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Nonextensive thermodynamic functions in the Schrodinger-Gibbs ensemble
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Schrodinger suggested that thermodynamical functions cannot be based on the gratuitous allegation that
quantum-mechanical levels (typically the orthogonal eigenstates of the Hamiltonian operator) are the only
allowed states for a quantum system [E. Schrodinger, Statistical Thermodynamics (Courier Dover, Mineola,
1967)]. Difterent authors have interpreted this statement by introducing density distributions on the space of
quantum pure states with weights obtained as functions of the expectation value of the Hamiltonian of the
system. In this work we focus on one of the best known of these distributions and prove that, when considered in
composite quantum systems, it defines partition functions that do not factorize as products of partition functions
of the noninteracting subsystems, even in the thermodynamical regime. This implies that it is not possible to
define extensive thermodynamical magnitudes such as the free energy, the internal energy, or the thermodynamic
entropy by using these models. Therefore, we conclude that this distribution inspired by Schrodinger’s idea

cannot be used to construct an appropriate quantum equilibrium thermodynamics.

DOI: 10.1103/PhysRevE.91.022137

I. INTRODUCTION

In a note to the second edition of his book on statistical
thermodynamics [1], Schrodinger suggests that thermodynam-
ical functions cannot be based on the gratuitous allegation
that quantum-mechanical levels (typically the orthogonal
eigenstates of the Hamiltonian operator) are the only allowed
states in statistical thermodynamics. In Khinchin’s classical
book on the mathematical foundations of quantum statistics
[2], an approach to microcanonical averages is proposed in
line with Schrodinger’s suggestion. Landau and Lifshitz [3]
also consider unrealistic the possibility of preparing isolated
macroscopic physical systems in a precise energy eigenstate
since energy levels are too close to each other to select just
one.

From these points of view, it seems then natural to consider
the description of quantum-statistical systems in terms of
probability densities defined on the space of physical states.
This description offers the possibility of considering the weight
of a given state in an analogous manner to what it is done when
describing classical statistical systems. The approach also
offers many advantages in the description of hybrid quantum-
classical systems, as it can be seen in [4,5]. Nonetheless,
it is important to keep in mind that these distributions are
ambiguous from the physical point of view. Indeed, it is well
known since von Neumann [6] that the physical properties
of a quantum system are encoded univocally in its density
matrix g, but there are many different equivalent expressions
for p as a sum of pure states (projectors). Therefore, we may
define entirely different distributions on the space of states,
which nevertheless are equivalent because they lead to the
same density matrix.

In Refs. [7-9] Brody and co-workers proposed their
quantum microcanonical postulate, which asserts that every
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quantum state possessing the same energy expectation value
must be realized with the same probability. Brody and co-
workers also introduced an alternative quantum canonical
distribution and studied some of its properties. The distribution
is defined as a density on the space of pure quantum states that
assigns to each state the Boltzmann weight associated with the
expectation value of the Hamiltonian. These ideas have been
adopted with different degrees of intensity by several authors
using even different distributions (see Refs. [10-22] for some
examples). In this work we focus on the particular state-space
distribution introduced in Refs. [7-11] and, following Jona-
Lasinio and Presilla, we refer to it as the Schrodinger-Gibbs
(SG) distribution. A crucial result of this construction is
that, as suggested by Fig. 2 of Ref. [7], the third law of
thermodynamics may not be satisfied. Therefore, it is desirable
to know why this happens and whether some other essential
properties of the equilibrium thermodynamics, such as the
definition of consistent extensive magnitudes, are maintained
when using the SG distribution.

In this work we prove that, when considered on composite
noninteracting quantum systems, this distribution defines
partition functions that do not factorize as products of partition
functions of the subsystems, even in the thermodynamical
regime. This implies that it is not possible to define extensive
thermodynamical magnitudes such as the free energy, the
internal energy, or the thermodynamic entropy by using
these models. Therefore, although Schrodinger’s suggestion
might seem reasonable a priori and it could have interesting
dynamical features (as can be learned from some of the
references above), it cannot be used to construct an appropriate
quantum thermodynamics, at least not if the suggestion is
materialized in the form of the SG distribution used as an
equilibrium distribution.
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The structure of the paper is as follows. In Sec. [T A we
review the traditional canonical distribution as well as the
SG distribution and we discuss the different alternative forms
to present them. Section II B studies the quantum properties
associated with the density matrix that encodes the properties
of the SG distribution, in particular that it commutes with the
Hamiltonian. Sections IIC and IID contain the main result
of the paper: We prove that the partition function of the SG
quantum ensemble does not factorize in the case of composite
noninteracting systems. In Sec. III we present a simple model
to exemplify our analysis and discuss it from several points of
view, namely, we evaluate the partition function, the possible
definitions of thermodynamic extensive magnitudes, and an
alternative description in terms of density matrices. In both
approaches we identify the lack of factorizability and one of
its causes: basically, that the density matrix associated with the
SG distribution represents an entangled state. In Sec. IV we
briefly summarize the content of the paper and consider the
potential impact of our analysis on the study of the equilibrium
and nonequilibrium statistics of hybrid quantum-classical
systems.

