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Quantum coherence and uncertainty in the anisotropic XY chain
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We explore the local quantum coherence and the local quanhg®rtainty, based on Wigner-Yanase skew
information, in the ground state of the anisotropic spia-X¥ chain in transverse magnetic field. We show that
the skew information, as a figure of merit, supplies the reamgsinformation to reveal the occurrence of the
second order phase transition and the completely factbgreund state in the XY model. Additionally, in the
same context, we also discuss the usefulness of a simplemegneally friendly lower bound of local quantum
coherence. Furthermore, we demonstrate how the conndmtimveen the appearance of non-analyticities in
the local quantum uncertainty of the ground state and thatgoaphase transitions does not hold in general,
by providing explicit examples of the situation. Lastly, discuss the ability of the local quantum coherence to
accurately estimate the critical point of the phase tramsitand investigate the robustness of the factorization
phenomenon at low temperatures.

PACS numbers: 75.10.Pq, 03.65.Ud, 03.67.Mn

I. INTRODUCTION guantum information sciencé®][ Since correlations among
the constituents of many-body systems are closely related t
In nature, there exist genuinely quantum transitions in théhe eémergence of the QPTs and the factorized ground state, it
ground states of quantum many-body systems, resulting it natural to investigate the link between t_hese two phenom-
qualitatively distinct phases of matter. Such phase transi€n@ and correlation measures. In fact, this relation has bee
tions, which are purely driven by quantum fluctuations due td€cently studied from many different angles in quantum-crit
the Heisenberg uncertainty principle, are known as quanturﬁal spin chains. Specifically, c_orrelatlon measures suamnas
phase transitions (QPTY], Although QPTs occur at abso- tanglementg] and quantum discord’] have been employed
lute zero temperature as one of the parameters of the systeg figures of merit for the examination of the QPTs and fac-
is continuously changed across a critical point (GP)they  torization phenomenor8f15]. Whereas most authors only
can also be observed at sufficiently low temperatures, whergonsidered the absolute zero temperat8e ()], others ex-
thermal fluctuations are not strong enough to excite thesyst amined the problem at finite temperatures as viel-15).
from its ground state. QPTs are intrinsically connecteciwit ~ The concept of skew information has been first introduced
the energy level crossings taking place in the ground statedy Wigner and Yanase half a century ag@][ The Wigner-
of the quantum many-body systems, which typically lead toYanase skew information (WYSI) has several equally interes
the appearance of non-analyticities in the ground stateggne ing interpretations in quantum physics discussed in tieeslit
In particular, while a discontinuity in the first derivatigé ~ ture [L7-20]. On one hand, it can be adopted as a measure of
the ground state energy is recognized as a first order QPT, tge information embodied in a state that is skew to (not com-
discontinuity or a divergence in the second derivativeabar muting with) an observable (a self-adjoint matrigf]. On
terizes a second order QPT, in which case the first derivativéhe other hand, it can used as a measure of quantum uncer-
of the ground state energy is continuous. On the other hand@inty of an observable in a quantum stat€][ Moreover,
there are also more involved types of QP2 jvhich cannot it has been very recently shown that WYSI constitutes a reli-
be understood within this standard framework. able measure of the coherence in a quantum sk@leWhere
Quantum spin chains present several different kinds of simplified experimentally friendly alternative versidirtioe
quantum critical behavior, and thus serve as an naturat playoherence measure has been also introduced. Even though
ground for studying QPTs. In addition, when being subject tovarious types of bipartite correlations in the ground stte
an external transverse magnetic field, they exhibitandtimer ~ quantum spin chains have been studied largely in the con-
damental aspect known as factorizati@]‘] [rh|s phenomenon text of QPTS, the relation between the coherence contained
is defined as the presence of a fully factorized ground statl single-spin or two-spin density matrices, and the QPts an
emerging at a particular value of the magnetic field, nanagly, factorized ground state has not been discussed before.
the factorization point (FP) ;. The occurrence of the factor-  In this work, we consider the anisotropic spin-1/2 XY chain
ization phenomenon has been demonstrated to be in conngo-a transverse magnetic field due to the fact that this model
tion with a change of symmetry in the ground state and als@xhibits both a QPT and a non-trivial factorized groundestat
with a transition in the two-spin quantum correlatiodk [ We first reveal how the QPT and factorization phenomenon
Quantum systems possess correlations of genuine quantu@he linked with the local quantum coherence (LQ2J[ as
nature, which are fundamental to numerous applications ofuantified by WYSI, in single-spin and two-spin reduced den-
sity matrices of the ground state of the spin chain. We exam-
ine the effects of simplification of the coherence measure on
the information we can gain from it about the appearance of
*Electronic addresganchini@fc.unesp.br the QPT and factorized ground state. We show that the signal
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of the QPT manifests itself even in the experimentally acces(exhibits Z, symmetry), the reduced density matrix of two
sible simplified version of the single-spin coherence, wehos spins, having the distaneebetween each other, is given by

measurement does not require a full tomography of the state.

