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Spontaneous symmetry-breaking in phase transitions occurs when the system Hamiltonian is symmetric
under a certain transformation, but the equilibrium states observed in nature are not. Here, we prove that
when a discrete symmetry is spontaneously broken in a quantum system, then the time evolution necessarily
conserves two additional and non-commuting quantities, besides the one linked to the symmetry. This implies
the existence of equilibrium states consisting in superpositions of macroscopic configurations. Then, we propose
an experimental realization of such equilibrium states with the current state-of-the art in quantum technologies.
Through numerical calculations, we show that they survive as very long-lived pre-thermal states, even very far
away from the thermodynamic limit. Finally, we also show that a small symmetry-breaking perturbation in the
Hamiltonian stabilizes the conservation of one of the two former quantities, implying that symmetry-breaking
equilibrium states become stable even in small quantum systems.

Spontaneous symmetry-breaking (SSB) is a cornerstone of
many branches of physics, like phase transitions in condensed
matter [1], non-equilibrium thermodynamics [2], elementary
particles [3, 4] and cosmology [5]. In the first case, it appears
when the Hamiltonian is symmetric under a certain trans-
formation, but equilibrium states observed in nature are not.
Typically, this is manifested in the form of an order param-
eter which is either positive or negative in equilibrium, even
though it is necessarily zero in symmetric states. The accepted
explanation of this phenomenon relies on the singular nature
of the thermodynamic limit (TL) [6, 7]. When a symmetry-
breaking perturbation is introduced into the Hamiltonian, the
final result depends on whether the TL is taken before reducing
this perturbation to zero, or afterwards. This implies that the
effect of a tiny perturbation becomes frozen in the equilibrium
state. Notwithstanding, SSB is always observed in finite sys-
tems, and thus an explanation based on the singularity of such
infinite-size limit is not completely satisfactory. The aim of
this article is to introduce a statistical ensemble accounting for
all the dynamical consequences of breaking a discrete sym-
metry, and to show that it can be used to explain SSB even in
small quantum systems.

DYNAMICAL CONSEQUENCES OF DISCRETE
SYMMETRY-BREAKING

We start by assuming that symmetry-breaking equilibrium
states do exist. From this fact, formulated in terms of four
hypothesis about the mathematical properties of the system,
we present four theorems allowing us to derive a statistical en-
semble accounting for all possible kinds of equilibrium states
within a discrete symmetry-breaking phase (proofs are given
in Supplemental material).

The first hypothesis is:

H1.- There exists a Z symmetry, I1, that we call parity,

labeling the Hamiltonian eigenstates as Il |En,a> =« |En,a>,
n=0,1,2,..., « € {+, -}, where I:I|En,a> =Ena |Ena>

Equilibrium states for which this discrete symmetry is bro-
ken are usually identified by an order parameter, M, whose
expectation value is zero in any symmetric state. A sufficient
condition for this is

M |En,ar> = Z Cm |Em,—a> . (1)
m
Hence, we rely on this kind of observables to formulate the
next two hypothesis:
H2.1.- There exists a subspace Hp C H, where H is the
Hilbert space of the system, spanned by a number of eigenstates
of the Hamiltonian, {|Em’a>}, such that for all |¢) € Hp, the

time evolution |y (7)) = e iH1 |y verifies

) = lim / WO w@ydi=0. @
700 T o

H2.2.- Hp, is the largest subspace spanned by the eigenstates
of the Hamiltonian satisfying (H2.1).

H2.3.- Hp # H, i.e., there exists Hgg C H such that
H = Hp®Hsp. Thisentails the existence of states |¢) € Hsp
such that

. 1
(M) = lim —

T—00 T

i (p(t)| M |§(1)) dt # 0. 3)

where [¢(1)) =1 |9).

As infinite-time averages, like those of Eqgs. (2) and (3), rep-
resent equilibrium states in isolated quantum systems [8], Hsp
accounts for the symmetry-breaking phase, and it is typically
spanned by all the Hamiltonian eigenstates with associated
eigenenergies below the one corresponding to the critical tem-
perature of the phase transition, 7.. On the other hand, Hp
accounts for the disordered phase.

From these two hypothesis, we formulate the following the-
orem.
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Theorem 1. Hypothesis (H1 ) and (H2) hold true if and only
if there exist three operators, 01 0, and O3 = I verifying:

(i) The set {01, 0,, 03} is a set of Zy operators: 02 02
0 =1

(lz) The set {01, 0, 03} satlsfy the SU(2) commutation
algebra: [0m, 0 al = 2iemneO¢, Where emne is the Levi-
Civita symbol.

(iii) The set {O1, O, O3} commute with the projection of H
onto the subspace Hsp, but 01 and 02 do not commute with
the projection of H onto the subspace Hp.

Theorem 1 implies that unitary dynamics in the symmetry-
breaking phase is qualitatively different from unitary dynamics
in the disordered phase. In the first case, (O1), (O»), and (O3)
remain constant, and therefore any statistical ensemble must
depend on these three expectation values to properly describe
equilibrium states. Yet, in the disordered phase all information
about the initial values of (O1) and (O,) is effectively erased
by the unitary evolution, and hence only (Q3) is required to
build a proper equilibrium ensemble.

The main drawback of this theorem is that it does not specify
the form of O 1s 02, and 03. To cover this gap, we also require:

H3.- There exist a subspace H¢, spanned by a number of
Hamiltonian eigenstates, and an operator A such that, if the
probability of initially obtaining a value A > 0 (or A < 0)
in a measurement is zero, then this property is conserved at
all subsequent times by the Hamiltonian dynamics within He.
This means that, within this subspace, there exists two distinct
wells, defined by the sign of the eigenvalues of A.

