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Geometric quantum thermodynamics

Fabio Anza" and James P. Crutchfield ®'
Complexity Sciences Center and Physics Department, University of California at Davis,
One Shields Avenue, Davis, California 95616, USA

® (Received 29 May 2022; accepted 3 October 2022; published xXxxxxXxxxx)

Building on parallels between geometric quantum mechanics and classical mechanics, we explore an
alternative basis for quantum thermodynamics that exploits the differential geometry of the underlying state
space. We focus on microcanonical and canonical ensembles, looking at the geometric counterpart of Gibbs
ensembles for distributions on the space of quantum states. We show that one can define quantum heat and
work in an intrinsic way, including single-trajectory work. We reformulate thermodynamic entropy in a way that

accords with classical, quantum, and information-theoretic entropies. We give both the first and second laws
of thermodynamics and Jarzynki’s fluctuation theorem. Overall, this results in a more transparent physics than
conventionally available. The mathematical structure and physical intuitions underlying classical and quantum
dynamics are seen to be closely aligned. The experimental relevance is brought out via a stochastic model for

chiral molecules (in the two-state approximation) and Josephson junctions. Numerically, we demonstrate this
invariably leads to the emergence of the geometric canonical ensemble.

DOI: 10.1103/PhysRevE.00.004100

I. INTRODUCTION

Geometric quantum mechanics (GQM) exploits the tools
of differential geometry to analyze the phenomenology of
quantum systems. It does so by focusing on the interplay
between statistics and geometry of quantum state space.

For finite-dimensional quantum systems, that we consider
here, the state space H is isomorphic to a complex projective
space CP" of dimension n = D — 1, where D := dim H. Our
goal is to explore the statistical and thermodynamic conse-
quences of the geometric approach. In particular, structural
and informational properties can be properly formulated. And,
the close parallels in the mathematical foundations of classical
and quantum dynamics become clear.

To the best of our knowledge, the development of the geo-
metric formalisms started with early insights from Strocchi
[1] and then work by Kibble [2], Marsden [3], Heslot [4],
Gibbons [5], Ashtekar and Shilling [6,7], and a host of others
[8—18]. Although geometric tools for quantum mechanics are
an interesting topic in their own right, the following explores
their consequences for statistical mechanics and nonequilib-
rium thermodynamics.

As one example in this direction, Brody and Hughston
[19-21] showed that a statistical mechanics treatment of quan-
tum systems based on the geometric formulation differs from
standard quantum statistical mechanics: The former can de-
scribe phase transitions away from the thermodynamic limit,
the latter not [22]. This arises, most directly, since the geomet-
ric formulation puts quantum mechanics on the same footing
as the classical mechanics of phase space [1,4], bringing to

*fanza@ucdavis.edu
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light the symplectic geometry of quantum state space. It is
then straightforward to build on the principles of classical
statistical mechanics to lay out a version of quantum statistical
mechanics that takes advantage of such state-space features.

That said, these insights do not come for free. The conun-
drum of a consistent foundation of thermodynamic behavior
arises. On the one hand, we have quantum statistical me-
chanics, a description of macroscopic behavior that, despite
limitations, has proven to be remarkably successful. On the
other, transitioning from microphysics to macrophysics via
quantum mechanics is conceptually different than via classical
mechanics. Consistency between these approaches begs for
a conceptually unique route from microphysics to macro-
physics.

With this broad perspective in mind, unifying the two
coexisting statistical mechanics of quantum systems, though
challenging, deserves further attention. To address the chal-
lenge, the following advocates a geometric development of
a practical, macroscopic companion of geometric quantum
statistical mechanics: a geometric quantum thermodynamics.

Beyond foundations, geometric quantum thermodynamics
is all the more timely due to recent success in driving ther-
modynamics down to the mesoscopic scale. There statistical
fluctuations, quantum fluctuations, and collective behavior not
only cannot be neglected, but are essential. Largely, this push
is articulated in two research thrusts: stochastic thermody-
namics [23,24] and quantum thermodynamics [25,26]. The
following draws ideas and tools from both, in effect showing
that geometric tools provide a robust and conceptually incisive
crossover between them.

Our development unfolds as follows. First, it recalls the
basic elements of geometric quantum mechanics. Second, it
shows how this formalism emerges naturally in a thermody-
namic context. Third, it describes our version of the statistical

©2022 American Physical Society
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treatment of geometric quantum mechanics, what we refer to
as geometric quantum statistical mechanics. Fourth, it builds
on this to establish two fundamental equations of geomet-
ric quantum thermodynamics. The first is a unique version
of the first law of quantum thermodynamics, with its def-
inition of quantum heat and quantum work. The second is
a quantum version of Jarzynski’s inequality, one that does
not require a two-time measurement scheme. Fifth, the de-
velopment proposes an experiment that highlights geometric
quantum thermodynamics’ practical relevance. Finally, it ex-
pands on the geometric approach’s increasing relevance to the
thermodynamics of quantum information and computing.

II. GEOMETRIC QUANTUM MECHANICS

Geometric quantum mechanics arose from efforts to ex-
ploit differential geometry to probe the often-counterintuitive
behaviors of quantum systems. This section summarizes the
relevant concepts, adapting them to our needs. Detailed ex-
positions are found in the original literature [1-18]. Here,
we present the main ideas in a constructive way, focusing
on the aspects that are of direct relevance to thermodynamic
behavior.

Any statistical mechanics requires an appropriate, work-
able concept of ensemble. To do this, one identifies ensembles
with coordinate-invariant measures on the space of quantum
states, a treatment first introduced in Ref. [19]. We call these
distributions geometric quantum states and in Ref. [27] we
give a generic procedure to compute them in a quantum ther-
modynamic setting of a small system interacting with a large
environment.

Achieving this, though, requires a series of technical steps.
The first identifies the manifold of pure states and defines
their observables. The second introduces a suitable metric,
scalar product, and coordinate-invariant volume element for
the pure-state manifold. From these, the third step derives
the evolution operator and equations of motion. Finally, states
are described via functionals that map observables to scalar
values. This is done so that the associated ensembles are
coordinate-invariant measures.

Our quantum system of interest has Hilbert space ‘H of
finite dimension D. The space of pure states is therefore the
complex projective space P(H) ~ CPP~! [10]. Given an ar-
bitrary basis {|ea)}5;5 a generic pure state is parametrized by
D complex homogeneous coordinates Z¢, up to normalization
and an overall phase:

D—1
EDIVAIINE
a=0

where Z € CP,Z ~ AZ, and A € C/{0}.

For example, the pure state Zquie of a single qubit can be
given real coordinates: Zgupic = (/P> /1 — pe’”). An observ-
able O is a quadratic real function of the state. It associates
to each point of the pure-state manifold P(#) the expectation
value (| O |¢) of the corresponding operator O on that state:

0Z) =Y 0up2°Z" (1)
a,p

and Og o = 50[,,3. And so, O(Z) € R.