II. TRADITIONAL AND SG QUANTUM CANONICAL
ENSEMBLES

A. Description of the ensembles

Consider a physical system on a Hilbert space H of
dimension n. We define the dynamics by a Hamiltonian H.
In this context, the traditional quantum canonical ensemble
(QCE) (see standard textbooks such as Refs. [6,23-25] for
details) is the ensemble defined by the density matrix

pc =Z " exp(—BH), @1
where the partition function Z is defined as
Z = Tr[exp(—BH)]. (2.2)

One may alternatively arrive at ensemble definitions by
establishing first a probability distribution F'(]y)) on the
Hilbert space H with respect to the canonical volume element
du(|yr)) or, equivalently, a probability distribution F'(Py) on
the projective space P’H, where P, is the orthogonal projector
onto the one-dimensional subspace generated by state 1.
These distributions can then be used to define the ensembles,
i.e., to construct the density matrices: Given any probability
distribution F defined on the state space, the corresponding
density matrix is given by

p= / dp(Py)F(Py)Py, 2.3)
PH

where du represents a (dynamically) invariant measure on
‘PH. Different distributions F' and F’ may lead to the same
density matrix and must then be considered equivalent. This
is just reflecting the well known ambiguity in the definition of
a density matrix: Given a density matrix g, there are infinitely
many ways of writing it as a convex combination of rank-one
projectors.
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One may now prove that the average value of an arbitrary
quantum observable O can be calculated as (see [5])

(0) = / d(Py)F(Py)O(Py), (2.4)
PH

where O(Py) = Tr(é Py) = (mﬁb‘/y. However, the result is

exactly the same if we compute

(0) =Tr(pO),

2.5)

where p is Eq. (2.3).

One can construct one such probability distribution to
obtain the quantum canonical ensemble pc. Let us begin with
a distribution defined on the Hilbert space as

F(ly))=2""Y e PHs(1y) — |E))
k

=Y gy 1B, @6

- IE; Ko '

with the partition function

Z= [ auGyp e s - )= e tE. @)
k k

where {|Ey)}x=1...» represent the energy eigenvectors of the
Hamiltonian A and {E;} the corresponding eigenvalues. Of
course, as we mentioned above, this representation is not
unique.

If we prefer to consider the distribution as defined on the
projective space PH, we have

_ _ |Ex) (Ek|
F(P =Z‘§ ﬁEsz(P ——>, 2.8
(Fy) p ¢ Y (Ex|Ex) 8)

where now the partition function is written as

] |E{Ex] ,
Z= du(Py f’Eks(P _—>= BEL,
fm 8 ”)Xk:e v lEIE) ) T2

k
2.9)

where dp represents an invariant measure on PH. Notice that
these are just the expressions for the spectral decomposition
of the density matrix (2.1) written as a probability distribution
on H or PH. These distributions select, out of all states of
'H (equivalently of P’H), only those that are eigenstates of the
Hamiltonian and assign to them the corresponding Boltzmann
probability. This may lead one to think that the canonical
ensemble contains some kind of preference for those states, but
this is not true. Invoking the above-mentioned nonuniqueness,
one may use a different distribution F to construct the
canonical ensemble J¢, without using § functions centered
at the Hamiltonian eigenstates. It could be a continuous
distribution over the entire space or even one distribution that
assigns zero probability to those eigenstates.

Brody and co-workers (see Refs. [7,9]) and Jona-Lasinio
and Presilla (see Refs. [10,11]) introduced another distribution,
following the seminal idea by Schrodinger [1]. The main point
is to consider, instead of only one state for each eigenvalue of
the Hamiltonian, all physical states of H (or PH) leading to
the same expectation value for H and assign to all of them the
Boltzmann probability with respect to that expectation value,
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ie., (1/2) exp(—ﬁ(lﬁ|ﬁ|1ﬂ)). As we said, we will call this
distribution the Schrodinger-Gibbs distribution and represent
it as F59. Notice that, by construction, FS¢ can be thought of
as a direct generalization to the quantum realm of the classical
canonical distribution. However, as we are going to see, its
properties are different from the classical case because of the
quantum nature of the states it is defined on.

The SG distribution on the Hilbert space can thus be written

as
FSS(1y)) = (Z59)718(1 — (yly)e PV (2.10)
where now the partition function reads
z%¢ = / du()S(L — (Ylg))e PV
H
= /du<|w>)e—ﬂ<‘”'ﬁ*”>, 2.11)
S

where we denote by S the sphere of vectors in H of norm
equal to one [26]. This last distribution is equivalent to a
distribution FS¢ defined on the projective space PH modulo
a constant factor that does not affect the resulting ensemble (if
interested see Appendix B to understand the origin of the
constant factor). If we define the expectation value of the

operator H on projector Py, = ‘('/’1;‘%‘ € PH as

H(Py):=Tr(P, H), (2.12)
the distribution can be written as
F3(Py) = (Z2°0) e PH P, (2.13)
with the partition function
756 = / du(Py)e PHP), (2.14)
PH

If we evaluate the density matrix associated with the
distribution (2.13) (and use the result proved in Appendix B
to evaluate the integrals on the sphere S of vectors of H with
norm equal to one) we obtain

p>¢ = (2°9)7! fsdu<|w>>e*ﬂ<""”>|w><w|. (2.15)

Regarding the measure du, a few comments are in order.
It is well known (see [4,5] and references therein) that
finite-dimensional quantum systems defined on C" admit a
Hamiltonian structure associated with the canonical Kahler
structure of the manifold. The Schrodinger equation corre-
sponds then to the flow of a Hamiltonian vector field associated
with the canonical symplectic form. Therefore, the Liouville
theorem ensures that the corresponding symplectic volume
is preserved by the dynamics, as it happens in classical
mechanics. As the sphere of vectors with norm one is also
preserved by the dynamics, the natural choice for du on S
is the restriction of the symplectic volume of C”. Regarding
the projective space PH, again there exists a canonical Kéahler
structure on it, also preserved by the dynamics. Therefore, we
can also consider the corresponding symplectic volume, which
will also be invariant.

Now we ask what the physical origin of the differences
between Eqgs. (2.1) and (2.15) is. If one approaches the
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canonical ensemble from the microcanonical one, the ori-
gin is clear. Indeed, while the microcanonical ensemble in
Refs. [7-9] is based on the postulate that every state possessing
the same energy expectation value must be democratically
realized (which implements Schrodinger’s suggestion), in
the traditional microcanonical ensemble, orthogonal states
must be the only ones to be included in the sample space
of the statistical thermodynamics. The arguments for using
only orthogonal states are based on the standard theory of
probability (see, for instance, Secs. 4.5 and 4.6 of Refs. [27]
and [28]) and on the relationship between information theory
and thermodynamics [29-37].

