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We herein develop a theory of contiguity in the quantum domain based upon a novel quantum analogue of
the Lebesgue decomposition. The theory thus formulated is pertinent to the weak quantum local asymptotic
normality introduced in the previous paper [Yamagata, Fujiwara, and Gill, Ann. Statist. 41 (2013) 2197—
2217], yielding substantial enlargement of the scope of quantum statistics.
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1. Introduction

Quantum statistics is a rapidly growing field of research in quantum information science. When
we consider the future direction of the field, we may learn much from the history of classical
statistics. One of the deepest achievements in mathematical statistics is the theory of local asymp-
totic normality introduced by LeCam [22]. A sequence {PH(") |6 € ® C R} of d-dimensional
parametric models, each comprising probability measures on a measurable space (), F), is
said to be locally asymptotically normal (LAN) at 6y € ® (in the “weak” sense) if there exist a

sequence AW = (Ag"), e AEJ")) of d-dimensional random vectors and a d x d real symmetric

positive definite matrix J such that A NS N (0, J) and

dp™

both/vn i L d
log————"—=h'A;" — =h'h/ J;; m (1 h eR?). 1.1
g dPg(:) i 5 ij +0Pé0)( ) ( ) (L.1)
Here, the arrow L stands for the convergence in distribution under pm the remainder

Oo+h/n’
term o, (1) converges in probability to zero under Pe(:)’ and Einstein’s summation convention
%

is used.

The notion of local asymptotic normality provides a useful tool to cope with various statistical
models in a unified manner by reducing them to relevant Gaussian shift models in the asymp-
totic limit. Observe that the expansion (1.1) is similar in form to the log-likelihood ratio of the
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Gaussian shift model:

dNh,Jh

X 1
0g ————— ( ..
dN(0, J 1)

.y Xd) :hi(Xle-j) - Ehihjjij.

This similarity suggests a deep relationship between the models {P;:j_h I | h € R} and

{N(h,J™ ") | h € R%}. In order to put the similarity to practical use, LeCam introduced the notion
of contiguity [22]. A sequence Q" of probability measures is called contiguous with respect to
another sequence P of probability measures, denoted Q" <1 P™, if P™(A™) — 0 implies
QU (A™) — 0 for any sequence A" of measurable sets. An important conclusion pertinent to
the notion of contiguity is the following theorem, which is usually referred to as LeCam’s third

lemma: if QU < P and
dO™\ pw
<X<"> ¢ ) v,

"dP®
(n)
then X ™ £ L, where L is the law defined by L(B) := E[15(X)V]. Since the local asymptotic
normality (1.1) entails mutual contiguity Pe(:jr 0y <> Pe(: ), LeCam’s third lemma proves that

XWi = gk A,(fn) exhibits X 24 N (h, J~1). This gives a precise meaning of the statement
that the model { Pé:j_h IR | h € RY} satisfying (1.1) is statistically similar to the Gaussian shift

model {N(h, J~V) | h e RY}.

Note that such an interpretation is realized in the asymptotic framework. A measure theo-
retic counterpart of LeCam’s third lemma is the identity dQ = (dQ/d P)d P, which is valid
when Q is absolutely continuous to P. In the nonasymptotic framework, the likelihood ratio

d Pe(:j-h y ﬁ/d Pe((:l) carries full information about the measure Pe(:lh I only when Pa(:lh IR is

absolutely continuous to Pg(:). This fact demonstrates the differences between the contiguity
and the absolute continuity, highlighting the notable flexibility and usefulness of the notion of
contiguity when it is used in conjunction with the weak LAN.

Extending the notion of local asymptotic normality to the quantum domain was pioneered by
Gutd and Kahn [11,18]. They proved that, given a quantum parametric model S(C?) = {pp > 0|
6 e®cCRP 2_1} comprising the totality of faithful density operators on a D-dimensional Hilbert
space and a point §y on the parameter space © such that pg, is nondegenerate (i.e., every eigen-

value of pg, is simple), there exist, for any compact subset K (C RP 2_l), quantum channels S,
and T,, such that

15, Sup lon = T (ogny ) |1 =0 and - lim hex [S1(on) = o'y il =0

where {0}, | h € RP 2_1} are density operators of a certain quantum Gaussian shift model rep-
resented on a suitably chosen separable Hilbert space. (See Appendix A for a brief account of
quantum Gaussian states.)

Note that this formulation is not a direct analogue of the weak LAN defined by (1.1); in partic-
ular, the convergence to a quantum Gaussian shift model is evaluated not by the convergence in
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distribution but by the convergence in trace norm. In this sense, their formulation could be called
a “strong” gq-LAN (cf. [23], Chapter 10).

Gutd and Kahn’s theorem in terms of the strong q-LAN was so powerful that it was applied
to the study of asymptotic quantum parameter estimation problems in [35]. However, the strong
g-LAN after Guta and Kahn is not fully satisfactory because it is applicable only to i.i.d. exten-
sions of a quantum statistical model around a nondegenerate reference state pg,. It is natural to
seek a more flexible formulation that is applicable to non-i.i.d. cases with possibly degenerate
reference states. In [10], they tried a different approach to a “weak” gq-LAN via the Connes co-
cycle derivative, which was sometimes regarded as a proper quantum analogue of the likelihood
ratio. However, they did not establish an asymptotic expansion formula which would be directly
analogous to (1.1) in the classical LAN.

A different approach to a weak q-LAN was put forward in [34], in which a sequence of quan-
tum statistical models comprising mutually absolutely continuous density operators was treated.
Here, density operators p and o on a finite dimensional Hilbert space are said to be mutually
absolutely continuous, p ~ ¢ in symbols, if there exists a Hermitian operator £ that satisfies

The operator L satisfying this relation is called (a version of) the quantum log-likelihood ratio.
When the reference states p and o need to be specified, £ is denoted as L(o |p), so that

o = e1L@1P) pe3Llp),
For example, when both p and o are strictly positive, the quantum log-likelihood ratio is uniquely
given by

L(o|p) = 210g(a#p*1).

Here, # denotes the operator geometric mean [1,21]: for strictly positive operators A and B,
the operator geometric mean A#B is defined as the unique positive operator X that satisfies the
equation B = XA~!X, and is explicitly given by

A#B = VA VA-1BVA-IVA.

The theory of weak q-LAN developed in [34] was successfully applied to quantum statistical
models satisfying only some mild regularity conditions, and clarified that the Holevo bound was
asymptotically achievable. However, this formulation, too, is not fully satisfactory because it is
applicable only to quantum statistical models that comprises mutually absolutely continuous den-
sity operators. This is in good contrast to the classical definition (1.1), in which mutual absolute
continuity for the model was not assumed [32]. The key idea behind this classical formulation is
the use of the Radon—Nikodym density, or more fundamentally, the use of the Lebesgue decom-
position of Pe(:J)rh /s With respect to PQ(:). Thus, in order to extend such a flexible formulation
to the quantum domain, we must invoke an appropriate quantum counterpart of the Lebesgue
decomposition. Several noncommutative analogues of the Lebesgue decomposition and/or the
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Radon-Nikodym derivative have been devised, for example, [2,4-6,17,20,24-26,28-31]. How-
ever, each of them has its own scope, and to the best of our knowledge, no appropriate quantum
counterpart that is applicable to the theory of weak q-LAN has been established.

The objective of the present paper is threefold: Firstly, we devise a novel quantum analogue
of the Lebesgue decomposition that is pertinent to the framework of weak q-LAN introduced
in the previous paper [34]. Secondly, we develop a theory of contiguity in the quantum domain
based on the novel quantum Lebesgue decomposition. One of the remarkable achievements of
the theory is the abstract version of LeCam’s third lemma (Theorem 6.1). Finally, we apply the
theory of quantum contiguity to weak q-LAN, yielding substantial enlargement of the scope of
g-LAN as compared with the previous paper [34].

The present paper is organized as follows. In Section 2, we extend the notions of absolute
continuity and singularity to the quantum domain in order that they are fully consistent with the
notion of mutual absolute continuity introduced in [34]. In Section 3, we formulate a quantum
Lebesgue decomposition based on the quantum absolute continuity and singularity introduced in
Section 2. In Section 4, we develop a theory of quantum contiguity by taking full advantage of
the novel quantum Lebesgue decomposition established in Section 3. In Section 5, we introduce
the notion of convergence in distribution in terms of the quasi-characteristic function, and prove
a noncommutative version of the Lévy—Cramér continuity theorem under the “sandwiched” con-
vergence in distribution, which plays a key role in the subsequent discussion. In Section 6, we
prove a quantum counterpart of the LeCam third lemma. This achievement manifests the validity
of the novel quantum Lebesgue decomposition and quantum contiguity as well as the notion of
sandwiched convergence in distribution. In Section 7, we give some illustrative examples that
demonstrate the flexibility and applicability of the present formulation in asymptotic quantum
statistics, including a quantum contiguity version of the Kakutani dichotomy, and enlargement
of the scope of g-LAN. Section 8 is devoted to brief concluding remarks. For the reader’s conve-
nience, some additional material is presented in the Appendix, including the quantum Gaussian
states, and a noncommutative Lévy—Cramér continuity theorem.