These complex projective spaces are Kahler spaces. This
means there is a function K, whichinourcaseis K =1InZ - Z,
from which one obtains both a metric g:

gag = %8a55 InZ - Z,
with go5 = gg4, and a symplectic two-form:
Q = 2ig,pdZ® AdZ" .

using shorthand 9, := 8/0Z". It is not too hard to see that
these two structures are parts of the Hermitian form that
defines the scalar product () v, in H. Indeed, using the
standard notation, one has [5]

(Y1) Yo = g(Zy, 22) +iQ2(Zy, o).

Each geometric term provides an independent volume ele-
ment.

Agreement between these volumes, together with in-
variance under unitary transformations, selects a unique
coordinate-invariant volume element dVgs [19], based on the
Fubini-Study metric on CPP~!:

“ (2a)
Al = a
2

Ve — 1 Q Q
=D <5> " (5) "
(2b)

= \/det g(Z, Z)dZ dZ.

(See also Ref. [10] for a textbook treatment.) Equipped
with this unique volume element, the total volume of the
pure-state manifold CPP~! is [5,10]

D—1
D—-1"

Since symplectic geometry is the correct environment in
which to formulate classical mechanics, one can see how the
geometric formalism brings classical and quantum mechanics
closer together, a point previously raised by Strocchi [1] and
made particularly clear by Heslot [4]. Indeed, as in classical
mechanics, the symplectic two-form €2 is an antisymmetric
tensor with two indices that provides Poisson brackets, Hamil-
tonian vector fields, and the respective dynamical evolution.

Given two functions A and B on manifold P(#) we have

Q(A, B) = 3,A05BQ*P
= {A, B},

Vol(CP") =

where we used Q = 1QqpdZ* A dZ" and QF = (Q7 M)y is
the inverse: Q2,4 = §5. Using the symplectic two-form
one can show that Schrodinger’s unitary evolution under op-
erator H is generated by a Killing vector field Vy as follows:

Ve = QPash(Z), (3a)
ar _ {F, h} (3b)
a7

where h(Z) =34 Ho(,g;Z‘)‘fﬁ and F : P(H) — R is a real
but otherwise arbitrary function. Indeed, it can be shown that
Schrodinger’s equation is nothing other than Hamilton’s equa-
tions of motion in disguise [4,10]:

d|Y) dF

= —iH — ={F, h},
7 iHY) <~ I {F, h}

“4)
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for all F. Here, we use units in which 2 = 1.

This framework naturally views a quantum system’s states
as the functional encoding that associates expectation values
with observables, as done in the C*-algebra formulation of
quantum mechanics [28]. Thus, states are described via func-
tionals P[] from the algebra A of observables to the reals:

PIO] = / PZ)OZ)dVes € R,
P(H)

for p(Z) > 0 and all O € A. Here, p is the distribution as-
sociated to the functional P. It is important to note here that
dVgs and O(Z) are both invariant under coordinate changes.
Thus, for P[] to be a scalar, p(Z) must be a scalar itself. A
pure state |) € H is represented by a Dirac-delta functional
concentrated on a single point of P(H). However, Dirac delta
functions §(-) are not invariant under coordinate changes: they
transform with the inverse of the Jacobian § — &/detJ.

To build an invariant quantity, then, we divide it by
the square root /g of the metric’s determinant. This trans-
forms in the same way, making their ratio § =8/ /& an
invariant quantity. This is a standard rescaling that turns
coordinate-dependent measures, such as Cartesian measure,
into coordinate-invariant ones. And, this is how the Fubini-
Study measure (2) is defined from the Cartesian product
measure. Thus,

Py, [0] = / 8[Z — Zo)O(Z)d Vks
P(H)

= 0(Z)
= (Yol O [¥0) , )]
where
~ 1
0|Z — Zp] = — §(Z2% — 72
Z ~ 2] @l:[ (2 —z5)
and

8(z% — z§) = 8(Re[Z*] — Re[Z{])8(Im[Z*] — Im[Z ]).

This extends by linearity to ensembles p = Zid:l P | ¥e) (Wl
as

M
PO1= " pi / 51Z — Z:)O(Z)d Vs

h=1 PH)

prOZy)

M= T[M=

P (Wil O 19 -

=
Il

It is now quite natural to consider generalized ensembles
that correspond to functionals with a continuous measure on
the pure-state manifold. Such ensembles have appeared pre-
viously in Refs. [9,19-21] and elsewhere, where aspects of
their properties have been investigated extensively. For our
purposes, it will be useful to look at them from the following
point of view.

Consider a probability measure on the natural numbers:
{pc} such that py >0 and ), pr = 1. Now let Z; be a

countable collection of points in P(H), then §¢(dZ) is the
Dirac measure concentrated on the point Z;. Then, given {py}
one can define the measure u(dZ) on P(H) as

oo

pdz) = pidi(dZ),
k=1

(6)

which gives precise meaning to the notion of a geometric
quantum state with support on a countably infinite number
of points. Indeed, with the measure in Eq. (6) and arbitrary
observable function O(Z) one has that

Ps[O] = /
P(H)

= pOZ).

k=1

OZ)u(dz)

In more general terms, calling B the Borel o algebra of the
open sets of P(H), then, this procedure defines a measure u
on P(H) such that for a set S € B one has

W(S) = fs w(dz)

o0
=Y nlZ €S,

k=1

where I(Z;, € §) is the indicator function whichis 1 if Z; € S
and zero otherwise.

The resulting geometric quantum state has all the prop-
erties desired of an appropriately generalized pure-state
ensemble: It preserves normalization and convexity of linear
combinations, each of its elements are invariant under coor-
dinate changes, and the entire functional P, is also invariant
under unitary transformations. With some abuse of language,
we will often refer to both the functional P and its underlying
measure (4 as geometric quantum states.

III. GEOMETRIC QUANTUM STATE AND THE
THERMODYNAMIC LIMIT

We are now equipped to address how the geometric formal-
ism arises quite naturally for subsystems of a larger system
in a pure state, in particular, in a quantum thermodynamic
setting.

If we have a bipartite system Hap = Ha ® Hp and
|Vap) = Za,i wA"‘é lay) |bi) € Hap, the partial trace over the
subsystem B is

dy
pt =" piglas)apl.
o,f=1

where

dp
Pon = 2V

i=1

= (V¥ g
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dy and dp are A’s and B’s dimensions, respectively. Hence, we
can write the partial trace as

dp
Pt =" o))l
j=1
with |v;) € H4 given as
dy
vi) =¥ |aa)
a=1

However, |v;) is not normalized. To address this, we notice
that

v =@ Y

— pfk
= (bjl p® Ibx)
This gives
Pf = plfk

dy
— Z |I//.O(k|2
a=1

We see that (v;) vy is a Gramian matrix of vectors |v;) € Hy
that conveys the information about the reduced state p® on the
subspace H4. Although the vectors |v;) are not normalized,
we readily define their normalized counterpart:

I xx) = v

And, eventually, we obtain

dp
A= o
k=1

(N

where {| x ,)} ? | is a set of dp pure states on H4 which, usually,
are nonorthogonal This provides the following geometric
quantum state, at fixed dp:

dp

Wi (dZ) =) " ppsy,(dZ),
k=1

where §,, is the Dirac measure with support only on the point
Xr € P(H,) corresponding to the ket | x).

