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Quantum decoherence and thermalization at finite temperature
within the canonical-thermal-state ensemble
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We study measures of decoherence and thermalization of a quantum system S in the presence of a quantum
environment (bath) E. The entirety S + E is prepared in a canonical-thermal state at a finite temperature; that is,
the entirety is in a steady state. Both our numerical results and theoretical predictions show that measures of the
decoherence and the thermalization of S are generally finite, even in the thermodynamic limit, when the entirety
S + E is at finite temperature. Notably, applying perturbation theory with respect to the system-environment
coupling strength, we find that under common Hamiltonian symmetries, up to first order in the coupling strength
it is sufficient to consider S uncoupled from E, but entangled with E, to predict decoherence and thermalization
measures of S. This decoupling allows closed-form expressions for perturbative expansions for the measures of
decoherence and thermalization in terms of the free energies of S and of E. Large-scale numerical results for
both coupled and uncoupled entireties with up to 40 quantum spins support these findings.
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I. INTRODUCTION

Decoherence and thermalization are two basic concepts
in quantum statistical physics [1]. Decoherence renders a
quantum system classical due to the loss of phase coherence
of the components of a system in a quantum superposition
via interaction with an environment (or bath). Thermalization
drives the system to a stationary state, the (micro) canonical
ensemble via energy exchange with a thermal bath. As the
evolution of a quantum system is governed by the time-
dependent Schrodinger equation, it is natural to raise the
question of how the canonical ensemble could emerge from a
pure quantum state.

Various theoretical and numerical studies have been per-
formed in trying to answer this fundamental question, e.g.,
the microcanonical thermalization of an isolated quantum
system [2—5] and canonical thermalization of a system coupled
to a (much) larger environment [2,6—16] and of two identical
quantum systems at different temperatures [17,18]. Textbooks
on statistical mechanics (for example, see [19-22]) develop
quantum statistical mechanics from various initial viewpoints
and apply various assumptions and approximations. The stan-
dard approach to quantum statistical mechanics is to consider
a quantum system S coupled to a quantum environment E,
with the time evolution of the entirety S + E governed by the
laws of quantum mechanics.

There are many quantum technologies where a physical
understanding and the ability to make quantitative predictions
of quantum decoherence and thermalization is critical to the
design and to the functioning of a device. A few such tech-
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nologies include gate-based quantum computers [23,24], adi-
abatic quantum computers [25-27], electron transport through
nanodevices [28,29], and quantum dots [30,31]. The ability
to make finite-temperature quantitative predictions based on
quantum statistical mechanics is also critical to experiments
in fields such as cold atoms [32-34], quantum optics [35], and
atom/cavity systems [36]. Equally important technologically
is to understand when the quantum world allows adequate
approximation in terms of classical statistical mechanics, with
applications ranging from physical chemistry [37] to electrical
engineering and materials science [38].

Both here and in our earlier work [39] we measure the
decoherence of the system S in terms of o, defined below in
terms of the off-diagonal components of the reduced density
matrix, which describes the state of the system S. If 0 = 0,
then the system is in a state of full decoherence. The difference
between the diagonal elements of the reduced density matrix
and the canonical or Gibbs distribution is expressed by our
measure of thermalization §. Hence, for the system S being
in its canonical distribution it is expected that its measures of
decoherence and thermalization are zero.

In our earlier work [39] we analyzed the decoherence
and thermalization for the quantum system S being part of
the quantum entirety S+ E, of which the time evolution
is governed by the time-dependent Schrodinger equation
(TDSE). We focused on closed entireties S + E with a Hilbert
space of size D = DgDg, with Dg (Dp) being the size of the
Hilbert space of S (E). We found analytically that at infinite
temperature (T = +00) the degree of decoherence of § scales
with 1/4/Dg if Dg > 1> Dy and if the final (steady) state
of the time evolution of the entirety S 4+ E corresponds to a
state that can be picked uniformly at random from the unit
sphere in the Hilbert space of S + E. We showed that in the
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thermodynamic limit Dy — +oo the system S decoheres
thoroughly. We demonstrated by numerically solving the
TDSE for spin-% ring systems that this scaling holds as long
as the dynamics drives the initial state of S 4 E to a state
which has similar properties as such a random state. However,
we have also shown that for T = oo there exist exceptions,
namely entireties and initial states for which the dynamics
cannot drive the system to decoherence.

In this paper, we study measures of decoherence and
thermalization of a system S which is part of an entirety S + E
that is at a finite temperature 7. We mainly focus on the case
that the entirety S + E is in a canonical-thermal state, a pure
state at finite temperature 7' [40—42]. This canonical-thermal
state could be the resulting steady state of a thermalization
process of the entirety S + E coupled to a large quantum bath,
a bath which we do not consider any further as it has been
decoupled from the entirety for a long time before we begin
our measurements on S.

The research is twofold. First, we perform simulations
for the entireties S 4 E being spin-% ring systems. In our
simulation work we first study the thermalization and de-
coherence process by solving the TDSE for an entirety at
finite temperature starting in a canonical-thermal state and
in a product state. For both cases, the final state after some
time evolution is a steady state which is, or is close to, the
canonical-thermal state of the entirety. From our infinite-
temperature simulations [39] we know that there may exist
exceptions to this dynamical behavior. We do not consider
these exceptions in this paper. Therefore, for the remainder of
our numerical simulations we assume that the entirety simply
is in a canonical-thermal state for calculating the measures of
decoherence and thermalization. The Hamiltonian H of the
entirety includes, besides a Hamiltonian Hg and Hamiltonian
Hp describing the system and environment, respectively,
a Hamiltonian AHgg describing the coupling of S to E,
with A the overall coupling strength. Our simulation results
demonstrate that both o and § are generally finite when A Hgg
is not negligible. The finite value does not scale with Dg and
therefore our simulations suggest that this lack of complete
decoherence remains even if the environment size goes to in-
finity. The simulation results suggest that if we want complete
decoherence, either the entirety must be at infinite temperature
or the entirety must be in the weak-interaction regime, where
AHgg goes to zero in the thermodynamic limit. Our numerical
results are, by necessity, for a particular system with less than
40 spin-% particles (see Fig. 1). Our results can nevertheless be
viewed as the normal behavior for any quantum entirety S + E.
This statement is bolstered by the second part of our work.

FIG. 1. Sketch of one of the largest entireties studied numerically.
The environment has Ny = 36 spins (red), and the system has Ny = 4
spins (light green). The dimension of a vector in the Hilbert space of
the entirety is 2*° = 1099511627776 ~ 1.1x10'2,
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Second, we present analytical work based on perturbation
theory for any entirety with a finite size D of its Hilbert
space. Our perturbation theory shows that the conclusions
and inferences drawn from our large-scale simulation data
on specific Hamiltonians H for the entirety are applicable
in general, i.e., applicable for any entirety. Furthermore,
our perturbation theory provides quantitative predictions not
inferred from our simulation data. Therefore, we performed
additional large-scale simulations of spin-% Hamiltonians in
order to both test and illustrate these predictions (without any
adjustable parameters). We perform perturbation theory for
small (AHgg) and show that under symmetry transformations
that leave the Hamiltonians of Hg and Hg invariant but reverse
the sign of the interaction Hamiltonian Hy, conditions which
are usually satisfied, for example, in quantum spin systems,
the first-order term of the perturbation expansion of o2 in
terms of the interaction between S and E is exactly zero.
Therefore, up to first order in our perturbation theory, it is
sufficient to study the case when AHgg = 0. Even if the
first-order term in the expansion of A Hgg did not vanish, the
leading contribution is still the zeroth-order term. Because
the entirety S + E is in a pure state from the ensemble of
all canonical-thermal states, the state for the case AHgr =0
is not a direct product of states from S and E. Hence,
even the zeroth-order term for the perturbation theory in
AHgg is not simple to calculate. A canonical-thermal state is
given by an imaginary-time projection exp(—p8H /2) applied
to a state drawn uniformly from the Hilbert space of the
entirety (together with a normalization of this pure state). The
probability that a particular state is drawn uniformly from
the Hilbert space of the entirety is D~!. These facts allow
us to perform a Taylor expansion in the expectation value
as a difference from the average of D~ !, and we calculate
this expansion to second order. By combining the perturbation
theory for small A Hgg with the Taylor expansion about the
expectation values D~! of a random state drawn from the
Hilbert space of the entirety, we demonstrate that the leading
term in the expressions for o' and 82 is a product of factors
of the free energy of E and the free energy of S. Hence, these
expressions for o and 8% allow one to study the influence of
the environment on the decoherence and thermalization of §
starting from a canonical-thermal state. In other words, only
knowing the free energy of S and of E is sufficient to predict
the degree of decoherence and thermalization that S exhibits
due to the influence of the environment E. These perturbation
predictions hold for any Hg and Hpg, not just for the spin
Hamiltonians like we have studied numerically.

The paper is organized as follows. In Sec. II we describe
the basic theory and provide definitions for o, §, and the
canonical-thermal-state ensemble. The model spin—% systems
and simulation results are presented in Sec. III. Section IV
contains the results from our perturbation theory. The pertur-
bation derivations are very lengthy and hence are relegated to
Appendix B. Further discussion of our results and additional
conclusions are given in Sec. V.

II. THEORY AND DEFINITIONS

The time evolution of a closed quantum system is governed
by the TDSE [43,44]. If the initial density matrix of an
isolated quantum system is nondiagonal then, according to the
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time evolution dictated by the TDSE, it remains nondiagonal.
Therefore, in order to decohere the system S, it is necessary
to have the system S interact with an environment E, also
called a heat bath or quantum bath, or called a spin bath if the
environment is composed of spins. Thus, the Hamiltonian of
the entirety S 4 E can be expressed as

H = Hg + Hp + AHsg, (1)

where Hg and Hp are the system and environment Hamilto-
nian, respectively, and Hgg describes the interaction between
the system S and the environment E. Here A denotes the
global system-environment coupling strength. We focus only
on Hamiltonians Hg, Hg, and Hgg for the closed quantum
system that are time independent.

The state of the quantum system S is described by the
reduced density matrix

p(t) = Trep(t), 2

where p(t) = |W(¢)) (W(2)| is the density matrix of the entirety
S + E at time ¢ and Trg denotes the trace over the degrees of
freedom of the environment. The state |W(¢)) of the entirety
S + E evolves in time according to (in units of &z = 1)

Ds Dg

W) =e"wO) =" cl.p.nli.p),  (3)

i=1 p=1

where the set of states {|i,p)} denotes a complete set of
orthonormal states in some chosen basis. We assume that Dg
and D are both finite. Although |W(#)) can be decomposed
in any basis, we find it often beneficial to use a basis that is
a direct product of the states |i) of S and states |p) of E,
even though these states are not eigenstates of the entirety
Hamiltonian in Eq. (1) if A # 0. In terms of the expansion
coefficients c(i, p,t), the matrix element (7, j) of the reduced
density matrix reads

Dg Dg

pij(t) =Trp Y > c*(i.q.0c(j. p.0lj.p)igl

p=1g=1

Dg
=Y p.0eC, pOI - )

p=l1

A. Measures of decoherence and thermalization

We characterize the degree of decoherence of the system
by [10,39]

Dsfl DS
o= | Y. Y 1mOPR )
i=1 j=i+1

where p;;(7) is the matrix element (i, j) of the reduced density
matrix 0 in the basis that diagonalizes Hy. It is important to
emphasize that in order to study the classic canonical ensemble
one has to study 5, wherein we have picked the basis in Eq. (4)
to be the eigenbasis of Hg of the system S. We do not study a
general p of Eq. (4) which could be in any basis that spans S.
Clearly, o () is a global measure for the size of the off-diagonal
terms of p. If o(r) =0 the system is in a state of full
decoherence (relative to the representation that diagonalizes
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FIG. 2. Simulation results for o(¢) for a coupled ring entirety
with Ng =4, Ng =22, and A = 1 for two different initial states
X (flat curve, green) and UDUDY (decay curve, dark khaki) with
BlJ| = 0.900. The dotted (green) horizontal line is a guide for the
eyes. The inset shows the time average for long times for the UDUDY
initial state as a horizontal line. The bottom curve (green), the middle
curve (blue), and the top curve (red) are for an initial state X with
BlJ| = 0.900, 0.930, 0.945, respectively.

Hg). We define a quantity measuring the difference between
the diagonal elements of © and the canonical distribution
as [10]

Ds

2
DS §
(1) = Z[E;(r)—e"’“w Z”Mﬁ)] (6)
i'=1

i=1

where {Ei(s)} denote the eigenvalues of Hg and b(¢) is a fitting
parameter which is given by

i< p® e I Bii(1) = In (1)) J(EY — EP)

2y |

b(t) =

(7
For excellent fits to the classic canonical ensemble, the fitting
parameter b(t) should approach the inverse temperature § =
1/T (in units kg = 1) at large times. The quantities o (¢) and
8(t) are, respectively, general measures for the decoherence
and the thermalization of S. The values of o (¢) and §(¢) are
generally time dependent. If the pure state of the entirety S + E
is drawn from the ensemble of canonical-thermal states at
a particular temperature, then these quantities are constant
in time, except for small quantum or thermal fluctuations.
Moreover, as seen below (see Fig. 2) for most, if not all, initial
pure states, both o(¢) and §(¢) converge to a constant value
after some time (neglecting small fluctuations). Therefore, in
what follows we leave out the time index in the expressions for
o, 8, and b. We here only study one measure of decoherence
and one measure of thermalization, namely o (¢) from Eq. (5)
and §(¢) from Eq. (6). Any other measurement of the degree of
decoherence or the degree of thermalization would of necessity
be different functions of the reduced density matrix p;; (7).
In our previous work for infinite temperature [39], we
demonstrated that o and § in Eqgs. (5) and (6) scale with the
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dimension of the Hilbert space of the environment E, i.e.,

1 1
o X and § X ——, ®)
~/DEg ~/DgDs

if the state of the entirety S + E is prepared in a random state.
In this paper, we investigate the properties of o and §, mea-
sures, respectively, of the decoherence and the thermalization,
at finite temperatures. This allows us to compare and contrast
with the infinite-temperature results of [39].

B. Random state for the entirety

A random (i.e., infinite-temperature) state of the entirety
S + E reads

Ds Dg

(Wo) = Y di,li.p). ©)

i=1 p=1

where the coefficients {d; ,} are complex Gaussian random
numbers. Note that the wave function | W) must be normalized,
SO

Ds Dg

DD ldipl =1 (10)

i=1 p=1

A pure state |Wy) is a state drawn uniformly at random from
the unit hypersphere of all states of the Hilbert space of the
entirety S 4+ E. Appendix B describes the algorithm used to
calculate |W,) numerically. The pure state |Wy) corresponds
to an equilibrium state at infinite temperature for the entirety
Hamiltonian H. The time evolution of a state is given by
Eq. (3). Hence, both mathematically and physically (since at
infinite temperature all states are equally probable), the time
evolution of a particular state |\W) gives another pure state,
one which had the same probability of being drawn from the
ensemble. Therefore, at infinite temperature, as long as one
starts in any state |\Wy), one gets the same values for o and §
whether or not the state is evolved in time, except for small
fluctuations [39].

C. Canonical-thermal state

A canonical-thermal state is a pure state at a finite inverse
temperature § defined by (the imaginary-time projection)
[40-42]

) )
T (Wole P W) 2
where |Wo) is a random state defined in Eq. (9). The
justification of this definition can be seen from the fact that

for any quantum observable of the entirety S 4 E [40,42], one
has

(1)

(Wg|A|Wg) ~ TrAe PH /Tre PH. (12)

The error in the approximation is of the order of the inverse
square root of the Hilbert space size of the entirety S + E [40],
and therefore the approximation improves for increasing D.
One may consider the state |Wg) as a “typical” canonical-
thermal state [42] in the sense that if one measures observables,
their expectation values agree with those obtained from the
canonical distribution at the inverse temperature 3.
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FIG. 3. Simulation results for o for a coupled ring entirety with
Ng =4, Np =22, and X = 1 starting from different initial states
X with B]J]| =0.90. Results for 11 different realizations of the
environment Hamiltonian Hy are shown (x-axis label at the bottom),
each with different initial states drawn from the ensemble that gives
an X state (blue pluses). The time dependence of o for the first
realization of Hg and one of the initial states X is shown by the solid
(green) curve (x-axis label on top), which is the same curve (green)
as depicted in Fig. 2.

The time evolution of a state, Eq. (3), is given by acting
on the state with the operator e~*’". The imaginary time
projection for |Wg) in Eq. (11) uses the operator e ##/2. The
Hamiltonian H of the entirety commutes with itself. Conse-
quently, the time evolution of a pure state |Wg) drawn from
the canonical-thermal-state ensemble gives a state with the
same probability of being drawn from the canonical-thermal-
state ensemble. Therefore, just as at infinite temperature, at
finite temperature, as long as one starts in any state |Wg), one
gets the same values for o and § whether or not the state is
evolved in time, except for small fluctuations (for an example,
see Fig. 3).

III. NUMERICAL SIMULATION

We performed large-scale numerical simulations of a spin-%
entirety divided into a system S and an environment E to
investigate the measures of decoherence o and thermalization
6 of S. The geometry of one of the largest systems we have
studied is shown in Fig. 1.

Most of our calculations used imaginary-time projections
to obtain a canonical-thermal state [see Eq. (11)]. Only for the
results presented in Figs. 2 and 3 did we solve the TDSE for
the entirety starting from the initial states given by Eq. (11) or
a product state defined later, which evolves in time according
to Eq. (3).

A. Model and method

We consider a quantum spin-% model defined by the
Hamiltonian of Eq. (1), where

Ns—1 Ng

Hs==3 ) > JiSS], (13)

i=1 j=i+la=x.y,z
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Ng—1 Ng
Z Z Z QI e, (14)
i=1 j=i+loa=x.,y,z
Ns Ng
Hsp == %" > Ay SEIT. (15)
i=1 j=1 a=x,y,z
Here S7 and I denote the spin-% operators of the spins at
site i of the system S and the environment E, respectively.
The number of spins in S and E are denoted by Ng and Ng,
respectively. The total number of spins in the entirety is N =
Ns + Ng. The parameters J*; and Q7 ; denote the spin-spin
interactions of the system S and environment E, respectively,
while A7, denotes the local coupling interactions between
the spins of S and the spins of E. The dimensions of the
Hilbert spaces of the system and environment are Dg = 2V
and Dy = 2VE, respectively.

In our simulations we use the spin-up—spin-down basis and
use units such that 7 =1 and kg = 1 (hence, all quantities
are dimensionless). Numerically, the imaginary- and real-time
propagations by exp(—B H) and exp(—i Ht), respectively, are
carried out by means of exact diagonalization or by using the
Chebyshev polynomial algorithm [45-49]. These algorithms
yield results that are very accurate (close to machine precision).
The simulations use, out of necessity, specific values for J;

Q7 ;. and A ;. However, as we show in Sec. IV the s1mu1at10n
results are representatlve for any quantum system S coupled
by any Hamiltonian Hgg to any quantum bath E.

B. Simulation results

We performed numerical simulations of the spin—% Hamil-
tonian for the entirety given by Eq. (1), with the Hamiltonians
written explicitly in Egs. (13)—(15). All simulations are carried
out for a system S consisting of a chain of Ny = 4,6,8,10 spins
coupled to an environment E, being a chain of spins with
14 < Ng < 36. Two interaction bonds connect the ends of the
system and the environment, making the entirety a ring. The
ring entireties are the same as some of the entireties studied
at infinite temperature [39]. The interaction strengths J |
with 1 <i < Ng — 1 are setto J = —1, and all nonzero Q“j
and A; are randomly generated from the range [—4/3,4/3].
Here we present only simulation results for the decoherence
measure o, as the thermalization measure § behaves similarly.