2. Absolute continuity and singularity

Given positive operators p and o on a (finite dimensional) Hilbert space H with p # 0, let
0 | supp p denote the excision of o relative to p by the operator on the subspace supp p := (ker )+
of H defined by

=01,

9 suppp "=

where 1, : supp p <> H is the inclusion map. More specifically, let

(39 -0

be a simultaneous block matrix representations of p and o, where pp > 0. Then the excision

0 | suppp 1s nothing but the operator represented by the (1, 1)th block o of o. The notion of
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excision was exploited in [34]. In particular, it was shown that p and o are mutually absolutely
continuous if and only if

o >0 and rankp =ranko,

supp p

or equivalently, if and only if

o >0 and plgppe > 0. 2.2)

supp p

Now we introduce noncommutative analogues of the notions of absolute continuity and singu-
larity that played essential roles in the classical measure theory. Given positive operators p and
o, we say p is singular with respect to o, denoted p L o, if

0.

9 lsuppp =

The following lemma implies that the relation L is symmetric; this fact allows us to say that p
and o are mutually singular, as in the classical case.

Lemma 2.1. For nonzero positive operators p and o, the following are equivalent:

(a) plo.
(b) suppp L suppo.
(c) Trpo =0.

Proof. Let us represent p and o in the form (2.1). Then (a) is equivalent to og = 0. In this case,
the positivity of o entails that the off-diagonal blocks & and «* of ¢ also vanish, and o takes the

form
(0 0
o=y )

This implies (b). Next, (b) = (c) is obvious. Finally, assume (c). With the representation (2.1),
this is equivalent to Tr pgop = 0. Since pp > 0, we have op = 0, proving (a). O

We next introduce the notion of absolute continuity. Given positive operators p and o, we say
p is absolutely continuous with respect to o, denoted p < o, if

o 0.

suppp =

Some remarks are in order. Firstly, the above definition of absolute continuity is consistent
with the definition of mutual absolute continuity: in fact, as demonstrated in (2.2), p and o are
mutually absolutely continuous if and only if both p <« ¢ and o < p hold. Secondly, p K o
is a much weaker condition than supp p C suppo: this makes a striking contrast to the classical
measure theory. For example, pure states p = |¢)(¥| and o = |§)(&| are mutually absolutely
continuous if and only if (£|y) # O (see [34], Example 2.3).

The following lemma plays a key role in the next section, leading to a novel noncommutative
Lebesgue decomposition.
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Lemma 2.2. For nonzero positive operators p and o, the following are equivalent:

(a) pKLo.

() 3R > 0 such that 0 > RpR.

(¢) dR > 0 such that p < RoR.

(d) 3R > 0 such that p = Ro R.

() 3R >0 such that p > Ro R and Trp = Tro R2.

Proof. We first prove (a) = (b). Let

_(po O (o0 «
"‘(0 0)’ "‘(oe* ﬂ)

where pg > 0. Since op =0 | > 0, the matrix o is further decomposed as

supp p

_ =[O0 0 (1 0'0710[
o=F <0 13_0{*0_0_10[>E, E—(O I .

Note that, since o > 0 and E is full-rank, we have

B —oz*oo_loz > ().

R:=E*<X 0)15,
0 vy

where X := oo#p,, ! and y is an arbitrary strictly positive operator. Then
(X 0 po 0\ (X O
RoR=E ( 0y E 0 0 E 0y E
(X O0Y(po O)(X O
=k (O yJ\0 0/J\0 vy E

_ s [(XpoX O
_E<0 o) e

Now we set

Here, the inequality is due to (2.3). Since R > 0, we have (b).

We next prove (b) = (a). Due to assumption, there is a positive operator T > 0 such that

o=RpR+T.

(2.3)
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_(po O _(Ry Ry (10 T
=(5 0 w8 (27

where pg > 0. Then

Let

RopoRo+70 RopoR1 + 71
RipoRo+1{ RipoRi + 12

and
UJsuppp = RopoRo + 0.

Since Ro > 0 and 19 > 0, we have o |, , > 0.

For the proof of (a) = (d), let

_(po O (o0 «
Y )

>0,

—1
. [ pottog 0
Ri (P00 0)

is a well-defined positive operator satisfying

Pp P

where pg > 0. Since 09 = 0 | ypp

p=RoR.

This proves (d).
For (d) = (a), let the positive operator R in p = Ro R be represented as

_(Ro O
w= (5 0).

where Ro > 0, and accordingly, let us represent p and o as

p=(Po P _ (90 o1
pi )’ of o0

The relation p = Ro R is then reduced to

PO P1Y _ RoooRo O
) 0 0/
This implies that supp p = supp pp and pg ~ op. Consequently,

o Lsuppp = 9 I supp oy = 90 supp oy > 0-

In the last inequality, we used the fact that pg ~ o implies pg < 0.
Now that (b) < (c) and (d) < (e) are obvious, the proof is complete. [l
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3. Lebesgue decomposition

In this section, we extend the Lebesgue decomposition to the quantum domain.

3.1. Case 1: When o > p

To elucidate our motivation, let us first treat the case when o > p. In Lemma 2.2, we found the
following characterization:

oc>»p <= 3TR>0 suchthato > RpR.

Note that such an operator R is not unique. For example, suppose that o > RjpR; holds for
some R; > 0. Then for any ¢ € (0, 1], the operator R; := t R is strictly positive and satisfies
o > R;pR;. It is then natural to seek, if any, the “maximal” operator of the form RpR that is
packed into o. Put differently, letting 7 := 0 — RpR, we want to find the “minimal” positive
operator t that satisfies

0 =RpR+T1, 3.1

where R > 0. This question naturally leads us to a noncommutative analogue of the Lebesgue
decomposition, in that a positive operator t satisfying (3.1) is regarded as minimal if T L p.
In the proof of Lemma 2.2, we found the following decomposition:

(00 0

o=k (0 ,B—a*ao_la>E

%[00 0 * 0 0

=E (0 0>E+E <0 ,8—01*00_101>E

0 0
_R'OR+<O B — otao )’

_(po O op o (1 ao_la o oo#po_1 0
(3 0) o=@ ) =) e (M )

with pg > 0 and o > 0. Since

oo O B 0 0
0 0 0 ﬁ—a*o&la ’

we have the following decomposition:

oc=0+o", (3.2)
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where

o
0% :=RpR = ( 2 ¢ ]oc) (3.3)

-
o a0

is the (mutually) absolutely continuous part of o with respect to p, and

1. (0 0
o= (O B — a*aoloe> S

is the singular part of o with respect to p.

We may call the decomposition (3.2) a quantum Lebesgue decomposition for the following
reasons. Firstly, although (3.2) was defined by using a simultaneous block matrix representation
of p and o, which has an arbitrariness of unitary transformations of the form U; & U,, the ma-
trices (3.3) and (3.4) are covariant under those unitary transformations, and hence the operators
o and o are well-defined regardless of the arbitrariness of the block matrix representation.
Secondly, the decomposition (3.2) is unique, as the following lemma asserts.

Lemma 3.1. Suppose o > p. Then the decomposition

o=0%4o" (aac < ,o,oJ‘J_,o) (3.5)
is uniquely given by (3.3) and (3.4).
Proof. We show that the decomposition

c=RpR+1t (R>=0,7>0,7 1 p) 3.6)

_(ro O _ (o0 «
G G

with pg > 0. Due to assumption p < o, we have og > 0. Let

I o '
E:= 0 .
(o )

Since E is invertible, the operator R appeared in (3.6) is represented in the form

Ro Ry
_ %
R=E (RT Rz) E.

is unique. Let

With this representation,

_ (R0 Ri po 0\ (R0 R;
RoR =E (R* R)E\o o)E \r &)F
1 1
_ p RopoRo  RopoR1 E
RipoRo RipoRi
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<o

s [00 0
=E (0 ﬂ—a*oola)E

Here, the inequality is due to (3.6). Let us denote the singular part 7 as

(0 0\ _,.{0 0
T_(O 1:0>_E (O 1:0>E'

Then the decomposition (3.6) is equivalent to

00 0 _ (RopoRo  RopoRi n 0 0 3.7)

0 B—a‘oy'a RipoRo R}poR; 0 wn)° :
Comparison of the (1, 1)th blocks of both sides yields Ry = oo#p,, ! Since this Ry is strictly
positive, comparison of other blocks of (3.7) further yields

R;i =0 and ro=ﬂ—o¢*a(;lcx.