B. Quantum properties of the Schrédinger-Gibbs distribution

Let us now study the properties of the density matrix (2.15)
in more detail. First of all, for technical reasons that will
become clear later, we want to prove that the SG density matrix
commutes with the Hamiltonian and hence both operators can
be diagonalized in a common eigenbasis. Notice that if we
consider $5C as a stationary distribution corresponding to an
equilibrium situation and the Hamiltonian does not depend on
time, the result is trivial:

3p5%(1)
a1

ih =[H,p°°1)]— =0=[H,p%(1)]=0.

3p5%(1)
ar
(2.16)

However, a priori there is no reason to consider ,650 to
be stationary. In the following we will prove that it is indeed
time independent. The simplest way to do this is to consider a

unitary evolution for 45¢ of the form
p%6@t) = U0)p3S )T (1), (2.17)

where, as we assume that the Hamiltonian does not depend on
time,
Ut) := e 1, (2.18)

Under the same evolution, the volume element di on S and
the expectation value of the energy (¥ |Hy) are, because of
unitarity, constant in time. Thus, for any ¢ we can write

(WOIHY®) = (W OIHY(©O) Vi
and thus, as the volume element is also preserved, we find
dully(0))(Z%0) e P IOVl
- du[w(t))](zSG)—le—f‘<‘/f<f>|f7‘/f<f>> Vi,

Consider now the expression of the density matrix /5
defined in Eq. (2.15), which we denote by ,636. Let us consider
how the unitary evolution transforms this density matrix after
an arbitrary but fixed value of time ¢,, i.e.,

p56(t) = Ut)p3° 0 (1)
(259! / Ay )e PV Ol (w0 (1)
S
(2.19)

Here U (z,) defines a transformation on the set of states as

W'y = Ut)ly), (2.20)
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(W'1y)

which obviously preserves the sphere S since (¥ |{) =
and thus we can rewrite Eq. (2.19) as

p36(t,) = (259! / du([y)e POy (') 2.21)
s
We know that the measure is invariant, i.e.,

= du(y' Nz e PV IV,

(2.22)
and therefore, as the sphere S is invariant and the integral runs
over all normalized states, we can write

du(y))(Z) eI

p5%(t) = (259! [ dp(ly' e PV 1y (g (2.23)
S

which is the same as Eq. (2.15). Hence, we have proved that

256(t,) = p°. (2.24)
As the value of 7, is generic, we conclude that the density
matrix is independent of 7 and hence commutes with the
Hamiltonian

[H,p5C] = 0. (2.25)

On a different matter, in order to compute the integral
in Eq. (2.15), we can use the tools of complex analysis, as
presented in Appendix C. The result for the partition function is
obtained in Eqs. (C9)—(C11). Assuming that there exist p + 1
different eigenvalues of the Hamiltonian A with degeneracies

dy, ... ,d,, the partition function is written as
p
756 — Ze*ﬁEk Fg,, (2.26)
k=0
where
dk—l
Q)" dip — 1
e B ()
(dr — D! , Jos-ves]
JOs---s]p =
Jo+ i+ +jp=di—1
p ; .
—1)7[(d s — DV/(dg — 1)!
1—[ (=D*[(ds +j )d/(‘ )]’ 2.27)
L (BE, — BE)
K ;é k
with ( =1 ) representing the multinomial coefficient
(dk—1> (dk—l)'
j()v AR 9js .]0 '

Notice that the traditional distribution (2.6) associated with the
QCE corresponds to the case where

Fg,=di Vk=0,....p, (2.28)

where d;. stands for the degeneracy of the energy level Ej.

From the above expressions we can obtain the spectral
decomposition of the density matrix p5C defined by Eq. (2.15).
Indeed, we know that p5F is diagonal in the energy eigenbasis
and thus it can be written as

| Ex) Ek|
2.29
Z TATAR (2.29)
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where the eigenvalue wy corresponding to the eigenvector | Ey )
is equal to

wk—ﬁEE—<25G>—‘/Sdu<|w>)exp —B Y Ejl;I*| 19l
J

(2.30)

and |) = Zj Y| E;). Each wy is thus obtained as a suitable

derivative of the partition function Z56, as in the case of the
canonical distribution

P VAS
wp=—p"" oF,
Py T R fE)
A AS ' ’

Therefore, we just proved that the probability distribution
(2.10) can be written as

—BE R
FSO(y) =) (e “op!

p 75G
x 8(1y) — [Ex)),

which is formally analogous to the distribution (2.6), but with
very different content because of the second term in the sum.
If we write it as a density matrix we have

550 =3 e PP Fg > ge PEiI(dFg, [OE)
p= 75G p 75G
x
| E) (Ex|
X ——.
(Ex|Ex)

AL

>z " (0Fk,/ aEk))

(2.32)

(2.33)

. . dFr,
Notice that the second term is such that ), 3TE;</ = 0 and then

TrpS6 = 1.

Only if the functions Fg, were independent from the
energy eigenvalues and equal to the degeneracies d; would
556 coincide with the usual canonical distribution j¢ in
Eq. (2.1). Thus, given any S, the average value of any quantum
observable O will be in general different in the ensembles and,
in general, the properties of the ensembles will not coincide.
We will return to this point in Sec. III.

A similar computation for some particular cases can be
found in [38]. Indeed, the authors analyze the completely
nondegenerate case of a general system nd the strong-coupling
limit of a spin-spin interaction Hamiltonian. Nonetheless, the
authors of [38] do not study the implications of their results at
the thermodynamic level, as we will in the next section.