While it is possible to track all information about { p/,j}ZB: 1
for small dg, in the thermodynamic limit this rapidly be-
comes infeasible. A probabilistic description becomes more
appropriate. One could object that this is not a concern since,
at each step in the limit, the spectral decomposition p* =
Zfil Ai |Ai) (A;|, where the A; are the Schmidt coefficients of
[¥ag), is always available. However, this retains only p*’s

matrix elements, erasing the information contained in the
vectors |v;) =,/ pA [x4 J ). That is, p® has been erased from the

description.

However, this information can be crucial to understanding
A’s behavior. The geometric formalism resolves this issue
as it naturally keeps the “relevant” information by handling
measures and probability distributions. In the limit of a large
“environment” B, despite the fact that storing all information
about the environment’s details is exponential in B’s size, the
geometric quantum state’s form (convex sum of Dirac deltas)
facilitates working with smooth approximations of increasing
accuracy. It does so by retaining the information about its
“purifying environment.”

Since we are interested here in the thermodynamics, one
needs to operationally define the thermodynamic-limit proce-
dure. We do so by confining ourselves to modular systems and
defining an iterative procedure. Modular systems are those
made by identical subsystems, each described by a Hilbert
space H, of dimension d. Thus, we imagine our system to
contain N, such repetitive units, while the environment con-
tains Ny > Ny. This means Hy = HE™ and Hp = HE™, so
that d4 = d™ and dg = d"™. At any given iteration, the joint
system will always be in a pure state |Y45(Np)) € Ha @ Hp.

We also imagine that the system’s global dynamics has a
Hamiltonian Hup of fixed functional form: for example, the
XXZ model. Starting with Np = Ny, at each step we add one
repetitive unit Ng — N + 1 and choose a series of pure states
{|Y¥aB(Np))}n, with the required property that the limit of the
average energy has to be finite:

(Yap(Np)| Hap |Yap(Np))
Na + Ng B

For example, one can decide to consistently pick the ground
state of the Hamiltonian Hyjg. In general, though, there is
no unique way of performing the procedure. However, with
any specific choice of the series {|¥az(Np))}n, satisfying the
constraint on average energy, the procedure is well defined,
physical, and meaningful. It provides an operational way to
study the thermodynamic limit of the geometric quantum state
Wy,

That said, by no means does this guarantee the limit always
exists. However, it does allow exploring it in a physically
meaningful way. In particular, given this operational imple-
mentation of the thermodynamic limit, we say that

lim

Np— 00

This requires a geometric quantum state p2 on P(Ha)
such that, for any € > 0 arbitrarily small, one can always
find some finite dz such that for any dp > dp one has
that D(uf}g, ,uéo) < €. Here, D(u, v) is a notion of distance
between geometric quantum states that we take to be the
measure-theoretic counterpart of the total variation distance:
D(w, v) = supge |[1(S) — v(S)|, where B is o algebra of
P(H)’s Borel sets.

When the limit exists, we say that the thermodynamic limit
of the geometric quantum state is 4 or, equivalently, P2 :

PLO] = / HA(dZ)O0(Z)
P(Ha)

= noGd.
k=1
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P2 is a functional whose operational meaning is understood
in terms of ensemble theory, as explained above. Geometric
quantum states describe ensembles of independent and non-
interacting instances of the same quantum system whose pure
states are distributed according to a given probability distribu-
tion. Loosely speaking, if we pick a random pure state out of
the ensemble described by P2, the probability of finding it in
a small region around Z is dP; = ,uéo (dz).

IV. FROM GEOMETRY TO STATISTICS

Several observations serve to motivate defining statistical
mechanics using the geometric formalism. Consider a large
system consisting of a macroscopic number M of qubits from
which we extract, one by one, A qubit states. Describing
small subsystems of a macroscopic quantum system places
us in the realm of quantum statistical mechanics. It is there-
fore reasonable to assume that the qubit states are distributed
according to Gibbs’ canonical state y3 = e P /Z4. This is
statistically meaningful by means of ensemble theory and,
thus, interpreted as a collection of identical noninteracting
systems, each in an energy eigenstate, with relative frequency
given by Boltzmann rule.

However, one can see how the assumption that all systems
must be in one of the energy eigenstates can be relaxed. After
we extract the kth sample from the macroscopic system, that
sample’s state is supposed to be an energy eigenstate |Ei(k))
with probability p(Z(IEX))) oc e PE". A priori, however,
there is no reason to assume that the Hamiltonians H; of all the
samples are identical to each other. In fact, |Eih) #+ |El-k ) and
E]' # EF. Even if they are, in principle there is no reason why
the qubits should be in their energy eigenstates. This point was
originally made by Khinchin [29] and Schrédinger [30], who
advocated for the use of ensembles of wave functions.

To address this, a description of the system’s state that
does not contain this assumption is provided by the contin-
uous counterpart of Gibbs canonical state, first introduced in
Ref. [19], written as the following functional:

Ps[A] e PO A(Z)dVis,

N Oplhl Jpa

where
Oplh] = f e POV,
P(H)

with (Z) =", 8 HaﬁZﬁZa. While this distribution retains a
characteristic feature of the canonical Gibbs ensemble

PACUED) _ g5

)

Pe(Z(Ew)
it also extends this “Boltzmann” rule to arbitrary states:
pﬁ(Z(Ilﬁ)))}
—In|————F—= | =BlHZ —h(Z .
n[pﬂ(z(|¢>)) BIAZ(W)) — h(Z($))

Therefore, formulating the statistical mechanics of quantum
states via the geometric formalism differs from the standard
development, based on an algebraic formalism. This becomes
obvious when we write the Gibbs canonical density matrix yg

in the geometric formalism

D—-1 —BE;
ws(Z) = Y ———8[Z — Z(|E
Paivss(Z) gm,ﬁﬂ 1Z - Z(E))]

)
7 Qplh]l

This makes explicit the standard formalism’s assumption that
the measure is Dirac like: peaked on energy eigenstates.

Despite quantum statistical mechanics’ undeniable suc-
cesses, this assumption is not, in general, justified. In point
of fact, it is the origin of the missing environmental infor-
mation noted above. These arguments motivate an alternative
formulation of the statistical mechanics of quantum systems,
first introduced in Ref. [19], one based on geometric quantum
states rather than on the familiar density matrices.

V. STATISTICAL TREATMENT OF GEOMETRIC
QUANTUM MECHANICS

Representing a quantum system’s state as a continuous
mixed state was first broached, to our knowledge, by Brody
and Hughston [19,20]. Our goal here is to advance the idea,
going from statistical mechanics to thermodynamics. To set
the stage for a geometric quantum thermodynamics, the fol-
lowing first presents our version of their results, derived via
the formalism defined in Sec. III, and then expands on them.
We begin with the fundamental postulate of classical statisti-
cal mechanics and its adaptation to quantum mechanics: the
microcanonical and canonical ensembles.

