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Internal temperature of quantum chaotic systems at the nanoscale
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The extent to which a temperature can be appropriately assigned to a small quantum system, as an internal
property but not as a property of any large environment, is still an open problem. In this paper, a method is
proposed for solving this problem, by which a studied small system is coupled to a two-level system as a probe,
the latter of which can be measured by measurement devices. A main difficulty in the determination of possible
temperature of the studied system comes from the back-action of the probe-system coupling to the system. For
small quantum chaotic systems, we show that a temperature can be determined, the value of which is sensitive
to neither the form, location, and strength of the probe-system coupling, nor the Hamiltonian and initial state of
the probe. The temperature thus obtained turns out to have the form of Boltzmann temperature.
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I. INTRODUCTION

Thermal and statistical properties of small quantum systems
have been receiving lots of attention in recent years, both
theoretical and experimental [1-15]. A key concept in this
field, namely, temperature for such systems, has not been
fully understood yet [6-8]. In particular, for a small quantum
system, which possesses nonweak interactions among its com-
ponents and is approximately isolated from its environment,
the extent to which a temperature can be assigned to it, as an
internal property but not as a property of environment, is still
an open problem. To solve this problem is a challenge to both
theoretical and experimental physics.

On one hand, in the statistical mechanics, temperature
can be defined in several ways, which are equivalent in
the thermodynamic limit, e.g., that by Boltzmann’s entropy
[16] and that by Gibbs’ entropy [17]. But, there is by far
no unique way for extrapolation to small quantum systems
[17-24]. Different understandings of this concept may lead
to diverse predictions; for example, related to the existence of
negative temperature in bounded systems [9—-15], debates have
been seen [17,25,26]. And different angles of the approach
to thermodynamic properties of small systems may lead to
different types of definition for temperature [18-21,24,27-30].
To make the situation clarified, a direct consideration of the
dynamics at the microscopic level should be unavoidable.

On the other hand, although at the macroscopic scale
temperature can be detected in a reliable way by a thermometer,
this strategy faces an obstacle when applied to a small system
which is coupled to a small probe, the latter of which can
be measured by measurement devices. The obstacle comes
from the back-action of the system-probe interaction to the
studied system. When the back-action can be neglected, the
temperature can be studied in a standard way [23,27,28];
however, usually, the back-action is non-negligible due to
the smallness of the studied system. A reliable temperature
detection can be achieved, only when the influences of
the following factors can be suppressed, namely, the form,
location, and strength of the system-probe coupling, as well as
the Hamiltonian and initial state of the probe.
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In this paper, we propose a temperature-detection method,
in which the above-discussed back-action can be appropriately
taken into account. The method is based on an analysis of
the dynamical evolution of the system-probe composite and
gives a result insensitive to all the factors discussed above.
A close relationship between the statistical mechanics and
chaos has been perceived for a long time [31-34]. Hence,
we consider possible temperature detection for small quantum
chaotic systems. With a two-level system employed as a probe,
we show that the above-discussed insensitivity can indeed be
achieved in certain situations. Interestingly, it is found that the
Boltzmann temperature can appear in a natural way from the
dynamical evolution of the composite system.

According to recent progresses achieved in the foundation
of quantum statistical mechanics, the so-called typical states
within appropriately large energy shells have many properties
similar to equilibrium states [35-43]. For this reason, we
consider a typical state of the studied system as its initial state,
before it is coupled to the probe. It is found that, to accomplish
the temperature detection, the system-probe coupling should
be appropriately adjusted; specifically, the coupling should
be able to induce chaotic motion of the total system, but it
should be still weak to ensure narrow eigenfunctions of the
total system. The analytical results are tested numerically in
an Ising chain in a nonhomogeneous transverse field.

The paper is organized as follows. In Sec. II, we introduce
the main setup. In Sec. III, we discuss a reliable method of
temperature detection for small quantum chaotic systems and
derive an expression for the temperature thus determined.
Then, we test the analytical predictions by numerical simu-
lations in Sec. I'V. Finally, conclusions are given in Sec. V.