Consequently, the singular part 7 is uniquely determined by (3.4). ]
An immediate consequence of Lemma 3.1 is the following.

Corollary 3.2. When o > p, the absolutely continuous part ¢ of the quantum Lebesgue de-
composition (3.5) is in fact mutually absolutely continuous to p, that is, 0% ~ p.

Note that the operator R, appeared in the proof of Lemma 3.1 is arbitrary as long as it is
positive. Because of this arbitrariness, we can take the operator R in (3.6) to be strictly positive.
This gives an alternative view of Corollary 3.2.

3.2. Case 2: Generic case

Let us extend the quantum Lebesgue decomposition (3.5) to a generic case when p is not nec-
essarily absolutely continuous with respect to 0. When p and ¢ are mutually singular, we just
let 02 =0 and o+ = 0. We therefore assume in the rest of this section that p and o are not
mutually singular.

Given positive operators p and o that satistfy p £ o, let H = H @ H2 @ H3 be the orthogonal
direct sum decomposition defined by

Hi :=ker(o |suppp)> H2 = supp(0 | supp p)- Hi :=kerp.
Then p and o are represented in the form of block matrices as follows:

p2 p1 0O 0 0 0
p=|ri 00 0], o=[0 o «f, (3.8)
0 0 0 0 o B
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Q

QP QQ

p=q=0

Figure 1. Schematic diagram of support sets of measures P and Q on a classical measure space (2, F, ()
having densities p and g, respectively. Here, Qp :={w € Q| p(w) > 0} and Q := {w € Q | g(w) > 0}.
The induced measures Q?°(A) := Q(A N {p > 0}) and Ql (A) := Q(AN{p =0} give the Lebesgue
decomposition Q = Q + Q- with respect to P, in which 0% « P and Q1 L P (cf. [32], Chapter 6).

where

(g% 'g(l))>0, oo > 0.
Note that when o >> p (Case 1), the subspace 7| becomes zero; in this case, the first rows and
columns in (3.8) should be ignored. Likewise, when p > 0, the subspace H3 becomes zero; in
this case, the third rows and columns in (3.8) should be ignored.

There is an obvious similarity between the block matrix structure in (3.8) and the diagram
illustrated in Figure 1 that displays the support sets of two measures P and Q on a classical
measure space (€2, F, i) having densities p and g, respectively. However, it should be warned
that

H} :=supp p Nkero, H), :=supp p N suppo

are different from # and H», respectively. This is most easily seen by considering the case when
both p and o are pure states: for pure states p = | )(¥| and o = |£)(£]|, we see that Hj # {0} if
and only if (£]y) # 0 (cf. [34], Example 2.3), whereas # 3 {0} if and only if p =&

Let us rewrite ¢ in the form

0 O 0
c=E*|0 oy 0 E,
0 0 B—a'o o

where

E:

Il
oo~
O~ O
Oql
IS

Since E is invertible and o > 0, we see that

B —oz*ao_loz > 0.
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Now let
0 0 O 0 O 0
0 =E*|0 o9 OJ]E=]0 o9 o
0 0 O 0 o a*a(;lot
and let
0 0 0 00 0
ot :=E*|0 0 0 E=|0 0 0
0 0 ,B—a*ao_la 0 0 ﬁ—a*ao_lot

Then it is shown that 0% <« p and ot 1 p. In fact, the latter is obvious from Lemma 2.1. To
prove the former, let

0 0 0
R:=E*|0 oottp,' O]E.
0 0 0
Then R is a positive operator satisfying
0 0 0\ /o2 p1 O\ /O 0 0
RoR=E*|0 ootto," O] e po 0] [0 oottpy! O)E
0 0 0 0 0 0/ \o 0 0
0 0 O
=E*|0 o9 O]|E=0%.
0 0 O
It then follows from Lemma 2.2 that 0%¢ < p.
In summary, given p and o that satisfy o £ p, let
p2 p1 O 0 0 O
p=|pr po O}, =10 oy «o (3.9)
0 0 0 0 af B

be their simultaneous block matrix representations relative to the aforementioned direct sum
decomposition H = H| & Hy & H3. Then

0 O 0 0 0 0
=10 o o , oct=[0 0 0 (3.10)
0 of a*o(;la 0 0 B —oc*a(;loz

give the following decomposition:
c=0%+o" (oac <<,0,<7LJ_,0) (3.11)

with respect to p.
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As in the previous subsection, we may call (3.11) a quantum Lebesgue decomposition for the
following reasons. Firstly, although the simultaneous block representation (3.9) has arbitrariness
of unitary transformations of the form U; & U, & Us, the operators ¢ and o1 are well-defined
because the matrices (3.10) are covariant under those unitary transformations. Secondly, the de-
composition (3.11) is unique, as the following lemma asserts.

Lemma 3.3. Given p and o with o Y p, the decomposition
o =0 1ot (o™ <<p’0J_J_p)
is uniquely given by (3.10).
Proof. We show that the decomposition
c=RpR+1t (R>0,7>0,71p) (3.12)

is unique. Because of Lemma 3.1, it suffices to treat the case when o ® p, thatis, when H; # {0}.
Let p and o be represented as (3.9). It then follows from (3.12) that, for any x € H1,

0= (x|lox) > (x|RoRx) = (Rx|pRx).

This implies that Rx € ker p (= H3): in particular, (x|Rx) = 0, so that the (1, 1)th block of R is
zero. This fact, combined with the positivity of R, entails that R must have the form

0 0 0
R=10 Ry R
0 RT R>

Consequently, the problem is reduced to finding the decomposition

6=RpR+% (R>0,£>0,7Lp), (3.13)

~ (po O ~ (o0 « 5 (Ro Ry
=(50) o=@ h) AR R

Since p < 6, the uniqueness of the decomposition (3.13) immediately follows from Lemma 3.1.
This completes the proof. O

where

Now that a quantum Lebesgue decomposition is established, we shall call the operator R sat-
isfying (3.12) the square-root likelihood ratio of o relative to p, and shall denote it as R (o | p).

Remark 3.4. The square-root likelihood ratio R = R (o | p) is explicitly written as

R=\o(\VopJo) Vo +v, (3.14)

where AT denotes the generalized inverse of an operator A, and y is an arbitrary positive operator
that is singular with respect to p. The proof is given in the Supplementary Material [8].
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4. Contiguity

As we have seen in the Introduction, the asymptotic version of absolute continuity called the con-
tiguity played an important role in classical statistics [22,23,32]. In this section, we extend it to
the quantum domain. There are several equivalent characterizations of the contiguity. Among oth-
ers, the following characterization is particularly relevant to our purpose because it makes no use
of the notion of measurable sets that are characteristic of classical measure theory. Let P and
Q™ be sequences of probability measures on measurable spaces (2, ™), Then Q™ is con-
tiguous with respect to P if and only if the sequence d Q™ /d P™ of likelihood ratios is uni-
formly integrable under P®™ and lim,,_, oo Epw [dQ(”)/dP(")] =1 (cf. [14], Lemma V.1.10).

Let H™ be a sequence of finite dimensional Hilbert spaces, and let o™ and ¢ be quantum
states on 1. Further, let R be (a version of) the square-root likelihood ratio R(c ™ | p™).
Motivated by the above consideration, one may envisage that the sequence o™ could be desig-
nated as “contiguous” with respect to p if:

(i) limp_ oo Tr p™ R®* = 1, and
(i1) the sequence R™? s uniformly integrable under p; that is, for any & > 0 there exist an
M > 0 such that

sup Tr,o(")R(”)2 (I -1y (R(”))) <eé.
n
Here, 1,4 is the truncation function:

1 if x| < M,

1yx) =
m () 0 otherwise.

In other words, the operator 1 (R®) is the orthogonal projection onto the subspace of
H™ spanned by the eigenvectors of R™ corresponding to the eigenvalues less than or
equal to M.

However, such a naive definition fails, as the following example demonstrates.