We also find out that although this simpler alternative still pg, =

spotlights the CP of the QPT, the factorized ground state can
no longer be detected in this setting. Moreover, by studyin
a novel quantum correlation measure, namely local quantu%ﬁ(
uncertainty (LQU) 21], which is closely related to LQC, we
discuss the consequences of the optimization involveden th
evaluation of this measure for the identification of the CB an

T+ (0:) (02

@) =-[

T 1 0 _r\ 0 _r
+Uz)]+1 Z <0a0a>0a0a7 (2)

a=w,y,z

herel is the four-dimensional identity matrix. The magne-
zation and two-spin correlation functions are defined2a$ [

(14 Acos¢) tanh(Bwg)

de,

FP. Our results show that there exist non-analyticitiegapp 2me

ing in LQU which in fact do not correspond to any critical a a a

behavior. Finally, we also take into account the effects-of fi G_l G_2 a

nite temperature to discuss how precisely can the coherence (0207 = 0 -1 —r+l

measure estimate the CP of the QPT, and the robustness of the " : : : ’

factorized ground state against thermal effects. Gro Grg -+ G_1
This paper is organized as follows. In Section Il, we intro- G, G Goris

duce the anisotropic spin-1/2 XY chain in a transverse mag- Gy G(l) G7T+3

netic field, along with its analytic solution. In Section, We (6da¥) = o ’

study the single-spin and two-spin coherence based on WYSI : : . :

in the ground state of the XY model. We discuss the relation G, G-y -+ G4

of coherence to the QPT and factorization phenomenon both (o20?) =(0°)% — G, G _,.

at absolute zero temperature and low temperatures. Section
IV includes the summary of our results. where the functiord,. is given as follows:

G / tanh(Bwg) cos(rd)(1 + A cos gb) dé
1. SPIN-1/2 XY CHAIN IN TRANSVERSE FIELD 2mwy
B 7/\/ tanh(Bwg ) sin(re) sin(¢) do,
The Hamiltonian of the one-dimensional anisotropic spin- 0 2mwe

1/2 XY chain in a transverse magnetic field is given by andw, = \/(7/\ Sng)? + (1 + Acos@)2/2 with § = 1/kT

being the inverse temperature. We should note that here we

N N
A Z 1+ oIt 4 (1 - g+1 Z neglect the effects of spontaneous symmetry breaking (SSB)
2 = e = as it has been almost always done in the literature except for
B B the few works that studied the impact of such effett [L5]
whereoi J . arethe usual Pauli operators site,\ denotes in the ordered phase. Additionally, as most of the previous

treatments, the ground state we deal with in this work is not
the real ground state but rather the one that is widely known
as the thermal ground state. Indeed, the thermal grourel stat
corresponds to the limjt — oo of the canonical ensemble,

the strength of the inverse field,c [0 1] is the anisotropy pa-
rameter, andV is the number of spins. While the Hamiltonian
H is in the Ising universality class for > 0 and corresponds
to the Ising Hamiltonian in a transverse field whenr= 1, it
reduces to the XX chain foy = 0. This model has an order- . e BH
disorder type second order QPT occurring at theX\gk= 1, p= ﬂh_?;o 7
which separates a ferromagnetic and a paramagnetic phase.

Furthermore, although the ground state of the XY model is inwhereZ is the partition function. We also remind that if the

an entangled state in general, there exists a non-triviadfa ~ ground state is non-degenerate, then it is the same as the one
ization line corresponding tg?> + A\~2 = 1. Thus, the ground obtained from Eq. J). However, in case of a degeneracy in

state becomes completely factorized at the FP, the ground state, from Eq3)we obtain an equal mixture of
all possible ground states, which is what happens in the one-

B 1 dimensional anisotropic XY model in transverse field.

