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Abstract

Estimating parameter in quantum system with high precision is an important work
in many field, ranging from engineering, physics to biology. The Holevo Cramer-Rao
bound (HCRB) is an important tight bound in quantum metrology. In general, it is
asymptotic achievable, while it is not always achievable with finite copy, in particular,
single shot level. In this work, we characterize several necessary/sufficient conditions
for the estimator and the optimal measurement to saturate the HCRB in single copy
level. In particular, we develop 2 characterizations for the achievability of the HCRB.
First one of them (Theorem 4.1) is served as a physical picture and sufficient condi-
tion for saturating the HCRB. We provide a condition (condition 5 in Theorem 4.1)
which is served as a characterization of the theorem. With some condition, this char-
acterization can be reduced to a necessary condition for the achievabilty of the other
quantum Cramer-Rao bound (see discussion on page 30). In general, however, the the-
orem is not a necessary condition for the achievability of the HCRB. Second one of
them (Theorem 5.1) gives a mathematical characterization for the saturation of the
HCRB, it is necessary and sufficient condition. With this characterization (Theorem
5.1), the achievability of other quantum Cramer-Rao bound can be easily established
(Corollary 5.2 and Corollary 5.3).

Keywords: Quantum metrology, Holevo-Cramer-Rao bound, Achievability.
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Introduction to the Thesis

Quantum metrology is a field that focuses on estimating parameters in physical systems
with high precision [DGG20; Liu+19a; Liu+22; MD16; SK20; TB16]. It has a wide
range of applications, including gravitational wave detection [Adh14; DBS13], quantum
imaging [Alb+20], phase estimation [BD16; Pez+17; YZF14], channel estimation [AD22;
EMD11; Gér+20; LIW15; ZJ21], etc.

In quantum metrology, people establish various quantum versions of the Cramér-Rao
bound (CRB) and design many protocols to saturate them, including the symmetric log-
arithmic derivative CRB (SLD CRB) [BC94; Hel67; Hel69], right logarithmic derivative
CRB (RLD CRB) [Holl1; YL73], Holevo-Cramér-Rao bound (HCRB) [AFD19; Hay05;
Holll; Suzl6; Suzl9], and Nagaoka-Hayashi bound (NHB) [Con+21; Con+23; Nag05].
The SLD CRB has a wide range of applications in quantum metrology. In the single pa-
rameter case, it is always saturable [Liu+19b; Par09]. In phase estimation and unitary
parameter estimation [Hum+13; Pez+17; YZF14], the SLD CRB is also saturable in
the asymptotic regime. However, it is not always achievable for general state/channel
estimation problems, even in the asymptotic regime. The RLD CRB is particularly
useful for Gaussian state estimation and estimation in the D-invariant model [Suzl16;
Suz19; YL73], but it is not necessarily achievable in both finite and asymptotic regimes.
The HCRB is probably the most important bound in general quantum metrology. It
is not always achievable with a finite number of copies, but it is always asymptoti-
cally achievable for any quantum statistical model with some mild regularity conditions
[HMO8; KG09; YCH19; YFG13]. Despite the HCRB being asymptotically achievable,
it requires collective measurement in a large number of copies, which is extremely hard
to implement in practical usage [Con+21; Con+23; YHT+20]. Recently, the NHB has
been generalized from two parameters to multiple parameters [Con+21; Nag05]. It is
a tighter bound than the HCRB in the finite copy regime and asymptotically coincides
with the HCRB.

In practical scenarios, we do not have infinite copies to attain tight bounds. How to
and when we can saturate the various bounds in finite copies, particularly a single copy,
is significantly important. It is known that measurement incompatibility prevents us
from attaining the quantum CRB [CCY22a; RJD16; Yan+19; Nur24]. Several necessary
and sufficient conditions for achieving the SLD CRB are characterized in [Yan+19;
Nur24]. However, regarding conditions on the optimal measurement to saturate the
RLD, NHB, and HCRB in finite copies, to the author’s best knowledge, there is no such
characterization for those bounds.

In this work, we provide several necessary and sufficient conditions for the achievabil-
ity of the HCRB, characterizing the existence of an estimator and optimal measurement.
In particular, we give two characterizations for the achievability of the HCRB. The first
characterization (Theorem 4.1) gives a sufficient condition for the achievability of the
HCRB, and we provide a condition (Condition 5 in Theorem 4.1) that serves as a

xi
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characterization for the theorem. Although this condition is neither a necessary nor
sufficient condition for the achievability of the HCRB, it can be reduced to a necessary
condition for the saturation of the SLD CRB. Hence, it serves as an information geo-
metrical characterization for quantum statistical models related to the HCRB [CCY22a;
Suz19]. The second characterization (Theorem 5.1) gives a mathematical characteriza-
tion for the saturation of the HCRB. It is a necessary and sufficient condition, revealing
the relationship between the optimal estimator/measurement and a special operator
(defined in eq. (3.2)).

This thesis is organized as follows. In the first part, we will give an introduction to
quantum metrology. Chapter 1 presents elements of classical estimation theory and
quantum measurement. To provide the motivation for studying the HCRB, we introduce
various quantum Fisher information and the HCRB in Section 2.2 and Section 2.3 of
Chapter 2. In Section 2.4 of Chapter 2, we demonstrate several, but not exhaustive,
challenges in the saturation of the HCRB, and state the main problem that we want to
solve. In the second part, we will demonstrate the main results of this thesis. Chapter
3 sets up some preliminary ingredients for proving the main results. Chapter 4 presents
our first main result (Theorem 4.1); Chapter 5 demonstrates our second main result
(Theorem 5.1). This thesis concludes with a summary and outlook in Chapter 6.

xii doi:10.6342/NTU202400907



Part 1

Introduction to Quantum
Metrology






Chapter 1

Mathematical Preliminary

The goal of quantum metrology is to estimate the unknown parameter in a quantum
system. To get information about the state, one needs to measure, obtain a probability
distribution, and perform statistics based on the distribution. In Section 1.1, we will
introduce measurement in quantum systems. In Section 1.2, we will introduce how to
estimate an unknown parameter for a parametrized probability distribution.

1.1 Element of Quantum Theory
A quantum system can be described by a density operator in a Hilbert space.

Definition 1.1 (State Postulate). Let H be a (finite dimensional)! Hilbert space. A
linear operator p on H is called a density operator if it satisfies the following three
conditions:

p=pl, Trp=1, p>0

the above inequality is in matrix inequality sense, that is, p is positive semi-definite.

To extract information from a quantum system, one needs to perform a measurement
on the quantum system.

Definition 1.2 (Quantum Measurement). Let H be a Hilbert space. We call a collection
of positive semi-definite hermitian operators on H: {M,} . a positive operator-valued
measure (POVM) if and only if the operators satisfy that

> M, =idy

where idy is the identity operator on H. Given a quantum state p, the probability of
getting outcome w is given by
p(w) = TrpM,,

For rigorous mathematical treatment of measurement, see [Holll], [Hay05].

Example 1.3. Let the quantum state p be given by p = % (idg + Zj Hjaj), where idsy

is the 2-dimensional identity operator, {o; }j is the Pauli operators.

!Though out this thesis, we only consider finite dimensional quantum system.

3



CHAPTER 1. MATHEMATICAL PRELIMINARY

e Choosing the measurement:

M= {; ) (sl g 1) | g o) (2l 5 120) <z_|}

where |y+) (resp. |z+)) are the eigenvectors of o, (resp. o) with eigenvalue +1.
By the measurement postulate, the outcome probability is given by
(1:|:0y)’ p(z:t) =

p(ys) = (1+67)

N
e~ =

e Choosing the measurement:

M= {510 el g 1) o1

The outcome probability is given by
1 z
p(ze) = 5(1:i:9 )

From the definition of measurement and the example above, we see that the outcome
alphabet and distribution will depend on the measurement chosen by us.