We have included the graphs for § and b in Appendix A.

1. Different initial states

We first study the decoherence process by solving the TDSE
for an entirety at finite temperature starting in two different
initial states:

(1) X. The initial state of the entirety S+ E is in a
canonical-thermal state defined by Eq. (11). The real-time
dynamics will not play a significant role in measurements
of o(t) and §(¢) for such an initial state, except for some
small fluctuations due to quantum and/or thermal effects.
However, for other quantities, for example, expectation values
for time-displaced expectation values such as (S7(0)S7(¢)), the
time dependence can be significant.

(2) UDUDY.For Ng = 4, the initial state of the entirety is
a product state of the system and environment. The first four
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spins (those in §) are in the up, down, up, down state, and
the remaining spins (those in E) are in a canonical-thermal
state Y.

Quantum dynamics may drive the entirety with arbitrary
initial state, including the UDUDY state, into a state which
is indistinguishable from a state drawn from the ensemble of
canonical-thermal states of the entirety. The state observed
after sufficiently long times may be expected to resemble
a canonical-thermal state X. For an initial state UDUDY,
the initial temperature of E used to calculate the canonical-
thermal state Y will be different from the temperature of
the corresponding long-time value of the entirety canonical-
thermal state X.

Figure 2 presents the time evolution of o(¢) for a spin
entirety with Ny =4 and Ng = 22 prepared in these two
different initial states. For both initial states the inverse
temperature is set to B|J| = 0.900. From Fig. 2, one sees
that for the entirety prepared in the product state UDUDY
o(t) evolves closely to the value obtained for the entirety
prepared in the canonical-thermal state X. Of course, the fitting
parameter b from Eq. (7) calculated for the initial state UDUDY
is larger than the initial 8 for the canonical state X because
the initial state of the system is closer to the ground-state
energy.

The bottom (green) curve (in both the main figure and the
inset of Fig. 2) depicts o (¢) for an initial state drawn from X
at inverse temperature 8|J| = 0.900 and has an average fitting
parameter b|J| = 0.895. The inset shows the time average
for long times for o(¢) for the UDUDY initial state with
BlJ| = 0.900 (dark khaki curve). The standard deviation of
the time average for ¢t > 300/|J| of o (¢) for the UDUDY initial
state is 6x 107>, while the fit to the parameter b from Eq. (7)
gives the average b|J| = 0.926. The green bottom curve in
the inset is the same curve as shown in the main figure, for
the initial state X with 8|J| = 0.900. As seen from the inset,
the initial states X (green curve) and UDUDY (dark khaki
curve) lead to different average values for o (¢). The final state
obtained for the simulation with the UDUDY initial state is
expected to correspond closely to an X state at a different
temperature. Therefore, in the inset we show two other curves
for X states with different values of 8|J|. The middle curve
(blue) is for an initial state X with B|J| = 0.930 (giving
an average fitting parameter b|J| = 0.924). The top curve
(red) is for an initial state X with 8|J| = 0.945 (yielding an
average fitting parameter b|J| = 0.939). Thus, for sufficiently
long times, the value of o (¢) obtained for the entirety being
in the initial UDUDY state at a given temperature is well
approximated by its value obtained for the entirety being in a
state X at a different temperature.

As seen from Fig. 2, the time needed to reach a stationary
value for o (¢) (with small fluctuations) is quite long for the
entirety starting in the UDUDY state. For the ring geometry
of the entirety used in Fig. 2 there are only two terms in the
interaction Hamiltonian Hgg. If more terms were added in
Hg g the relaxation time could be reduced dramatically, as was
observed at infinite temperature [39]. There are also cases in
which the entirety cannot be driven into a state which is close to
the state obtained for the entirety being initially in a canonical-
thermal state. For example, at infinite temperature this was
observed when conserved quantities other than the total energy
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or when particular geometric structures were involved [39].
Such exceptional cases are not considered in the present
paper.

In principle, high statistics for our measure of decoherence
o for a particular Hg could be obtained from performing four
different averages. As seen in Fig. 2, an average over time
starting from a particular initial X state could be performed.
Another average would be an average over a large number
of different initial states, each drawn from the ensemble that
gives an X state. In addition to the time average and ensemble
average over X states for a fixed environment Hamiltonian
Hpg, one could also average over different Hg. For each
Hp the coupling coefficients €27, are randomly generated.
One could also average over different Hamiltonians Hgg that
couple S to E. There is only one realization for Hg used
for the results shown in Fig. 2. In order to demonstrate that
different realizations of Hr do not significantly affect the
values of o and §, we present simulation results for o with
different Hg in Fig. 3. For each realization of Hg, a number of
different initial states drawn from the ensemble that gives an
X state at B8|J| = 0.90 are shown. The average and standard
deviation of o, obtained from all (blue pluses) data points in
Fig. 3, are 1.25x 1073 and 6.62x 107>, respectively. Figure 3
demonstrates that the value of o does not differ significantly for
different Hg or for different initial X states. For comparison,
Fig. 3 also shows the time dependence of o for the first
realization of Hg and one of the initial states X by the green
curve, which is the same as the one in Fig. 2. A high-precision
calculation for an average value of o would require taking
into account a time average, an ensemble average over initial
states X, and an average over different Hamiltonians Hg and
AHgg (with fixed Dg and Dyg). In this paper we are interested
in how o and § vary with different values of Dg, Dg, B,
and A. The trends we focus on do not require extremely
high-precision measurements. Therefore, we conclude that for
our investigation of o and § it is sufficient to consider only one
realization of Hg and Hgg and one realization of the initial X
state; averaging over time is not necessarily required.

In the remainder of the paper we focus only on the initial
state of the entirety S + E being an X state. In addition, we
omit the time index ¢ for the measures of decoherence o and
thermalization §. For entireties of size N = Ng + Ng < 32,
the values of o (§) are taken from either the time averages or
the last time step of o(¢). For large system sizes (N > 32),
it is not necessary to perform real-time simulations as the
fluctuations are very small (data not shown).

2. Coupled spin entirety

We consider the coupled ring entirety with A # 0 and
investigate how o behaves with changing global interaction
strength A and inverse temperature . In all cases we start
with an entirety prepared in the canonical-thermal state X
and measure o. The strengths for the two interaction bonds
in the Hamiltonian Hgsg are randomly generated and are kept
the same for all considered entireties. Note that Hg is totally
different for each realization of the environment with size Ng.

Figure 4 presents simulation results for o for a fixed system
size Ng = 4 and different environment sizes Ng. The initial
state is prepared at inverse temperature B|J| = 0.90. From
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FIG. 4. Simulation results for o for a coupled ring entirety with
Ng = 4and Np = 14, ... 36 for different global interaction strengths
A. The entirety is in a canonical-thermal state with B|J| = 0.90.
Curves from bottom to top correspond to A = 0.00, 0.33, 0.50, 0.67,
0.75, 0.83, 1.00, 1.67. (Inset) o as a function of A for Np = 36.
The (light blue) solid line is a fitting curve for nonzero A and gives
o ~ 0.00122.

Fig. 4 two regimes with different behaviors of o as a function
of Ng can be observed. The two regimes are separated by a
given environment size that depends on the global interaction
strength A and is denoted by L(A). For Np < L()), o decreases
approximately exponentially with increasing Ng. For Np >
L(L), o converges to a finite value that also depends on A.
The smaller is A, the larger is L(A) and the smaller is the
value to which o converges. We infer from this that o may not
go to zero once Hyg is present, that is, once the system and
environment are coupled. This would imply that S does not
decohere thoroughly even when the size of the environment
reaches the thermodynamic limit (Ng = +00). The inset in
Fig. 4 shows o as a function of A for Ny = 36. It is seen that
o ~ 0.001A%. This implies that complete decoherence for S
requires both Ng — 400 and A — 0. However, numerically
we cannot rule out a slow decrease of o with N for finite A.

Figure 5 presents simulation results for o for the coupled
ring entirety for different temperatures S. In this case A =
1. We observe the same features as for the results shown in
Fig. 4 for varying A. In Fig. 5, o first decreases approximately
exponentially for small Ng and then gradually converges to a
finite value for large Ng. The point of crossover shifts to larger
Ng for smaller values of 8. Although Fig. 5 presents mainly
results for finite 8|J| < 1, we observe the same type of curves
for finite S|J| > 1 (not shown).

In Fig. 5 we also present results for the entirety being in the
ground state (8 = +00). We used the Lanczos algorithm to
obtain the ground state of the entirety S + E. The fluctuations
of o for different Ng are large compared to the fluctuations
in the results for o at finite temperature. One cause of this
is the unavoidable error made in finding the exact ground
state, leading to a different effective inverse temperature 8
for different Ng. Another cause is that for every value of
Ng the bath is completely different, and for each value of
Ng we performed the Lanczos calculations for only one
particular bath described by the Hamiltonian Hg. Different
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FIG. 5. Simulation results for o for a coupled ring entirety
with Ny =4, Ng=14,...,36, and A =1 for different inverse
temperatures B. Curves from bottom to top correspond to B|J| =
0.075, 0.15, 0.30, 0.45, 0.60, 0.75, 0.90, +o0. (Inset) o as a function
of B|J| for Ng = 36. The (light blue) solid line is a fitting curve and
gives o ~ 0.0014 |J|* 8 for B|J| > 0.15.

baths [different values of the €2 ; in Eq. (14)] for the same
value of Ng may be expected to give very different values for
o, which should be more pronounced for large values of N at
low temperature. Due to limited computer resources, it was not
possible to run the Lanczos algorithm for even larger systems.
Within the calculational accuracy and with these caveats, we
speculate that o is flat and converges to a large value at the
ground state.

The insets of Figs. 4 and 5 present the results for o as a
function of A and B, respectively, for Np = 36. At relatively
large values of A and B, o already approaches its plateau value
for Ng = 36. The only outlier point is for 8|J| = 0.075 in
the inset of Fig. 5. We ignored this point in the fit because
from Fig. 5 the asymptotic value for large Ng had not yet
been reached for N = 40 spins. From these insets we find that
the plateau values for o for large Ng can be fitted well by
functions of A% and 83 for A < 1 and B|J] < 1.

We have previously shown that o goes to zero in the
thermodynamic limit if 8 =0 [39] [see Eq. (8)]. From
Figs. 4 and 5, it can be concluded that for large sizes of
the environment, o converges to a value (BA)*(c2 + ¢38)
for 0.1 < B|J| < 1 and 0.33 < A < 1, where the coefficients
¢ and c3 depend on the specific form of the interaction
Hamiltonian Hgg, even in the thermodynamic limit. The
presence of finite interactions between the system and the
environment results in the system not decohering thoroughly
(0 remains finite) even when the size of the environment
goes to infinity (D — +00). In order to retrieve o — 0
in the thermodynamic limit (Dg — +00), one might have
to go simultaneously to the weak-interaction region. Hence,
complete decoherence of the system with fixed Ny at finite
temperature may require a limiting procedure in which ANg
is kept fixed as Ny — +oo and L — 0.

All the results shown in Fig. 4 and 5 are for system size
Ng = 4. In Fig. 6, we present results for different system sizes
Ns = 4,6,8,10. It is seen that the values of o converge to a
different finite value for different Ng, and this value decreases
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FIG. 6. Simulation results for o for a coupled ring entirety with
Ng = 4,6,8,10 (symbols, top to bottom), Ng = 14, ...,30,and A =
1 for B|J| = 0.90. The solid (dark khaki) line depicts the simulation
results for the uncoupled entirety (A = 0) with B|J| = 0.90. The
dotted line depicts the analytical results for infinite temperature [39].
(Inset) o as a function of Ng for Ny = 30.

as Ny increases. Therefore, o might go to zero if Ny — 400
and Ng — —+oo. Effectively, in this limit one enters the weak-
interaction regime for a ring geometry because A is fixed while
both Ng and Ny approach infinity.

3. Uncoupled spin entirety

As shown in the previous section, one may have o = 0 in
the thermodynamic limit if A goes to zero (see Fig. 4). The
uncoupled case (A = 0) is a special case which we explore
further in this section. Even though AHgg = 0, the states of
the entirety which are drawn from the ensemble of canonical
thermal states [see Eq. (11)] are not direct product states. In
other words, the states of S and E are entangled even if > = 0,
because the entirety is prepared in a canonical-thermal state.
Figure 7 shows the simulation results of o for an uncoupled
entirety as a function of the size of the environment Ng for a
number of values for the inverse temperature 8. The value of
o decreases approximately exponentially with the size of the
environment.

In Fig. 7 the absolute value of the slope decreases slightly
as B|J| increases. When 8 — +o0, the slope of o becomes
zero and the curve is a horizontal line. The entirety stays in
the ground state as B — +oo. If the ground state of S is
nondegenerate, then o = 0, and if the ground state of § is
degenerate, then o is generally finite for § — +o0.

C. Summary of simulation results

Unlike what we found in our previous work for 8 = 0[39],
at finite 8 the behavior of our measure o for the decoherence of
S is quite different. For any finite values of B and A, o decreases
approximately exponentially with N if Ng is smaller than a
certain threshold and converges to a finite value for large Ng.
This implies that S will not totally decohere even if Np —
+00. The numerical results suggest that o &~ (B1)*(c2 + c38)
for certain ranges of A and § in the thermodynamic (Ng —
+00) limit. In order to have o = 0 in the thermodynamic
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FIG. 7. Simulation results for o for an uncoupled entirety (A = 0)
with Ng = 4 and Ng = 14, ...,36 for different inverse temperatures.
Curves from bottom to top correspond to B|J| = 0.075, 0.30,
0.60, 0.90.

limit, either 8 goes to zero (our previous results [39]), or A
goes to zero, which is an uncoupled entirety. We emphasize
that the uncoupled entirety must be understood as a limiting
case of A — 0, since the states of S and E are entangled in a
canonical-thermal state X. If one instead directly starts with
the initial entirety state being an uncoupled direct product
state, then it always will remain a direct product state.

We stress that the calculations presented in this section
were extremely expensive to perform in terms of computer
resources. Computer memory and CPU time put limitations
on the size of the quantum system that can be simulated.
The required CPU time is mainly determined by the number
of operations to be performed and does not currently put a
hard limit on the simulation. However, the memory of the
computer does put on a hard limitation. We have studied sizes
of the entirety S + E ranging from N = 18 to N = 40. The
largest and most costly simulations were the computations
of the decoherence for a N =40 spin-% system at various
temperatures B and global interaction strengths A. It took about
1.6 x 10° core hours to complete the eight data points for Ny =
36 (N = 40)in Fig. 4 on 131 072 processors of JUQUEEN, an
IBM Blue Gene/Q located at the Jiilich Supercomputer Centre
in Jiillich Germany [50]. The N = 40 points require using 64
TB (terabytes) of memory (SDRAM-DDR3) just to store the
four required wave vectors. However, some additional memory
is required to store other quantities, making it necessary to
run with an allocation of 128 TB spread over the 131 072
processors.

IV. PERTURBATION THEORY

Most of the interesting numerical results in Sec. III are
based on an initial state of the type X, which means that the
entirety is in a canonical-thermal state. As seen in Figs. 2 and 3,
except for small fluctuations the quantum dynamics does not
play a significant role for our decoherence measure o (¢) [nor
does it play a significant role for §(¢)]. Therefore, we again
leave the time index ¢ from our expressions for o and §. This
allows us to perform certain analytical calculations dealing
only with the imaginary-time propagation exp(—8H/2) of
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Eq. (11), which we do here. The derivations are long, and
hence only the sketch of the calculations and the final results
are presented in the main text. The long derivations are
relegated to Appendix B. Especially for the uncoupled entirety
S+ E (A =0), we are able to derive closed forms for the
measures of decoherence and thermalization, namely o and §.
It is important to remember that even when A = O the state
of the entirety is not a direct product state of states of §
and E. These closed forms for o and § may be useful for
understanding and making predictions of physical systems in
certain circumstances. For the coupled case, we derive the
first-order perturbation term in the global interaction strength
A and show that the first-order term is exactly zero if the system
obeys a certain common symmetry introduced below. The
vanishing of the first-order term in A means that the results of
the closed expressions for the uncoupled entirety fit extremely
well results for the coupled entirety at small values of A8.

Hereafter, we investigate the properties of the decoher-
ence measure o of a quantum system S when the entirety
S 4+ E is in the canonical-thermal state [see Eq. (11)]. In
essence, our calculations average over the entire ensemble
of canonical-thermal states X for a fixed 8 for any entirety
Hamiltonian H.

A. Canonical-thermal state

In the eigenenergy basis {|Ey)} of the Hamiltonian H of
the entirety, the state of Eq. (11) is given by

b dye P/

D
|Ex) =) alEx), (16)
k=1 \/2113:1 |dy|2e—PEV k=1

where gy is given by

[Wg) =

dipl/2
@ = —2P 17
Vo1 ldi 2 pe
e_.BEk o
L — 1
Dk ZI?’:I pry (18)

Note that, in general, the probability density of the coefficient
a; is not Gaussian anymore, as it was at infinite tempera-
ture. The {a;} satisfy the required normalization condition,
Zl?:l lax|* = 1. For sufficiently large D (the dimension of
the entirety), we have [41]

D

) 1
D ldilPpe~ —. (19)
k=1 D

Equation (19) is a good approximation for all values of A and
B (see Fig. 23 in Appendix B); in fact, Eq. (19) is exact both
for B = 0 and B = oo. Therefore, the canonical-thermal state
can be written to a good approximation as

D
\Wg) = D' dip,*|Ep). (20)
k=1

B. Uncoupled entirety with Eq. (20) approximation

First we consider an uncoupled entirety with Hgp =0
or A = 0. There exist simple relations for the eigenvalues
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E; (eigenstates |Ej)) of the entirety Hamiltonian H in
terms of the eigenvalues E\ and E( (eigenstates 1E®)
and |E{")) of the system Hamiltonian Hy and environment
Hamiltonian Hpg, respectively, i.e., Ey = E(S)—I—E;E) and

|Ey) = |Ei(S)) |E§,E)). The canonical-thermal state reads [from
the Eq. (20) approximation]

E
W= DRSS ESES, @
i=1 p=1

The matrix element (i, j) of the reduced density matrix of §,
in the basis that diagonalizes Hg, is given by

~ 1/2 1/2
Bij = Trp|Wg)(Ws| = DZ pindippy. (22)
p=1
The expectation value of the off-diagonal matrix elements
(i # j) with respect to the probability distribution of the
random variables d; , is given by [39,40]

2
2y 1/2 1/2
EQoH=¢& Z Z R e
i#] p=I1
Ds  Dg
* * 1/2 1/2 1/2 1)2
:DZZ Z g(diquj*pdisp,dj,p')plppj ppl P/pjp
i#jp=1,p'=1
Ds Dg
:DZZZgﬂdivl’|2|dj,17|2)pi,ppj,p
i#j p=1
Zs(2 Zg(2
=D2@@(|di,p|2|djp|2)[1_ Sz( ,3):| Ez( ,3)’ (23)
’ Z3B) 1 ZE(B)
where Zg(np) =3, eE® and Znp) =Y, o PEY de-

note the partition functions of the system S and the environ-
ment E at inverse temperature nf8, respectively. Here and in
the following &'(-) denotes the expectation value with respect
to the probability distribution of the random numbers {d; ,}.
We change from the partition function to the free energy

Z(np) =y e = P00, 24)
k

where F(nB) = —(nB)~!1n Z(np), for either the entirety (no
subscript), the system with subscript S, or the environment
with subscript E. We have

2
s = 2L eqa, Pd; P
(c9) = 3 (] z,pl | j,p| )
x (1 — efzﬂ[Fs(Qﬁ)*Fs(ﬁ)])6*25[1”5(2}3)*1’5(/‘3)]

— L(l _ e—2ﬁ[FS(2ﬁ)—Fs(ﬂ)])
2(D+1)
x e—zﬁ[FE(zﬂ)—FE(ﬂ)]’ (25)

where &(|d; ,|*|d; ,|*) = 1/D(D + 1) [40]. From Eq. (25),
we see that o scales with the size of the environment for the
uncoupled entirety because the free energy Fr scales with
the size of the environment. Hence, o goes to zero in the
thermodynamic limit (Ng — +00) for this uncoupled case.
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For §, we obtain the expression

£(6) = 2B~ Fs(B)] <gzmmzﬂ>mﬁn _ l)

D+1 D

(26)
from a similar analysis.