1)

®3)

I11. COHERENCE AND LOCAL QUANTUM

In the thermodynamic limity' — o), the XY model can UNCERTAINTY IN THE SPIN-1/2 XY CHAIN

be exactly diagonalized with the help of the usual techna@fue
Jordan-Wigner and Bogoluibov transformatio@g][ Due to
the translational invariance of the system, the reduceditien
matrix of two spins at the siteisandj is dependent only on
the distance between them= |i — j|. Considering that the
XY Hamiltonian is also invariant under parity transfornaeti

The definition of the WYSI, which we adopt as a measure
of coherence, is given byl f|

I(p,K) = —%Tr[\/ﬁ, K)?, (4)



d(QC)/dA
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FIG. 1: Single-spirv,-coherence fory = 0.5 (a) andy = 1 (c),
along with its first derivative (with respect t9) for v = 0.5 (b)

and~ = 1 (d), as a function of\. As the red solid line denotes the
measure, the dashed blue line corresponds to its simpliéiesdon.

where the density matrix describes a quantum statg, is
an observable, ang,.] denotes the commutator. While the
WYSI reduces to the variandé(p, K) = TrpK? — (TrpK)?

of the LQC over all possible local observables, that is,

Ul =minI(p, KY), (6)
Ky

whereI" denotes the spectrum &', and the minimization
over a chosen spectrum of observables leads to a specific mea-
sure from the family. However, for a two qubit system, all the
members of the family turn out to be equivalent. Then, the
LQC can be analytically calculated as

Ualpap) =1—

where\ . is the maximum eigenvalue of tBex 3 symmetric
matrix W45 whose elements are given by

(Wag)ij = Tr{\/pap(0ia @ Ig)\/pap(c;ja @ 1p)},

where indices,j = {x,y,z} are given for the usual Pauli
operators. We note that Edf)(is normalized to one for maxi-
mally entangled pure states, and moreover, reduces tathe li
ear entropy for any pure bipartite state.

Having collected all the required tools for our analysis, we
are now in a position to start our discussion regarding tlze re
tion between QPTs and factorization phenomenon, and quan-

AmaX{VVAB}a

for pure states, it is upper bounded by the variance for mixedum coherence based on WYSI. Let us first consider just a

states. It is important to recognize that, unlike other ¢adi
tors of uncertainty, WY SI remains unaffected from the dlass
cal mixing. Thus, it filters out the purely quantum uncertyin

single spin from the whole chain. Since the XY model has
translational invariance, all single-spin density matsiare

in a measurement. It has been very recently proven by Giro-

lami thatI(p, K') given by Eq. 4) satisfies all the criteria for

coherence monotone®3| and consequently can be used as a

reliable measure of coheren@d]. We note that the absence

1

2

0
1—(o%)

1+ (%)
0

4

the same and they are given by

(

pPo =p (7)

of coherence implies that no quantum uncertainty can be ob¥here(o*) is the transverse magnetization, and the density

served, and statistical errors are due to classical igreran

K-coherence of a quantum state is defined as the coheren
carried byp when measuring the observalite(which is as-
sumed to be bounded and non-degenera@) Furthermore,
in order to be able to rewrite the coherence meag(jrek’) as
a function of observables, Girolami has also introduced®a si
plified alternative version by dropping the square root from
the density matrix,

1

IL(p7K) - _Z

Trlp, K7, (5)

which is a meaningful and an experimentally friendly lower

matrix is written in the basis of the eigenvectorssgf Note
that, from this point on, we are working with the ground state
in the limit 7" — 0 unless otherwise is stated.

In Fig. 1, we display the results of our analysis for thg
coherence (coherence carried fay when measuringr,.) in

LQc
d(LQC)/dA

bound, since it can be measured in an interferometric setup
only by performing two programmable measurements, inde-
pendently of the dimension of the quantum system. One can , ©
define the LQC for composite systems to quantify the coher- 3y
ence contained in them locally. For a bipartite system, the
LQC is written asl(pap, K4 ® Ip) if we quantify the lo-
cal coherence with respect to the first subsystem. Due to the
fact that the systems we consider in our work is invariantupo
exchanging two spins, the LQC remains also unchanged. FIG. 2: Two-spin localr,-coherence fory = 0.5 (a) andy = 1
Another related concept is the LQU which is a full-fledged (c). along with its first derivative (with respect 29 for v = 0.5 (b)
discord-like family of measures of purely quantum correla-andy = 1 (d), as a function of. As the red solid line denotes the
tions [21]. In fact, LQU is nothing but an optimized version measure, the dashed blue line corresponds to its simpliéiesion.

d(LQC)/dA

0.6




LQC

LQc

FIG. 3: Two-spin localr.-coherence fory = 0.5 (a) andy = 1
(c), along with its first derivative (with respect X for v = 0.5 (b)
and~ = 1 (d), as a function of\. As the red solid line denotes the
measure, the dashed blue line corresponds to its simpliéiesdon.

