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Abstract

The goal of this paper is to calculate exactly the average of uncertainty-product of two bounded ob-
servables and to establish its typicality over the whole set of finite dimensional quantum pure states. Here
we use the uniform ensembles of pure and isospectral states as well as the states distributed uniformly
according to the measure induced by the Hilbert-Schmidt norm. Firstly, we investigate the average un-
certainty of an observable over isospectral density matrices. By letting the isospectral density matrices
be of rank-one, we get the average uncertainty of an observable restricted to pure quantum states. These
results can help us check how large the gap is between the uncertainty-product and any obtained lower
bounds about the uncertainty-product. Although our method in the present paper cannot give a tighter
lower bound of uncertainty-product for bounded observables, it can help us drop any one that is not

tighter than the known one substantially.
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1 Introduction

Uncertainty principle (aka Heisenberg’s uncertainty relation) is one of basic constraints in quantum me-
chanics. It means that we cannot principally obtain precise measurement outcomes simultaneously when
we measure two incomparable observables at the same time. The mathematical formulation of uncer-
tainty relation is in terms of any of a variety of inequalities, where a fundamental limit to the precision
with which certain pairs of physical properties of a particle, i.e. complementary variables, such as position
£ and momentum p, can be known simultaneously. The uncertainty relation [1]], introduced by Heisenberg
in 1927, relates the standard deviation of momentum Ap and the standard deviation of position A%, it indi-
cates that the more precisely the momentum of some particle is determined, the less precisely its position
can be known, and vice versa. Specifically, the quantitative relation of such two standard deviations was
derived by Kennard [2] later that year:
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where Ap = /(p?) — (p)? and A% = /(%2) — (®)2.
The most common general form of the uncertainty principle is the Robertson-Schrodinger uncertainty
relations [3, 4]]. In order to state it explicitly, we need some notions. The precision to which the value of

an observable A can be known is quantified by its uncertainty function
AA(p) =4/ (A%)p = (A)} (1.2)

where (O), := Tr (Op) for any observable O. Furthermore, the precision to which the values of two

observables A and B can be known simultaneously is limited by the Robertson-Schrodinger uncertainty

relation
2
(AA(p) - AB(p))* > ({{A, BY)p — (A)p(B)p)” + ([4, B, (1.3)
where {A, B} := J(AB+ BA) and [A, B] := ﬁ (AB — BA). We see from Robertson-Schrodinger uncer-

tainty relation that this uncertainty relation depends on the state under consideration. There are a lot of
literatures devoting to improve the right hand side (rhs) of the above inequality [5] 6]. Moreover, recently
many researchers proposed new perspective, instead of description of uncertainty-product, they used the
sum of uncertainty [7, 8], and its various generalizations [9} [10], etc. Besides, many researchers generalize
the uncertainty relation from pure state to isospectral mixed states by employing symplectic geometric
tools [11]. Many contributions are given to another reformulation of uncertainty relation, for instance
entropic uncertainty relation [12, [13] and its applications [14]. A connection is also established between
entropic uncertainty and wave-particle duality [15]. There are literatures devoted to study the connection
among uncertainty, and entanglement [16, 17, [18} 7], and the reversibility of measurement [19].

The purpose of this paper is to give a new perspective to state-independent uncertainty relation in
terms of representation theory of unitary group and random matrix theory. Caution: because observables
may be unbounded, for instance, the position operator £, in physical regime, an unbounded observable
may take infinity at some state. Throughout this paper, we will focus on bounded observables. Consider
the following particular statistical ensembles: The used distribution of random state is uniform distri-
bution induced by Hilbert-Schmidt measure defined over the set of all density matrices. By using tools
from representation theory of unitary group and random matrix theory, we can give an exact calculation
of such average value (in the pure state case or mixed state case, respectively) and consider its typicality
under some restriction. Theoretically, as the typicality suggests that without measuring such bounded
observables, we may claim that at most sampled states, one can get their uncertainty-product is close
to their average value with overwhelming probability. Equivalently, their uncertainty-product deviates
their average value with exponentially small probability. Our method proposed here in fact can help
check how large the gap is between the uncertainty-product and any obtained lower bounds about the
uncertainty-product. Specifically, except calculate the average of uncertainty-product, we also calculate
the averages of the obtained lower bounds of uncertainty-product. Clearly the obtained lower bounds are
state-dependent.

This paper is organized as follows. In Sect. 2] we will introduce various measures on state space.
Specifically, there is a unique probability which is unitarly invariant on the pure state space. But, how-
ever, there is no unique unitarily-invariant probability measure over the mixed state space because of the

existence of environment. Sect.[3 discusses the motivation why we take the average over corresponding



state ensembles. Sect. dl deals with the isospectral average of uncertainty-product of two bounded ob-
servables over the set of isospectral quantum states. Furthermore, separately, we consider the average of
uncertainty-product for a random pure state, and also for a random mixed state. In Sect. 5] we make
a discussion about the concentration of measure phenomenon about the quantity, i.e., the uncertainty-
product of two bounded observables over the set of mixed states. Finally, some necessary materials for
reasoning of our results are provided in the Appendix, see Sect.[7] for example, two specific examples in

lower dimensions are provided in Sect. [7.8

2 Measures on the state spaces

Given a measure u on the set of quantum states, one can calculate the corresponding averages over all
states with respect to this measure [20]. We will consider the set of pure quantum states. For a d-
dimensional Hilbert space H;, the set of pure states consists of all unit vectors in ;. On this set, there
exists a unique measure which is unitarily invariant, i.e., uniform probability measure d(¢) or induced
by normalized Haar measure dpitia,r (U) over the unitary group U(d). Indeed, any random pure state |¢) is
generated by a random unitary matrix U € U(d) on any fixed pure state |¢p) via |[¢) = U|¢p). The uniform
ensemble of pure quantum states of finite-dimensional Hilbert space studied extensively in the context
of foundations of quantum statistical mechanics, entanglement theory or various protocols/features of
quantum information theory. Related literatures are too numerous to mention. Here we mention our
two works using such particular ensemble to investigate the typicality of quantum coherence and average
entropy of isospectral quantum states, see [21}22]. Then we can define the average value of some function

f on the set of pure states as follows:
) = [ S = [ FUgo) (L) @)

Unlike the case of pure states, it is known that there exist various measures on the set of mixed
states, D (H,), the set of all positive semidefinite matrices with unit trace. As a matter of fact, one
assumes naturally the distributions of eigenvalues and eigenvectors of a quantum state p, via the spectral
decomposition p = UAUY, are independent. Thus any probability measure y on D (#H,) will be of product
form: du(p) = dv(A) x dppaar(U), where dpipaar (U) is the unique Haar measure [23] on the unitary group
and v defines the distribution of eigenvalues without unique choice for it. The utility of v in the average
entropy or average coherence can be found in [24} 25| [20].

The measures used frequently over the D (H,;) can be obtained by partially tracing over the Haar-
distributed pure states in the higher dimension Hilbert space H; ® Hy, say C? ® CX. In order to be
convenience we suppose that d < k. Following [20], the joint probability density function of spectrum
A ={Ay,..., Ay} of p is given by

d d
dvgx(A) = Cyxd (1 — Z/\]) IT (- Ai)zl‘[Ajf—de(Aj)dAj, (2.2)

j=1 1<i<j<d j=1
where the theta function 6 ensures that p is positive definite, C;  is the normalization constant, given by
I'(dk)

[T —j+ DIk~ )

Cap = . (2.3)



In particular, in the present paper we will consider a special case where d = k, which corresponds to the
Hilbert-Schmidt measure, a flat metric over the D (#,), denoted by dups(p). We also denote dv,; = dv
and C;y = Cyg if d = k. Thus we have

dpps(p) = dv(A) X dppaar(U), (2.4)

where p = UAU™.
For convenience, we let A, B be observables, p = UAU?', and introduce the following symbol for
convenience:
_ K\ _ k — + Rk
be=Tr (AY) =T (p), &(A) = /(UAU )k dttaar (U). 2.5)
3 Motivation