C. Thermodynamical properties of
the Schrodinger-Gibbs distribution

We have just seen how, even if F SG is analogous to the
canonical distribution of a classical (continuous) system, the
quantum nature of the system it describes makes it equivalent
to a quantum ensemble described by a density matrix pSC
that is different from the traditional canonical one. We want
to check now if, despite these differences, we can still
define an appropriate thermodynamics associated with the SG
distribution.
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In order to define a system in thermodynamical equi-
librium, we must obtain the corresponding thermodynamic
magnitudes, both extensive and intensive ones, from the
statistical-mechanics objects. Thus, for a system described by
a partition function Z, the Helmholtz free energy F (which is
the natural free energy in the canonical ensemble) corresponds
to

F=—-p"'lnz, (2.34)

the thermodynamic (also called sometimes internal) energy U
corresponds to the average value of the energy, which can be
obtained through

dlnZ

U=-— T (2.35)

and the thermodynamic entropy S™ is written as

st — kp (1nz — g2 102
— ks )

If the partition function Z is factorizable, the functions F, U,
and S™ are extensive magnitudes. Then the extensiveness of
the functions F, U, or S™ in the present case is equivalent
to the factorizability property of the partition function ZS5¢.
That is, if we consider a system defined as the composition
of noninteracting subsystems, the partition function of the
complete system must be written as the product of the partition
function restricted to the subsystems in order to yield extensive
thermodynamic functions. Notice that, so far, 8 represents just
a parameter that is used to define the partition function and
ultimately may not have any physical meaning (for example,
if the resulting thermodynamics is found to be inappropriate).

Consider then that the total Hilbert space H is equal
to the tensor product of the Hilbert spaces describing the
corresponding subsystems, i.e.,

H=H1®"'®Hma

with dimensions ny,n,, ...,n, (for simplicity we assume the
case of finite-dimensional quantum systems). The dimension
of H is thus given by n =ny,...,n,. Since we assume
that there is no interaction among the subsystems, the total
Hamiltonian is written as the sum

(2.36)

(2.37)

N

ﬁ:Zﬁ :Zﬁnl ®"'®ﬁna—l®ﬁa®ﬁna+1 ®®Hnm
a=1 a=1

(2.38)

As all A, commute, the tensor product of the eigenbases
of the A, is an eigenbasis of the total Hamiltonian H. We thus
have that each element of the total-energy eigenbasis {|Ey)}
(with corresponding eigenvalues Ej) can be written as the
tensor product of the corresponding elements of the different
eigenbases {|ej.‘u)} of the subsystems (with corresponding
eigenvalues e})

E) =)o 0lep). Eome+tel. @39
Without loss of generality, we assume that
Ek g Ek-H’ ej-: g ej‘“_l Vo. (240)

It is well known that the partition function of the canonical
distribution pc in Eq. (2.1) factorizes as a product of the
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partition function of the subsystems (see [25], Sec. 16.2). If we
compute the partition function Z5¢ in this basis, we obtain as
a result Eq. (2.26). If we did the same computation restricted
to the subsystem o, we would obtain similar expressions for
the partition functions Z5¢, with the eigenvalues Ej replaced
by the eigenvalues ¢ . In order to check whether or not Z%¢
factorizes, let us consider the limit 8 >> 1, where we can write

that
75 gy ~ e PEOFE, . (2.41)
Analogously,
SG —Bes
z3°| o1 ™ € P Fog. (2.42)

Factorizability of the partition function would require that

m

2% =[] 23] . (2.43)
a=I1 B>1
which implies
Fg, = H Fg. (2.44)
a=1
However, we can immediately check that [39]
F, # [ Fes- (2.45)

a=1

Indeed, in the nondegenerate ground-state case, Eq. (2.27)
becomes for E; = Ey and E} = e, respectively,

1 1
Fp,=||-——=, Fo= — (2.46)
0 g)ﬁE]_ﬂEo 0 ‘]l:ﬁ[()ﬂejﬂ_ﬂeo
and thus it is simple to prove that
B! B!
—_— _— 247
JEr | 1) D

j#0 Y
The last inequality can be easily understood by thinking that,
on the right-hand side, there are only energy differences
corresponding to a change in one subsystem, while on the
left hand side all possible energy differences are considered.
This being so in the limit 8 > 1 is sufficient to prove that
the partition function Z3 is not the product of the partition
functions of the subsystems and therefore we cannot define
extensive magnitudes from Z5¢. Besides, this property does
not depend on the number of subsystems and therefore it is
still valid in a thermodynamic limit where m — oo, i.e., we
can claim that

o« jot0

oo
SG SG
75 £ ] 25

a=1

(2.48)

We thus conclude that the thermodynamic functions defined
by Eqgs. (2.34), (2.35), or (2.36) cannot represent extensive
magnitudes.

In principle we may study the same problem from the point
of view of the density matrix 559, but doing so in full generality
becomes quite difficult from the computational point of view.
We will tackle this analysis in Sec. III for the case of a specific
quantum system resulting from the composition of two-level
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systems and we will recover the same results obtained here but
in a much simpler way.

D. Origin of nonextensiveness: Integrating over entangled states

Let us consider the simplest case of a composite system by
assuming that we have m = 2 in Eqgs. (2.37) and (2.38). We
know from Eq. (2.48) that

736759 + 735 (2.49)

Now we want to understand the origin of this difference from
a physical point of view.