the single-spin density matrig, given by Eq. ¥) for two
different values of the anisotropy parametgrnamely for

~ = 0.5, andy = 1 which corresponds to the Ising model
in transverse field. As can be observed from the plots of th

derivatives of the measure shown in Figp and in Fig. 1d,
while both thes,.-coherencé (py, o,,) and its simplified alter-

e

4

Considering that the derivatives of the reduced Hamiltonia
are continuous with respect to the magnetic figldve realize

that possible discontinuities in the derivatives of grostate
energy have their roots at the elements of the reduced glensit
matricesp;;. Specifically, whereas a discontinuity in the first
derivative of the ground state energy (a first order QPT)shint
at a discontinuity in at least one of the elements of the re-
duced density matrix;;, a discontinuity or divergence in the
second derivative of the ground state energy (a second order
QPT) suggests a divergence of at least one of the elements of
the derivative of the reduced density maiiy;; /OA. Having

this discussion in mind, it is rather straightforward to eom
prehend why two-spin or even single-spin coherence might be
sufficient to pinpoint the CP of the QPT. However, it is very
important to note that such a correspondence between the non
analyticities in physical quantities, that are functioriste
reduced density matrix elements, and the CPs of QPTs does
not always hold §]. Depending on the mathematical proper-
ties of the considered quantity (correlation measureseroh
ence measures, etc.), it is possible that the CP of a QPT is not
caught by a measure due to some unlucky coincidences. Con-
versely, we can also see non-analyticities in a measurehwhic
in fact do not correspond to any quantum critical behaviour.
Therefore, whether such issues occur for the LQC and LQU
is one of the questions that we will answer in this paper.

We continue our investigation by exploring the two-spin

nativel” (po, o) correctly spotlight both the location and the LQC in the XY model, where we consider the nearest neigh-

order of the CP of the second order QPT\at= 1 through a
divergence in their first derivatives, no sign of the nomii
FP can be seen foy = 0.5 at field \y ~ 1.1547. As, for
~v = 1, the FP would correspond td; — oo according

bor spins, i.e.y = |i — j| = 1. Note that from this point
on, we consider the local coherence meaning the observ-
able acts only on one of the subsystems, that is, we evaluate
I(pap, Ka®Ip). Letus first examine the local.-coherence

to Eq. (1), we do not expect to see its signal in the plots.contained in the reduced two-spin systep given by Eq.
We should also remember that, we are analyzing the thermé®). Fig. 2 presents the outcomes of our analysis regarding
ground state, thus the ground state is not pure despite beiﬁEe localo,-coherence in the ground state. It is evident that

still separable at the factorization field:. All the same, it

the results presented here seem very similar to those that ar

is notable that even the simplified single-spin coherencame Shown in Fig.1 for the single-spim,-coherence in terms the
sure given by Eq. ) detects the CP of the QPT since it can link between the second order QPT at the CP= 1 and the

be determined without a full tomography of the state.

The fact that there exists a relation between the appearance

of a divergence in the derivative of the single-spin coheeen

of the ground state and the occurrence of the QPT can be un- zj \/‘

derstood within a general framework developed by &Vall.
[8]. The energy of two spins at the siteandj is given by

E(pij) =Y _Tr{Hipi;}, (8)
i

wherep;; is the reduced density matrix of the spins aiig

is their reduced Hamiltonian whose summation over all sites

restores the full Hamiltonian of the chaiy;, ; H;; = H. Itis
straightforward to obtain the first two derivatives of thetw
site energy given by Eq8J with respect to the field as

6E(pij) o 8Hij B
A _;Tr ax iy

aQE(pij) o BQHZ‘J‘ 8Hij apij
_;[Tr{ oz p”}+Tr{ ) WH

ON?
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FIG. 4: Two-spin localry-coherence fory = 0.5 (a) andy = 1
(c), along with its first derivative (with respect ¥ for v = 0.5 (b)
and~ = 1 (d), as a function of\. As the red solid line denotes the
measure, the dashed blue line corresponds to its simpliéiesion.
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Next, we discuss the results of the same analysis for the
local o.-coherence in the ground state. Note that the
coherence vanishes, as required, for the single-spin ggate
as it is diagonal in the, basis. However, it is clear that this
is no longer true for the LQC. Fi@ displays the local coher-
ence carried by the nearest neighbor two-spin density xatri
po1, When measuring the observalblg, and also its deriva-
tive. We observe that the LQC in this case, despite behaving
guantitatively differently from ther,.-coherence for both the
XY model (y = 0.5) and the Ising modeh(= 1), leads us to
the same conclusion about the CP of the QPT and the FP.