In order to explain why we take the average of uncertainty-product for bounded observables, some
words are needed. Denote Ly(A, B,p) := ({({A,B})p — <A>p<B>p)2 +([A, B])3. Clearly Eq. becomes
(AA(p) - AB(p))* = Lo(A, B, p). If one is obtained another lower bound, say L(A, B, p), via some mathe-
matical methods, then (AA(p) - AB(p))* = L(A, B,p). Now we need to compare lower bounds Ly and L.
If L(A,B,p) > Lo(A,B,p), then we can say the lower bounds of the uncertainty principle are improved,
that is, we get a tighter lower bound. However, such improvement sometimes is not essential, it is possible
that

/L(A,B,p)dst(p) = /LO(ArBrP)dVHS@)- 3.1

This shows that L(A,B,p) = Lo(A, B, p) is satisfied almost every except a zero measure in state space
by the Measure Theory. This is not real improvement. In fact, there are two observables such that the
lower bound of the uncertainty principle Eq. cannot be improved, see below Eq. (4.58). This example
tell us that getting a universal uncertainty principle for any observables in which the lower bound is
really improved, compared with Ly, seems impossible. At least, the statement is applicable for Eq. (4.58).
However, if (AA(p) - AB(p))* = L(A, B,p) > Lo(A, B, p) and

/ | L(A, B, p)duns(p) > / Lo(A, B,p)duns(p), (3.2)

then we say that the uncertainty principle (AA(p) - AB(p))* = L(A,B,p) really improves the uncertainty
principle (AA(p) - AB(p))* > Lo(A, B, p). Therefore L(A, B, p) is tighter than Ly (A, B, p) substantially. This
is what we want. But there is another situation that appears. We maybe get a new one L(A, B, p) without

knowing the relationship between L and Lj. But we can still determine wether or not
[ L(A,B,p)duns(e) > [ Lo(A,B,p)dpss(p): 63

If it were the case, then L(A, B, p) > Lo(A, B, p) would hold in a subset of the state space. Improvement of
uncertainty principle is possible limited to local range.



4 Isospectral average of uncertainty-product

In this section, we focus on the ensemble of isospectral density matrices. This ensemble has been recently
studied in various contexts of quantum information. In fact, we also do some work in this field [22].
Consider the set of all isospectral density matrices Uy := {p : p = UAU', U € U (d)} with a fixed
spectrum A = {A4,...,A;}, where A =0 for each j and Z —1Aj = 1. Now we can explicitly compute the
average (squared) uncertainty of observable A over the set of isospectral density matrices U{5 as follows:

[ AW dptraar(U) = Te (426(8)) ~ Te (47265(0)), (4.1)

where & (A) is from 2.5). The details of computation about (A), where k = 1,2,3,4, are gathered in
the Appendix, i.e., Section [/l
From the relations (Z.16) and (Z17), we see that

/ AA(p) dpriaar (1) = % [Tr (4%) - %<Tr (A))z} : (42)
By (Z5I), we have
/D(Hd) AA(p)*dpns(p) = dzli - [Tr (A2) ;(Tr (A))z] . 4.3)

On the other hand, for any state p € D (H,),

DAP)?-BB(p)? = Tr([A20 B2 p™2) 4+ Tr ([4%2 @ B*2] p4)
~Tr (A2 @ B2 p°%) — Tr ([B2 0 4°2) p9). (4.4)
Thus
/ AA(p (0)*dptaar (U)
—Tr ([A2 ® 32] £(A)) +Tr ([4%2 @ B*2] &u(n))
T ([A2 ® B®2} @@3(/\)) T ([B2 ® A®2] 53(/\)) ) (4.5)
where p € Un.

With these identities, we calculate the the averaged uncertainty-product over the isospectral density

matrices. By the tedious but simple calculations, we have the following result:

Theorem 4.1. For two observables A and B on ‘H 4, the average of uncertainty-product over the set of all isospectral

density matrices p on H, is given by a symmetric function in arquments A and B

8
[ AAGY - BB dtaar(U) = Y- wj(A) - O5(4,B), (46)
j=1



where (A, B) are symmetric in arguments A and B for each j: Qj(A, B) = Q;(B, A) and

O1(A,B) = Tr(A)’Tr(B), (47)
OL(AB) = Tr (Az)Tr(B)z—i-Tr(A)zTr (32), (4.8)
O3(A,B) = Tr(AB)Tr(A)Tr (B), (4.9)
Ou(AB) = Tr (A2)Tr Bz), (4.10)
Os(A,B) = Tr(AB)Tr(AB), (4.11)
O¢(AB) = Tr (AZB)Tr(B)+Tr(A)Tr (ABZ), (4.12)
O;(AB) = Tr (A2B2), (4.13)
Og(A,B) = Tr(ABAB), (4.14)
and wj(A) are given by the following:
_ 1w 3,6y, 1,022y, 3. ey, 1 a1
@i(A) = g8 AP oAl oA A, (4.15)
_ (1 @ 1 B _ L2y 1 (110 _ 1.3 ,2,@),1,011
1 @, 1,61y 1,011 1,011
wa(A) = A4 SAPY — oAt oA, (4.17)
_ 1w 1y, 1 ey 1 @y, 1 (11,1,1)
(2) (L1)
A AT (e Loy
+< 2+ ) <3A3 3, (4.18)
_ 1w 1ey, 12y 1 iy, 1 a1
ws(A) = A = A oAl - A oA, (4.19)
1 1 1 1 1
we(A) = <6A‘(14)_§A4(12'2) €A£1,1,1,1)>_<§A§3)_§Ag1,1,1))1 (4.20)
1. @ 1 .61y 1,011 1,0111
wy(A) = (gAfl)—EAi V4 A — 2 ))
(2) (L1)
Ay L@ _2en 1 a1
+<T_ . )—2<§A3 -5+ 385 ), (4.21)
_ lw_ len, e 10111
wg(A) = A — AP 4 2A] A (4.22)
31) A(211)

Here the meanings of the notations Afl ), Ai LA, Afll’l’l’l) can be found from (Z.37) to (Z41).

The hard part of the proof centers around the calculations of & (A) by using Schur-Weyl duality.
Among other things, the key ingredient here is the Weingarten function, defined over the permutation
group S, see the definition (Z.10) for the unitary group. There are many ways that can be used to define
the Weingarten function, for instance, a sum over partitions or equivalently, Young tableaux of k € IN
and the characters of the symmetric group. In the case where permutation groups of lower orders are
considered (such as k = 2,3,4 in our paper), the Weingarten functions can be explicitly evaluated. When
k becomes larger, the explicit evaluation of such function is considerably complicated, and naturally the
asymptotics is concerned. The proof of Theorem [.1]is placed in Section



Remark 4.2. Let N;l = d?(d®> —1)(d*> — 4)(d*> — 9). We can write down more specific expressions for

wi(A), where t; = Tr (Ak) for natural number k.

wi(A) = N ((d* — 84> +6) — 6(a® — )t + 3(d> + 6)83 + 8(24> — 3)t5 — 304ty ), (4.23)
wa(A) = Ny ( d(d4 — 10d? + 14) + 2d%(2d% — 13)t, — d(d® + 6)12 — 8d(d> — 4)t5 + 10d2t4) , (4.24)
ws(A) = Ny ( —4d(d? — 4) + 4d>(d® + 1)ty — 4d(d* + 6)13 — 16d(d> + 1)t5 + 40d2t4) , (4.25)
wi(A) = ( (d® — 11d* + 1942 + 6) — d(3d* — 254% + 12)t, (4.26)

H(d* — 6d% + 18) 8 + 4(d* — 5d® — 6)t; — 2d(24% — 3)t4) , (4.27)
ws(A) = Ny (z(d2 +6) — 4d(d® + 6)tr + 2(d* — 64> + 18)83 + 16(2d% — 3)t5 — 4d (242 — 3)t4) (4.28)
we(A) = Ny (2(d4 —5d% — 6) —2d(d* — d* — 12)t, +12(2d4*> — 3)t5 (4.29)

+8(d" — 3 + 6)ts — 12d(d> + 1)), (4.30)
W7 (A) = Ny(—d(d+4d> —9d —16) + P(d* — d* ~ 32)1, (4.31)