Definition 1.4. Let {II,} .o be a POVM on H. It is called projection valued-measure
(PVM) if and only if, for all w, II,, is a projection operator, and they satisfy that

I 0L, = 0pu Iy, VYw,w'
That is, they are not only projection operators but are also orthogonal to each other.

In physics, a PVM is sometimes called a perfect measurement or noiseless measure-
ment; in contrast, a POVM is sometimes called a noisy measurement. From the point
of view of an information theorist, a POVM can be realized as a randomized decision,
while a PVM can be realized as a deterministic decision. Here we introduce a theo-
rem that states that every noisy measurement (POVM) can be realized as a perfect
measurement on an extended space (sometimes such a space is called the environment).

Theorem 1.5 (Naimark Extension Theorem, [Hay16; Holl1; Willl]). Given a POVM
{My},cq on H. There exists a Hilbert space #, pure state o on H and a PVM {11}, c

on H ® H such that
TrpM, =Tr(p® o)1, VYweQ

1.2 Element of Parameter Estimation

In general estimation scheme, we consider an alphabet Q = {w1, ..., w } to be our output,
and a family of distribution pg indexed by parameter § € © C RF, where P is number of
parameter. The goal of estimation is that estimate the parameter 6 from an observing
data.

Example 1.6. Given a coin, whose outcome probability is given by
p(H) =0, p(T)=1-¢

4 doi:10.6342/NTU202400907



1.2. ELEMENT OF PARAMETER ESTIMATION

Suppose that we do identical experiment N times, and get n head, N — n tail. How to
guess the probability 67
Since p (H) = 6, the likelihood of this scenario is given by:

L=0"1—-0~™"
we guess the parameter by maximize the possibility
BL=0=n0""'1-0)"N"—(N-1)6"(1—-0) N "

n
= 0L=0&0=—
v N

One can take the second derivative test to show that 6 = % indeed maximize the

probability.

Example 1.7. Consider the i.i.d. tensor product state p®" with p = 3 (idg +22; Hjaj).

Choosing the measurement be identical, independent, IT,, = |z4) (24| on each system.
Suppose that we get the output string: w" = wiwsa...wy,, where w; = 2z or z_. Given
each subsystem, the outcome probability is given by

plzx) =5 (1 £067)

DN |

The likelihood of the string w™ is

© n 1 ny 1 n_
L(0w")=p"" (") = =(=z(01+06 -(1-06

01 =5 ) =IIr) (30+) (30-0)

where ny (resp. n_) is the number of + (resp. —) in the outcome string. We estimate
the parameter 6% by maximize the likelihood, that is, solving the equation:

ny —n_
HLO|W")=00=—"—"7

n
The purpose of an estimator is to estimate the true value of a parameter 8. In the

following we define a concept which gives a criterion on accuracy of an estimator.

Definition 1.8 (Locally Unbiased Estimator). An estimator 0 is called locally unbiased
if and only if it satisfies that

E [0}} )9:00 = ;éj (w) po (w) =005, Vj

0=09

O, [9}} ’9:00 = Zéj (w) Oipo (w)

w

0=0o

where 0; = %.
J

The above definition says that an estimator is locally unbiased if and only if at point
Oy, IE [0}} equal to 0y ; up to first order. Note that the estimators in Example 1.6 and

Example 1.7 are all locally unbiased. For comparison between unbiased and locally
unbiased, please see Remark on page 8.

In the following, we give a theorem that quantify the quality on precision of an
estimator.

5 doi:10.6342/NTU202400907



CHAPTER 1. MATHEMATICAL PRELIMINARY

Theorem 1.9 (Cramer—RaoA Bound). Let py be a family of probability distribution
indexed by # € © C RP. Let 6 be a locally unbiased estimator at 6, then the covariance
matrix 3 would satisfy the Cramer-Rao inequality:

S>J7!
where the component of the matrix ¥ and J is given by
By = B{(0=tu) (0= 01)]] .,

— Z <é, (w) — 90,@') (éj (w) — 90,;‘) Py (w)

0=09

Jij = E[(0;log pg) (95 log po)llg—g, = Z (0;log pg (w)) (0;1og py (w))

0=0o

_ x (Oipg (w)) (Opp (w))
a zw: po (

)

6=0¢
The matrix J is called the Fisher information matrix.

The meaning of the above theorem is that the Fisher information serves as the
best attainable bound for covariance. It can be viewed as an uncertainty relation for a
random variable.

6 doi:10.6342/NTU202400907



Chapter 2

Element of Quantum Metrology

2.1 Problem Formulation in Quantum Metrology

In quantum metrology, people consider the problem where a parameter is encoded on
a quantum state. In general, the parameter encoded on a state can characterize the
quantum system. Here are some examples.

Example 2.1. The Gibbs state can be written in the following form:

—BH
pﬁzez . Z=Tre PH

where f3 is the temperature (more precisely, the inverse of the temperature) parameter,
and H is a positive semi-definite hermitian operator. Usually, a Gibbs state character-
izes a system at thermal equilibrium. If one can estimate the temperature with high
precision, one can characterize the system at thermal equilibrium.

Example 2.2. Consider the qubit state:
1 . ]
po=35 1d2—|—29 of
J

where § = (6%,0Y,67) is the Bloch vector, and o; are the Pauli operators. If one can
estimate the Bloch vector, one can access the information of the quantum state.

Example 2.3. Consider a unitary operator Uy with some phases 6 encoded on the
operator (maybe single- or multi- parameter). Let py be a state, then

po = UepoUg

the information of 6 is encoded on the state py. If one can estimate €, one can charac-
terize the unitary channel.

Example 2.4. Consider a randomized Pauli channel with

3
Pp =D _PioiPe;
§=0
where pg is a state, o9 = ids, Zj p;j = 1. The probability (randomized) parameter is
encoded on the state pp. If one can estimate p, one can characterize the randomized
Pauli channel.



CHAPTER 2. ELEMENT OF QUANTUM METROLOGY

The goal of quantum metrology is to estimate the parameter with high precision.
In general, we consider a quantum statistical family {pg}s indexed by parameter § €
© C RP. To get information in the quantum state, we perform a measurement on
the state. After applying a measurement on pg, we obtain a probability distribution:
po:m (w) = TrpgM,,, and get a Fisher information matrix:

(Tr0;ppM,,) (Trd;peM,,)

w

where 0; (+) = % (). Trace the inverse of the information matrix with a weight matrix
J

W > 0 (a real symmetric positive definite matrix), then we obtain a scalar quantity:
trW (Jas) "', We see that for different measurement {M,,}, we obtain different Fisher
information matrices. As introduced in Theorem 1.9, Fisher information represents
the best attainable lower bound on the covariance of an estimator. To get the best
precision bound, we optimize over all possible POVM, and thus we define the following
quantity.

Definition (Most Informative Bound). Let W € £ (RY) = RP*" be a real, positive

definite, symmetric matrix,

MI _ : -1
cr vl = M is'a POVM bW ()

We use Tr to denote trace (physical operation) on quantum system, tr to denote trace
on matrix space.

For the above bound, one has the following characterization.

Theorem (Exercise 6.44, [Hay16]).
CM! [] = min {trwz|é is locally unbiased, M is POVM}

where

Sig = 3 (0= 00.) (65 605 ) Tepo M (2.1)

If we denote X; =" (é] (w) — Go,j) M,,, then the above local unbiasedness condition

can be rewritten as
TrpXj = O, Tr&ipXj = 5ij

From the above, we define the local unbiasedness for set of hermitian operators.