Example 4.1. Let

p(n>=i mP—1 0 S0 1 n? n?+1
2n3 0 1)’ 22 +n+1) \n>+1 n?+2n+2

be sequences of faithful states on a fixed Hilbert space H " = C?. For all n € N, they are mutu-
ally absolutely continuous. Moreover, the limiting states

1 0 1/1 1
(00) _ (00) _
P —<0 o)’ o —2(1 1)

are also mutually absolutely continuous since they are nonorthogonal pure states. Therefore, one
would expect that p and o™ should be contiguous. However, this does not follow from the
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above naive definition. In fact, the square-root likelihood ratio R" =R (c™ | p™) is uniquely
given by

o — <1 ! )
2 +n+1\I 2n+1

Therefore, for any M > 1/+/2,

im 1 (k)= (5 0)

n—>oo
and

lim Trp®™ R™ (I — 13 (R™)) = Tro ™ <8 0) L

Namely, R™? is not uniformly integrable under p™.

The above strange phenomenon stems from the fact that the (2, 2)th entry of the square-root
likelihood ratio R™ diverges as n — oo, although this entry is asymptotically inessential in
that it corresponds to the singular part of the limiting reference state p®. In other words, this
divergence might be illusory in discussing the asymptotic behavior. This observation may lead
us to a “modified” positive operator

—(n) n (1 1>
[ —
V22 yn+ 1

which would contain essential information about asymptotic relationship between p™ and o ™.

In fact,
— _ 1 2 2
R(n)p(n)R(n) _ . n2 n2
2(n +n+1) \n°~ n

— ()2
approaches o (> as n — 00, and the sequence R™ s uniformly integrable under p™.

In order to formulate the idea presented in Example 4.1, we introduce a class of modifications
that is asymptotically negligible. We say a sequence O™ of observables is infinitesimal in L*
(or simply L>2-infinitesimal) under p™, denoted O = 012 (p™), if

lim Trp™ 0™ = 0.

n—oo
It is easily verified that in Example 4.1, the operator O := R
under p™.
Now we introduce a quantum extension of the contiguity.

A R®™ is L2-infinitesimal

Definition 4.2. Let ™ be a sequence of finite dimensional Hilbert spaces, and let o™ and
o™ be quantum states on H". Further, let R™ be (a version of) the square-root likelihood
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ratio R(o ™ | p™). The sequence o™ is contiguous with respect to the sequence p™, denoted
o™ g p® if:

(1) lim,_ o Tr,o(”)R(”)2 =1, and

(ii) there is an L?-infinitesimal sequence O of observables, each defined on H"™”, such that
— . 2
R™ .= R + O™ is positive and R ™ s uniformly integrable under p™.

We also use the notation o <om p(") when O™ needs to be specified.

Several remarks are in order. Firstly, the above definition is independent of the choice of the
square-root likelihood ratio R™ gince its arbitrariness (see Remark 3.4) does not affect condi-
tion (i), and is absorbed into the L2-infinitesimal modification O in condition (ii). Secondly,
condition (i) and the uniform integrability in (ii) can be merged into a single condition

im liminfTr p® 1, (R"

I n?
M—>o00 n—>00 -

)R 1

or

lim liminfTro ™" 1, (R™) =1.

M—>o00 n—>00
Here, 0 ™ = R™ p( R® is the absolutely continuous part of o™ with respect to p™. Thirdly,
the definition is unitarily covariant, in that

o™ Qpm p™ ifandonlyif UM ™UD* G0 gmyms U™ p™U™*,

where U™ is an arbitrary unitary operator on . This fact could be useful in representing
. . . —(n) . .

a state in a matrix form. Fourthly, the positivity of R*~ can be replaced with an asymptotic

positivity; that is, the negative part of R™ is L2-infinitesimal under o™ However, the positivity

of R" , whether asymptotically or not, is indispensable as the following example illustrates.

1 0 1 1 n
(n) _ (n) _
e ) B

be sequences of pure states on ™ = C2. The square-root likelihood ratio R(c™ | p™) is
given by

Example 4.3. Let

R — 1 1 n
Stz \n nP+y)

where y is an arbitrary nonnegative number. Now let

om___L_(0 0
STtz \0 —n?
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and let R™ = R™ + 0™ Then R™ is uniformly bounded, and conditions (i) and (ii) in Defi-

nition 4.2, except the positivity of ﬁ(”), are fulfilled. However, the limiting states

1 0 0 0
(00) __ (00) __
P = (O 0) ’ 7 - <0 1)

The validity of Definition 4.2 is demonstrated by the following.

are mutually singular.

Theorem 4.4. Let p™ and o™ be sequences of quantum states on a fixed finite dimensional
Hilbert space H, and suppose that they have the limiting states lim,_, o p™ = p©®) and
lim, 00 0™ =06, Then 6™ <1 p™ if and only if ¢ < p©).

When the reference states p are pure, there is a simple criterion for the contiguity.

Theorem 4.5. Let H'"™ be a sequence of finite dimensional Hilbert spaces, and let p™ and
o™ be quantum states on H™ . Suppose that p™ is pure for all n € N. Then o™ < p™ if and
only iflim,_, o, Tr ,o(")R(”)2 =1 and liminf,_, oo Tr p™ ™ > 0, where R"™ is (a version of) the
square-root likelihood ratio R(c™ | p™).

The proofs of Theorems 4.4 and 4.5 are lengthy, and are deferred to the Supplementary Mate-
rial [8].

5. Convergence in distribution

In this section, we introduce a quantum extension of the notion of convergence in distribution
in terms of the “quasi-characteristic” function [16,34]. This mode of convergence turns out to
be useful in asymptotic theory of quantum statistics. For a brief account of quantum Gaussian
states, see Appendix A.

Definition 5.1. For each n € N, let ,o(") be a quantum state and X" = (Xg"), e XL(I")) be a
list of observables on a finite dimensional Hilbert space H". Further, let ¢ be a normal state
(represented by a linear functional) and X = (X goo), e, Xc(loo)) be a list of observables on
a possibly infinite dimensional Hilbert space H(® such that &/ X ;oo) is densely defined for ev-
ery £ = (§) e R?. We say the sequence (X, p™) converges in distribution to (X, ¢), in
symbols

(X(n), p(")) ~ (X(OO)’ ¢)’

if

r r
iy (n) i v (00)
i 10 ([T ) =[]0

=1 t=1
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holds for any € N and subset {&};_, of R¢. When the limiting state ¢ is a quantum Gaussian
state, in that (X () ¢) ~ N(h, J), we also use the abridged notation

(n)
XM % N(h,J),
in accordance with the convention in classical statistics.

A slight generalization is the following mode of convergence, which plays an essential role in
the present paper.

Definition 5.2. In addition to the setting for Definition 5.1, let Y™ and Y be observables on
H™ and H ), respectively, with ¥ * being densely defined. If

n—oo

r
lim Trp(n)eJ—_lﬂlY(") {H e\/—_lE,' X" }6«/—_1712Y<”)

=1

.
—¢ (e«/—_lm Y {1—[ oV TE X }eJ—_lnzY<°°>)

t=1
holds for any r € N, subset {&}/_; of R4, and n1, 2 € R, then we denote
(<Y(”)’ X(")’ Y(”))’ p(n)) — ((Y(OO)’ X(OO)’ Y(00)>’ ¢)

or

<Y(n), X(”), Y(n)) s <Y(00)’ X(OO)’ Y(OO))¢'

p(n

We shall call this type of convergence a sandwiched convergence in distribution to emphasize
that the observables Y™ and Y () that appear at both ends of the quasi-characteristic function
play special roles.

The sandwiched convergence in distribution will be used in conjunction with the following
form of the quantum Lévy—Cramér continuity theorem.

Lemma 5.3. Let (X, Y™ p™) and (X, Y () ¢) be as in Definition 5.2. If

<Y(n), X(Vl)’ Y("))p(”) — <Y(<>O)’ X(OO), Y(OO)>¢,

then

nll)rgo Trp(")gl (Y(")) {l_[ fr (gziXi(n)) }82(Y(n))

t=1

=¢<g1(Y<°°>){ lL[ﬁ(st,f”))}gz(Y(“))) (5.1)

t=1
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holds for any r € N, subset {&,};_, of RY, bounded continuous functions fi, ..., f, and bounded
Borel functions g1, g2 on R such that the set D(g;) of discontinuity points of g; has p-measure
zero for i = 1,2, where | is the classical probability measure on R having the characteristic

function @, () = (e =11y,

Proof. Lets :=r +2, and let J be an arbitrary natural number between 1 and s — 1 (say J = 1).
Then the list of observables

ZW = (z"W, . ZM) = (r®, gix™ g X,y ™)

fulfils conditions (B.3), (B.4) and (B.5) in the quantum Lévy—Cramér continuity Theorem B.1
cited in Appendix B. Furthermore, the functions g; and g» satisfy condition (B.6) in the theorem.
Thus the claim is an immediate consequence of Theorem B.1. (]

In classical statistics, if random variables X converge in distribution to a random variable X,
and random variables O™ converge in L? (and hence in probability) to 0, then X + O™ con-
verge in distribution to X [32], Lemma 2.8. However, its obvious analogue in quantum statistics
fails to be true, as the following example illustrates.