II. THE MAIN SETUP

We use S to denote a considered quantum chaotic system
and use |g) to denote eigenstates of its Hamiltonian Hy,
Hg|pr) = Er|ek). As a quantum chaotic system, its spectrum
has no degeneracy. Initially, the system S lies in a (normalized)
typical state within an energy shell Iy, centered at Eg with
a given width §E, namely, Ty = [Eg — 8E/2,E(S) + SE/2].
Explicitly, the typical state is written as

Do) = ) Dilgi), )

EkEr(]
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where Dy, are Gaussian random numbers with a same variance.
We use Np, to indicate the number of energy levels in the
energy shell I'y.

When a probe is coupled to the system S, the total
Hamiltonian is written as

H = H, + \H, + Hs, 2)

with a parameter A for adjusting the coupling strength. We use
|m) of m = 0,1 to denote eigenstates of the probe Hamiltonian
H, witheigenvalues e,,, H,|m) = e,,|m). For brevity, we write
unperturbed states of the total system as |g;m) with energies
Eyn = Ey + ey,. Eigenstates of the total Hamiltonian H are
denoted by |y, ) with energies E,, H|V,) = E4|¥,), and are
expanded as

Vo) = Y CP,lpim) 3)
k,m

in the unperturbed basis. The initial state of the total system
is taken as |Wy) = |Pg)|mo), undergoing a unitary evolution,
(W (1) = e | Wy).

For it to be possible to use properties of the probe to detect
properties of the system S such as temperature, the motion of
the probe should be sufficiently influenced by that of the system
S. This requires that the probe-system coupling should not be
very weak. Below, we assume that the probe is sufficiently
coupled to the system, such that the total system is also a
quantum chaotic system. (We revisit this point when discussing
numerical results.)

When the total system is a quantum chaotic system, its
energy levels, as well as their spacings, have no degeneracy.
It is known that, in this situation, the distance between
the reduced density matrix (RDM) of the probe, p(t) =
Trg(|W(2))(¥(?)|), and its long-time average, denoted by p,
scales as leo 12 [42-48]. This implies that, at large Nr,, if p()
has a steady state, it should be p.

To derive an expression for p, we note that, when the RDM
of the probe is measured experimentally, many realizations of
the initial state of the system should be involved. Averaging
over these initial states gives Dy, D;, = N+~08k010' Then, taking
the average over a long time period, direct derivation shows
that (cf., e.g., Ref. [43])

— 1 ., .
Pmm = Nr, Z Z |Ck0m0|2|ckm|2. 4)

0 Ey€lo k,a

Let us write p,,,, as

Pom = Y _ PI(Ey). ©)
k
where
m 1 komg
P(Ey) = N Py (6)
FO EkOEF()
kom o 121 e 12
Pki(;l ‘= Z |Ckomo| |Ckm| ' (7)

o

The quantity P,ﬁ;lm“ has a simple interpretation; that is, it is
the overlap of two local spectral densities of states (LDOS).
Specifically, defining a LDOS for an unperturbed state |, m) as
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p,];m(E) =, |C,‘fm|28(E — Ey) [49,50], P,f,‘,’lm“ is the overlap
of p,];m(E )and ,o,lgomo(E ). Although the overlap Pfr‘,’lm‘) may show
considerable fluctuations with variation of the system’s energy
Ey, the averaged overlap P;'°(Ey) should show a smoother
feature for N, not small.

We note that, for large Nr,, off-diagonal elements of p can
be neglected. In fact, applying a result given in Ref. [51] to
the system-probe composite we study here with Trg(H;) = 0,
one finds that the steady state of the probe should have an
approximately diagonal form in the eigenbasis {|m)} at A not
small, with off-diagonal elements scaling as Np, "2 In other
words, the eigenbasis of the self-Hamiltonian of the probe is a
preferred basis [52,53].