We finish our examination of the LQC with the loca}-
coherence in the ground state of the XY chain. Comparing

LQu

LQu

L L L L L - L L L L L
0.6 0.8 1 12 14 0.6 0.8 1 12 14

A A Fig. 4a to what we observe Ba and?a, we see an unexpected
_ _ behavior, that is, the coherence in this case has a minimum at
FIG. 5: Two-spin local quantum uncertainty for= 0.5 (@) andy = the CP),. = 1, which is also reflected to the derivative of

1 (c), along with its first derivative (with respect 89 for v = 0.5 the measure shown #b. As a consequence, the second order
(b) andy = 1 (d), as a function oh. QPT cannot be detected as a divergence in the first derivative
of the LQC. This is actually the result of an unlucky coin-
cidence, which apparently cancels out the divergence in the
divergence in the derivative of the coherence. However, wélerivative at the CP, occurring only for this particular ehs
notice that a new intriguing finite discontinuity shows up in able and in case of = 0.5. In fact, checkingic and4d, it
the derivative in Fig.2b at the field\ ~ 1.1547, whichis a IS clear that the coherence exhibits the expected behawior f
result of the small kink appearing in Fia. This is noth- 7 = 1. On the other hand, the simplified -coherence does
ing but the signal of the completely factorized ground statenot suffer from this issue at any value of the anisotropy pa-
occurring at the FR\; ~ 1.1547. It is worth to remark that rametersy. Thus, the example we presented here is not a sys-
it is rather unexpected to see a manifestation of the FP in thigematic issue related the coherence measure based on WYSI
behavior of the coherence (even when ignoring the effeets thfor identifying the CP of the QPT. We also point out that the
SSB) since the WYSI has no direct relation to quantificationFP atAy ~ 1.1547 manifests its presence in the coherence
of entanglement for mixed states. We also point out an impormeasure again through a discontinuity in the first derieativ
tant difference between the coherence measure based on theHaving discussed the LQC in the ground state of the XY
WYSI and its simplified version introduced by dropping the chain case by case, we now turn attention to what the LQU,
square root from the density matrix of the system. In particuwhich is in fact the optimized version of the LQC over the
lar, even though both the original definition and its simetifi  set of all possible observables, has to say about the QPT and
alternative might be equally useful in most regards, the simthe factorization phenomenon. Fi§.displays the behavior
plified one, namely % (po, o..), does not feel the existence of of the LQU and its derivatives for the casesof= 0.5 and
the factorized ground state at the FP. ~ = 1. Apart from the appearance of the divergence at the CP

The reason behind this disagreement is without doubt thde = 1 and the finite discontinuity at the PRy ~ 1.1547 in
appearance of the square root in the definition of the wysithe first derivative of the measure, we also observe two new
We stress that the emergence of the finite discontinuityen th Pronounced maxima in Figsa and in Fig. 5c, correspond-
derivative at\ is not an accident, and can be seen for othef"9 1© finite discontinuities in the derivatives showrbinand
values of the anisotropy parameteas well. Having a closer 5d. Indeed, the XY model has neither a QPT nor a factorized

look at the two-spin reduced density matrix, we realize tha@'ound state at these points. A closer glance at the measure

