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Abstract. We study the similarities and differences between the pimema of Quantum Decoher-
ence and Quantum Quench in presence of an Excited Statel@utiase Transition (ESQPT). We
analyze, on one hand, the decoherence induced on a singtéythbe interaction with a two-level
boson system with critical internal dynamics and, on thetie treat the quantum relaxation pro-
cess that follows an abrupt quench in the control paramétiecssystem Hamiltonian. We explore
how the Quantum Decoherence and the quantum relaxatioegs@re affected by the presence of
an ESQPT. We conclude that the dynamics of the qubit or thatgoarelaxation process change
dramatically when the system passes through a continuoQ®ES
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INTRODUCTION

Quantum Decoherence (QD) and Quantum Quench (QQ) are twarently, discon-
nected phenomena; one related with the lost of quantumnre#ton and the other in-
volved with non equilibrium phenomena in interacting quamtsystems. A Quantum
Phase Transition (QPT), or its version for excited stagegniabrupt change in the struc-
ture of the ground state of the system under a small variatidhe control parameter
of the Hamiltonian. This contribution is devoted to the stofithe relationship between
this three quantum phenomena.

Real quantum systems always interact with the environmdnig.iteraction leads to
QD, the process by which quantum information is degradedganely quantum proper-
ties of a system are lost [1]. From a fundamental point of y@® provides a theoretical
basis for the quantum-classical transition [1], emergin@ @ossible explanation of the
guantum origin of the classical world. From a practical pahview, it is a major ob-
stacle for building a quantum computer [2] since it can podilne loss of the quantum
character of the computer. Therefore, a complete charaatien of the QD process and
its relation with the physical properties of the system d@dnvironment is needed for



both fundamental and practical purposes.

A QQ represents an abruptiabatic changeA; — A, of the control parameter fol-
lowed by a system-specific quantum relaxation processeliang theoretical works in
this field appeared already in the late 1960s [3], but a reafyd growth of interest was
triggered by experimental studies at the beginning of thikermium [4].

A QPT is a sudden change of the ground-state structure atairceritical value of
the control parametet. It can be observed as a nonanalytic evolution of the system’
energy and wave function induced by asliabaticvariation of the control parametér
across the quantum critical poiAgg at zero temperature. First discussed in the 1970s
[5], the QPT phenomena become very important in the confesala state physics [6]
as well as in nuclear and many-body physics—see, e.g.,iremgews [7, 8]. An Excited
State Quantum Phase Transition (ESQPT) [9] is analogoustenadard QPT, but taking
place in some excited state of the system, which defines iti@atenergyE; at which
the transition takes place. We can distinguish betweenréifit kinds of ESQPT, either
first order or continuous [10]. In this contribution we willaimly concentrate in the
latter case, which usually entails a singularity in the dgrof states (for an illustration
of continous ESQPT see Fig. 1). We will see along this coatigm how QD and QQ
are enhanced due to the existence of an ESQPT.

CONNECTION BETWEEN DECOHERENCE AND ESQPT

The connection between decoherence and environmental a3 Tseen recently inves-
tigated in [11]. In this contribution and in references [12] we analyze the relationship
between decoherence and an environmental ESQPT.

Here, we consider an environment having both QPTs and ESQRifded to a single
qubit. The Hamiltonian of the environment, defined as a fionabf a control parameter
a, presents a QPT at a critical valag. We define a coupling between the central qubit
and the environment that entails an effective change in ¢inéral parametergy — a’,
making the environment to cross the critical pointriif > ac. Moreover, the coupling
also implies an energy transfer to the environmént: E’, and therefore it can also
make the environment to reach the critical endegyf an ESQPT.

Following [11] we will consider our system composed by a shi particle coupled
to a bosonic environment by the Hamiltonidgg:

Hse=Is®He +0) (O] @ Hy, + 1) (1 @ Hy,, @)

where|0) and|1) are the two components of the spif2lsystem, andg, A1 the coupling
of each component with the environment. The three tetigsH) andH,, act on the
Hilbert space of the environment.

With this kind of coupling, the environment evolves with dfeetive Hamiltonian
depending on the state of the central Sgin= Hg + Ha;» j =0,1. If the environment is

initially in its ground stateqp), the decoherence factor is determined, up to an irrelevant
phase factor, byd;, and its absolute value is equal to

Ir(t)] = |(go| & ™" |go)| - (2)
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FIGURE 1. Energy levels for the environment Hamiltonian (3) with= 0 andN = 50. The arrow
shows thgumpthat produces in the environment the coupling with the etatnbit.

A value of |r(t)| equal to zero implies that the qubit is no longer in a supeétiposof
stateg0) + |1).

To be specific, let us consider a two level boson Hamiltordanstructed out of scalar
bosonss, in the lowest level and bosons carrying an arbitrary anmgulamentuni in
the upper level.

He ZO!nL_l_TaQX'QX, with Qﬁ =L+ LTs+ x[L" x E]EIL)7 (3)

wheren, is the number of. bosonsN the total number of bosons andtands for the
scalar product.