—4d(2d2 — 3)2 — 4d(d* — 52 + 4)ty + 4d2(d + 1)t4) , (4.32)
ws(A) = Ny (—10d +20d2ty — 2d(2d* — 3)£3 — 8d(d® + 1)t + 2d2(d + 1)t4) . (4.33)

Because A and B are bounded observables, i.e., Hermitian operators, we see that Tr (A),Tr (B), and
Tr (AB) are real numbers and Tr (A%) > 0, and Tr (B2) > 0. Then Tr (A)>Tr (B)> > 0, Tr (A2) Tr (B)* +
Tr (A)*Tr (B?) > 0,Tr (A?) Tr (B?) > 0, ie, Q;(A,B) > 0 for j = 1,2,4,5 by the definition. In addition,
Tr (A%B?) = Tr (BA?B) > 0 since BA?B > 0. Thus ()7(A, B) > 0. Consider the operator X = AB + BA.
Clearly X is a Hermitian operator. Moreover X? > 0, thus Tr (X?) > 0. Because Tr (X?) = 2(Tr (ABAB) —
Tr (A?B?)), we have that Tr (ABAB) > Tr (A%B?) > 0. Hence (A, B) > 0. In summary, Q;(A,B) >0
forj=1,2,4,5,7,8. However, ()3(A, B) and ()4(A, B) are not always non-negative.

Remark 4.3. The rhs of #.6) remind us of one of applications to random matrix theory from free prob-
ability theory, established by Voiculescu [26]. Specifically, we can consider two independent random
observables A and B from Gaussian unitary ensemble (GUE), according to free probability theory, A and
B are asymptotic free (see the meaning of freeness in [27]). Indeed, denote ¢(-) = %Tr (+), where Tr (-)

means the trace of matrix, when d becomes large enough, we have

¢(ABAB) =~ ¢(A%)(B)* + ¢(A)*¢(B?) — ¢(A)*¢(B)?, (4.34)
that is,

Og(A,B) ~d~20,(A,B) —d 30 (A, B). (4.35)

Similarly, we have
O3(A,B) ~d 104 (A, B), (4.36)
Os(A,B) ~d 204 (A, B), (4.37)
O6(A,B) ~d 10, (A, B), (4.38)
O7(A,B) ~d 10Qy(A, B). (4.39)

N



Furthermore, we obtain that
/ AA(UAUN? - AB(UAUT) 2 dptpganr (U) =~ (wl(A) +d lws(A) +d2ws(A) — d*%;g(/\)) O1(A,B)
+ (wa(A) +d  wg(A) +d 2ws(A) ) Oa(A, B)
+ (wa(A) +d wr (A)) Qu(4, B). (4.40)

The calculation in Theorem [.]] and the subsequent remark suggest us that there are three terms, i.e.,
0O1(A,B), (A, B), and Q4(A, B), as the dimension grows large, play a leading role in estimating the
average of uncertainty-product within isospectral density matrices. This also tells us that if we want to
get a better lower bound about uncertainty-product, then when we take average of any improved lower
bound, we should get larger coefficients of such three terms.

Besides, for a fixed A, we may view the left hand side of (4.6) as a function of two random observables
A and B, for instance, from GUE or Wishart ensemble. We can also consider the concentration of measure

phenomenon about such two observables. We leave these questions in the future research.

4.1 Average of uncertainty-product on pure states

For the pure state case, the average of uncertainty-product is easier to calculate. What we have obtained
is the following:

Theorem 4.4. For two observables A and B on Hy, the average of uncertainty-product taken over the whole set of
all pure states in ‘H 4 is given by

8

[ AW AB(y)Pdu(y) = Y w044, B), (@41)

j=1

where Q);(A, B) is from Theorem and for Ky = (d(d+1)(d +2)(d +3))~},

u =Ky, up=—(d+2)Ky, uz=4K;, uy= (d*+3d+1)K,, (4.42)
us = 2Ky, ug = —2(d+1)Ky, uy = (d®>+d—2)K;, ug="2K,. (4.43)

We also have that

8
2
[ an) [({ABYy = (A)4(B)y)* + (A, B3] = L 10(4,B), (44)
j=1
where

ll =Ky, L, = K, l3 = —Z(d + 1)Kd/ l4 = Ky, l5 = (d + 1)(d —|-2)Kd, (4.45)
le=-2(d+1)Ky, I;=(d>+d—2)K;, Ig=—2(2d+5)K;. (4.46)

In the above theorem, we investigate average behavior of both sides of Heisenberg-Robertson-Kennard
relations on uniform pure state ensemble. For the case of the average of product of uncertainties (or
the corresponding lower bounds for this quantity) over pure Haar-distributed quantum states, the corre-

sponding integrals are very easy to perform as the integral

/ pdu(yp)



involved in all the averages are proportional to the projectors on the symmetric powers of the relevant
Hilbert space. This will be clear in the proof, see (Z75). The details of the proof of Theorem £.4] can be
found in Subsection [7.6l

Remark 4.5. In higher dimensional space, there are two terms playing major role in the average uncertainty-
product relative to other terms, ie., Q4(A,B) = Tr (A2?) Tr (B?) and Q7(A,B) = Tr (A?B?). How-
ever, the terms which play major role in the average lower bound of uncertainty-product is Qs(A, B) =
Tr (AB) Tr (AB), and Q7 (A, B) = Tr (A?B?). Furthermore, we can derive that

[ anw) {8A@Y - AB)? ~ [(({4 B}y — (A)(B)y) + (4, B }

= —(d+3)K;0 (A, B) +2(d 4 3)K;O03(A, B) + d(d + 3)K;04(A, B)
—d(d +3)K;05(A, B) + 4(d + 3)K;08(A, B). (4.47)

By the nonnegativity of the left hand side of (4.47), we get the following inequality:
203(A, B) + dQ4(A, B) +4Q5(A, B) > M (A, B) +dQs(A, B). (4.48)
That is,
2Tr (AB) Tr (A) Tr (B) +d Tr (A2) Tr (B2) +4Tr (ABAB)
> Tr (A%) Tr (B)” + Tr (A)" Tr (B?) +dTr (AB) Tr (AB). (4.49)

It seems difficult to show the above matrix trace inequality (£49) directly. This inequality about two

observables is what we want to get, i.e., uncertainty relation which is independent of state.

Remark 4.6. Naturally, a pure state |¢) is called the average state with respect to uncertainty product of
observables (A, B) if it satisfies that

8

AA(y)?- AB(p)* = Y ujQi(A,B). (4.50)

j=1
What properties do such state have? Answering this question can reveal principally why we do not need

to take any measurements, and we can guess the uncertainty about observables by taking average.

Corollary 4.7. For two observables A and B on C2, the average of uncertainty-product taken over the whole set of

all pure states is given by

[ AW aB(yPan(y) = mﬂl(A B) — 55 0a(A,B) + 5505(A,B) + 5-04(4, B)
+6005(A B)— 21006(A,B)+%07(A,B)+ S05(4,B). (451)
We also have that
[ an(®) [(({4,BY)y — (A0 (B)y)* + (14, BI)})
- mﬂl(fl B) + 1;00 (A,B) — 2100 (A, B) + 1;004(A,B)
+ 1005(/1 B) - 2—006(A,B) + %07(14,3) - 2—008(A,B). 4.52)



Next, as an example, we take A = 0; and B = i, where ¢; and 0j are any two different matrices from
three Pauli’s matrices, using the above Corollary, then we get the average of uncertainty-product of A and

B is given by

[ 8w 8B(p)dn(y) = ; 453)

Moreover,

[ ) [((14BY — (A0g(B)y) + (14,B)3] = 2 459

This is surprising! As we have seen that the following inequality

AA()2 - AB()2 = (({A, B}y — (A)p(B)y)* + ([A, B))3 (4.55)

holds for all pure state |¢). From the above discussion, we see that

[ ante)fw) =0, (4:56)

where f is defined by

f(§) = AA()?- AB(§)? = [(({A, B}y = (Ay(B)y)” + (A, B}, (457)

which is obviously a non-negative function of the pure state |). By Lebesgue integration theory, we get

that f(¢) vanishes almost everywhere except a zero-measure subset of all pure states. In other words,

AA(p)? - AB(1)? = (({A, B}y — (A)p(B)y)? + ([A,B])}, ae. (4.58)

From the above observation, we see that any desire to improve universally the uncertainty-product seems

impossible, at least in the qubit case for two observables ¢; and 0 chosen from three Pauli’s matrices.