This hypothesis accounts for a typical behavior in symmetry-
breaking phase transitions: when the system is cooled below
the critical temperature, the time-evolving state is trapped in
one of the two parts of a double well, one characterized by
positive values of the order parameter, and the other one char-
acterized by negative values. Note, however, that (H3) is more
general, since it does not require the existence of such a phase
transition. We will see later that this makes it possible to
define two different dynamical phases in systems including a
symmetry-breaking term annihilating the critical behavior.

From this hypothesis, we formulate:

Theorem 2.1. (H3) holds true if and only if the operator
C = sign (A) is constant within He.

If we also assume (H1) and (H2), and A = M in (1), then
(H3) is more restrictive than (H1)-(H2): (H3) implies the
existence of initial states for which (M) # 0, but the converse
does not hold true. This implies that He = Hsp.

Then, we formulate:

Theorem 2.2. (HI) (H3) hold true lfand only if the op-
erators C = sign (M) and K = [C 1] are constant in the
Hilbert subspace Hsp of Theorem 1.

To fully achieve our goal of identifying the operators 01,
02, and 03, we need a link between them and the operators ¢
and K of Theorem 2.2. This is obtained from:

Theorem 3. Suppose (HI)-(H3) hold true. Then, the oper-
ators C = sign(M) and 'K = % [C. 1] of Theorem 2.2 coincide
with the operators Oy and O, of Theorem 1.

The main physical consequence of these theorems is that
(C), (7%), and (IT) are necessary to describe equilibrium states
within the symmetry-breaking phase of any system fulfilling
hypothesis (H1)-(H3). It follows from Theorem 2.2 that, if
(C) = 1, then the corresponding state is trapped in the double-
well region where the probability of obtaining a negative value
for M is zero, and the opposite happens if (C) = —1; so, (C)
determines the probability of observing any of these two possi-
bilities in a measurement of M. Then, (IT) and (7% ) determine
the quantum coherence between these two possibilities. And
therefore equilibrium states consisting in coherent superposi-
tions of states trapped in these two different wells may exist.

Finally, we propose a statistical ensemble to account for this
phenomenon. The starting point is our last hypothesis:

H4 Letp =

= (kgT)™! (kB = 1 hereinafter) be its inverse temperature.
Then, the average energy (E), = Tr[pH] is an extensive
quantity, and the quantum fluctuations around this value vanish

e PH denote a canonical density matrix, and

in the thermodynamic limit, ( 7 E>) — 0 as N — oo (this is

typically fulfilled by realistic systems)

From this hypothesis, we formulate:

Theorem 4. If a physical system satisfies (HI)-(H4), then
the density matrix

DGGE = %e—ﬁlfl—dcé—dk‘f(—/l,,fl )
where Z ensures that Tr[pggel = 1, is a constant of motion
below the critical temperature of the symmetry-breaking phase
transition,

[A. pecel =0. B> fe. YAz, de, Ak )

Theorem 4 is our main result. It implies that pggg, given
by Eq. (4), is an equilibrium ensemble below the critical tem-
perature of the phase transition. The corresponding density
matrix maximizes the entropy, conditioned by the constraints
imposed by the conservation of energy, 1, C and K in the
symmetry-breaking phase [9, 10]. It has the shape of a gen-
eralized Gibbs ensemble (GGE), irrespective of whether the
system is integrable or not [11], composed by a set of non-
commuting charges [12-14]. S determines the temperature,
and A., A; and A, the values of (é), (7%) and (IT), which re-
main constant. Above the critical temperature, as neither (C’ ),
nor (K) are conserved charges, equilibrium states are given
by Eq. (4) with 4. = A = 0.

pcace accounts for all of the different equilibrium states that
can be observed in a symmetry-breaking phase, and allows us
to classify them in three different families:

ES1.- Typical symmetry-breaking states. In them, the sys-
tem remains trapped in one of the two wells of the order param-
eter, giving rise to either M > O or M < 0 in any measurement
of M. They are described by Eq. (4) with 1; = 1, = 0, and
Ao — =*oo. Note that they cannot be obtained by means of
the standard Gibbs ensemble, which is recovered from Eq. (4)
with Ao = A =4, =0.



ES2.- Statistical mixtures of the typical symmetry-breaking
states. This possibility is givenby Ay = A, = 0, and || < co;
the statistical weight of each well is given by A..

ES3.- Macroscopic superpositions of the two wells of the
order parameter. They are given by Ay # 0 and/or A, # O.
Thus, A and A, determine the quantum coherence between
these two wells.

IMPLEMENTATION WITH COLD ATOMS

The previous theorems are derived assuming the existence
of symmetry-breaking equilibrium states. But it is well known
that the conditions required for their existence are only fulfilled
in the TL. Hence, our next step is to propose a protocol to
study their practical consequences relying on the state-of-the
art techniques in quantum technologies. We have chosen the
transverse-field Ising model (TFIM),

HTFIMz_ZVija'[xa—f"'hZa'iz, (6)
i, i

with long-range and ferromagnetic interactions, V;; o [i —
jI7® > 0. In Eq. (6), 67""° are the Pauli matrices acting on
site i, and & is the magnetic field. This Hamiltonian is invariant
under a 180 degrees rotation around the z-axis, and therefore its
parity is given by, IT = [] j ﬁ'f. The magnetization M = Y, o
is good order parameter satisfying Eq. (1). This model has
been recently used to study the dynamical consequences of
crossing its quantum critical point [15-18]. For @ < 2, there
exists a symmetry-breaking phase for 4 < he. and T < T, [19].
Here we propose a protocol similar to those of the previous
references:

S1.- Start from a fully polarized state in the X direction,
T Myor [l -+ L)y

S2.- Activate an adiabatic ramp to slowly increase the trans-
verse field from h =0to h = hy > he.

S3.- Let the system relax at | during a controlled time, 7.

S4.- Activate a second adiabatic ramp to slowly decrease the
transverse field from 4 = hyto h = hy < he.

S5.- Quench the system from /& = hy to h = h3 < hy.