The partition functions for the individual subsystems and
for the composite system will read, respectively,

ZISGZ/ du(y' e PV IV, (2.50)
SH]
ZSG :/ d'u(h//z))e*ﬂ('/fz“'}zl//z)’ (251)
5/12
and
215202/ du(p))e POV (2.52)
S”I”Z

where &', §"2, and §""2 represent the (n; — 1)-dimensional,
(np, — 1)-dimensional, and (n;n, — 1)-dimensional spheres.
‘We can write the product of two integrals like that of Eq. (2.50)
as

(ZFNZ¥)=L;(WduM¢>MMMW>

e~ BWARY?)

v H YY)

(2.53)

In a basis like the one in (2.39), constituted by separable
vectors, we have

e B ") =B |y

ni ny
2 2
= exp (—ﬂ > elvil ) exp | =BY eilvi| ], @54
k=1 j=1
The separability of the vectors allows us to write

Z k|¢’k| +Z ;|7 |

k=1

(WIHY), v=y' '@y’

(2.55)

Thus the resulting exponent is the expectation value of
the Hamiltonian A = A, ® I, + [; ® H,, evaluated at the
separable points of H = H; ® H,. Notice that in the sum
above, k runs from 1 to n; and j from 1 to n; in such a way
that the coordinate expression of a separable state ¥ reads

w:W®W=(ZMW®® > vile)
k J

Putting everything together, we have just proved that

(2.56)

(Z?NZ¥)=1;(WduMw>mme>w Wi,

(2.57)
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Equation (2.57) sums the same function as (2.52), but only over
the separable states of S"'"> C 'H = H; ® H,, while (2.52)
integrates over all states, both separable and entangled. This
explains Eq. (2.49) from the physical point of view.

If we compare this situation with the traditional canonical
distribution described by Eq. (2.6), we see that the § functions
would restrict the corresponding integrals to the eigenvectors
of the Hamiltonian H , which, in the case of noninteracting
subsystems, correspond always to separable states. In addition,
the statistical weight assigned to each of these eigenstates
depends only on the eigenspace. In contrast, if we think about
the SG distribution in terms of the corresponding density
matrix [i.e., using expression (2.33)], we would be considering,
apparently, only separable states (the Hamiltonian eigenstates
participating of the spectral decomposition), but now the
statistical weights associated with them do not factorize.
Therefore, the density matrix (2.33) is not separable. We will
illustrate this in a simple example in next section.

II1. A SIMPLE EXAMPLE

In this section we present numerical examples of the
properties discussed in the previous section. We will analyze
the two different distributions (2.6) and (2.11) for a system
of N noninteracting two-level particles whose dynamics is
described by a Hamiltonian of the form

k—1 N—k

e . -
ZH2®"'®H2®hk®H2®"'®H27
3

A=Y f=
k
(3.1

where 1, stands for the identity operator in two dimensions
and the one-particle Hamiltonian /; can be written in the
corresponding eigenbasis as

hk=<8 2) Vk=1,...,N

where A represents the energy gap.

Let us now consider a basis for H defined as the tensor
product of the energy eigenbases of every two-level subsystem.
Thus, if we write n = 2V for short, we have the set of vectors
of the form

(3.2)

liv, .sin) = i) ® - @ in)  for |ix) = 10),]1).  (3.3)
We also fix an ordering for the basis
B ={]0,0,...,0,0),]0,0,...,0,1),]0,0,...,1,0), ...,
[0,1,...,1,1),[1,1,...,1)}. 3.4

In this basis itis a simple task to verify that the eigenvalues { £y }
of the total Hamiltonian H and the corresponding degeneracies
dy, are given by

N
Er =kA, dk=< >, k=0,...,N. (3.5)

k
A. Partition function and factorizability

Our goal now is to obtain the expressions for
the Schrodinger-Gibbs distribution corresponding to this
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Hamiltonian. We saw that the ensemble is defined by the
partition function in (2.11). Thus, our goal is to write

SG _ —By|HY)
7% = /5 e

for the particular case of the Hamiltonian in Eq. (3.1).
Previously, from the analysis in Appendix C, the expression
for Z5C was written as in Eq. (2.26), where now n = 2" and
the spectrum is given by Eq. (3.5).

The simplest cases can be easily written. Indeed, we can
consider the case N = 1 (i.e., n = 2) and write Eq. (2.26) as

s @01 —e Py

(3.6)

PHYSICAL REVIEW E 91, 022137 (2015)

Analogously, the next case is N = 2 (or, equivalently, n = 4):

@)1 —2BAe A — 722

SG
z30, = T (3.8)

We can immediately check that, as we proved in general, the
partition function does not factorize, i.e.,

738, # (239,)%. (3.9)

B. Thermodynamic entropies and specific heat

We can also compute the corresponding entropy functions

Zyl, = BA 3.7 S™ using Eq. (2.36). We obtain
|

h kp{=BA +ef* 4 (e — 1) In[2r)*(1 — e P*)/BA] - 1}

SN=1 = A (3.10)
et —1
and
G g (—2BAeP? + 22 — 1) In[8rte P2 (=28 NP2 + 2P2 — 1)/B83 N3]
N=2 7 0B 2B AP 4 0260 ]

—2BA —2BAPA(BA +2) + 3?4 -3 11
“2BAePA + 28 — | ' (.10

Again, itis simple to verify that these functions are not additive,
i.e., that

S, #£28% . (3.12)
Therefore, we must conclude that S™ cannot model an
extensive magnitude and hence it cannot represent the
thermodynamic entropy of a physical system. Besides this
nonextensiveness, S does not satisfy other properties that are
required for the thermodynamic entropy, such as positiveness,
and it must tend to zero in the limit where 7 = ﬁ tends
to zero. Of course, in this case, T must be considered just a
parameter and in no way can it be identified with a physical
temperature. Notice that this behavior does not follow from
the nonextensiveness of the ensemble since it is present in the
N =1 case where nonextensiveness is meaningless. As we
mentioned in the previous section, the ensemble encoded in
Eq. (2.33) is completely different from the canonical ensemble
(2.1) and therefore its properties will, in general, be different.
Thus it is natural that 5¢ defines extensive thermodynamical
functions while p3C does not and it is also natural that the
behaviors in the limit 7 — 0 of the corresponding entropies
differ. Regarding the nonextensiveness of /¢, we proved in
Sec. IID that it is related to the integration over entangled
states in the definition of the ensemble (2.14). We do not have
a similar proof to explain the behavior of the entropy in the
T — 0 limit, but it is evident that entanglement is not the only
reason.

