PHYSICAL REVIEW B 110, 035144 (2024)

Editors’ Suggestion

Local geometry and quantum geometric tensor of mixed states

Xu-Yang Hou®,! Zheng Zhou,' Xin Wang,! Hao Guo®,">"* and Chih-Chun Chien ®3-*
1School of Physics, Southeast University, Jiulonghu Campus, Nanjing 211189, China
2Hefei National Laboratory, Hefei 230088, China
3Department of Physics, University of California, Merced, California 95343, USA

® (Received 23 May 2023; revised 27 June 2024; accepted 1 July 2024; published 17 July 2024)

The quantum geometric tensor (QGT) is a fundamental concept for characterizing the local geometry of
quantum states. After casting the geometry of pure quantum states and extracting the QGT, we generalize the
geometry to mixed quantum states via the density matrix and its purification. The gauge-invariant QGT of mixed
states is derived, whose real and imaginary parts are the Bures metric and the Uhlmann form, respectively. In
contrast to the imaginary part of the pure-state QGT that is proportional to the Berry curvature, the Uhlmann form
vanishes identically for ordinary physical processes. Moreover, there exists a Pythagorean-like equation that links
different local distances and reflect the underlying fibration. The Bures metric of mixed states is shown to reduce
to the corresponding Fubini-Study metric of the ground states as temperature approaches zero, establishing a
correspondence despite the different underlying fibrations. We also present two examples with contrasting local

geometries and discuss experimental implications.
DOI: 10.1103/PhysRevB.110.035144

I. INTRODUCTION

The geometry of quantum states has sparked lasting re-
search interest [1,2] and played an indispensable role in
quantum statistical mechanics, quantum information, con-
densed matter, and atomic, molecular, and optical physics
[3—10]. Unlike the topology of quantum systems that reflects
global properties of the underlying structures via quantized in-
dices [11-13], the geometry of quantum states can be sensitive
to local intricacies. The quantum geometric tensor (QGT) is a
fundamental concept for characterizing the variation between
quantum states [5,6,14,15]. For pure states, the QGT is a com-
plex quantity, whose real part gives the Fubini-Study metric
[16] that assesses the local distance between physically dis-
tinct quantum states while the imaginary part is proportional
to the Berry curvature [17,18] and related to the topology.

Pure quantum states are considered equivalent if they differ
by a global phase [19]. Taking into account the equivalence,
the phase space of pure states can be identified [2]. The
QGT is then a complex metric defined on the phase space,
which measures the local geometry and is invariant under
gauge transformation. There have been many studies on the
QGT of pure states, including proposals to extract the QGT
[20-25], experimental realizations using photoluminescence
of exciton-photon polaritons [26], Rabi oscillation of an NV
center in diamond [27], quench or periodic driving of a super-
conducting qubit [28], Bloch state tomography of cold atoms
[29], and transmission measurements of plasmonic lattices
[30], as well as theoretical works on optical response [31],
quantum fluctuations of the QGT [32], quantum phase tran-
sitions [33], superfluidity in flat bands [34], generalizations
to N-band systems [35], topological semimetals [36] or other
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topological matter [37—40], and PT-symmetric systems [41].
By considering the QGT as the second cumulant of the fidelity
susceptibility, Ref. [42] studied other relevant quantities.

While most of the previous studies are about pure states,
we move forward to formulating the QGT of mixed quan-
tum states. The equivalence among mixed states due to the
phase factors and the phase space of mixed states will be
be identified before we derive the gauge-invariant QGT for
mixed states and unveil rich geometric properties behind the
QGT. To present a complete picture of the QGT, we first
examine the local geometry of the phase space of pure states,
which is a Kahler manifold [1], and its fibration that gives
rise to a Pythagorean-like equation among the distances in
different spaces.

For mixed quantum states, we will identify the phase
space and fibration by taking hints from the pure-state results.
While the QGT of pure states can be obtained through gauge-
invariant modifications to the “raw” metric, we will show that
a similar method applies to mixed states via Uhlmann’s ap-
proach of the topology of full-rank density matrices [43—45].
We find that all gauge-invariant modifications to the real part
of the raw metric of mixed states reduce to the Bures met-
ric within this framework, and a similar modification to the
imaginary part causes it to vanish identically. To our best
knowledge, the phase space of mixed states is not a Kahler
manifold. Thus, the imaginary part of the QGT is not propor-
tional to the Uhlmann curvature of mixed states, in contrast to
the pure-state case.

The generalization of the QGT to mixed states serves
another illustration of the subtle similarities and differences
between pure and mixed states. While the Uhlmann bun-
dle of full-rank density matrices is a trivial bundle [46] and
causes the associated characteristic classes to vanish, the
Uhlmann holonomy and the Uhlmann phase can be nontrivial
and exhibit the Uhlmann-Berry correspondence as tempera-
ture approaches zero [45]. Similarly, we will show that the
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mixed-state phase space lacks the Kahler structure but still ex-
hibits an analogous Pythagorean-like relation between the raw
metric and the metric on the phase space. Although the fibra-
tions of pure and mixed states are different, we present a proof
that the Bures metric can reduce to its pure-state counterpart,
the Fubini-Study metric, as the temperature approaches zero
and give rise to a correspondence between mixed and pure
states. We also compare the Bures distance and the Sjoqvist
distance [47] by showing their different gauge conditions in
a unified framework. Finally, the uniqueness of the Bures
distance within the framework based on the Uhlmann bundle
explains why it is common in the literature on mixed states,
despite many different arguments or derivations [2,10,48].
Therefore, our paper lays the foundation for systematic in-
vestigations of the geometry characterized by the QGT of
mixed states.

Our main findings are: (1) The Uhlmann bundle provides
a natural and solid foundation for deriving the QGT of mixed
states with full-rank density matrices. (2) The gauge-invariant
real part of the QGT reproduces the Bures metric, which
approaches the Fubini-Study metric of pure states as tempera-
ture goes to zero. (3) The gauge-invariant imaginary part of
the QGT is the Uhlmann form, which vanishes for regular
systems in contrast to the Berry curvature of pure states. (4)
A Pythagorean-like relation between the quantum distances
of the total space and quantum phase space for mixed states
emerges despite the lack of a Kahler structure like that of
pure states.

The rest of the paper is organized as follows. In Sec. II,
an overview of the QGT of pure states is presented, and
the geometric origins of the real and imaginary compo-
nents are elucidated. In Sec. III, the QGT of mixed states
from a geometric perspective is formulated, including the
Pythagorean-like equation between different local distances
and the gauge-invariant QGT. The relations to the Bures dis-
tance and Sjoqvist distance are explained and the vanishing of
the imaginary part is derived. We prove in Sec. IV that the Bu-
res metric approaches the Fubini-Study metric as temperature
goes to zero. In Sec. V, two examples of the QGT of mixed
states are provided. We also summarize some implications
of the QGT of mixed states and challenges of going beyond
the Uhlmann fibration. Section VI concludes our paper. Some
details and derivations are summarized in the Appendix.

II. QGT OF PURE STATES (REVIEW)
A. The quantum phase space

Hereafter, the dimension of the quantum system of in-
terest is assumed to be N. To contrast the similarities and
differences between the geometries of pure and mixed states,
we follow Refs. [1,2] to review the physical space of the
state-vectors. Readers familiar with the local geometry of pure
states may proceed to Sec. III directly. In general, the linear
space spanned by N-dimensional vectors is the N-dimensional
complex vector space H = CV. Since a state vector |v/)
is physically equivalent to c|y) if ¢ is a nonzero complex
number (¢ € C* = C — {0}), the phase space of pure states
is a (N — 1)-dimensional complex projective space, P(H) =
CN/C* = CP"~!, where the elements are complex rays.

A canonical projection connecting these two spaces is IT :
‘H — P(#H) by collapsing any nonzero complex number
c [49], TI(c|¥)) = |¥). An alternative way to construct
CPN~! begins with normalizing the state vectors and ob-
taining a (2N — 1)-dimensional real sphere S(H) := {|{) €
H|(W ) = 1} ~ S>N=1. Since two points in S(#) are phys-
ically equivalent |¢) ~ |¢) if they differ only by a phase
factor [y) = eX|¢), P(H) is the quotient space S(H)/U(1) =
CPV~!. The Hopf fibration [1] corresponds to the N = 2 case
with $3/8! = S§? since U(1)~S' and CP! ~ S2. For a better
distinction, we will use the tilde symbol to label a state |v/) in
H = CV or S(), and reserve the state |) to indicate one in
P(H)=CPN L

A well-defined local distance between quantum states
should be independent of any U(1) phase factor that only
gives rise to an equivalence relation between the states. This
indicates that the distance and the associated metric defined
in the quantum phase space CPV~! must be invariant under
arbitrary U(1) gauge transformations. Furthermore, CPV ! is
a Kahler manifold [1] endowed with a Kahler metric, the real
part of which is a Riemannian metric satisfying the gauge-
invariant requirement while the imaginary part is a symplectic
form proportional to the Berry curvature as a two-form.

B. The quantum distance

Throughout the paper, we set i = kg = 1 and apply the
Einstein summation convention. Consider a family of normal-
ized quantum states | (R)) € S(?), which depends on a set
of real parameters R = (R', R?, ..., R")" € M. Here M isa
parameter manifold, whose dimension may not be equal to N.
Examples of such a parameter manifold include the direction
of an external magnetic field of a spin system or the Brillouin
zone of a lattice system. Following the idea of Refs. [6,15],
the local distance between quantum states upon a variation of
R is given by

ds’ = ||y (R +dR)) — [J R)* = (;|3;¥)dR'dR’. (1)
It is tempting to choose the metric as g;; = (8,<1Z|8j1ﬁ).
However, this is not invariant under a local U(1) gauge trans-
formation given by |/(R)) — e*®)|y(R)), so the quantum
distance between physically equivalent states may not vanish.
Interestingly, the imaginary part of (d;y|9;v) is invariant
under a U(1) gauge tgansformation. .

By plugging e'*|y) instead of |y) into Eq. (1), the quan-
tum distance becomes

ds* — ds”?

= (0 10,1) — iw;d; X — iw;dix + 8ix ;X )AR'AR,

where
w; = (V10:F) = =@ () 2
is the Berry connection on S(?). Under the same U(1) gauge

transformation, it changes as w; — w; = w; + i9;x . Thus, we
can redefine the quantum distance as [6,15]

ds* = (9:§19;9) — (F13:¥) (0,9 |¥)dR'AR'.  (3)
It can be verified that the new metric

gij = (W 19;9) — (F18,:) (3,9 |9) “
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is gauge invariant. Therefore, g;; is a proper measure of the
local distance between physically inequivalent states in the
quantum phase space P(H). The gauge-invariant metric is also
referred to as the quantum geometric tensor (QGT) [6,15].

C. Kihler manifold and QGT

To gain a deeper understanding of the geometric foun-
dation of the QGT and its link to the Kahler geometry,
we present an alternative and systematic construction. We
consider the state |¢) € P(H) depending on the real-valued
parameters R = (R', R?, ..., R©)T and X(¢) being the tan-
gent vector of the curve R(z). This implies |X(¢)) =
%lw(R(t))) = |9;¥)R". By using X in the gauge-invariant
inner product summarized in Appendix A, we have

@y 18,v) = (@il |8,9) — (il 19) (¥ 19, ), (5)
which is exactly the QGT of Eq. (4). This means that the met-

ric induced in Eq. (3) is indeed a metric on P(H) = CPN~!.
Explicitly,

ds*(CPY™") = ||y (R + dR)) — [ (R))?

= g;;dR'dR’ = (3;y|3;¥)dR'dR’  (6)

is the quantum distance between the equivalent classes rep-
resented by | (R + dR)) and [ (R)). Note g;; is complex
in general, and its real part can be obtained simply by sym-
metrizing i and j since dR'dR’ are symmetric about i <> j.
Using the fact (3;9/|/) = —(¥/|8;1/), we have
vij = Regij = Re(0iyr|0;¢) — (O [¥) (¥ |9;¢). (1)

This is the aforementioned Riemannian metric on P(H) =
CPN! that satisfies ds>(CPY™!) = > ¥;jdR'dR/. In other
words, the imaginary part of g;; makes no contribution to the
quantum distance.

By antisymmetrizing Eq. (5), we get the (negative) imagi-
nary part of g;;,

Q;; = —Im(3;y|0;9) = %((31'@3]15) —(3;¥10:y))  (8)
and the symplectic form
Q) = %<ai&|aﬂﬁ>d1e" N 9)

It can be verified that both y;; and €2;; are gauge invariant.
Using (8;0¢ V|- )YdAR* AdR' A - =0 = (-|3;0x 0 )dR* A dR' A -,
it can be shown dQ2jyy = 0, i.e., the symplectic form is closed.
Therefore, P(H) = CPY~! is indeed a Kihler manifold and
Q) is called the Kahler form [1]. More details of the Kahler
manifold and its metric are given in Appendix B.

Introducing the Berry connection A = A;dR’, whose ith
component is A; = (¥ |9;¥), and explicitly expressing /) =
e |yr), we find

@I (W10,9) = @ v (W19, 9) 10)

since the derivatives of 6 cancel each other. Thus, the QGT
can be written as

gij = (0;10;0) + AiA; (11)

according to Eq. (5). We emphasize that A = (y|dy) intro-
duced here is the Berry connection on P(H), while Eq. (2)

defines the Berry connection w on S(# ). The relation between
them will be discussed later. It is straightforward to verify
from Eq. (9) that the Kahler form is

i i
Q= (Y| Aldy) + 5d6 A do
1
+ 5(6!'9 AP ldyr) — (dy ) A dO)

i
= 2dA. (12)
Thus, the imaginary part is proportional to the gauge-invariant
Berry curvature F = dA, so no modification is needed.