this discontinuity has its roots in the elements,gfo:, and

is transferred from them to the LQC. Therefore, not only the
WYSI but also the other physical quantities which are simi- »
larly based on,/po1, can pinpoint the FR\;. For instance, % 098
bipartite entanglement measures such as concurrence and e o
tanglement of formation, which is itself a function of concu £ o
rence, have been studied in the ground state of the XY model os
Interestingly, both of these measures also depengd@n but,
since they vanish at; due to the fact that even the thermal
ground state is separable at the factorization field, the con
nection between the elements gf1 and the factorization FIG. 6: (a) The Critical point estimated by single-spip-coherence
phenomenon has not been explicitly realized. We emphasizged line) and its simplified version (blue line) as a funatiaf the
that this correspondence is fundamentally different fromatv ~ temperature fory = 0.5. (b) The factorization field estimated by
happens for the QPT since neither ground state energy nor atgfa! two-spino..-coherence (red liney, -coherence (blue line) and
other thermodynamic quantity had a discontinuity at o.-coherence (green line) as a function of time4foe 0.5.
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reveals the reason behind this: due to the optimizationgsroc ing place in ground state of the anisotropic spin-1/2 XY ohai
dure in the definition of the LQU, there might occur suddenin transverse magnetic field, to the LQC and LQU contained
changes of the optimal observable, as we vary the magnetio the single-spin and two-spin reduced density matrices of
field continuously. Particularly, in both plots Figa and Fig.  the thermal ground state. On one hand, we show that an ex-
5¢, the optimal observable jumps fram to o, at these two perimentally accessible simple measure of coherence based
new maxima. Hence, it is important to mention that the non-on WYSI can identify the CP of the second order QPT in
analyticities in the derivative of the LQU here do not comethe XY model, even when only a single-spin reduced system
from the elements of the two-spin reduced density mafgix  of the chain is considered. Moreover, the single-spin coher
but rather stem from the definition of the LQU naturally, andence remains as a very accurate estimator of the CP even at
thus, should not be related to a quantum critical behavior.  relatively high temperatures. On the other hand, our result
Lastly, we briefly explore the ability of the LQC to correctly clearly demonstrate that the connection between the QRT's an
estimate the CP of the QPT at finite but sufficiently low tem-non-analyticities occurring in the LQC and LQU should not
peratures, which might be considered effectively zeroesinc be taken for granted in general. For instance, the optimiza-
the thermal fluctuations in this case are not strong enough ttion procedure in the definition of the LQU might give rise to
excite the system from its ground state. In spite of the facsingularities in the behavior of the measure, due to a sudden
that singular behaviour of the LQC disappears as the tempechange of the optimal observable, which do not correspond to
ature rises, we might still estimate. to a reasonable accu- any quantum critical behavior. Indeed, the examples we pre-
racy. Additionally, we also perform a similar analysis fbet sented here should be considered as a particular case ef simi
FP to check the robustness of the emergence of factorizatidar situations that might be observed for all physical qifist
phenomena at finite temperatures. Our strategy can be surimvolving an optimization procedure in their definitiorisl].

_marizeql as fOI!OW.S: since, at finite temperature, a divergen Furthermore, we have shown that despite the fact that the
g‘ thel f|rs': derl\{atlve of thg L.QC ar b: 0 V\r/]'” b? rerl)laced. LQC and LQU have no direct relation to any measure of en-
ya ocah ][“axr']m“m or minimum about th eé;:l;lgcl; arhpomtt], tanglement for mixed states, they both show the signal of the
we search for this extremum to estimate the CP. On the ot e‘d'ompletely factorized ground state in the XY model, due to
hand, if the first derivative is discontinuous, then we look f the fact that their definitions are based on the WYSI. By fur-
anl ex;remlém n thehseco;:d derlfvatlve of the ]!‘(%G][ ingl . ther investigating this correspondence, we have demdedtra
n Fig. ©a, we show the performances of the single-Spiny, ; the finite discontinuities emerging in the derivatioés

a,-coherence (red line) and its simplified version (blue lin€); 5 ang LQu at the FP are actually transformed to the mea-
In estimating the_CP of the QP.T' I.t IS Important to note thatsures from the elements of the square root of the two-spin den
experimentally friendly alternative is a very accurateneat

; ; sity matrix. This fact also explains why the simplified coher
tor of the CP of the QPT foy = 0.5 even at relatively high en¥:e measure based pinsteapd of/p dzes not t(fll anything
temperatures. Moreover, Figib demonstrates the outcome ;. ,t the factorization phenomenon. Lastly, we have exam-
of the_ same analysis for the FF_) consideringdecoherence ined the robustness of the factorization phenomenon ingerm
(_red Ilne),cry-coher.ence (blue line) a.ndz_-coherence (gfe‘?” of the LQC at finite temperatures, and demonstrated that, as
line). We emphasize that the factorization phenomena is r

i . . . %ng as we consider sufficiently low temperatures, the LQC
bust against the thermal effects until a certain tempegatur

X _ can still identify the factorized ground state.
reached. In fact, quantum discord has been also studied to bt g

investigate the same problerh4]. However, the detection
of the FP requires the evaluation of discord in the two-spin
reduced system for more than one value ef |i — j|. In par-
ticular, discord signals the FT through the intersectiolinafs
plotted for different spin distances, i.e., it has the saalae/
independent of the distance between the spins. Thus, the fac
that the LQC serves the same purpose only considering the The authors would like to thank Steve Campbell for his
nearest neighbors, might be considered as an advantage ovgfluable comments on the manuscript. GK is supported by
quantum discord. Note that, in case of finite XY chain, the ro-Szo Paulo Research Foundation (FAPESP) under grant num-
bustness of the factorization phenomena can be explained fer 2012/18558-5 and FFF under grant number 2012/50464-
terms of the difference between the excited energy led@s[ 0. FFF is also supported by the National Counsel of Tech-
nological and Scientific Development (CNPq) under grant
number 474592/2013-8 and by the the National Institute for
IV. CONCLUSION Science and Technology of Quantum Information (INCT-IQ)
under process number 2008/57856-6. BC is supported by
In summary, we have presented a systematic analysis dhe Scientific and Technological Research Council of Turkey
the relation of the QPT and factorization phenomenon, tak{TUBITAK) under Grant No. 111T232.