A. Classical microcanonical ensemble: A priori
equal probability

At its most basic level, the fundamental postulate of classi-
cal statistical mechanics is that, in an isolated system’s phase
space, microstates with equal energy have the same chance of
being populated. Calling § and p generalized velocities and
positions, which provide a coordinate frame for the classical
phase space, the postulate corresponds to assuming that the
microcanonical probability distribution Py, of finding the sys-
tem in a microstate (p, §) is, at equilibrium,

if E(G. p) € [€, € + 8€),

1/W(&)
0 otherwise.

Pmc(qs ﬁ) = {

Here, W () is the number of microstates (g, p) belonging to
energy shell I, := [£, £ + §E]:

W(E) = f dg A dp,
E(§,p)€lnc
with [ dg A dp Puc(@. p) = 1.

B. Quantum microcanonical ensemble: A priori
equal probability

Quantum statistical mechanics relies on the quantum ver-
sion of the Gibbs ensemble. For macroscopic isolated systems
this is usually interpreted as the quantum system having equal
chance py, to be in any one of the energy eigenstates |E,), as
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long as E,, € Iy:

I/Wmc

B if E, € [£, & + 5€],
Pmc(En) = {0

otherwise.

Here, Wipe = > E,cl,. | 18 the number of energy eigenstates
that belong to the microcanonical window I,.. Thus, the
equal-probability postulate provides the following definition
for the microcanonical density matrix:

1
pme = D |En) (Bl

mc
Ey€lne

Geometric quantum mechanics gives an alternative way to ex-
tend equal probability to quantum systems, which we discuss
now.

C. Geometric quantum microcanonical ensemble: A priori
equal probability

The following summarizes an approach to the statis-
tical mechanics of quantum systems first presented in
Refs. [19,20,22]. In geometric quantum mechanics the role of
the Hamiltonian operator as the generator of unitary dynamics
is played by the real quadratic function

WZ) =Y HopZ°Z",
ap

where H,g are the matrix elements of the Hamiltonian oper-
ator in a reference basis [see Eq. (3)]. As & is the generator
of Liouville dynamics on the pure-state manifold P(H), it is
easy to see that there is a straightforward geometric imple-
mentation of the a priori equal-probability postulate in the
quantum setting:

1/Q(E)

Pmc(Z) = {O WZ) € Iy forall Z € P(H),

otherwise.

Due to normalization, 2(£) is the volume of the quantum-
state manifold enclosed by the microcanonical energy shell

Ine:

Q) = / Vs,
WZ)eln:

where d Vs is the Fubini-Study volume element introduced in
Sec. II. In probability-and-phase coordinate Z* = ,/pye'* the
volume element has the explicit form

n

dpadv,
avis = p"z".

a=1

Following Heslot [4], we introduce dimensional coordi-
nates via

7o _ X% 4+ iy«
Vh
where X% and Y“ are real numbers with dimensions

[X] = [VA] = lengthy/mass/time ~ and  [Y] = [VA] =
momentum./time/mass. The ratio X/Y is a pure number,
while their product XY has the dimension 7/ of an action.
Note that dp,dv, /2 = dX,dY,/h. This allows us to write the

Fubini-Study measure in a classical fashion:

D—1
dxedy®
dVes = O];[l —
dX dy
= thl ’

where the X* play the role of generalized coordinates and
Y* that of generalized momenta. However, it is worth noting
that the global geometry of the classical phase space differs
substantially from that of P(H.).

Given these definitions, it is now possible to calculate the
number of states Q(€) ~ w(£)SE, where € is the size of the
microcanonical energy shell and w(€) is the density of states:

w(€) = f dVrs
WZ)=€

p—1 D-1 D-1

ooy 11

k=0 jk,j=0

(€ —E+
(Ej —Ep)’

where (x); := max(0, x). Since £ € [Ey, Emax], there exists
an 7 such that £ €]Ez, Ez;1[. This means that we can stop the
sum at k = n(€) since for all k > n we have (£ — E;), = 0.
This gives

a0t & (D - 1)(E — E)P2
(€)= _ . ®
’ (D= D! k2=(; ?;ékl,jzo(Ej — E)

This is in agreement with Eq. (5) of Ref. [20]. Appendix B 3
provides a detailed proof, using a convenient mathematical
result by Ref. [31].

D. Quantum canonical ensemble: Statistical physics
of quantum states

The geometric approach to microcanonical ensembles ex-
tends straightforwardly to the canonical case, defining the
continuous canonical ensemble as

L)

Qplhl’

pp(Z) = 9

where
Qplh] = / e "D dVs.
P(H)

Reference [19] first proposed the general form of the canon-
ical partition function Qg[h], working it out explicitly in
several low-dimensional cases. Follow-on work provided an
exact formula valid for arbitrary finite-dimensional Hilbert
spaces [20]. Appendix B 3 provides an alternative proof and
explicit examples of

e PEk

D—1
Oglh] = n .
’ kg(; [Tj=0.j (BEx — BE})

(10)

This is in full agreement with Eq. (6) of Ref. [20].

With the ensembles laid out we can now see the emergence
of geometric quantum thermodynamics, with its fundamental
laws.
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VI. GEOMETRIC QUANTUM THERMODYNAMICS

With a consistent statistical geometric quantum mechanics
in hand, we can now formulate geometric quantum thermody-
namics. This is modeled via the geometric canonical state (9).
Notice that, in this setting, an appropriate entropy definition
has yet to be given. Paralleling early work by Gibbs, one can
consider the functional

Hipl =~ |

P(H)

p(Z)In p(Z)dVs.

An information-theoretic analysis of this quantity and its re-
lation with the von Neumann entropy was done in Ref. [32].
This functional allows properly evaluating p(Z)’s entropy if
and only if the dimension of the support of p has the same real
dimension of CP". Reference [33] defined and explored the
appropriate generalization to geometric quantum states with
generic support, including fractal distributions.

Let us consider H,’s role, though, for the quantum foun-
dations of thermodynamics. For Eq. (9)’s geometric canonical
ensemble this gives

Hq::B(U_F)’

where
U ::/ pp(Z)h(Z)dVgs and
P(H)

1
F=—In
g
are, respectively, the average energy and the free energy aris-
ing from the geometric partition function Qg.

This means that we can directly import a series of funda-
mental results from classical thermodynamics and statistical
mechanics into the quantum setting, fully amortizing the effort
invested to develop the geometric formalism.

A. First law

The first result is a straightforward derivation of the first
law:

dU = / dVesp(Z)dh(Z) + /
P(H) P

=dW +dQ.

dVesd p(Z)h(Z)
(H)

(1)

We call the contribution dW work since it arises from a change
in the Hamiltonian h(Z) generated by an external control
operating on the system. We call the contribution dQ heat,
as it is associated with a change in entropy. Indeed, by direct
computation one sees that

dH,=BdQ and dF =dW.