Example 54. Let

10 1 n 0 0
(n) ._ (n) ._ (n) ._
P (o o)’ = (n 1+n2)’ o= (o —n2>'

It is not difficult to verify that
lim Tr p(")eﬁsx(") =1

n—oo
forall ¢ e R,and O™ = 02 (p™). However,

Tr,o(")eﬁg(X(")*O(")) — Ve cosné,
which has no limit as n — oo.

The above example shows that an L>-infinitesimal sequence of observables is not always neg-
ligible in quasi-characteristic functions. We therefore introduce another class of infinitesimal
objects pertinent to the convergence in distribution.

Definition 5.5. Let £ be a sequence of finite dimensional Hilbert spaces, and let Z™ and
o™ be an observable and a state on H"”. We say a sequence O of observables, each defined
on H"™ | is infinitesimal in distribution (or simply D-infinitesimal) with respect to (Z™, p™),
denoted O™ =op (Z(”), ,0(")), if

n—o0 n—oo

r r
lim Trp® ]‘[eﬂ<fr2<")+m0(’”>} = lim Trp(”){l_[e*/_léfz(")} (5.2)

t=1 t=1

holds for any r € N, and subsets {&};_, and {n;};_, of R.
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The following lemma asserts that a D-infinitesimal sequence is negligible in the sandwiched
convergence.

(n)
Lemma 5.6. [f (Z®, X® zM\ 2 (7 x(00) 7)) qnd 0 = o (Z™, p™) then

(Z™ 1+ 0 x™ z® 4 0(n>>ﬂji) (2029, X0 7).

The proof of Lemma 5.6 is straightforward, and is deferred to the Supplementary Material [8].

6. LeCam’s third lemma

We are now ready to extend LeCam’s third lemma to the quantum domain. Our first result is
the following abstract version of LeCam’s third lemma, a noncommutative analogue of [32],
Theorem 6.6.

Theorem 6.1. Given a sequence H"™ of finite dimensional Hilbert spaces, let p™ and o™ be
quantum states and let XM = (XE"), e X‘(i")) be a list of observables on H™ . Further, let R™
be (a version of) the square-root likelihood ratio R(c™ | p™). Suppose that:

(i) there exists an Lz-inﬁnitesimal sequence om of observables such that ac® <om ,0(”),
and

(ii) there exist a normal state ¢, a list of observables X°) = (XEOO), ey X‘(loo)), and a posi-
tive observable R on a possibly infinite dimensional Hilbert space H® such that

(R™ 4 0 xR 4 o)

} W(R(OO) x (%) R(OO)>¢
0 , , .

Then

(X0, ™) s (X, ),
where V is a normal state on 1) defined by

¥ (A) :=¢(RCPAR®) (6.1)
for bounded operators A € B(H©®).

In order to get a better understanding of Theorem 6.1, we give an informal interpretation. Let
(0 ™)™ = R ) g®

be the absolutely continuous part of o™ with respect to p”. Then, thanks to the contiguity
(i) and the sandwiched convergence in distribution (ii), the absolutely continuous part (o (n)yac
converges (in a certain sense) to a density operator

o () .= R (%) p(00)
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on H® where p® is the density operator of ¢, so that
Tro ™A =Tr(R p( ) RCV) A = Tr p© (R AR®?).

Letting ¥ (A) := Tro (® A, we have (6.1). The proof of Theorem 6.1 is slightly complicated, and
is deferred to the Supplementary Material [8].

A crucial application of Theorem 6.1 is the following theorem, which is a natural quantum
counterpart of the standard LeCam third lemma [32], Example 6.7.

Theorem 6.2 (Quantum LeCam third lemma). Given a sequence H™ of finite dimensional
Hilbert spaces, let ,0(") and o™ be quantum states and let X® = (an), e Xc(ln)) be a list of
observables on H'™ . Further, let R™ be (a version of) the square-root likelihood ratio R(p™ |
o ™). Suppose that there exist a sequence O™ = 072 (p™) satisfying R™ + 0™ > 0, and a
sequence O™ = op(log(R™ + 0™), p™M) satisfying

X(") o™ 123 Y o«
~ o d 1 . .
(210g(R(”) +0™) - 0(”)) N ((—Es2 AV IR 62)

Here,n € R, s e R,k € C? and ¥ is a d x d complex Hermitian positive semidefinite matrix.
Then

a® 4 p™ (6.3)
and

(n)
X™ % N(u+Re(k), D). (6.4)

Proof. Let (X1,..., Xy, L) be the defining canonical observables of the algebra

(2 )
(5 5)

Further, let ™ := R® 4+ 0™ and let L™ := 210g(§(n>). It then follows from (6.2) that

and let

(L(n) _ 6(n)’ X("), L _ 6(")>p(n) ~ (L, X,L)y.
With Lemma 5.6, this implies that

(L™, x™, L(")>p(,,) ~ (L, X, L)g. (6.5)
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Let us introduce a complex-valued bounded continuous function

fo) = exp[ﬁ"{e’“’@) H

on R having a real parameter € R. It then follows from (6.5) and the sandwiched version of the
quantum Lévy—Cramér continuity theorem (Lemma 5.3) that

Tim Trp® £y, (L) {l_[ oYX } fr(L™) =9 (fm (L) {l"[ eV I }fnz(l‘)>’

t=1 t=1

where 11, 72 € R. This equality is rewritten as
1y 17 () 1 1
<62L ,X(”),ezL >p(n) W<62L7X’82L
or equivalently,

(E(n)’ X(n)’ﬁ(n)%o(n) - <e%L, X,e%L)¢.

—=(m p"

Specifically, R ~~ eslL

, and Lemma 5.3 leads to

. n -\ )? Loy L AW/
dim Tep™ 1y (RT)R™ = ¢(Ly(e2")e’) = E[1um(e27)e”].
where Z is a classical random variable that obeys the normal distribution N (—%52, sz), and
the right-hand side converges to E[e?] =1 as M — oo. This implies that 0™ < p@™, proving
(6.3).
To prove (6.4), we need only evaluate the quasi-characteristic function of the state ¢ defined
by (6.1), that is,

W(]L[ eﬁs}&) — ¢<6;L{1L[eﬁéfx,- }eéL).
t=1 t=1

In calculating this function, it is convenient to introduce the following enlarged vectors and ma-
trices:
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Then by using the quasi-characteristic function (A.1) of the quantum Gaussian state ¢, we have

w(ﬁeﬁffxi)

t=1

:¢<eﬂ<T>L{ﬁeﬁs}'xi }eJ_u“z_l)L)

t=1

r+l ' 1r+1 o r+1 r+1 o
:exp[z<¢_1g, i = 5 Zs}&/z,-,) - > EE z‘/l}
t=0 t=0 t=0 u=t+1

r . 1. . r r o
ZGXp|:Z<\/—_1$,’ (i +Re(x)) — Eé}l&j Eji) IR Ejii|~

=1 t=1s=t+1

This is identical to the quasi-characteristic function of the quantum Gaussian state N(u +
Re(x), ). The assertion (6.4) now follows immediately from Theorem 6.1. (I

7. Applications

In this section, we present three examples to demonstrate the validity, flexibility and applicability
of our theory.

7.1. Contiguity without absolute continuity

For each n € N, let us consider quantum states

o p” 0 0 0 o
p(n)z pfn)* p(()n) ol- g(n): 0 0'0* of)
0 0 0 0 o o

on H® ~ C2+2 where

m _ 1 <2n3—1 0) m _ 1=1/2n) (n2 n? +1 )

o T4\ 0 1 O T A+ ) W21 nt2n42
. 1 1 .- 1 1 | |
(my* _ () _
P1 —(n+1)3<1 1>’ o1 (n+1)3(1 1)’
and
1 1
pén) =—1, Uz(n) =—1,

2n 2n?
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with I, the n x n identity matrix. Note that, for all n € N, o™ is not absolutely continuous to
o™ because the singular part

0 0 0
o —10 0 0
* -1
0 0 Uz(n)—al(") 00(”) ol(n)

is nonzero. However, o™ is “asymptotically” absolutely continuous to ™ in that
limy,—s o0 a(")L = 0. Furthermore, the (2, 2)th blocks p(()") and aé”) are identical, up to scaling,
to the states studied in Example 4.1. Therefore, it is expected that o™ would be contiguous to

o™ . This expectation is justified by the following more general assertion.