C. Uncoupled entirety with full |W¥g)

These expressions Eqgs. (25) and (26) only work for very
high or very low temperatures where the approximation
in Eq. (20) is valid. The reason is that the derivation of
Egs. (25) and (26) is based on an approximate expression
of the canonical-thermal state [see Eq. (21)] by using Eq. (19).
In order to improve the above results, we have to perform
calculations which start from the canonical-thermal state in
Eq. (11). We perform a Taylor series expansion of o2 up to
second order in |d|* about the value 1/D and then calculate the
expectation value of o2. A very lengthy calculation, relegated
to Appendix B, gives

&(6?) = le—zﬁ[FEeﬂ)—FE(ﬁ)](l _ ¢ 2BIESCH-Fs(p))

2

_ 2D spircp-repn
D+1

x (¢~ WIF@H~F5s(B) _ (=3pIFsGH)~F5(B))

43D aprenFe®) 2By
2D+ 1)

(1 — e 2BIFSCH-FsP)ly, @7)

Obviously, in most cases the first term will dominate, which
approaches Eq. (25) for D large.

Two special cases are of interest. If § = 0, we recover
the previous result &(c?) = 2?54__]1) [39]. In the vicinity of
B = 0, the first-order term of the Taylor expansion of Eq. (27)
vanishes. Hence, in the high-temperature limit, &(c?) =
2k + 0.

If the temperature approaches zero, Eq. (27) becomes
-1 |:] B DsDg ] 28)
nggE (DsDg + 1)gsge

where gg and gg refer to the degeneracy of the ground state of
the system S and environment E, respectively. This expression
yields zero if the ground state of the system is nondegenerate.
For a system with a highly degenerate ground state (gg > 1),
the expression goes to 1/2gg. For a system with known gg > 1
and a large environment Dg > 1, at small A and at low
temperature, if one measures & (62), one can determine the
degeneracy gg of the ground state of the environment. This is
a new, strong prediction. The ground-state degeneracy gg of
the environment can be obtained by only measuring quantities
in the system S.

Similarly, we can make the Taylor expansion for 8> up
to second order with respect to both |d|?> and b about the
values 1/D and B, respectively. The full derivation is given in
Appendix B. The expectation value of 8 is given by

11m &%) =
+

5(82) — e—Zﬂ[FE(2/3)—Fs(ﬁ)](e—Zﬂ[FsOﬂ)— Fs(B)]

D+1
— 2 3BFsCGA—Fs(P] e—4ﬁ[Fs(2ﬁ)—Fs(ﬂ)])

+e PIREDTRONICs2)/(4p7)]
+[Us(2B) — Us(B)I*}(Ab)?, (29)
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where Ab = b — B, and Cs(nf) and Ug(np) are, respectively,
the specific heat and average energy of the system S at inverse
temperature nf. It is obvious that for the uncoupled entirety
b = B. For the coupled entirety, as we find below, b is not
necessarily equal to 8, but should usually be close to the value
of B.

D. Coupled entirety

For a generic entirety, a system S is coupled to an
environment E. To solve such a coupled entirety analytically,
we have to resort to a perturbation theory. Up to first order in the
global system-environment coupling strength A, we have [51]

1
e PH A (1 _ {/ dée*ﬂEHoHSEeﬁSHo },B)L)eﬂHo’ (30)
0

where Hy = Hg + Hg denotes the Hamiltonian of the uncou-
pled system and environment.

The first-order perturbation comes from both the denom-
inator and numerator of Eq. (11). First let us deal with the
denominator. Up to the first order, we have

D(W(0)|e PH W (0))

1
~ Tre P — B / deTre Pt Hope PU—9H - (3])
0

Hereafter, we introduce a kind of symmetry which makes
the first-order term in Eq. (31) be zero and restrict ourselves
to a system which obeys such a symmetry. The symmetry
is a kind of unitary transformation such that if we reverse
the components in the systtem S or in the environment
E, the sign of the interaction Hamilton Hgp is reversed
while the Hamiltonians Hg and Hg are unchanged. Let Z
be the partition function of the unperturbed system (the
uncoupled entirety where Hgg = 0). The complete symmetry
requirement can easily be seen by performing the integration
over £ in Eq. (31) to give

D(W(0)|e PH|W(0)) ~ Zo — BATrs p(Hspe PHEe PHs) (32)

and asking when the trace that multiplies SA vanishes. With
such a symmetry involved, it is clear that the first-order term in
Eq. (31) has to be zero. Then the first-order perturbation term
can only come from the numerator of Eq. (11).

Consequently, up to the first order, we have

(W) e P |w(0)) ~ Tre #M /D = Zy/D.  (33)

The wave function is thus given approximately by

D
|Wp) ~ ,/Z—O e P2 1w(0))
D 1
~ 2—(1—{/ dge—ﬁf”o/zHSEeﬁ”W},6/\/2>
0 0

x e PH/2 1@ (0)). (34)

Based on the expression in Eq. (34), we find that the first-order
term of the perturbation expansion in A of the expectation value

PHYSICAL REVIEW A 93, 032110 (2016)

of o2 is given by

n (DY D
O(E(07)) = m(%) D1

x [ZsTre PHs e 2PHe fop — Tre 2PHsHHE go 1.
(35)

Applying the same symmetry transformation as discussed
before results in &(&(206%));1 = 0. In other words, the same
symmetry that makes the SA term in Eq. (32) zero will make
both traces in Eq. (35) zero. Hence, to study the decoherence
of a system S coupled to an environment E up to first order in
A, it is sufficient to study the uncoupled entirety (. = 0) (see
the results in Sec. IV C).

Calculating the second-order perturbation term of o2 is
much more complicated as the perturbation term comes from
both the denominator and numerator of Eq. (11). In terms of
perturbation theory, the reduced density matrix of S can be
written as

Trge PH/2|W(0)) (W(0)| e PH/
(W(0)|e=PH W (0))
= Do+ BAp1 + (BA o2+ - -, (36)

5:

where py is the zeroth-order term which represents the reduced
density matrix of the uncoupled entirety (A = 0), and p; and
> are matrices representing the first- and second-order pertur-
bation terms. We have shown that p; = 0 if the Hamiltonian
of the entirety has the previously discussed symmetry. If p, or
higher-order terms are nonzero, then o will be finite at finite
A If BA < 1, we can safely use the results obtained from
the uncoupled entirety for the measures of decoherence and
thermalization. It is important to remember that the initial state
of the uncoupled entirety (A = 0) is not a direct product state
of states of S and E.

E. Verification by spin Hamiltonians

From Egs. (13)—(15) it is seen that the Hamiltonian of the
spin entirety obeys the symmetry property required to make the
first-order term A! of the perturbation expansion of the expecta-
tion value of o2 [see Eq. (35)] exactly zero. Namely, reversing
all spin components of the system or of the environment spins
does not change Hg or Hg, but the sign of Hgg changes. Note
that such a symmetry is also obeyed in the case where there is
no interaction between the environment spins, e.g., for an envi-
ronment Hamiltonian Hr = — Zlel Dy BT [52,53].
In this particular case, it is only required that Hg is an even
function and Hgg an odd function under reversal of all spin
components of the system spins.

For a small size of the system such as N < 12, we can
diagonalize the system exactly, find all the eigenvalues and
eigenstates of the Hamiltonians Hg and Hg, and directly
calculate the values of o and § according to the analytical
expression of Egs. (27) and (29), respectively.

Figure 8 shows the simulation results for /& (c2) obtained
by exact diagonalization for the entirety S+ E being a
spin chain with Ny =4 and Ng = 8. The system S and
environment E consist of two ferromagnetic spin chains with
isotropic spin-spin interaction strengths Ji*; = J = Qf , =
Q = 1. They are connected by one of their end spins,

032110-10



QUANTUM DECOHERENCE AND THERMALIZATION AT ...

0.22 ‘ |
S = AM=Q e
02} ‘ ' M=107
P S MA=102 o
M=1 o
0.16 |
Qq
= 014}
%
= o012t
Y
01t
0.08 |
0.06 |
0.04 : : .
0.0001 0.001  0.01 0.1 1 10
18|

FIG. 8. Simulation results for  /&(c2) for ferromagnetic spin-%
chains with Ny =4, N =8, J = Q = 1, and various interaction
strengths AA as a function of the temperature 7/J = 1/(8J). The
solid line (red) is obtained from Eq. (27) by using numerical values
for the free energies Fs(nf) and Fr(nB). The dotted lines are guides
for the eye.

with an interaction strength A%, | = A. The global system-
environment coupling strength is % = 1. The simulation results
(symbols) are averages over 1000 simulations with different
initial random state vectors drawn from the ensemble X.
Substituting the numerically obtained values for the free
energy of the system and environment for AA =0 in the
analytical expressions for &(c?) given by Eq. (27) results in
the solid lines depicted in Fig. 8. The simulation results for
the uncoupled entirety (AA = 0) and for the coupled cases
when BAA < 1 agree with the analytical results for the whole
range of temperatures. As the temperature decreases the state
of the entirety S + E approaches the ground state, and &(o?)
becomes constant, with its numerical value being given by
Eq. (28). For the case at hand, gg =5, gg =9, Ds = 16, and
Dg = 256; hence, Eq. (28) yields \/&(02) = 0.21,in excellent
agreement with the numerical data. In the coupled case and for
small temperatures 1/8J, /& (c2) develops a plateau different
from that of the uncoupled case. The dependence of this plateau
on B or AA is nontrivial, requiring a detailed analysis of how
the ground state of S + E leads to the reduced density matrix
of S (in the basis that diagonalizes Hy). In this respect, the
or AA dependence of the data shown in Fig. 8 is somewhat
special because the ferromagnetic ground state of the system
does not depend on AA.

For the spin system under study with LA # 0, the first-order
term of the perturbation expansion of the expectation value of
o? in terms of BAA is exactly zero. Hence, for a weakly
coupled entirety (LA small) deviations from the analytical
results [Eq. (27)] obtained for the uncoupled entirety (LA = 0)
are, as expected, seen only in the low-temperature region. The
numerical results (symbols) in Fig. 8 are in excellent agreement
with the predicted results (solid line, red) as long as SAA
is small. For a finite BAA, the plateaus at low temperature
may or may not be reached, and therefore the perturbation
results may no longer be applicable. The results in Fig. 8 are
in amazingly good agreement for all temperatures with the per-
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FIG. 9. Simulation results for /& (c2) for spin-% chains with
Ny =4, Ng =8, J = —1, Q =1, and various interaction strengths
AA as a function of temperature 7/|J| = 1/B|J]|. The solid line
(red) is obtained from Eq. (27) by using numerical values for the
free energies Fs(nB) and Fg(np). The dotted lines are guides for the
eye. Note that this figure is for gg = 1, which looks very different
compared to Fig. 8 for gg > 1.

turbation theory predictions of Eq. (27). The excellent agree-
ment is also seen for low temperatures whenever SAA < 1,
giving agreement with the expression Eq. (28), wherein the
ground-state degeneracy of the environment E enters the
measured value of o in the system S.

In the low-temperature limit for &€(o%) from Egs. (28) or
(B131) the perturbation expression gives

(gs — D(gsge — D
nggE

lim &(0?) ~ , (37)
B—o00
with the approximation valid for large D. In Fig. 8 results for
the approach to the low-temperature limit for one case with
Ng =4, N =8and gg =5, gg = 9. For g5 > 1 the expres-
sion in Eq. (37) is finite at 7 = 0. However, when gg = 1
the expression in Eq. (37) is zero at T = 0. Therefore, the
predicted curve looks much different from the curve in Fig. 8.

Therefore, we here present results for a case with gg = 1.
The system is a spin chain with Ny = 4 and isotropic antifer-
romagnetic spin-spin interactions J¢ = —1 with @ = x,y,z,
so gs = 1. The environment is a spin chain with Ng =8
and isotropic ferromagnetic spin-spin interactions Q% = 1.
The environment and system are connected by one of their
end spins to form the entirety S + E with a chain geometry.
The coupling interactions AA® take various isotropic values.
Figure 9 for gg = 1 looks completely different compared to
Fig. 8 for gg > 1. Nevertheless, as the system-environment
coupling strength LA becomes small, the data from the
calculations fall nicely on the theoretical curve obtained from
Eq. (27) (red solid line). Note the extremely small values
or /& (c2) for low temperatures. Calculating the theoretical
curves (red solid lines) for these quantities at low temperatures
required quadruple precision in the floating point numbers.

In order to study the behavior of o as a function of the
global coupling interaction strength A, we performed further
simulations for a spin entirety configured as aring with Ny = 4
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FIG. 10. Simulation results for o for rings with Ny = 4, Np = 26
(open circles) and Ny = 4, Ng = 36 (solid circles) as a function of
the global interaction strength A for 8|J| = 0.90. For the values of
the interaction parameters, see text. The solid lines are fits to the
data as described in the text. The top (bottom) horizontal dashed
line represents the value obtained by simulating the noninteraction
system, A = 0, with 30 (40) spins.

and Ng = 26,36 at the inverse temperature 8|J| = 0.90. In
Fig. 10 we present the simulation results for o as a function
of A. The entirety is a ring, and the system Hamiltonian Hg
is antiferromagnetic (the Hamiltonians and geometry have the
same structure as in Figs. 2 through 7). Least-squares fitting of
the data for o2 to polynomials in A, we find that a polynomial
of degree 7 yields the best fit, for both the 30- and 40-spin
entirety data [54,55]. The behavior of § is very similar to that
of o and is again only shown in Appendix A. From Fig. 10 it
is seen that for A & 1, o changes very little as the dimension
of the Hilbert space of the environment increases. This is a
pronounced finite-temperature effect, as for 8 = 0 the scaling
o ~ 1/4/Dg holds independent of the coupling A [39].

V. CONCLUSIONS AND DISCUSSION

In this paper, we investigated measures o for the deco-
herence and § for the thermalization of a quantum system §
coupled to a quantum environment E at finite temperature.
The entirety S 4 E is a closed quantum system of which the
time evolution is governed by the TDSE.

Today many technologies are being driven by necessity
to the quantum regime, rather than operating in a classical
or semiclassical regime. In the quantum regime, maintaining
the coherence of the state of the system under investigation
is paramount. Therefore, an understanding and quantitative
predictions of how difficult it is for a quantum system § to
decohere, and how effective a particular quantum environ-
ment E is at decohering any system is critical to quantum
technologies and experiments such as gate-based quantum
computers [23,24], adiabatic quantum computers [25-27],
quantum dots [30,31], quantum optics [35], cold atoms [32—
34], coherent electron transport [28,29] (including nanoelec-
tronics [56,57] and quantum dragon nanodevices [58,59]), and
atom/cavity systems [36]. We have found that at finite and
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small BA, where 8 denotes the inverse temperature and A the
global system-environment coupling strength [see Eq. (1)],
the important quantities to answer these questions about
decoherence are the free energy Fis of the system S and the free
energy Fg of the environment E. Therefore, experimentally it
is important to measure or to estimate Fg and Fg. The lowest
order result for o is given in Eq. (25), with the full result
given in Eq. (27). Similar statements hold for the measure of
thermalization §, with the lowest-order result given in Eq. (26)
and the full result given in Eq. (29) in terms of the free energies
of both § and E.

We have investigated o and § at finite temperature both
numerically and analytically. Most of the numerical results can
be understood within the framework of our analytic results. If
the entirety S + E is prepared in a canonical-thermal state, we
showed by means of perturbation theory that o2, the degree
of the decoherence of §, is of the order ﬁzkz. Similar results
were found for our measure of thermalization §2. Up to the
first order in the system-environment interaction we found

0,87 ocexp{—2B[F£(28) — Fe(B)1}- (38)

A related decoherence result, for a somewhat different context,
was found in Ref. [42]. Note that Fg is the environment
free energy and, consequently, is an extensive quantity. This
provides a measure for how well a weakly coupled specific
finite environment can decohere and thermalize a system at
an inverse temperature 8. A measure for how difficult it is to
decohere a quantum system is given by ratios of free energies
of the system, as in Eq. (27).

To illustrate the power of our conclusions, one could ask
of any bath how effective it is to decohere any system. The
simplest bath, one often used in theoretical calculations with
spin baths, is a collection of noninteracting environment spins
(Hg = 0). The partition function is then Zy = 2V* and the
free energy is Fr = —NgIn(2)/B. From Eq. (38) this gives
0,8 o« 27Ve for any temperature 8. Even if Hgp =0 the
decoherence goes as 2-Ne_ but one needs to remember that
the thermal canonical state of the entirety is not a direct
product of states of the system and environment. Other related
questions can be raised. For example, for the case where
Hp=-Y", > w—r.y.. hi I the partition function is Zp =

2NE ]_[lN:El cosh(B1h;|). Therefore, it does not matter whether all
the environment fields point in the same direction or in random
directions in terms of the efficiency of the environment to
decohere and thermalize any system. Of course, for the same
system S but different 4; for this type of environment the
ensemble of canonical-thermal states will be different.

We have obtained a very strong prediction at low tem-
peratures for the decoherence, namely Eq. (28). At very low
temperatures and for large dimension of the Hilbert space for
the entirety S + E this prediction is

(gs — D(gsge — 1)
2858%

with the ground-state degeneracy of S (E) given by gg

(gg). Equation (39) shows that it is possible to perform

measurements only on the system S, but from that extract

the ground-state degeneracy of the environment E. The results
in Fig. 8 are for gg > 1, and a corresponding graph is shown

E(6?) =

) (39)
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FIG. 11. Predicted results for o2 at very low temperatures in terms
of the degeneracy gy of the system and gg of the environment. These
are from Eq. (28). Two values for the dimension D of the Hilbert
space of the entirety S + E are plotted, D = 4 and D = 2%°. The
difference between these two values of D are only discernible in the
case gg = 1.

for a case with gg = 1 in Fig. 9. As predicted by Eq. (39),
these two cases look very different in the low-temperature
limit. Furthermore, at low temperatures in order for a system
to not be able to decohere it is best that the system § has a high
degeneracy while the environment E is nondegenerate. This is
shown in Fig. 11.

We performed large-scale real- and imaginary-time sim-
ulations for Ng spins in the system and Ng spins in the
environment. A canonical-thermal state [see Eq. (11)] can be
prepared by imaginary-time propagation based on the Cheby-
shev polynomial algorithm. Starting with such a canonical-
thermal state, the simulation results for the uncoupled entirety
agree very well with the analytical results (see, in particular,
Figs. 8 and 9).