III. TEMPERATURE DETECTION

For a probe as a two-level system, which has interacted
with the measured system S and has reached a steady state p,
one can always get a value of 8 by fitting the steady state p to
the canonical state %e‘ﬂ Hy_ This value of 8 reflects a property
of the total system after the interaction. The point is whether
it is possible to determine a certain value of 8, which reflects
a property of the initial state of the system S. For this to be
possible, the finally determined value of § should be sensitive
to neither the form, location, and strength of the probe-system
coupling, nor the Hamiltonian and initial state of the probe.

In this section, we show that the above-discussed goal can
be achieved. That is, under appropriate conditions, a value of 8
can be obtained, which is insensitive to the factors mentioned
above.

A. Properties of the function P,,°(E})

In this section, we discuss properties of the function
Po(Ey), which are useful in the study of the steady state
p in Eq. (5). As mentioned previously, the total system is
assumed to be a quantum chaotic system, which implies that
the eigenfunctions have sufficiently irregular components in
the unperturbed basis. This chaotic feature requires that the
coupling strength A is not very small. Meanwhile, we require
that A is not large, such that both eigenfunctions and LDOS
are narrow with w; <« §E, where wy, is the averaged width
of the LDOS, which is approximately equal to the averaged
width of eigenfunctions for A not large.

We find that, under the conditions discussed above, the
function P)'°(Ey) has the following three properties: (i) for a
fixed value of my, this function with m = 0 and with m = 1
has similar shapes, centered at (E(f + ey, — en); (i) it has a
width approximately equal to § E; and (iii) it is approximately
symmetric with respect to its center.

To show the above-discussed properties, let us first consider
the sum

Xo(E) = D |CE ) ®)

Ek() EF()

as a function of the energy E,. Using this quantity, P;"°(Ey)
in Eq. (6) can be written as

1
BB = 5= 3 X (Ea)| €[ ©
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The sum X,,,(Ey) can be divided into a smoothly varying part,
denoted by F,,,(E), and a fluctuating part denoted by Ry,

Xmo(Ect) = Fmo(Eot) + Rot~ (10)

In the case of A = 0, there is a one-to-one correspondence
between the set {|y,} and the set {|gym)}. To indicate this
correspondence explicitly, we write the labels k and m as ky
and my,. It is easy to verify that, at this A = 0,

1 if Eka, € I'p and my = my

X (Ey) = 11
mo(Ea) {0 otherwise, an
where Ey, = E, — e,,,,. This implies that
ps(Ea—emy) .
Fpo(Eq) = > ps(Ea—en) if Ex, € T'o (12)
0 otherwise,
and
1 — gl if By, € Do and my = my
Ry = —% if E;, € Tgand m, # mg (13)
0 otherwise,

where pg(E) is the (smoothed) density of states of the system.
We assume that pg(E) changes slowly in the considered energy

region. As a result, variation of F, (E,) = % can
be neglected and one has
F, (E.) c if Ekn el (14)
MO0 otherwise,

where ¢ is some constant. Thus, the function F,,(E,) has
approximately a rectangular shape, centered at Eg + ey, with
a width § E. In the case that the probe is a single qubit, whose
energy scale is much smaller than that of the system S, one
has ps(Ey — e1) = ps(Eq — €g) and ¢ ~ 3.

At small A, the smoothly varying part of X,,,(Ey), namely,
Fu,(Ey), should have a shape with small deviation from that
of A =0 discussed above. Specifically, it should have the
following properties: (i) being approximately symmetric with
respect to a center (£ g + em,), (ii) having a width close to 6 E,
(iii) varying slowly in the central region of its main body, and
(iv) dropping fast at the edges to quite small values. Moreover,
the main body of R, should approximately lie in the same
region as that of F,,,(E,) discussed above.