Theorem 7.1. For eachn € N, let

(n) (OR 0 0 0
(n) r2 * g (n) 0 (n) (n)
el VU ] B KO

0 0 0 0 o o

be quantum states on a Hilbert space H'"™ represented by block matrices, where

pén) p{n) G(gn) Ul(n)
w0 ) =0
P1 Po | )

Suppose that

liminfTr o > 0, lim Tro\"” =1,
n—0oo n—0o0
and
p(()n) Gén)

> —.
Tr p(g") Tr oé")

Then we have p™ > o™,

The proof of Theorem 7.1 is deferred to the Supplementary Material [8].

7.2. Contiguity for tensor product states

Let us consider tensor product states

n n
P :=Qpi, o :=Qoi,
i=1 i=1
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where p; and o; are quantum states on a finite dimensional Hilbert space H,;. Suppose that o; <
pi for all i. Then ™ « p™ for all n € N. It is thus natural to enquire whether or not o™ is
contiguous with respect to o). The answer is given by the following.

Theorem 7.2. Let p; and o; be quantum states on a finite dimensional Hilbert space H; that
satisfy o; < p;i, and let

n n
P =i, " =)o
i=1 i=1
Then o™ <1 p™ if and only if
o
HTr,oiRi >0, (7.1)
i=1

or equivalently

o]

Z(l —Trp;R;) < 00, (7.2)
i=1

where R; is (a version of) the square-root likelihood ratio R(o; | p;).
The proof of Theorem 7.2 is deferred to the Supplementary Material [8].

Remark 7.3. Theorem 7.2 bears obvious similarities to Kakutani’s theorem for infinite prod-
uct measures [19,33] and its noncommutative extension due to Bures [3]. In fact, by using Re-
mark 3.4, conditions (7.1) and (7.2) are rewritten as

0 o0
HTI',/\/O‘—I‘,O,'\/(?I‘>O and Z(I—Tr i pin/oi) < 00.
i=1

i=1

The summand in the latter condition is identical, up to a factor of 2, to the square of the Bures
distance between p; and o;. The main difference is that we are dealing with sequences of finite
tensor product states rather than infinite tensor product states.

Let us give a simple example that demonstrates the criterion established in Theorem 7.2. Let

1/t o oL (4241 2t
P=7\0 1) "T 4212 2 222 4+1)

where ¢ is a parameter with r > 1, and let us consider three sequences of tensor product states:

n n n
o™ = ®,0, o = ®6,~, &M .= ®a\ﬁ.
i=1 i=l i=1
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Since o; — p as t — 00, it is meaningful to enquire whether or not o™ and & ™ are contiguous
to p™. As a matter of fact, ¢ is contiguous to p™, whereas 5™ is not; this is proved as
follows. The square-root likelihood ratio R; = R (o7 | p) is

R — 1 2r+1 1
T arra\ 1 2e—1)
and thus

212
Tr,oRt = m

In view of the criterion (7.2), it suffices to verify that

Z 1-— o <00 and Z 1— " =00
2n2 +1 o 2n+1 ’

n=1

and this is elementary. These results could be paraphrased by saying that the sequence o,, con-
verges to p quickly enough for o™ to be contiguous with respect to o, whereas the sequence
o /n does not.

7.3. Local asymptotic normality

In [34], we formulated a direct analogue of the weak LAN in the quantum domain. However,
that formulation was not fully satisfactory because it was applicable only to quantum statistical
models that comprise mutually absolutely continuous density operators. Here, we enlarge the
scope of weak g-LAN to a much wider class of models by taking advantage of the quantum
Lebesgue decomposition and quantum contiguity.

Definition 7.4. For each n € N, let S® = {pé") |0 € ® C R} be a d-dimensional quantum
statistical model on a finite dimensional Hilbert space 7", where © is an open set. We say S
is locally asymptotically normal at 6y € © if:

(i) there exist a list A = (Ag”), e A;")) of observables on each % that satisfies

(n)
0
A® R N, T), (7.3)

where J is a d x d Hermitian positive semidefinite matrix with Re J > 0, and

(i) the square-root likelihood ratio R,(l") = R(pé:ih i pég)) is expanded in 7 € R? as

1/ . 1 o 4
R = ool (1A = L0001 10000 ) | o068

where 1 is the identity operator on .
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Note that, in contrast to the previous paper [34], we here define the local asymptotic normality

in terms of the square-root likelihood ratio rather than the log-likelihood ratio; in particular, we

do not assume that ,0(5") is mutually absolutely continuous with respect to 'O(SZ)' Moreover, the

present definition is pertinent to the setting for the quantum LeCam third lemma (Theorem 6.2).
In fact, we have the following.

Corollary 7.5 (Quantum LeCam third lemma under q-LAN). Let S"™ be as in Definition 7.4,

and let X = (Xin), ey Xg,l)) be a list of observables on H™ . Suppose that S™ is locally
asymptotically normal at 6y € © and

XM\ rfy) 0\ ([ t
() () (= 7)) 0

Here, ¥ and J are Hermitian positive semidefinite matrices of size d’ x d' and d x d, respectively,
with Re J > 0, and T is a complex matrix of size d’ x d. Then

(n)

Pogrh) i
P m s and X0 N(ReDh, B) (7.5)

forall h e RY.

Proof. From the definition of q-LAN, the square-root likelihood ratio is written as
R —axpd L(pia® _ Ly pinizow s\l _ o
no T X5 i Tt + - ;
where O™ = OD(hiAl("), ,oég‘)) and 0™ =o0,, (,oég)). Let

~ . 1 .
L0 .— 210g(R}(l") + O(n)) —_0m _pi Al(n) _ 5Jijhlhj 7

Then (7.4) implies that
x™ péﬁ) 0 = th
N e N 1 > * t
L -3 hih (th) hJh
Thus, (7.5) immediately follows from Theorem 6.2. O

A prototype of Corollary 7.5 first appeared in [34], Theorem 2.9, under the assumptions
that each model S comprised mutually absolutely continuous density operators and the pairs
(8™, XY were jointly q-LAN. In contrast, Corollary 7.5 makes no use of such restrictive as-
sumptions, and is a straightforward consequence of a much general result (Theorem 6.2). This is
a notable achievement, demonstrating the advantages and usefulness of the present formulation
based on the quantum Lebesgue decomposition and contiguity.
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A remark on the quantum convergence in distribution is now in order. In classical statistics,
marginal distributions for several random variables do not uniquely specify their joint distribu-
tions. In quantum statistics, a similar but different type of arbitrariness occurs. For example, when
d =1, the expression N (0, J) in the right-hand side of (7.3) represents a “classical” Gaussian
state. Nevertheless, this does not imply that the limit state is classical, as demonstrated by (7.4)
and (7.5) that identify the joint limiting distribution for the sequence (X ™, A?). This issue will
be discussed afterwards with a concrete example.

Now we restrict ourselves to the i.i.d case. In classical statistics, it is known that the i.i.d.
extension of a model {Ps | 6 € ® C R} on a measure space (€2, F, u) having densities py with
respect to u is LAN at 6y if the model is differentiable in quadratic mean at 6y [32], p. 93, that
is, if there are random variables ¢1, ..., ¢, that satisfy

1. 2
/QI:«/P@O-i-h — /Do — Eh’&'«/l’eo} dp=o(|n]?)

as h — 0. This condition is rewritten as

Péo+h 1T
/[ /°—+—1——h’£i] pugdi+ [ i =o{IAIP), (7.6)
Q Péy 2 Q

where

| Pogrn(w), e,
Pyn (@) = {O, ’ w ¢ Qo,

and
0 we
1 P 0,
w) .=
Pih () { Pog+h (@), o & Q,

with Qp 1= {w € Q| pg,(w) > 0}. The first term in the left-hand side of (7.6) pertains to the
differentiability of the (square-root) likelihood ratio at 2 = 0, while the second term to the negli-
gibility of the singular part.

The quantum counterpart of this characterization is given by the following.

Theorem 7.6 (q-LAN for i.i.d. models). Let {pg | 6 € © C R} be a quantum statistical model
on a finite dimensional Hilbert space H, and suppose that, for some 6y € ©, a version Ry of
the square-root likelihood ratio R(pgy+n | pe,) is differentiable at h = 0, and the absolutely
continuous part of pg,+r With respect to pg, satisfies

Tr pg, Ry = 1 — o( |1 1%). (7.7)

Then {pgbn |0 € © C RY} is locally asymptotically normal at 6y, in that

1 & B ~
Al(n) — _n Zl®(k 1) QL ® I®(n k)’
k=1
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satisfies (1) and (ii) in Definition 7.4. Here L; is (a version of) the ith symmetric logarithmic
derivative (SLD, for short, [12]) at 0y, and J = (J;;) is given by

J,’j = TI',O@OLJ'L,'.