This gives the standard form of the first law for isothermal,
quasistatic processes:

dU = TdH, + dF,

where T := (kg8)~!. Conforming to the conventional statis-
tical approach to thermodynamics, beyond energy conserva-
tion, one can use the first law to extract phenomenological
relations (e.g., Maxwell’s relation) that hold at thermo-
dynamic equilibrium: 0U/0H, =T. In this, the partial

derivatives are intended as infinitesimal changes occurring
while maintaining the system at thermal equilibrium.

B. Second law

The second law follows from the Crooks [34] and Jarzynski
[35] fluctuation theorems [26,36,37]. Their treatment can be
straightforwardly exploited, thanks to the Hamiltonian nature
of Schrodinger’s equation when written on the quantum-state
manifold P(H).

As summarized in Eq. (3), given a Hamiltonian h(Z, X)
on P(H) that depends on an externally controlled parame-
ter . = A(¢), the unitary evolution is given by the Liouville
equation (3) as in classical mechanics:

) _ {p(2), H(Z, 1)}
ot
Notably, one can apply Jarzynski’s original argument [38] to
driven quantum systems, without the need to exploit the two-
times measurement scheme [26]. The setup is standard.

The ensemble of quantum systems starts in a geometric
canonical state defined by Eq. (9) and is then driven with
a Hamiltonian that depends on a parameter A following the
time-dependent protocol A = A(¢) with ¢ € [0, 1]. This leads
directly to an ensemble of protocol realizations. That said, we
define the single-trajectory work as

L. 3nh
W=/ A(t)a(Z(I/ff), At))dt,
0

where A = dA/dt and Z(y,) are the homogeneous coordi-
nates on CPP~! for |y,). Therefore, |v,) are the solutions of
Eq. (4).

With these premises, Jarzynski’s original argument applies
mutatis mutandis to give

_ Qplhtiy))

<e_ﬁW )ens -
Qplh()]

12)

where A(0) = A; and A(1) = A; and (x),s denotes the ensem-
ble average over many protocol realizations. From this, one
directly applies Jensen’s inequality

(e_ﬂW Yens = e BW

ens

to obtain the second law’s familiar form

(Wens = F. (13)
VII. GEOMETRIC THERMALIZATION IN A
PHENOMENOLOGICAL MODEL

The validity of geometric quantum thermodynamics, as
defined above, hinges on the assumption of (geometric) ther-
mal equilibrium. It therefore implicitly relies on a dynamical
mechanism driving the system towards the geometric canoni-
cal ensemble. This section shows that this occurs in at least
one model for the out-of-equilibrium dynamics of a single
qubit.

A quantum system interacting with its surroundings
evolves in a nonunitary fashion due to the fact that it ex-
changes energy (or other extensive quantities) and so becomes
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correlated with its environment. This can be modeled using
the theory of open quantum systems and its dissipative dy-
namics [39-42]. While most approaches focus on establishing
an equation governing the dynamical evolution of the system’s
density matrix, here we are interested in the thermodynamics
of the geometric quantum state as the ensemble behind the
density matrix. A principled description and modeling of the
dynamics of an open quantum system within the geometric
approach is beyond the present scope, although, its develop-
ment is currently ongoing.

Instead, the following shows how to represent dissipation
within the geometric formalism for a stochastic model. This
serves a twofold purpose. First, it provides simple examples
of how geometric quantum mechanics evolves open quantum
systems in a variety of cases. Second, it supports the theory
developed above with a numeric analysis of an experimentally
relevant scenario.

While the emphasis is still on the geometric formalism,
and its natural phase-space geometry, this approach is not far
from “stochastic Schrédinger equations.” See, for example,
Refs. [39,43-46] that import techniques from the classical
theory of stochastic processes. The following exploits this
idea, applying it to the geometric language and drawing from
a variety of known approaches. It does so by examining a
phenomenological model for dissipative dynamics that, as we
show, exhibits thermalization towards the geometric canonical
ensemble.

It considers the stochastic dynamics of a two-level sys-
tem with state space P(H) ~ CP!. Generally, this results
from a two-state approximation of a more complex system
interacting with an environment. It gives a standard approxi-
mation that provides sensible results in a variety of physical
regimes. These include systems that inherently consist of
two states, such as spin %, chiral molecules [47-53], and
atoms at low temperature, considering only the two lowest
states. They also include, though, continuous-variable sys-
tems in a double-well potential, Josephson junctions [54],
and effective descriptions of macroscopic condensates. As a
related technical aside beyond quantum mechanics, we note
that the proper analysis and simulation of stochastic dynam-
ics on Riemannian manifolds is a topic of its own interest
[55,56].

Accounting for the nonisolated nature of the system in-
volves modeling the environment and the latter’s effect on
the effective qubit. This, therefore, depends on the specific
case under study and leads to different effective equa-
tions governing the qubit’s nonequilibrium behavior. From
the system’s perspective, however, a general setup is avail-
able in a regime in which coupling with the environment
is weak and the environment is effectively large and dis-
ordered. These approximations are expected to hold for
large environments, where one can argue for the emer-
gence of stochastic dynamics for the evolution of the open
system.

The prototypical case, in which a specific form of these
equations can be derived by integrating out the environmental
degrees of freedom, is given by the Caldeira-Leggett model
[57-59] with an environment modeled by an infinite num-
ber of noninteracting harmonic oscillators. Respecting these
approximations’ validity, a generic model of Langevin-type

dynamics on CP' is

p=—0E+V,+W, (14)

¢ =0,E + Vy + W,

in (p, @) coordinates. In this, E = E(p, ¢) is an effective
Hamiltonian generating the deterministic part of the dynamics
[see Eq. (4)]. This is a renormalized version of the system’s
Hamiltonian. V), and V,; depend linearly on (p, ¢) and (p, ¢).
They describe (i) dissipative mechanisms such as friction,
modeled with a dependence on p or ¢, as in standard Langevin
equations, and (ii) unstable states, modeled with a dependence
V, = —kp to allow for exponential decay pgecay(t) ~ poe ™,
as in a two-level atom decaying into its ground state.

Finally, W, and W, are stochastic variables with no
drift that account for the environment’s mixing effect on
the system. When the environment is sufficiently large and
unstructured, they can be modeled as Gaussian processes
E[Wa(s + )Wp(s)] = E[W(1)W,(0)] = 8ap¥ad(2), witha, b €
{p, ¢} and y, x kgT, with T the temperature of the environ-
ment. This is true in the Caldeira-Leggett model for Ohmic
baths.

As anticipated above, specific forms of these equa-
tions have successfully modeled the evolution of a variety
of two-level systems. We also note how, in several cases,
and also in Refs. [60-64], this approach to open quantum
systems is quite similar to GQM as it relies on canoni-
cal representations of the quantum state space. For chiral
molecules, for example, one has E(p, ¢) = §{(o,) + €(0;) =
82/p(I = p)cos¢ + e(1 —2p), V, = —kp, with k ~ 1071,
Wy = Vi = 0 and W, () white noise with strength y,, o« kgT .
The thermodynamics arising from this set of dynamical equa-
tions has been studied in detail [47-53].