Since the total system is a quantum chaotic system, which
has irregular components in the main bodies of its eigenfunc-
tions, the fluctuating part R, should fluctuate irregularly. Its
contribution to the right-hand side (rhs) of Eq. (9) scales as
1/N 11(/) 2, Hence, for large Nt contribution from the fluctuating
part can be neglected and one gets

1

P(Ey) =~ N
Iy

3 Fuy(Eo)|CE [ (15)

When the coupling is still weak to fulfill the condition
wy K §E, for most of the LDOS pkLm(Ea), their main bodies
should lie within the slowly varying region of the function
Fu,(Ey). For these LDOS, when computing the rhs of Eq. (15),
the term F,,,(E,) can be approximately taken as a constant.
Then, noting that Y |C¢,|?> = 1 and the fact that a narrow
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LDOS ,okLm(Ea) is approximately centered at £, = Ejy,,, from
Eq. (15) one finds that

1
P (Ey) ~ N Fno(E)|E,~Ey, (16)

Ty

for most of the energies E;. The percentage not fulfilling
Eq. (16) is proportional to (w,/SE). Thus, for most of the
LDOS ,o,(Lm(E ), the function P)'°(Ey) has the three properties
stated above.

B. Insensitivity to the coupling

In this section, making use of results given in the previous
section, we show that a value of 8 can be determined which
is insensitive to the coupling term under the conditions given
previously.

Substituting the expression of P)°(E;) in Eq. (16) into
Eq. (5) and making use of the properties of the function
F.,(Ey) discussed above, one finds that, within an error with
an upper bound of the order of (w, /S E),

1 1
ﬁmm == P;Zlo(Ek) x~ Fm (Ekm)
N, 3 D= Ry 0

If ps(E) can be approximated by a linear function in the energy
shell centered at Eg + ey, — e, With a width § E, noting the
fact that F,,,(E + e,,) is approximately symmetric within the
energy shell with respect to the center, one gets

ﬁmm x~ G)umg ;OS(Eg + emo - em), (17)
where
1 N
Gimy = — Fny(E§ + €m,)SE, (18)
Nr,

being a quantity independent of the label m. The error for
the approximation in Eq. (17) scales as 1/ Nllé % and also as
(wp /8 E). Equation (17) predicts that

E)+ e, —
gL PEs +n — o) (19)
A, pS(ES+emo—e1)

where A, = e; — ep. It is clear that the rhs of Eq. (19) is
independent of the coupling term A H;.

In the case that the eigenfunctions of the total system have
on average a Lorentz shape [54], one can derive an explicit
expression for the function P}'(E}) (see Appendix A),

(01 — 0_)ps(EY)

P(Ey) ~ , (20)
" o7 (ES + em,)
where 0. = arctan %, with xo = E; + e, — Eg — emy>

and pr is the density of states of the total system. It is not
difficult to verify that the rhs of Eq. (20) has the three properties
discussed above for P, (Ey).

C. Insensitivity to the probe

The value of 8 given in Eq. (19) depends on both the initial
state and the Hamiltonian of the probe. In this section, we
determined a value of § which is independent of the these two
factors.
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With the dependence on mg written explicitly, B, in
Eq. (19) has the following explicit expressions:
L (Y L ps(ES+A)
Bo~—In——F—"—, pfi~——In————=
A. o ps(Eg— A) A ps(EY)
1)

It is seen that the average f = %(/30 + f1) satisfies the relation

B = Bom, (22)

where B, is a Boltzmann temperature, given in statistical
mechanics for macroscopic systems from Boltzmann’s entropy
(1el,
sm = M ’ (23)
E E=E)
which is clearly independent of the probe.

Furthermore, Eq. (22) can be obtained under a more generic
initial condition of the probe, namely, for [Yo) = )", cinlm)
with a random relative phase between ¢y and c;. In fact, in this
case, within the second-order expansion of In pg with respect
to A., one can show that (see Appendix B)

B2 |em| B 24)

Then, taking the average over all possible values of |c,, |*, one
gets the same averaged value of 8 as in Eq. (22).