As the initial state is a symmetry-breaking ground state
of (6) with i = 0 and (ITy = 0, if step S2 is performed
slowly enough, the unitary time evolution only introduces an
irrelevant global phase until 2 = h.. Then, as parity remains
conserved, both the ground state ((IT) = 1) and the first excited
state ((IT) = —1) become equally populated. Hence, as S4
induces basically the same changes that S2 in the time-evolved
wavefunction, the system would be prepared in a superposition
of the two degenerate lowest-energy eigenstates of H (),

¥) = VP |Eos) +eNT-p|Eo-), ™

with p = 1/2 and an uncontrolled phase ¢ = ¢ just before S5,
if S3 was not done. The main consequence of the intermediate
S3 is thus to introduce an extra controlled phase, ¢g, in the
state after S4. In terms of the gap AEy = |Eo+ — Eo-|, at

H(hy), this phase is simply ¢g = AEg 7g, S0 a complete 27~
period in the final phase ¢ = ¢4 + ¢pr can be explored by
considering 0 < tg < 2n/AEy. Finally, S5 heats the system.
If the final temperature is below T, then the initial expectation
values of I1, ¢ and 7A(, given by

(Chy =2+/p(1 - p)cos ¢, (8a)
(K =24/p(1 - p)sing, (8b)

(Mg =2p -1, (8¢)

remain constant. This means that we can prepare symmetry-
breaking states with controlled values of (C), (K, and () =
0 by tuning T appropriately.

The main inconvenience of this protocol is that the time-
evolving state crosses a QPT twice. It is well known that this
may induce uncontrolled excitations [5, 20, 21]. To estimate
their importance, we take advantage of the fact that the QPT
of the TFIM is in the same universality class as that of its
fully-connected counterpart [22], given by V;; = 1/N in Eq.
(6). In this particular case, the Hamiltonian is commuting with
the total angular momentum, so we work with the maximally
symmetric sector, j = N/2, which includes the ground-state
of the system. As a consequence, we can work with a much
smaller Hilbert space.

FIG. 1. Accuracy of the protocol. Expectation values of the oper-
ators C (circles) and K (squares) after step S4, as a function of the
relaxation time ¢g. Filled markers are for 7, = 40.96 ms and empty
markers for 7, = 0.9 ms. Solid lines represent the periodic result
expected from a perfectly adiabatic protocol. System size is N = 20.

InFig. 1 we represent the value of C and K for two values of
the driving time after the step S4, using an adiabatic ramp given
by h(t) = t/7,. These values are represented as a function of
the relaxation time, 7g, spent by the state in A (hy). For a
slow driving, 7, = 40.96 ms (we use the time scales of the
experiment in [15]), we observe periodic oscillations in both
observables; solid curves represent the theoretical behavior
expected for a 2r-period in the relative phase ¢. On the other
hand, for the fast driving protocol with 7, = 0.9 ms, we observe
that the previous oscillatory structure is lost. Of course, larger
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FIG. 2. Generation of equilibrium states. (a) Distribution of the scaled collective magnetization, m = M /N, corresponding to a quench
hy =0.5 - h3 =0.11inthe TFIM with @ = 1.1, J = 2, and N = 19. The initial state has p = 1/2 and ¢ = x/3. Errorbars represent the standard
deviation of the instantaneous result from the mean over the entire time interval ¢ € [0,300]. (b) The instantaneous expectation value of the
scaled collective magnetization 7 and W after the same quench. The predictions of the GGE for i (magenta) and W (green) are also shown

with solid horizontal lines.

times are required to recover the 2z-period in the observables
in larger systems [23]. Notwithstanding, it is worth noting that
a similar protocol, crossing the QPT just once and relying on
an exponential ramp, has been already performed [15-18].

Now, let us assume that we have successfully performed
this preparation procedure with a long-range TFIM, obtaining
astate given by Eq. (7) after step S4 with p = 1/2and ¢ = /3.
Next, we numerically study the consequences of step S5. We
work with a power-law interaction, V;; o J|i — j|~¢, with
a = 1.1 and strength J = 2, and we perform the final quench
from A = 0.5 to h = 0.1 (see Supplemental material for more
details).

In Fig. 2(a), we show the time-averaged probability of
obtaining a value m € [—1, 1] for the scaled magnetization,
m = (1/N) X; 67, in a measurement. We observe a highly
asymmetric distribution, which it is not invariant under a 180
degree rotation around the z-axis; therefore, we observe a
symmetry-breaking time-averaged state.

In Fig. 2(b), we show the time evolution (771(1)), together
with the prediction of Eq. (4), Tr [mpgce], with 8 = 0.78219,
Ae = =3.39076, A = —=5.87297 and A, = 0. We thus confirm
that symmetry breaking survives for long times (see below
for a further numerical experiment involving much larger time
scales), and that Eq. (4) provides a remarkable description,
considering that our system only has N = 19 particles.

The existence of this time-averaged symmetry-breaking
state may be compatible with two scenarios: a coherent super-
position of the two magnetization wells, corresponding to ES3,
and a (classical) statistical mixture of these, corresponding to
ES2. To distinguish between them, we study the instantaneous
evolution of W =i [N) (~N| — i |-N) (N|, where |M) is the
eigenstate of M with eigenvalue equal to M. If a symmetry-
breaking state consists in a statistical mixture of states trapped
in one of the two sides of the double well, then (W) = 0.

Hence, our numerical results show that our time-evolved state
is in fact a coherent superposition of both magnetization wells,
as (W) # 0. Furthermore, the GGE prediction, displayed as
a solid line, is in very good agreement with the numerical
results.