If we also compute the case N = 3 (see [40]), we can rep-
resent the corresponding entropies together with the previous
ones and confirm that, again, their zero-7 limit is different
from zero and the functions are negative in a measurable part
of their domains (see Fig. 1). If we consider the analogous
quantity for the canonical ensemble [p€ defined in Eq. (2.1)]

(

in the same system, we find a very different behavior. Indeed,
we can immediately obtain that

_ﬁ A
SSM = kg (% +In[(e P2 + 1)N]) . (3.13)
We can plot the first three cases for the same parameter values
as before and obtain an equally spaced set of functions, as we
can see in Fig. 2. We can also consider other magnitudes such
as the specific heat C,, (computed as C, = — B2 %), which we
plot in Fig. 3. For C, we recover the dependence obtained by
Brody and co-workers in the simplest N = 1 case [7], but we
can also see (due to the more general calculations in this work)
how C, scales with the number of subsystems N. Finally,

-0.002

-0.004 |

-0.006 [

-0.008 |-

-0.010

FIG. 1. Plot of the functions S%_, (dotted line), S¥'_, (thin line),
and S¥'_, (thick line) versus T forkz = 8.617 x 107> and A = 0.001
for the SG ensemble. We can easily verify the nonadditivity property
of the function S™ and the violation of the third law, since the entropy
does not go to zero in the limit 7 — 0.
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goth
0.00020 -

0.00015 -
0.00010 -

0.00005

. . . LT
0 2 4 6 8 10

FIG. 2. Plots of the entropy S of the canonical ensemble vs
T with N =1 (dotted line), N = 2 (thin line), and N = 3 (thick
line) for kz = 8.617 x 107> and A = 0.001. We see how additivity
is clearly preserved and that the limit 7 — 0 is equal to zero.

notice that C, increases with N in the limit 7 — 0, while for
a consistent thermodynamic description it must go to zero.
This is a property that is preserved in the usual canonical
ensemble. Therefore, its violation cannot be considered
a consequence of the quantum nature of the system but
an essential property of the SG ensemble that cannot be
disregarded.

J

PHYSICAL REVIEW E 91, 022137 (2015)
C,
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0.0008 [~

0.0006

0.0004 -
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FIG. 3. Plot of the specific heat of the SG ensemble vs T with
N =1 (dotted line), N = 2 (thin line), and N = 3 (thick line) for
kp=8.617 x 1075 and A = 0.001. We can see that the limit when
T — 0 increases with N, while for a consistent thermodynamic
description it must go to zero.

C. Description in terms of density matrices
1. Density matrices and von Neumann entropy

Apart from the description in terms of probability distribu-
tions, we can also describe the systems in the previous sections
by their corresponding density matrices, using Eq. (2.33). For
the simple cases N = 1 and 2 we obtain

Pn=1 =

and

N=2 —

5 (_ﬁAe’“ —e 1) |Eol(Es| _ (—ﬁA +eft — 1) [EANEA (3.14)
pac—e®) ) (EE] ~ \"paa—e ) (EL[EY] |
s <2ﬂA +(BA = 3)sinh(BA) + (BA — 2) cosh(BA) + 2) | Eo)E3 |
2BA[sinh(BA) — BA] (E3|E3)
B2A2 —2cosh(BA) + 2\ |[EXNEX| [ B2A* —2cosh(BA) + 2\ |EXNEY|
< B>A% — BAsinh(BA) ) (EX|EX) ( B>A% — BAsinh(BA) ) (EX|EY)
N <2,8A — (BA +3)sinh(BA) + (BA + 2)cosh(BA) — 2) |Exn)(Eaal G.15)
2BA[BA — sinh(BA)] (ExalE2a)’ '

where |Eé) and IEIA) represent the energy eigenstates for
N =1and |E2), |[EX"), |EY), and |E24) are the eigenstates
associated with the N = 2 case. The vectors |E i‘l} and |E i” )
span the two-dimensional eigenspace with energy equal to Ea
in the last N = 2 case.

It is now easy to verify that

~SG ~SG ASG

Pnzn # Pnii © PNy (3.16)

It suffices to check that the coefficients of the projectors onto
the ground state ' é)o) ‘<Ei°>‘ do not coincide. This relation translates
Eq. (3.9) into the language of density matrices. Indeed, since
the Hamiltonian does not introduce a coupling among the

different subsystems, the tensor product of equilibrium density

(

states representing single subsystems [such as Eq. (3.14)]
should define equilibrium density states of the composite
system. This is a property that holds for the usual canonical
ensemble in Eq. (2.1), but fails for the SG distribution, as we
have just shown.
The SG distribution can also be studied from the point of
view of von Neumann’s entropy
SN = —kpTr(p%¢ In p5%). (3.17)
We know that this quantity is always positive and well defined
for any density matrix we evaluate it on. We can also plot
(see Fig. 4) the von Neumann entropies for N = 1, 2, and 3
and verify that they are not equally spaced as in the canonical
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s
0.00014 ~
0.00012

0.00010

0.00008
0.00006

0.00004

0.00002

FIG. 4. Plot of von Neumann’s entropy of the SG ensemble, for
N =1 (dotted line), N = 2 (thin line), and N = 3 (thick line), vs T,
withkz = 8.617 x 107 and A = 0.001. We can notice that the three
levels are not equally spaced.
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distribution (Fig. 2), where the thermodynamic and the von
Neumann entropy functions coincide. Thus, as a consequence
of the nonfactorizability of the partition function, the von
Neumann entropy is not additive, even if the subsystems are
noninteracting. Obviously, by comparing Figs. 4 and 1 we can
easily verify that, in the SG case, von Neumann entropy is not
the same function as S™, while in the canonical distribution
both entropies coincide.