To summarize, when the following conditions are satisfied,
a temperature 8 ~ B, can be assigned to a quantum chaotic
system S, which can be detected by a probe qubit: (i) Nr,
for the initial state of S is sufficiently large; (ii) the total
system is a quantum chaotic system, whose eigenfunctions
have sufficiently irregular coefficients in the unperturbed basis;
(i) wy, < 8E; and (iv) SE is sufficiently small for linear
approximation of pg(E) within related energy shells.

IV. NUMERICAL TESTS

In this section, we test the results given above, by numerical
simulations performed in an Ising chain composed of N %-
spins in a nonhomogeneous transverse field. The Hamiltonian
of the system is written as

N N-1
Hy = e Y ol + o) + pao? + . Yy olol™, (25
i=1 i=1
where o, ; indicate Pauli matrices. The probe, with a Hamilto-
nian H, = wpcrf, is coupled to the ith spin of the Ising chain,
with an interaction Hamiltonian,

AH; = ro? Q0. (26)

The energy shell for the initial state is chosen to be narrow
but contains a large number of levels. For N = 14, N, is
about 500.

The parameters wy, i, (1, and w, are adjusted, such
that the system § is in a quantum chaotic regime, in which
the nearest-level-spacing distribution P(s) is close to the
Wigner distribution Py(s) = 7 exp(—%sz), the latter of
which is almost identical to the prediction of the random
matrix theory (RMT) [32,55]. In order to determine the
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FIG. 1. Top: “Distances” to quantum chaos for the total system
versus the coupling strength A for N = 14. The distance A, (see
the text; open squares connected by dashed line) indicates a measure
given by the statistics of the spectrum, and A f (solid circles connected
by solid line) is for the statistics of eigenfunctions. Bottom: The ratio
wy /8 E versus A.

quantum chaotic regime of the coupling strength A, we have
studied the distance between P(s) and Py(s), measured by
A, = f [I(s) — Iw(s)| ds. Here, I(s) indicates the cumulative
distribution of P(s), I(s) = [ P(s')ds’, and Iy(s) is the
cumulative Wigner distribution, Iy (s) = fg Py (s))ds'. As
seen in the upper panel of Fig. 1, A, drops quite fast, reaching
a quite small value at A ~ 0.025.

As seen in the analytical derivation of temperature given
in the previous section, the property, which has been really
used, is certain irregular behavior of the eigenfunctions. Such
a property of eigenfunctions is not necessarily guaranteed
by properties of the spectrum. Hence, a direct study of
statistical properties of the eigenfunctions is needed. Nu-
merical simulations in several models, including the Ising
chain studied here, show that the following quantity A is
useful for this purpose [56]: Ay = f | f(x) — frmr(x)| dx.
Here, f(x) indicates the cumulative distribution of rescaled
components in main bodies of the eigenfunctions, with x =
Cy./Tu(e), where I,,(¢) = (|C}, ?) indicates the average
shape of the eigenfunctions and fryr(x) is a cumulative
Gaussian distribution predicted by the RMT [55]. As seen in
the upper panel of Fig. 1, A, reaches its lowest-value region
at A =~ 0.1. Thus, for A 2 0.1, the eigenfunctions should have
the needed irregular behaviors.

The lower panel of Fig. 1 shows that w;, reaches 10% of 6 E
at A =~ 0.25. Thus, the averaged overlap P,°(Ey) is expected
to have the three properties stated previously for A above 0.1
and somewhat below 0.25. Indeed, we found that P)°(Ey)
are close to the prediction in Eq. (20) and possess the three
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0.5 &5 | © o T o
0.4 theoretical theoretical
e 0.34

0.2
0.14
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FIG. 2. Shapes of P,'0(E}) for m = 0 (open circles) and m = 1
(triangles), with § E = 0.2 and A, = 0.6, plotted as a function of Ey,,
for clearness in comparison. The solid curves represent the analytical
prediction in Eq. (20).

properties in this intermediate regime of A (as illustrated in
Fig. 2). Consistently, 8 = @ has been found quite close to
Bsm in this regime of A for N = 14 (Fig. 3).