Further, given observables {B;}i<ij<q on H satisfying Trpg,B; =0 for i =1,...,d', let
X = {Xi(n)}lgigd’ be observables on H®" defined by

n
m . 1 ®U=1) o p. o 1OM—K)
xW=—3%"1 ® B; @ IR,
k=1

Vi

Then we have
pggn YN
+ n
P i <P and X® S N((Ret)h, X) (7.8)
for h e R?, where X is the d’ x d' positive semidefinite matrix defined by %;j =Tr pg,B;j B; and
T is the d’ x d matrix defined by 7jj = Tr pg,L ; B;.

The proof of Theorem 7.6 is deferred to the Supplementary Material [8].
Let us demonstrate the power of Theorem 7.6. First, we recall the following two-dimensional
spin-1/2 pure state model treated in [34], Example 3.3:

Gy 1= o2 +0702— ¥ ©) ((1) 8) 201014020,y (0))

1 { tanh |16
= -{1

T2 Wl

a2 ) o)

are the Pauli matrices, § = (91,92) € R? are parameters to be estimated, and 1//(0) =

logcosh ||#]]. A version of the square-root likelihood ratio R(pg | po) is given by Ry =
1001 +62
ez

(9101 +92<72) + éﬂ ,
cosh ||0]|

where

o2=¥®) "and is expanded in 6 as
_ 1
Ro=1+ 5L,-9 +o(l61),

where L; := o; is a version of the ith SLD of the model gy at & = 0. Let X™ = (XYI), X;”)) be
defined by

1 n
XM= A" = = 1% Ve Liesh. (7.9)
k=1
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Then it is shown that { /59‘8’”} is locally asymptotically normal at & = 0, and
~@n

p n
xS N D, (7.10)

where

J=[TrpoL;Lilij = <J1__1 _F) '

Incidentally, let us investigate what happens when the scaling factor 1/,/n of the parameter
6 = h/./n is replaced with 1/g(n), where g(n) > 0 and lim,,_, o g(n) = oo. By direct computa-
tion, we have

. . ~Qn ~Qn 1 : A A n
K inf T A" 21y oy = Hm T Pogon)

1 1 "
=liminf{ - (1 + ——————
imin 2( cosh(nhn/g(n)))}
2 1 n
= liminf{ 1 — 71 +o
n—>00 4g(n)? g(n)?

1] 1\ 2
= liminf{1 — +o0
nsoo | 4g(n)? "\ g(n)?

1] _n

=liminfe * sw?.
n—0oo

It then follows from Theorem 4.5 that /559/';(") < /589" if and only if n/g(n)? is bounded.
Now we consider a perturbed model

_ ~ _f 0 0
pgi=e f(g)p9+(l—e f(g)) <O 1) (GERZ),

where f(0) is a smooth function that is positive for all & # 0 and f(0) = 0. Geometrically, this
model is tangential to the Bloch sphere at the north pole pg (= pp), and has a singularity at 6 =0
in that the rank of the model drops there. Such a model was beyond the scope of our previous
paper [34].

Since pg > e~/ 5y, we see from Lemma 2.2 that py >> pq for all 6. It is also easily seen that
the quantum Lebesgue decomposition pg = pj° + ,og- with respect to pg is given by

—£0) ~ _r 0 0
P =l Dy o= (1-e77) (0 1)'

Similarly, the quantum Lebesgue decomposition p™" = (05")* + (p")* with respect to p$™"

is given by

(") = (08)" (o) = p§" = (05")"™



Noncommutative Lebesgue decomposition and contiguity 2135

For a positive sequence g(n) satisfying lim,,_, » g(n) = 0o, we have

® ac _—nf(h
Tr(pl )™ = e~ W)

and

1 1 "
S ®n( Qn ac __ q. . —nf(h/gn)) ) — -
HminfTroy™ (Phjsn) ™ = iminfe { 2 (1 i cosh<||h||/g<n>>>}

2
—nf (h/g(m) 1=~y

= liminfe gm?

n—o0

It then follows from Theorem 4.5 that pff}’; () < ,089" if and only if nf (h/g(n)) converges to zero

and n/g(n)? is bounded.
For the standard scaling g(n) = /7, the above observation shows that pf?/"ﬁ < ,089” if and only

if £(0) =o0(||0 ||2). Then the operator Ry := e’%f (9)159, a version of the square-root likelihood
ratio R(pg | po), is expanded in 6 as

1 .
Ro=1+3Li6'+ o(llell),

where L; := o; is a version of the ith SLD of the model pg at & = 0. On the other hand, the
singular part pj exhibits Tr pj = 0(]|0]|?); this ensures the condition (7.7). It then follows from

Theorem 7.6 that {p9®”}g is locally asymptotically normal at # = 0, and the sequence X of
observables defined by (7.9) exhibits

p®nn
X NG, . (7.11)

In summary, as far as the observables X ) = (x Y’), X;")) defined by (7.9) are concerned,

the i.i.d. extension {’Of?/’i/ﬁ | h € R?} of the perturbed model pg around the singular point 6 = 0

is asymptotically similar to the quantum Gaussian shift model {N(h, J) | h € R?} as shown in
(7.11), and is also asymptotically similar to the i.i.d. extension {ﬁf?/}i/ﬁ | h € R?} of the unper-

turbed pure state model pg around 6 = 0 as shown in (7.10).

Now we touch upon the issue of limit states in quantum convergence in distribution. Let us
consider a one-dimensional qubit rotation model pg := U (0) poU (6)*, where U (6) := e—V100
and pg := %(I + xo1 + zo3) with x £ 0 and x2 + 72 < 1. This model is faithful, and the SLD L
of the model at 6 = 0 is uniquely given by L = 2x05. It is easily verified from Theorem 7.6 that
the i.i.d. sequence ,0(39” is locally asymptotically normal at 6 = 0, in that the sequence

n
A . ] 386D g [ @ 190
n
k=1

satisfies conditions (i) and (ii) in Definition 7.4. In particular,

(n)
A N, ),
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where J := TrpgL? = 4x2 is the SLD Fisher information. Observe that the limit law N (0, J)
is a classical Gaussian distribution. However, this does not imply that the limit state of ,053” is
classical. To see this, consider the following observables:

1 < _ _ .
X"=—=31"VeB eI (i=123)
nk:l
where

1 1
B =0, Bz=;(201 — Xx03), B3=;(x01+203)—rl

with 7 := v/x2 + z2. It then follows from Theorem 7.6 that

0 1 v —=1r 0 2x
XY pg” ol |-v-1r 1 0  —2v—=lxr
(A(’”)WN o'l o 01— 0 (7.12)
0 2x 2V=1xr 0 4x2
and
p;®n 2xh 1 ~—=1r 0
xS N o ) =vETr 0 (7.13)

0 0 0 1-r

for all & € R?. Since the covariance matrices appeared in (7.12) and (7.13) have nonzero imag-
inary parts, we see that the limit state is nonclassical. Incidentally, the expression (7.13) is re-
ducible, and is decomposed as

N((zf)h),(_\/l_—lr “/?r»@zv(o,l—rz).

Here, the first factor represents an irreducible quantum Gaussian shift model having a local shift
parameter /1, and the second a classical Gaussian state that is independent of /. Such a display is
comparable to [11].

We conclude this subsection with a short remark that, for any quantum statistical model that
fulfils assumptions of Theorem 7.6, the Holevo bound [13] is asymptotically achievable at 6.
In fact, let { B;}1<;j<4 be a basis of the minimal D-invariant extension of the SLD tangent space
at 6y, where D is the commutation operator [13]. Then the Holevo bound for the original model
{po}o at 8 = 6y coincides with that for the quantum Gaussian shift model N((Ret)h, ) at
h =0, and hence at any A. Thus the asymptotic property

®n

p n
x® YN (Re)h, 3)

enables us to construct a sequence of observables that asymptotically achieves the Holevo bound.
For a concrete construction of estimators, see the proof of [34], Theorem 3.1. In order to make a
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comparison between the Holevo bound and the standard Cramér—Rao-type bound, let us consider
the three-dimensional qubit model pp = 1 (I + 0'01 + 6207 + 0303). As shown in [34], Exam-
ple 3.2, the Holevo bound Cg) (po, Wp) and the Hayashi—Gill-Massar bound Cé’(‘)GM(pg, Wy) for

the model with the SLD Fisher information weight Wy := J.*' are given by
§ s
(oo 10y =3+2060l.  CHM(po. 1) =0.