Equation (3) thus represents the local distance between
| (R + dR)) and |y (R)) in CPY~!, as explained by Eq. (6).
Similarly, the distance of Eq. (1) may be viewed as the “raw”
distance between |/ (R + dR)) and |/ (R)) in S(H) = SV
However, the states may be physically equivalent to each
other. We denote the raw distance by

ds* (SN = (30|89 )dR'dR, (13)

where (3;1/]d ﬂﬁ) is the “raw” metric. The Berry connection A
builds a bridge that connects ds*(S*V~!) and ds>(CPV~'). We
notice from Eq. (11) that

ds*(CcpN-! L S
S(T) = (@018, 0)RR + (§19:9) R’
d 2 S2N71
S % (14)

The inequality is due to (y/|9,4) being a purely imaginary
number, so ((¥|3;)R")? is negative. Hence, ds?(S?N~') is
minimized if

. ~ d - ~ d . -
(W19 ¥)R" = (WO @©) = Im{y O 1Y (1)) =0,
5)

where the second identity comes from (V|) = 1, and “d”
is the local derivative on S(#H). We previously show that
L1 (1)) is actually |X(¢)). Hence, the condition (14) simply
implies that (¥ (¢)|X (t)) = 0 or |X) = |X*), indicating that

~ ~ ~ ~ - od -
(WO +dr) = YOl @) + (w(t)allﬁ(t))dt +-
(16)

In quantum information [43,50], the above result means
| (t + dt)) is parallel to [/(¢)) since they are “in phase” with
each other. As a consequence, Eq. (15) is the parallel-transport
condition, and |1ﬁ(t)) is referred to as the horizontal lift of
| (¢)). However, the parallelism between quantum states does
not define an equivalence relation because it lacks transitivity
[51]. Therefore, even if |) is parallel transported, it may
gradually start to be out of phase with the initial state, and the
Berry phase is a measure of this discrepancy for a cyclic evo-
lution. Substituting |/ (1)) = e |y (¢)) into Eq. (15) gives

~1>0.

. d
0+ YOl v@) =0. a7

If |¢(¢)) undergoes a cyclic process [|¥(0)) = |y (7))] that
lasts for a duration 7 (0 < ¢ < 1), in the end the state obtains
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a gauge-invariant Berry phase

T d
Op = () = if A )15 (), (18)
0 t

Using the expression of the Berry connection A = (Y |d /)
and |/) = e |yr), we have

(V10;0)dR" = (Y|d) = i(d6 — iA). (19)
The first line of Eq. (14) then indicates
ds* (SN = ds*(CPY™") + (df — iA)*. (20)

This gives a Pythagorean-like relation for the quantum dis-
tances, which is a more complete relation than

ds*(CPN~1y = inf[ds*(S*M ). (1)

We remark that a similar result for unnormalized quantum
states was given in Ref. [52] obtained by using complex local
coordinates of C¥ . In the fiber-bundle description of the Berry
phase [44,52], S?V~! is the total space of the Hopf bundle over
the base space CPV~!. All possible phase factors at |y) €
CPN~! form a fiber space at that point. Thus, Eq. (20) shows
the local distance on S?¥~! has two contributions respectively
from the base and the fiber spaces. During a physical process,
if the quantum state undergoes parallel transport depicted in
Eq. (17), no contribution from the U(1) phase factor adds to
the total distance since the state is kept “in phase” instanta-
neously. In this situation, ds?(S*¥~!) is minimized. This is
indeed the definition of the Fubini-Study distance between
quantum states [53],

dsgs (1Yt +db)), [y (1)) == inf [|§ (¢ + db)) — [ (1))
=220t +dDf@)). (22)

The infimum is obtained when |/ (t 4 dt))//|v/ (¢)) or equiva-
lently (¥ (t)|/ (¢ 4+ dt)) = (Y (t +dt)|J(t)) > 0. This is why
the metric (or the QGT) given by Eq. (11) is also called the
Fubini-Study metric [16].

To summarize, the real part of the QGT y;; measures the
local distance of a parameter-dependent state |y (¢)) in the
quantum phase space P(H) while the imaginary part ;; of
the QGT characterizes the violation of parallelism between
quantum states during a cyclic parallel transport and the local
curvature of the evolutional curve |y (¢)). We emphasize that
P(H) = CPN~! possesses those geometric properties because
it is a Kahler manifold, and a more detailed discussion is
outlined in Appendix B.

III. QGT OF MIXED STATES

Mixed states are inevitable for systems at finite tempera-
tures or out of equilibrium. It is thus natural and necessary
to extend the formalism of the QGT to cover mixed-state
scenarios. Since the QGT is a measure of the local geometry
of quantum states, it is important to analyze the properties of
the space(s) formed by mixed states.

A. Phase space of mixed states

A mixed quantum state, also known as a statistical en-
semble, is a collection of distinct pure states {|i)}, each with

an associated, non-negative probability A;. In quantum me-
chanics, this ensemble {(A;, |i))} is usually represented by a
density matrix, denoted by p = ), A;]i)(i|. Mathematically,
p is an N x N complex matrix satisfying three conditions:
(1) Hermiticity, p = ot @ non-negativity, p > 0 (all the
eigenvalues of p are non-negative), and (3) normalization,
Trp = 1. The mixed state is not in one-to-one correspondence
with the density matrix, as stated by Schrodinger’s mixture
theorem [2]. Interesting examples can be found in Ref. [19]. In
general, there may be infinitely many different ensembles rep-
resented by the same density matrix [54], but they cannot be
distinguished by any physical measurement [55]. Therefore,
it is sufficient to use density matrices to represent physically
distinguishable mixed states.

We denote by P the set, or “space”, of all density matrices.
Unlike the pure-state situation, P is neither a linear space
nor a manifold but only a convex subset of End(#), the
set of endomorphisms (or operators) of # [2]. Since P is
not even a linear space, its dimension can not be defined in
the usual way. Here we refer to it as the number N> — 1 of
real parameters necessary to completely specify an arbitrary
density matrix [2]. Some details can be found in Appendix C.
Mathematically, P can be thought of as a convex rigid body
in RV, Thus, we will restrict our discussion to N > 1 since
if N = 1, R is a single point, so is P.

Although P is not a manifold, it is the union of a series
of manifolds: P = | J}_, DY. Here D} is the space of nor-
malized N x N density matrices of fixed rank k (1 < k < N),
which is a manifold equipped with a Riemannian metric [56].
However, the metrics of DY cannot be glued together to con-
struct a metric of P due to the conical singularities in the
neighborhood of the boundary of DY if N > 2 [56]. This is
understandable since P is a positive cone in End(H) [2].
The density matrix of a pure state is a projective operator
with p? = p and rank 1. Thus, the set of pure-state density
matrices is equivalent to DY, i.e., DY ~ {p € P|p? = p}. Ge-
ometrically, DY is equivalent to CPN~!, the phase space of
pure states, and they both have dimension 2(N — 1). For pure
states, we introduced the manifold of all normalized states
S(H) = SN~ after the phase space CPV~! is defined, thereby
obtaining the fibration SV ~! /U(1) = CP"~! by collapsing all
the U(1) phase factors. Here we ask whether a similar fibration
also exists for mixed states with DY as the phase space. If so,
what plays the similar role of S2V=1?

Those questions can be resolved by following Uhlmann’s
approach via purification [43]. The Uhlmann bundle was
based on full-rank density matrices. Therefore, we will focus
exclusively on DY, the submanifold of all full-rank density
matrices, which include all mixed states in thermal equi-
librium. To investigate the local geometry of the Uhlmann
bundle, we recognize DY as the phase space of mixed states
of interest. Unlike the phase space of pure states that forms a
Kahler manifold with many geometric properties, the mixed-
state phase space DY lacks some characteristics but still
exhibits interesting local geometry, which will be shown
shortly. The dimension of DY is N> — 1 while dim D} =
N? — (N —k)> — 1. A proof is outlined at the end of Ap-
pendix C.

An operator W € End(H) is called a purification or ampli-
tude of p € DY iff p = WWT, which implicitly requires that
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W also has full rank. Conversely, a full-rank matrix W has
a unique polar decomposition W = ,/pU, where U € U(NV).
The uniqueness of the decomposition of purification is another
reason that we recognize DY as the phase space of mixes
states. When compared with the pure-state case, W and U are
the counterparts of the wavefunction and phase factor, respec-
tively. Moreover, Trp = 1 leads to Tr(W'W) = 1. Hence, we
introduce the Hilbert-Schmidt product of objects in End (H),

(A, B)ys = Tr(AB). (23)

This leads us to further define the Hilbert-Schmidt norm:
[IWlas = (W, W)gs. With these notations, we introduce
Sy C End(H) as the unit sphere with respect to the Hilbert-
Schmidt norm, which is a manifold consisting of all full-rank
(rank N) density matrices with unit norm. Sy plays a similar
role as its pure-state counterpart S(H) = S>¥~!. In this way,
a fibration Sy /U(N) = D,’\\f for mixed states is established via
the projection

7:Sy—=>DY, TW)=WWT' =p. (24)

Furthermore, p is invariant under the gauge transformation
W — W' = WU, whereld € UN).

While W is a state matrix, its counterpart |1) is a state vec-
tor. The difference brings some inconvenience when making
a direct comparison. The purified state associated with W is
introduced as follows. If p is diagonalized as p = ) _; A;]i)(il,
w=3, /A;1i)(i|U with the corresponding purified state de-
fined as W) = >, V/A;]i) ® UT|i) by taking the transpose of
“(ilU” of W. Thus, |W) € H ® H*. Finally, an inner prod-
uct between two purified states is introduced as (W;|W,) =
(Wi, Wa)us = Tr(WlTWz) [57], which preserves the Hilbert-
Schmidt product.

B. The Hilbert-Schmidt metric

To generalize the concept of QGT to mixed quantum states,
it is necessary to give a suitable definition for the quantum
distance between two physically distinct mixed states. We
have introduced the Hilbert-Schmidt product on End () pre-
viously, which leads to the Hilbert-Schmidt distance

dis(A, B) = iTt[(A — B)(A" — B")]. (25)

Since p = p', the Hilbert-Schmidt distance between two den-
sity matrices p and p’ is given by
dis(p, p') = 5Tr(p — ).

Let o' — p+dp, the infinitesimal Hilbert-Schmidt dis-
tance becomes d12{s (p,p+dp)= %Tr(d,o)z. We choose R =
(R', R, ..., R5T as before, then dp = 9, pdR* and the cor-
responding Hilbert-Schmidt metric is

o = 5Tr(3,00,p).

(26)

27

However, ”ﬁ may not be an appropriate choice to capture the
local geometry of DY since it is equivalent to a flat metric on
End(H), which will be shown below.

As explained previously, N> — 1 parameters are needed to
specify a full-rank density matrix p. Therefore, with the help
of the Bloch vector a(R) = (a'(R), @>(R), ..., a" " (R)),

any density matrix can be decomposed as [2]

1 N2—1
p=ln+ Z a (R)T,.

i=1

(28)

Here 1y is the N x N identity matrix, and 7;s are the genera-
tors of SU(N) that satisfy
2 .
I.T; = Naij + ;dijka +i ;fijka- (29)
Here d;j; is a totally symmetric tensor that can only be de-
fined if N > 2, and f;;x is a totally antisymmetric tensor.

Using these properties and Tr7; = 0, it can be shown that
dis(p, p)) =dis(>;do1, Y a'o]) =Y .(a' —a")*. Hence,

dis(p.p+dp)=da-da= §;da'da’,  (30)
ij
which exhibits the Euclidean-like distance. Accordingly, the
components a; also serves as the Cartesian coordinates in
Bloch space, and the induced metric §;; from Eq. (30) is flat.
Thus, it does not reveal interesting properties of Dy since it
cannot accurately capture the local geometry. In terms of R,
the Hilbert-Schmidt metric is
da' da’

5:8_3. da = 5. (31)
“T9RE BR” - ORM RV
which is simply the coordinate-transformed expression of the
flat metric.