4.2 Average of uncertainty-product on the mixed states

For the mixed state, comparing with the pure state, the calculation is more complicated, we have the

following result.

Theorem 4.8. For two observables A and B on Hy, the average of uncertainty-product taken over the whole set of

all density matrices D (Hy) is given by
8
/ AA(p (0)2dyns (o) Z (4.59)

where @; = [ wi(A)dv(A)(j=1,...,8).

Proof. The proof follows directly from Theorem .1 by using Proposition 74 and Lemma O

10



Remark 4.9. In fact, we can give the final formulae for @;’s. We ignore the tedious but simple calculations.

w = Ny (d4 —20d? + 158 — dfi T+ d27 izz — ;2533) , (4.60)
W, = Ny (—d5 + 1843 — 118d — % + %) , (4.61)
w3 = Ny <4d3 — 80d + dzzoidl — ;25 %‘; + 32 f‘;) , (4.62)
wy = Ny <d6 —17d* + 994> — 316 — dffi Tt dfiéz + df(f?)) , (4.63)
ws = Ny <2d2 —40+ dzl(f 1 d27 122 + d120283> , (4.64)
W = Ny (—2d4 + 384> — 276 — % + %) , (4.65)
Wy = Ny (2d5 —d* —28d° +94% 4+ 136d + ;20—3’11 — %) , (4.66)
G = N (- 0 6 60 47)

From the above formulae, we can see that in higher dimensional space, (4(4, B) = Tr (A?) Tr (B?) plays
a leading role relative to other terms. We also see from Remark [4.3] that, for the large enough dimension

d, when observables A and B taken from GUE are independent,

/ AA(p)? - AB(p)2dips () = 11 (A, B) + ma (A, B) + maQu(A, B). (4.68)
where
m = w1+ dﬁlwg, + d*2w5 — d73wg, (4.69)
my = wy+d ‘we+d *ws, (4.70)
my = wy+ d_lw% (4.71)

Similar to the pure state case (see (£.50)), a mixed state p is called the average state with respect to uncer-

tainty product of observables (A, B) if it satisfies that
8
AA(p)*-AB(p)* = ) @j- Qj(A, B). 4.72)
j=1

We can ask analogous problems parallel to the pure state case. But we are not concerned these problems

in this paper.

4.3 Average lower bound of uncertainty-product
Here we also calculate the average of the lower bound of uncertainty-product in (1.3).

Theorem 4.10. For two observables A and B on H, it holds that

8
L. dns(e) ({4 BY)o — (A)s(B)o)” = Y- Bi(4, B), @73)
(Ha) j=1
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where N1 = d?(d? — 1)(d? — 4)(d*> — 9) and

B = Ny (d4 —184% 4158 — d;’i Tt d27 122 - d125i23) (4.74)
B = Ny (d3 —20d + df (f T digidz + dzoid?)) (4.75)
Bz = Ny <—2d5 +38d°% — 276d — 11729—-2:12 + %) (4.76)
Bs = Ny <—2d2 —-20+ d;f: T dfiéz + df(j:{%) (4.77)
Bs = N <d6 — 154" — 2% + 60d2 + 34d — 140 + 202;11?00 - 393?1592 + dlzois?)) (4.78)
Bs = Ny (—2:13 + 4d° + 34d — 380 + zogiiioo - 3%;2112584 + d22041r63> (4.79)
By = Ny (—d7+ %d5 _ ﬂd3+70d— sz (f -+ digidz - ;;idS) (4.80)
Bs = Ny <—d7 + ¥d5 15 468+ d25 (f : d323id3) (4.81)
Thus
i sto) [((CA,BY)p = ()08 + (14, B12] = :21 B0y (4,B), 452)
where
BL = B1, Bo = B2, Bs = B3, Bu=Pa B5 = Bs, Bs = Pe (4.83)
By = Ny <—d7 + 144> — 53d° +102d — dlzoidl + d?;gjdz - d627id3> (4.84)
By = Ny (—d7+13d5 38d° +36d + dlzoidl %) (4.85)

The average of the lower bound of uncertainty-product can be the reference value for improving the
lower bound of uncertainty-product, as suggested in Section The proof of Theorem is put in
Subsection [Z.7]

Remark 4.11. From the above Theorem we see that in higher dimensional space, Q7(A,B) =
Tr (A%B?) and Qg(A, B) = Tr (ABAB) play a leading role relative to other terms.

Remark 4.12. We can still compare (4.59) and (£.82) in order to obtain another matrix trace inequality:
8
2 i(A,B) > (4.86)

As a matter of fact, (4.48) and (4.86) are just two special cases of the following matrix trace inequalities:
8
Y fi(d)-Q;(A B) >0, (4.87)

j=1

where f;(d)(j =1,...,8) are the dimension-dependent factors under some constraints.
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5 Concentration of measure phenomenon

In order to discuss the concentration of measure phenomenon might being happened to the uncertainty-
product, we will use the concentration of measure phenomenon on the special unitary group SU(H,),

established recently by Oszmaniec in his thesis [28§].

Proposition 5.1 (Concentration of measure on SU(#H,;)). Consider a special unitary group SU(H,) equipped
with the Haar measure pjaar and a Riemann metric gus. Let f : SU(H;) — R be a smooth function on SU(H,)

with the mean f = fSU(Hd)f(U)dyHaar(U), let

L = \/max {gus(Vf, V) : U € SU(Hy)} (5.1)

be the Lipschitz constant of f. Then, for every € = 0, the following concentration inequalities hold
itoar {U € SUH) : f(U) — F > €} < exp (—j—;) 52)
Mraar {U € SU(Hy) : f(U) — f < —e} < exp (—Z—ii) : (5.3)

Denote
@(U) = AA(UpU™)? - AB(UpU™)2. (5.4)
From ([@.4), we see that

O(U) =Tr (u®4p®4u*'®4 [AZ ®B2®1%2+ A®2R B2 _ A2 B2 R1 - A®2® B?® 11]) . (55)

By using the result in [28] Lemma 6.1], we see that the Lipschitz constant Lg of the function ®, with

respect to the metric tensor gy, satisfies
Lo < 8HAz®Bz®1®2+A®2®B®2_A2®B®2®1_A®2®32®HHOO
< 32| Al 1Bl - (5.6)
Thus we have the following result:

Theorem 5.2 (Concentration of measure within isospectral density matrices). For every € > 0, the following

concentration inequalities hold

— de?
UeSUHy) :d(U)— D >¢ < ex — , 5.7
,uHaar{ ( d) ( ) } p < 4096|A|§O|B|30> (5.7)

= de?
UeSUHy):P(U)—DP< —€e; < exp|— . 5.8
e (U1 €S0+ 0011 } p( 40%|A|3O|B|3o> °Y

This result shows that when we consider the uncertainty-product for two bounded observables A and
B over the set of isospectral density matrices, the uncertainty-product around its average, in (4.6)
. 8
d = Z;wj(A) -Q;(A, B), (5.9)
]:

has an overwhelming probability.
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Lemma 5.3 (Lévy’s lemma). Let f : S* — R be a Lipschitz function from k-sphere to real line with the Lipschitz
constant L (with respect to the Euclidean norm) and a point u € S* be chosen uniformly at random. Then, for all
€>0,

- k 2
Pe{| £~ /] > €} < 20xp (~iasrr ) 6.10)

where f := [ f(u)dp(u) means the mean value of f with respect to uniform probability measure on the unit sphere
Sk,
Let f(p) = AA(p)? - AB(p)?. Then

flp) — flo) = Tr ({A2 ® Bz} {p@’z — U®2D +Tr ({A®2 ® B®2} {p®4 — a®4D

~Tr ([A2@ B2 [0 — 03] ) —Tr ([B2 0 4°2] [p™* =0}, (511)
Thus
o < [ ([ o) | e (420 )|
e ([ m] po)  r (20] fpo)
< [aor o —o%2 + a0 82 [o o
O W Tl e LR I et N
Since
|o= =¥, <kllo ey, (5.13)
it follows that
£ = Flo) < (121 A1 1B11%) llo = @]y (5.14)
For the pure states, that is, p = [1) (| and o« = [¢)(¢|, we have || — ¢ ||, < V2 || — ¢ |, implying
F®)— F@) <Ly —9l,, (5.15)
where L := 12v/2 || A||% || B||%. Note here that k = 2d — 1 since pure states live in C?. Then
PR =] > e} <20 <_1296n3 ||Ad|€£ ||B||i,1n2> | o1
When ||A||,, and ||B||, are independent of the dimension d, it shows the concentration of measure phe-
nomenon.

