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details of the model). This explains the success of the Ising model
in providing a quantitative description of real magnets.
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Universality of Phase Transition Dynamics: Topological Defects from Symmet

Adolfo del Campo, Wojciech H. Zurek

In the course of a non-equilibrium continuous phase transition, the dynamics ceases to be adiabatic in the vicinity of the critical point as a res
relaxation time in the neighborhood of the critical point). This enforces a local choice of the broken symmetry and can lead to the formation o
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Numerical study of order parameter evolution in the course of symmetry breaking transitions with

Landau-Ginzburg-like dynamics shows that the density of topological defects. kinks which form during o g g d evolutlou Of a lD svstem f or a rea]_ ﬁe]_d aACcCcor d]_n o
the quench. is proportional to the fourth root of its rate. This is a limited (1D) test of the more general T He2 smpshos o dum\g ik fomution it quepch  FIG 3. Nuber of defects 05 ¢ fusion of quench e y (p ( g
time seale of 7o — 64 and damping parameter 5 — 1+ The  scale. The e plot is obtained at 1/7p — 4 (see Fig. 4). The

theory of domain-size evolution in the course of symmetry breaking wransformations proposed by one 27T s ot o botom, comepontio = 800.75.325, st e BTN o ot the equatio n of ]_notion derived from the Landau-Ginzbure

45.0. and 333.0. respectively. and Ny = 178 + 14 (4> = 1.96). This exponent compares

of us. Using these ideas. it is possible to compute the density of topological defects from the quench co ey et e hecvetealseicion oF T o
[0

time scale and from the equilibrium scaling of the correlation length and relaxation time near the critical . -2 : coe <, e potentla]_ V ( ‘p — ( @ — 2 € ‘p 2 — l } / 8 'Ihe Systeu} is
point.  [S0031-9007(97)02876-7] . - : .
in contact with a thermal feservoir. Thus. it obeys the
Langevin equation,
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Vortex Formation in Two Dimensions: When Symmetry Breaks, How Big Are the Pieces? @
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We investigate the dynamics of second-order phase transitions in two dimensions, breaking a gauged
U(1) symmetry. Using numerical simulations. we show rhat the density of the topological defects
—1 c PP EPRPRTPIY PR PP ERRUTOTY R
formed scales with the quench time scale 79 as n ~ 7 * when the dynamlcs is overdamped at the 10 o0 100. 00D
instant when the freeze-out of thermal fluctuations takes place. and n ~ 7o~ in the underdamped case. L T Tq
This is predicted by the scenario proposed by one of us (W.H.Z.). [S0031-9007(98)06423-0] .*. FIG. 2. The variation of defect count N with 75 in both (a)
-7 overdamped and (b) underdamped regimes. The fitted slopes
are (a) —0.44 = 0.10 (y2 = 0.44, dropping the two leftmost
points) and (b) —0.60 + 0.07 (x> = 0.034, dropping three
points). Predicted values were —1/2 and —2/3. The points
fitted by the dashed line are mfeued from the fits in Fig. 3
The slope is —0.79 * 0.04 (y> 27)
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FIG. 1. Vortex string formation under a temperature in AdS;.
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FIG. 3. The string densities measured at {|¢)| = 0.9, 0.925, e

0.95. 0975. The fits are to Eq. (8). for 7o = 32, with - -
a = 04296 + 0.043, 04378 += 0.0289, 0.5692 + 0.0256. - -
0.5600 = 0.0797. and f{t = 11.11, 13.99, 12.29, 1534, .'.°

respectively.  The average @ = 0.4982 + 0.079 and -
Sf4 =13.18 = 178




Quantum Simulation of Landau-Zener Model Dynamics Supporting
the Kibble-Zurek Mechanism

Xiao-Ye Xu, Yong-Jian Han, Kai Sun, Jin-Shi Xu, Jian-Shun Tang, Chuan-Feng Li, and Guang-Can Guo
Phys. Rev. Lett. 112, 035701 — Published 23 January 2014

f;B¢Eﬁxmﬂm%%i%ﬁmamumﬁmgmﬂ
: PHYSICAL REVIEW LETTERS

/ \

2 T S AMRG 2 B TR
A~ SRR AR T AL

HEMFEAAF SR IENTERN T RE T EEE SR TS SRS E TN T ETENE, HERERETERRIIRRE
MBI ERIKIbble-Zurek (KZ) BighiEs—RomiFleir. HAEREFE1F2408 (ETHoHE L.