C. Purification and Bures metric

To construct a suitable Riemannian metric on DII\\;, we need
to find a way to isometrically embed DY into End(H), or
more accurately, into Sy since Trp = (W, W)ys = 1. This
is achievable through the approaches by Uhlmann [43,58]
and Dittmann [56]. However, their original formulations were
quite mathematical. Here we combine their ideas with a more
pedagogical description to elucidate the geometrical meaning
and physical implications. The projection (24) provides an
embedding p = 7 (W), which may induce a metric from the
Hilbert-Schmidt metric via its push-forward map 7, [56]. The
metric g on DY is a type (0,2) tensor field [1] defined by
g(-,-) : T,DN x T,DY — C, similar to Eq. (Al). Explicitly,
if ¥, is a tangent vector at the point p, i.e., ¥, € T,DV, then

8Y,,Y,) :=inf{{V, V)us|m. (V) =7Y,,V e TSy}. (32)

Since the Hilbert-Schmidt metric is invariant under the gauge
transformation V. — VU with U € U(N), it is sufficient to
take V tangent to Sy at W(0) = /p. We consider a curve
parameterized by ¢ starting from p: p(t) = p(0) +tY,, where
t is small and p(0) = p. Based on the above assumptions, the
purification of the density matrix is W () = W(0) 4+ ¢tV with
W(0) = \/p. Using p(t) = W()WT(t), we obtain ./pV’ +
V./p =Y,. Moreover, since V = lim, ¢ w, Eq. (32)
becomes

g(Y,.Y,) := inf { lim tlz(W(t) — W(0), W(t)

— W Os|VBV +V p = Yp}. (33)
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This is equivalent to the infimum of the Hilbert-Schmidt
distance between W (¢) and W (0) = ,/p, which is the Bures
distance between p(t) and p(0) = p [43]. Explicitly,

dg(p(t), p) = inf Te(W (t) — W (0)(W (£) — W (0))"
= inf[2 — TrEW T OW (1) + W ()W (0))], (34)

where the infimum is obtained with respect to all possible
W (t) such that p(t) = W()WT(t). From this definition, the
Bures metric is indeed the desired metric when DY is iso-
metrically embedded. It should be noted that the infimum is
taken among all possible purifications, thus it is independent
of the gauge choice of W. In other words, it is by definition
invariant under the gauge transformation W — W’ = WU/,
and the same argument applies to the Bures metric.
The right-hand side of Eq. (34) takes the infimum

di(p(t), p) = di(p, p(1)) =2 = 2Tr\ [ /pp()/p  (35)
iff (see Appendix D)
Wi W) =W W () > 0, (36)

where Tr,/,/pp(t)./p is called the Uhlmann fidelity [53,57],
and Eq. (36) is called the Uhlmann parallel condition between
W (#) and W(0) [43]. This condition implies that the tangent
vector V is also parallel to W (0). Furthermore, how V leads to
the infimum of (33) is shown in Appendix D. Analogous to the
situation of pure states, V / W(0) = ,/p means V belongs to
the horizontal subspace of Ty )Sy. We will revisit this topic
later. The differential form of Eq. (36) is

WIOW ()0 = W (OOW #)]i—0- (37)

Taking trace of both sides, we get a necessary condition in
terms of purified states

d
Im{W(»)| =W @) = 0, (38)

which can be viewed as a generalization of Eq. (15) for pure
states. However, this is only a weaker and necessary condition
of Eq. (37).

The Bures distance in terms of the generic local coordi-
natesR = (R', R%,...,R)T is

dz(p, p +dp) = &, (p(R)dR"dR", (39)

where gﬁv is the Bures metric. Using Eq. (35), it can be found
that [59]

\(ildpl))I?

1
di(p.p+dp) =53 o
ij ! J

1 18, 017718, pli
2 T At A

Some details can be found in Appendix E. Thus, the Bures

metric is

L (l3upl ) Glupli)
g,’iu—z; A 1)

Since the density matrix is invariant under the gauge transfor-
mation W — W' = WU, the Bures metric remains unchanged
as well. Therefore, it is naturally a good candidate as the QGT

for mixed states. Since Eq. (40) represents the local distance
on DY, we will interchangeably use d3(D¥) to denote it
hereafter.

D. The Uhlmann metric

So far, our discussions have revealed some similarities
between the Fubini-Study metric for pure states and the Bu-
res metric for mixed states. The definition (34) of the Bures
distance can be written as

di(p(t), p) = inf [|W (1) — W (0)||us. (42)
In terms of purified states, it is also expressed as
d3(p(t), p) = inf [[W()) — |W(0))[*. 43)

As a comparison, the results in Sec. II C show that

dsgs (1Y (D), [Y(0))) = inf || () — [FONIP.  (44)

The infima of the above expressions are attained when the
parallel-transport conditions for |1/ (¢)) and W (¢) are fulfilled,
respectively. However, the infimum of Eq. (43) is obtained
with respect to all possible U(N) phase factors U(¢) in W (¢) =
/p()U (t) whereas that of Eq. (44) is obtained with respect to
all possible U(1) phase factors @ in |/ (1)) = @)y (1)).
Thus, despite the superficial similarity, they are not equivalent.
Moreover, Eqs. (43) and (44) further lead to the Fubini-Study
and Bures metrics, which are respectively invariant under the
U(1) and U(N) gauge transformations. The gauge invariance
makes them suitable choices for the QGTs in their respective
situations.

For pure states, however, the Fubini-Study metric can be
derived either through a gauge-invariant modification to the
raw metric (9;\|9;\) or by directly constructing a gauge-
invariant metric on CPV~!. Subsequently, it was found that
the requirement of gauge-invariance saturates the inequality
ds*(CPN~1) < ds*(S?M~1). In addition, the local geometry
associated with the fibration S?V~1/U(1) = CPY~! is mani-
fested by the relation (20). For mixed states, the Bures metric
is obtained by taking the infimum of the Hilbert-Schmidt
distance between two purifications, which is guaranteed to be
gauge-invariant by definition. Despite the progress made so
far, there still remain some intriguing puzzles that need to be
addressed. For example, is there a similar relation associated
with the fibration Sy/U(N) = DY just like the case of pure
states? Additionally, the parallel-transport condition (36) min-
imizes the right-hand-side of Eq. (42). Is it equivalent to the
criterion for the metric to be gauge-invariant? Can there be
other gauge-invariant metrics besides the Bures metric?

To answer these questions, we follow the same procedure
as that of the pure-state case to modify the “raw metric” on Sy .
Let W(¢) or [W(z)) depend on ¢ via the parameter curve R(?).
From Eq. (42), the local distance on Sy can be equivalently
written as

ds*(Sy) = |[W(R + dR)) — [W(R))[*
= (3,W[3,W)dR"dR" = Tr(3, W 3,W)dR"dR",
(45)

where (0,W10,W) is recognized as the desired raw met-
ric. It is not invariant under the U(N) gauge trans-
formation W' =WU. By symmetrizing the indices u
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and v, the local distance takes the form ds*(Sy)=
VuwdR'dRY, where y,, = %((BMWIB‘,W) + (0, W[9,W)) is
the real part of (9,W|[0,W). Similarly, the imaginary part
Oy = %((BMWWVW) — (d,W19,W)) gives no contribution to
ds*(Sy). Tt can be verified that both Yuv and o, are not
gauge invariant. Based on the previous discussions, it can be
found that y,,, reduces to the Bures metric if W satisfies the
condition (37). Here we ask if a more generic gauge-invariant
metric can be constructed by imposing a suitable modification
to y,v. Moreover, the imaginary part in the case of pure states
is proportional to the gauge-invariant Berry curvature and
needs no modification. In the case of mixed states, does a
similar assertion hold for o, if it is appropriately modified?
We utilize Uhlmann’s approach on geometric phase of
mixed states [43,58] to address the above questions. Here
we briefly outline Uhlmann’s formalism as more recent
overviews can be found in Refs. [44-46,49]. The theory of
the Uhlmann phase is built on a U(N) principle bundle, in
which Sy is the total space, D% is the base manifold, and
the embedding 7 defined by Eq. (24) projects Sy to Dy.
As a generalization to the Berry connection, the Uhlmann
connection Ay is defined on DY and is given by
illd/p, j
Ay = _Z |i)( lld/p. /P1l))
ij

il, 46
Y (Jl (46)

where “d” is the derivative on DY. It can be derived from the
relation [44,45]

p*Ay + Ay p = —[ds, /P, /P 47

Here ds, is the derivative on the total space Sy. Similarly, the
Ehresmann connection w is defined on Sy, which is related to
Ay via the pull-back 7 *. Explicitly,

o=U'n*AyU +U'ds,U. (48)

Here U is the phase factor of W = ,/pU. If a mixed state is
transported along a curve W(r) (0 < ¢ < 7) with its tangent
vector given by X, the parallel-transport condition (37) can be
written as w(X ) = 0 [44,45]. Using Eq. (48), this is equivalent
to

AuX)+UUT =0, (49)

or Ay, +0,UU" =0 in the component form, where
X=mX= %

We refer to any cyclic process during which a mixed state
follow the Uhlmann parallel-transport condition as a Uhlmann
process described by either Egs. (37) or (49). By solving
Eq. (49), the initial and final phase factors of a Uhlmann

process are off by an Uhlmann holonomy
U(t) = Pe~ vy (0), (50)

where P is the path ordering operator. Similar to the Berry
phase factor, the Uhlmann holonomy is a measure of the loss
of parallelity during a cyclic parallel transport.

It can be verified that under the gauge transformation W’ =
WU, yuv, 040, and o change accordingly. A candidate of a
gauge-invariant modification to y,,, is

gy =Y + sTIW W0, + 0,0,WW), (51)

which is referred to as the Uhlmann metric. Moreover, a
gauge-invariant modification of the imaginary part leads to

oY =0 + %Tr[aM(W*Wwv) —aWiWal.  (52)

One can verify that both g, and o}, are invariant under
the gauge transformation W' = WU. The proof is outlined in
Appendix F. Their relations to the pure-state counterparts will

be studied later.

E. Uhlmann distance

Since ggv is manifestly gauge invariant, it is a candidate
of a QGT of mixed states. However, what is the differ-
ence between the Uhlmann metric and the Bures metric? To
facilitate a fair comparison, we restrict the components of
gp, on Dy. In other words, the previously chosen parame-
ters R = (R', R?, ..., R")T are the local coordinates of DY.
Then, w, = U'Ay,U + U"3,U. Using W'W = UTpU, the
Uhlmann metric is given by

gny =Y + 3 Trlp(Au, + 0,UU DAy, + 8,UUN)]
+ 3Trlp(Ayy + HUU DA, + 0,UUN]. (53)
With this expression, we can define the Uhlmann distance as
dsg = g, dR"dR", (54)

If we plug Eq. (51) into Eq. (54), an interesting result
appears,

dst = (dW|dW) + Tr[p(Ay +dUU )]
= ds*(Sy) = ds + Tr[p(iAy + idUUT)?]. (55)

This is a Pythagorean-like equation for the distances of mixed
states. In contrast to Eq. (20), the mixed-state equation has
not been discussed in the literature. Here we emphasize that
both Ay and JUUT are anti-Hermitian, hence a factor i from
the rearrangement ensures that (iAy + idUU")? is positive-
definite. Since the product of two positively-definite matrices
is also a positively-definite matrix, the second term on the
right-hand side of the second line of Eq. (55) is positive. To
compare with the case of pure states, we rewrite Eq. (20) by
using g = e or df = —idgg' to obtain

ds* (SN 1 = ds*(CPY ™) + (IA+ idgg')*.  (56)

Interestingly, ds3 plays a similar role as ds*(CPY~"), whose
counterpart in mixed states is the Bures distance. Moreover,
Eq. (55) implies that when the parallel-transport condition
Ay, + BMUUT =0) is satisfied, ds*(Sy) reduces to ds%.
However, the discussions in the previous subsection suggest
that ds*(Sy) reduces to the Bures distance under the same
condition. Therefore, a reasonable guess is that the Uhlmann
distance is equal to the Bures distance. Here we prove an
equivalent statement: The Uhlmann metric on DY reproduces
the Bures metric, so the metric is unique in this sense. We
also remark that d6 is the differential angle or differential
fiber idgg' in Eq. (56) that the pure state obtains through
parallel transport. Similarly, Ay is the Uhlmann connection,
and idUU is the change of the generator of the U(N) phase
factor. In pure states, d6 is the change of the generator of
the U(1) phase factor. No loop integral of a cyclic process
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is involved, hence no geometric phase emerges, and only the
local changes appear in Egs. (20) and (56).

As summarized in Appendix E, the Bures metric can be
written as

Wi+ ) - .
= Z WA VR ({10,/B1I)(j18ua/Pli).  (57)

At A
Similarly, by expanding the commutator, the Uhlmann con-
nection is expressed as

Ay, = Z‘/_ ‘/»

Y (i10u/PINI) (58)

ij
We show in Appendix G that the Uhlmann distance is indeed
equal to the Bures distance. Eq. (55) thus takes the form

ds*(Sy) = dsi (DY) + Trlp(iAy + idUU )], (59)

which is a manifestation of the fibration Sy/U(N) =
This expression for mixed states serves as the counterpart
of the relation (56) for pure states. A subtle difference is
that g is a U(1) phase factor, whereas U is a U(N) phase
factor. The local distance on the total space Sy also has
two contributions, respectively from the base manifold DJ
and the fiber space U(N). Similarly, the parallel transport of
mixed states minimizes ds*(Sy) since there is no “vertical”
contribution from the fiber. The Bures metric is therefore the
unique real part of the gauge-invariant QGT for mixed states
within this framework. Moreover, Eq. (59) also indicates a
crucial but previously unnoticed property of the geometry
of mixed quantum states. We caution that Eq. (59) is not a
trivial generalization because the Uhlmann connection does
not become the Berry connection as 7 — 0. The settlement
of the uniqueness of the metric from the Uhlmann bundle
not only provides a unified description of its local geometry
but also dissuades people from futile trials of constructing
alternative gauge-invariant metrics on the bundle.