Definition. Let X; be a set of hermitian operators, it is called locally unbiased if and
only if it satisfies
TI‘pXj = 0, Trﬁ,-pXj = (51']'

we denote the set of all locally unbiasedness hermitian operator by X, and when a set
of hermitian operator X; is locally unbiased, we denote that X € X.

Remark. In contrast to classical statistics, which usually focuses on “unbiased” esti-
mation, quantum estimation adapts the concept of “locally unbiased” estimation. This
adaptation arises because, in general, the optimal measurement depends on the param-
eter. Different measurements yield different outcomes, resulting in different statistics.
An estimator that performs optimally with respect to one measurement at a true value
may not perform optimally with respect to another true value.

8 doi:10.6342/NTU202400907



2.2. QUANTUM FISHER INFORMATION

The most informative bound is the best attainable bound from a single measurement.
However, optimizing over all possible POVMs is extremely challenging [Hay97; HO23].
A common approach to minimizing a quantity is first to establish a lower bound and
then attempt to achieve equality.

In the next section, we introduce the quantum Fisher information as a way to es-
tablish lower bounds on the most informative bound.

2.2 Quantum Fisher Information

We start with the single parameter case, and introduce the concept of symmetric loga-
rithmic derivative (SLD) operator.

Definition. The operator LJS- (for each j) satisfy the equation:
1 S
ip =5 {r Lj}
is called the SLD operator, where on the above, {A, B} = AB + BA. The matrix:

(Js)ij =

is called SLD Fisher information matrix. The quantity:

Trp {L7, L7}

DN |

S W) = W (J5)™

is called SLD CRB. In particular, when parameter is 1-dimensional, that is, single
parameter, the SLD operator is the operator which satisfy the equation:

1
and the SLD Fisher information is given by
1 2
Utup (25,25} = Tup (1)

For single parameter, given a measurement, our goal is to maximize the classical
Fisher information over all possible measurement, that is,

(Tr89pr)2
Ju = —_
M 1£%}<()VM M=y isrg%}(()VMzw: TrpM,,
It is hard to directly optimize over all possible POVM. Hence, one common way is that
set an upper bound to the quantity, and try to saturate it. Given arbitrary a POVM
{M,}, we have that

(TrdppM,,)*
JIu = Z 7"&;) M,

¥ (T {p, Lo} M,,)?
& TrpM.,

ReTrpM,, L§)

!
N g TrpM,,

9 doi:10.6342/NTU202400907



CHAPTER 2. ELEMENT OF QUANTUM METROLOGY

‘ 2

@ [T LS [T (VIP) (VAL V)
- ; TrpM, Z TrpM,,
(b)

5> o T (VALVE) VALVt (VILLEVE) (VILL3VR)

= Z Tr\/f)LeMwLO\/ﬁ = TI'p (LE)Q
w

w

where in (a), we use the fact that for any complex number z, |Rez|* < |z|%; in (b),
we use the Cauchy-Schwartz inequality: ‘TrATB ’2 < TrA'ATrB'B applied on A =
VM,\/p, B = \/M,Lj/p. The above derivation holds for any POVM M, and hence
we have that

2
Jv < Trp (LS
o s Iu < Trp (L)

Equalities are saturated when
ImTrpM ,Lg =0
V Mw\/p Vv MwLH\/ﬁ

TrM,p TrpM,,Lg

Now, choosing M,, = I, = |,) (£,| be eigenvector of L3, we see that the above in-
equality can all be saturated. This shows that for single parameter, we have

2 1
oy max Ty =Trp (L5)", dop= 5 {r Ly}

As for multiparameter case, one has that Jy; < JS, or CMI > (S (For standard
proof, please see [ATD20; Liu+19a; SK20; Wat13]. For different approach, please see
[Yan-+19]. For proof by numerical approach, please see [HO23]). In general, the equality
can not be saturated. To saturate the equality, the measurement should satisfy the
certain conditions, actually, one has the following theorem.

Theorem 2.5 (Theorem 1, Theorem 2 [Yan+19]). Given a set of measurement opera-
tors: M, with Y M, = idy, and a quantum statistical family pg, then, SLD CRB is
saturable if and only if following condition holds:

o [If measurement operator is regular, that is, TrpM,, # 0, then
TrpM,L;

MwL]S'\/ﬁ = fwa\/ﬁa 57 = Wa Vj,w

e If measurement operator is non-regular, that is, TrpM,, = 0, then

TrpLJS- M, LiS
TrpLi M, L5’

MyL§\/p = nMuL5\/p, 0= Vw, i, j

As a necessary condition for the achievability of the SLD CRB, one has the following
characterization.

Theorem 2.6 (Theorem 3, the partial commutativity condition, [Yan+19]). Suppose
that there exists a measurement M, such that SLD CRB is saturable, that is, Jy; = JS,
then, the following condition must holds

VAL L) VA =0
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2.2. QUANTUM FISHER INFORMATION

In general, the identity mentioned above does not hold; therefore, such a measure-
ment typically does not exist. Recently, a new characterization has been found for the
saturability of the SLD CRB [Nur24].

The SLD CRB has many applications in unitary/phase estimation problems [Hum-13;
Pez+17; YZF14] and in resource theory of asymmetry [Bud23; CH23; Mar22; ST23].

In classical estimation theory, unbiased and efficient estimator does not always ex-
ist; however, maximum likelihood estimator is asymptotically unbiased and efficient.
Whereas for the SLD CRB, even in asymptotic regime, it is not always achievable
(meaning, there does not necessarily exist a measurement such that Jp; — J° asymp-
totically). For the asymptotic achievability, one has the following characterization:

Theorem ([RJD16]). The SLD CRB is asymptotically achievable if and only if
Trp [L},L§] =0

Besides using the SLD Fisher information matrix to establish a lower bound, one
can also use the right logarithmic derivative (RLD) Fisher information to establish a
lower bound. Let’s first give the definition of the RLD CRB.

Definition. The operator L}D‘ satisfy the equation:
djp = pL}
is called the RLD operator. The matrix:
R\ _ R\T IR

(J )z’j =Tr (Li ) pL;

is called RLD Fisher information matrix. The quantity:
CR W] = aWRe (/%) + | VIWIm (%) V|

is called the RLD CRB, where for a matrix A, ||A|; = tr|A|, and |A| = VATA.

The reason that we use triWRe (JR)_l + H\/ WIim (JR)_1 vV W

‘1 as the RLD CRB

rather than triV (J R) ! will be explained in the next section, as we introduce the Holevo
Cramer-Rao bound. The RLD CRB is a lower bound to CM! and it is particularly useful
in Gaussian state estimation and D-invariant model [Holl1; YL73]. For its asymptotic
achievability, one has the following characterization:

Theorem (Corollary B.2, [YFG13]; Theorem 2.5, [Suz16]). The RLD CRB is asymp-
totically achievable if and only if the quantum statistical model is D-invariant.