In fact, we can view p and ¢ in D (#,) as reduced states of Haar-distributed bipartite states |¥,) and
[¥o) in Hyq ® My, then let g(¥,) = AA(p)? - AB(p)?, where ¥, = [¥,) (¥,| and p = Tr, (|¥,) (¥,|). Thus

18(%) — g(¥o)| < (12VEAIS [BIZ) |12, T, 6.17)
Then
. d%e?
P —fl>e; <2 — . 5.18
A= e <200 e Al B 2 o1

Thus we have the following:

14



Theorem 5.4 (Concentration of measure). Assume that | A||., and || B||, are independent of dimension, where
A and B are bounded observables. It holds that

de?
Pr{‘AA(lP)2 AB()? — (AA(y)?- AB(¢)2>’ > e} <2exp <—12%n3 T |B|§01n2> (5.19)

and

d2e?
Pr{|AA(0)%  AB(p)? — (AA(p)?- AB(p)?)| > e} <2 — ) 5.20
r{[a4(0)? - AB(0) — (AA(0)?- 8B(p))| > ¢} exp( e T AT TBTE m) (5.20)

Here (f(p)) = [ f(p)dpns(p)-

Generally, observables A and B are dimension-dependent, thus we cannot obtain the concentration
of measure phenomenon universally. But of course, even though A and B are dimension-dependent, we
could still get the concentration of measure phenomenon, for instance, whenever their operator norms are
uniformly bounded. Besides, inequalities presented above do not have to be tight, i.e., even if the right

hand side is "large", the relevant left hand side might still be very small.

6 Concluding remarks

This paper deals with uncertainty relations in various random state ensembles. As suggested, taking
a state at random also corresponds to assuming minimal prior knowledge about the system in ques-
tion. We make an attempt in describing uncertainty relation using only observables by taking average of
uncertainty-product of any two bounded observables in our random state ensemble (see (£.48)). We also
establish the typicality of a random state with respect to any two bounded observables under restricted
conditions. The concentration of measure phenomenon is a very important property for a random state
since it predicates the bulk behavior of a large number of quantum particles without any practical de-
tections. Theoretically, sampled states randomly will show up average behavior with respect to a pair of
bounded observables as we increases the level of the quantum system under consideration. In addition,
we have also present an interesting result: beyond the set of zero-measure of all pure qubit states, it holds
that

AA(Y)? - AB()? = (({A, B}y — (A)p(B)y)* + ([A, B])3. 6.1)

This result indicates that any desire to improve the uncertainty-product universally seems impossible,
at least in the qubit case for two distinct observables ¢; and ¢; chosen from three Pauli’s matrices. Our
calculations can help us check how large the gap is between the uncertainty-product and any obtained
lower bounds about the uncertainty-product. We hope the results obtained in this paper will shed new

light on quantum information processing tasks.
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7 Appendix: the computation of & (A)

Consider a system of k qudits, each with a standard local computational basis {|i),i = 1,...,d}. The
Schur-Weyl duality relates transforms on the system performed by local d-dimensional unitary operations
to those performed by permutation of the qudits. Recall that the symmetric group S is the group of all

permutations of k objects. This group is naturally represented in our system by

P(r)|iy -+ dk) == |ig1(1y - ig1gi))s (7.1)

where 71 € S; is a permutation and |iy - - - i) is shorthand for |i1) ® - - - ® |i). Let U (d) be the group of
d x d unitary operators. This group is naturally represented in our system by

Q(U)liy---ix) = Ulir) © - - - @ Ulig), (7.2)
where U € U (d). Thus we have the following famous result:
Theorem 7.1 (Schur). Let A = span{P(7):m € St} and B = span{Q(U) : U € U (d)}. Then:
A =B and A=8 (7.3)

The following result concerns with a wonderful decomposition of the representations on k-fold tensor

space (C%)®k of U (d) and Sy, respectively, using their corresponding irreps accordingly.

Theorem 7.2 (Schur-Weyl duality). There exist a basis, known as Schur basis, in which representation (QP, (ct )®k)
of U (d) x Sy decomposes into irreducible representations Q, and Py of U (d) and Sy, respectively:

(i) (C)*F = @)y () Qu @ Py,
(ii) P(71) = @) (k,a) Lo, ® Pa(7);
(iii) Q(U) = Dxr(ka) Qi (U) @ 1p,.

Since Q and P commute, we can define representation (QP, (Cd)®k) of U (d) x Sy as

QP(U, ) = Q(U)P(x) = P(m)Q(U) Y(U, 7)€ U(d) x Sj. (7.4)
Then:
QP(U, ) = U™Pr = PU = P Q,(U) ®Py(n). (7.5)
AF(k,d)
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The dimensions of pairing irreps for U (d) and Sy, respectively, in Schur-Weyl duality can be computed
by so-called hook length formulae. The hook of box (i, ) in a Young diagram determined by a partition A is
given by the box itself, the boxes to its right and below. The hook length is the number of boxes in a hook.
Specifically, we have the following result without its proof:

Theorem 7.3 (Hook length formulae). The dimensions of pairing irreps for U (d) and Sy, respectively, in Schur-
Weyl duality can be given as follows:

, d+j—i i—Ajtj—i
apen PED G ]t
k!
dim(P = ="\ 7.7
(P) [T jyeah(i f) v

In [29], Schur-Weyl duality is employed to give a computation about the integral of the following form:

U MUY Ayt (UD). 7.8
gy U MU e () 7.9

Moreover we have obtained that

g U MU gt (1) = < Yy T <MP<n>>P<n—1>> < )3 Wg<n>P<n—1>>, 79)

TES) TESK

where Weingarten function Wg is defined over Sy by

o s dim(Pr)° () (7.10)

Wg(m) := ) Hdlm(Q)

for each 7w € Sy and x) (71) = Tr (Py (7)) is the value of the character of irrep P, at 77 € Sy.
Here we consider a special case where the above-mentioned M = A®* for a given spectrum A and any

natural number k, thus we introduce a new symbol for convenience:

GA) 1= [(UAUD)  dpptgar(U). (7.11)

Throughout this paper, we frequently leave out the integral domain U (d) when we consider matrix inte-

gral taken over the whole unitary group U (d) unless stated otherwise. We see that

Tr (A®kCA)
&(N) = ———C\» (7.12)
e TG
where
d1m P
C) = dim(P,) Y xa(m . (7.13)
TTES)

7.1 The case where k =1, 2.
It is already known in [29] that

Tr (X)
d

[ UXU e () = =1 (7.14)
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and
/(u © U)M(U & U) dptgraar(U)

Tr (M)  Tr (MF) Tr (M)  Tr (MF)
= <d2—1 _d<d2_1))1d®ﬂd_<d<d2_l) - 21 >F, (7.15)

where F := Z?, j—117i) (ij| is called a swap operator. Thus

&(A) = L (7.16)
1 Tr (A2 1
QM)_‘ﬂ”[G_ 2)>M®M—G—nQvDﬂ
= APcy +a8Mcqy), (7.17)
where
2. L+T (A qny  1-Tr (A%
M= arn 0 M T Taoa (7.18)
and
Lp Piyy), ifA=(2),
C, = i( 1) + Paz)) 1 (2) 7.19)
7(Pay = Pgy), ifA=(1,1)

7.2 The formula of &(A)

In what follows, we compute &3(A). Note that we get the following decomposition via Schur-Weyl duality

(€ 2 Q3 @ P D Q1) @ Poa) D Quig) ® Piny) (7.20)
where
AEVE2) - ) = (3), 1, ifA=(3),
dim(Q,) = { @=UdE) e p — (21), and dim(Py) =2, if A = (2,1), (7.21)
W2W@D 5 ) = (1,1,1), 1, ifA=(1,1,1).
Hence
% (P(l) + P(lZ) + P(13) + P(23) + P(123) + P(132)) 7 lf /\ - (3),
Ch=13 (21’(1> — P123) — P(132)) , ifA=(2,1), (7.22)
§ (P(l) — Pria) — P13) — Pas) + P(aaz) + P(lBZ)) , ifA=(1,1,1).