Figure 3 shows that, decreasing the value of N and, thus,
decreasing the number Ny, for energy levels in the initial
energy shell, the fluctuation of B becomes stronger. In fact,
for N =8, the fluctuations are quite strong, such that no
reliable temperature detection can be done by the probe.
Furthermore, at quite small A, even for large N (N = 14),
the fluctuation of B is also quite large, such that there is no
reliable temperature detection. In fact, in this case, the two
systems are not sufficiently coupled; as a result, one cannot get
the temperature of the system S from properties of the probe.
(This point is obvious in the extreme case of zero coupling.)

We have also tested the insensitivity of the measured value
B to the location of coupling, for A lying in the intermediate

T T T g
031 ¢ e 1M

FIG. 3. The difference A = |B — Bsm| versus A. The value of
Eg for the initial state corresponds to By, = 0.3.
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FIG. 4. Values of 8, when the probe is coupled to the nth spin
of the chain, for A = 0.15 (solid squares) and for A = 0.025 (open
circles).

regime discussed above, as illustrated in Fig. 4 for A = 0.15.
On the other hand, the figure shows that, for quite small
values of A, say, for A = 0.025, consistent with the results
shown in Fig. 3, the value of E is sensitive to the location
of coupling. Furthermore, we have studied dependence of the
difference |8; — Bo| on the spin number N. The density of
states, pg, has approximately a Gaussian shape [57], ps(E) ~
Aexp(—a E?). This gives |8; — Bo| 2 2a A,. Numerically we
found that o N+rc with ¢ ~ O(1); hence, |81 — Bo| x NA—J‘r’C,
approaching zero in the limit N — oo.

V. CONCLUSIONS AND DISCUSSIONS

In this paper, a method is proposed by which the tempera-
ture of a small quantum chaotic system can be detected by a
probe qubit, which is appropriately coupled to the studied
system. This method appropriately takes into account the
back-action of the probe to the state of the studied system.
The obtained temperature is determined by the derivative of
the logarithm of the density of states of the studied system, in
the same manner as a Boltzmann temperature for macroscopic
systems. The extent to which a temperature can be assigned to
the system has also been studied. Due to the smallness of the
studied system, fluctuations around the obtained results are not
negligible, scaling as Ny, '/2 and also as (wy/8E), where Nr,
is the number of states in the initial energy shell with a width
S E and wy is the average width of the LDOS. Finally, we note
that the proposed method should be feasible for experimental
study of temperature under today’s technology.

The system studied above initially lies in a pure state as
a typical state in an energy shell, which may be effectively
related to a microcanonical state [35]. In principle, the method
proposed in this paper can also be used to study other types of
initial states, for example, initially lying in a canonical state or
in a nonequilibrium state [30,58,59]. It would be of interest to
study temperature properties for such initial states in the future.
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APPENDIX A: DERIVATION OF EQ. (20)

In this Appendix, we derive Eq. (20), when eigenfunctions
of the total system have on average a Lorentz shape with a
width wy . In this case, one has

o |2 wr, 1
[ ——.  (AD
mpr(Ea) (Eq — (Ex + €n))* + wi,
where the average is taken over neighboring levels [54].
Noting Egs. (8) and (10), the smoothly varying part F,,,(Ey)
can be written as

& (A2)

Fu(Ea)= Y |CE,.