Once the interaction Hamiltonian Hgg is turned on, we
observe that the decoherence measure o generally converges
to a finite value when the environment size is above a threshold
number which depends on the inverse temperature 8 and the
global interaction strength A (see Figs. 4 and 5). The smaller
and A are, the larger the threshold number is. When the system
size is smaller than the threshold number, o (and §) behave as
they do for an uncoupled entirety. By an uncoupled entirety
we mean that AHgg = 0, but the initial state of the system
is a canonical-thermal state of the entirety S + E and hence
is not a direct product state of states of S and E. After the
system size reaches the threshold number, o (and §) quickly
converges to a finite value, due to the high-order contributions
from the interaction Hgg. From the numerical simulations, the
stationary value of o has the form (BA)*(c; + c3B8) for our
range of simulation parameters.

Strictly speaking, the system S completely decoheres if
there is no interaction between S and E and if N — oco. If S
is coupled to E, the Hgg interaction is important and both o
and § are finite for a finite system S even in the thermodynamic
limit (Ng — +00). However, if the canonical ensemble is
a good approximation for the state of the system for some
inverse temperatures § up to some chosen maximum energy
Etnola > 0 (measured from the ground state), then it is required
that exp(— B Enola) > 0. By determining the crossover of the
left- and right-side functions, we find a threshold for the
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temperature above which the state of the system is well
approximated by a canonical ensemble and below which
quantum coherence of the system is well preserved.

We emphasize that the entirety S + E is initially prepared in
a pure state given by a particular choice of a canonical-thermal
state X in Eq. (11). With such a state as the initial state for the
TDSE, the real-time dynamics does not have much effect on
our measures for decoherence (o) or thermalization (§). If we
start with a nonequilibrium state, such as a product state of S
and E, where S is in the ground state and E is in a canonical-
thermal state, the real-time dynamics plays an important role
in both the decoherence and the thermalization of S [39,41,60],
as seen in Fig. 2. Atinfinite temperature there may exist certain
geometric structures or conserved quantities which prevent the
system from having complete decoherence [39]. In contrast to
the infinite-temperature results, we have found here that at
finite temperature the lack of complete decoherence is the
normal scenario for any coupled entirety (finite A Hsg).

In this paper we have answered important questions about
how easily a given system S can decohere or thermalize,
and how efficient a given bath is to decohere or thermalize
any system. We have not addressed the equally important
question of how quickly S thermalizes or decoheres. Nev-
ertheless, we believe that our methodology of simulations
and perturbation calculations with thermal canonical states
can also be important to address the time-dependent question.
For full time dependence, the real-time version of Eq. (30)
would need to be used, most likely leading to even more
complicated perturbation theory calculations than are detailed
in Appendix B.
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APPENDIX A: NUMERICAL RESULTS FOR §

In the main text, we only present the simulation results
for o (), a measure of the decoherence of a quantum S under
the influence of a quantum environment E. The simulation
results for 6(¢), a measure of the thermalization of §, given
by Eq. (6), are shown in this appendix. The largest entireties
we were able to study contained 40 spins, as it requires about
10'? floating-point numbers to represent a vector of the Hilbert
space of an entirety with this size. A sketch of the ring geometry
for N =40 and Ng = 4 is given in Fig. 1. We will see that
besides the size of the statistical fluctuations, §(¢) (or the time-
independent average §) behaves very similarly compared to
o (t) (or the time-independent average o). For a single run with
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FIG. 12. Simulation results for §(¢) for a coupled ring entirety
with Ng =4, Ny =22, and A =1 for two different initial states
X (flat curve, green) and UDUDY (decay curve, dark khaki), with
BlJ| = 0.90. The dotted (green) horizontal line is a guide for the eye.
This figure corresponds to Fig. 2 in the main text.

one realization of Hg and one representation of the canonical-
thermal state [see Eq. (11)], it is obvious that the data for 6(¢)
may have stronger statistical fluctuations than those for o (¢)
shown in the main text, as the number of diagonal elements of
the reduced density matrix of the system S are much smaller
than the number of the off-diagonal elements.

Figure 12 presents the time evolution of §(¢) for a spin
system with Ny =4 and Ng = 22 prepared in two different
initial states X and UDUDY . From Fig. 12, one sees that §(¢)
obtained from UDUDY evolves closely to the value obtained
from X, which is very similar to the behavior of o (¢) shown

1]
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FIG. 13. Simulation results for § for a coupled ring entirety with
Ng =4, Np =22, and A =1 starting from different initial states
X with g]J]| =0.90. Results for 11 different realizations of the
environment Hamiltonian Hy are shown (x-axis label at the bottom),
each with different initial states drawn from the ensemble that gives an
X state (blue pluses). The time dependence of § for the first realization
of Hg and one of the initial states X is shown by the solid (green)
curve (x-axis label on top), which is the same (green) curve depicted
in Fig. 12. This figure corresponds to Fig. 3 in the main text.
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FIG. 14. Simulation results for § for a coupled ring entirety with
Ng = 4and Np = 14, ... 36 for different global interaction strengths
A. The entirety is in a thermal canonical state with 8|J| = 0.90.
Curves from bottom to top correspond to A = 0.00, 0.33, 0.50, 0.67,
0.75, 0.83, 1.00, 1.67. (Inset) § as a function of A for Ny = 36.
The (light blue) solid line is a fitting curve for nonzero A and gives
8 ~ 0.000 74A2. This figure corresponds to Fig. 4 for o.

in Fig. 2. The difference of the values of 4(¢) between these
two initial states at long times is about 0.003. This difference
is larger than that for o (¢) at long times. The reason is that the
diagonal elements of the reduced density matrix p for S keep a
strong memory of the initial state. The memory effects would
be reduced for a larger system S.

Figure 13 presents the corresponding results for § as in
Fig. 3 for 0. The average and the standard deviation of the
data points shown in Fig. 13 are 8.0x10™* and 1.4x 1074,
respectively. As is the case for o in the main text, the time
average for 6 and the average over different environment
Hamiltonians Hg and different representations of the initial
state X all behave similarly.
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FIG. 15. Simulation results, corresponding to Fig. 14 for the
difference between the fitting temperature b and the inverse temper-
ature S for entireties with Ng = 26 (pluses) and Ng = 36 (crosses).
For A < 1, the data points fit very well to the curve b|J| — B|J| ~
—0.005 6612 (solid curve).
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FIG. 16. Simulation results for § for a coupled ring entirety
with Ng =4, Ng=14,...,36, and A =1 for different inverse
temperatures . The initial states are canonical-thermal states at
different value of S, corresponding to curves from bottom to top
with B]J| = 0.075, 0.15, 0.30, 0.45, 0.60, 0.75, 0.90. (Inset) § as a
function of B|J| for Ny = 36. The (light blue) solid line is a fitting
curve and gives 8§ =~ 0.00106(8|J|)>'® for B|J| > 0.15. This figure
corresponds to Fig. 5 in the main text.

Figure 14 presents the simulation results for § for scaling
Hsp by the global interaction strength A. From Fig. 14, it
is obvious that we observe similar behavior for § as we did
for o shown in Fig. 4 in the main text. The difference is in
the stronger fluctuations for the data points for §. There are
two regimes of § separated by some threshold number of Ng,
labeled as L(A). If Ng < L(X), 6 decreases approximately
exponentially as Ng increases. If Ng > L(}), § converges
to a finite value that depends on A. The constant values
for § for Np > L()) are well fitted to A% (see the inset of
Fig. 14). Figure 15 shows the simulation results for the fitting
temperature b [see Eq. (7)] minus the inverse temperature
B, where B is the inverse temperature used to prepare the
canonical-thermal state of Eq. (11) from the initial state X.

o
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FIG. 18. Simulation results for § for a coupled ring entirety with
Ng =4, 6, 8, 10 (symbols, top to bottom), N = 14, ...,30, and
A =1 for B|J| = 0.90. (Inset) § as a function of Ny for Ny = 30.
This figure corresponds to Fig. 6.

The data points fit well to —A? for A < 1. This implies that
only for A — 0 (the uncoupled entirety) does one have b = g,
which is consistent with the analysis for o in the main text.
Figure 16 presents the simulation results for § by varying
the inverse temperature § that is used in Eq. (11) to obtain
the canonical-thermal state from the state X. Figure 16
corresponds to Fig. 5 in the main text. We observe similar
behavior for § as we did for o in the main text, except that there
are larger fluctuations for the data points for §. The converged
values of § for Ny = 36 is better fit to (8|J])*'®, which is
slightly different from the fitting index for the converged
values of o. However, a definitive analysis of how robust
the difference is would require high statistics calculations
with averages over different times, different Hg, and different
samples of the X state. Figure 17 shows the simulation results
of the fitting temperature b with g subtracted. The data points
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FIG. 17. Simulation results corresponding to Fig. 16 for the dif-
ference between the fitting temperature » and the inverse temperature
B for entireties with Ny = 26 (pluses) and Ng = 36 (crosses). For
BIJ| < 1,the datapoints fitto b|J| — B|J| &~ —0.007 7383|J |3 (solid
curve).
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FIG. 19. Simulation results for § for an uncoupled entirety
(A =0), with Ng =4 and Nz = 14, ...,36 for different inverse
temperatures. Curves from bottom to top correspond to §|J| = 0.075,
0.30, 0.60, and 0.90. This figure corresponds to Fig. 7 in the main
text.
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FIG. 20. Simulation results of /& (82) for ferromagnetic spin-%
chains with Ny = 4 and Ny = 8, J = Q = 1, and various interaction
strengths AA as a function of the temperature 7/J = 1/(8J). The
solid line (red) is obtained from Eq. (29) by using numerical values
for the free energies Fs(nf) and Fg(nB). The dotted lines are guides
for the eye. Note that the functional form of the A = 0O curve, as well
as how data for finite A relate to this curve, are very similar to Fig. 8
foro.

for B|J| < 1 fit well to —(B|J])?, just as did the values in the
main text for o.

Figure 18 presents the corresponding results for § to
compare with results shown in Fig. 6 for o. We see similar
convergent behavior for both o and § when the environment
size Ng is larger than a certain threshold value. For Ng
smaller than the threshold value, § decreases approximately
exponentially with increasing Ng. Unlike the data points of o
which overlapped for this regime, the data points of § do not

10°
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0.01 0.1 1 10
1/B|J]

FIG. 21. Simulation results for /&(8%) for spin—% chains with
Ng =4, Np =8, J = —1, Q =1, and various interaction strengths
AA as a function of temperature 7/|J| = 1/B|J|. The solid line
(red) is obtained from Eq. (29) by using numerical values for the
free energies Fs(nB) and Fg(np). The dotted lines are guides for the
eye. Note that this figure is for gg = 1, which looks very different
compared to Fig. 20 for g5 > 1. This figure for § corresponds to Fig. 9
foro.
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FIG. 22. Simulation results for § for rings with Ny = 4, Np = 26
(open circles) and Ny = 4, Ng = 36 (solid circles) as a function of
the global interaction strength A for 8|J| = 0.90. The top (bottom)
horizontal dashed line represents the value obtained by simulating
the noninteraction system, A = 0, with 30 (40) spins. This figure
corresponds to Fig. 10 in the main text.

overlap. This is because o is only related to the factor from
the environment [see Egs. (8) and (27) in the main text], while
§ is also related to the factor of the dimension of the Hilbert
space from the system itself [see Egs. (8) and (29) in the main
text].

Figure 19 presents the corresponding results for §, as shown
in Fig. 7 for 0. It is clear that, except for strong fluctuations, &
for the uncoupled entirety (A = 0) scales with the size of Ng.

Figures 20 and 21 present the simulation results for /& (82)
obtained by exact diagonalization for the entirety S+ E
being a spin chain with Ng = 4 and Np = 8. These figures
correspond to Figs. 8 and 9 in the main text. The data points
are averaged over 1000 runs with different representations of
the state X at specific temperature §. Therefore, the simulation
results shown in Figs. 20 and 21 have very good statistics.
We refer to the detailed discussion about these figures in
the main text, as o and § behave very similarly. We remind
the reader that both Figs. 20 and 8 are for the case with
the ground-state degeneracy of the system being gg = 5. We
remind the reader that both Figs. 21 and 9 are for the case
with the ground-state degeneracy of the system being gg = 1.
Figure 21 for gg = 1 looks completely different from Fig. 20
for gg > 1. Nevertheless, as the system-environment coupling
strength AA becomes small, the data from the calculations
fall nicely on the theoretical curve obtained from Eq. (29) in
the main text (red solid line). The theoretical curve for § in
the limit 7 — 0, as seen in Eq. (39), is equal to zero. Note
the extremely small values for /& (82) for low temperatures.
Calculating the theoretical curves (red solid lines) for these
quantities at low temperatures required quadruple precision in
the floating point numbers.

Figure 22 presents the corresponding simulation results for
8 as shown in Fig. 10 for o. Note that there is no fitting
procedure for these data points. The dashed lines, as in the
main text, are for the uncoupled entirety, A = 0. The behavior
for § here is quite similar to the behavior of o in Fig. 10.
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APPENDIX B: PERTURBATION THEORY

In this Appendix the details of the perturbation theory cal-
culations are presented. Additional definitions and important
considerations are first given.

1. Hamiltonian

The Hamiltonian has the form
H = Hg+ Hg + MHgg = Hy + AH], (B1)

where A is explicitly written as the perturbation parameter and
the uncoupled Hamiltonian is Hy = Hg 4+ Hg. The dimension
of the Hilbert space of the environment, the system, and the
entirety S + E is Dg, Dy, and D = DgDg.

2. Random state

Any state from the Hilbert space of H can be written as the
wave function

D
(Wo) = ) di|Ex), (B2)
k=1

where {| E;)} form the energy basis of H. Random states in the
Hilbert space of the entirety Hamiltonian H are obtained from
Eq. (B2) if {dy} are random Gaussian coefficients, normalized
to unity,

D
Z did, = 1. (B3)
k=1

In practice, in our computer program we generate the
Gaussian random numbers d; = ¢ + ib; by using the Box-
Muller method [61] to generate two Gaussian random numbers
¢, and by,

¢, =+/—2In(rg)cos(2nry) and b, =+/—2In(rp) sin(2rry),
(B4)

where ry and r; are two independent random numbers
distributed uniformly on [0, 1), so that the Gaussian random
number d; is given by simple normalization,

/ .7/
¢, +ib;

dy = cp+iby =
P12 + (b))

= 4/)cke""”k.

(B5)
The ensemble of random states has been previously ana-
lyzed [40] and has given predictions for measures of quan-
tum decoherence and thermalization at infinite temperature

(B =0)[39].

For the uncoupled case, A = 0, one has
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3. Canonical-thermal state

One forms a wave function at finite inverse temperature
given by

e W)

) = e w172 (B6)

which defines the ensemble of canonical-thermal states of
Eq. (11). Here the inverse temperature is 8 = 1/kgT for
temperature 7, and we set Boltzmann’s constant kg = 1.
Equation (B6) can be rewritten as

BE)

S die” 7 |Ey)

|Wp) = =% ; (B7)
[ Yo didve PE]?
BE BE
_de T IEV Y de Y IE) b
[didie=#0 + Yp_ didieEe]
BEx—Ey)
dE) + Y P die= T " |Ey)
_ 11£] Zkfz k k . (B9)

[didy + Y 0_, didye P(E—ED]

so that it becomes obvious that in the infinite-temperature
(B — 0) limit

éin})l‘l’,s) = [Wo). (B10)
A canonical-thermal state is drawn from the distribution given
by the canonical-thermal-state ensemble of Eq. (B6).

The canonical-thermal state can also be written as

D D
dre PR Ey)
W) = =Y &lE), (BI)
k=1 \/Zzg=1 |dp|2ePEv k=1
with
djePE2
a = (B12)
\/ZI?':] |di|2e~PEx
d /2
IS (B13)

V ki ldi | pie

with the Boltzmann probability of being in state k given by
e PEk e PE

= = ) B14
25:1 e—BEv Z (B14)

The partition function of the entirety S + E is given by

Pk

D
Z="Trgiple Py =" e 5 (B15)
k=1
|
4. Canonical-thermal state for uncoupled entirety
g E D D _ﬁ(E’gSLEm) _ﬁ(E()ELE(E)) P
_ di ) |EY)E) + 372 > e dip(1 =818, 1)e e 7 |E! ))|E;E>> ®16

[Wg)

D D _ Efs’—Em —ﬁ(E@—E‘E’) 1
[d} jdia+ X505 Yoy di ydi (1= 8118,y 1)e PE —E 7B =R T

where {|E\”)} and {IE{")} form the energy basis of Hs and H, respectively.
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The canonical-thermal state for the uncoupled entirety can also be written as

Ds Dr . e—ﬁE,‘S)/Z e—ﬂE;E’/2|E§S)>|E(E)) Ds  Dg
Wp) =D = L= =D ) aEV)ES) (B17)
==l \/Zzl’)il Z;?’E:l |1, 2P e PEy i=1 p=I

with

di p e PE12 =BE) 2

Cll‘,p = > > = E(E) (B 1 8)
\/Zi’il S0 iy PP E o PEy
R
= , B19
Ds Dg 2 ($) (E) ( )
\/Zi’:l Zp’:l |di’,p’| Py Py
where the Boltzmann probability of being in state i of Hy is given by
(S) (S)
(S) _ e_ﬂEi . e_:BEi (BZO)
pi = Y05 o PE  Zs
i'=
and the Boltzmann probability of being in state p of Hg is given by
-BE;” -BE;
® e e
Py = = = . (B21)
Dg _ﬁE / Z
Zp’l:: E
The partition function of the system is given by
DS (S)
Zs(B) = Trs(e Psy = Ze*ﬂ’ff (B22)
i=1
and the partition function of the environment is given by
Dg
Zp(B) = Trg(e ey = e PE (B23)
p=1

Important to note is that, even though for the uncoupled case (A = 0) the Hamiltonians Hg and Hg are uncoupled, the state of the
entirety S + E in Eq. (B17) is entangled since d; , # d;d,, for the random Gaussian variables. As described in the main text, there
are ways to achieve this condition physically, for example, by using a much larger quantum bath that couples simultaneously to
S and E and then slowly removing this large quantum bath.

5. Reduced density matrix

The density matrix for the entirety S + E is p. The reduced density matrix o for S, written in the basis {| E fs))} that diagonalizes
Hj, is defined by a partial trace over the environment, and has matrix elements (for any A Hgg) given by
Dg
§)| ~| (S ~ s s s s
(ES B ES) = B = (B [Tre(o)| EL) = Y (B |(plol p)) | ESY) (B24)
p=1
for any complete orthonormal basis {|p)} that spans the Hilbert space of the environment. The reduced density matrix elements
;.1 in the energy basis that diagonalizes Hy are thus

pEO-ES) B P BED-ES) pEF —EE)
e [dnsasen (= ssne T e [diadiap +dv (1 =8padpe T e |
Piir= E_ 5B
’ * Dy Dg : ) —BEP-E®) —BE,)—ET)
=1 di jdia+) 0%, Zp,,zl di div (1 = 8 18 1)e” P01 e P
(B25)
Equation (B25) can be rewritten as
D —BE® )2 ,~BES /2 ,—BEY
~ ZE df i pe PE 2P 2P Ey 526)
Pi,ir = Ds Dr

§ _ E@ _ E(E)'
b=t Dy oy A pdie e PR e PEy

Care must be taken that for d; ,, d;’ ,, and d;» ,» the value of the random variable is the same wherever the indices are the
same. For example, the random number d; o should be the same in both the numerator and the denominator.
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6. Expressions for the random Gaussian variables

For the random Gaussian variables d;, as defined in
Eq. (BS), the ¢ for different k are independent random
variables distributed uniformly in [0,27). Furthermore, the
probability density function (pdf) is given by

pdf(¢) = — (B27)
so that the expectation values for the ¢, read
gwhz/‘é%mwm
0

2

= — [cos(¢) + i sin(¢p)]d¢p = 0,
21

2T
awm=/ ¢ pdf()dp
0

2
L / [cos(mep) + i sin(me)]dp = 0,
2 0

EENet W) = £ P)EET) =0 fork £ K,
EPe W) = EP)EE ) =0 fork £k,

g(eitﬁke—ifﬁk’) =& =1 fork = k', (B23)

which greatly simplifies the perturbation calculations per-
formed in this section. Note that all expectation values for dj
are zero unless they are expectation values only for the absolute
value |d;|? = d{dr = x; of the Gaussian random variables.