It follows that

A2 ) (),
Tr (Cp) =  241A@ED - g ) — (2,1), (7.23)
2D A = (1,1,1)
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and

F[143Tr (A%) +2Tr (A)], ifA=(3),
Tr (A®3CA) =43[1-Tr (AY)], if A=(2,1),
L[1-3Tr (A%) +2Tr (A)], ifA=(1,1,1).
Therefore
&(p) = A§3)C(3) + AézJ)C(z 1+ A 1)C(1,1,1)/
where
AB) . 1£3Tr (A%) +2Tr (A?)
5 dd+1)(d+2)

Ay 1T (AY)

3 : T3 _1\A(d 1\’
(d—1)d(d+1)
ALy 1-3Tr (A?) +2Tr (A3)
3 B (d—2)(d-1)d

7.3 The formula of &;(A)

Similar we get the following decomposition:

(€ = Quy@Pu Q1) @Pi1 D Qp2 ®Ppy)
D Qi1 ®Pr11y B Qui11) @ P11,

where
w, = (4), 1, ifA=(4),
(d—l)d(d8+1)(d+2), = (3,1), 3, ifA=(31),
dlm(Q/\) = %ﬁ(dﬂ)’ if A = ( , ) and dlm(P/\) =<2, ifA= ( , )
@@ DI - ) = (2,1,1), 3, ifA=(21,1),
@@ DEDE i A = (1,1,1,1), 1, ifA=(1,1,1,1).
Hence we have:
1 1
Cap = ZPot5 (P<1z> + Pas) + Pria) + Pas) +P<z4>+P<34>)
1
o1 (P(lz)(34) + Pz (24) + P(14)(23))
1
T4 (P(lZB) + P13y + Pr124) + P142) + P134) + P1az) + Posg) +13(243))
1
o1 (P(1234)+P(1243)+P(1324) + Pr1342) + P(1423) +P(1432)) ,
3 1
Cen = gPoytg (Puz) + Paz) + Py + Pas) + Prag +P<34>)

(Pazyaa) + Pusyan + Pasyzs)

OOIHOO|H

(P(1234) + Pr1o43) + P1324) + P(13az) + Praaos) + P(1432))
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(7.24)

(7.25)

(7.26)

(7.27)

(7.28)

(7.29)

(7.30)

(7.31)

(7.32)



1 1
Cepy = ¢Poytg (P<1z><34> + P13y (0) + P<14><zs>)

1
I (P(123) + P13y + P14y + P1a2) + P134) + Praaz) + Prozg) + P(243)) /

3 1
Cery = gPoy—3 (P<1z> + Pras) + Pag) + Plaz) + Pagy + P<34>)

1

~3 (P(lz)(34) + Pz (24) + P(14)(23))
1

*3 (P(1234) + P1243) + P1324) + P(1342) + Pagos) + P(1432)) ,

1 1
Caiy = ﬂp(l) Y (P(lZ) + P(13) + P14y + Pog) + Pog) + P(34))

_I_

+
2|~ 2l = 2l
—~

P12)(3a) + Paz)ae) + P<14><za>)

P23y + P(132) + P(124) + P142) + Pr13a) + Paaz) + Plaza) + P(243))

P(1234) + P(1243) + P1324) + Pr13a2) + P1a23) + P(1432)) /

: , 1, 11,11
&ulp) = A4(14)C(4) + Af l)C(B,l) + Af}z 2)C(z,z) + Az(Lz ' l)C(z,l,l) + Az(L )C(1,1,1,1)r

where
oG . L46Tr(A?) 43Tk (A2)* +8Tr (A%) 4+ 6Tr (A%)
4 d(d+1)(d+2)(d+3) ’
AGD 12T (A) -~ Tr (A2)? —2Tr (A%)
o d—1)dd+1)(d+2) ’
A22) . 143 (A2)? —4Tr (A3)
o d-Dad+1) ~
\eiy _ 1-2T(AY) - T (A2)% 4 2Tr (A%
4 d—2)[d—Ddd+ 1) /
LLL1) 1-6Tr (A2) +3Tr (A2)% +87Tr (A%) — 6Tr (A%)

( _
B4 = [d=3)([d—2)[d—-1)d :

7.3.1 The (k,d) = (2,2) case

We have

2 1+t 1y 1-b
A =2, A =2

7.3.2 The (k,d) = (3,2) case

We have

(1,1,1)

1—1¢
AB®) _ 143ty + 213 AR 3 Al —0

3 24 7 T3 6
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(7.34)

(7.35)

(7.36)

(7.37)

(7.38)

(7.39)

(7.40)

(7.41)

(7.42)

(7.43)



7.3.3 The (k,d) = (4,2) case

We have
AW _ 1+ 6ty + 313 + 8t3 + 64
4 120 ’

A(3’1) _ 1+ 2t — t% — 2ty
4 24 !

A(z,z) _ 1+ 31% —A4t3
4 12 !

A4(11,1,1,1) - 0

7.4 The moment of Tr (p*) = t;
In fact, we have already known that

Proposition 7.4 ([20]). We have:

() = [dus(o) e (p2) = oo,
3 5d> +1
(t3) = /d#HS(P) Tr (P ) = (d2+1) (d%+2)
144° 4 10d
(ts) = /dVHS(P) Tr (P4) = (@ +1) (2 +2) (2 +3)

<t2>:/dv(A)Tr(A2) - dzz—j_l
2
<t3>:/dv(A)Tr(A3) = <d2+5?)?2121+2)’
144° + 10d
(1) = [av(a)Te (2) = @11 (B+2) (@ 13)

Lemma 7.6. It holds that

) = / dpns(p) [T (Pz)r T @ +41d)4(;21id22)td22 +3)

Proof. In what follows, we calculate the integral:

/ djurs () [Tr (2 /dv ) Tr A2 / dv(A (Tr A4)+ZZA2A2>

. d d -
- /dv(A)Tr (A4) +2Cs | (ZA?A}) 5 (1 - ZA]) A PTTdA,
7 \ig) j=1 j=1
_ /dv(A)Tr (A4) +208 (Z) / (A%A%) 5 <1 _]é Aj> A(A)Zﬁcmj,

where CI”EIS is the normalization constant:

T(d+ 1) T, T()?

21

(7.44)
(7.45)

(7.46)

(7.47)

(7.48)

(7.49)

(7.50)

(7.51)

(7.52)

(7.53)

(7.54)

(7.55)

(7.56)



Next, we calculate the following integral:

. d d
/ (1213) 6 <1 - ;Aj> IA(A) \2ljldAj.
: j= j=

Let

d d
F(t) = / (A%Ag) 5 (t— ZA]) AN PTTdA

j=1

Performing Laplace transform (t — s) of F(t) gives rise to
- ) 942 d ) d
E(s) /0 (1323) exp (—s Z/\]-> 1A PTT dA;
j=1
—(@+4) [© (2.2 d 2
s /O (Wtnd) exp (= Xoms | 1aG0 Py

j=1 j=1
Using the inverse Laplace transform result (s — t): £~ 1(s%) = Hw 1) it follows that
F(t) = ot /Oo (#313) exp | - iﬂ‘ |A<u)\2li[d#'
I(d>+4) o T2 = e
Then
2 d 1 0, d ) d
/(/\1/\2)(5 1— X%Aj Hd/\ ey / (ylyz) exp | — X;ly]- Alp)| dej.
Denote
T kTG0 dn
where
27 1,—u;
q(m) = q(pa, - na) = [AG) [T T T~ e ;.
j=1
From Mehta’s book [30, Eq. (17.8.3), pp. 324], we see that
5 ) k m
(1 piptesr - g = [Tt 14y (2d = m — ) [ J(a +2(d
j=1 j=1