SYMMETRY-BREAKING PERTURBATION

Up to now, we have considered that the Hamiltonian is ex-
actly given by Eq. (6). However, real systems are usually
affected by small perturbations which may entail significant
consequences; indeed, such perturbations are proposed as the
mechanism responsible of SSB. We finish our work by ana-
lyzing the effect of a symmetry-breaking perturbation in the
Hamiltonian,

. . €\ .
He:HTFIM+§zi:U'ix: 9

where, typically, |e| < 1.

The first consequence is that [1:16 R ﬁ] #0,so0[Tisno longer
a conserved quantity if € # 0. Notwithstanding, as shown in
Theorem 2.1, the double-well structure of the magnetization
may survive within a certain subspace He; and, if |e] < 1, it
is reasonable to expect that He ~ Hsp. This entails that C
remains as the only conserved charge within H¢. Therefore,
equilibrium states ES1 and ES2, i.e. with no quantum coher-
ence, are the only possible ones under these circumstances.

To test this possibility, we come back to step S4 and con-
sider the same state after this stage. Then, we perform a final
quench from 7 = 0.5 and € = 0 to 7 = 0.1 and different
values of €. Results are displayed in Fig. 3(a). The first



Ry, Bty A
1 I L) L) L) L) L) i
n oL, 4 Iiﬂ. o .ﬂ‘ “-h = .fh -~ 7.,. ;
0.5 s " B el _v X :_‘,-.r Ro% 1-"4"’- E;U
‘-h. f.
l'x ..f.
0 [ ..'l I..f ]
" .
h -
—0.5 F by ! Pa s i
.y A
bl T
a
_1 [ ( ) L L L L L ]
0 50 100 150 200 250 300
t (ms)

1 I L) L) L) L) L) L) i
L
i L .
l“ o, o MR g o " ’.-\ LI [l [l
PRSI Pl e . ' b
. LT Ten " W W
e o o 2
0.5 T ———— T mk el
IR
0f TR
SIRE AR S
...: ta 'Imln [ |.|,'.:
A T
05} R IR W
Wy i I Wit
Iy v wa )
:’I: ; : . \- -
(b) "y ‘ [
_1 [ L L L L L L ]
1 10° 1019 10 1020 10%
t (ms)

FIG. 3. Dynamics in the symmetry-breaking TFIM. (a) Instantaneous expectation value of the scaled magnetization s (circles) and W
(squares) after a quench 2 = 0.5, = 0 — h = 0.1,e # 0, J = 2, with different symmetry-breaking strengths: for /%, € = 1072 (cyan),
e=-10"3 (yellow) and € = 10~% (blue, empty), while for W,e=10"2 (orange), -1073 (red) and 10~* (brown). The initial state Eq. (7) has
p =1/2and ¢ = n/3. The GGE predictions for /i (magenta) and W (green) are also shown for the case € = 1074, On the scale of the figure, 1
does not change significantly for the € considered. (b) Instantaneous evolution of 7 (circles) for € = 0 (cyan), € = 104 (blue) and W (squares)
for € = 0 (red). The magenta and green solid horizontal lines represent the GGE prediction for 1 (e = 10™%) and W (e = 0), respectively.

remarkable consequence is that (71(7)) is the same for differ-
ent symmetry-breaking strengths, €, and signs. Furthermore,
the results for the three cases are well described by Eq. (4)
with 1, = A4x = 0 and A, = -0.62158,-0.542119,-0.55005
(e =1072,-1073,107%).

These results confirm the scenario that motivated this set
of numerical experiments. As a consequence of the small
symmetry-breaking perturbation, C remains as the only con-
served charge within Hc. Therefore, its initial expectation
value is conserved by the unitary time evolution, irrespective
of the sign of the perturbation, €, and, after a sufficiently long-
time evolution, we obtain an equilibrium state of type ES2,
determined only by the energy and the initial value of (C).
Notwithstanding, we note that the original equilibrium state,
given by Eq. (4) with 4. = -3.39076, Ax = —5.87297 and
Ax = Oremains as a quite long-lived pre-thermal state [24, 25],
if || is small enough.

To delve into this last observation, we study the behavior
at much larger time scales in Fig. 3(b). On the one hand,
if € = 0, we observe that symmetry-breaking is destroyed at
very large time scales —both (i2(r)) and (W (z)) start to os-
cillate around zero at T ~ 10'5 ms. On the other hand, an
infinitesimal perturbation, € = 1074, stabilizes the symmetry-
breaking state —(r71(t)) follows the prediction of Eq. (4) with
Az = A = 0 and A, = —0.55005 for the computed times. As

explained, this is a consequence of Theorem 2.1. Note that, as
we use a positive perturbation, € > 0, the ground state of the
system has (1) < 0. However, as the main consequence of the
perturbation is to stabilize the conservation of C, we obtain
a symmetry-breaking equilibrium state with (m) > 0, deter-
mined by the initial condition, even though we are working
with a quite small system with N = 19.

DISCUSSION

We have proved that a discrete symmetry-breaking phase
exists if and only if the quantum dynamics conserves three non-
commuting charges. As a consequence of that, equilibrium
states consisting in coherent superpositions of the different
branches of the order parameter may be found. Furthermore,
our theory also shows that the main consequence of introducing
a small symmetry-breaking perturbation in the Hamiltonian is
that only one of the three former charges remain constant, and
that this fact stabilizes symmetry-breaking equilibrium states
even in small systems.

Besides that, our main result also explains a number of ex-
perimental and theoretical results already obtained. The proto-
cols used in Refs. [15—17] give rise to equilibrium states with
well defined parities, which belong to the family ES3 defined



by Eq. (4). The same kind of equilibrium states explains the
bimodal structure for the order parameter numerically found
in the long-range Ising model [26]. And the only conserved
charge present when introducing a symmetry-breaking per-
turbation in the Hamiltonian provides an explanation for the
failure of the eigenstate thermalization hypothesis [27, 28],
and for the absence of thermalization after a quench [29] nu-
merically found in such models. Finally, Theorems 1, 2 and
3 account for the observation of symmetry-breaking steady-
states linked to excited-state [30-34] and dynamical quantum
phase transitions [35-39], and provide a solid support for the
characterization of different excited-state phases [40] and the
mechanism for dynamical quantum phase transitions in terms
of conserved charges [41, 42].