For independent Gaussian random numbers (not our case,
as we discuss below in this section), the distribution of the |d|?
is given by a complete error function, defined by

2 ©
erfc(z) = 1 —erf(z) = ﬁ./ e "dt
Zz

One can show this by using inverse transform sampling. In
particular, the distribution for any |d| |2 is assumed to be, with
the definition x; = |d;|?,

(B29)

(B30)

D D
pdf(x;) = nTerfc( Z/Exl).

Ex)= /DO xpdf(x)dx
0

For independent {x;}, the expectation values are
aD %
= — x erfc
4 Jo

dx)dx = l
D
Ex?) = f x2pdf(x)dx
0

D (% D 16
== x’erfc ﬁdx dx = )
4 Jo 4 3 D?

Dw

E(xixj))=Ex)E(xj) = Do
<§’(x3):/oox3pdf(x)dx
0

D [ D 12
= = xerfc \/_dx dx = —,
4 0 4 7'[l)3
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FIG. 23. Examples illustrating the approximation in Eq. (B34).
The system is taken to have a Hilbert space of dimension Dy = 24,
The environment is taken to have a Hilbert space of dimension
Dg = 2Ve, for Np = 2,4,6,8,10,12,14,16. The values of 8 shown
are from B =0.25 to B =10 in steps of 0.25. Here diff =
(P ZDLl Idi ,I*p (S)pﬁf)) L|. The eigenvalues for both E and
S were taken to be random numbers uniformly distributed in [—2,1].
There are 10 points at each value of Ng and B, each with different
random eigenvalues for both S and E, as well as different Gaussian
random numbers d; .

oo
E(xM= / x*pdf(x)dx
D D 512
. xterfc ﬁdx dx = ——
4 0 57 2D4
The expressions in Eq. (B31) are only approximately

correct for our case. The reason is that the pdf for D
components of the random variables is given by

. (B3D

—————————pdf(x)pdf(xy) - - -
normalization

pdf(xp)8(x; +x2+ - 4+xp—1),  (B32)

where the normalization is complicated. However, Hams and
De Raedt [40] have calculated the correct expectation values
for the pdf in Eq. (B32), namely,
1
DD+ 1)
(B33)

1
EW) =5 E(x?) = E(xix;) =

DD+ 1)

Therefore, we do not have to calculate these expectation
values, but rather just use these results from [40].

For sufficiently large D we can use the approximation (see
Fig. 23)

D
>l (B34)
D K
k=1
or by changing indices for the uncoupled case,

Ds D Ds Dg 1
D ldiplPpip =Y ldi, o p ~ . (B3S)
i=1 p=1 i=1 p=1

Note that Eq. (B34) becomes exact in the infinite-temperature
limit (8 — 0), where p, = 1/D for all k so

D D
. 2 2
gggywpk ;ﬁm

(B36)
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In the zero-temperature limit (8 — +o00) Eq. (B34) also
becomes exact. Let g; be the ground-state degeneracy of
the entirety Hamiltonian H associated with energy E;.
Then

e PEk
lim p; = lim = lim )
o T g 1 g1+ L e P

e PEk

L k=122,
= B37)
0 k=gi+1Lg1+2,....D.

7. General procedure for Taylor

PHYSICAL REVIEW A 93, 032110 (2016)

Hence, the expectation value is

D D 81
1
: 2\ g N 2
Jim f(Z i m) = Jlim > E(dipe= =D £l
k=1 k=1 k=1

111

“a'DT D

The approximation given by Eq. (B34) is an uncontrolled

approximation, and therefore we do not use it in our derivation
of the perturbation theory for either o or §. We have included
the results here because the approximation was discussed in
the main text as a way to motivate our perturbation results
obtained without using the approximation.

(B38)

expansion: General function

We need to calculate expectation values for the x; for a general function. We can do a Taylor expansion about x; = 1/D and
take the expectation value with respect to the probability distribution of the x; or d; denoted by &(-):

1 1 1
ECf({xh) = f(B,B,.,,,B>

D
df (x1,Xx2,...,Xp)
+) :

Xe

=1

1 & 32 f(x1,%2, - XD)

2
2' =1 axe {x}=
D D
1 Bzf(xl,xz,...,xD) 1 1
— 1—36pp & — ,—
+ 2! Z Z( ee) 0x¢0xy (x}=1 ((xe D) (xz D))
=1 ¢'=1 X
D 3
1 93 1
RS LT g((w B _) )
3! — 3xe {X}:% D

33 f(x1,x2,...,xp)

8x[ 3)((/ 8)613”

“((
=4

D D D
1
+ 5 Z Z Z(&z,w + 8,00 + 80 0)(1 = 8¢,0:8¢,078p ¢7)

a5 3)

1 D D D
+ 31 Z Z Z(l —80.0) = 8g.0)(1 =S¢ ¢)

i =1

~
I
_
~
Il
-
~
Il

9’ f(x1,x2, ..., xp)

3)(?( 8)(@/ axW

+ higher-order terms.

(B39)

Note that since the expectation values for quantities such as & (xg) and &(xyx,) are different, we had to write the second-
order term as two terms: one for the same-£’s terms and one for the different-£,¢’ terms. For the same reason, the third-
order term is written as three different terms, one with all-same £’s, one with all different £’s, and one with two and only
two same-£’s. Then use the fact that the expectation values are known [40] using Eq. (B33), for example, up to second
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order,

1\? 2 1 D—1
(52(()6@ — 5) ) = éa(xg) — Béa(XE)—FE = m, (B40)

1 1 1 1 1 1
é@(()% - B) <xe/ - B)) = E(xpxe) — B@@(xz) - Bé"(xzf) + 2= DD D L# L,

and the derivatives of f can be calculated, at least via Mathematica.

8. Derivation of &(§?) for the uncoupled entirety

We first derive the expectation value for &(5%) since this is easier than the corresponding expectation value for o. The ease is
because only diagonal elements of © enter into the expression for 8, since we have the definition

2 SbED 2
) =Z pi,i—m , (B41)

i'=1
with the fitting parameter b given by

Z s s In(p;.)—In(5;, ;)
i<j EO#EY TEYES

b= (B42)

Zi’<j’,Ef,S);éEﬁ) 1

Therefore, for §2 there are no ¢ terms in the Gaussian random numbers in Eq. (B5). This is because only the diagonal elements
of the reduced density matrix given by

Dg

/P;i,i(ﬂ,{.xi,p}) = Z xi,ppi,p

Dg Dg
p=1 Dty p'=1%1".p" Pi" . p"

(B43)

enter expressions for § (while expressions for o involve the off-diagonal elements of p; ;). Remember, care must be taken that,
for both x; , and x;» ,», wherever the indices are the same the value of the variable is the same. For example the random number
x1,1 is the same in both the numerator and the denominator.

Introduce Ab = b — B with b the fitting parameter, so b = B + Ab.

The function we need to analyze is

Dg

fr(B.Ab,(xiph) = D [Fi(Budxi)) — p3(B.AD)], (B44)

i=1
with the definition

(B+e)E

() ¢ '
: B — B4

i (o) S FED (B45)
i'=

For the noninteracting case, A = 0, we need to analyze the function Eq. (B44) with

Bi(Bdxi o)) i %, P (B0)pP(B)
i,i 3 i,p = .
o7t X X i P (B0 (B)

(B46)

For the lowest-order (zeroth-order) term in the Taylor expansion we replace all x; , with 1/D. This gives

ﬁ-(ﬁ (x, }—_) 3 5pi B.0P(B) _3 P (B.0pPP)
D) T S S B 0n B S T A GO 6)

Dg
= B0 pEB) = pP(B.0), (B47)

p=1
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since Y75, p*(8,0) = 1 and Zp 1 PYY(B) = 1. Thus, one has

fs (ﬁ’Ab,{xi,p} =

Dy

i=1

PHYSICAL REVIEW A 93, 032110 (2016)

1
5) =>"[pB.0) - pPB.2b)],

(B48)

which obviously has its minimum at Ab = 0. Therefore, we perform a Taylor expansion also about Ab = 0, as well as an

expansion in the {x; ,} about %

For the first-order terms we make use of the chain rule. This gives
oy ) op;” (B, Ab)
=— ; in]) — Ab pi (B.AD) B49
Vi Zpl(ﬂ{x,,}o P (B AD)] = (B49)
and
oy 071i (B Axip))
s ~ i,i (P51,
o =2 [P txiph) = b7 (B AD)| (B50)
J-q i=1 J-q
Note that
a
2 —0 (B51)
IAD Ab=0,{x; ,}=1
and
a
Ji =0. (B52)
0Xjq Ab=0,{x; )=
Hence, we need to go to the second-order terms.
For Ab, this is
2fe S [pBAnTT (s 22" (B, Ab)
=2 t -2 i (B Axi o) — p;” (B, Ab - ’ . B53
T ; N ;[p, (B.lxip)) = P (B.AD] =05 (B53)
Evaluating at Ab = 0 gives
92 S Tap(B.Ab) ]
fr _2y [—Pt (4 )] . (B54)
I(Ab) Ab=0,{x; p}=2 i1 dIAD Ab=0,{x; p}=2
One has
ap”(B,Ab) 0 (& e pEeE”
Z 9Ab = 9Ab Z Ds _BES _AbES = aAb(1)|Ab:0 =0. (B55)
i=1 Ab=0 iml i€ e )
However, the term one needs to sum for the second-order term of Eq. (B53) is
- 2
apiY(B.Ab) an ]’ [ 9 e PET e AbEY
22 - 22 D _ap® (5)
AL , IADb D5 =BE; (=ADE,
Ab=0 =1L i'=1 Ab=0
, Ds [ oBES o= B0ED (305 | E®—PEN o~ A0EL)) E® e PE o= SbE ’
- ; i (X2, e*ﬂE;}g)efAbEf;g))z a (X0, e*ﬁE},S)efAbE;,S)) o
SN[ e (| PP o) ?
B 12:1: L (2521@_/3E5/S)9_ME5/S))2 Ab=0
) Ds _e—ﬂEf”e—AbEf”(ZlDil EDe ,sE;;ﬁ)e—AbEj;‘,)) E®ePEY g-abE”
R ey e
— ZDil efﬂEf?)efAbE;,b’
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D _ ) D S) — Eli) 2
[ ey
Ds —BED)2
(Zi’;le PE; )
Ds e—ﬁE}”(ZDs E<S>e—ﬂE;5)) ES) ,~BEY Ds [ p),-pe®
_4 =15 i ¢ ) i
) j

(S e ?5) (P e e 05 e pE

i=1

i=1

Ds D

2
1 (s) 5 (s)
=2 e PEi Ei(f)ef’sEf”
Aw 2| (3
1 Ds () Ds $) () 1 Ds (8)
—4 ePE (ST ED e PE | EDe tE | 42 ST [EDe PET]
76 & [ (Z Zip 2| ]

i=1 i"=1 i=1

_ 2[(E(,3))5]225(2,3) _ 4 SEBS{EQP))sZs2H) n 2(E2(2ﬂ))szs(2,3)

(B56)
Z3(B) Z3(B) Z3(B)
Therefore, the result for the first nonzero term for Ab is
1 3%fp Zs(2B) .
53 U (b = ZCP 1 B () 5T — UEBNS(EQB))s + (EX28)s)(AbY + higher-order terms. (B57)
POCAD) | pAp=0.1x; )= 5 Z5(B)
Initially, one would anticipate that one needs to calculate terms such as
82
_ e (B58)
d(Ab)dx; 4

and evaluate them at Ab = 0,{x; ,} = %. However, all such terms will be multiplied by (x; , — %), which has an expectation
value which vanishes. Therefore, one has

Zs(2
£ = ZSZ(( ﬂﬂ)){HE(ﬂ))s]z 2E(B))S(EQB))s + (E*2B))s}AbY + O((AbY) + O((Ab){xj 4}
S
+ O(xj  Mxjrg }(1 =8, 184.40) + OUx; g 1) (B59)

One can also use that the specific heat (at constant volume) is C,(8) = kg2 ([A E(ﬁ)]z) SO

C.(28)

i T KECB)I. (B60)

(E*(2B)) =

The final result is consequently

Zs(2B)
E©%) = ng 7 { T CP2B) + (EQB))s — (E(ﬂ)>s]2}(Ab)2 + O((ADY) + O((Ab){xj 4}
+ O(x; Mxjrg YA =8, 185.00) + OUx;j 1) (B61)

Thus, equilibrating the system, in particular fitting for Ab, is difficult to do near a phase transition where C,, diverges.
For the second-order terms for the {x; ,} one has

92 fi2 <N ) DB %) | o5 0DLi(B i) 0P B ip))
) - (B — JAb)| P B62
R g[p, (B.{xip}) — P(B.AD)] T Z T e (B62)
The derivative of p;; with respect to {x; ,} is given by
0F. 0 i %00 (B.O)PYE(B)
0xq i | 57 S0 Lphy Xy (B.O)PY (B)
P(B.O)PE(B) Ot xippy (B.0)pP(B)p (B.0O)PE(B)
=8 =p—Dr 5 Ty 5 . (B63)
S X X P (BOPY(B) o [P Y0 xie 0 (B.0)P(B)]
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Evaluating at {x; ,} = % gives

0P o 2 (B,0)pP(B) 2 50 (B0 B (B,0)pE(B)
igla=y 7 XRL X0 SR B0PNB) [l ,?Fleff)(ﬂ,O)p;'E)(ﬂ)]z

= D&,;p\”(B.0)p{(B) — Dp>(B.0)p}V(B.0)pF(B) Z PP®B)

p=1
= D5; ;p” (B.0)p{(B) — Dp{”(B.0)p(B.0O) PP (B)
= DpY(B.0)pE (B8, — P (B.0)]. (B64)
since Y15 Y°0F, pl (B.0)pl (B) = Land Y°0%, plB)(B) = 1.
The second-order term for the same x; j.q 18
%D _ s [P BT PP BT s ERCOR s
954 b 22 i p S BOPEBT (2R Y2 5 D B0 BT

2P, 0)p<E><ﬁ)[ DB.0[pE B
[0 X0 xin e P (BP0 (B)]

+22x'

(B65)

However, one does not need to calculate this term, since it only multiplies terms which are zero when Ab = 0 and {x; ,} = 5
For the second-order term twice for the {x; ,} one has

8% fye < ® 8% (xi.p)) [ap,,w {x,p}>]
=2 1i (BAxip}) — p;” (B, AD) | ———F5— +2 B66
YO ;[p,(ﬂ {xiph) — pi(B,AD)] TR Z T (B66)
Hence,
0> fie < ® 0% 1.1 (B.1xi.p)) [ap, (Bl p}>]
= ll( i )_ p; ( va) —_— +2
A(xj4)? Ab=0.{x)=1 Z Pri (P txip) $ ] 3(xjq) Ab=0,{x} Z 0%xj.4 Ab=0,{x})=5
D 8 1,1 1,
Z[ & ;ﬂ L ”})] —22 D B.0PE B8 — P B0
1 Xj.q Ab=0, {x}
Dy
—20’[pP ] Z [PVB.0)[8:; - PV(B.0]
o
=20’[p PP Y [pVB.0) {s1; — 281, 90(8.0) + [V (8.0)])
i=1
Dy
= 2D*[pP(B)] (Z [p78,0)] —228,] [P 8.0] P\ (8.0
=1 i=1
Dg
{pf)(ﬁ 0] Z [pi”(.0)] })
) Dy
—zDZ[p“’)(ﬂ)]z([pﬁ-S)(ﬂ,O)]z—z[p§s>(ﬁ,0)]3 [p5(8.0)] !Z [r8,0)] }) (B67)

We have to sum over all the same-second-partial terms to get the term that multiplies

1\?2 1\2 D—1
(o 3)) -3 -t
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since these expectation values are the same for all x; ,. One has

j=1 g=1 a(quq)z Ab:O,{x}:%
Ds Dg Ds
:zpzzz[p;”(ﬂ)]z([p?)(ﬁ,m]z—z[pﬁ”(ﬁ,mf [p7(B8.0)] {Z [7V(8.0] })
Jj=1 q=1 1
Dg Dg 3 Dg
= lZ [P (8] }Z([p§S><ﬂ,0)]2—2[p§5)</3,0>]* [ (8.0] {Z [p>(8.0] })
=1 j=1 =1
[Z5(28) T & &
=2 2 [P0B.0] - 2[p0B.0] + [pPB.0] Z [P0B.0]
L 238 14 .
[ ZE(2 Ds Ds Ds Ds
=202 [ ZEON S (00 23 [0eoT + | S [ Bof H Y [rO@.of
L ZE() 1:1 j=1 j=1 i=1
[ZeCH) [ Z52B) _,Z5CP) (2/3)
=2D% = + Py
L Z2(B) (zéos) Z3(B) { (8.0] } Z¥PB) )
_ 2D2‘zE<2ﬂ) Zs2p) _,Zs(3p) Z§(2ﬂ)] (B69)
L Z3(B) | Zé(ﬂ) Zé(ﬁ) Z3(B)
Therefore, for these second-order terms the final result is that
1) & o 8% —1[Ze2B)[Zs2B) . Zs(BB)  Z2(2B)
El(xi,— = = -2 + =5 ] B70
<<x v D) >J;; 006, | apooper D A1 [ Z2(B) ][ ZiB) T ZB)  ZiB) B70
For the second-order terms with two different {x; ,} one has
Pfr N~ ® 8% 1.1 (B.1xi.p)) 071 (B txip)) 97 (B i)
e T 2§[pi,,~<ﬁ,{xi,p}>—p,- (B,Ab)]|—— R i By +22 i Y (B71)
Evaluating at Ab = 0 and {x} = % gives
0> f5: <N © 02 (B Axip)
—_— =2 i (Buxip)) — p(B, Ab) | ——
0x;j 40X g Ab=0,{x}=1 IZ:; [,O Pty pi (P ] 0x;j 40X g Ab=0,{x}=1
357.4(B.{xip}) 855 (B {xi )
+2
Z 09X 0xjr.q Ab=0,{x}=1
3757.4(B.Axi.p}) 8711 (B.{xi. )
=2
Z 0Xjq 0Xj g Ab=0,(x}=1
=2 Z {Dp>(B.0pP B8, — P B.OIHDP B0 (B8 — P (B.0)]}
Dg
= Z [22B.0) p P BB 8 — VB8 — p(B.0)]. (B72)

We have to sum over all the different-x; ,-second-partial terms to get the term that multiplies

1 1 1\/, 1) _ 1
(- 5) (0 -2)) = (- 2)(- 5) = mow .
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since these expectation values are the same for all pairs x; , and x; ;. One has