The goal here is rather to showcase the experimental rel-
evance of the geometric canonical ensemble. The following
does so showing, numerically, that the evolution provided by
the stochastic equations above leads to the dynamical emer-
gence of the geometric canonical ensemble. This is directly
relevant to the out-of-equilibrium dynamics of an ensemble
of chiral molecules or of an ensemble of experiments with
Josephson junctions.

The specific stochastic equations under study are

p=082/p(1 = p)sing — kap — ks + JVEQ),
. 1-2p

b=
~vp(l —p)

where k; and k; are coefficients accounting for dissipation
mechanisms, such as instability of a state and friction. Up
to simple redefinition of variables, that does not change the
physics, the model with k; = 0 is the same as in Refs. [49,50].

Exploiting the Markovian character of Gaussian noise, the
statistics of many independent realizations of this stochastic
process on CP! can be extracted by examining the time-
aggregated statistics of a single, very long, trajectory. We thus
simulate the long-time dynamics of a qubit initiated in a fully
out-of-equilibrium configuration go(p, ¢) = 6(p — po)d(¢p —
@), corresponding to a pure state |pg, ¢g) = +/1 — po |0) +

Doe'® |1), where |0),|1) are the standard computational
basis. For chiral molecules, these are the (left and right)

15)

cos ¢ + 2e,
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chiral eigenstates. Here, we show the results for pp = 0.9 and
¢ = 47 /3 and checked that they do not depend on this choice.
Results are shown for parameter values § =€ =1, y = 0.2,
and k; = 0. While these match the model in Refs. [49,50], the
results are largely independent of this specific choice and hold
for broad regimes in (6, €, k4, y) parameter space.

The analysis was performed as follows. After generating
a single long-time trajectory using the Milstein method, we
collected statistics P,,. We then generated a histogram to ap-
proximate the probability that, at any given time, the system is
found in a small region of the state space B, ~ PrlZ € Zu] =
limy_ o fOT fI”k q:(Z)dVgs. In this, {Zy)Y,_, is a coarse
graining of CP' in which each region Z,x = [pu, Pnt1] X
[@k, dr+1] has the same Fubini-Study volume ups(Zu) =
N2, pr =n/N, and ¢, = 2mwk/N. Reference [33] gives a
detailed analysis of why this is an appropriate coarse graining,
its information-theoretic relevance, and how to generalize it to
arbitrary CP".

Concretely, the numerical analysis used N = 50. The dy-
namics was generated setting 7 = 10? in units in which /i =
8 = 1. This was chosen by numerically checking that the
reconstructed histogram does not change significantly when
increasing 7. The time window [0, 7] was discretized to
use the Milstein algorithm to generate Gaussian noise with
dt = 10~*. These, again, are consistent with the choices in
Refs. [49,50]. In short, the number of time steps Ny = 100,
with Nrdt =T.

To extract the inverse temperature 3 the collected statistics
were used to perform a 2D least-square fit to the geometric
canonical ensemble. The latter’s appropriateness was estab-
lished by using the following figure of merit: f =), 1By —
qnl* €10, 1], where gy = Q7' B* [ dVese @ and p* is
the optimal value extracted from the least-square fit. This is
the total variation distance between the coarse-grained geo-
metric quantum states obtained from the data {15,,;(},1, © and the
one obtained from the best fit to the geometric canonical en-
semble {gft}, s. It ranges from zero to one and is the classical
analog of the well-known trace distance for density matrices.
At selected parameters, f ~ 5.6 x 107*. This quantifies the
visually excellent agreement seen in Fig. 2.

Before drawing broad conclusions, a few comments are in
order regarding specific results. First, thermalization is ob-
served even when changing parameter values. This is true for
any of the Hamiltonian parameters § and €. Moreover, there
are good numerical indications that this holds for any k; > 0.
However, k; and y do affect the effective (inverse) temper-
ature B* the system reaches. Analyzing how this happens
and the underlying mechanisms is beyond the present scope,
which aimed only at establishing the predictive relevance of
the geometric canonical ensemble in an experimentally realis-
tic setting.

Second, we ignored issues related to the timescale at which
the aggregated geometric quantum state reaches the canonical
form. These were bypassed by using a time window [0, T']
that guaranteed the aggregated data does not change when
increasing 7.

Third, Eq. (15)’s model arises from a bath that is a set of
noninteracting harmonic oscillators with Ohmic correlation
functions and interactions linear in the phase difference ¢,

Geometric Canonical Gibbs Ensemble

0007 >

3 )
0'00 Q

FIG. 1. Alternate ensembles in the geometric and standard
settings: differences are plainly evident. Canonical probability dis-
tributions on a qubit’s state manifold CP' with coordinates Z =
(2°,2") = (JT—q, /qe*) where g€ [0,1] and x € [—m,7].
CP!' discretized using a 100 x 100 grid on the (g, x) coordinates
exploiting the fact that, with these coordinates, the Fubini-Study
measure is directly proportional to the Cartesian volume element
dVgs = dqdx /2. The Hamiltonian is H = oy + 0y, + 0, with /i =
1 and inverse temperature 8 =5 (kg = 1). (Right) Gibbs ensem-
ble, where the measure is concentrated around coordinates of the
respective eigenvectors (q(|Ey)), x (|Eo))) = (0.789, —2.356) and
(q(IE1)), x(JE1))) = (0.211, 0.785). (Left) Geometric canonical en-
semble. Notice the difference in scale, due to the fact that the
geometric canonical ensemble has continuous support on the quan-
tum state space, not just on single points (energy eigenstates).

leading to a friction . A different kind of interaction is
possible, linear in the population p, that leads to a friction term
p. While not reported here, there are numerical indications
that this alternative exhibits thermalization to the geometric
canonical ensemble as well. This supports the intuition that
thermalization is mostly driven by the lack of memory of the
stochastic term, ultimately due to the Ohmic nature of the
bath’s correlation functions.

Fourth, the effective nature of the description makes the
model widely applicable. And so, a number of straightfor-
ward generalizations would be quite interesting to explore.

Data Fit

FIG. 2. Comparing time-aggregated data of a single trajec-
tory generated by Eq. (15)’s stochastic model (left) to the
fit to a geometric canonical ensemble with functional form
as in Eq. (9) (right). Here, h(Z) = E(p, ¢) = §{0,) + €(0;) =
824/p(1 — p)cos¢ + €(1 —2p), with § =¢ = 1. The excellent
agreement is visually clear, and it is quantified by a total variation
distance between the two distributions of f ~ 5.6 x 107%.
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These include, for example, changing the noise structure to
accommodate limited memory and allowing for competition
between the different ways in which the system interacts with
the harmonic bath and the decay in both p and ¢. Of particu-
lar interest, both conceptually and practically, is determining
which terms lead to dynamical localization and what kinds
of system-bath interactions are necessary for these terms to
emerge by integrating out the bath degrees of freedom.