2. Entanglement

We can explain this nonadditivity of von Neumann’s
entropy in a simple manner if we appeal to the notion of
entanglement. If we compute the partial trace of the density
matrix in Eq. (3.15), we obtain a density matrix p; = Trp ,6]5\:,(12,
which we can write as

P1

A <2ﬂA(ﬂA — 1)+ (3 — BA)sinh(BA) — (BA + 2) cosh(BA) + 2) |Eo) (Eol
n 2BA[BA — sinh(BA)]

(Eo| Ep)

. (3.18)

n (Z(ﬂA(ﬁA + 1)+ 1) — (BA +3)sinh(BA) + (BA — 2)005h(ﬁA)> |[EA)(EAl
2BA[BA — sinh(BA)]

Analogously, we can define (and compute)

2 =Triprey = . (3.19)
However, we can immediately verify that
PYy # 1 ® P (3.20)

This just reflects upon the fact that SG density matrices
050 represent entangled states, as we advanced in Sec. IID.
Indeed, being defined from partition functions Z5€ that are not
factorizable, the description in terms of density matrices 5S¢
must also encode this property and it does so in the standard
way. We also know that, while separable states have additive
von Neumann entropy (see Appendix A for a simple proof),
the von Neumann entropy of entangled states is never additive
(the difference between the entropy of the composite system
with respect to the sum of the entropies of the subsystems is
what is called the quantum mutual information in quantum
information theory).

IV. CONCLUSION

In this paper we have proved that the Schrodinger-Gibbs
density distribution, defined as the exponential of (minus S
times) the expected value of the Hamiltonian operator on the
corresponding ray, cannot be used to construct a consistent
quantum thermodynamics. It has severe problems at the
thermodynamical level (the third law of thermodynamics is not
satisfied; see, for instance, Fig. 3) and we have devoted some
time to show that, in particular, the thermodynamic functions
defined by it are nonextensive.

Notice that the definition of the ensemble (2.14) makes
perfect sense for finite-dimensional quantum systems, where
the integral over the projective space is well defined. The

(EA|EA)

(

framework we use in Appendix C to perform the integrals for
the partition function and to determine from there the expres-
sion of $5¢ [Eq. (2.33)] depends also on the finiteness of the
corresponding Hilbert space. A natural question arises: Can we
extend our conclusions to general quantum systems, defined
on infinite-dimensional spaces? The answer is not simple since
the definition itself becomes quite subtle in infinite dimensions
because the rigorous mathematical definition of a functional
integral over an infinite-dimensional projective space is not
an easy task. However, let us assume that the definition of the
functional integral is done and let us focus on the generalization
of the results. There are two important points to discuss: the
procedure we use in Appendix C and the results we obtain.
Obviously the procedure makes sense only if the definition of
the integral is done via a limit process over finite-dimensional
approximations. In this case we could define an analog of
our integrals [Egs. (C2)—-(C9)] for each finite-dimensional
approximation without any change. Regarding the results,
the limit process would be straightforward as long as the
spectrum of the Hamiltonian operator is purely discrete, i.e.,
if its essential spectrum is empty (see [41,42]). In that case,
the dimension of all the eigenspaces is finite and there are no
accumulation points in the spectrum. In a situation like this,
Egs. (2.26) and (2.33) make sense even in infinite dimensions.

We conclude thus that the SG ensemble does not make sense
as an equilibrium distribution because the thermodynamics
associated with it fails to satisfy very basic properties such
as additivity or the third law. On the other hand, the use
of density distributions is a natural option when studying
hybrid quantum-classical models such as Ehrenfest models
in nonadiabatic molecular dynamics (see [4,5]). We leave for
future work the study of the consequences of the analysis in
this paper for the equilibrium and nonequilibrium statistics
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of hybrid quantum-classical systems (see [43] for a recent
approach to nonequilibrium and irreversibility), where the
nonlinear effects on the dynamics produced by the classi-
cal subsystem may alter significantly the results we have
presented here.
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APPENDIX A: ADDITIVITY OF
VON NEUMANN’S ENTROPY

We will include, for completeness, a classical proof of the
additivity of von Neumann’s entropy (see, for instance, [44]).
Let S;p = §1 + S; be a composite system with Hilbert space
Hi, = Hi; @ Ha, of dimension dj;. We want to prove that
the von Neumann entropy is additive on product states gy, =
o1 ® P, ie.,

S(p12) = S(p1) + S(p2),
where Trp;; = 1. Additivity comes from the fact that the

spectrum of p1; = p; ® po consists of the products of the
eigenvalues of p; and p;:

(AD)

di
pr="Y wilwadil = pro =Y relrid (el
i=1 k

d; dy

=0 wivjlmiv;)ivj,

i=1 j=1
dy

,62 = Zl)]|\)j><l)j| = ﬁ]Z = Zrk|rk)<rk|

j=1 k
d; dy

= Zzﬂiwlmwﬂmufl,

i=1 j=1

(A2)

where we denote by {|u;)}i=1,..4, and {|v;)}j=1, . 4 the
eigenvectors of p; and p,, respectively, and by {u;}i=1,...4, and
{v;}j=1,...4, the corresponding eigenvalues. If we compute von
Neumann’s entropy in the eigenbasis of p;, we obtain

d  dp
S(p12) = —kp Y relnrg = —kg > wiv; In(ivy)
k i=1 j=1
(A3)
dy  dy

—kp Z ZMiVj(lnMi +1Inv;)

i=1 j=1

dz dl

d dy
—kp Z v Z pilnp; — kg Z Hi Z vilnv; (A4)
i=1 =1

j=1 =l
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d] dZ
—kB Z/Li lnu,- —kB Zlean
i=1 j=1

= S(p1) + S(p2).

where the fact that Trp, = Trp, = 1 has been used. As the
trace does not depend on the basis, the result is proved.