In classical estimation theory, we have L; = J;logp, or, one has that 9;p = pL;.
The SLD/RLD operator satisfy the relation:

1
9ip =5 {r L7}
djp = pL}

We see that the SLD/RLD are particularly two non-commutative generalization of clas-
sical Fisher information. Besides SLD/RLD, is there any other non-commutative gen-
eralization of Fisher information? The answer is yes. In general, quantum Fisher
information can be defined as follow.
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Definition 2.7 (Quantum f-Fisher information, Definition A.3 [Sag22]). Let f : (0,00) —
(0,00) be operator monotone and suppose that f(0) := lim,_, o f(z) € [0,00) exists.
Let p be a positive-definite (normalized) state, and

K,=f(Ad,) R,

then, quantum f-Fisher information is defined as a matrix whose component is given
by
Jifj = (9ip, IC;l (8jp)>HS = Tr@iplC;l (05p)

where Ad,, R, are both super operators defined as
Ad, (X) =pXp', R,(X)=Xp

In particular, if f(z) = (2 4 1), it corresponds to the SLD Fisher information;
if f(z) = 1, it corresponds to the RLD Fisher information. The quantum f-Fisher
information is the unique monotone metric on matrix space, for discussion on f-Fisher
information, please see [Hayl6; Pet96; PG11; Sag22], for one of its application, see
[Gao+23].

2.3 Holevo Cramer-Rao Bound

As we have seen in Section 2.2, quantum Fisher information-based bounds (in partic-
ular, the SLD/RLD CRB) are not necessarily asymptotically achievable. Is there any
bound that is asymptotically achievable, just like the maximum likelihood estimator in
classical estimation? The answer is yes; such a bound is called the Holevo-Cramer-Rao
bound (HCRB). It is asymptotically achievable and tighter than the SLD/RLD CRB.
In this section, we will introduce the HCRB.

The Holevo bound is based on the following inequality (Theorem 2.8) and the
matrix optimization (Lemma 2.9).

Theorem 2.8 (Lemma 3, [ATD20]; [Nag05]; Lemma 1, [HMOS]; Equation 6.6.55
[Holl1]). Given a measurement {M,,} and locally unbiased estimator 6 (w), then,

x>Z (2.2)
where ¥ is covariance matrix as defined in eq. (2.1), and Z is a matrix defined by
Zi; = TrXipX;
and X; =, (éj (w) — 90,]-) M,

The proof of the theorem can be found in the various reference as cited above, we
include the proof for reader’s convenience.

Proof for theorem 2.8. Let f :Q — C be a complex-valued function, {M,} be a
POVM on H, and F'= ) f(w)M,. We have the following inequality:

S(f (W) = F) M, (f (w) = F) >0

w

12 doi:10.6342/NTU202400907



2.3. HOLEVO CRAMER-RAO BOUND

The above matrix inequality can be modified as

S If )M, > FFT

Let f(w) = cf (é (w) — 9()), where ¢ € CP is a P-dimensional complex vector,

and ¢ is the conjugate transpose of the complex vector. This will imply that
F =7%",¢X,, where ¢, means the complex conjugate of the complex number c;.
By the above matrix inequality, we have that

cfye = Z ‘CT (é (w) — 90) )2 M, > Z EZ'CJ'XZ'XJ'
w i

Trace both side of the matrix inequality with Trp, we then have that for any
ceCP,
e > ctZe

Hence, we have the matrix inequality: > > Z. O

Lemma 2.9 (Lemma 6.6.1, [Holl1]). Let R be a complex hermitian matrix and W be
a positive definite matrix, then

Jmin {TrIVV} = TrAbs {WR} = Hx/WRx/W H1

The minimum is achieved for V' = W~1Abs {IWWR}, where for positive operator A and
hermitian operator B, Abs {AB} is defined as

Abs (AB) = VA|VABVA| VA = Teabs (4B} = | VABVA|

and for a matrix X, |X| = VXX, | X|, = Tr|X].

Proof. Original proof is due to [Hol11], we include proof for reader’s convenience.
Consider the matrix inequality: V' > +R. For any positive definite W, we have

that
VWVNVW > 2VWRVW

Let (A}, ]e;)) be eigenpair (pair of eigenvalue and eigenvector) of v W RvVW. For
each j, we have that

(e VWVVWes) = 205 = (e VWV VIVe; ) = |
Summing over all j, we arrive that

TV =3 (e, VWVVWe;) = 3 1| = |[VIRVIP|
j J

The above holds for any V > +R. We have that

min TTWV > H\/WR\/WH
V>+R 1
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However, taking V = W~1/2 ‘\/ WR\/W‘ W~—1/2, we have that

TrWV:Tr’\/VT/R\/VT/‘ - H\/WRx/WHl

Therefore, we conclude that
min TrWV = H\/WR\/WH
V>+R 1

O]

J

Now, back to the matrix inequality (2.2). The meaning of this is that the classical
covariance is greater than the quantum covariance, or the quantum covariance can serve
as a lower bound to the classical covariance. But notice that the matrix Z is possibly
complex. Saturating the matrix inequality would directly require Z to be a real matrix,
which is a stringent condition for a general quantum statistical model. To remedy this
defect, we combine Theorem 2.8 and Lemma 2.9, resulting in the following theorem.

Theorem 2.10 (Theorem 3, [ATD20]; [Nag05]; Equation 19, [HMO8]). Let {M,} be a
measurement, 0 (w) be a locally unbiased estimator, ¥, X, Z are defined as in Theorem
2.8, and W be a real positive definite matrix, then

WS > trWReZ + H\/WImZ\/WHl (2.3)

Before the proof of the theorem, we first establish a lemma.

Lemma 2.11 (Lemma 4, [ATD20]). Let A be a hermitian matrix with A > 0, then,
ReA > +ilmA.

Proof of Lemma 2.11. Since A > 0, we have that

Vo, (R3) (v, Av) > 0= VYo, (v,Av) >0= Vv, (v,Av) >0
=A>0

where A is entry-wise complex conjugate of A. Since A > 0 = A > 0, this implies
that

A>0= ReA+ilmA > 0= Red > —ilmA

> 0= Red —ilmA > 0 = ReA > ilmA
= ReA > £ImA

Proof of Theorem 2.10. The proof of the theorem can be found in the various
references as cited above. Here, the author includes the proof for reader’s conve-
nience. By Theorem 2.8 and Lemma 2.11, we have the matrix inequality:

¥>7Z=%¥—ReZ > +ilmZ
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2.3. HOLEVO CRAMER-RAO BOUND

By Lemma 2.9, we directly arrive that
WY — 1 ReZ > H\/WImZ\/WHl — 1Y > trReZ + H\/WImZ\/WHl

O]

J

For the clarity of the following discussion, let W be the identity matrix of suitable
size. The quantity on the right-hand side of equation (2.3) represents the minimum
among all real matrices V' that satisfy the inequality V' > Z. Specifically, this minimum
is given by V' = ReZ + |ImZ|. Since the matrix ReZ + |ImZ]| is real, it is possible to
saturate the inequality without imposing further restrictions on the quantum system,
such as requiring Z to be a real matrix. Moreover, by optimizing the lower bound (2.3)
through the minimization of the modified quantum covariance (ReZ + |[ImZ|) using the
optimal locally unbiased estimator, we obtain the celebrated HCRB.

Definition (Holevo-Cramer-Rao Bound, [Nag05], [Holl1]). The quantity:

CH[W] = min {trWReZ + H\/WImZ\/WH }
Xex 1

is called the Holevo-Cramer-Rao bound, and we have the inequality:
cM > ot

The HCRB is in general not achievable in finite copy; however, it is always achievable
in the asymptotic regime with some mild regularity conditions. Roughly speaking,
the HCRB is achievable in Gaussian state estimation schemes. Quantum statistical
models with i.i.d. extensions are locally asymptotically normal, and hence the HCRB
is asymptotically achievable. For detailed information on convergence and different
approaches, see the various references [GK06; KG09; YFG13; YCHI9] on quantum
local asymptotic normality.

Furthermore, the HCRB is a tighter bound than the SLD CRB and RLD CRB, and
we state the following theorem.