ACKNOWLEDGMENTS

The authors thank R. Brito, J. M. R. Parrondo and P.
Pérez-Ferndndez for useful discussions. This work has
been supported by the Spanish grant PGC-2018-094180-
B-I00 and PID2019-106820RB-C21, funded by Ministerio
de Ciencia e Innovacién/Agencia Estatal de Investigacion
MCIN/AEI/10.13039/501100011033 and FEDER "A Way of
Making Europe". A. L. C. acknowledges financial support
from ‘la Caixa’ Foundation (ID 100010434) through the fel-
lowship LCF/BQ/DR21/11880024.

[1] L. D. Landau and E. M. Lifshitz. Statistical Physics: Volume 5
(Butterworth-Heinemann, 3rd edition, 1980).

[2] D. K. Kondepudi and G. W. Nelson. Chiral Symmetry Breaking
in Nonequlibrium Systems. Phys. Rev. Lett. 50, 1023 (1983).

[3] M. Baker and S. L. Glashow. Spontaneous Breakdown of Ele-
mentary Particle Symmetries. Phys. Rev. 128, 2462 (1962).

[4] J. Goldstone, A. Salam and S. Weinberg. Broken Symmetries.
Phys. Rev. 127, 965 (1962).

[5] T. W. B. Kibble. Topology of cosmic domain and strings. J.
Phys. A: Math. Gen. 9, 1387 (1976).

[6] P. W. Anderson. More Is Different. Science 177, 393 (1972).

[7]1 M. Berry. Singular Limits. Phys. Today 55, 5, 10 (2002).

[8] P. Reimann. Foundation of Statistical Mechanics under Exper-
imentally Realistic Conditions. Phys. Rev. Lett. 101, 190403
(2008).

[9] E.T.Jaynes. Information theory and statistical mechanics. Phys.
Rev. 106, 620 (1957).

[10] E. T. Jaynes. Information theory and statistical mechanics. II.
Phys. Rev. 108, 171 (1957).

[11] M. Rigol, V. Dunjko, V. Yurovsky, and M. Olshanii. Relaxation
in a completely integrable manybody quantum system: An ab
initio study of the dynamics of the highly excited states of 1D
lattice hard-core bosons. Phys. Rev. Lett. 98, 050405 (2007).

[12] M. Fagotti. On conservation laws, relaxation and prerelaxation
after a quantum quench. J. Stat. Mech. (2014) P03016.

[13] Y. Guryanova, S. Popescu, A. J. Short, R. Silva, and P.
Skrzypczyk. Thermodynamics of quantum systems with mul-
tiple conserved quantities. Nat. Commun. 7, 12049 (2016).

[14] N. Y. Halpern, P. Faist, J. Oppenheim, and A. Winter. Micro-
canonical and resource-theoretic derivations of the thermal state
of a quantum system with noncommuting charges. Nat. Com-
mun. 7, 12051 (2016).

[15] R. Islam, C. Senko, W. C. Campbell, S. Korenblit, J. Smith, A.
Lee, E. E. Edwards, C.-C.J. Wang, J. K. Freericks, and C. Mon-
roe. Emergence and Frustration of Magnetism with Variable-
Range Interactions in a Quantum Simulator. Science 340, 6132
(583-587), (2013).

[16] R. Islam, E. E. Edwards, K. Kim, S. Korenblit, C. Noh, H.
Carmichael, G.-D. Lin, L.-M. Duan, C.-C. Joseph Wang, J. K.
Freericks and C. Monroe. Onset of a quantum phase transition
with a trapped ion quantum simulator. Nat. Commun. 2, 377
(2011).

[17] J. Simon, W. S. Bakr, R. Ma, M. E. Tai, P. M. Preiss, and M.
Greiner. Quantum simulation of antiferromagnetic spin chains
in an optical lattice. Nature 472, 307-312 (2011).

[18] J. W. Britton, B. C. Sawyer, A. C. Keith, C.-C. Joseph Wang,
J. K. Freericks, H. Uys, M. J. Biercuk, and J. J. Bollinger.
Engineered two-dimensional Ising interactions in a trapped-ion
quantum simulator with hundreds of spins. Nature 484, 489-492
(2012).

[19] E. Gonzalez Lazo, M. Heyl, M. Dalmonte, and A. Angelone.
Finite-temperature critical behavior of long-range quantum
Ising models. SciPost Phys. 11, 076 (2021).

[20] W.H. Zurek. Cosmological experiments in fluid helium? Nature
(London) 317, 505 (1985)

[21] W. H. Zurek, U. Dorner, and P. Zoller. Dynamics of a Quantum
Phase Transition. Phys. Rev. Lett. 95, 245701 (2005).

[22] A. Dutta and J. K. Bhattacharjee. Phase transitions in the quan-
tum Ising and rotor models with a long-range interaction. Phys.
Rev. B 64, 184106 (2001).

[23] R. Puebla, O. Marty, and M. B. Plenio. Quantum Kibble-Zurek
physics in long-range transverse-field Ising models. Phys. Rev.
A 100, 032115 (2019).

[24] J. Berges, Sz. Borsanyi, and C. Wetterich, Prethermalization.
Phys. Rev. Lett. 93, 142002 (2004).

[25] M. Marcuzzi, J. Marino, A. Gambassi, and A. Silva. Prethermal-
ization in a Nonintegrable Quantum Spin Chain after a Quench.
Phys. Rev. Lett. 111, 197203 (2013).

[26] N. Ranabhat and M. Collura, Dynamics of the order parameter
statistics in the long-range Ising model, SciPost Phys. 12, 126
(2022).