ETHENAeSar S ATEINEA RS, AR ANSTEERERNTEETEl. AMESETEERFEERE, B
AAEEALFESETEGTHELERNE T ENE. SRR ENEFENSEE T8RS el nEfsnEFEiEAER
AE T EETRIKZ L E=— .




nature

Explore content ¥  About the journal ¥  Publish with us v

nature > letters > article

Published: 25 July 1996
Laboratory simulation of cosmic string formationin
the early Universe using superfluid >He

C. Biuerle, Yu. M. Bunkov, S. N. Fisher, H. Godfrin & G. R. Pickett

Nature 382, 332-334 (1996) ‘ Cite this article

Furthermnre the prediction /&, = (t,/10) )" from the Zur{:k
model IS n:ml})r qualitative.

FIG. 1 Schematic view of the creation of a tangle of linear singularities by
the nucleation of independent ordered regions as a system passes through
a phase transition. In the superfluid *He context; at a, a neutron has struck
a *He nucleus initiating the process n + *He — *H + p, liberating 764 keV
of energy and creating a small region of very high temperature in the liquid.
At a later time b the hot region has expanded and cooled to near the
transition temperature. Small regions of superfluid are independently
nucleated each having a different value of the order parameter, as shown
by the small arrows. At ¢ the three central ordered regions now touch.
Although the order parameter may bend to accommeodate the boundaries, a
full 27 change around the triple contact point remains. This is a vortex. Atd,
many more regions have been nucleated and overlap, and along the grain
boundaries a whole tangle of vortex lines is created. Finally, at e the hot
bubble has cooled entirely through the transition and only the tangle of
vortices remains.
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Fig. 2 | Vortex number versus quench time. The average number of detected vortices are plotted as a function of t, on log-log axes at four different final
interaction strengths —1/k.a=-153 (757 G) (a), —0.83 (785G) (b), 0 (832 G) (¢) and 0.70 (898 G) (d). The insets show the same data on linear-linear
axes. Each data point comprises at least ten realizations of the same experiment, and the error bars are the standard error of the mean. When the error
bars are not visible, they are smaller than the marker size.
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vortices in a superconductor cooled at (a)
2 x 10° K/s and (b) 4 x 10® K/s. The b -
intensity is proportional to the local magnetic 2x10" 4x10” 6x10" 8x10° 1x10°
field. Bright and dark spots represent 3:::: : e Cooling Rate (K/SGC)
vortices with opposite polarity. > :

- FIG. 4. Dependence of the distribution of spontaneous flux

versus the cooling rate. The vertical error bars are those of the

- fit to a Gaussian distribution. The solid line is the prediction of
‘Refs. [2,17] scaled to fit the data.
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@ Holographic Vortex Liquids and Superfluid
o © Turbulence

The model we used is the usual holographic theory of 0

U(1) symmetry broken, however, in one more spatial di-

mension, the AdSs. the action include a charged scalar

and a U(1) gauge field living in a fixed black hole back- e

ground. The metric of the five dimensional black hole S

energy absorbed by
horizon

reads RN

2 = _(—f(u)dt* — 2dtdu + dz* + dy* +dz*), (1) =5

ds” = —
u? S

where f(u) =1 — (u/uy)?*. And the action is SR
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L Building a Holographic Superconductor
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- Before quench, we thermalize the system by adding random seeds into the system in the -
normal state. The random seeds of the fields are added in the bulk by satisfying the
" statistical distributions (s(t,z;)) = 0 and (s(t,zi)s(t',z;)) = hé(t — t')0(z; — x;), with
" the amplitude h ~ 1073. 5

In principle, h cannot be too large since the seeds serve as
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winding numbers W = §.d6/2n