ZDS ZDE P fr
(1 =38} jbg.q) 53—
= ’ 0xj.40%)1.g
Ji'=1q.q'= Ab=0.{x}=1

Dg Dg Dg
=202 3" > (1 =8;8,.00 > [P B.OV pE B B)5:; — VB8 — PVB.0)])

Joi'=1q,q'=1 i=1

=2D? Z Z Z [P2B.0) p B B8 — PP B.0)[8 — p§B.0)])

J.j'=lq,q'=1 i=1

—ZDZZZZ [P BOL [P BT [5:) — pV B0

j=1g=1 i=1

=2D? Z Z Z [P2B.0) PP BPS (B8 1815 — 2D Z Z Z [P2B.0) pPBIPSB: ' (8.0)

j.j'=lq.qg'=1 i=l j.j'=lq.q'=1 i=l

—-2p? Z Z Z [V B.0) PP BP0 (8.0)

J.j'=lq,q'=1 i=1

Ds Dg  Ds Ds Dr Ds
+202 3 ST S [0 BB BB B.0p0 8.0 20 >SS [P B0 [pEB)] s
j=1

J.j'=lq.q'=1i=1 ~ =5
Ds Dg Dg ) Ds Dy Ds
+4DZZZZ S)(ﬂ 0) E)(ﬂ)] 8,-,ij8>(;3 0) — 2D2ZZZ s>(ﬂ 0)] prE)(,B)] [p ES)(ﬁ’O)]Z
j=1 g=1 i=lI oo
~20° 3 Yl -20° 3 A0 o 0
J,j'=li=1 =1 i=1
Ds Ds Ds Dy
—20% ) Z[l’?s)(ﬁo)]zf?i,j pYB.0)+2D* > > [pPp. 0L r¥(8,0p(8,0)
J.j'=li=1 =1 i=1
ZE(ZIS) (S) os. 2 ZE(Z,B) (S) ) ©
1 +4D A ,0 5[’ . ; ,O
Z ZXp) Z] B.OL5.; Z 226 ;[ (B0 80 (B.0)

Zp(2B) B0 20,8 02
g Z6) le B0 [r"B.0)]

Ds
=202 " [pB.0)] —2D? Z (VB0 —2D? Z [r8.0)]"
i=1

Dy Dy

Lap? ) 0] ZE(Zﬂ) (8.0 2+4D22E(2,3) ® 8.0/

Z B0’ D' g[p, (8.0)] 0] g[”' (8.0)]
Zp(2B8) P 2r () 2
50 i 50
Z 726 Z} B.0] [p}(8.0)]

. ZE(Zﬂ) [Zs(Zﬂ) _,Z5(p) Zﬁ@ﬂ)} B74)

Z%(B) L Z3(B) Z3B)  ZUB)

since Z £ pF =1and Z] lp(ls)
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Therefore, for these second-order terms the final result is that

1 Ds 3 f
32
((-5)(-5)) 2 T a-nmozii

Jj'=1q.q'=1
B 1 2 ZeRB)[ Zs2B)  Zs(B3B) | Z5(2B)
= ——2 —2D B ) - 2 3 + 4
D*(D + 1) Zy(B) L Z5(B) Z3(B) Zs(B)
_ 2 Zp(2B) [Zs(Zﬁ) _ 2Zs(3/3) Z§(2ﬂ)]
D+1 Z%(B) L Z4B) Z3(B) ZiB) |
Thus, the complete answer for & (8%), to second order in Ab and all the {x}, is
_ 2
£5) = {20 1 [ZEZ(Z/?)][ZSZ(M) _,Zs68) | ZS4(2/3)”
200 D+1L Zz(B) 1L Z5(B) Z3(B) Zs(B)
l{ 2 Zp(2B) [Zs(2ﬂ) _ 2Zs(3ﬂ) Z%(Zﬂ)“
20lD+1 Z5(B) L Z3(B) Z3B)  ZUB)
_ [h@ﬂ)} [25(2/3) Zs(38) Z§(2ﬂ)] [D -1 1 }
- 2 2 -2 3 +—3 +
Zy(B) 1L Z5(B) Z3(B) Zgp) ILD+1 D+1
_ D [ZE(Zﬁ)][Zs(Zﬂ) _ZZs(3/3) " Z%@ﬁ)}
D+ 1| ZZ(B) Il Z3(B) Z3(B) zZs® |

In the infinite-temperature limit (8 = 0), one has that Zg(8 — 0) = Dg and Zg(8 — 0) = Dgs. Our expression then gives
that

Ab=0,{x)="1

(B75)

(B76)

i 5 D Dg( 1 2 1 D 1 (Dg—1 D 1 1 (Ds—1 1 Dg—1
lim &G )=———— |-+t |= — 5 = —_—— = , (B77)
p—0 D+1DE DS DS DS D—I—lDE DS D+1DEDS DS D+ 1 DS
which is the same expression as we published in our 2013 paper [39], Eq. (C3).
One can also calculate how the low-temperature (high 8) limit of &(82) is approached. However, one has to be cautious
about the low-temperature (8 — -+o00) limit, since the analysis requires that 8{Hgg) be small. Let gs and gg be the ground-state
degeneracies of the Hamiltonians Hg and Hg associated with ground-state energies E ES) and E;E), respectively. Use that

o2 EE_E®
gE+Zp 1+g5 B(E) ) gE

(E) (E)
7 e 2BE + e 2PEp 1
EQP) _ 8k S ptrig — lm =85 (B78)

,33;0 Z2(B) B —BE® —BEYN2 T oo —B(ED —EP)\2 g
E (gze +Z’l+g56 ’) (gx +Z'1+g53 ) 8k E

Similarly, one has the limits

zs@p) _ 1 ZsGB _ 1 Z3ep) 1

im = —, im = —, im . (B79)
oo ZHB)  gs Bo ZIB) g5 Ao ZEB) &5
Hence, one has the low-temperature limit
1 D 1 2 1 1 D 1 -1 D -1 1
lim é”(éz):——(———2+—2): —( ——>_ 5 8 1 (B8O)
B—oo ge D+1\gs g5 &5 gsge D +1 8s gsge D+ 1 858 1+ 5
In the limit of large D this becomes
9 -1
hm & )’\' . (B31)
gng

Therefore, in the low-temperature limit the expectation value goes to zero for gg = 1 and goes to a finite value for a degenerate
ground state (gs > 1). In principle, one could use any system with gg > 1 and for a large bath D — 400 at very low-temperature
measure &(82) in the system and from that deduce the degeneracy gg of the ground state of the bath.

We also have O((Ab)*{x i.q1) = 0. Putting everything together with the (Ab)? term gives our final perturbation expression,
D [25(2/3)} [25(2/3) _,Z45GB) Z§(2ﬂ)] Zs(Zﬂ){ 1
D+1| zzB) JL Z5(B) ZiB)  Zs(B) Z3(B) | 4ksp?
+ O((ADY) + O((Ab)xj My D) + OUx; g Hoxj g Hxjo gD (B82)

Equation (B82) is written as Eq. (29) in the main text, but is written in terms of free energies rather than partition functions.

&%) = CH2B) +(EQB))s — (E(ﬂ)>s]2}(Ab)2
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9. Derivation of &(252) for the uncoupled entirety

In this section we derive the result for &€(202), starting from the general expression of Eq. (B39) and the definition

Ds—1 Dg

DO 1B (B83)

i=1 j=itl

which can be rewritten as

(1 =8 )i (B84)

3o (- 5) (7= 5)) Z L0 s o (B55)

X
k=1 k'=1 g=1 ¢'=1 kg Xk x)=%

so there are three terms to calculate. The expectation value involves a sum over all ¢; , and hence ample use will be made of the
properties of Eq. (B28).
We want to calculate without any approximations

Ds Dy
EQ20Y) =& 22(1—5j,,/)57’j,5j,j, ) (B86)
j=1j=1
Let
djp => JXjp'%r and df, => Jxj e . (B87)

For the case with A = 0, the reduced density matrix is

> immﬂ“’ e\ [oP Py Py

By (B x) i) = D (EF(ES W)Wy |ESD) ESY) = 5 55 (B8S)
o o Z/ " D=t X p P Py
The complex conjugate (not the adjoint) is
Dg Xy rj/_,p/e”“”w’e""’r / (S pis)p;E)
P (B AxL (gD =D T m— (B89)

D D
o D=t Do X pwp ppu

Extreme care must be taken that both for x; ,, x;; ,, and x;» ,~, as well as for ¢, , and ¢ ,, wherever the indices are
the same the value of the variable is the same. For example, the value of x3 ;3 is the same in both the numerator and
denominator.

a. Zeroth-order term of & (20%)

We expand about all x; , = 1 , but will perform the exact average over all ; p.
The reduced density matrix evaluated at the expansion point {x} =  is

Dg
B (BAXASD ey =/ P P50 D el Pime 0 pih). (B90)
p=1

Similarly, the zeroth-order term also uses the complex conjugate, which is

Dg
B (BAXLA=0Dl s = /P P Y e et ple), (BOI)
p=1
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The zeroth-order equation is given by

Ds Dg

DD (A =8;087 (B.Ax) (8D (B.{x). (o)

T
j=1j'=1 {x}=1

Fror () D=t

PHYSICAL REVIEW A 93, 032110 (2016)

i i(l : )(Zfﬂ e et PP\ PP PP ) (gt et et [\ P b))
- e Dy D ® (E)
j=1j=1 (ijf=1 //L =1 DPJ// Dy )
Dy Dg Ds Dg
D NN WU
p=I1 p'=1 j=1 j'=1
Dg Dg Ds Dsg
(8) () (E)
= Z Z Z Z(l = 810005 P3Py Py 8By
p=1p'=1 j=1 j'=1
Ds Ds D
Zs(2B) || Ze(2B)
= (1-38;;0p p (PP | = [1 —~ , (B92)
;; s ; ’ zxp) 1L Z2p)
since Zp P =1and ZJ | pES) = 1. Use has been made of Eq. (B27) with
1 e @ir=b)dp = § B93
2w | ¢ p.p' ( )
since
T T 1 . .
— eldp = —e'? =—(" - =0 (B94)
2m J o 2ni |pey 2w
In the limits one has
1 Ds—1
JCZUZ({X},{‘Jﬁ})|{x}=‘B - D_E Ds B —0,
gs — 1
S (fx @Dl o1 > =—— B — +o0, (B95)
8S8E
where gg and gg are the degeneracy of the ground state of Hg and Hg, respectively.
b. First-order term of &(20%)
The first partial derivative of p with respect to x; 4 is
3p;, (B {x}{o})
(1= 3”./)-/1—
8xk,q
T A L L P Tt L I L
=1=8;) Dy N~Dr &) dj+ Dy ~<D: 8.
Dot 2t X, ,,npj pp/, Do 2=t X, I,r/pj/, Py
AP T e e o b ) (96)

Dy D (8) (E)
(Zj”;1 p=1 X" p P pp”)
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and evaluating about the expansion point {x} = % gives

85],]’(ﬁ9{x}1{¢})

1—8;
( S ) Bxk,q

= (=8, PO P80 e e 4 2 [ [ s jeitineior

Dg
o JpS [ piE ib; ) —ids, (E
PN PP e tre o plP

p=I
Dg
=1 =465 \/pﬁs P piPei a0y i + 8 i) — Dy PN P P D etre i p ] L (B9T)
p=1

¢. Second-order (same) term of &(20%)

The second partial derivative with respect to the same x 4, evaluated about {x} = %, is

920, (B{x}, {8}

2
8xkyq

(I—=4;;)

=4
D? _ 3
= =3y | =Lt iona [y [Py, — Dot () [P (o),

[ D? 3 ,
— S) S S S i
_ e'¢"fe i, ( p5 )p;E)(Sk,j’ _ 3 pj )(p( )) 2 (p;E)) l¢/Aqe ip; ’qak,j’

(S) /pis /pES (E) e'%iae z¢,q(3k1+3k1)+2D2 (S) /pES /pES (E) Zeupu, —igpy pp(E)

(B98)
One needs to sum over all possible derivatives. Putting together this for the same-x; , second derivatives gives
Dy Ds Dg Dg 2~
9° fro> 9°p({x},¢1.02, ....¢p) ~
ZZ -7 222(1—5,,)[ 5 L A A )
k=1 g=1 xkq (=L =1 q=1 j.j" Xig (=1
D
+ 235({X},¢1,¢2, e a¢D) aﬁ({x}v _(pl’ _¢27 ceey _¢D)
8xk7q axk,q {x}=%
~ 325({x}, — ¢y, yeees —®D)
At o) L O e 2 (899)
Bxk 4 (1=

The first term to calculate for the same-xy 4 is

iiiu — 5. 325({x},¢1,;p2, D)

px}, =1, =2, ... =@l (=1

k=1 g=1 j.j' 0%ig (x)=1
Ds Dg Dg
£3) S LTI RPN SRR
T k= 1 g=1j,j’

D? . . 3
5 [ s iy (N3
x| — —e’¢f"e “ra\p ( P5 )P,(;E)ak,j - 761%43 i (P5 ))“\/;(PE,E)) Sk,

D? igig —idy, | () (E) D? / N3 ([ (EN2 idjo —idy
_Te ia e P P pj Py Sk’j/_T pj (pj )2(pq ) ia e "'q‘sk,j’
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P /pis\/ﬁ )2 gitiagi1a (8, i + 8 ) +2D> ()’ /pES /pf (£)) (Zezqs“e i) ,,p<E>)i|

2 Ds Dg 2 Ds Dg 2
D IR YRS 3 (BRI U IR
k,j,j' g=1 k,j.j" q=1
D2 Ds Dg o (s D? Ds Dg s s
__22(1_5”)1)5)17;)( (E) 8;”——22(1—8”)1)() ())((E)) St
k.j.j’ q=1 k.j.j" q=1
2 Ds Dy ; Ds Dg , s Dg .
=2 2 =8P (P) Gy + 80+ D2 Y D= 80(p) PP (P) Z wT
k.j.j" q=1 k.j.j' q=1 =1

_D_2 Zp(2B) _1 B Zs(2,3):| B D_ZZE(313) |:Zs(2/3) B Zs(3,3):| B D_ZZE(Zﬂ)[] B Zs(2,3):|
8 Zz(B) L Z3(B) 4 Z3;8) L Z5B) Z3(B) 8 Zi(B) Z3(B)
B D_ZZE(3,3) [ Z5(2B) Zs(3/3)] D* Zr(3p) [Zs(Zﬂ) Zs(3/3)] D? Z%(2B) [Zs(2ﬂ) _ Z§(2ﬂ)]
ZiB)  ZAP) ZyB) L Z3B)  ZUB)

2 Zp(B)

4 zzp Lzip  zZiB

D? Zp(2B) Zs(2B) 2 Ze(BB)| Zs(2B)  Zs(3B) 2 ZEQ2B) [ Zs(2B)  Z5(2B)
-—= 1-= - D*—; 5 - — D*—~ 5 - (B100)
4 Zz(B) L Z(B) Zy(B) L Z5(B) Zs(B) Z:(B) L Z5(B) Zy(B)
and the middle term to calculate is
AN 30({x},¢1,¢2 ,,,,, ®p) ap({x}, —d1, —¢a, ..., — ¢p)
ZZZ(I_(S”) ox 0x
C k= 1 g=1 j,j’ k.q {X}=% k.q {X}=%
Ds Dg D
DD _a,,,.{%;s R RN YN PN (Z ﬂ
k=1 g=1 j.j’ p=1
Dg
{% PN B e b0 = Dol pp(Zp)}
/=1
D2 Dy
=2 (- ],>Zp§“p§” B’ (S + 0. j1) — D? Z(l —6”>Zp£”pj”pjs>( ) G+ 86
k. j.J' k. j,j’ g=1
Dg
+D? 2(1 — 8. )Z ) p P (0P) [Z (Py") }
k. j.Jj' p=1
_ D*Zp(2B) Zs(2B) 2 ZEGBB) [ Zs(2B)  Zs(3P) L ZERB[ Zs2B)  Z312B)
Pz 1-= —2D7— 3o T 3 D —5 S — —7 . (B101)
£(B) Z(B) Zz(B) L Z5(B) Zs(B) Zy(B) L Z5(B) Zy(B)
Putting this all together for the same x; , gives
1 &5 28 92 0
2!;; X, .
_D*Zp(2B) Zs(2f3) 2 ZEGBB) [ Zs2B)  Zs(3B) L ZERB[ Zs2B)  Z5(2B)
2 - 2 2p? 3 2 T3 +2D 4 2 T T4
2 Z5(B) Zs(B) Zz(B) L Z5(B) Zy(B) Zy(B) L Z5(B) Zs(B)
D2 Zg(2B) [1 Zs(Zﬂ)} 2D ZE(3ﬂ)[Zs(2ﬂ) _ Zs(3ﬂ)] D? Z3(2B) [Zs(2ﬂ) _ Z§(2ﬂ)]
2 Zip) Z3(B) ZyB) L Z3B)  ZUB) ZyB) L Z5B)  ZUB)
2 2
_ ZE3(3,3) [Zsz(2ﬁ) 233(3/3)] 3D? Z,i(Zﬂ) [252(2/3) _ Zs4(2ﬂ)] (B102)
Zy(B) L Z5(B) Z(B) Zy(B) L Z5(B) Z5(B)
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d. Second-order (different) term of &(20%)
The different-x; , second partial derivatives, evaluated about {x} = % is

82;5]',]"(/37 {x}v{d)})

xk,q Xk g

(1 — (Sj’j')(l - sk,k’aq,q’)

=%

D’ 5 [ sy [ [ s E) ity g-ity
=1 =38;;)( = Sxdq.q) 3 v P;) P; )I’(E) Pa ™10 8y 8y 18y, — _pl(c’) p; Pi) )P ( e ineTi0ragy

L N N 5 S N S S E ¢ 7'¢.,
\/ p; ) pi )P(E) l¢]qe l¢7 q k j/ k' ] l] q pk(’)\/ p§ \/ pg ) (E) ( ) ' e i quka]-'
S) /. (S | (S E E cor =i S) /.S | (S E E idi g —iPi o
—_ ( ) p‘(] p‘(] ) ( ) ( ) l¢1"1 e l¢] 4 (Sl’ —_ —p( ) ( pE ) ( ) ( ) l 1 e 4 Jq 8‘/’1'/

Dg
2 (9 (5 [/ (S () (E) (E) ipip,—id E
+2D pk pk’ p] p] p; )pq Ze’¢/.ﬁe ig; pp;)
p=I

D? o
= (1= 8; )1 — 8185.07) = /p;s) pgs>puz) g e~ (8 18k i + Sk, 'Ok ) )0q.q0

m\/ﬁ [ p) pi® z¢f.qe*i¢,-aq(8k,j+6k,,,)— (S),/pis,/pis) ) plD et e (8 j + B 1)
Dg
S) (S S S E idi, —igpi
a0 oo 35 eeep ) | w109
p=1

where the terms have been combined.
One needs to sum over all possible derivatives. Putting together this for the different-x; , second derivatives gives

Ds Ds Dg Dg

S Y Y = bty ) L

C k=1 k=1 g=1 ¢'=1 Oxkq0xu g |

{x}=

Ds Ds Dg Dg

ZZZZ(] S )Z(l Y )8 [0({x},b1.02, ....0p)P({x}, =1, =2, ..., —Pp)]
9.9’ JJ’

0Xp g 0Xp o
T k=1k=1qg=1q=1 k,qOAk q

Ds Ds Dg Dg 27
E ) I) D) B w>2<1 —8,,)[8 P D102 D) 54y gy~ — )

0Xp. g OXpr o
T k=1 k=1g=1q'=1 k,qOXk q

3,0({?6} 1,02, ....¢p) 3p({x}, =1, =2, ..., —¢p)