Theorem ([Holl1]).
CH > max {C%, CR}

Proof. Here we mention the proof for the theorem. For CH > CS| see for example,
corollary 3, [ATD20]; section C., [RJD16]; [Nag05]; [HMO8]. For CH > CR| see
for example, [HMO8], [Nag05]. O

Theorem ([RJD16]). CH = CS if and only if Trp [L?,Lﬂ = 0, and if CH = C5, the

optimizer of the HCRB is
139 =3 (%)), Lf
> (%)),

Theorem (Theorem 2.5, [Suz16]). CH = CR if and only if the model is D-invariant,
and if model is D-invariant, the optimizer of the HCRB is

B3 (),

14
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Recently, the HCRB is cast as a convex optimization problem [AFD19; Con+21;
HO23], and hence it can be computed efficiently.
Here, we summarize the various definitions and theorems.

Definition 2.12 (Most Informative Bound). Let W € £ (RY) = RF*F be a real,
positive definite, symmetric matrix,

MI — : ~1
crwl= M is'a POVM oW ()

We use Tr to denote trace (physical operation) on quantum system, tr to denote trace
on matrix space.

Definition 2.13. Let X; be a set of hermitian operators, it is called locally unbiased
if and only if it satisfies
TI'pXj = O, Tr&ipXj = (51']‘

we denote the set of all locally unbiasedness hermitian operator by X, and when a set
of hermitian operator X; is locally unbiased, we denote that X € X.

Theorem 2.14 (Exercise 6.44, [Hay16]).
CM W] = min {trWZ\é is locally unbiased, M is POVM}

where

Xij = Z (éz - 90,i> (éj - 90,j> Trpe M,
w
Definition 2.15. The operator LJS- satisfy the equation:
1 S
is called SLD operator, where on the above, {A, B} = AB 4+ BA. The matrix:

is called SLD Fisher information matrix. The quantity:

Trp{L}, L5}

DN | =

S W) = tew (J9)

is called SLD CRB. In particular, when parameter is 1-dimensional, that is, single
parameter, SLD operator is operator which satisfy the equation:

Opp = % {p. L5}
and the SLD Fisher information is given by
Mo (18, 15) = Tup (1)
2
Definition 2.16. The operator L? satisfy the equation:
djp = pL}
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is called RLD operator. The matrix:

_ T
(JR)ij =Tr (L) pL}

is called RLD Fisher information matrix. The quantity:
CR W] = aWRe (/%) + | VIWIm (%) V|
is called RLD CRB.
Theorem 2.17 ([Holll]).
CH > max {C%, CR}
Theorem 2.18 ([RJD16]). CT = CS if and only if Trp [LZS,LJS.] = 0, and if CH
then the optimizer of the HCRB is

=3 (), 1

L

Theorem 2.19 (Theorem 2.5, [Suzl6]). CH = CR if and only if the model is D-

invariant, and if model is D-invariant, then the optimizer of the HCRB is
IRJ = ( R —1> IR
S (M), 1
)4
Definition 2.20 (Holevo-Cramer-Rao Bound, [Nag05], [Holl1]). The quantity:

CH[W] = min {trWReZ + H\/WImZ\/WH }
Xex 1

is called the Holevo-Cramer-Rao bound, and we have the inequality:

CMI Z CH

2.4 Statement of the Problem

The HCRB is the ultimate precision that we can achieve (in the asymptotic regime).
In practical schemes, however, we do not have infinite copies of the state. To saturate
the HCRB in a large number of copies, one needs to perform collective measurements
on a large tensor product of the state, which is extremely challenging in experimental
settings [Con+21]. Saturating the HCRB in finite copies is particularly important and
highly non-trivial work. To the best of the author’s knowledge, the achievability of the
HCRB is only characterized for pure state and Gaussian state estimation, where the
HCRB is achievable and optimal measurements can be constructed (see, for example,
[Mat02; YFG13]). For the general finite-dimensional mixed state estimation problem,
no general characterization is given. Characterizing the achievability of the HCRB is

non-trivial due to its inherent complexity. The following are some reasons.

1. The HCRB comes from a matrix optimization (Lemma 2.9), and it is not like

the usual Fisher information bound, which is established based on the Cauchy-
Schwartz inequality. This means that saturation of the HCRB cannot directly
apply methods like those in [Yan-+19], which fully utilize the Cauchy-Schwartz in-
equality to establish and characterize conditions on the measurement that saturate
the SLD CRB.
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2. Endowing a matrix space with a metric allows tools from geometry to be applied
to the matrix space. The connection between geometry and physics becomes
apparent. Geometrical objects like torsion and curvature can help in studying
properties of a quantum statistical model. For example, if one assigns the SLD
metric to a quantum statistical model, the achievability of the SLD CRB for
pure state and faithful state models is fully characterized [AN00; Hay05; NF23].
Another example is the RLD CRB, which is highly related to D-invariant models
and characterizes the achievability of the tight bound in Gaussian state models
[Holll; Suzl6; Suz19; YL73]. To the best of the author’s knowledge, no study has
been conducted on information geometry by endowing the HCRB as a metric on
matrix space. This is possibly because the HCRB, in general, is not a monotone
metric on matrix space, which prevents us from applying techniques like those in
[Gao+23], where full use was made of operator Jensen’s inequality and the integral
representation of operator convex functions to derive relations between conditions
on recoverability and the monotonic metric.

The contribution of this work is to provide some partial answers to the following
problem:

When will there exists a POVM such that CMI = C¢H?
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Part 11

Achievability of Tight Bound in
Quantum Metrology
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Chapter 3

Some Preliminary Results for
The Characterizations

In this chapter, we introduce some preliminary for our main result.

Definition 3.1. Let VH = ReZH + VIH7 where ZH = TrpXJHXiH, X]H is optimizer of
CH, that is,
H : H
Xj' = argminC (W] (3.1)
Xex
and ) )
Vi =w=2 [VIWImzZUVW | w2

Theorem 3.2 (Achievability in Extended Space). The following two conditions are
equivalent.

1. For any RPXP 5 W > 0, there exists a pair of estimator, measurement { (éz (w), Mw) }

(where €2 is output alphabet and |{)] is its cardinality) such that the covariance
matrix of the estimator and the quantum covariance matrix satisfy the following
relation:

r=vH

where VH is defined in Definition 3.1. That is, there exists a locally unbiased
estimator, POVM such that CM[W] = CH[W/].

2. There exists a Hilbert space 7:L, a pure state o on it, a set of observable X; on
£ (HeA) with

Proof. (1 = 2) Suppose that there exists locally unbiased estimator and POVM
such that
cMw)=cliw] e x=vH

by Naimark theorem, there exists a Hilbert space A, pure state ¢ on it and a

21
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PVMII, on H ® % such that
TrpM, = Tr (p ® o) 11,

defining the operator by
Xj = Z (é] (w) - 9073') Hw = Z.ijHw
w w
where 7, = éj (w) — Bo,;. It is easy to see that X'j commute, and we have that
Tr(p@o)X; =Y Tr(p®o)Eull,
w
= & TrpM,
w

- Z (éj (w) — 90,]‘) TrpM, =0

Tro; (p® o) X; = Zafﬁ" (p®0o)jwlly

= 81'T1",0 (Z :fjwa)
= 81'T1",0Xj = 51']'

Next,

i

Tr (p®a) sz =Tr (p®o') (Z :ij,wji,w’ﬂwnw’>
w,m
= Z Tr (ﬂ ® U) t%j,wji,w’éww’nw
w,w
w

= FiwijwTrpM, = 5y
w

(2 = 1) Suppose that there exists a Hilbert space 7:[, a pure state o on it, and a
set of observable X; such that