F. Sjoqvist distance

Recently, another type of quantum distance between mixed
states was introduced by E. Sjoqvist in Ref. [47], which will
be referred to as the Sjoqvist distance for convenience. Its
relation to the Bures distance can also be deduced via pu-
rification. Appendix H briefly reviews the construction of the
Sjoqvist distance, which is given by

ds(p(®), p) = inf |IW (D)) — [W(O))I*. (60)
The only difference between the Sjoqvist distance and
the Bures distance in Eq. (43) is that the infima are ob-
tained under different conditions. According to Eq. (60), the
Sjoqvist distance is invariant under the gauge transforma-
tion diag(e'®, eix1, ..., e¥-1) € U(1) x - -- x U(1), which is

N
a subgroup of the U(N) transformation. Therefore, the mini-
mizing condition of Eq. (60) is weaker than that of Eq. (43).
This implies

dg(p(1), p) < d5(p(1), p), (61)

which agrees with the results of Ref. [60].

Therefore, the Sjoqvist and Bures distances can be cast into
a unified formalism by minimizing the raw distance between
nearby purifications with respect to different conditions, mak-
ing them respectively invariant under the U(1) x --- x U(1)
and U(N) gauge transformations. We mainly focus on the
Bures distance, given its broad presence in the literature
[2,10,48]. A comparison of the Bures and Sjoqvist metrics of
two-level systems is also presented in a recent paper [61].

G. Uhlmann form

We now turn to the gauge-invariant imaginary part O’Ev. A
compact expression is obtained by introducing the two-form

1
oV = EalwdR“ AdR’

1
= T8, W a,W — 8, W Ww,)JdR" AdR". (62)
l

We refer to it as the Uhlmann form. To our knowledge, it
has not been derived in the literature. Unlike the pure-state
case, the Uhlmann form is not proportional to the Uhlmann
curvature Fy = dAy + Ay A Ay with Ay given by Eq. (46)
since the Uhlmann curvature is matrix-valued. The difference
is because DY does not possess the same features as the
Kéhler manifold CPV~!. Interestingly, when restricted on DY,
the Uhlmann form is also independent of the fiber U,

U = ST, (oA AR A R = STHd(pA).  (63)

The proof is summarized in Appendix G. We emphasize that
the proof and result can be generalized to situations where
the restriction of oV on DY can be relaxed. This is done by
replacing Ay by w*Ay, a one-form on the total space Sy, in
the expression above to get

U_ %Tr[d(pn*AU)]. (64)

The exterior derivative can be pulled out of the trace if the
dimension of the system is finite (N < oo). This leads to
vanishing oV according to Eq. (47),

%dTr[\/_, ds,/p] = 0.
(65)

U ‘l—‘dTr(pn*AU + T Aup) =

What is the physical implication of the vanishing Uhlmann
form? In terms of differential forms, Eq. (62) becomes

1 . .
oY= ?dTr(W'dW —W'Waw) =0. (66)
i
When contracted with a horizontal vector X = % twice, we
have
d .
d—Tr(W'W) =0 (67)

by using w(X) = 0. A horizontal vector generates a parallel-
transport condition, which requires W W = WiW. By using
o = WWT and the cyclic property of trace, Eq. (67) is equiv-
alent to

d
S Ti(p) = 0. (68)
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TABLE I. A comparison between the geometries of pure and mixed states.

Pure state Mixed state
Total space S Sy
Phase space cpN-! DY

Fibration S2N-1/U(1) = cpN! Sy/UWN) = DY

Connection Berry connection (U (1) bundle) Uhlmann connection (U (N) bundle)
Raw distance ds* (ST ds*(Sy)

Gauge-invariant distance ds*(CPN 1) dsi (DY)

Relations between distances ds*(S2N"1) = ds*(CPN") 4 (iA + idgg")? ds*(Sy) = ds3 (DY) + Trlp(iAy + idUUTY*]
Raw metric (3 19,9) (8, W13,W)

Real part of QGT Re(9:4/13;4) + A;A; (Fubini-Study) <5, (Bures)

Imaginary part of QGT Berry curvature Uhlmann form (=0)

For Uhlmann’s parallel transport, this can be recognized as
a constraint imposed by the vanishing oV because Eq. (68)
is obtained by combing Eq. (67) and the parallel-transport
condition WiW = WiW. The condition is satisfied by any
trace-preserving processes since Trp = 1. Therefore, the van-
ishing Uhlmann form imposes a restriction to rule out parallel
transport of open systems where Eq. (68) is violated. When
contracted with a vertical vector XV = %, Eq. (66) leads to

d T A T —

—Tr(W'W — W'Wu) =0,

dt
where u = w(X") is a u(N) generator in the fiber space
[45]. Equation (69) is satisfied by a generic U(N) transfor-
mation on the fiber with W = Wu, whose solution is W (1) =
W (0)e™. Thus, the vanishing of the gauge-invariant imaginary
part associated with the Uhlmann form naturally reflects the
physical properties of the Uhlmann parallel transport. Unless
exotic processes violating Egs. (68) or (69) are involved, the
Uhlmann form remains zero.

We remark that while the pure and mixed states exhibit
similar fibrations and geometric structures of local distances,
the imaginary part of the QGT of mixed states vanishes identi-
cally instead of being proportional to the curvature as the case
of pure states. This is because DY is not necessarily a Kéhler
manifold. Since p is by definition Hermitian, DY always
admits a set of real coordinates not necessarily compatible
with an almost complex structure. This can be more clearly
understood by noticing that the real dimension of DY can be
an odd number while the dimension of the Kahler manifold
CPN~!is 2(N — 1), which is always even.

Moreover, the vanishing of the Uhlmann form also high-
lights the different topologies of pure and mixed states. Here
we refer to the U(1) principal bundle of pure states that admits
a Berry connection as the Berry bundle, which can be topolog-
ically nontrivial. Quantized topological invariants, such as the
Chern number, can be found by calculating the characteristic
classes of the bundle. In contrast, the Uhlmann bundle is
topologically trivial [44,46,49], and its characteristic classes
must vanish. Since the Uhlmann form is gauge invariant, its
integral over DY may serve as a topological invariant of the
Uhlmann bundle, similar to the Chern number of the Berry
bundle. If the integral is nonzero, it would contradict the
topological triviality of the Uhlmann bundle. We also remark
that the Uhlmann bundle cannot reduce to the Berry bundle as
T — 0 because the former requires full-rank density matrices.

(69)

Since topological properties are defined with respect to the
corresponding geometry, the difference between the 7 — 0
and T =0 cases comes from the change of the underly-
ing bundles. However, there still exists some correspondence
between quantities derived from pure and mixed states as
T — 0. which will be discussed in the next section. Nev-
ertheless, our findings show that DY already possesses rich
geometric properties for mixed states. We summarize our
main results by comparing the key points between pure and
mixed states in Table 1.

IV. CORRESPONDENCE BETWEEN PURE
AND MIXED STATES

Since the geometric structures of pure and mixed quantum
states are remarkably analogous, one may wonder whether
the results of mixed states can reduce to those of pure states
as T — 0 if we consider systems in thermal equilibrium.
The fact that DY of systems in thermal equilibrium cannot
become CPN~! of systems in the ground states for N > 1
because of DY = CPN ~! highlights the challenges connecting
the results for pure and mixed states. In contrast, thermody-
namic quantities at low temperatures are expected to reduce to
their counterparts at zero temperature as 7 — 0. Therefore, it
is an important task to sort out which geometric quantities of
quantum systems approaches their pure-state counterparts as
T — 0.

The fibrations S?¥~!/U(1) = CPN~! and Sy/U(N) = D¥
lay the foundation for the fiber-bundle descriptions of the
Berry and Uhlmann phases, respectively. As mentioned pre-
viously, the Berry bundle can be topologically nontrivial,
whereas the Uhlmann bundle is always trivial. Consequently,
the Uhlmann connection and Uhlmann curvature do not
reduce to the Berry connection and Berry curvature as 7 — 0
because they belong to fiber bundles with distinct topolo-
gies. Nevertheless, it has been conditionally proven that the
Uhlmann phase approaches the Berry phase as T — 0, which
is also known as the Uhlmann-Berry correspondence [45].
One may ask if there exists any other correspondence between
the geometric results of pure and mixed states? Here we show
that for systems of dimension N > 1, the Bures metric of
mixed states indeed reduces to the Fubini-Study metric of
pure states as T — 0, thereby providing a correspondence. To
our knowledge, there has been no proof of the correspondence
between the two metrics. Ref. [62] provides an example based
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on qubits but requires a constant factor to be dropped. Here
we provide a general proof showing that the correspondence
is exact.

Using the expression (57) for the Bures metric, the Bures
distance is written as

N—1 - 2
dsé:%Z(\/k—l+\/E)

. w2
Ay [(ild /P11 (70)

ij=0

Suppose the Hamiltonian of a finite-dimensional quantum
system is H, and the corresponding ground state is |Eo) =
[Vr). At temperature T with 8 = 1/T, the density matrix is
given by p = =—, where Z is the partition function. In this
situation, p and H share the same set of eigenstates |i) = |E;),
and A; =

Zerf)

. 02
oy [(ild/p1 )]

(71)

dsg = Z (ild /pli)*

i Loy

For simplicity, we focus on the situation with no energy de-
generacy. Let Ey < E} < --- < Ey_1, then

A
lim 2L = lim e A& —E) =,

L S ifi > j. (72)

For i # j, we set Apin = min{A;, A;} and Apax = max{i;, A;}.
This implies

)“min 2
(Rt )
Iim ———— = lim ——— = 1. (73)
T—0 Ai+ A T—0 1+;m_m

Thus, Eq. (71) reduces to
1 1
. 2 1 . W2 -
}%dsg =3 E (ild/pli)” + 2Tr(dﬁdﬁ). (74)

The normalized eigenstate |i) satisfies (i|di) + (di|i) = 0, re-
sulting in (i|ld/pli) = d+/A;. A straightforward evaluation
shows (see Appendix I for details)

Jl_ii%dsé = Z(d\//\f)z + Z/\i<di|dl’>
+ ) Vi ildj) ldi). (75)
ij

As T — 0, Ao > 1 and X;=; — 0, both of which are in-
dependent of the evolution parameters. As a consequence,
d/»; =0. This leads to

lim ds = Ao((d/|d V) + (1dP) (¥ |d))
+AOZ a’z|dl DI e AL
i>0or j>0
(76)

Using Eq. (72) and limy_gio — 1 because io+---+
An—1 = 1, the correspondence is established,

lim dsg = (dy|dy) + (1) = dsis.  (TT)

according to Eq. (4). Therefore, the Bures metric reduces
to the Fubini-Study metric in the zero temperature limit for
finite-dimensional quantum systems in thermal equilibrium.

The relation between the Bures and Fubini-Study metrics
as temperature approaches zero builds a correspondence be-
tween the real parts of the QGTs of pure and mixed states. On
the other hand, there is no such correspondence between the
associated imaginary parts of the QGTs of the pure and mixed
states. As shown in the previous discussions, the imaginary
part of the mixed-state QGT is the Uhlmann form, which is
identically zero, while the imaginary part of the pure-state
QGT is proportional to the Berry curvature.

For the simplest situation with N = 1, the density matrix
is of rank 1 and actually describes a pure state, p = | ) (¥].
Let p(t) = [ (@) (¥ (t)]. Using p = ,/p, the Bures distance
between p and p(¢) is

dg(p, p(1)) =2 = 2[(Y ¥ (1)) (78)

according to Eq. (35). Indeed, this reduces to the Fubini-Study
distance (22) for pure states. However, this reduction intrinsi-
cally differs from the more general correspondence because
the Bures metric is trivial in this case: Since A; = A; = 1 and
1)) =1j) =1¥),

({13upl) = (Y1 N P+ 1Y) 0¥ DIY) =0 (79)

by using (¥ |¢) = 1. Thus, g‘?w = 0 according to Eq. (41).
This is because dim D} = 12 — 1 = 0, representing a single
point as we have pointed out before.

V. EXAMPLES AND IMPLICATIONS

We will present concrete examples showing the correspon-
dence between the Bures and Fubini-Study metrics.

A. Generic result for two-level systems

For a two-level system with N = 2, the expression (40) of
the Bures distance can be further simplified. As the generators
T; in Eq. (28) reduce to the Pauli matrices, the density matrix
accordingly takes the form p = % + a(R) - 0. In this case, the
Bures distance reduces to (see Appendix E for details)

- %Tr(d,o)z + (dy/det p)?

2
—da-da +%, (80)

where b = /detp = v/ ZI — a. Thus, the corresponding Bu-
res metric is

di(p, p+dp)

p _ Oa 8a+ 1 a. aaa da
S = GRe Ry T T @2 oReT RV

81

To compare with the pure-state results we set a =3 for
convenience and let 7 = [x| and n = *. Using n - dn = 0, the
Bures distance takes the form [63]

d 2
- +r2dn-dn). (82)
I

1
dé(p,erdp):Z(l_
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As a comparison, Eq. (30) indicates that the Hilbert-Schmidt
distance is

dis(p, p+dp) = 3(dr* + r’dn - dn), (83)

which has the familiar Euclidean-distance form.

When r — 1, p reduces to the pure-state density matrix.
However, it appears that the Bures distance diverges as r — 1.
This seemingly singular behavior is actually spurious because
dr also approaches 0 as » — 1. Since 0 < r < 1, a change of
variable r = cos u leads Eq. (82) to

d3(p, p+dp) = H(du* + cos’ udn - dn). (84)

It reduces to d]%(p, p+dp)= %dn -dn as r — 1. Introduc-

ing n = (sin 6 cos ¢, sin O sin P, cos 0)T, the Bures distance
further reduces to

d3(p, p+dp) = L(d6? + sin 6%d$?) (85)

as T — 0, which agrees with the Fubini-Study distance for
pure states shown in Eq. (B13).