This Hamiltonian has a second order QPToat= 4/5 for x = 0 [14], while experi-
ences a first order phase transition fo# 0. We will focus in the case gf = 0. Using
the coherent state formalism it can be shown thatfor 4/5 the environment is a con-
densate of bosons corresponding to a symmetric phase.d~er4/5 the environment
condensate mixesandL bosons forming a non-symmetric phase.

ChoosingAg = 0 and A1 = A, the coupling Hamiltonian reduces to a very simple
form Hcoup= AN, which results into the effective Hamiltonians for each poment of
the systemsHo = He andH; = He(a — a + A). Therefore, the system-environment
coupling parameteA modifies the environment Hamiltonian. It is straightford/dao
show thatH; goes through a second order QPTAat= 4 — 5a, for a < 4/5, using
[14]. Furthermore, a semiclassical calculation [9] shawed He also passes through an
ESQPT ak. =0, if A < A,. This phenomenon is illustrated in Fig. 1.

We start the evolution with the ground state of the environingp). At t = 0 we
switch on the interaction between the system and the enwieot, and let the system
evolve under the complete Hamiltonian. By instantaneousiycking on this interac-
tion, the energy of the environment increases, and its g&iefragmented into a region
with average energy equal b= (go|H1(a) |go). Therefore, if(go|H1(a) |go) = O, the
coupling with the central qubit induces the environmenutopinto a region around the
critical energyE.. This is illustrated in Fig. 1. Starting from a state in thexyrgymmetric
phase witha < ac, the coupling with the qubitd,, = An_ increases the energy of the
environment up to the critical poild;. Resorting to the coherent state approach, we can
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FIGURE 2. |r(t)| for a =0 andy = 0, five different values ok andL = 1,2, 3. In all casedN = 1000.
The coupling constant = 2 corresponds to the critical value (see eq. (4)).

obtain a critical value of the coupling strength

1 4
Ac(a) = 2(4 5a), a< = 4)

In Fig. 2 we show the modulus of the decoherence faetoy| for o =0 andx =0
and several values df andL, corresponding to the vibroh. & 1), the IBM (L = 2) and
the octupole modell(= 3). First, we note that the presented behavior is indepénden
onL. In four of the five cases of we can see a similar pattern, fast oscillations plus a
smooth decaying envelope. The most striking feature ofFgthe panel corresponding
to A = 2, for which |r(t)| quickly decays to zero and then randomly oscillates around
a small value. We note that this particular case constimtgagular point for both the
shape of the envelope @f(t)| and the period of its oscillating part. Making use of Eq.
(4) for a = 0 we obtain precisel}; = 2, the value at which the coherence of the system
is completely lost. Therefore, the existence of an ESQPRearenvironment has a strong
influence on the decoherence that it induces in the centst¢sy We can summarize
this result with the following conjecture:

If the system-environment coupling drives the environnuetiite critical energy Eof
a continuous ESQPT, the decoherence induced in the coupl&tisimaximal

This conjecture has been checked for different values ef ac = 4/5 obtaining
in all the cases that the rapid decay to zergrdf)| always happens fok ~ A; (see
Fig. 3 of reference [12]). It has been also checked how thignitade behaves in the
thermodynamical limit. The results displayed in Fig. 4 dérence [12] confirm that the
presence of an ESQPT in the environment spectrum is clemhaled by the qubit



decoherence factor. Moreover, it can be defined an ordenedes for the ESQPT
related tor(t)|.

To summarize, our main finding is that the decoherence ismmxivhen the system-
environment coupling introduces in the environment therggheequired to undergo a
continuous ESQPT and that this results are independeniorathe oflL. Note that the
conclusions obtained here are only valid in the case of soatis ESQPT. In the case of
first order ESQPT, the decoherence is no longer affecteddoprigsence of an ESQPT
in the environment (see [13] for details).

CONNECTION BETWEEN QUANTUM QUENCH AND ESQPT

To study the QQ (see [15] for more details) we consider a gnepimposite system
consisting of two interacting subsystems: i) a single basorode written in terms of
the creation and annihilation operatbfsandb and therefore described by a Heisenberg-
Weyl algebra HW(1), and ii) a susbsystem described with a Y glgebra, written in
terms of the operatots: = Ky £ iKy andKg = Kz, which verify

[Ko, K] = Ky, [Ki,K_] = —2Ko. (5)

The whole system may serve to describe the coexistence eatwo molecules with
dissociated atoms. Other similar models are the Jaynes-Ggarfil6] and the Dicke
[17] models which are based on a HYY ® SU(2) algebra.

The total Hamiltonian to be considered reads as

A
H= K+wb*b+—[b +bTK_], 6
woKo N Ky (6)

whereA /v/M > 0 is a scaled coupling parameter amday stand for single-particle
energies (we sd¢t=1).
Note that theK operators can be written in terms of creation and annibifedperators

K: =3@h% K- =}a? Ko=14(a'a+}). (7)

Therefore, thé bosons can be understood as representing two-atom mdaeedide
thea bosons as representing single atoms.