Letting k = m = 2 and (&, ) = (1,1) in the above equation, we obtain that

N

2
(uin3)q = ]Izd—] ]‘! —j+1) =2d(d—1)2(2d — 1).
j= j=

This implies that

(7.57)

(7.58)

(7.59)

(7.60)

(7.61)

(7.62)

(7.63)

(7.64)

(7.65)

IS d
/0 (‘u%‘u%) exp (— Z;ﬁ) Zde] =2d(d—1)%(2d — 1) / exp < Zy]> |A(u Zde] (7.66)
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Therefore

d d 2d(d —1)2(2d —1) [ d d
/ (1313) 6 <1 - Z/\]) AW)PTTd = ( r(dz)jf o ) /O exp (= Y m | 1800 T Tdpy. (7:67)
j=1 j=1 j=1 j=1
Since
=) IS d d
[ | atndu = TTrGITG+1) = 1@+ D] r()? (7.68)
0 0 =1 j=1
Finally we get
(A222) 6 (1 3 A ] |AA) Qﬁd)\- =2d(d —1)*(2d — )M ﬁr( )? (7.69)
J (5)s (1 £ 1T o - Rl e
Based on this computation, we finally obtain that
2\ 12 14d% + 10d
/dVHS(p) ()] = @ +1) (@ +2) (@ +3)
T (d?) (d) 5 r(d+1) &
2 2d(d —1)7(2d —1) I'(j
r(d+1)n;?:1r(j)2 2) 24 I d2+4 JH
14d° +10d N 2(d —1)3(2d — 1) 7.70)
(d24+1)(d?2+2)(d*+3)  (d>+1)(d?>+2)(d*>+3) ’
Therefore we completes the proof. O
7.5 The proof of Theorem
For the first term in the left hands (lhs) of the above equation:
2 o p2 Aéz) 2 2 2p2
([ on] am) = % fi (a0 () 10 (7
Aém) 2 2 2p2
+—=2— [Tr (A )Tr (B ) CTr (A B )] . 7.71)

Then for the third and fourth terms:

T ([42 @ B2] 4(n))
_g [Tr (A2) Tr (B)? +27Tr (A%B) Tr (B) + Tr (A2) Tr (B2) +27Tr (A%B2) |

A2

o ) )
+ Aélé'l'l) [Tr (42) Tr (B)” —27Tr (4%B) Tr (B) — Tr (4%) Tr (B?) +27Tr (A%B%) | (7.72)
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and

[Tr (B2) Tr (A)” = 27Tr (B2A) Tr (4) — Tr (B2) Tr (42) +27Tr (B242)] . (773)
The second term is:

Tr ( [A®2 ® B@ﬂ 54(/\))

- % {Tr (A2 Tr (B)2 + Tr (Az) Tr (B)2 +4Tr (AB) Tr (A) Tr (B) + Tr (A) Tr (Bz) +Tr (AZ) Tr (32)
+2Tr (AB) +4Tr (A%B) Tr (B) + 4Tr (A) Tr (AB?) + 4Tr (A2B?) + 2Tt (ABAB)]

AGD)

+ 48

[3 Tr (A)2Tr (B)? + Tr (AZ) Tr (B)2 +4Tr (AB) Tr (A) Tr (B) + Tr (A)? Tr (BZ)

~Tr (AZ) Tr (32) —2Tr (AB)? —4Tr (A2Bz) ~2Tr (ABAB)}

(2 2)

+ =4 2T (A)Tr (B +2Tr (A2) Tr (Bz)+4Tr (AB)® —4Tr (A%B) Tr (B) —4Tr (A) Tr (AB?) |
+ (2;,1) [3Tr (A)°Tr (B)> — Tr (A2) Tr (B)” — 4T (AB) Tr (A) Tr (B) — Tr (A)* Tr (B?)
~Tr (42) T (BZ) 2Tr (AB)® +4Tr (A%B 2) +27Tr (ABAB)]
+ ‘(112,14,1’1) [T (A) Tr (B)? — Tr () Tr (B)? — 4Tr (AB) Tr (A) Tr (B) — Tr (A)* Tr (B?) + Tr (A%) Tr (B?)
+2Tr (AB)? +4Tr (AzB) (B) +4Tr (A (A ) ATr (A2B2) 2Tr (ABAB)]. (7.74)
Therefore, we get the conclusion.
7.6 The proof of Theorem
Clearly, for k = 2,3,4, we know that
[ duwleygl™ = alfcy. 7.75)
Then
/ AA(p (9)2du(y)
= /dy ) Tr ({A2®B2} ¢®2) +/dy(¢)Tr ({A®2®B®2} ¢®4)
~ [dup) T ([42 @852 %) - [ du(y) T ([B20 4°2] 92, (7.76)
Now,
(5] v2) ) - g e () () ()] o
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[T ([472 0 B2 ) duty) = AT 1)(d1+ D@ rs) A B @.78)

where
Q(AB) = Tr(A)PTr(B?+Tr (A2) Tr (B)2 +4Tr (AB) Tr (A) Tr (B) + Tr (A)? Tr (32)
+Tr (A2) Tr (B2) +27Tr (AB)? +4Tr (A%B) Tr (B) + 4Tr (A) Tr (AB?)
AT (AZBZ) +2Tr (ABAB). (7.79)

Moreover

/Tr ([AZ ® B®2} ¢®3) du(y)
= m [Tr (AZ) Tr (B)? +2Tr (AZB) Tr (B) + Tr (AZ) Tr (BZ) F2Tr (AZBZ)] (7.80)
and
/ Tr ([B2 ® A®2} l/)®3) du(yp)
_ m [Tr (B2) Tr (4)” + 2T (B2A) Tr (4) + Tr (A42) Tr (B2) +27Tr (A2B2) | 781)
Thus
d(d+1)(d+2)(d+3) [ BA(Y)- AB(p)du(y)
= Q(A,B) + (d+2)(d+3) [Tr (AZ) Tr (BZ) +Tr (AZBZ)]
— (d+3) {Tr (A2) Tr (B)2 +27Tr (A2B) Tr (B) + Tr (AZ) Tr (32) 2Ty (A2B2)}

—(d+3) [Tr (32) Tr (A)2 +27Tr (BZA) Tr (A) + Tr (Az) Tr (32) 2Ty (A232)} (7.82)

d(d+1)(d+2)(d+3) [ BA($) - AB(g)du(y)
=Tr (A)?Tr (B)* — (d + 2) Tr (AZ) Tr (B)? +4Tr (AB) Tr (A) Tr (B)
—(d+2)Tr (A Tr (B?) + (@ +3d+1) Tr (42) Tr (B2) +2Tr (4B)*
—2(d+1)Tr (AZB) Tr (B) — 2(d + 1) Tr (A) Tr (ABZ)
b (P +d—2)Tr (AZBZ) +2Tr (ABAB). (7.83)
Therefore
d(d+1)(d+2)(d+3) [ AA()- AB(p)2dn(y)
= Tr (A)*Tr (B)* +4Tr (AB) Tr (A) Tr (B) + 2 Tr (AB)? + 2 Tr (ABAB)
— (d+2) [Tr (4%) Tr (B + Tr (A)° Tr (B)]
—2(d+1) [Tr (A%B) Tr (B) + Tr (A) Tr (AB?) |

+ (@ +3d 4+ 1) Tr (A2) Tr (B2) + (a2 +d —2) Tr (42B2), (7.84)
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that is,
8
/ AA(y ()2dp(p) = Y ujQ4(A, B), (7.85)
j=1

where Q;(A, B) is from Theorem &1 and for K; = (d(d+1)(d+2)(d+3)) ",

w =Ky, up=—(d+2)K;, uz=4Ky;, uy=(d*>+3d+1)K,, (7.86)
us = 2Ky, ug = —2(d+1)Ky, uy = (d®>+d—2)K;, ug="2K,. (7.87)

In the following we calculate the average lower bound,

/4 < ) (A By~ ( P= [ du(y) [{ABYF + (A3 (B); — 2((4, B} y(A)y(B)y]

S — 1
= gy [F(AB T ({A,B}z)} d(d+1)(d+2)(d+3)Q(A'B)