Let spectral decomposition of X; be

Xj =) Fulle =) #jwlew) (el
w w
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defining the estimator and measurement by
éj (w) = 90’j + TI‘Xij = 00,]‘ +Zjw
My, = (| Uy lp), Xi= Zji,w (w) M,
w

where with abuse of notation, we denote that (p|IL, |p)
(idy ® (p]) I, (idy @ |¢)), and o = [¢) (p|. Then, we have

Z éj (w) TrpM,, = Z (Boj + Zjw) Tr(p® o) I,

=Tr(p®o) (907]- + Z fjjwﬂw>

= 907]' —{—Tr(p@a) Xj = 907]‘

Tr@ipXj = Z @-ﬁpa?j,wa
w

= Z 0; Tr (p & U) 'i'j,wHw

=Trd; (p® o) X

and
Sij = Y FiwFjwTrpM,
w
= Z Ti T Tr (p® o) I,
w
= Z Tr (p ® U) ji,wjj,wdww’nw
w,w

=Tr(p®0) | Y FjwiiwllIly | =Tr(p® o) X;X,

w,w’

O]

J

Condition 1 is just the statement of achievability; condition 2 tells us that if such
estimator and measurement exists, then it is nothing but measuring a set of commutative
observables on a larger space (extended by Naimark extension theorem). The extended
space together with the special operator (defined in eq. (3.2)), would help us discuss
the achievability of the HCRB.

Lemma 3.3 (Lemma B.9, in supplement material of [YFG13]). Given P x P positive
semidefinite hermitian matrix J. Then there exists a Hilbert space H, pure state ¢ on
it, and set of operators Bi, ..., Bp such that

TI‘O’Bj == 0, TI‘O’B]‘BZ‘ = Jij

We now introduce a very important operator. Observing that VIH — iImZY is a
positive semi-definite matrix, by Lemma 3.3, there exists Hilbert space H, pure state
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o on it, and observables B; such that

TroB; =0, Vj, TroB;B; = (Vi — iImZH)ij

Proposition 3.4. Let 4,0, Bj satisfy that

TroB; =0, TroB;Bi=VH=w"2

\/WImZH\/W‘ W3

then the operator X; € £ (H ® 7—2) (defined as follow) is locally unbiased estimator and
its quantum covariance matrix is just the optimum matrix of the HCRB, here

X; = Xj' ®@idy +idy ® B; (3.2)

and X]H is the optimizer of CH, as eq. (3.1)

~ "

Proof. For the unbiasedness:

Tr(p®0)X;=Tr(p®o) (X} ®idy +idy ® B;)
= (TrpX}') (Tro) + (Trp) (Tro B;)
=0+0=0

Trd; (p® 0) Xj = 9;Tr ((pX]') @ 0 + p @ (0B;))
= (Tr@l-pX]H) (Tro) + (Trosp) (Tro By)

for quantum covariance,

Tr(p®o) X;X;=Tr(p®o) (X} X ®idy + Xj' ® Bi + X' ® B;j + idy ® B;B;)
= TepX' X' + (TrpX}') (Tro B;) + (TrpX}') (TroB;) 4+ Tro B; B;
_ H : H H : H
= (ReZ +ilmZ )ij + (VI —ilmZ )ij

= (ReZH + ‘/IH)z'j = (VH)ij

O

By studying the properties of the operators X j» one can characterize the quantum
statistical model.

Lemma 3.5. Let V be a finite dimensional, complex inner product space, ij)}?:l cV,
P <M < dimV and (-,-) be inner product on it. Suppose that (v;,v;) € R for
any i, j, then, there exists a set of orthonormal vectors {|ek>}£4:1 with spang {|v;)} C
spang {|ex)} such that

<€k,Uj> GR, VJ,I{Z
that is, in basis |ey), |v;) is real vector (vectors with real component).
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Proof. Performing Gram Schmidt process then we get the result. Let

lu1) = |v1)
B  (ur,v9) "
) = lez) = {2 )
fug) = [oa) — \12208) 1y (V)

(ug, uz) (u,ur)

we see that the coefficient (u;,v;) / (u;, u;) are all real, and {\uj)}le forms a set
of orthogonal vectors, spang {|u;)} = spang {|v;)}, and

[05) = e |ug)
l

the coefficient are all real. Let |ex) = <|u’“> z and extend the set of vectors to
U, Uk
orthonormal set {|e)}r-,, then we get the result. O

J

Lemma 3.6. Let V be a finite dimensional, real inner product space, and (-, -) be inner
product on V. Suppose that {\uj>}§):1, {|vj>}?:1 (P < dimV) be two sets of vectors
such that

{ui, ug) = (vi, vj)
for all 4,j. That is {|uj>}}.):1, {|vj)}f , admits same Gram matrix. Let {|e]>};hmv be
a orthonormal basis with fu3> = >, ujy |es), then, there exists a orthonormal basis | f;)
such that under this basis, |vj) = >, vj¢|fe) we have u;, = vj,.

dim Y

=1 with

Proof. First extending vectors {|uj>} , to a basis {|u )}

luf) = luj), V1I<j<P
(ufyup) =0, V1<j<P, P+1<k<dimV
<u;,u;€> =k, VP+1<5,k<dimV
that is, ‘u;> for j = P+ 1,...,dimV is orthogonal to ‘u;> for j = 1,...,P and
further, for j = P+ 1,...,dim V, u;> is orthonormal. Do the similar things for
|vj), and extending them to ‘v§> We see that {’u3>}dimv {| v; dlmv are both

j=1 7
basis of V, further, they admits same gram matrix with

iy 0
(uj, ) = (i, vj) = (goj 5@)’ gij = (ui, ug) = (vi, v;)

Since ’u]> ‘v > are both basis and admits same Gram matrix, there exists a
unitary operator @ such that @ ‘uj> = !v > Defining that |fy) = Q |es), we see

that
w>Qm>Qz Deley =3 [W1C1fe) = (o] 1e)

12 ¢

25 doi:10.6342/NTU202400907
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CHARACTERIZATIONS

this means that, under basis | f¢), ‘U;> has same component representation as ‘u;>
in basis |ep). O
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Chapter 4

1-st Characterization

Condition 1 first appeared in the supplement material of the paper [YFG13], as a proof
of the achievability of the HCRB for the pure state case. The main contribution of
Theorem 4.1 is that the author generalizes this condition to the mixed state case, de-
velops two equivalent conditions (condition 2 and 3), and provides a necessary condition
(condition 5) which is served as a characterization for the theorem.

Theorem 4.1 (1-st Characterization). The relations for following conditions are:

l2=3=>1=4<5

in particular 1, 2, 3 are (equivalent and) sufficient for achivability of HCRB, that is,
conditions in Theorem 3.2.

1.

There exists Hilbert space 7:L, pure state o on it, a set of commutative observables
X, such that X; (p®0) = X;(p®0c), where X; is defined as in Proposition
3.4. Equivalently, there exists hermitian operators K; with K;p = pK; = 0 such
that

X j= X 5+ K j

are all commute.

There exists real number Z;, basis |e,) such that it satisfy the equation:
(p®0) Xjlew) = Tjuw (p® 0) lew)

There exists basis |e,) such that

= _<ewanwm>
T e tm)

and Z;, is real and independent of m, where for each m, [¢),,) is eigenvector of
pROo.