3.000001

= 3.0000005

%0 005 0.1

. FIG. 1. Winding up a superconducting ring after a temperature
quench 7y = e*, the circumference C = 20. In the four rows, we
show the magnitude of the order parameter |{Q)| and its phase @
configuration in the dynamic process. The system finally enters
an equilibrium state with constant amplitude of order parameter
and a stable configuration of phase field &(x).
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Figure 1. Holographic sctup and birth of topological defects. (a) Complex scalar field ¥ and the
U(1) gauge field A,, are living in the bulk of Schwarzschild-AdS, spacetime. Quenching temperature

across the critical point induces quantized vortices on the (2+1)-dimensional boundary, leading to

the holographic KZM. (5) Configurations of the magnetic fluxons and their corresponding locations
are shown at the bottom. Red arrow points at a positive ma 1glnt]( fluxon with magnetic flux
@ =~ 1.9955r. (c) Configurations of the order parameter vi and the density plot at the
bottom. Streamlines with arrows indicate the directions of phases in the complex plain of the order
parameter. Locations of the cores of the vortices and the positions of the magnetic fluxons in panel
(b) coincide. For related mavie see the supplementary material
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FIG. 2. Universal scalings of invariant of winding number
versus quench rate in the quenched 1D holographic supercon-
! ducting ring for three different quench final temperature. The
W1 ™ black dotted line is the line predicted from KZM, the Eq. @
b is used to fit the data.
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Fig. 2 | Vortex number versus quench time. The average number of detected vortices are plotted as a function of t, on log-log axes at four different final
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bars are not visible, they are smaller than the marker size.
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as a function of N and their fit from trinomial distribution
Eq. (10); when N < §, the two have the same values. (b) Log-

arithmic relationship between o>(W) and N. (c) Logarithmic

relationship between (|W|), and N. k is the linear fit slop.

XHREKZMEVIES

Besides the perfectly matched KZM results, from Fig. 2,

- one also finds that 6*>(W) « N cannot hold anymore when
- the ring size is reducing. Figure 3(b) shows that the non-
- KZM region is 1 < N <5. Also in this region, there is
- another interesting feature that ¢*(W) = (|W|), since the
- winding number can have only three values: —1, 0, and 1|
~ One thing that needs to be emphasized is that in this region,
- though the KZM pieces N can be larger than 1, W does not
take a value larger than 1, and this indicates that the
- formation of topological defects in a size N <5 is
FIG. 3. Size-dependent (W) and (|W]). () (W) and (w]) = Cifectively correlated, which is probably due to the growth
- of correlation length m the presence of diffusion [13].
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0
W
FIG.4. P(W)and P(|W|). (a—c) Histogram of P(W) for N = 8,
18, 30 respectively, when 19 = e*. (d) Numerical results of
P(|W]|) (circles, from top to bottom are |W| =0, 1,2, 3, 4,5, 6,

respectively) and their fitted curves derived from Eq. (10)
(solid lines).
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5

+

Because the winding number W = n™ — n~ and we can

-~ label the independent pieces to be “+7 “=" or “0.” it is
- mnatural to expect that the distribution of n*.n~ can be
- captured by a trinomial distribution. The probability of the
- trinomial distribution of trials N reads

), NT p nt4n i
PINntn)=——m——|( = 1—p)*, 10
W, n%,07) nOlatin=! (2) (1=p} (10)

- where n° = N— (nt +n7).n° is the number of pieces
- without either + or — (n",n~,n") < N, and N equals the
- largest value of n™(n™), which can be defined as the
- number of effectively unrelated pieces. p/2 is the proba-
. bility for both 4 and — since the two have the same
- distribution [58], while | — p is the 0 probability. From the
- largest number of n*(n~) of a fixed integral N, we find
that N = n#a;) = N/5. Furthermore, we consider the case

when the N is not an integral; by increasing from N from a
- smaller integral number M to M + 1, the o*(W) is
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fffff FIG. 1. Universal breakdown of KZM at fast quenches. The
- KZM relies on the adiabatic impulse approximation to determine
" the freeze-out time 7, by equating the time elapsed after crossing
" the phase transition to relaxation time. For slow quenches, 7 is
- given by the power law [Eq. (2)]. For fast quenches of finite depth
- Az, itis set by the equilibrium relaxation time with 7 ~ 7(4), and
" becomes independent of the quench time. Thus, the density of
" defects saturates at a plateau, leading to the breakdown of the
- KZM scaling relations at fast quenches.
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The phenomena of quantum criticality underlie many novel collective phe-