[27] K. R. Fratus and M. Srednicki, Eigenstate thermalization in
systems with spontaneously broken symmetry, Phys. Rev. E 92,
040103(R) (2015).

[28] R. Mondaini, K. R. Fratus, M. Srednicki, and M. Rigol. Eigen-
state thermalization in the two-dimensional transverse field Ising
model. Phys. Rev. E 93, 032104 (2016).

[29] P. Reimann. Symmetry-prohibited thermalization after a
quench. J. Stat. Mech. 103106 (2021).

[30] P. Cejnar, P. Stransky, M. Macek and M. Kloc. Excited-state
quantum phase transitions. J. Phys. A: Math. Theor. 54, 133001
(2021).

[31] M. A. Caprio, P. Cejnar and F. Iachello. Excited state quantum
phase transitions in many-body systems. Ann. Phys. (N.Y.) 323,
1106 (2008).

[32] R. Puebla, A. Relafio, and J. Retamosa. Excited-state phase
transition leading to symmetry-breaking steady states in the
Dicke model. Phys. Rev. A 87, 023819 (2013).

[33] R. Puebla, and A. Relafio. Non-thermal excited-state quantum
phase transitions. Europhysics Letters 104, 50007 (2013).

[34] R. Puebla, and A. Relafio. Irreversible processes without energy
dissipation in an isolated Lipkin-Meshkov-Glick model. Phys.



(35]

(36]

[37]

(38]

[39]

[40]

[41]

[42]

Rev. E 92, 012101 (2015).

B. Sciolla and G. Biroli. Dynamical transitions and quantum
quenches in mean-field models. J. Stat. Mech. (2011) P11003.
J. Zhang, G. Pagano, P. W. Hess, A. Kyprianidis, P. Becker, H.
Kaplan, A. V. Gorshkov, Z.-X. Gong, and C. Monroe. Observa-
tion of a many-body dynamical phase transition with a 53-qubit
quantum simulator. Nature 551, 601 (2017).

J. A Muniz, D. Barberena, R. J. Lewis-Swan, D. J. Young, J. R.
K. Cline, A. M. Rey, and J. K. Thompson. Exploring dynamical
phase transitions with cold atoms in an optical cavity. Nature
580, 602 (2020).

J. C. Halimeh, V. Zauner-Stauber, I. P. McCulloch, I. de Vega, U.
Schollwock, and M. Kastner. Prethermalization and persistent
order in the absence of a thermal phase transition. Phys. Rev. B
95, 024302 (2017).

J. Marino, M. Eckstein, M. S. Foster, and A. M. Rey. Dynam-
ical phase transitions in the collisionless pre-thermal states of
isolated quantum systems: theory and experiments. Rep. Prog.
Phys. 85, 116001 (2022).

A. L. Corps and A. Relafio. Constant of Motion Identifying
Excited-State Quantum Phases. Phys. Rev. Lett. 127, 130602
(2021).

A. L. Corps and A. Relafio. Dynamical and excited-state quan-
tum phase transitions in collective systems. Phys. Rev. B 106,
024311 (2022).

A. L. Corps and A. Relafio. Theory of Dynamical Phase Tran-
sitions in Quantum Systems with Symmetry-Breaking Eigen-
states. Phys. Rev. Lett. 130, 100402 (2023).



SUPPLEMENTAL MATERIAL

Here we provide the proofs of Theorems 1-4 and technical details concerning our numerical simulations of the TFIM and the
fitting procedure to obtain the generalized temperatures of the GGE.

Proofs of the theorems

Proof 1.- Forward implication.- Consider an initial state given by a superposition of eigenstates of H, |¥(0)) =
Sna ¢n,a|En,a>, n €N, a € {+-}. Its time evolution is [P(1)) = e ' |¥(0)) = X, 4 ¥n e Emel |Ena>, where
Una = (En’(,|‘{’(0)> € C. For an operator M satisfying the property in (1), the instantaneous expectation value is

M)y = Y > cowy, g ae” EraEnnl (B, plEr o). (10)

n,m,l a.p

By virtue of the orthonormality of the eigenstate basis {|En’(,>}, (E,,’(,|Em,/;> = 0n,m9 a8, the only terms different from zero are
those for which m = € and 8 = —a. Therefore, the long-time average of (M (7)) is

M) =Y > cnth—atina X
@ (1)

T

X lim l e_i(En,a_Em.—a)t dt.
700 T Jo

The limit is zero except in those terms for which E,, , = E;;, —o. So, the existence of an initial state for which (M ) # 0 implies
the existence of such degenerate pairs. Without loss of generality, we consider that these pairs occur with n = m, so that

En,a/ = En,—aa ne D7 a € {+7_}7 (12)

where D = {1,2,...,d}. Hence, the long-time average of (M (t)) is
MDY =D cathy_qW¥nar n€D, ae{+-}. (13)
n a

Since this summation can always be made different from zero by properly choosing the coefficients ¢, o of the initial state, we
conclude that Hsp is a subspace of dimension d spanned by all the eigenstate pairs, {|E,+),|En-)} withn =1,2,....,d.
In this subspace, the original Z, symmetry takes the form of a 2 X 2 block-diagonal matrix, each block spanned by a degenerate

pair {‘En,+> , ‘En,_ >}, given by

. (10
03=1= (0 _1). (14)

Consider now two operators, O1 and O», having also the form of 2 x 2 block-diagonal matrices, each block given by

A 01 A 0 —i
0= (1 0), 0y = (z‘ 0), (15)
in the same basis. From this structure it is obvious that the set {01, 02, 03} has the properties (i), (ii) and (iii) of Theorem 1.
Backward implication.- Let us start by considering O3 =11, which is diagonal in the parity eigenbasis,

M|Ema) =a|Ema), withe = =£1. (16)

And let us consider also two other operators, O and O», such that OAf = é% =1, and the set {01, 01, O3} satisfies the SU(2)
commutation rules. This last property requires that

(Em.o|O1|Ena) = (Em.alO2|Ena) =0, Vn,m, . (17)

So, the only way that O and O can fulfill also the property (iii) of Theorem I, that is, being constants of motion within Hs .
is that Ey, o = Ep,—q in all cases where (Ey | O1 [En—a) # 0 0r (Em,o| 02 |En—a) # 0.
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Now, let us consider an initial state, [¥(0)) = X,,, o ¥m,a |Em’(,>, with real coeflicients satisfying ¢, o > 0 if ¢,,, > 0, where
the eigenstate |Em,a> belongs to a degenerate pair, and being zero in any other case. Then, from Eq. (13), it is obvious that

(M) > 0.