B. Spin-% system

We now study a two-level system that is physically
equivalent to many experimentally realized systems at zero
temperature [26-28]. We consider an ensemble ensemble of
spin-% paramagnets influenced by an external magnetic field
B with fixed magnitude B = |B| and described by the Hamil-
tonian

N LT
H = wiB- 3 (86)
Here wy is the Larmor frequency, and B = B/B. The orienta-
tion of B can be controlled externally via the angles 6 and
¢: B = B(sin6 cos ¢, sin@ sin ¢, cos §)”. At temperature T
with 8 = %, the thermal equilibrium density matrix is p(7T) =

M %[l — tanh(@)ﬁ - 0]. Thus, the Bloch vectoris a =

Tre—fH
—% tanh(@ )B, whose magnitude depends on temperature.
Using Eq. (81), the Bures metrics are given by

gge = ltanh2 (—@)

4 2
1
gg(b = 2 tanh? (—%) sin® 6,
8oy =0, 87)

which are proportional to the ordinary metric of S? with
a temperature-dependent scaling factor %tanhz(—%). This
becomes clearer by examining the Bures distance via Eq. (82)
at fixed temperature,

L(p. p+dp) =~ tanh? <—@)(d92 + sin2 0d¢?)
B 4 2 '
Therefore, we only concentrate on the variation of the Bu-
res metric with temperature since the metric of S? is trivial.
Figure 1 presents the dependence of gb, and ggq, on T with
6 =7%. As T — 0, they reduce to the Fubini-Study metric
(B13) since g5, (T — 0) = 1, g5,(T — 0) = §sin® 6. This
confirms our previous assertion about the correspondence

0.3
0.2
&
0.1
00 1 2 3 4 5 6
T
0.2
ALY
0.
m01
O0 1 2 3 4 5 6
T

FIG. 1. Bures metric of the spin—% paramagnet described by
Eq. (86) as a function of temperature: (Top) g5,, (bottom) g‘;d, at
6 = 7. The dots at T = 0 show the corresponding values from the
Fubini-Study metric.

between the Bures and Fubini-Study metrics since the eigen-
values of p are constants due to the fact that B = |B| is
fixed. As T — oo, ggg = ggd) = 0. This is reasonable since

the density matrix is p = % in the infinite-temperature limit.
The Bloch vector is a = 0, corresponding to the origin of the
Bloch ball, whose neighborhood also collapses to the origin
as T — 400 and loses its local structure. We emphasize that
the results are relevant to experimentally realizable systems
[26-28] and may guide future measurements of the QGT at
finite temperatures.

C. 2D two-band model

In the first example, the Bures metric has zero off-diagonal
terms and the eigenvalues of the density matrix are inde-
pendent of the evolution parameters. Here we show another
example where the QGT has different behavior. We consider
a two-band model inspired by Refs. [9,64—68]. In momentum
space, the Hamiltonian is given by

ﬁk = sink,0, + sink,oy + po, (88)

where 4 > 0 and k = (k,, ky)T is the 2D crystal momentum.
We assume the parameters are independent of temperature.
The density matrix in thermal equilibrium is given by

(T) 1 1 — tanh [ P2% )4
=———=—|1—tanh | — |fix - 0|,
Px Tr(e—AHx) 2 2 K
with Ax =
2+/sin” ky + sin” k, + u? being the gap in the spectrum
of Hy. In this case, the eigenvalues of the density matrix
depend on k and give nontrivial contributions to the Bures
metric. The Bloch vector is ax = —% tanh(ﬂ—ﬁ“)ﬁk such that

where iy = Aik(sin ky, sinky, @)
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= %(1 + ay - o). The Bures metric is then given by

dag Jdayg 1 dag dag
= — 4+ ————ay - —ag - —, 89
& ok ok, T ja ™ ok ok (89)
for i, j = ky, k,. A straightforward evaluation shows
& B’ tanh? (%)
1 4cosh? (£2+) A}
. 2 (BA
X 4 Sln2 kxzcosz kx tanh (sz) C052 kxa
Ay Ak
p’ tanh? (5+)
W | 4cosh? (%) Aﬁ
4 sin? ky cos? ky tanh? (%) N
5 5 cos” ky,
Ay Ay
. P (i)
¥ | 4cosh? (£Dv) AR
4 sin k, cos ky sin k, cos ky
X 5 . (90)
Ay

This example differs qualitatively from the spin-% param-
agnet because the eigenvalues of p now depends on the Bloch
momentum. The QGT has nonzero off-diagonal term, and the
Bures distance is not simply that of S up to a scaling factor.
Moreover, g¥ and g" are swapped under (ky, k) — (ky, k;)
and (ky, ky) — (—ky, kc) while gfy is even under the first in-
terchange but odd under the second [69]. Thus, the reduction
of the Bures metric to the Fubini-Study metric when 77 — 0
is not as trivial as the prior example, despite the guarantee
from the aforementioned proof. A straightforward calculation
of the Fubini-Study metric of this case yields

cos? ky(sin® ky + u?)

S
ke ky) = ,
e (e ) (sin® k, + sin® k, + p2)2
2k . zkx 2
Sty k) = .cozs y(SII.l L +nu 2) .
(sin” ky + sin” k, + u?)
1 sin 2k, sin 2k
o ke, k) = - 2 1)

" 4 (sin® k, + sin? ky + p2)?

By taking the proper limit, it can be verified that g]f] indeed
reduces to g;> as T — 0.

We plot the component g2, of the Bures metric as a func-
tion of 7' in Fig. 2 by setting ky = ky = 1.277, where g is
not shown since its behavior is the same as gfx up to the
ky <> ky, symmetry. The off-diagonal term gr)fy is negative in
this case. However, this is possible for a curved manifold and
does not affect the positivity of the Bures distance dsg(DY).
Unlike the spin-% system, gEx(kx = 1.2n, k, = 1.2m) reaches
its maximum at finite temperature, showing the complicated
dependence on temperature of the Bures metric for this model.
If T — +o0, all components of the Bures metric decay to zero
as expected due to the triviality of the density matrix at infinite
temperature.

0.1

B
Gxx

%.0 05 10 15 20

Ty
0
QR
© _0.02
00 05 10 15 20
Ty

FIG. 2. Bures metric of the toy model described by Eq. (88) as
a function of temperature, (top) g2, (bottom) g2 , where k, = k, =
1.2 and p = 1.0. The dots at T = 0 show the corresponding values
from the Fubini-Study metric.
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FIG. 3. The Bures metric of the model (88) in the first Brillouin
zone at 7' = 0.1u. The left (right) column shows the contour (3D)
plots.
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Figure 3 shows the behavior of the Bures metrics of the
model in the first Brillouin zone at T = 0.1u. The left column
shows the contour plots for g2, gyB,, and g8 respectively,
and the right column shows the corresponding 3D plots. The
results clearly respect the aforementioned symmetries. g2
and gl;y both have a regular peak-array structure and are al-
ways positive, but gE‘, possesses both peaks and basins and
may also be negative. The peaks of g% and g‘;y appear at
k. = (nm, mm)" with n,m =0, 1,2, where the energy gap
takes its minimum value A,;, = 2. These points (k.) are also
saddle points of the contour plot of g , as depicted in Fig. 3.
Moreover, since the off-diagonal term g‘;'v(kc) =0 and the
diagonal term gfx,w(kc) take the maximal values, the Bures
distance reaches its local maximum at k.. The rich structures
of the Bures metric will inspire future research on the QGT of
mixed quantum states.

D. Implications
1. Physical relevance

Understanding the geometry behind the QGT of mixed
states will allow us to advance the investigations of quantum
systems beyond their ground-state properties. For exam-
ple, previous studies of the Bures distance in entanglement
[70-72], quantum discord [73], quantum criticality [74,75],
Gaussian states [76], quantum parameter estimation [77], and
comparisons with other quantum distances [60,78] can now
be phrased in a unified framework by the geometry of mixed
quantum states and their QGTs.

On the other hand, we have shown that the QGT of
mixed states only manifest itself in the Bures distance, as
the imaginary part given by the Uhlmann form vanishes for
regular processes. Therefore, the applications of the Bures dis-
tance mentioned above also provide experimentally testable
means for checking the mixed-state QGT in various quantum
systems. The Bures distance is also closely related to the
Uhlmann fidelity [53,57], which can be expressed in terms
of the partition function [74]. If the system is driven by a
Zeeman-like term, the fidelity susceptibility can be inferred
from the magnetic susceptibility [79], thereby connecting the
QGT with an experimentally measurable quantity. Further-
more, the vanishing of the gauge-invariant imaginary part of
the QGT of mixed states provides a no-go theorem, in contrast
to the case of the pure-state QGT, whose imaginary part is the
Berry curvature with measurable consequences.

2. Challenges beyond full-rank density matrices

One important reason behind the choice of full-rank den-
sity matrix in the construction of the Uhlmann bundle is
to ensure the uniqueness of the polar decomposition of the
amplitude, i.e., W = ,/pU. The full-rank density matrices al-
ready cover a great portion of mixed states, including systems
at finite temperatures. Going beyond the full-rank density
matrices will require a different construction of the underlying
fiber bundle and the associated local geometry. As an oversim-
plified example, we consider

(0 0)

92)

Its square root gives W = ,/p = p. Thus, the polar decompo-
sition of W is W = /pU with

1 0
U= (O el'X>.

Here x is an arbitrary real number. Physically, the purification
W no longer has an unique phase factor, in contrast to the
full-rank case. The arbitrariness of the polar decomposition of
the amplitude thus hinders the construction of a bundle like the
Uhlmann bundle. This is a severe obstacle when generalizing
the previous approach to DY_,,.

For density matrices p; and p, each of rank k < N in DY,
one may generalize the Bures distance shown in Eq. (34)
to dé(pl, 02) = inf Tr[(W) — WL)(W; — W>)"]. However, the
condition to saturate the infimum will be different from the
parallel-transport condition shown in Eq. (36). This is because
W, and W, are not full-rank, so their zero-eignevalues may
invalidate the condition. Alternatively, one may take Eq. (35)
as another definition of a local distance, but this distance
is no longer the minimum of Eq. (34). This is in contrast
to the full-rank case, where the two expressions agree with
each other. Consequently, the precise local geometry DY can
be different from that of Dll\\f . Moreover, the construction of
the Uhlmann bundle no longer applies if the rank is not full
since the polar decomposition of the amplitude is no longer
unique, so a geometric foundation for DY_,; is lacking. There-
fore, the discovery of a gauge-invariant QGT for DY_, will be
a challenge. Nevertheless, this scenario underscores the need
for more research on the local geometry of mixed states.

93)

VI. CONCLUSIONS

Through an analog of the QGT of pure states and purifica-
tion of density matrices, we explicitly construct the QGT of
mixed states applicable to thermal equilibrium based on the
Uhlmann fibration. The Pythagorean-like equations of pure
and mixed states relate the distances in the phase space and
its embedded space and reveal the corresponding parallel-
transport conditions. The gauge-invariant modification of the
mixed-state QGT leads to the Bures metric in the real part
and the Uhlmann form in the imaginary part. While the Bures
metric is the natural result within the framework, the Uhlmann
form vanishes for common systems. The Bures metric re-
duces to the Fubini-Study metric of pure states as temperature
approaches zero, but the correspondence only applies to the
real part of the QGT. The QGT of mixed states not only
characterizes the local geometry of quantum statistical sys-
tems but also allows us to explore geometric effects beyond
the ground state in rapidly developed quantum devices and
simulators.
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APPENDIX A: GAUGE INVARIANT INNER PRODUCT

The metric is extracted from the distance defined by an in-
ner product. Therefore, we first build a suitable scalar product
on the phase space P(H). Since the metric tensor is a bilinear
map on the tangent vectors, we define the inner product as

(-.) : Ty P(H) x Ty P(H) — C, (A1)

where T},,)P(#) is the tangent space at the point |) € P(H).
Since |y) actually represents an equivalent class with respect
to the equivalence relation |y) = eX|@) ~ |@), the scalar
product (-,-) must be gauge invariant. There is a natural
way to accomplish this. Since 7jy)P(H) = P(H), any point
X € TjyyP(H) can be equivalently mapped to a state vector
|X) € P(H): If X is a tangent vector of a curve parameterized
byt,thenX = 4 and |X (1)) = X |y (1)) = %]y (¢)), implying
| (t +dt)) = |¥(t)) + dt|X(t)) up to first order of d¢. Thus,
the inner product between X,Y € Tj,)P(H) is equivalently
expressed as (X, Y) = (X|Y), where (-|-) is the inner product
between pure states. This provides a gauge-invariant inner
product on P(H).