M is a conserved quantity which is connected with the numbtvafatom molecules
(Np) and the number of single atonisy). It reads ad! = 2N, + N,, for even values dfiy
and advl = 2Ny + Ny — 1 for odd values oN;. Assumingay > w, the casé = 0 corre-
sponds to a ground state which is a condensalebosonsiN, = M /2) ® [Na=0 or 1).
However, for sufficiently large values of the coupling paedenA, the interaction be-
tween the molecules and atomic pairs supports a more balatisibution of the ex-
pectation valuegN,) and (2Np).

A typical spectrum of the SU(1,1) is depicted in Fig. 3, whéne evolution of
guantum spectra is plotted as a function of the interactemaipeterA, showing clear
indications of the ground-state QPT and its extension imcESQPT on the right-hand
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FIGURE 3. Level dynamics for the SU(1,1) model with = 2000 andAw = apy — w = 1. The scaled
energies were obtained by an exact diagonalization. TheFHS&bove the ground state critical point

A =0.707 is apparent in the bunching of levels around criticargiaeéac(l) =0.5.

side of the critical point. The calculation was done in a éirstze case, but it shows well
pronounced precursors of the phase transitional behavior.

Suppose a system described trough a SU(1,1) Hamiltoniarstimétially prepared in
the ground statgigs(Ao)) = |Yo) of 7 (Ao) = 5 with energy per particl&y(Ag) /0 =
&o. Attimet = 0, the value of the control parameter is abruptly changed figto A1 =
Ao+A. The stateyp) is no more an eigenstate of the new Hamiltoni&t{A1) = 771 and
starts evolving. The evolution in tinte> 0 can be monitored by a survival probability

Po(t) = |ao(t)|?, where

. 2 . -
ao(t) = (Wole | Yp) = > ‘ (61| Yo) ‘ e it = > IR (8)

G

is an amplitude describing the decay and recurrence of ttial istate|yp). A formula
of this form captures in general all quantum decay proceasdshas been studied in
many different contexts, in particular, it is formally ideral to the decoherence factor
(see eq. (2)).

We can easily estimate which change in the parametdr = A; — Ap, may lead to
such anomalous relaxation processes. To do so, recallibanean value’, of the
energy distribution fol; is simply related with the one &g through its derivatives],
and the differencé: &1 = &+A &,

Figure 4 shows results for three quenches in the SU(1,1) hmothe2N, + Ny = 2000
(thus N5 even). The initial state is identified with the ground state\a= Ag = 1.5
and the respective final parameter valjeis written separately in each panel. In the
upper row of panels we present the valigg versus the energy eigenvalig. Note
that the number of points is so large here that the scattés pdok like continuous
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FIGURE 4. Energy distributions and survival probabilities for thigegantum quenches in the SU(1,1)
model (M = 2000). Upper row: the energy distribution of probabilities?, see Eq. (8). Lower row: the
survival probability from Eq. (8).

curves. The panels from left to right correspond to a quemdve, at, and below the
critical energy, which for the present setting coincidetwié. = 1000. While for both
noncritical quenches (left and right panels) the distitoubf |c;|? exhibits just a single
peak centered at ener@y depending on the value af;, the critical quench to the final
valueA; = 0.936 (middle panel) leads to a more complex distributionhis tase we
observe a double peak structure in the plofog?, the peak-separating minimum being
localized exactly at the ESQPT energy.

In the lower row of panels in Fig. 4 the survival probabilfiy(t) is shown as a func-
tion of time for the three quenches discussed above. Agaiilas patterns are observed
for both noncritical quenches (left and right panels). lesi cases, the survival prob-
ability exhibits regular damped oscillations. For theicat quench (middle panel), the
survival probability behaves differently than for the notical cases. The quick initial
decay is followed just by small random oscillations in thgioa po(t) ~ 0, avoiding the
slowly damped recurrences present in the other panels.tjjesof dynamics is con-
nected with the above-discussed modified form of the enesggyilsition shown in the
upper panels of Fig. 4.

In summary, we have proved that the quantum relaxation psoadter a QQ is
strongly distorted when the energy introduced into theeystthrough the sudden
change of a parameter of the Hamiltonian, leads the systearEB8QPT region of the
spectrum.

CONCLUSIONS

In this contribution we have studied the phenomena of Quariecoherence and
Quantum Quench under the influence of an Excited State QuaRtiase Transition



of second order. On one hand, we have analyzed the decobearehaed on a one-
gubit system by the interaction with a two-level boson emwinent which present QPT
and ESQPT. Our main conclusion is that the decoherence ismabwhen the system-
environment coupling induces the energy gain in the enuir@mt necessary to undergo
a second order ESQPT. The presence of a first order ESQPT dbeshance at all the
decoherence of the qubit. On the other hand, we have used BiSWfodel to study
the Quantum Quench phenomenon. In particular we have pribla¢dhe presence of
continuous ESQPT strongly affects the quantum relaxatitar a sudden change of a
Hamiltonian parameter if the energy gained by the systemesponds to the position
of the ESQPT.
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