There exists Hilbert space ”}:[, pure state o on it such that

(p®0)? [Xi, Xj] (p© )% =0
. The optimizer of CH satisfy the equation:
Vo [XL XS e =21 (ImZY)  p = (Tep [ X7, XTT]) p (4.1)
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CHAPTER 4. 1-ST CHARACTERIZATION

Proof. 1 = 2. Suppose that there exists Xj = Xj + K such that X'j are com-
mutative, K; (p® o) = (p® o) K; = 0, then, set

Xj =) Fjwlew) (el
w

then, we see that (p® o) X; = (p® o) X; and
(p® o) Xjlew) = pXjlew) = Tjw (p ® 0) lew)
2 = 1. Suppose that there exists real numbers Z;,, and basis |e,,) such that
(p®0) X lew) = Tjw (P ® 0) lew)
defining that X; = 3 #;. |ew) (ew|, we see that X; are commute and
(p®0) Xjlew) = Tjw (P ® 0) lew)

= (p®0) Xj lew) (el = Tjw (p @ 0) [ew) (eu]
= (r®0) Xjlew) (ewl = Y Fjw (0 ®0) Jew) (e

w

= (p@o)X;=(peo)X;

where we have used the fact that 3 [ew) (ew| = idy; -
2 = 3. Suppose there exists a basis |e,) and real numbers Z;, such that
pX;lew) = jwplew), inner product both side by [i,), eigenvector of p ® o,
we get that

Am <wma Xjew> = i’j,w)\m <wm; ew>

and for the above equation holds for any m, we then get that

- <€wanwm>
Tiw = <6w7¢m>

Zj. is independent of m.
3 = 1. Suppose that there exists basis |e,,) such that the value

- _<€w7Xj¢m>
T e )

is real and independent of m, defining that
X5 = Fiulew) (el
w
we then have that

> wa)_(' m
ij = Z W |€w> <ew| Am |'¢)m> <77Z}m|

= Z <€w,ijm> Am [€w) (tm]
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= Z ‘ew> <ewan/\mwm> <¢m’
= Xjp

and X j are all commu}ative. . B
1 = 4. Suppose that X; are commuting observables and X, (p® o) = X, (p ® o),
then we have that

4 = 5. By the fact that (p ® a)% [(Xi, X5] (p@ 0)% = 0, we see that
[X:. X;] = [X], X]'] ®idy; + idy ® [B;, By]
= (V7 [XEXH) 5) @0 + p® (& B, Byl Va) = 0

By the fact that o = |p) (¢|, the above can be reduced to that
(Vo [XiL X1 vp) @0 +p @ (¢l [Bi, Bjl o) o) = 0

= <\/ﬁ (XX v+ (2i1m2) ) p> ®o =0
ji
By that Zij = TroB;B; = 2iIiji = Tro By, B;] and ImZ = —ImZH, we have
that
Vi (X8 X8 /5 = 21 (Im2") , p = (Tip (X1, X))

5 = 4. Suppose that ,/p [XZ-I{,X?] VP = (Trp [XZ-H,X;{]) p, by Lemma 3.3,

there exists a Hilbert space H, pure state ¢ on it and set_of observables such that
TroBj = 0, Tro B;B; = V{!—ilmZ". Now, we have that X; = X'®idy;+idy®Bj,
and

(p0 o) X, X;] (p@0)'/? = (ﬁ; [XH X1 o+ <2iImZ> “p) ®0 =0

Je

=0, by A[X X} ]v/p=(Trp[ X[ X]])p

=X, (p®a)%, we

(S

Sufficiency for Theorem 3.2. Since we have that X, (p ® o)
see that ) B
TrX;p=TrX;p=0

ATr(p® o) X; = Trd; (p @ o) X;
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= 2ReTr (& (p® 0)1/2> (Xj (p® 0)1/2)
— 9ReTr (ai (p® 0)1/2) (X; (p® o))
=Trd; (p® o) X; = b;j

and

.I.

~ ~ 1 ~ 1
Tt (p©0) X, % = T (X, (p©0)?) Ki(pwo)?

O]

J

Observables )_(j are really special operators; they are locally unbiased with an
optimal covariance matrix, but they are not necessarily commuting. The equation
X ip = X jp means that from the viewpoint of the state, these two operators are equiv-
alent. Condition 1 tells us that if one can find commutative observables equivalent to
X (from the perspective of p), then the HCRB is saturable. An estimation scheme
consists of one measurement and statistics based on the measurement (the estimator).
Condition 2 tells us that the construction of the optimal measurement is just solving
an eigenvector equation on the support of p. Condition 3 tells us how to construct the
estimator based on the measurement. Condition 4 means that if 1 is satisfied, then it
is necessary for X j to commute on the support of the state. Condition 5 serves as an
equivalent commutativity condition in the original space. Such a condition is indepen-
dent of the extended space. That is, to check the commutativity condition, one can
directly check in the original space and need not always extend the space to a larger
space.

Condition 5 serves as a partial commutativity condition for the optimizer of the

HCRB. Note that when the model is asymptotically classical, that is, Trp [LS , Lf] =0

1
(see Theorem 2.18), the partial commutativity condition for the HCRB is reduced to
the partial commutativity condition for the SLD operators, which is expressed as

Vo L7 L] \/p=0. (4.2)

Note that the above condition is necessary for the saturation of the SLDCRB. From our
approach, Condition 1 is sufficient but not necessary for achieving the HCRB. Hence,
Condition 5, which is necessary for Condition 1, is neither necessary nor sufficient for
achieving the HCRB. However, it can be reduced to a necessary condition for achieving
the SLD CRB.

In Gaussian state estimation, the canonical observables R; satisfy the canonical
commutation relation:

i .
5 [Ri, Rj] = Sijldq.[ (4.3)

where S;; is element of real skew-symmetric matrix. Multiplying both side of the equa-
tion by ,/p from left and right, we have

i
SVP IR, Rl V/p = Sijp
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Therefore, partial commutativity condition 5 can be viewed as finite dimensional ana-
logue of eq. (4.3). Note that it is impossible for any two finite dimensional hermitian
operators to satisfy eq. (4.3), since for any two finite dimensional hermitian operator
A, B, we have

Tr[A,B] =0, Tridy =dim#

which implies that [A, B] xidy.

Proposition 4.2 (Theorem B.10, supplement material of [YFG13]). For any pure state
parametric family, the HCRB is achievable.

Proof. For proof, see Theorem B.10 of [YFG13]. Essentially, it is because that
the pure state model always satisfy condition 1 in Theorem 4.1. O
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Chapter 5

2-nd Characterization

Theorem 5.1 (Characterization of Achievability of HCRB). The following condition
is necessary and sufficient for Theorem 3.2.

e There exists a Hilbert space 7, a pure state o on it, a PVM lew) € HOH
and orthonormal (w.r.t. Hilbert Schmidt inner product on £ (H ® 7:[)) linear
operators b, € L (7—[ ® 7:[) such that

spang { X;v/p ® o} C spang {by,}
\/<€w7 (:0 ® U) €w> = <bw7 VP ® 0>S
(€w, (p ©0) ey) = (bu, Div/p @ 0)g

where X; is defined as in eq. (3.2), 9;4/p ® o is derivative of operator /p ® o with
respect to parameter §;, (A, B)g = Re (4, B)q-

Proof. In the following, we denote p ® o by p, 0; (/31/2) = pA.li/Z.