Note that this argument also implies that O and O, cannot commute with the projection of H onto Hp, because this would
imply the existence of initial states giving rise to (M) > 0 within this subspace. m

Comment.- Note that properties (i) and (ii) of Theorem 1 only apply to the projections of O} and O, onto Hsp. The properties
of these operators outside this subspace are not relevant.

Proof 2.1.- Forward implication.- Consider the orthonormal basis formed by the eigenvectors of the observable A, {|A,)},
where A |A,) = A, |A,), and a state |¥(r)) = Da¥n(t)|An). Consider also that the probability of measuring a positive
eigenvalue of A is zero, i.e., P(A > 0) = [(A, |Zk Ui (1) |Ak)| =0, Vt, V|A,) /A, > 0., which is satisfied if and only if
Un(t) =0,Vt, if A, > 0. Now let us focus on (C(¢)) for an initial state fulfilling the previous requirement. As C = sign(A), we
have that C |A,,) = sign (A,,) |A,). Therefore, as the only terms that contribute to the time evolution (C()) are those coming
from eigenvectors of negative A,,, we obtain

CWY == U On(O6mn == Y Wn(OP = -1, V1, (18)

which is constant. Alternatively, if (A < 0) = 0, then ¥, (7) = 0, Vz, if A, < 0, and therefore the same calculation yields
(C(1)) = +1, V1.

Next, let us focus on (C(z)) for an initial state given by a linear superposition of eigenstates of A whose eigenvalues have
opposite sign,|¥(0)) = 5, 4, <0 ¥n(0) [4n) + S 4,20 ¥4 (0) [A), The time evolution is now [¥(1)) = 5, a, o ¥n(1) |An) +
2im. A, >0 W (1) |Am) . The initial probability of measuring the eigenvalue A, < 0 (A, > 0) is |, (0)? (|w;n(0)|2), so the
total probability of obtaining any value A < 0 (A > 0)is 3, 4,0 |y (0)? (Xm. a,,<0 [/, (0)]?). Because the probability of
measuring a value A < 0 is conserved for all times by the Hamiltonian evolution, 3., 4, <o ln (0)*> = 2in, A, <0 | (£)]> and
similarly for A > 0. Therefore,

Cy= > Wwa@F- > WL (19)

n, A, <0 m, Ay >0

which is again constant, but not necessarily equal to +1. Further, since the initial state is normalized, we find (C(1)) =
1 =23 4,50 07, (0)? € [-1,1].

Backward implication.- If Cis a constant of motion, then the probabilities of observing its two eigenvalues, + 1, in a measurement
are also constant. This implies that

D P = )R v, (20)
n, A, <0 n, A, <0

D= ) a0, V. @1
n, Ap,>0 n, A,>0

Therefore, if P(A < 0) =0 (or P(A > 0) = 0) in the initial state, then P(A < 0) = 0 (or P(A > 0) = 0) during the whole time
evolution. m

Proof 2.2. By Theorem 2.1, the existence of IT is not necessary for the constancy of C. Yet, when H is invariant under
I1, the states that satisfy the conservation property of Theorem 2.1 must belong to Hsp of Theorem 1. Indeed, any state

ly) € Hp = H\Hsp is such that (M) = 0. These states can never verify that # (M > 0) = 0 or (M < 0) = 0 for all time, since

in that case (M ) # 0, and so |y) € Hgp, which is a contradiction. Thus, C is constant in Hsp only, so it commutes with the re-
striction of A to Hsg. Finally, %K is conserved in Hsp, because it is defined as the commutator of operators commuting in Hsg. B

Comment: If M has at least one zero eigenvalue, then the operator sign(M) is not well-defined. Yet, Theorem 2.2 holds true
for C* = sign*(M) defined by

M), ifM,>0
C*|My)y=13-IMy,), ifM, <0 (22)
0, iftM, =0
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and for K* = %[é*,ﬁ].

Proof 3. Since IT is an Hermitian operator, any state can be decomposed in its eigenbasis as |6) = a |6+) + b |6—), where
[1|6+) = +|6+).

To prove that the IT, € and K operators satisfy the SU(2) commutation relations, we first note that since C is a sign operator,
it is immediately a Z, operator, and thus Cr=1 Parity is also trivially a Z, operator. To show that K2 =1, we will need to show
that CTIC = —ITand [ICT1 = —C. For the first equality, we invoke the following integral representation of the sign operator [1, 2]:

C =sign (M) = %Mf dr (P1+ M>)7". (23)
0

It is clear that C is a parity-changing observable, since it is an odd function of M, which inverts parity (note that the integrand is
an even function of M and thus it conserves parity). Thus, we have

CIIC [6) = Cll(a|B=) + b |B+)) = C (=a|p=) + b |B+)) . (24)
Because C? =1, it holds that C? |§) = |6), which means that C |8+) = |6F). Therefore,

CIC |6) = —a |6+) + b |6=) = —T1|5), V|5) € H. (25)

A~

The second equality can be proved similarly. It then follows that K2 =1 By definition, [C,TI] = -2iK. Finally,[C, K] =
L(CHI+1IC? - 2CMC) = 211, and [[1, K] = ( 12¢C - CI2 + 2ncn) =-2iCm