(AS5)

APPENDIX B: INTEGRALS ON THE PROJECTIVE SPACE

For the sake of completeness, we prove in this appendix the
following result. Consider a function f defined on the sphere
§?1=1 c R?", which is constant along the fibers of the fibration

.87 Pl (B1)

i.e., which can be obtained as the pullback t*(f) of a
function f on the projective space or, from the physical
point of view, which represents a true physical quantity, as
it does not depend on the global phase of the state. Notice
that Eq. (B1) corresponds to the restriction of the canonical
fibration C" — CP"~! to the states of norm equal to one. Then
we have that

/ dusr*(f)=27rf
sl CPpr-!

where dug and duc represent the corresponding volume
forms.

Let us recall that both the sphere and the projective space are
nontrivial differentiable manifolds and therefore that integrals
on them are obtained by patching together the integrals on the
charts of their atlases. Thus, given an open covering {U,} for
the manifold M, we consider a subordinated partition of unity
{ex},1.e., acollection of functions €, : Uy — R that satisfy that
for any point p € M the sum of the functions corresponding
to the open sets to which the point belong is equal to one:

d/“LCf’ (Bz)

VpeU,n---NU; = €(p)=1 (B3)
k=1

With these, we define the integral on the manifold M as
f du(p)F(p) = Z/ dpy (per(p)Fy(p),  (B4)
M k Uk

where F represents a function on M, du represents the
corresponding volume element, and duy, and Fy, represent
the restrictions of the volume element and the function,
respectively, to the open set Uy.
We can now use the bundle structure 7 : §'~! — CP"~!
to define a covering for $?"~! as a product
v =uS x utt, (BS)
where {UISI} represent open sets of a covering for S! and
{U,EPH} represent open sets of a covering of the projective
space. Such a covering always exists because of the bundle
structure. Then consider a partition of unity {¢;} for CP"~!
associated with the covering defined by the open sets {U, ,ic Py
We can extend this family to define a covering for $*'~! by
considering a partition of the unity {e,&,} associated with the
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covering {W;,W,} for the group U(1) ~ S! and defining

wjk(p) = €;(plex(p). (B6)

It is trivial to verify that {w;;} defines a partition of the unity

related to the covering {Vﬁf"_] }. Next we can define the integral

on the sphere as

fsm dpst(f) = Z/

and, as the integrand is constant on the fibers, we can split the
integral in the following way:

f dust™(H)=|>_ / dpw,e,
SZn—l j j

X fU o drv @ (- (BY)
k

By definition the integral on U(1) is equal to 27 and thus we
proved that Eq. (B2) holds.

dpy, 0t (f) B7)

APPENDIX C: THE PARTITION FUNCTION

Our goal in this appendix is to compute the partition
function

/ dpuyy)e PO, 1)

where we recall that the relation of the integral on the unit
sphere and the integral on the projective space (which is
the physically meaningful one) is explained in Appendix B.
Consider this distribution written as in Eq. (2.14) and imple-
ment the constraint by a complex integral in the form

756 = E dk/n du(y)

xexp( ﬁZEkhM) v

1
2

d)ue_l)‘/ du(l//)l_[e_(ﬂEk_“‘)W‘lz, (C2)
" k=1

where du(y) = [T, dyridsy. is the canonical volume ele-
ment in C". Now the Gaussian integrals factorize and can be
computed straightforwardly:

1

756G 2_ dke l?»l_[/ du(r)e” (BEx—iM)|yi?
T
1 =2
= dxe—l* [ (C3)
T kel ﬂEk — i\

If we also take into account the degeneracies of the eigenvalues
we have

oo ) 14 1
G __ n—1 —ik
= (27) /_ _dhe ,!:ol GE—ih @
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Im (&)

AR XX X Re(é)

FIG. 5. Representation of the integration region I in the complex
plane. The poles are represented on the real axis.

where d) represents the degeneracy of eigenvalue Ej and the
product runs only over different eigenvalues (we assume that
there are p + 1 of them).

The last integral (over A) must be evaluated on the complex
plane, where the integration runs over the real axis. To this
end, let us first make a change of coordinates

£ =il (C5)

that produces

P
1

G _im "‘l/d -& ’ c6

i(2m) : §e ,!:0| GE—o) (Co)

where now y is the imaginary axis.

Next we define a closed integration region I" on the left half
plane containing the imaginary axis and a semicircle of infinite
radius as depicted in Fig. 5. From the Cauchy theorem, we
know that the integral is equal to the sum of the corresponding
residues at the poles of the integrand, which in this case lie on

& = BEg, (C7)

their order corresponding to the degeneracy of the correspond-
ing eigenvalue. We have thus that

e—§
_l(Zn)n i ZRGS <m §= ,3E1> .

(C8)
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Then we can write

PHYSICAL REVIEW E 91, 022137 (2015)

p
759 =" e P Fy, (C9)
k=0
where
sE gdi—1 r
Fg, = —Qm)"eP"* C10
E vy UO (ﬂEs (BE, — &y 10
s~k £=pE,
By computing the derivative we obtain
di—1
Fp = @m)" i ( di — 1 ) ﬁ (=D + js = DY/(ds = DY C11)
. (dr — 1! P Jos - osdp it (BEs; — BEp)4+is ’
Jot iy = =1 s#k
where ( i lj ) represents the multinomial coefficient
(dk—l> (dp — 1)!
Jos -+ sJs Jolee st

This concludes the proof.
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