Bxk .q axkr,qf [x}:%
ap({x} ¢17¢2’ ‘7¢D) 8,3({)6}, _d)l’ _¢2’”~’ _¢D)
0xp g OXp g {x)=1
~ 3% =01, — ¢, ..., —
I I ST A 2, a¢1 b2 ¢p) ] (B104)
xk’q 8xkgql {x}:%

We need to sum over all possible derivatives. The first term to analyze for different-x; , is

Ds Ds Dg Dg

2~
ZZZ D (1= 8iidey )Z(l s, ) PG 82, b0)

0Xg g 0Xpr o7
T k=1 k'=1g=1 ¢'=1 k.q k.q

5({)C}, _(blr _¢27 ey T ¢D)|{x}:f
{x}=1%

Ds Ds Dg Dg

ZZZZ(I_‘Skk’Sqq)Z(l—S”) \/E\/E Ze D0 Py ()

k=1 k'=1g=1 g'=1
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D* s s g =it [ © [ (s E) i¢;, —idy
e pj) p5 )p(E) iPiag=i9; 4 (8, j0k, 1 + Ok, j 1Ok, j)8q.q — —p,(c,) p§ p§ )pf[E) () gitiag=id; 9 (Ok,j + Ok, )

Dg
S) /. (S |/ (S E —igs S) S [ (S | (S E i, —igi
( ) P; P; )p(E)p( ) ’¢f‘"e ig; 'q(ak’,j +5k’,j’)+2D2p1(c )p](() pﬁ) p§ )p;E)p; ) Zel@,pe ig; ‘1,p(pE)
p=1

Ds Ds Dg Dg

D
Z DX = ewdog) Z(l — 80P P Z e~ 101 pU)
p'=1

Y k=1 k'=1g=1 g'=1

D? . . D? o
S e R O L SN P b P Py e eI (8 + 8 )

Dg
D . . )
) (E) (E —iy 2 (S) _(S) _(E)_(E) iy o—ipy, (E
5 —py pc(1 )p ) gi®iq o~19; “(Bp.j + 8w )+ 2D p](( pl(( )pl(/ )p; § :e”b“e by, PE, )

Ds Ds Dg D

D?
ZZZZ(I Sk k/8qq)2(1 — 8 )pgS)PES) 2 —(p (E)) Bk, ik, j + Sk, j Sk, ))8q.4'

T k=1 k'=1q=1q'=1

Dg
D s 2 D? (s 2 S (S E
520 () P Gy ) = 27 () Py G + 800 +2D° 0 bl > ()

p=l1

Ds Ds Ds Dg

D? Zs(2B)
Z Z Z Z(l =8 )PiS)Pgs) { T@k,jékﬂj/ + 8k Sk (1 — Sk g

2
T k=1 k=1 j=1 ji=1 Z:(B)

Z5(2B) _ 8kaE(3ﬁ)] D?
e el 2

PO p® ZE(2p) |:1 . ZE(2/3)] }
Z28) Z2(B)

p]((S)(Sk’,j + (Sk"j/)l:ZE(z’B) S ZE(3ﬁ)}

_D s D+ 8 )[
2 POk ok 2z Nz

+2D? (B105)

which multiplying out gives

Ds Ds Dg Dg

9 p({x}, 01,92, - - - $p) ~
ZZZZ(I Skk/ qq)z(l _8//) an’;a)Czk'qqf o p({x}9 _¢17 _¢2""’ _¢D)|{X}:7

Y k=1 k'=1q=1 g'=1 {(x}=%

Ds Ds Ds Ds 2
D
Z >0 P(/S)P(;S){ 2 G+ 8 — 8.k i = 8k i

T k=1 k=1 j=1 j=1

Ok w0k jOu j — Ok ki jr Bk j + Bk w8 Sk Ok j + SkkrSj Ok, jr bk, /)ZEz(Zﬂ)
Zi(B)

—D—p,(f)[sk Ze0p) o ZeOB) o ZeCP) o ZGP)

2 Tz T zie Yz YTz

Zp(2P) Z(3pP) Ze(2B) Z:3B)

5Ok T g 2(8) + 8570k, j k.k’% -8 k,j,% + 88k Sk ) i|
_ D—p]({s)|:8k/ jw — 8 ik k,w " .,M T Zr(3pB)

2 zzp Tz Tz T Zie
_ Lj/Sk%j% + 9,0k k,k/% —S_i,j«ak/,_,% 85 80 S ZZE%(Z;)]
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_ { D? [1 |- ZsCB) _ ZsQB) ZsCP)  ZsCP)  ZsCH) Zs(2ﬂ)] Zp(2B)
8 ZXB)  ZAB)  ZAB)  ZHB)  ZAB)  ZAB) | Zi(B)
_D? [zE@ﬂ) Zs(2B) Ze(3B) | Ze(2B)  Zs(2B) Zx(3B)
ZiB)  ZIB) ZypB)  ZE(B)  ZHB) Zi(B)
_ZsCP) ZsCP)  ZsGP) ZeBB) _ ZsCB) ZeB) | ZsB3P) zE<3ﬂ>]
Z¥B) ZiB)  Z3B) Zi(B)  ZiB) ZEB)  ZIB) Zi(B)
_D? [zE<2ﬂ> Zs(2B) Ze(3B) | Ze(2B)  Zs(2B) Zx(3B)
ZiB)  Z¥B) ZzB)  Zi(B)  ZIB) Zp(B)
_ZsCP) ZsCP)  ZsGP) Ze(B) _ ZsCB) ZeB) | ZsB3P) zE<3ﬂ>]
ZiB) ZpB)  ZIB) ZiB)  Z3B) Zi(B)  ZUB) Zp(B)
zE<2ﬁ>[ _ ZsB) _ Zs(2P) Ze2P) Z3(2B) zE<2ﬁ>“
Z3(B) ZiB)  ZIB) ZEB)  ZHB) ZE(B)
_p { 1 [ B ZS(Zﬂ)i|ZE(2ﬁ) . [ZE<2/8> Zs2B) ZeGB) _ ZsCP) ZeP) | Zs(3P) zE<3ﬂ)]
4 Z5(B) 1 Z5(B) ZEB)  ZB) ZEB)  ZsB) ZiB)  ZIB) Zp(B)

N zE<2/3)[ _ ZsCB) _ Zs2B) Zr2P) | Z:(2B) zE<2ﬁ>“
ZE(B) ZXB)  ZUB) ZE(B)  ZEB) Z:(B)

_ D*>Zp(2p) Zs(2B) L ZEGB [ Zs2B)  Zs(3B) ,Z3(2B) Zs(2B) Zs5(2B)

=—— 1— 5 D 3 5 - = - D? T 1— 3 , (B106)
4 Z2(B) Z2(B) 2B L ZB)  ZUB) Zi(B) Z:(B) Z2(B)

which is not too pretty of an expression.
The second term (first middle term) to calculate is

+D?

aﬁ({x}ﬂ _¢l’ _¢2 """ _¢D)

3xkr,qf

ap({x}, 1.0, ..., ®p)

ZZZZ(I—skksqq>Z(1—8,,) T

k=1 k=1 g=1 g'=1

Ds Ds Dg Dg Ds D S 5 )
ZZZZZ(I Buaeby )1 =850 S\ Py P PP e e Py + 8 )

T k=1 k'=1q=1q'=1 j,j'
Dr _D
=D PPN PP | D tre e gl | S B P py e e B )
p=1 |
Dy 7]
s s S) (E —i¢: s ids , (E
—pp®/ P /pj/)p;f) S it it pl®)
p'=l1 i
Ds Ds Dg Dg Ds Ds
S) (S
- ZZZZZZ(I_SH‘SM)(I 8j.j") PE)Pi)P;E)Pq)5qq(5k1+3k1)(8k,+8k1)

T k=1 k'=1q=1q'=1 j=1 j'=1

=%

D $) (S) (S E $) (S) (S E
R RN (0P P By + 81) — - p,ﬂ P P B (0 Br + )
Dy .
2 (8) (8 (8 (S) (E) (E) E
+D°p e Pj Pj pr(z )pq Z(p;,))
p=1

S S 5 5 D Z 2
= Z Z Z Z(l —8;;)p (S) (S){ , ZEZ((;;)(&,] + 8k, )8k, j + Sk i) — S i)

T k=1 k'=1 j=1 j'=1
_D o[ 22D, Z5GH) D o[ZCB) o ZiGB
2 P |:Z%(/3) O Z3(B) i|(k/+ Sk.j) - P [Z%(,B) — Ok Z06) ](3k,;+8k,/)
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Z:2B) [ Z:2P)
Pic P e Iz

2DS Ds Ds

Ds 1 Zg(2B)
ZZZZ > (S){ - ﬂ(kj‘skj"“skf‘skj"‘(skﬂskj+5k15k I = 8k — 8,y + Sk kb jr)

k=1 k'=1 j=1 j'=1 4Zz(ﬁ)
Lol Ze@B) o o ZeGB) Zp(2P) s ZeGP)
2pk, [Sk’J—Z%('B) (Sk,] k. k Z%(ﬁ) +(Sk,j Z%(ﬁ) ak,J (Sk,k Z%(ﬁ)
Ze(2B) Ze(3B) Ze(2B) Zg(3B)
— 8,78k, ZEz(ﬂ) +3j,j/3k,.i5k,k/% — 38 k,j/%Jﬂsj,j“skwak,k'%}
B lp(S)|:8kr Zp(2B) s bin Zr(3P) 5 Zp(2P) S S Zg(3B)
278 [ 22 T Z3B) T Z2(B) T ZAB)
Ze(2B) Ze(3B) Ze(2B) Ze(3B)
—8j,j0kj Z268) +38,j:0k.j k,k/% —5.f,j'5kx.i/% +8;,8k.j k,k'%]
Zg(2B) Ze(2B)|[ Ze(2B)
+p® (S)[l 5. ZE S VI S ][ “ B107
bl T Za ey T T ey Lz EIn
which is simplified to
s Ds, Dr D ap({x},ﬁbl,(bz 7777 ¢D) aﬁ({x}’ _¢l’ _¢2 33333 _¢D)
(1 =8k wdgqg) ) (1 =165
kz; kz:l qz; qz:l q.9' Z JJ' 8Xk,q {x}:% 8xk’,q’ (x)=1
_ _{1ZE(2ﬂ)[l B Zs(2ﬁ)] 3 _|:ZE(2,3) Zs2B) Zg(B) | Ze(2B)  Zs(2B) Ze(3P)
2012 Z2(B) Z3(B) ZxpB)  ZiB) Zi(B)  ZZB)  ZiPB) Zi(B)
_Zs(2B) Zp(2B) | Zs(3P) Ze(BB)  Zs(2B) Zp(2B) | Zs(3p) ZE(3,8):|
Z3B) Z3(B)  ZiB) Zi(B)  Z3B) Zi(B)  ZiB) Zp(B)
_[ZE(Zﬁ) Zs(2B) Ze(3B) | Ze(2B)  Zs(2B) Zp(3B)
Z2(B)  ZAB) Zi(B)  ZEB)  ZB) Zi(B)
_Zs2B) Zp(2B) | Zs(B3P) Ze(BB)  Zs(2B) Zp(2B) | Zs(3P) ZE(3ﬂ)}
Z3B) Zp(B)  ZIB) ZiB)  ZiB) Zi(B)  ZUB) Zip(B)
+[1 Zs(2B) Zg(2B)  Zs5(2B) Z3(2B) ZE(Zﬁ)][ZE(Zﬂ)“
ZiB) ZZB)  ZB)  ZiB) ZiB) Il Zi(B)
_ ﬁ{lZE(Zﬂ)[l B 25(2,3)] _ Zp(2B) 2Zs(Zﬁ) Ze(3B)  Zs(2B) Zp(2P)
2! 2 Z2(B) Z4(B) Z%(B) ZiB) ZyB)  ZIB) Zi(B)
225(3ﬁ) Ze(3B) Zs(Zﬂ)Z (B)  Zi2B) Z% (Zﬂ)}
ZiB) Zi(B)  ZiB) Zi(B)  Zy(B) ZE(B)
D2 Ze(2B) Zs(2B) ,Ze(BB)[ Zs(2B)  Zs(3B) D* Z2(2B) Zs(2pB) Zs(2B)
2 - 2 D 3 2 3 T 5 54 2 - 2 ’ (B108)
4 Zz(B) Z(B) Zy(B) L Z5(B)  Zy(B) 2 Zy(B) Zy(PB) Z(B)

which is also not a pretty expression.

The last two terms give the same results as the first two, since they are complex conjugates of the first two terms. For example,
the fourth term is the complex conjugate of the first term, and the result after the averaging over the {¢} is real, so the final result
for the fourth term equals the final result for the first term.

Collecting the four terms gives the final result for the different-x; , second derivatives to be

9 S Dg D 8fo-
Zzzz(l_ékk‘sqq)a Xt 82xkq

k=1 k'=1 g=1 q'=1

(x)=5

_ D>Z:2p) [ . Zs(2ﬂ)] L ap? ZE(3/3)[ZS(2/3) B Zs(3ﬁ)}
2 Z2(B) Z¥(PB) B L 2B Z¥B)
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o ZECH) zs<2ﬂ)[1 B Zs@ﬂ)} o » zE<2ﬂ>[1 B Zs@ﬂ)}
Z3(B) Zi(B) Z3(B) 2 Zi(B) Z3(B)

ZE(3ﬂ)[ZS<2ﬂ> ZS(3,3)} _ e ZECP) Zs(Zﬂ)[l B Zs(2/3)}

Z3B) L ZXB)  Z3(B) ZHB) ZAPB) Z¥(B)

_up zi(3ﬂ> [zs2<2ﬂ> B Zs3(3ﬂ)] e Z%(Zﬂ) zs2<2ﬂ) [1 _ zs2<2ﬂ>]7 (B109)
B L 22 Z3B) Z4(B) ZXPB) Z4P)

which is the same as the same-x; , term except for a negative sign.

+2D?

e. Oth, 1st, and 2nd terms of &(25?)

To second order one has the final expression for 202, now that all ¢r.q have correctly been taken into account,

E(frr2) = E(fror| 1) + g((x _ _) )ZZ 9 for

k=1 g=1 kq

{x}=

] _l S S E E 8f20,
+Zéa<<x D)( ));;;;(1 5kk8qq)8 S

_ Ze(2P) [1 _ Zs@ﬂ)} [ D—1 “—4D2 Ze(3P) [25(2,3) _ Zs(3ﬁ)]+3D2 Z3(2B) [25(213) _ Zﬁ@ﬁ)“
Z3(B) Zyp ]l DD+ Z;(B) LZsB)  Zi(B) Zy(B) LZ5B)  Z5(B)
1 2 ZEGB) [ Zs2B)  Zs(3B) 2 Z5(2B) Z5(2B) Zs(2B)
"I 3 2 E —3D? 4 ==
D*(D + 1) Zg(B) L Zs(B)  Zy(B) Zy(B) Z3(B) Z5(B)
_ ZE(Zﬂ)[1 _ 25(2/3)] n [ D—1 ]{_4ZE(3ﬂ)[Zs(2ﬂ) _ Zs(3,3):| +3Z%(2,3)[Zs(2ﬂ) _ Z§(2ﬂ)]}
Zp(B) Z3(B) (D +1) ZyB) L Z5B)  Z3(B) ZyB) L Z5B)  Z5(B)
[_ 1 } { 4 ZEGB) [zs(zm - ZS(Sﬁ)} L Z3CP) Z52B) [1 - Zs@ﬂ)“
(D+1) ZyB) L Z5B)  Z3(B) Z3(B) Z5(B) Z5(B)
_ ZE(Zﬁ)[l _ 25(2.3)] 4D ZE(3/3)[ZS(2/3) _ Zs(3,3)} ;P Z%(Z,B)[ZS(M) B Zﬁ@ﬁ)}
Z3(B) Z3(B) (D+1) ZpB) L Z5B)  Z3(B) (D+1) ZpB) L Z5B)  ZsB) |
(B110)

Equation (B110) is written as Eq. (27) in the main text, but is written in terms of free energies rather than partition functions.
In the limit of high temperature (8 — 0), one has that Zg(0) = Dg and Z5(0) = Dy to give

) D D D Dg(D D D Di(D D?
lim &(fr2) = 5 (1= | —d——— (5 — 5 | +3—— L —S——j
B—0 D2 D3 D+1D3\D? D} D+1D} D

1 1 DgDs 1 (1 1 DgDs 1 [ 1 1

Dg Dy D+1 DE Dy DS D+1 D Dy DS
1 (Ds—1) 11 1 D 1 (Ds—1) Ds—1  Ds—1
" Dg Dg D+ 1 Dg Ds) D+1Dr Ds  D+1 DgDs+1

(B111)

One can perform an expansion about 8 = 0 (temperature 7 = 00). In particular, use that the average internal energy for the
environment is given by

dIn[Zg(np)] I 19Zg(np)

(E(nB)g = — 0B ZeBn  op (B112)
50
EJZg_énﬁ) = —n(EmP)) g Zg(np). (B113)
It is similar for the derivatives of Zs(nB) for the system,
%(ﬂ”’g) = —n(E(nPB))sZs(np). (B114)
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Taking the limit 8 = O gives the average internal energy at infinite temperature, USE and U, for the environment and system,

respectively. Thus,

9Zs(np)
B o

0Zg(np)

— _wU®Dg and ZEE
* 8ﬁ p=0

=-nUP Dg. (B115)
Note that

(E) _
D pos D?"H Uy, =0 (B116)

B LZE"(B)

and similarly for the system Zg. Thus, the first-order term in the expansion about 8 = 0 vanishes. This gives that for small 8 the
Taylor expansion is

m m—1 m
i[zE(nﬁ)]' _ _nmDy"'Dg iy nmDy Dy
B=0

D —1
E(frg2) X ——

2
Bopi OB (B117)

The second-order terms should be in terms of the heat capacities at constant volume, Cg, and Cs ,, since

_WNE)s _, pd(E)s  L@WZsB] ] 1 3Zs(B) [ 1 3Zs(ﬂ)i|2
Co=Tgr Tl ST e el {zsw) o |ze o || O
In order to calculate more easily the second-order term, define
_ Zg(ngp) _ Zs(nsp)
RE(”E,B)—% and RS(nSﬁ)_—Z§S(,3) (B119)
and evaluated at 8 = 0 gives
Zg(ngp) Dg 1
R o= —— = = —. B120
sl = ey | = B = (B120)
The first derivative is
IRp(nep) _ i|:ZE(nE,B):| __ 1 3Zpnep) npZpngpP) dZp(p)
op pL ZyB | ZFB) 9B Zy ) 0P
ngZep(ngp) ngZgngp)
— _ESEVER R SEEEER R B121
Z7B) (EmeB))e + 77 (B) (E(B))E ( )
and evaluated at 8 = 0 gives
aRE(”Eﬁ)‘ _ i[ZE(nEﬂ)”
aﬁ =0 aﬁ Z'EI'L (:3) B=0
ngZe(ngp) ngZep(ngp) ngDe gy neDe (g
=———F"(E + ——(E =— U +—-Uy’ =0. (B122
The second-order derivative is
3’ Re(ngp) _ B_Z[ZE(nEﬁ)] _ 1 3’ Zp(ngp) . 1 0Zp(ngB) 0Zp(B)
0p> B2 ZyEB) | ZEB) ap? Bzt op op
ngZp(neP) 9°Ze(B) ng  0Zg(B)dZp(ngP) | npg + DZpneP)[0Zp(B)]
T et P R—— + P . (BI23)
ZyTp 9P ZyT(p) 9B P Zg " (B) p
or using the definition of the specific heat as
02Zp(ngP)
gﬂf = g 2P e ). (B124)
with the limiting result
*Zp(nep) _ ng _ ng
o o YL Z(neP)Ceo(nepP) o YL DgCp,y(00), (B125)
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gives
*Rep(npp) 3% [ Ze(ngp) ng 1 ngDg ng
_ = —|——— = — DeC — ——— |DgC
8ﬁ2 =0 3/32|: Z%F(ﬁ) i| 40 D2F< kB,32> E E,U(Oo) DYELE_H ( kBlgz) E E,U(OO)
_nECpa(00) (np 1\ _ npp — DCE(00) (B126)
ksp>  \Dp' D! kep2DREH
Note that both
oR oR
M’ =0 and if nE=1M‘ =0 (B127)
B 1m0 B B=0.ng=1

These greatly cut down on the number of nonzero terms from Eq. (B110). One has that
3 { Zp(2P) [1 B Zs(Zﬁ)} 4D ZsGP [zs(zlﬂ) B Zs(3/3)] L3 D Zi2B) [25(2/3) B Z§(2ﬂ)] H
B ZE(B) Z3(B) (D+1) ZpB) L Z5B)  Z3(B) D+ zzB) L Z5B)  ZsB) 1,

_2CE,,J(oo)<1 1) I 2Csu() , D 6CE,U(oo)(1 1) 1 cs,v(oo)< 2 6)
~ ksB’Dg Dp ksp*Ds D+ 1| kgp?D: \Ds D3

D% kgp?
D [4Cp,00)( 1 1 1 Csp(00)( 2 8
+3 o \D:  p2) T ks \ D
D+1 /{]3,32[)}E Dy DS DE kg Dy DS

Ds D3

2Cpu(00)Ds—1)  12Cs.(00) 1 2 ~ ~
== B D T g PG Ds = D+ Cs(00)Ds = 3]
1 2 [2Cg (o) Cs,.v(00) ,
DD+ 1)kBﬂ2[ D, Ps=U+—p—(0s _4)]
_ Cgy(00) . _4Ds—1 Ds —1 Csu()[ , (Ds—1)  Ds—4
= Do [21)5 -4+ 2 1)} Dinp [ 2-8 6 } (B128)

Therefore, the final result to second order about 8 = 0 is

2— J—
Efry = 2571 4 1‘/32{%[205_1_24%—1“2 Ds— 1 ]+2C5,v(oo)|:_1+2(3DS 4Dy 8)}}.