VIII. SUMMARY AND CONCLUSION

While historically quantum mechanics is firmly rooted in
an algebraic formalism, an alternative based on the differential
geometry of quantum state space P(H) ~ CPP~! is readily
available.

As previous works repeatedly emphasized [1,4,10], the
geometric approach brings quantum and classical mechan-
ics much closer, aiming to leverage the best of both. The
space P(H) of quantum states is a Kihler space, with two
intertwined notions of geometry: Riemannian and symplec-
tic. It also sports a preferred notion of measure, selected by
invariance under unitary transformations: the Fubini-Study
measure. One can exploit this rich geometric structure to
define generic probability measures on P(#). The result is a
new kind of quantum state, the geometric quantum state [27],
that generalizes the familiar density matrix but provides more
information about a quantum system’s physical configuration.
Essentially, it expresses the multitude of ensembles, induced
by different environments, behind a density matrix.

Leveraging parallels between the geometric formalism and
classical mechanics, the statistical treatment of geometric
quantum mechanics provides a continuous counterpart of
Gibbs ensembles. Section VI laid out how to establish quan-
tum thermodynamics on the basis of the geometric formalism.
Building on Sec. V’s statistical treatment of geometric quan-
tum mechanics, it derived the First and Second Laws of
geometric quantum thermodynamics. Despite the two results
appearing identical to the existing laws, derived within stan-
dard quantum statistical mechanics, they involve quantities
that are genuinely different. Understanding how Egs. (11),
(12), and (13) connect to their standard counterparts [26]
is a challenge that we must leave for the future. We note
Ref. [65] obtained a similar result that, lacking the geometric
perspective, considered microcanonical and canonical ensem-
bles of pure states, as first advocated by Khinchin [29] and
Schrodinger [30].

Remarkably, predictions from standard quantum statistical
mechanics and its geometric counterpart differ. This poses
a challenge: Which theory should one use? Ultimately, this
problem does not have a generic solution. Answering the
question requires understanding the details of the long-time
dynamic of an open quantum system and, in general, this will
be be model specific. Here, to showcase the relevance of the
geometric approach, we showed that there is a class of known
stochastic models, aimed at describing chiral molecules and
Josephson’s junctions, that indeed does exhibit dynamical
evolution towards the geometric canonical ensemble. One
thus expects the predictions from geometric quantum thermo-
dynamics to hold in the cases where the dynamical model in
Eq. (15) is justified.

The geometric approach to quantum thermodynamics
opens the door to new and interesting questions and novel
research avenues. Let us mention two. First, the ensem-
ble interpretation of geometric quantum mechanics suggests
employing the geometric formalism to describe the thermo-
dynamics of ensembles, rather than relying on that of density
matrices. The main advantage is that this delineates the en-
vironmental resources required to support a given density
matrix. Indeed, while two different experimental setups can
give rise to the same density matrix, their difference implicitly
lies in the distinct ways the density matrix is created. This is
directly relevant to the energetics of information processing
technologies built from quantum computers and quantum sen-
sors.

Second, from a conceptual perspective, geometric quantum
thermodynamics and statistical mechanics are as at least as
powerful as their standard counterpart. Yet, they can make
different predictions. Self-consistency of thermodynamic pre-
dictions suggests that this difference should be negligible in
a truly macroscopic regime in which both system and envi-
ronment are macroscopically large. This is, however, a highly
nontrivial statement whose proof requires a much better un-
derstanding of the emergence of thermodynamic predictions
from fully dynamical considerations. We believe the new re-
search avenues, together with the larger perspective provided
by geometric quantum mechanics, will greatly enrich our
understanding of the phenomenology of many-body quantum
systems.

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.
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APPENDIX A: INDEPENDENT RESULT

For completeness, the following summarizes the Ref. [31]
result called on in calculating the density of states. Given the
n-simplex A, : {x € R, :&-X < 1}, where € is the vector of
ones in R”, a section of the simplex is defined by a vector @ €
S™ and we want to compute the n-dimensional and (n — 1)-
dimensional volumes of the following sets:

0@, 1) =A,N{FEeR" :a" -3 <1}
S@,t)y=A,N{EeR":al -x=1},

and

where @’ is the transpose of 4. The result assumes flat

geometry, which is obtained from the volume element
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dpy. Letting (x);+ = max(0, x) and ap = 0, then

_Zl_[

L ] - t—a)
”'Hk yax - n! e IH?;&k,j:o(aj_ak)

dpidp; ...

(t —a)y

j#k, j=0(@j = ai)

Vol(©(@, 1))

and

Z (t — ak)’:l
1) l—[;;ek, j=olaj — ax)
_ 1 tnfl
T (= D'TTi, @

n—l) Zl_[

Vol(S(@, 1)) =

-1
aj)”

J#k, j= —olaj — ar)

APPENDIX B: GEOMETRIC QUANTUM DENSITY
OF STATES AND CANONICAL ENSEMBLE

Again for completeness, we first recall the basic defini-
tions, given in the main text, used in the two sections that
follow to calculate the density of states and statistical physics
of quantum states in the geometric formalism.

1. Setup and notation

Consider a Hilbert space H of finite dimension D. The
manifold P(H) of states is the complex projective space
CPP-!. A point Z on the manifold is a set of D homogeneous
and complex coordinates {Z%}. A point corresponds to a pure
state with the identification Z < |y) = ZQD;S Z% |ey), where
{lea)}o is an arbitrary but fixed basis of . This parametriza-
tion underlies the choice of a reference basis that, however,
is ultimately irrelevant. While concrete calculations of exper-
imentally measurable quantities can be made easier or harder
by an appropriate coordinate system, the overall result is
independent on such choices. The quantum mechanical expec-
tation value is a quadratic and real function on the manifold
of the quantum states:

a(Z) = (Y (DAY (Z))

D—

=3 AupzeZ’

a,p=0

When A =H is the system’s Hamiltonian, the function
a(Z) = h(Z) generates the vector field Vy on CPP~!. The
associated Hamiltonian equations of motion become the
Schrodinger equation (and its complex conjugate) when using
the standard formalism with Hilbert spaces. In the geometric
formalism, states are functionals from the algebra of observ-
ables to the real numbers. Effectively, they are probability
distributions, both discrete and continuous, on the quantum-
state manifold C PP,

2. Microcanonical density of states: Proof of Eq. (8)

We start with the a priori equal-probability postulate and
build the microcanonical shell as follows:

{I/W(é‘) if h(Z) € [€, € + 8€],

Pme(Z) = otherwise.

Due to normalization we have

W)= f dVss,
h(z)E€lne

where dVgs is the volume element of the Fubini-Study metric:

1
= —ndpldpz ...dpydvy...dv,.

2

This gives the manifold volume

dVis
Vol(CP"y = *.
n!

For concrete calculations, normalize the measure so that
C PP~"5 total volume is unity, using

d — dVgs
D)
n! n n
= dp dvy.
Q) 11:[1 "g k

This does not alter results in the main text. On the one hand,
calculations of measurable quantities are independent of this
value. On the other, here, at the calculation’s end, we reintro-
duce the appropriate normalization.