Comment.- Proof 3 is given for the case in which M has no zero eigenvalues. Consider now that this is not the case, so that
there exists a subspace Mo # {0} spanned by the eigenstates of M with zero eigenvalue. Then, the arguments used in proof 3 are
only valid for H\ My. This means that, in this case, the operators C*, K* and I1 only satisfy properties (i) and (ii) of Theorem 1
within H\ M. Nevertheless, this problem has almost no practical relevance. As we have pointed out in the comment of proof
1, properties (i) and (ii) of Theorem 1 are relevant only within Hsp. Hence, the key point is whether Hsp N M is important or
not. As in typical symmetry-breaking phases there exists a sort of potential barrier between the two wells of the order parameter,
it is reasonable to expect that Hsp N Mo = {0} under physically realistic conditions. Therefore, the possible existence of the
eigenvalue M = 0 for the order parameter has no physical relevance.

Proof4. Theorem 1 teaches us that within each subspace of Hs g spanned by the eigenvectors {|En +> |En _ )} withE, , = E, _
(E, < E.), C and K take the form of (15). Therefore, in Hsp the combination R = BH +B.C +ﬁk7(+ﬁ,rl'[ is a block diagonal
matrix of 2 X 2 matrices in the eigenbasis common to parity and the Hamiltonian. For an n-dimensional Hsp, this is

,BEn,+ +,B7r ﬁc - iﬁk ) (26)

IQSB = diag{Ri}lr'l:I’ Ri = ( Be+iBr  BE.-—Bx]

Within Hp, where E,, . # E,, _, the precise form of IéD is unknown. In the total Hilbert space H,
5 (Rsg 0
R = A 27
( &zl 27)

where Rgp is a matrix of order dim(Hsg) and Rp is a matrix of order dim(Hp). The exponential matrix of R must necessarily
have the same structure. Therefore, we can build the following matrix

R 1T 0
p=5 =_ 2 28
Z z(o TD) (28)

where Z = Tr[eR] is a normalization constant. As R is hermitian, D is a positive-definite matrix with Tr[D] = 1, due to the
normalization constant Z. Therefore, it is a density matrix, and all its eigenvalues are d,, > 0.

Let us assume now that the canonical and microcanonical ensemble are equivalent, so that o /E — 0 in the TL, as stated in
hypothesis (H4). This means that if 8 > . (T < T.), the probability of populating a state beyond E. becomes zero in the TL,
and therefore, Tr Tp — 0 in the TL. Furthermore since D is definite positive, all elgenvalues of Tp must remain posmve for any
finite system size, becoming zero in the TL. And, because D= DT, this further implies that TD — 0, and that Tr TS B — 1in the
TL. Finally, as Ts is a block diagonal matrix composed of 2 x 2 matrices, and for E < E.. the eigenvalues of opposite parity
become degenerate in the TL, this means that [H, D] — 0 in the TL. m
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Numerical simulation of the TFIM

Here we give some technical details of our numerical simulation of the TFIM (6). We choose power-law long-range interactions
controlled by a parameter @ € [0, o), with @ = 0 denoting the fully-connected limit and @ — oo corresponding to the nearest-
neighbor TFIM. For our experiments, we choose @ = 1.1. The Hamiltonian (6) is invariant under the inversion symmetry
7. In the site basis, where each state is represented by the tensor product of the orientation of the ith spin (i = 1,2,...,N)
along the z-axis, |¢) = ®f\i1 l¢:)., ¢ € {T,l}, this operator implements a reflection along the center of the chain, i.e.,
7 [d1¢2 ... dn), = |dN ... d241),. We only keep states |¢) in the positive inversion sector, such that (¢|f ¢y = 1. We
also implement periodic boundary conditions (PBCs). This implies that the Hamiltonian is also invariant under the translation
symmetry, 7 |¢1 ¢ - - - LON), = |dN @1 -+ ,dNn-1),. So, in a similar way than before, we only keep states |¢) such that
(¢| T |¢) = 1, which is equivalent to working with a zero momentum basis. Finally, (6) also commutes with the parity
1= ]—If.\:’ , 0% [3]. We work with both parity sectors simultaneously.

With our choice of PBCs, the interaction potential of (6) takes the form V;; = ﬁDi‘j", where D;; = and

N(a) = ﬁ it Di_j" being the Kac factor [4], which ensures the Hamiltonian intensiveness when a < 1 but could be omitted
with @ > 1. Here, J is an arbitrary coupling constant.

As for the symmetry-breaking TFIM (9), the states do not have a definite parity quantum number, but we still work with the
positive inversion and translation states, as described above.

Fitting the GGE

The instantaneous evolution the observables shown in this work are compared against the GGE prediction (4). For a state in
the symmetry-breaking phase of the TFIM (6), the temperatures A., Ax and A, are fixed by the initial condition and may be
obtained by solving the following system of non-linear equations

mmJ&+ﬁ+ﬁ
JAa+ 2+

tanh \JA% + 22 + 22
24p(1 = p)cos¢ =-2A¢ ,

o+ 2+ 05

mmJ&+ﬁ+@
24/p(1 = p)sing = -4 ,

A+ 2+

2p—1=-1,

(29)

which results from imposing that the GGE yield the corresponding value for each of the non-commuting charges, Tr [ﬁGGE(j] =
(0) with O = G, K, T1. The remaining temperature (3 is then obtained by a single fit reproducing the final (average) energy of the
quenched state, Tr [fggeH] = (E). For the symmetry-breaking Hamiltonian (9), Ax = A, = 0; A. and 3 are obtained through
two fits to the value of C and the final energy, respectively. Overall, we observe a good agreement of the exact results and the
GGE. The small discrepancies are finite-size effects of the TFIM with only N = 19 particles.
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