By choosing W) e I~ '(|})), X can be obtained by pro-
jecting a vector X € T;HviaX =11 «(X), where I1, is the
push-forward induced by I1. Similarly, X can also be repre-
sented by |X). Furthermore, we decompose X into the parallel
and perpendicular parts with respect to |) as

1X) = Alg) + X1, (A2)

where A = g}é and [X1) satisfies (|X*) = 0. Under the

gauge trans~f0rmat10n [y = eX|), the perpendicular com-
ponent of |X) is always invariant,

o/ o (PX) >
IX) = 1X) — =—1§') = |X*).
(')
Thus, for any pair of vectors X;, X, € TjyyP(H), a gauge

invariant scalar product between them can be defined as

(A3)

(X 1%5)
X1 1X) i= ———
(X11X2) 1)
_ & |X2><1/7|1/;f> W;Xm/f)w?zt (Ad)

Here Eq. (A2) has been applied. If |) is restricted to S(H),
then

Xi1X2) = (X11%) — (K[ ) (P 1Xa).
This is the desired gauge-invariant inner product for Eq. (A1),
which further induces a norm || X || := (X, X).

(AS5)

APPENDIX B: KAHLER METRIC

The Kahler manifold is naturally equipped with a Kahler
metric. However, the previously introduced g;; in Sec. II is
not of this type because we have initially chosen a set of real-
valued parameters rather than instilling a complex structure.
By employing a set of local complex coordinates, the Kahler

metric of CPY~! can be derived. This has been achieved
[1,80] in an abstract manner, but here we present a more
physical demonstration starting from Eq. (5) and relaxing the
restriction |1/) € S(H). Therefore, (y/|1/) # 1 in general, and
Eq. (5) now takes the form

Bl = (3l1ﬂ|5)jl/f)(¢|1ﬁ)~ ~(3ﬂﬁ|1/f)(¢|3ﬂ#)_ B1)

(Y1¥)?

We choose an orthonormal basis of C¥, under which the coor-
dinates of [/) € CN can be represented by a generic complex
vector (z%, z!, ..., ZY" 1T, such that

= (V1) = 8up7°2" = Zu2". (B2)

Here we use the Greek alphabets «, 8 =0,1,2,...,N —1
to label the coordinate components. The elements of the flat
metric §*F or 8,  are used to raise or lower the indices. Since
CPN-! = CN/C*, every point in CPV~! represents a class in
CN with respect to any equivalence (gauge) transformation
c € C*. Explicitly, [) ~ ') if |¥) = c|¢’) or 2% = cz.
We take 7 # 0 without loss of generality, and the coordinates
of |¢y) € CPN~! are thereby obtained via the projection

w=> i=12.. N-1. (B3)

Here w's are called the homogeneous coordinates, whose
indices are labeled by Latin alphabets.

Since 9; = ;> —zojz and |) = L2V T,

- . 2,
10;9) = 2°(0, . ,0)T, where only the ith component
is nonzero. Substituting these into Eq. (B1), we get
8202 Z0z°ziZ
2 (@)
_ (l + ﬂ)kwk)Sij — wiﬂ)j
(1 + wrwk)?

(0 y19;9) =

; (B4)

where we have applied Z,z" = (1 + @w;w*)Zyz" in the second
step. Thus, the local distance in CPN~! is

ds* = dyldy) = 3 +(“1”‘j:’ u))a;i)k)zw D} qwidw!. (BS)
Expressing ds* = 2g;;do'da’, we get
gij = &ij = 0. (B6)
Since ds? is real, it can also be expressed as
ds* = gijdow'dd’ + g;d@'dw’, (B7)

which implies g;; = g;5, s0 g;; is Hermitian. In differential
geometry, g;; is the component form of the Kahler met-
ric on CPN~! [1]. Introducing the Kihler potential K =
In /1 + W,wk, it can be further expressed as gi; = %

It has been pointed out that the real and imaginary parts
of QGT are the Fubini-Study metric and Berry curvature,
respectively [6,15]. Here we show how this arises from the
Kahler geometry. Different from our previous discussions,
complex coordinates must be included in order to yield the
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correct result. In terms of differential forms, the local dis-
tance ds* = 2g;;dw'd@’ on CPN~! suggests a tensor field
G = 2g;5do' ® d’, which is non-Hermitian and plays the
role of QGT with complex coordinates. On the other hand,
the Hermitian form (B7) of ds? introduces the Kihler metric

g=gido' ®dd’ + g;;dd' @ dw’, (B8)
which is the real part of G and gives the Fubini-Study met-
ric in the form of complex coordinates. Since CPN~! is a
complex manifold it admits an almost complex structure J
satisfying Jaw, = dw, and Jafu, = —i% [1]. With this, one
can define the Kahler form whose actionon X,Y € TP(H) is
QX,Y) :=g(JX,Y). A straightforward calculation shows

Q =igjdo’ ® da’ — ig;;dd' @ dw’

= ig;jdo' A dd’, (B9)

which exactly agrees with the (negative) imaginary part of G.
Moreover, €2 is proportional to the Berry curvature

wa—(l—i—wkw )6

Jdw' A di’ .
(1 + wrwk)?

F=dA=

(B10)

Here the Berry connection for an unnormalized state |v/) is

_ mldIy) _
W)

ilm(w;dw’) _
1+ awk 2

1 li),'dwi — widﬂ),‘
1 + wpwk
(B11)

From Egs. (B6) and (B9), we indeed have 2 = —%F . There-
fore, the QGT of pure states has a profound geometrical
origin.

We present a simple example of a two-level system with
N =2 that corresponds to the Hopf fibration: §*/U(1) =
CP'! = §2. A quantum state in 3 is expressed by (z°, z")”
with |z°12 + |z'|> = 1. Hence, it can be parameterized by
three real parameters. Let 70 = eit=9) cos% and 7! =
"(XJFQ) cos Q . There is only one homogeneous coordinate w =

=el¢ tan 9. The Kihler potential is K = 1 5 In(1 + ww),
from which we obtain the component of the Fubini-Study
metric,

1 aw 1 1 1,6
v = —3 - = — = —cos —. (B12)
2(1+ww)? 21+ww 2
The Fubini-Study distance is thus given by
ds® = 2gypdwd® = 1(d6* + sin” 0d¢?), (B13)

which is exactly the local distance on the two-dimensional
sphere. The QGT is

40
= cos 2[tan —d¢®d¢+—sec —d@ QR db

[ 0 0
— é sec’ 3 tan E(dQ Rdp —dop ® d@):|

. .
= @6 ®do + sin20d¢ ® de) — i sin0do A de.
(B14)

The real part is the Fubini-Study metric while the (negative)
imaginary part is proportional to the Berry curvature of the
two-level system [81]

F= % sin 0dO A dep. (B15)

APPENDIX C: PROPERTIES OF THE SPACE
OF MIXED STATES

We have denoted by P the space of all density matrices.
For py, p» € P and a pair of arbitrary complex numbers A and
W, it is possible to find counterexamples to Ap; + wp, € P.
On the other hand, as a complex matrix, p is also equivalent
to an operator acting on the N-tuple vectors in H = CV.
Consequently, p belongs to End(H), which is the space of
operators on H, and is also known as the algebra of N x N
complex matrices. This means P C End(#). Furthermore,
the requirement that Tr(Ap; + ©upp) = 1 leads to A + u =1,
which further implies P is a convex subset of P C End(H)
[2].

To determine the dimension of P, we note that a com-
plex N x N matrix p contains N> complex parameters or
2N? real parameters. In addition, the condition Trp = 1 pro-
vides one restriction, and the Hermiticity requires that (1)
the diagonal elements are real, adding N restrictions, and
(2) the off-diagonal elements satisfy p;; = p};, imposing 2 x
w more restrictions. Thus, dimP = 2N?> —N(N — 1) —
N — 1 = N? — 1. This implies that any p can be mapped to
a real N x N matrix p such that Trp = 1 and rank(p) =
rank(p). We now use this mapping to determine the dimension
of DkN .If rank (p) = k, it can be factorized as p = AB, where
AisaN x k matrix and B is a k x N matrix. This factorization
is not unique since for any k x k invertible matrix R, p =
(AR)(R™'B). This introduces k> redundant degrees of free-
dom. The factorization itself has 2Nk — 1 parameters, so the
total number of independent parameters is 2Nk — k> — 1 =

— (N —k)*—1=dimD}.

APPENDIX D: INFIMUM OF EQ. (33)

The infimum of Eq. (33) leads to the definition of the Bures
distance (34), which is evaluated as

d3(p(1), p(0)) =2 — 2supReTHW OW (). (D)

Let A= WT'(0)W(t), which is also full rank and thereby
has a unique decomposition A = |A|U, with |A| = VAAT.
Applying the Cauchy-Schwartz inequality |Tr(A'B)|> <
Tr(ATA)Tr(BB), we get

Re[Tr(4)] < [Tr(4)] = |Tr(v/|AIVIAIU)|
< \/Tr|A|Tr(U/j A|UL) = TrlAl, (D2)
where the inequality is saturated whenever /]A] = /|A[Uy.
This leads to
A = |A] = VAAT = A% = AAT
= A=A"=|A] >0, (D3)
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i.e.,
wWiOW @) =Wi@)W(©) > 0. (D4)
The Bures distance is

d3(p(1), p(0)) =2 — 2T W (OW (1)

=2 — 2Try/WH Q)W ()W ()W (0)

=2 2Tr,/ /op(t)/p, (DS)
where we have applied the fact W (0) = WT(0) = P
Substitute W (t) = W(0) +tV and W(0) = ,/p into the
condition (D4), we further get
VB = AV, (D6)

which means V // /p. Both V and p are full-ranked, then
Eq. (D6) implies V¥ = ./pV /p . Plugging it into ./pV " +
Ve =Y,, we have

PV +Vp =Y,/p.

Multiply both sides with the completeness relation of the
eigenstates of p, D . |i){i| = 1, we obtain

D7)

D 0+ )GV = Zfzw 111 (D8)
ij
Due to the linear independence of {|i)(j|}, we have
(i(v1j) = VA (i1Y,1)) (D9)
ity el
Thus, when
Z LI, (D10)

ij

g(Y,,Y,) reaches its infimum, which defines the Bures
distance.

APPENDIX E: DETAILS OF THE BURES DISTANCE

Following Ref. [59], we set A(t) =,/ /p(p +tdp)./p,

then A(0) = p. The squared Bures distance can be ex-
panded up to second order in ¢ as dé(,o,p—i—tdp):
1*g5 (p)dR*dR". Thus Eq. (35) implies

& (PR AR’ = %j—d%p p+1dp)lizo = ~TrA(®)],—o.
(EL)
Since
AMA®) = /p(p +1dp) /P, (E2)
Differentiating both sides twice with respect to 7, we get
AA©) + AOA0) = /pdp /5,

A(0)A(0) + 2A(0)A(0) + A(0)A(0) = 0. (E3)

Multiplying A='(0) = p~! from the left on both sides of the
second equation and taking trace, we have

Tr(p~'A(0)p) + 2Tt[p~ ' (A(0))*] + TrA(0) = 0,  (E4)

which leads to

~Tr[p "' (A(0))*]. (ES)
= VAli),

TrA(0) =

Using pli) = A;]i) and ,/pli)
(E3) implies

(i + 2D AO)] ) = /hidj(ildpl ). (E6)
Therefore by applying Eqgs. (E1) and (ES), we have
di(p, p+tdp) = —TrA'(())t2

—Z

the first equation of

1|A(O)|] (jIAO)]i)?

I AiAj
= — 7 _(ildp|j)|*e?, E7
o (/\i+)»j)2|<l| P11 (E7)
Now interchange the indices i and j and setting # = 1, we have
(ildpl )
d? d _. ES8
3o p+dp) = 2,: Y (E8)

The Bures distance has another equivalent expression that
is useful to our discussions. Using ,/pli) = +/A;|i) and dp =
d(/o/p) =d/o/p + /pd./p, the matrix element of dp

becomes

(ildplj) = Vai + a)ild/plj). (E9)

Substituting it into Eq. (ES), we get

Z(«/_Jrf)

. (E10
A+ A (E10)

di(p,p+dp) = (ild /Pl i)

In the two-dimensional case, the Bures distance takes a
simpler expression. Let p = % + a - 0, then its eigenvalues are
Ao = % = |a| and the projective operators for each eigenvec-
tor are |1)(1]| = %(1 +4a-0),2)(2] = %(1 —a-o)witha=
%. Using dp =da-o and A + A, = 1, the Bures distance
becomes

dy(p, p+dp)
| tldpll
ZZZ + 5 Z| (ildplj)I?
i t;ﬁj

l+a-0 1—a-0
= (l|da - da-o|l
(|aa( e + 7 )aa|)

1—4a. 1+4-
+<2|da-a( a0, +a ”)da.a|2>

8\ 4
— (! +1 da-da— Y (-1)
A\ 8hay 2 =
1—2A; . N .
X (ilda - oa - oda - ali). (E11)
8\
Next, applying (1,2]a-a|1,2) ==+1, 1—2A;, = F2|a|,
and

da-ocd-oda-o=[da-a+i(daxa)-olda-o
=2(da-ad)da-o0 — (da-da)a- o,
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we further get

d2( +dp)=\1+ ! ! ! da-da—da-a da~(l|a|l)+da~(2|0|2)
B PR = T Sa  8A 8h 20 2
da. da (da - a)? 11
2|a| Al Ao
da - a)’
—da-da+ 923 (E12)
det p
where (1|a|1) = —(2|0|2) = a has been applied. Moreover, noting
Tr(dp)* = Tr(da - 0)> = 2da - da, (E13)
and
ddeip=d|t a2 422 (E14)
V4 - Jdetp’
it is found that in the two-dimensional case,
di(p, p+dp) = 3Tr(dp) + (dy/det p)’. (E15)