Acknowledgments

[1] S. SachdevQuantum Phase Transition§Cambridge Univer- [2] X.-G.Wen,Quantum Field Theory of Many-Body Systdmz-
sity Press, Cambridge, 2011).



(3]

(4]

(5]

(6]

[7

—_—

(8]
(9]

[10]

ford University Press, USA, 2004). Phys. Rev. A84, 042109 (2011); A. Saguia, C. C. Rulli, T. R.
J. Kurmann, H. Thomas, and G. Muller, Physicala2, 235 de Oliveira, M. S. Sarandy, Phys. Rev&4, 042123 (2011); J.
(1982); T. Roscilde, P. Verrucchi, A. Fubini, S. Haas, and V. Maziero, L. C. Céleri, R. M. Serra, M. S. Sarandy, Phys Lett. A
Tognetti, Phys. Rev. Let®4, 147208 (2005); S. M. Giampaolo, 376, 1540 (2012); G. De Chiara, L. Lepori, M. Lewenstein and
G. Adesso and, F. llluminati, Phys. Rev. LetD0, 197201 A. Sanpera, Phys. Rev. Lett09, 237208 (2012); L. Justino,

(2008); S. M. Giampaolo, G. Adesso, and F. llluminati, Phys. T. R. de Oliveira, Phys. Rev. 85, 052128 (2012); F. Altin-
Rev. B79, 224434 (2009); Salvatore M. Giampaolo, Gerardo tas, R. Eryigit, Ann. Phys327, 3084 (2012); L Lepori, G De

Adesso, and Fabrizio llluminati, Phys. Rev. Letb4, 207202 Chiara and A. Sanpera, Phys. Rew8B 235107 (2013); M. S.
(2010). Sarandy, T. R. de Oliveira and L. Amico, Int. J. Mod. Phys.
A. Fubini, T. Roscilde, V. Tognetti, M. Tusa, and P. Verchi, B 27, 1345030 (2013); Y. Huang, Phys. Rev.83, 054410
Eur. Phys. J. 88, 563 (2006); R. Rossignoli, N. Canosa, and (2014); J. Stasinska, B. Rogers, M.Paternostro, G. De &hiar
J. M. Matera, Phys. Rev. &7, 052322 (2008); R. Rossignoli, and A. Sanpera, Phys. Rev.88, 032330 (2014); A. Bayat, H.
N. Canosa, and J. M. Matera, Phys. Re\83 062325 (2009); Johannesson, S. Bose, and P. Sodano, Nat. Combna784

G. L. Giorgi, Phys. Rev. B9, 060405(R) (2009); L. Ciliberti, (2014).

R. Rossignoli, and N. Canosa, Phys. ReB82\042316 (2010). [11] T. Werlang, C. Trippe, G. A. P. Ribeiro, and G. RigolirhyB.

R. Horodecki, P. Horodecki, M. Horodecki, and K. Horokiec Rev. Lett.105, 095702 (2010); T. Werlang, G. A. P. Ribeiro,
Rev. Mod. Phys81, 865 (2009); K. Modi, A. Brodutch, H. and G. Rigolin, Phys. Rev 83, 062334 (2011).

Cable, T. Paterek, and V. Vedral, Rev. Mod. Ph§4, 1655  [12] Y.-C. Li, H.-Q. Lin, Phys Rev. A83, 052323 (2011); S. Camp-
(2012). bell, L. Mazzola and M. Paternostro, Int. J. Quantum Infa®m.
S. Hill, W. K. Wootters, Phys. Rev. Let#8, 5022 (1997); W. 1685 (2011); B. Cakmak, G. Karpat, and Z. Gedik, Phys. Lett.
K. Wootters, Phys. Rev. Let80, 2245 (1998). A 376, 2982 (2012); S. Campbell, L. Mazzola, G. De Chiara, T.
H. Ollivier, W. H. Zurek, Phys. Rev. Let88, 017901 (2001); J. G. Apollaro, F. Plastina, T. Busch, and M. Paternostray Ne
B. Dakic, V. Vedral,C. Brukner, Phys. Rev Letf.05, 190502 J. Phys15 043033 (2013).