EkO Ero

When Np, is large, the summation in Eq. (A2) can be
approximated by an integration over the energy of the system
S, with f dEps(E). Substituting Eq. (A1) into the obtained
integration, one gets

0 SE
A
E

5 2 2
Pr(E)T JE,~E9—e, —2£ x>+ wE

Fmo(Ea) = dx,

(A3)

where x = E, — (E + e,,). Then, noting Eq. (16) and the fact
that Ey,, = Ey + ey, straightforward derivation shows that

m ps(ES
Py (Ey) = s(Ey) Sg
mpr (E7)
2x0 4+ 0E 2xg —0FE
x | arctan ——— — arctan —— |,
2U)E 211)5
(A4)

where xo = E; + ¢, — E(S) — ey
APPENDIX B: DERIVATION OF EQ. (24) FOR A GENERIC
INITIAL STATE OF THE PROBE

In this Appendix, we show that Eq. (24) holds, within the
second-order approximation with respectto A, = e; — ¢, un-
der a generic initial condition of the probe, o) = ), ¢m|m)
with a random relative phase between ¢y and c;. Below, for
brevity, in this Appendix we omit the overline of p.

Taking the average over the initial states |y), due to the
random relative phase between ¢y and ¢, one gets

P = D || P, (B1)
mo

where p0) indicates the rhs of Eq. (4), with the dependence
on mg written explicitly. As discussed in the main text, the
averaged RDM has an approximately diagonal form in the
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eigenbasis of the self-Hamiltonian H,. In this basis, the
parameter § in the canonical state % exp(—pB H)) can written as

1 pn
B=——In—. (B2)

Ae  poo
Substituting Eq. (B1) into the above expression of 8, one gets
g— L lale) +lcolpiy 53)

1 0
Ae erlPogg + leolol

Making use of the expression of p{" in Eq. (17), it is not
difficult to find that

pS(Eg + €my — em)

(mo) ~~
Pmm = . (B4)
" Zm’ Ps (Eg + €my — em’)
For example, for m = my = 1, one has
ps(ES
pil = ), (BS)

— ps(ES) + ps(ES + A.)

Expanding In pS(Eg + A,) in the Taylor expansion and
keeping the second-order term, one finds that

ps(Es + Ac) = ps(Eg) exp (BsmAe + 47 /2),  (BO)

where By, is defined in Eq. (23): Bom = 918";5 | p—go- Substitut-
ing Eq. (B6) into Eq. (B5), one gets “

1
1
o = . B7)
U L exp (B + B A2/2)
Similarly, one can compute other elements p"0).
To simplify the notation, we introduce two quantities x4

and x_:

X+ = eXp (,BsmAe + ﬁ;mAg/z)’ (B8)
X— = €xXp (,BsmAe - ﬂém AZ/Z) (Bg)
It is not difficult to find that
1
o 1 o X—+
P11—1+X+’ p00_1+X+’
1 _
0) _ 0 X
~ ’ ~_27 B10
P11 1+ x_ Poo 1+ - ( )

Substituting these expressions into Eq. (B3), after simple
algebra, we get

gL PO+ 00 + P+ )
Ae et x+ (14 x2) + leolPx-(1 + x4)
s 1+ Jer P + leolPxs

n .
A, |cl|2X+ + lcol?x- + exp(2BmAe)
When (8., A?) is small, one can write
exp (BinAZ/2) = 1+ B, A2/2.
Using this approximation, Eq. (B11) can be further written as

B = Bsm

~

(B11)

(B12)

L T epBamAd[1 — (ei — leol)B;,82/2]

A, T+ (ler]? = leol®)Bl, A2 /2 + exp(BamAe)
(B13)
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Then, using the approximation that

L+ (e1]* = leol)BL, AL /2 = exp (£(lc1 > = |col*)BLn AL/ 2),

straightforward derivation gives

1 T4exp(BsmAc)exp (—(lc1]* — |colHBL, A2 /2)

B >~ Bm — —In

PHYSICAL REVIEW E 96, 032207 (2017)

(B14)

= Bsm + (le1]* = lcol*) Bl Ae /2.

A, exp((erl? = leol)B, A2 /2) + exp(BsmAe)

(B15)

Finally, noting that |¢{|? 4 |co|*> = 1 and using the expressions of B and B; in Eq. (21), one gets

B = 1c11*(Bsm + BipAe/2) + 1c01*(Bsm — BimAe/2) = le1|*B1 + Icol*Bo.

which gives Eq. (24).

(B16)
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