Clearly, the former is much smaller than the latter for all values of the true parameter 8y. This
implies that asymptotically we can extract more information about the parameter using collec-
tive measurements than when we use separable measurements such as the Pauli measurements.
It is believed that under some regularity conditions, there are no “superefficient” estimators that
breaks the Holevo bound. Therefore, the universal achievability of the Holevo bound is of fun-
damental importance in asymptotic quantum statistics.

8. Concluding remarks

In the present paper, we first formulated a novel quantum Lebesgue decomposition (Lemma 3.3),
and then developed a theory of quantum contiguity (Definition 4.2). We further studied the no-
tion of convergence in distribution in the quantum domain, and proved a noncommutative exten-
sion of the Lévy—Cramér continuity theorem under the sandwiched convergence in distribution
(Lemma 5.3). Combining these key results, we arrived at our main result, the quantum LeCam
third lemma (Theorems 6.1 and 6.2). The power and usefulness of our theory were demonstrated
by several examples, including a quantum contiguity version of the Kakutani dichotomy (Theo-
rem 7.2) and enlargement of the scope of g-LAN (Corollary 7.5).

We believe that the paper presented some notable progresses in asymptotic quantum statis-
tics. Nevertheless, there are many open problems left to study in the future. Among others, it
is not clear whether every sequence of positive operator-valued measures on a weak q-LAN
model can be realized on the limiting quantum Gaussian shift model. In classical statistics, this
question has been solved affirmatively by the representation theorem [32], which asserts that,

given a weakly convergent sequence T of statistics on a LAN model { péglh IR | h e RYY,

there exist a limiting statistics T on the Gaussian shift model {N(#, J~') | h € R} such that
70 % T The representation theorem is useful in proving, for example, the nonexistence of an
estimator that can asymptotically do better than what can be achieved in the limiting Gaussian
shift model. Moreover, the so-called convolution theorem and local asymptotic minimax theo-
rem, which are the standard tools in discussing asymptotic lower bounds for estimation in LAN
models, immediately follows [32]. Extending the representation theorem, convolution theorem,
and local asymptotic minimax theorem to the quantum domain is one of the most important open
problems.

In quantum information theory, the notion of sufficiency of a subalgebra plays an important
role. Let p and w be faithful density operators on a matrix algebra .A. Further, let 4y be a
subalgebra of A, and let pp and wp be the reduced density operators of p and w onto Ag. Due
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to Petz’s sufficiency theorem [24,27,28], the subalgebra Ay is sufficient for {p, w} if and only if
[Dp, Dw]; = [Dpg, Dwol; for all t € R, where [Dp, Dw]; is the Connes cocycle defined by

[Dp, Dwl; = p¥~ Vo~V

The sufficiency is also equivalent to the conservation of the quantum relative entropy, and thus
the notion of sufficiency plays an essential role in quantum hypothesis testing problems. On the
other hand, the square-root likelihood ratio was introduced as a direct analogue of the classical
likelihood ratio in which the absolutely continuous part relative to the dominating measure was
taken into account, and was applicable even to non-faithful density operators in a quite natu-
ral way, playing an essential role in quantum estimation problems as demonstrated through the
present paper. Investigating the relationship between the Connes cocycle and the square-root
likelihood ratio is an interesting future problem.

It also remains to be investigated whether our asymptotically optimal statistical procedures
for the local model indexed by the parameter 6y + h/+/n can be translated into useful statistical
procedures for the real world case in which 6 is unknown. Some authors [9,35] advocated two-
step estimation procedures, in which one first measures a small portion of the quantum system,
in number 7 say, using some standard measurement scheme and constructs an initial estimate,
say 6, of the parameter. One next applies the theory of q-LAN to compute the asymptotically
optimal measurement scheme which corresponds to the situation 6y = 6y, and then proceeds to
implement this measurement on the remaining n; (:=n — n1) quantum systems collectively,
estimating / in the model 6 = 6; + h/ +/n2. However such procedures are inherently limited to
within the scope of weak consistency. Studying the strong consistency and asymptotic efficiency
[7] in the framework of collective quantum estimation scheme is also an important open problem.

Appendix A: Quantum Gaussian state

Given a d x d real skew-symmetric matrix § = [S;;], let CCR(S) denote the algebra generated
by the observables X = (X1, ..., Xy) that satisfy the following canonical commutation relations
(CCR):

?[Xi, Xjl=8; (<i,j=<d),
or more precisely
eV TIXi pVIIX o mVEIS VEIXHX) () < j < d).
A state ¢ on CCR(S) is called a quantum Gaussian state, denoted ¢ ~ N (h, J), if the character-
istic function F¢ {¢} := qb(e‘ﬁS 'Xi ) takes the form
Felg) = VTNt
where & = (E")f:1 eRY h= (hi)f:1 eRY and V = [Vi;] is a real symmetric matrix such that

the Hermitian matrix J := V + 4/—15 is positive semidefinite. When the canonical observables
X need to be specified, we also use the notation (X, ¢) ~ N (h, J).
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When we discuss relationships between a quantum Gaussian state ¢ on a CCR and a state on
another algebra, we need to use the quasi-characteristic function [16]

¢<1_[eﬂsf""> =exp<z(ﬁghi EAAKIRIPY SZ&{Jﬁ) .
=1

t=1 t=1 u=t+1

of a quantum Gaussian state, where (X, ¢) ~ N(h, J) and {&}/_, C R4, Note that (A.1) is ana-
lytically continued to {&}/_, C c.

Appendix B: Quantum Lévy—Cramér continuity theorem

In [15], they derived a noncommutative version of the Lévy—Cramér continuity theorem. Let us
first cite their main result in a form consistent with the present paper.

For each n € N, let p be a state (density operator) and Z™ = (Zi"), . Z§")) be ob-
servables on a finite dimensional Hilbert space 7. Further, let ¢ be a normal state (linear

functional) and Z(*) = (Z(OO) §w)) be densely defined observables on a possibly infi-
nite dimensional Hilbert space ’H(OO). Assume that forallm e N, o = (¢, ..., o) € R™, and
Jis--»jm €{1,..., s}, one has
(n) «/_afZ(") _ «/_arZ(w)
1im Trp ]‘!e = <He . (B.1)
t
Then it holds that
(n) (n) (00)
1im Trp Hf (! <Hf, Z ) (B.2)
1
for any bounded continuous functions fi,..., f; on R. Furthermore, (B.2) remains true for
bounded Borel functions f1, ..., f; on R that enjoy certain measure conditions for the sets of

discontinuity points (which will be stated below).
Now observe that assumption (B.1) requires every finite repetition and permutation of the

given observables {Z l.(') }1<i<s. Nevertheless, what Jaksic et al. elucidated was something stronger
in that their proof did not make full use of assumption (B.1) and is effective under certain weaker
assumptions. In particular, the following variant, in which assumption (B.1) is replaced with
(B.3)-(B.5), plays a key role in the present paper.

Theorem B.1. Forn e NU {00}, i € {l,...,s}, and @ = (a1, ..., a5) € R*, let U7 " (a) and
Ul.+(") () be unitary operators defined by

i N
_ ) T 7
U, ™ (@)= | |e “leZ™ and Ui+(")(a) = | |e —laz™

=1 t=i
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and let UO_(")(a) and U;__F(;l)(a) be identity operators. Assume that there is a J € {0, 1,...,s}
such that, for all a, B € R®, the following three conditions are satisfied:

lim Trp" U (@) = ¢ (U; ™ (@), (B.3)

lim Trp" U " @)U ™ (B)* = ¢ (U; @U; 7 (8)), (B.4)

Jim Trp® U @ U (8) = (U @ U ). (B.5)

Then (B.2) holds for any bounded continuous functions f, ..., fs on R.
Furthermore, let f1,..., fs be bounded Borel functions on R, and let D(f;) be the set of
discontinuity points of f;. Assume, in addition to (B.3)—(B.5), that one has

i (D(f) =0 (B.6)
forallie{l,...,s} and o € R®, where uf is the classical probability measure having the char-
acteristic function

(c0) o
ooty o= | PO @YU @) i<, ®.7)

¢>(Uli(f’°><a)(F r% )U;%”)(a)) ifi>J+1.

Then (B.2) remains true.

The proof of Theorem B.1 is exactly the same as [15]. Note that when J € {1,...,s — 1}, the
characteristic functions (B.7) for i = 1 and s are reduced to

(o) (00)
0ur (N = (VAT and gu(y) =p(e’ VAT,

In particular, they are independent of «. This fact is exploited in our sandwiched-type continuity
theorem (Lemma 5.3).
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