D+1 ' 2! Dkg 2 D+1 Dg(D +1) Dkgp? D+1
(B129)

One has to be cautious about the low-temperature (8 — +00) limit, since the analysis requires that 8(Hgg) be small. Then
the partition function can be written as

Ds—gs
(S (S) (S (S)
Zsnp) = e PE | gs+ Y e PETTED | L gge P (B130)
=1

It is similar for the partition function Zg(ng). Thus, one has

. 1 1 D 1/1 1 gs—1 D
lim &(fy2)= —|1-—)—-——=5|——5)= 1 - . (B131)
p—+00 8E gs D+1gp\gs g5 8E8s (D + 1)gegs
This expression goes to zero if the system ground state is nondegenerate. For a highly degenerate system ground state (gs > 1)

the expression goes to 1/gg. Thus, in principle, one could use any system with gg > 1 and for a large bath D — +o0 at very
low-temperature measure &'(_f>,2) in the system and from that deduce the degeneracy of the ground state of the bath.

10. Coupled entirety

Our goal is to calculate in perturbation theory the expectation for o2, up to first order in the interaction Hamiltonian A H; in
Eq. (B1). We then show that for particular common symmetries this first-order term is zero.
Let us start with a formula from Wilcox (Eq. 4.1 of Ref. [51]) of

H(\ 1
368;) =/ dge““”al;ik)e_wmem” (B132)
0
L o0H(A
ZEH(A)/ dé.efsm)%eém). (B133)
0
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Then one has

—BHy—BS§H, 1
e BH ~ o=BHo | {86—/3 i ,} A =e P4 {/ déeﬂwweﬂweﬂli} A
E) 0 0 EN 0
1
= (1 - { / dgeﬁéHOH,eﬂEHO}m)eﬁﬁo (B134)
0
1
= e—ﬂ”0(1 - {/ dgeﬂé”OH,e—ﬂé”o}ﬁ)\) (B135)
0

The wave function we start our dynamics with is given by Eq. (B6). The first-order perturbation comes from both the
denominator and numerator of Eq. (B6). First, let us deal with the denominator. Up to the first order, we have

1
(Wole PH |Wp) = (Wole P — { / dée—ﬁf”ﬂHleﬂ”U}ﬁxe—ﬂHo + O\ W)
0

1
— (Wole PH0 ) — BA(W| f dge M F PO ) 4 602)
0

1
= (Wole P |wy) — B / dg (Wole a0 e PU=DH0 1) + 6 (12). (B136)
0

According to the results in Ref. [40], for large D we have
TrA ~ D{¥y|A|¥y), B137)

where A is an operator which is acting on a D-dimensional Hilbert space. Then the denominator of Eq. (B6) reads
1
D (Wole PH|Wy) ~ Tre P — g / dETre Pt o= PU—9H0 — Tre=PHo _ gy Tre P g, (B138)
0

If we restrict the Hamiltonian into the Heisenberg type which is given by

Ng—1 Ng

Hy=—Y" 3" Y Jostse, (B139)

i=1 j=i+la=x.y,z
Ngfl NE

Hp==3% 3 Y Qi (B140)

i=1 j=i+loa=x.,y,z
Ns Ng

Hgp = —ZZ Z A SETY, (B141)

i=1 j=1a=xy.z

where S and [ are referring to the spin—% operator of the system and environment respectively, then the first-order term of the
denominator of Eq. (B6) is zero. To see this, we apply a unitary transformation U which transforms § — —S and I — I or
S — S and I — —1 to the first-order term. The transformation does not change the Hamiltonian Hy = Hs + Hp, but changes
the Hamiltonian H; into — H;. One has

Tre M H, = TIUU e PP UUYH; = —Tre P H;. (B142)

Therefore, the first-order term has to be zero.
Now up to the first order, we have

(Wole PH |Wy) ~ Tre P /D = 7,/ D, (B143)

where Zj is the partition function of the unperturbed system. Then the wave function is thus given approximately by

D D 1
W) A /Z—e—f’H/ZNJO): /Z—[l—{/ dse—ﬂ*?Ho/zH,eﬁéHo/z}m/z+ﬁ(ﬂ)]e—f”’o/zwo). (B144)
0 0 0

The corresponding bra is

1
(Wg| \/Zzo(xy(oneﬂﬂﬂ = \/ZEO(\IJ(O)M‘SH"/Z[I — {fo dgeﬂfﬂo/zﬂ,eﬂfﬂo/z}ﬂ/\/z+ ﬁ(xz)}. (B145)
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The density matrix of the entirety S + E is given by

D _ _
p = Wp)(Wp| = 7€ BHI2 gy ) (W le—PH/2
0

1
_ ZD{ =B HO/2 ) (W |e—PH/2 _ gke*ﬂHo/ﬂ\yO)(\yde*ﬂHo/Z / g ePEHI2 [ o~ PEH2
0

0
——X/ dte ~PEHV/2 p oPEHO/2 p=BHO /2 |\ ) Qg e~ PHO/2 ﬁ(kz)} (B146)
In the energy basis {| E;,) = |E;)|E,)} of the unperturbed system, the random wave function is given by
Ds Dg
(Wo) = Y ) " dipl Eip), (B147)
i=1 p=1

where d;, is a Gaussian random number and Zip dip |> = 1. Hence, the density matrix of the random state is given by

Ds Ds Dp Dg

(Wl (Wol =Y "D DN " dipd}, |Eip)(Ejql- (B148)

i=1 j=I1 p=1g=1
Tracing out the degrees of freedom of the environment, one has

Ds Ds Dg

Trg|Wo)(Wol = > D> " dipd;, |E)E;]. (B149)

i=1 j=1 p=I

Substituting Eq. (B148) into Eq. (B146), the density matrix of the entirety S 4+ E reads
Ds Ds Dg Dg

1
P Z Z Z Zd'Pd;fq{eﬂEi'7/2|Eip><qu|eﬂEM/z - g)\eiﬁEi”/ﬂEip)(qu|37ﬁE‘fq/2/ I Tl
’ 0

i=1 j=1 p=1 g=1
——)\/ dge PEHO2 by oPEEin/2 =P ER/2| )(qu|eﬂE-"‘1/2+~-~}. (B150)

Tracing out the degrees of freedom of the environment, we obtain the reduced density matrix of the system S,
Ds Ds Dg Dy Dg

p="Trrp~ Z 2022 dd;, {e“""”wz |Eip)(Ejg| Er)e™Enl?

zljlplqlll

1
—gxe*“fﬂ”(a|E,-,,><E,»q|e*‘“f-w/2 / dgePsFiul> HiePE 2 E))
0

1
_§<E1|A/ dse_ﬁsHO/ZHIeﬁEEip/Ze_ﬂEip/z|Eip)<qu| El)e_ﬂE-f‘I/z 4o }
0

Ds Ds Dgp Dg Dg
- Z Z Z Z Z d'pd;(q {e_ﬁEip/281p|E[> (Ej |5lqe_ﬂqu/2

zl/lplqlll

1
_gke—ﬂEip/Z(glﬂEl_Hqu|e—5qu/2/ dEePEE T2 H e PER| )
0

1
=B [ dee P B B ) e P } (B151)
0

Then the elements of the reduced density matrix of the system S, in the basis that diagonalizes Hy, reads
Ds Ds Dy Dg Dg

Pirj = (Ev|P|Ej) Z SN dipds, { “PED/2s, (E; | E:)(E;|E;)81ge PEin/?

tl]lplqlll

B. sk, o ! , _
— e P, (B |Ei)(Ejqle™ Pl | dgeP P2 Hye SR B E )
0
B

1
=5 M Ex|(E] / dge™ S H P 2T PEn R By ) (B | E ) 8ige ™72 4 }
0
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ZS ZS ZE ZE ZE d.pd}‘fq {e_ﬁEi”/szlp&'i5j'j5146_5Ef"/2

zl/lplq]ll

1
_gM—ﬁEi,,/z(glp(gi,ie—ﬁE,-q/z / dEPSER (B, | Hy |E e PEEN
0

——/\/ dee PEEN2 (B | HY | E;y)ePE B2 PERI2S 15, ‘3574/2+~-~}. (B152)

Let us look at the different orders of terms A of the reduced density matrix. The zero order is
D &
=N g% —BEw/2,—BE;/2
O =7 ;"”dme 2g=PENL2, (B153)

which is the term we have analyzed for the uncoupled entirety. The first order is

Ds Ds Dg Dg D 1
O = ——%— 22202 dud;, { BEu /25,86~ PEn / dEePSEnl (B g | Hy |E e PEEN 12

021 j=1 p=1¢=1 i=1 0

1
+/0 dée_ﬁEEi,'/2<Ei’l|H1|Eip)eﬁgEil’/ze_ﬁEfP/Z(Sj,jg,qe—ﬁqu/Z}

Ds Dg Dg

1
B g% o—BEn/2,~BEjq/2 BEE /2| . Ve PEE/2
ZAZO ZZE dind; e Ve /0 d§e™ " (Ejq|H[|Eji)e "

j=1g=1 I=1

Ds Dg Dg

D
— E)»— Z Z Zdipd ) / dee™ ﬁEE/z/2( ,-r1|H,|Eip)eﬁéE""/ze_ﬁE""/ze_ﬁE/”/z

i=1 p=1I=1

Ds Dg Dg

1
G=ig—>p =—527 ZZZ(?"E”’”{ i} e / deeP /2 B, | Hy | E e PEEn)
0

i=1 p=1I=1
1
+dipd;, / dse“E””(EMHI|Em>eﬂf&ﬁ/ze“f’f”}. (B154)
0

The bold fonts inside parenthesis to the left of the equal sign are used to show and organize transformations used to go from
one term to the next. We also need the complex conjugate of the reduced density matrix. The zero order is

D
ﬁ(ﬁi*/jr))ﬂ — qu”d e —BE; /,u/2 —BE; /1”/2 (B155)
l” 1

The first order is ((E;,| H;|E j4) is real for the Hamiltonian we are interested in.)

Ds Dg Dg
—BE ]2 —BEjm/2 m /2 — iy |2
OB} i = ——A— DD et { e dy e P / dgeP v 12 (B | Hy | E jp)e PEE T
oz 0
+d;:”p’”dj/l”’/ dée EE,I/”/z( ’l’”|HI|E " ///) gE‘”’ ,/,/ze_ﬂE/,[W/2}. (B156)

The expectation value for o2 that we want to calculate is

Dg Dy
EQoy =& D 1ol | =D Wi =Y E@ i Br;)- (B157)
i'#j i'#j! i'#j

The order A° term for o2 is

Ds 2 Ds Dg Dg

ﬁ(é&(ZGZ))AO = E éa(ﬁ(l?);,fﬁ?jj,)ﬁ(ko)) = ( > E E E é"’(d /ld /ld’]”d o )e ﬂE’//z —BE; ’l/2 —ﬂE,,,,/Z —BE; /111/2 (BlSS)
i 0
i'#j i'#j 1=11"=1

which is the term being analyzed for the uncoupled entirety with the approximation in the main text.
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The order A! term for o2 is (in the following, a and b are symbols for the calculation terms)

Dg Dg
) = Dirj P i)xr) = Pirj )30 O (D7) ;1) Pir )31 O Py )50
O(£Q20%) EO By BY ) EO B0 0B ) + OB ) OB ;)30)

i'#) i
D 2’3 Dg
=ab* +a'b — ] =X &
i (Zo> 2

Dg
(Put a) Z dl-/ld;f/le—ﬁE[/,/Ze—ﬂE/_,I/z

Ds Dp Dg 1
=i 11" Ei/2 —BEuy /2 Eip/2 —BEE 2
(Putb*’p/,,_w ) X E E E e PEw/ { opndipe BEy/ /0 dgePsEn/ (Eip|H{|E jur)e BEE ]
i=1 p=11"=1

1
+d;dj / dge—ﬁfEf’f"/2<E,-,l,,|H,|Ei,,>eﬂEEw/2e—ﬁEﬂf”/2}
0

Dg

(Put a*) + g d;:l,/djrl/re_ﬁE""”/ze_ﬂEf/’”/z
l//:l
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®uth) xS Y e ﬂEl,,/z{d die ﬂEf//Z/ dEPEED 2 (B, | Hy | E ) e PSEr

i=1 p=1I=1
1
+dipds, / dse‘ﬁ”f"”(E,-ﬂHl|E,<p>eﬁfE"P/2e-ﬁEﬂ/2} : (B159)
0

The summation indices are all the same, so we pull them out of the sum

O(EQRH)) = —<—> Za Z & i i‘ i i [

i'#j i=1 p=11"=1 I=1

(Put a) difld}-k/le_ﬁE"”/ze_ﬁEf”/z

1
Putb*)  xe PE23d5, di,e PE 2 | dgePERI2(E; | Hy |E jyp e PEEN 2
0

1
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(Puta*)  +di,djpe Pl /2e=PE /2

1
(Put b) xe—*‘”fw/z{d,-/zd;‘;,e"""ff"/2 / dg e Fol2(E;y | Hy| Ejy)e P55 2
0

1
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Rearranging the terms, one has

Ds Ds Dg Dg Dp|:

O(6QaM) = —(—) DI

P il p=1 I"—=1 I=1
e—ﬁEi’l/ze—ﬁE,/z/z

1
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0
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1
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We want to use the expectation value identities
Edodpd’idy) = E(|d*d[*)Say Sps + 8asdpy) + E(1d1)Supbay Sas-

Notice that we do not have the term &(|d|*) as the indices i’ # j’. We check the terms &(|d|?|d]?),

End}dlydiy) = E(d 1)1 8 j1.ip,

Edd}diydyr) = E(d1d1)8i,ip8 1.

E}djrdind;) = E(AV (P8 i ip,

Edpdppdipdsy) = Ed 1) ip8jur i

Then we have
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_ —(—) £ rGafiapy 3 31

i'#j =1
(Put ab®) (e PEie PEN(E )| HI|E ) + e PEe™PEI (E | Hi | Ein))

(Puta™d) e PEre PEI(E | Hy | E ) + e PFre PP (B | Hy | Ei))). (B168)
The final results for the first-order term of o2 is
Ds Dg
O(EQo*)) = —( ) BAE(AP1d) Y Y e PEie PEN(E | Hy | Eju) + (Ein| Hil Ein)). (B169)
i'#j I=1

Changing the indices i’ — i, j' — j,and [/ — p, we have

DS DL‘
(620 = —( ) BAE(dIP1d) Y Y e PEne PEin((E;y | Hy | Eip) + (Ejp | H|Ejp)). (B170)

i#j p=1

Note that if one sets 8 = 0, the first order is zero and the results for the X state from [39] are retrieved.
Changing the sum

Dg Dg

Z 22(1 ) (B171)

i#j i
gives

O(EQc%));i

D Ds Dy
_<Z_()> :3)“5[‘0(|d| |d| )ZZ(I - S,J)Ze_ﬂEw —5E/p (Eip|Hi|Eip) + (Ejp|Hi|E))

( 2 Ds Ds Dg Ds Dg

BrE(d*|d]) ZZZ@ Eie~PEin (Eip|H|Eip) + (Ejp Hi | Ejp)) — 2 Y Y e 2PFr(E;, | Hy | E;p)

2 Dg Ds Dg Ds Dg

BrE(dI*|d]) ZZZ PEnePEn (B, | Hy | Eip) — Y Y e 2PE0 (B | Hy|E;p)
i p=I1

i j p=1

2 Ds Ds Dg Ds Dg

) BrE(Id*|d ) ZZZe Eie=PEie 2 PEr(E, | H | Eip) — Y ) e 2 Fr(Eyy| Hy| Eip)
j p=1 i p=I1
)2 Ds D Ds Dg

BrE(d I |d]) Ze PES ZZe TE (B Hy|Eip) = Y Y e P Er(E;, | Hy | E;p)
i i p=I

D\2

= —2( BLE(|d|*|d | ZsTre PHse=2PHe ff, _ Tre=2PWHs+He) f (B172)
By applying the same symmetry argument as above, transform S — —S and I — [ or, alternatively, transform S — S and
I — —1, one has

Tre PHse 2PHe = Tre PHs e 2PHEy+ H U = —Tre PHse2PHE |, (B173)

Tre 2PHsHHD g = Tre 2PHsHHO U+ U = —Tre 2PHs+HE (B174)

The terms of traces have to be zero. Therefore, if there exists such symmetry in the entirety S 4+ E, such as the system with the
Hamiltonian described in Egs. (B139)—(B141), the first order of o' is

O(EQc%)); = 0. (B175)

Calculating the second-order term of o2 is much more complicated as the perturbation term comes from both the denominator
and numerator of Eq. (B6). We are not going to calculate the second-order term of o>. We may conjecture that the second-order
term is zero from the simulation results, and the o of the uncoupled entirety is a lower bond for the o of the coupled entirety.
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We have not calculated the first-order term for &(8%). However, the numerical results from Appendix A can be used to form
an ansatz that the first-order term either vanishes or is small for Hamiltonians with the symmetry that makes the first-order term

of &(c?) be zero.
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