APPENDIX F: MODIFICATION OF THE REAL AND IMAGINARY PARTS OF y,,

Under the gauge transformation W’ = WU/,

1 . o . 1 .
Vi =Vuv + ETr[(wT W — 8, W WHUOU'T + STr(W', W — BWIWHUUTY + ETr[WTW(a,J/{aVZ/{' + 3,Ud, U,

(F1)
0., =0u + %Tr[aM(W*W)uavw — 3, (W'WHUB,UT + %Tr[W*W(a,J/Iavz/fT — dUd UM, (F2)
o, =U o, U +U0,U. (F3)
Here w), is the component form of @ when restricted on DY, which satisfies [44,49]
WiaW —a,WiW =WWa, +o,WV'W. (F4)

Using this, the transformation (F1) becomes

Voo = Vv + 5 THW Wy, + o, W WUU'T+ AT (W Wao, + o,WW)UI,UT] + 3T W W 0,U0,U" + 3,U3,U")].
(F5)
Moreover, the second term on the right-hand-side of Eq. (51) changes as
STIW W ), o), 4 w0, WW') = 1 TAW W (0,0, + 0, 0,UU" + 0,UU o, + 0,UU0,UUD] + (1 < v)
=1T(W Ww,0, + 0,0,W W) = A Ti{(W Ww, + 0, W W)U,UT]
— AT (W Wo, + 0,W WUB,UT — STIW W (@,UdUT + 8,Ud, U, (F6)

where we have applied 9, UU" = —U3, U, UTd,UUT = —3,U" and the cyclic property of the trace. Using Eqs. (F5) and
(F6), it is straightforward to verify that g5}, = g7 .
For the imaginary part ¢,,,, the transformation (F2) can be reformulated into

0, =0u + %Tr[aM(W*Wuavu*) — 3, (W'Wuld, U™ (F7)
Similarly, the second term on the right-hand side of Eq. (52) changes under W = WU/ as
%Tr{BM[MTWTWL{(uvaU + UL — (< v)
= %Tr[&M(WT Ww,) - 3,(WWao,)] — %Tr[BM(WTWZ/[é)UUT) — 3, (W'WUd, U (F8)
U

Moreover, the second term in the last line cancels that of Eq. (F7), making o[}i =0,
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APPENDIX G: DETAILS OF UHLMANN METRIC, BURES METRIC, AND UHLMANN FORM

A calculation of Eq. (53) shows that g[liv reduces to (see the proof below)

&Y, = Tr(8,/pdu/P) + 1Tl p(Au,Auy + AusAu,)]. G1)

Importantly, ggv is independent of the fiber U when compared to its original expression (53). This resolves the paradox that dsg,

is a distance on DY but seems to have an explicit dependence on the fiber U. Taking the trace over the eigenstates of p, the first
term of Eq. (G1) is

Tr(3,y/P0u/P) = D _(i10,/B1J)(j13u/Pli). (G2)
ij
Using Eq. (58) and interchanging the indices i and j, the second term of Eq. (Gl) becomes
- Zu Whi— \/_ ) (i10,/P17)(J10y4/pPli). Adding this to Eq. (G2), we finally get the expression of the Uhlmann metric

AitA;
L (Vai = ya)?
U _ . oo .
8y = ; (1 vy LUNCUICNAY
= v (G3)
according to Eq. (57).
To prove Eq. (G1), we use W = ,/pU, which leads to
Tr(3,WT,W) = Tr[8,,./0d,/p + p3,Ud,U" + /pd,/oUd,U" + 8,/0/03,UU"]. (G4)
Thus, the real part of the raw metric is
Yuvr = Tr(0,/p3u/P) + 3 Trlp(@,U8,U" + 8,U0, U] + 3Tr([/p, 3u/PIUU " + [/, 8,/pIU3,U"). (G5)

Using the cyclic property of trace, we get the summation of the second and third terms of Eq. (53)
STrlp(AuuAuy + AuAuy) — (pAuy + Auu)U U T — (pAuy + Auup)U8,U" — p(3,U0,U" + 0,U8,U")]
= 1Trlp(AupAuy + AwAup) — [V6. 3,/PIUBUT — [/p. 0,/pIUU" — p(8,Ud,U" +3,U3,U)].  (G6)

The last three terms of Eq. (G6) exactly cancel the last three terms of Eq. (G5), then the Uhlmann metric is given by Eq. (G1).
Using Eq. (G4), the first term of Eq. (62) is

Tr(3, W' 8,W)dR" A dR" = Tr[d,/pd,/p + pd,Ud, U + /pd,/pU,U" + 8,/p/pd,UU1dR" A dR". (G7)
The first term vanishes since Tr(d,, /00, ,/p) is symmetric about 4 and v. Interchanging 1 and v in the third term, we have
Tr(3, W a,W)dR* A dR® = Tr[pd,Ud,U" — /03, /pUdU" — 3, /p/pUd,U'1dR" A dR"
= Tr[pd,Ud,U" — 8,pUd,U'1dR" A dR". (G8)
Using W'W = U pU and the component form of Eq. (48), the second term of Eq. (62) becomes
Tr(9,[U T pU (U Ay, U + UT8,U)}dR* A dR' = Tr[d,(pAu,) + pd,Ud,U" — 8,pUd,U"1dR" A dR". (G9)
Substituting Eqs. (G8) and (G9) into Eq. (62), we finally get Eq. (63).

APPENDIX H: DETAILS OF SJOQVIST DISTANCE

Here we briefly summarize the construction of the Sjoqvist distance. When a full-rank density matrix p(¢) evolves along
a path, it is diagonalized as p(t) = ZN - An(@®)|n(2)) (n(t)|, from which one can define the spectral decomposition of p(¢) as
(Va0 On))}N-. Without loss of generality, let 6,(0) = 0 and 6,(¢) be differentiable. For infinitesimal #, the Sjoqvist
distance between ,o(t) and p(0) = p is defined as

d3(p@), p) = inf ¥ 1/ An0 () = Vialn) (HI)

where A, = A,(0), |n) = |n(0)), and the infimum is taken among all possible sets of spectral phases {6, (¢)}. After some algebra,
it is found that

d3(p(t), p)=2— ZS‘RZW nra(D)(n]n(2))] cos ¢, (1), (H2)
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where cos ¢, (t) = 6‘,1(t)t + arg[1 + (n(¢)|n(t))t] + O(t?). Since 1 + (n(t)|n@))t ~
i0(t) + (n()()) =0,

for n=0,...,

eI the infimum is obtained when

N—1. (H3)

Interestingly, this is precisely the parallel-transport condition associated with each individual pure state in the ensemble according

to Eq. (17).

With the help of purified states, the definition of the Sjoqvist distance can also be cast into the form similar to Eq. (43). The
purifications of p(¢) is written as W (¢) = Y_, /A, (t)In(t)) (n(t)|U (¢). The key to the derivation is to choose the phase factor as
U(t) =Y, e%Dn(t))(n|, which is unitary due to the facts U)UT(t) = Y, [n())(n(t)| = 1 and UT (1)U (t) = Y, In)(n| = 1.
Thus, the purification is W(t) = Y, «/A,()|n(t))(n]e™®, whose corresponding purified state is [W(¢)) = Y, +/A,({@)|n(t)) &

it () ).

APPENDIX I: PROOF OF EQ. (75)

|, we have

Using /o = 32, /A1)
(d/p) =

D AN + Vad /o (di) G+ 1D+ v ad /A1) ldk) k| + k) @k ) (T
j Jk

1+ [k)(dk|j)(dj] + k) (dk|dj)(j]). an

+ Y i+ N o (1dk) (kldj)
j Jk

When taking trace with respect to the basis {|i)}, the first term gives ) ,(d A/%;)?, the second and third terms vanish, the fourth

term becomes

Zx (ildj)(djli) = Zx anu (ildj) =Y x;(djldj), (12)
J
and the last term gives
D VAl + (dilj)dili) + Y hildildi) =2 raildi) (ldi) + Y rildildi). (13)
ij i ij i

Collecting all the results, we finally get Eq. (75).

[1] M. Nakahara, Geometry, Topology and Physics, 2nd ed. (Taylor
and Francis Group, Boca Raton, FL, 2003).

[2] I. Bengtsson and K. Zyczkowski, Geometry of Quantum States:
An Introduction to Quantum Entanglement (Cambridge Univer-
sity Press, Cambridge, 2006).

[3] S.-I. Amari, Information Geometry and Its Applications
(Springer Japan, Tokyo, 2016).

[4] A. Bohm, A. Mostafazadeh, H. Koizumi, Q. Niu, and
J. Zwanziger, The Geometric Phase in Quantum Systems
(Springer, Berlin, 2003).

[5] M. Kolodrubetz, D. Sels, P. Mehta, and A. Polkovnikov, Ge-
ometry and non-adiabatic response in quantum and classical
systems, Phys. Rep. 697, 1 (2017).

[6] J. P. Provost and G. Vallee, Riemannian structure on manifolds
of quantum states, Commun. Math. Phys. 76, 289 (1980).

[71 T. W. B. Kibble, Geometrization of quantum mechanics,
Commun. Math. Phys. 65, 189 (1979).

[8] D. Xiao, M.-C. Chang, and Q. Niu, Berry phase effects on
electronic properties, Rev. Mod. Phys. 82, 1959 (2010).

[9] X.-L. Qi, Y.-S. Wu, and S.-C. Zhang, Topological quantization
of the spin Hall effect in two-dimensional paramagnetic semi-
conductors, Phys. Rev. B 74, 085308 (2006).

[10] S. L. Braunstein and C. M. Caves, Statistical distance and the
geometry of quantum states, Phys. Rev. Lett. 72, 3439 (1994).

[11] X.-L. Qi and S.-C. Zhang, Topological insulators and supercon-
ductors, Rev. Mod. Phys. 83, 1057 (2011).

[12] M. Z. Hasan and C. L. Kane, Colloquium: Topological insula-
tors, Rev. Mod. Phys. 82, 3045 (2010).

[13] C. K. Chiu, J. C. Y. Teo, A. P. Schnyder, and S. Ryu, Classifica-
tion of topological quantum matter with symmetries, Rev. Mod.
Phys. 88, 035005 (2016).

[14] D. C. Brody and L. P. Hughston, Geometric quantum mechan-
ics, J. Geom. Phys. 38, 19 (2001).

[15] R. Cheng, Quantum geometric tensor (Fubini-Study met-
ric) in simple quantum system: A pedagogical introduction,
arXiv:1012.1337.

[16] T. Eguchi, P. B. Gilkey, and A. J. Hanson, Gravitation, gauge
theories and differential geometry, Phys. Rep. 66, 213 (1980).

[17] B. Simon, Holonomy, the quantum adiabatic theorem, and
Berry’s phase, Phys. Rev. Lett. 51, 2167 (1983).

[18] M. V. Berry, Quantal phase factors accompanying adiabatic
changes, Proc. R. Soc. A 392, 45 (1984).

[19] J.J. Sakurai and J. J. Napolitano, Modern Quantum Mechanics,
2nd ed. (Pearson, London, 2010).

[20] T. Neupert, C. Chamon, and C. Mudry, Measuring the quantum
geometry of Bloch bands with current noise, Phys. Rev. B 87,
245103 (2013).

[21] T. Ozawa and N. Goldman, Extracting the quantum metric
tensor through periodic driving, Phys. Rev. B 97, 201117(R)
(2018).

[22] T. Ozawa, Steady-state Hall response and quantum geometry of
driven-dissipative lattices, Phys. Rev. B 97, 041108(R) (2018).

035144-19


https://doi.org/10.1016/j.physrep.2017.07.001
https://doi.org/10.1007/BF02193559
https://doi.org/10.1007/BF01225149
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1103/PhysRevB.74.085308
https://doi.org/10.1103/PhysRevLett.72.3439
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.88.035005
https://doi.org/10.1016/S0393-0440(00)00052-8
https://arxiv.org/abs/1012.1337
https://doi.org/10.1016/0370-1573(80)90130-1
https://doi.org/10.1103/PhysRevLett.51.2167
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1103/PhysRevB.87.245103
https://doi.org/10.1103/PhysRevB.97.201117
https://doi.org/10.1103/PhysRevB.97.041108

HOU, ZHOU, WANG, GUO, AND CHIEN

PHYSICAL REVIEW B 110, 035144 (2024)

[23] O. Bleu, G. Malpuech, Y. Gao, and D. D. Solnyshkov, Effective
theory of nonadiabatic quantum evolution based on the quantum
geometric tensor, Phys. Rev. Lett. 121, 020401 (2018).

[24] O. Bleu, D. D. Solnyshkov, and G. Malpuech, Measuring the
quantum geometric tensor in two-dimensional photonic and
exciton-polariton systems, Phys. Rev. B 97, 195422 (2018).

[25] R. L. Klees, G. Rastelli, J. C. Cuevas, and W. Belzig, Microwave
spectroscopy reveals the quantum geometric tensor of topolog-
ical Josephson matter, Phys. Rev. Lett. 124, 197002 (2020).

[26] A. Gianfrate, O. Bleu, L. Dominici, V. Ardizzone, M. De
Giorgi, D. Ballarini, G. Lerario, K. W. West, L. N. Pfeiffer,
D. D. Solnyshkov et al., Measurement of the quantum geomet-
ric tensor and of the anomalous Hall drift, Nature (London) 578,
381 (2020).