We can now compute W(E) for a generic quantum sys-
tem. Assuming that §& < |Epax — Emin|, we have W(E) =
Q(E)SE and (&) is the area of the surface ¥ defined by
WZ) =

Q(S):/dc,
b

where do is the area element resulting from projecting both
the symplectic two-form and the metric tensor onto the sur-
face . To compute this we choose an appropriate coordinate
system

Z% = (E) ¥ (Z)

= nge’
adapted to the surface X:

WZ) = (Y (DIH |y (Z))

= > Ed (V) El?
k=0
k=0

=¢£.

On both sides we subtract the ground-state energy Ej
and divide by Ep.,x — Ep to obtain the following defining
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equation for ¥ C CP™:

n
k=0
with
Ey — Ey
&g = — € [0, 1] and
Emax - EO
& —E
= —— €[0,1].
Emax - EO
We use octant coordinates for CP":
(Zo,Z1, ... Zy) = (no, me™, mpe™ ... nye™),

where n; € [0, 1] and v, € [0, 27[. With the transformation
Pr = n; the equation for ¥ becomes

n
Zpksk —e=0.
k=0

a. Qubit case

The state space of a single qubit is CP'. The latter’s
parametrization

peo+(1—per=1-p

means that 2(Z) < £ is equivalent to 1 — p <
is therefore given by

&. The volume

1
Vol (&) = —/ dVes
T h<¢)<8
2
1—e
=c¢
_ £ —E
T E —Ey
In turn, this gives
Wo=1(&) = Vol (€ + 8E) — Vol 1 (£)
1
= 8€.
Ey — Ey
In other words,
Q,—1(&) = !
n=1 — E1 — E()’

which is a constant density of states.

b. Qutrit case

The state space of qutrits is (CP?, with parametriza-
tion Z = (Zy, Z1,Z;) = (1 — p—q, pe™, ge'™). With these
coordinates, the equation defining the constant-energy hyper-
surface is

(I =p—qeo+pe1 +qe2 =per +q< ¢

And, it has volume

2
VOln:2(5)= m//dqdq//du,dvz

:2//dpdq.
s

In this, we have the surface S := {(p,q) € R* : p,q>0,p+
q < 1, g < ¢ — pe;}. Examining the geometry we directly see
that the region’s area is

(1—e)

1 1
> — = when ¢ > ¢,
AES)=1{2 ZT= -
o7 when ¢ < &
or
1 1 (E,—E)?
— |2 T 2B ENE-Ey) when & > Ei,
A =01 ew hen & < E
2 (E1—Eo)(E2—Eo) when ¢ < Ei.

One can check that the function A(S)[£] and its first derivative
are continuous. Eventually, we have

Wn:2(£) = V01n=2(5 + 55) - V01n=2(5)

8 when & > Em

2(Er—
(Ex— é)(Ez Ep)
8§ when &£ < Ej.

(E2—Eo)(E1—Eop)

¢. Generic qudit case: CP"

To use the Ref. [31] result, summarized in Appendix A, we
must change coordinates. Again, using “probability 4+ phase”
coordinates

ZpkEk =&
k=0

means that

Z prai =t(E),
=1

ar = a(ky)
By —Ey
==

> (Ex— Eo)’, and
k=1

—E,
7
In this way, we can apply the result, finding

(&) = £

ap)y

Vol, (5)—21—1#1 @ —an)

" (E-E)L

=217
Since €& € [Ey, Emax], there exists an 7 such that &£ €
1E7, Eny1[. This means that the sum in the second term stops
at k = n because after that (£ — E; ), = 0. Hence, there exists
n(€) such that for all £ > n we have (£ — E;); = 0. This, in

turn, shows that

[Tzt j=0Ej = Ex)’

né&)
(& —E)"
Vol,, (5)—21—11#1 E —E)’
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This leads to the desired fraction of CP" microstates in a
microcanonical energy shell [€, £ + d&]:

Wo(E) = Qu(E)dE

(€ — B!
=) = de.
=0 ek j=0(Ej = 1)
This allows defining the statistical entropy S(€) of a quantum

system with finite-dimensional Hilbert space of dimension
D=n+1as

S(g) =1In WD_I((S).

3. Statistical physics of quantum states: Canonical ensemble
The continuous canonical ensemble is defined as
)

pp(Y) = W,

where
Qplh] = / e MM AV,
Cpp-1

The following analyzes the simple qubit case and then moves
to the general treatment of a finite-dimensional Hilbert space

H.

a. Single qubit

The Hilbert space here is H while the pure-state manifold
is CP!. And so, we have

1 T 2
Qplhl = ~ / do sin6 / dg e Phe-®)

with h(6, ¢) = 7 - () = 7 - b0, ¢).

Since we consider a single qubit, whose state space is S>
embedded in R3, we can write ¥ - b(/) = ||¥]| cos @, where
0 is the angle between y and b(y). Thus, we can use an

appropriate coordinate (¢, 6) = ||y || cos 8 aligned with y to
find

sinh B||7||
T—
BlI7II

Or, using “probability 4+ phase” coordinates (p, v) we can also
g —BEy _ ,—BE

write
2
/ dp/ dve” Bl(1—-p)Eo+pE1] _
0 ,3(E1 Ey)

The change in coordinates is given by the result of diagonal-

Qplhl =

ization: Ey = —||y|| and E| = ||¥|]. This yields the expected
result
0, h] e PE0 _ o—PBE
=]
g B(E1 — Ep)
sinh B[]y ||
=rT—
BlIYII

b. Generic treatment of CP"

We are now ready to address the general case of qudits:

Qglh] = / e PO Vg
cpr

2n /He BprEk Hdpkdvk
- / He ﬁPkEk8<Zpk_ )dm .dpy

’lkO

To evaluate the integral we first take the Laplace transform

L,(r) —/ l_[e ﬂp‘Ek(S(Zpk—r)dpl .dp,

Il k 0
to get
- o0
I,(z) = / e “I(r)dr.
0
Calculating, we find

P )
@)= ,!]0 (BE: +2)

— 1)n(n+l) ﬁ 1

k=0 Z— 2k

with 7z = —BE; € R.

The function I,(z) has n+ 1 real and distinct poles: z =
zr = —PBEx. Hence, we can exploit the partial fraction decom-
position of I,(z), which is

n

o 1 a1y Ry
D [[—=D" )
k=OZ_Zk

b
Z— Zk

k=0
where
R = [z -], _,
_ ﬁ ( 1)n(n+l)
Ik — Zj '

J=0, j#k

The inverse Laplace transform’s linearity, coupled with the
basic result

—1 1 __—at
L [S n a](t) =e "O@),

where

1, t>20

o0 = {0, <0
gives

L(r) = L7 [L@)](r)

- @(r)ZRkezk"
k=0

And so, we finally see that
Qplh] = I,(1)
n e PE

B g 1_[7:0. ek (BE — BE;)
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