(2010); D. Girolami, G. Adesso, Phys. Rev. Létb8, 150403 [13] S. Campbell, J. Richens, N. L. Gullo, T. Busch, Phys..Rev
(2012). 88, 062305 (2013).

L. -A. Wu, M. S. Sarandy, and D. A. Lidar, Phys. Rev. L&3, [14] B. Tomasello, D. Rossini, A. Hamma, L. Amico, Europhys.
250404 (2004). Lett. 96, 27002 (2011); B. Tomasello, D. Rossini, A. Hamma,
T. J. Osborne, M. A. Nielsen, Phys. Rev.68, 032110 (2002); L. Amico, Int. J. Mod. Phys. 26, 1243002 (2012);

A. Osterloh, L. Amico, G. Falci, and R. Fazio, Nature (Longlon [15] O. F. Syljudsen, Phys. Rev. 88, 060301(R) (2003); A. Oster-
416, 608 (2002); S.-J. Gu, H.-Q. Lin, and Y.-Q. Li, Phys. Rev. loh, G. Palacios, S. Montangero, Phys. Rev. L&Tt. 257201

A 68, 042330 (2003); G. Vidal, J. I. Latorre, E. Rico, and A. (2006); T. R. deQliveira, G. Rigolin, M.C. deOliveira, E. Mi
Kitaev, Phys. Rev. Lett90, 227902 (2003); J. Vidal, G. Pala- randa, Phys. Rev. &7, 032325 (2008); A. Saguia, C. C. Rulli,
cios, and R. Mosseri, Phys. Rev.68, 022107 (2004); L. Am- T. R. deOliveira, M. S. Sarandy, Phys. Rev. 84, 042123

ico, A. Osterloh, F. Plastina, R. Fazio and G. M. Palma, Phys. (2011);

Rev. A. 69, 022304 (2004); F. Verstraete, M. Popp, and J. |.[16] E. P.Wigner and M. M. Yanase, Proc. Natl. Acad. Sci. U&A
Cirac, Phys. Rev. Letf2, 027901 (2004); R. Somma, G. Ortiz, 910 (1963).

H. Barnum, E. Knill, and L. Viola, Phys. Rev. Z0, 042311  [17] S. Luo, Phys. Rev. Letf1, 180403 (2003); S. Luo, Proc. Am.
(2004); F. C. Alcaraz, A. Saguia, and M. S. Sarandy, Phys. Rev Math. Soc.132, 885 (2003).

A 70, 032333 (2004); M. -F. Yang, Phys. Rev7A, 030302(R)  [18] S. Luo, S. Fu, C. H. Oh, Phys. Rev. &5, 032117 (2012); I.

(2005); L. Amico et al, Phys. Rev. &4, 022322 (2006); L. Marvian, and R. W. Spekkens, Nat. Comm&n3821 (2014).
Amico and D. Patané, Europhys. LétZ, 17001 (2006); A. Os-  [19] S. Luo, Theor. Math. Phy451, 693 (2007); S. Luo, Phys. Rev.
terloh, G. Palacios, S. Montangero, Phys. Rev. 195t257201 A 72,042110 (2005).

(2006); F. Baroni, A. Fubini, V. Tognetti, and P. Verrucchi, [20] D. Girolami, arXiv:1403.2446.

Phys. A: Math. Theo”0, 9845 (2007); [21] D. Girolami, T. Tufarelli, and G. Adesso, Phys. Rev.1.&10,
R. Dillenschneider, Phys. Rev. B3, 224413 (2008); M. S. 240402 (2013).

Sarandy, Phys. Rev. 80, 022108 (2009); S. Campbell and [22] E. Barouch, B. M. McCoy, and M. Dresden, Phys. Rev2ZA
M. Paternostro, Phys. Rev. 8, 042324 (2010); J. Batle, M. 1075 (1970); E. Barouch and B. M. McCoy, Phys. RevBA
Casas, Phys. Rev. 8, 062101 (2010); J. Maziero, H. C. Guz- 786 (1971).

man, L. C. Céleri, M. S. Sarandy, R. M. Serra, Phys. Re82A  [23] T. Baumgratz, M. Cramer, and M. B. Plenio, arXiv:131276.
012106 (2010); B. -Q. Liu, B. Shao, J. -G Li, J. Zou, L. -A. Wu,
Phys. Rev. A83, 052112 (2011); C. C. Rulli, M. S. Sarandy,


https://www.researchgate.net/publication/266259392