(Condition 2 in Theorem 3.2 = Theorem 5.1) First, observing that the fol-
lowing two Gram matrix are equal under inner product (A, B)g = Re (A, B) g

S .1/2 R
ij1/2 p;j/ p1/2

Xipt? (Vi 30ij 0
~1/2 1 £1/20 .1/2
p;i/ 561] <p,z/ 7p;j >S
~1/2
P 0 0 1

S . .1/2 .
ij1/2 10~j/ /2

)

X2 (Vi 305 0
~1/2 A1/2 41/2
p;z‘/ %517 <p;i/ ’p;j/ >S
~1/2
p 0 0 1

where we have used the facts that

7
~1/2 o -

— 9Re <ﬁ}/2,Xjﬁ1/2>
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< 1/2’ﬁ11/2>s _ Re< 1/2”51]/2>HS — Ty <p1/2ﬁ1]/2 A1j/2pA1/2) = Tvd;p =0

Defining b/, = \/7 lew) (ew| p1/2, we have
(ew,pPew)
Trb[l, b, = Trp'/? (Jew) (ewr]) (Jew) (ewl) 52
6w’w ~
= (€wrs Pew)

\/<€w7 [)ew> \/<€w’, ﬁew/>

= 5w’w

which means
<b[u,,b;>s = <b£’d,,b;>HS = 0u/w

Further,
<b:.)7 A1/2>S <b’ A1/2>HS: (€w, Pew)

(03 = e (lea) teul 2.5

(€w, pew) S

~1/2 PUCEY 1/2) ew>

— (e (p
= —F————(¢€u, | p.
2/ (ew, pey N\
1
= 7<6w, 1P€w a \/ €w7pew

2/ (ew, pew)

by Lemma 3.5 and Lemma 3.6, there exists orthonormal (with respect to
Hilbert-Schmidt inner product) linear operators by, such that

1oy = A1/2> _ 5
<b >S <bw> P S <€wa P%)
<b, A1/2>S — <bwvﬁ,1/2>s = Oi\/{€w, pew)
(Theorem 5.1 = Condition 2 in Theorem 3.2) Assume Theorem 5.1, define

that
R <b X 1/2>
Tiw = (buy, P72,

and let X; = 3" % |ey) (ew|. It is obvious that X; are all commute, it is suffices
to show that X; admits optimum covariance matrix and is locally unbiased, that
is, X satisfy the following:

TeX;pX; = Vi
TI“,@XJ‘ == O, TraZﬁX] == 51']'
for optimum covariance matrix, we have that

T‘I‘le)Xj = iji,wij,w <€w7 ﬁ€w>

Z (b i) (b Xy2)s (b ﬁ1/2>z

(b 72
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_ . 21/2 ~1/2
5 (1), (5 507),
= (Xip"2 X;pM%) = V]
for locally unbiasedness,

TrpX; =Y Ejow (€w, pew)
w

<ew aazﬁew>

by, X
Z< ],0 >S2\/ (ew, pew)0; \/ (€w, Plw)

<bw p1/2
- QZ <Xjﬁl/2’bw>s <bw’ﬁ?1i/2>s

O]

J

Equivalence between Condition 2 in Theorem 3.2 and Theorem 5.1 states that,
optimal estimator exists if and only if it can be constructed by component of X i(p® 0)1/ 2
(under some basis by, ); the probability given by optimal measurement |e,,) and the prob-
ability given by the basis b, is equal up to first order (at true value 6y), that is:

(bor(p©0)?) = View PO ). (buni(p0)'*) =00/ lew (D@0 )

From the construction of the estimator, we see that given any orthonormal linear op-
erator by, (with respect to inner product (-, -)¢) with spang {b,,} O spang { X;p'/2, p1/2},
the estimator:

& 1/2
(b X; (p@ 0)'/?)

(o lp ™),

éj (w) - eo’j = .i‘j’w =

2
with the probability distribution: p, = <bw, (p® 0)1/ 2>S’ are always locally unbiased

and admits optimal covariance. There not always, however, exists a PVM |e,,) with

(ew, (p® ) ey) = <bw, (r® 0)1/2>Z
8i\/<€W, (p®o)e,) = <bw,87j ('0®U)1/2>S
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Theorem 5.1 is not only the characterization for the achievability of the HCRB,
but also applicable to the achievability of other bounds.

Corollary 5.2. The SLD CRB is achievable if and only if the quantum statistical model
satisfies Theorem 5.1 and Theorem 2.18.

Proof. By Theorem 2.18, we have CH = C5. When Theorem 5.1 is satisfied,
CH is achievable. Hence, CS is achievable. O

Similarly, we have the following corollary.

Corollary 5.3. The RLD CRB is achievable if and only if the quantum statistical model
satisfies Theorem 5.1 and Theorem 2.19.

In the following we demonstrate some examples which the HCRB is achievable.

Example 5.4 (Pure state model). Let pg = |1g) (19| be a pure state model, H, o =
l¢) (p|, Bj and X; be defined as in Proposition 3.4. Defining that |I;) = X [¥) |¢),
we have

TrX (p® o) X; = (] (0| XiX; [¢) ) = Vi

is real matrix, there exists an orthonormal basis |e,) € H ® H such that (e, ;) are all
real. Let

by, = lew) (¥ ® ¢
It is straightforward to verify that by, |e,) satisfy Theorem 5.1.

Example 5.5. Consider the model which satisfies Theorem 4.1. Let |e,,) be eigenbasis
of observables X;, and b, = |e,) (e (p®o)'/?

by, le,) satisfy Theorem 5.1.

, it is straightforward to show that
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Chapter 6

Summary and Outlook

6.1 Summary

In this thesis, we demonstrate two characterizations for the achievability of the HCRB:
Theorem 4.1 and Theorem 5.1. They characterize several conditions for the existence
of the estimator and the optimal measurement that saturate the HCRB at the single-
shot level.

Theorem 4.1 is a sufficient but not necessary condition for the achievability of the
HCRB. However, the operator characterization (eq. (4.1)) admits significant connec-
tions to other physical theories. In particular, with Theorem 2.18, it can be reduced
to a necessary condition for the achievability of the SLD CRB. On the other hand, the
form of eq. (4.1) is also similar to the CCR algebra in Gaussian states, and hence, it
serves as a finite-dimensional analogue of the CCR algebra. Therefore, it can be viewed
as a clue to establish the physical meaning of the achievability of the HCRB.

Theorem 5.1 is both necessary and sufficient for the achievability of the HCRB. It
states that the optimal (locally unbiased) estimator can be constructed via components
of the operator X; (p ® 0)1/ 2 (under some basis by,), and the probability generated by
the optimal measurement (\/p = v/ew, (p ® 0) e,,) is equal to the probability generated
by the basis by, ({(by, (p ® 0))g) up to the first order. The theorem not only characterizes
the achievability of the HCRB but also establishes the achievability of other quantum
Cramer-Rao bounds (Corollary 5.2 and Corollary 5.3).

6.2 Outlook

Our work potentially admits many applications, including quantum channel estimation
problems and quantum information geometry. Our characterizations (Theorem 4.1
and Theorem 5.1), however, each admit their drawbacks.

Theorem 4.1 is not a necessary condition for the achievability of the HCRB. In
particular, eq. (4.1) is neither necessary nor sufficient for the achievability of the HCRB.
A future objective would be to modify Theorem 4.1 to a necessary condition while
preserving the physical characterization (eq. (4.1)). The author believes that this
condition potentially serves as an information geometrical characterization for quantum
statistical models, just like the role of the partial commutativity condition (Theorem
2.6) for the SLD CRB, and the D-invariant model for the RLD CRB.

Theorem 5.1 is both a necessary and sufficient condition for the achievability of
the HCRB. However, the characterization is a mathematical one and does not give

37



CHAPTER 6. SUMMARY AND OUTLOOK

a physical picture of the achievability of the HCRB. Moreover, the characterization
depends on an extended Hilbert space, and we do not give an explicit construction of
the optimal measurement. A future objective would be to find the physical meaning of
Theorem 5.1 (like the operator characterization in eq. (4.1) in Theorem 4.1) and
characterize Theorem 5.1 so that it can dispense with the extended Hilbert space and
provide an explicit construction of the optimal measurement.
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