0,05 : [®icheck for updates nomena found in condensed matter systems. They present a challenge for
“]-2 9 X x i o L . T i 4 N , classical and quantum simulation, in part because of diverging correlation
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that work directly in the thermodynamic limit can negotiate some of these
T{‘;u £ ¥ difficulties. Here, we optimise a translationally invariant, sequential quantum

circuit on a superconducting quantum device to simulate the groundstate of
the quantum Ising model through its quantum critical point. We further
demonstrate how the dynamical guantum critical point found in quenches of
g " - - - N this model across its quantum critical point can be simulated. Our approach
FIG. 3. Uﬂl\-"E[’Sﬂl d'EVlﬂIl‘DﬂS h'ﬂl'ﬂ th'E KZM 1n thE ]. D [['Ehﬂﬂ- B avoids finite-size scaling effects by using sequential quantum circuits inspired

by infinite matrix product states. We provide efficient circuits and a variety of

versal field Ising model after a fast thermal quench. (a) The KZM emor migaion srteges tomplmen. opemise and mecvohe thee
power-law scaling of the kink density is interrupted by the onset =~ g

of a plateau as the quench time is reduced. A fit to the data reads
P/L = (0.14 £ 0.03)7,>**% in the KZM regime. (b) In the
fast auench case. the kink densitv is indenendent of the auench
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- FIG. 2. Universal breakdown of KZM at fast quenches in a one-
- dimensional ¢* model in Log-Log plots. (a) The dependence of
. the density on the quench time is shown for three different values
of i =—=2,—1.5,—1, from top to bottom. The inset shows a
- single realization of the scalar field ¢,. in the zigzag phase with
. excitations in the form kinks (at the interface of adjacent zigzag
-~ domains) after crossing the phase transition. In the KZM scaling
0 regime, n = (21.1 & 0.4)75"243+0097 yhile the onset and value
" of the plateau depend on Ag. The value of the density (b) and the
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We introduce a gravitational lattice theory defined in an AdS; black hole background that provides € €r
a holographic dual description of the linear-to-zigzag structural phase transition, characterized by
the spontaneous breaking of parity symmetry observed in, e.g., confined Coulomb crystals. The

Figure 5. Universal scaling laws at fast and slow quenches in
transition from the high-symmetry linear phase to the broken-symmetry doubly-degenerate zigzag BU 5. U g H

phase can be driven by quenching the coupling between adjacent sites through the critical point. a log-log representation. (a) The mean number n of kinks as
An analysis of the equilibrium correlation length and relaxation time reveals mean-field critical oo function of the quench time ¢ (V= 1[][]) The behavior at
exponents. We explore the nonequilibrium phase transition dynamics leading to kink formation. slow queuches exhibits a universal pcrwer—l&w sr:aling with the

The kink density obeys universal scaling laws in the limit of slow quenches, described by the Kibble-

Zurek mechanism (KZM), and at fast quenches, characterized by a universal breakdown of the quenCh time, m agreement with KZM. As the querwh time 1s

- reduced, there is a crossover to a plateau region with a value
...................................................................................................................................................................................... of the kink average number that is indePendent of the qUEHCh
- time. The crossover occurs for 7 shorter than TE,;]. For rapid
quenches, panels (b)-(d) show that the mean number n of
kinks, the freeze-out time .f , and the critical quenching time
Ty scale universally as a function of the quench depth ef.
The corresponding data is fitted by the following power-laws
n = (5.59 £0.09)(Cy — C..)*491£0-007 { — (20.96 £0.09)(Cy —
CC)-D.‘JBEH:D.E}CII, and Tcl = (82 4 UT){C; S CC)-Z'“iD'[M.
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-~ FIG. 4. Universal deviations from the KZM in a 2D superfluid
- after a fast thermal quench. (a) The vortex number is independent
of the quench rate and scales universally with the quench depth
es- A fit to the data reads n;, = (1100 + S)E?‘Wﬂm. (b) Corre-
~-- sponding universal scaling of the freeze-out time as function of

Eé;%xﬁ%/ﬁiﬁ*%@ Y= e-lZI N e¢, with data fitted tof=(359+ 0.2]6;0'“’*””3‘ The inset shows

- the distribution of vortices in a single realization.
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e s ‘We study the critical exponents in the universal scaling laws of a holographic nonequilibrium steady

........ T state near its critical point of phase transition, which is driven by an ac electric field sitting in the boundary
-------------------------------------------- L5 of the bulk. The applied electric field drives the initial superconducting state into a nonequilibrium

.................................................................................. B steady state with vanishing condensate as its amplitude is greater than a critical value. In the vicinity of the
. nonequilibrium critical point. we numerically calculate the six static and one dynamical critical exponents,
e e i R i T L R and find that they have similar values to those in equilibrium systems within numerical errors.
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