[27] M. Yu, P. Yang, M. Gong, Q. Cao, Q. Lu, H. Liu, S. Zhang,
M. B. Plenio, F. Jelezko, T. Ozawa et al., Experimental mea-
surement of the quantum geometric tensor using coupled qubits
in diamond, Natl. Sci. Rev. 7, 254 (2020).

[28] X. Tan, D.-W. Zhang, Z. Yang, J. Chu, Y.-Q. Zhu, D. Li, X.
Yang, S. Song, Z. Han, Z. Li, Y. Dong, H.-F. Yu, H. Yan, S.-L.
Zhu, and Y. Yu, Experimental measurement of the quantum
metric tensor and related topological phase transition with a
superconducting qubit, Phys. Rev. Lett. 122, 210401 (2019).

[29] C.-R. Yi, J. Yu, H. Yuan, R.-H. Jiao, Y.-M. Yang, X. Jiang,
J.-Y. Zhang, S. Chen, and J.-W. Pan, Extracting the quantum
geometric tensor of an optical Raman lattice by Bloch state
tomography, Phys. Rev. Res. §, L032016 (2023).

[30] J. Cuerda, J. M. Taskinen, N. Kallman, L. Grabitz, and P. Torma,
Observation of quantum metric and non-Hermitian Berry curva-
ture in a plasmonic lattice, Phys. Rev. Res. 6, 1022020 (2024).

[31] J. Ahn, G.-Y. Guo, N. Nagaosa, and A. Vishwanath, Rieman-
nian geometry of resonant optical responses, Nat. Phys. 18, 290
(2022).

[32] M. Wei, L. Wang, B. Wang, L. Xiang, F. Xu, B. Wang, and
J. Wang, Quantum fluctuation of the quantum geometric tensor
and its manifestation as intrinsic Hall signatures in time-reversal
invariant systems, Phys. Rev. Lett. 130, 036202 (2023).

[33] P. Zanardi, P. Giorda, and M. Cozzini, Information-theoretic
differential geometry of quantum phase transitions, Phys. Rev.
Lett. 99, 100603 (2007).

[34] A. Julku, S. Peotta, T. I. Vanhala, D.-H. Kim, and P. Torma,
Geometric origin of superfluidity in the Lieb-lattice flat band,
Phys. Rev. Lett. 117, 045303 (2016).

[35] A. Graf and F. Piéchon, Berry curvature and quantum metric in
n-band systems: An eigenprojector approach, Phys. Rev. B 104,
085114 (2021).

[36] J. Ahn, G.-Y. Guo, and N. Nagaosa, Low-frequency divergence
and quantum geometry of the bulk photovoltaic effect in topo-
logical semimetals, Phys. Rev. X 10, 041041 (2020).

[37] R. Roy, Band geometry of fractional topological insulators,
Phys. Rev. B 90, 165139 (2014).

[38] L.-K. Lim, J.-N. Fuchs, and G. Montambaux, Geometry of
Bloch states probed by Stiickelberg interferometry, Phys. Rev.
A 92, 063627 (2015).

[39] D. Bauer, S. Talkington, F. Harper, B. Andrews, and R. Roy,
Fractional Chern insulators with a non-Landau level continuum
limit, Phys. Rev. B 105, 045144 (2022).

[40] G. Palumbo and N. Goldman, Revealing tensor monopoles
through quantum-metric measurements, Phys. Rev. Lett. 121,
170401 (2018).

[41] D.-J. Zhang, Q.-H. Wang, and J. Gong, Quantum geometric
tensor in P77 -symmetric quantum mechanics, Phys. Rev. A 99,
042104 (2019).

[42] B. Hetényi and P. Lévay, Fluctuations, uncertainty relations,
and the geometry of quantum state manifolds, Phys. Rev. A 108,
032218 (2023).

[43] A. Uhlmann, Parallel transport and “quantum holonomy” along
density operators, Rep. Math. Phys. 24, 229 (1986).

[44] H. Guo, X.-Y. Hou, Y. He, and C. C. Chien, Dynamic
process and Uhlmann process: Incompatibility and dynamic
phase of mixed quantum states, Phys. Rev. B 101, 104310
(2020).

[45] X. Wang, X.-Y. Hou, Z. Zhou, H. Guo, and C.-C.
Chien, Uhlmann phase of coherent states and the
Uhlmann-Berry correspondence, SciPost Phys. Core 6, 024
(2023).

[46] J. C. Budich and S. Diehl, Topology of density matrices, Phys.
Rev. B 91, 165140 (2015).

[47] E. Sjoqvist, Geometry along evolution of mixed quantum states,
Phys. Rev. Res. 2, 013344 (2020).

[48] H. M. Wiseman and G. J. Milburn, Quantum Measurement and
Control (Cambridge University Press, Cambridge, 2010).

[49] D. Chruscinski and A. Jamiolkowski, Geometric Phases in
Classical and Quantum Mechanics (Birkhauser, Boston, 2004).

[50] J. Watrous, The Theory of Quantum Information (Cambridge
University Press, Cambridge, 2018).

[51] X.-Y. Hou, Q.-C. Gao, H. Guo, Y. He, T. Liu, and C. C. Chien,
Ubiquity of zeros of the Loschmidt amplitude for mixed states
in different physical processes and its implication, Phys. Rev. B
102, 104305 (2020).

[52] D. N. Page, Geometrical description of Berry’s phase, Phys.
Rev. A 36, 3479 (1987).

[53] A. Uhlmann, Geometric phases and related structures, Rep.
Math. Phys. 36, 461 (1995).

[54] K. A. Kirkpatrick, The Schrodinger-HJW theorem, Found.
Phys. Lett. 19, 95 (2006).

[55] W. Ochs, Some comments on the concept of state in quantum
mechanics, Erkenntnis 16, 339 (1981).

[56] J. Dittmann, On the Riemannian metric on the space of density
matrices, Rep. Math. Phys. 36, 309 (1995).

[57] M. Hiibner, Computation of Uhlmann’s parallel transport for
density matrices and the Bures metric on three-dimensional
Hilbert space, Phys. Lett. A 179, 226 (1993).

[58] A. Uhlmann, On Berry phases along mixtures of states, Ann.
Phys. (Berlin) 501, 63 (1989).

[59] M. Hiibner, Explicit computation of the Bures distance for
density matrices, Phys. Lett. A 163, 239 (1992).

[60] P. M. Alsing, C. Cafaro, O. Luongo, C. Lupo, S. Mancini,
and H. Quevedo, Comparing metrics for mixed quantum states:
Sjoqvist and Bures, Phys. Rev. A 107, 052411 (2023).

[61] P. M. Alsing, C. Cafaro, D. Felice, and O. Luongo, Geomet-
ric aspects of mixed quantum states inside the Bloch sphere,
Quantum Rep. 6, 90 (2024).

[62] C. Cafaro and P. M. Alsing, Bures and Sjoqvist metrics over
thermal state manifolds for spin qubits and superconducting
flux qubits, Eur. Phys. J. Plus 138, 655 (2023).

[63] B. Mera, C. Vlachou, N. Paunkovié¢, V. R. Vieira, and O.
Viyuela, Dynamical phase transitions at finite temperature from
fidelity and interferometric Loschmidt echo induced metrics,
Phys. Rev. B 97, 094110 (2018).

035144-20


https://doi.org/10.1103/PhysRevLett.121.020401
https://doi.org/10.1103/PhysRevB.97.195422
https://doi.org/10.1103/PhysRevLett.124.197002
https://doi.org/10.1038/s41586-020-1989-2
https://doi.org/10.1093/nsr/nwz193
https://doi.org/10.1103/PhysRevLett.122.210401
https://doi.org/10.1103/PhysRevResearch.5.L032016
https://doi.org/10.1103/PhysRevResearch.6.L022020
https://doi.org/10.1038/s41567-021-01465-z
https://doi.org/10.1103/PhysRevLett.130.036202
https://doi.org/10.1103/PhysRevLett.99.100603
https://doi.org/10.1103/PhysRevLett.117.045303
https://doi.org/10.1103/PhysRevB.104.085114
https://doi.org/10.1103/PhysRevX.10.041041
https://doi.org/10.1103/PhysRevB.90.165139
https://doi.org/10.1103/PhysRevA.92.063627
https://doi.org/10.1103/PhysRevB.105.045144
https://doi.org/10.1103/PhysRevLett.121.170401
https://doi.org/10.1103/PhysRevA.99.042104
https://doi.org/10.1103/PhysRevA.108.032218
https://doi.org/10.1016/0034-4877(86)90055-8
https://doi.org/10.1103/PhysRevB.101.104310
https://doi.org/10.21468/SciPostPhysCore.6.1.024
https://doi.org/10.1103/PhysRevB.91.165140
https://doi.org/10.1103/PhysRevResearch.2.013344
https://doi.org/10.1103/PhysRevB.102.104305
https://doi.org/10.1103/PhysRevA.36.3479
https://doi.org/10.1016/0034-4877(96)83640-8
https://doi.org/10.1007/s10702-006-1852-1
https://doi.org/10.1007/BF00211375
https://doi.org/10.1016/0034-4877(96)83627-5
https://doi.org/10.1016/0375-9601(93)90668-P
https://doi.org/10.1002/andp.19895010108
https://doi.org/10.1016/0375-9601(92)91004-B
https://doi.org/10.1103/PhysRevA.107.052411
https://doi.org/10.3390/quantum6010007
https://doi.org/10.1140/epjp/s13360-023-04267-9
https://doi.org/10.1103/PhysRevB.97.094110

LOCAL GEOMETRY AND QUANTUM GEOMETRIC TENSOR ...

PHYSICAL REVIEW B 110, 035144 (2024)

[64] B. A. Bernevig and T. L. Hughes, Topological Insulators
and Topological Superconductors (Princeton University Press,
Princeton, 2013).

[65] G. E. Volovik, Fermion zero modes on vortices in chiral super-
conductors, JETP Lett. 70, 609 (1999).

[66] N. Read and D. Green, Paired states of fermions in two di-
mensions with breaking of parity and time-reversal symmetries
and the fractional quantum Hall effect, Phys. Rev. B 61, 10267
(2000).

[67] D. A. Ivanov, Non-Abelian statistics of half-quantum vor-
tices in p-wave superconductors, Phys. Rev. Lett. 86, 268
(2001).

[68] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. Das
Sarma, Non-Abelian anyons and topological quantum compu-
tation, Rev. Mod. Phys. 80, 1083 (2008).

[69] The symmetry was pointed out by an anonymous referee.

[70] M. A. Nielsen, Continuity bounds for entanglement, Phys. Rev.
A 61, 064301 (2000).

[71] P. Marian, T. A. Marian, and H. Scutaru, Bures distance as
a measure of entanglement for two-mode squeezed thermal
states, Phys. Rev. A 68, 062309 (2003).

[72] B. Jungnitsch, T. Moroder, and O. Giihne, Taming
multiparticle entanglement, Phys. Rev. Lett. 106, 190502
(2011).

[73] D. Spehner and M. Orszag, Geometric quantum discord with
Bures distance, New J. Phys. 15, 103001 (2013).

[74] P. Zanardi, H. T. Quan, X. Wang, and C. P. Sun, Mixed-state
fidelity and quantum criticality at finite temperature, Phys. Rev.
A 75, 032109 (2007).

[75] P. Zanardi, L. Campos Venuti, and P. Giorda, Bures metric over
thermal state manifolds and quantum criticality, Phys. Rev. A
76, 062318 (2007).

[76] P. Marian and T. A. Marian, Quantum fisher information on
two manifolds of two-mode Gaussian states, Phys. Rev. A 93,
052330 (2016).

[77] O. Pinel, P. Jian, N. Treps, C. Fabre, and D. Braun, Quantum pa-
rameter estimation using general single-mode Gaussian states,
Phys. Rev. A 88, 040102(R) (2013).

[78] J. Dajka, J. Luczka, and P. Hinggi, Distance between quantum
states in the presence of initial qubit-environment correlations:
A comparative study, Phys. Rev. A 84, 032120 (2011).

[79] W.-L. You, Y.-W. Li, and S.-J. Gu, Fidelity, dynamic structure
factor, and susceptibility in critical phenomena, Phys. Rev. E
76, 022101 (2007).

[80] S. Kobayashi and K. Nomizu, Foundations of Differential Ge-
ometry (Interscience, New York, 1969).

[81] B. Y. Hou and B. Y. Hou, Differential Geometry for Physicists
(in Chinese) (Science Press, Beijing, China, 2007).

035144-21


https://doi.org/10.1134/1.568223
https://doi.org/10.1103/PhysRevB.61.10267
https://doi.org/10.1103/PhysRevLett.86.268
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/PhysRevA.61.064301
https://doi.org/10.1103/PhysRevA.68.062309
https://doi.org/10.1103/PhysRevLett.106.190502
https://doi.org/10.1088/1367-2630/15/10/103001
https://doi.org/10.1103/PhysRevA.75.032109
https://doi.org/10.1103/PhysRevA.76.062318
https://doi.org/10.1103/PhysRevA.93.052330
https://doi.org/10.1103/PhysRevA.88.040102
https://doi.org/10.1103/PhysRevA.84.032120
https://doi.org/10.1103/PhysRevE.76.022101

