amplitude in the quasipar-
ticle mode A,,.

3. PGP in the disordered QIC chain

In polar coordinates, we have
Gu(t) = Re[G, ()] + ilm[G,, (1)]

= () = f, (1)l OFO], (B15)

where Re[G,,(¢)] and Im[G,,(¢)] are the real and imaginary
parts of G, (¢). Like in the case in the period-2 QIC, the
modulus r,(¢) and argument ¢,,(¢) can also be obtained as

In(t) = VRe[Gn()? + Im[G,, (1)]? (B16)
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and

G (1) = arg [Gn(D)], (B17)

respectively.
From the definition, we have

PN(1) = — fo ds{W ()| Hnl ¥ (5))
= —1 (0| |¥0)
1
= <wo|ﬁm11m<1+6mn,nn/nm)z\ (ﬁ;ﬁm—z)
1
x 7 [T A+ Gl mlvo)

m'n'>m
1. ~
= EAmt - Amtﬁb()l_
[T QG i Vi im
m',n'>m’

[T A+ Guwit}, o)

m'n'>m’

<[5

l’l>m

< [Ja +Gmm;ﬁi)|v7o>

n>m

(1 + G im0 Tim

= —Aput — Appmt
2 p
1 -
=\ =z Pm Amta (BIS)
2
where
pL= Zn>l |G1"|2
[T+ 1G1l»)’
Py = Zn>2 |G2n|2
[Lan (I +1G2ul?)’
Pyt = |Gy—1.n5]?
N-1= T 5
(1 +|Gy-1n1?)

Therefore, the PGPs of the disordered QIC can be calculated
as

¢S(t) = pult) — o2 (1)

2o |Gon?

1 -
arglGn(1)] — <§ R |Gmn|2)>Amt.
(B19)
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