2
— m[ﬂ (A)Tr (B) Tr ({A,B}) + Tr (AB) Tr ({A, B}) + Tr (A{A,B}) Tr (B)

+Tr (A) Tr (B{A,B}) + Tr (AB{A, B}) + Tr (A{A, B}B)]

1
dd+1)(d+2)(d+3)

Tr (A) Tr (B) Tr (AB) + Tr (AB)? + Tr (AZB) Tr (B)

Tr (AB)* + % Tr (ABAB) + %Tr (A232)} + QO(A, B)

1
_d(d+1){
2
_d(d+1)(d+2)[

+Tr (BZA) Tr (A) +2Tr (ABAB) + 2 Tr (Asz)] (7.88)
and

J{ABD3dn(w) = /dﬂ (¥ 14B19)% + (9 [BAI9)> ~2 (9 |AB| y) (¢ |BAI y)]

m [Tr (Asz) Tr (ABAB)] . (7.89)

Therefore we have that

/ du(y) [(({A, B}y — (A)y(B)y)” + (A B)| = Y 1}04(A,B), (7.90)
j=1
where
l1 = Kd, lz = Kd, l3 = —Z(d + 1)Kd, l4 = Kd, l5 = (d + 1)(d +2)Kd, (7.91)
lo=—2(d+1)Ky, ;= (d*>+d—2)Ky, Ig=—2(2d+5)K;. (7.92)

7.7 The proof of Theorem

Since the first term in the rhs of (I.3) can be rewritten as

(({A,BY), — (A)p(B)o)? = ({A, B})2 + (A)2(B)2 — 2({A, B}), (A),(B),
=Tr (p®2{A, B}®2) T (p®4 [A®2 ® B®2D —2Tr (p®3 {AB}®A® B]) , (7.93)
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it follows that

i, Q) 4,1 =

and

where

Moreover

Therefore

where Ly = d(d? —

Since

/ dv(A) Tr (&(A){4, BY*2)

_ 1 2 1 2p2
= AR [T (A%B) + T (ABAB)|  (7.94)
/D(H s () {A)3B)7 = [ av(a) T (6 [472 0 B°2] )
d
:“1QI(A/B)+lx2(QZ(A/B)+4Q3(A/B))+“3<Q4(A/B)+205(A/B))
+ 0(406(A, B) + asg (207(A, B) + Qg(A, B)) , (7.95)
B s i 50 792 1512
0 = Nd(d 184> +158 — "= + - d2+3) (7.96)
B ; 504 3964 504d
0 = Nd(d ~20d+ e — e (7.97)
B ) 50 396 504
0y = Nd< 2 =204 e — d2+3) (7.98)
B ) 500 1584 2016
w = Ny <4d ~ 380+ o d2+2+d2+3) (7.99)
100, 39%d _ 336d
% = N <2d 71 &2 d2+3) (7.100)
%mg ) aa®Y 4 A [Tr (AB) Tr (A) Tr (B))]
16 A0 2 2 2
+2 (85 - a5 )[ (A ) (B)+Tr(AB)Tr(A)+(Tr(AB))]
+%(A§3) =288 + AlY) [Tr (ABAB) + Tr (4282 (7.101)
dpns(p)({A, B})p(A)p(B)p = | dv(A) Tr (63(A) {A, B} © A® B])
D(H,4)
d
36
=Ly <d2 8 — d2+1+m) O3(A, B)
18
+Ly (1+d2+1 d2+2) [Q5(A, B) + Q6(A, B)]
1 10 18
L (E,ﬂ 214 —d2+2>[07(A,B)+Qg(A,B)} (7.102)
—4).
S, s (6) (A BYp = () (B),)?
d
= [ duns(o) (((A, B3~ 204, BY) (AN (B)p + (A12(B)2) 7,103
D(Hq)
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and by (7.94), (Z.95) and (Z.102), we obtain the equality £.73).

Moreover,
I o, QHs(P) (A B = [av(n) T (s(n)[4, B1%2)
_ W [Tr (A%B2) — Tr (4BAB)]
_ m 1Q7(A, B) — Qg(A, B)]. (7.104)
so we get (4.82).

7.8 Two examples in lower dimensions

In this section, we will present two examples in lower dimensions. Note that the results obtained previ-
ously are live in the space of the dimension being larger than three, as examples, we will deal with the

same problem in the 2-dimensional and 3-dimensional spaces, respectively.

Theorem 7.7. For two observables A and B on C2, the average of uncertainty-product taken over the whole set of

all density matrices D (C?) is given by

/AA(p)2 - AB(p)*dups(p)
2 2 4 29 1

=—01— =0+ Qg—l—szl—Fﬁ

1 3 1
oE o= 08 Q5 = 5706 + 7507 + 5750 (7.105)

70 210

Moreover, we have

[ dms(e) [((£4, BY)p = (A)a(B),)? + (14, B]j]
2 1 2 1 1 1 8 1

= ﬁﬂl + ﬁﬂz - ﬁQB + HOQAI + 705 — ﬁQ6 + ﬁfb — %QS' (7.106)
Proof. For d = 2, we have
4 7 22, 23
(t2)2 = 5 (t3)2 = 107 (ta)2 = 35 (t3)2 = 35" (7.107)
Hence,
@y _ 3 ,an 1
(8702 =15 (B2 )2 = 15/ (7.108)
@y _ L en _1
(85702 =2, {85772 = 55, (7.109)
@, 1 ey 1 e _ 1
(D)2 =2, (A7 )= 55, (A7) = o5 (7.110)
Since
3 1
Tr (| A% @ B%| &(A A) = —(u+)+—(Q—Q
/D(Hz) r([ ® } 2( ))dv( ) 75 (Qa+Q7) + 55(Qu — Oy)
1 1
= §Q4+EQ7’ (7.111)
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it follows that

/D o ([4*2 @ B2 &(n)) dv(A)

11
= 5 X 57 (O + Oy + 403 + 04 + 205 + 40 + 407 +20%)

~7
1
—|—£ X 3 (301 + Oy +403 — Qg — 205 — 4Q); — 208)
+7i0 X l (201 + 204 +4Q5 — 406)
2 1 4 1 1 2 1 1
= ﬁﬂl+ﬁ02+ﬁ03+m04+ﬁ05+ﬁ06+ﬁ07+m08’ (7.112)

and

/D(Hz)Tr([A2®B®2+B2®A®2} 3(A)) dv(A)

1 1 1 2

— X = (200 + 206 +40)) + — x = (Qy — 20
5X6( 2 + 20 + 20 + 7)+20><3( 2 7)
1 1 1 1

- —0 QO O 9 7.11
15 2T gttt T pth (7.113)

then by (4.5), we get

Sy A -8B s )

2 2 4 29 1 1 3 1
= ﬁﬂl — ﬁQz + ﬁﬂg + m04 + ﬁ05 — ﬁQé + 7—007 + ng. (7.114)
Since
Tr ({A, B}®?&(A) ) dv(A ~1q Q7 +0Q 7.115
Joy T (14 BY26(0) ) dw(8) = 205 4 55 (7 +.0), (7115)
/D(H)Tr([{A,B}@A@B](%(A))dv() 03+ (Q5+06)+—(Q7+Qg) (7.116)
E 2
and
1
Tr ([A, B]®?&(A) ) dv(A) = — (Qy — Qg), 7.117
Sy T (14 BI20(0) ) v(8) = o5 (07— ) 7.17)
then by (7.93), we get
2 2
d A, B}, — (A)o(B))* + ([A,B
oy s (0) [((LA BV = ()5 (B),)" + (14, B}
2 1 2 1 1 1 8 1
= ﬁﬂl + EQZ — ﬁ03 + mﬂ;} + 505 — ﬁ06 + EQ7 — %QS' (7.118)
We are done. U

Theorem 7.8. For two observables A and B on C3, the average of uncertainty-product taken over the whole set of
all density matrices D (C3) is given by

/AA B(p)*duns(p)
1 109 1 1
- Ele 4002 0 103 ™ T geot B 66Qé + 507 * Tog0" % (7.119)

29



Moreover, we have

3 1 1 1 1 1 14 1

= O —O - — O+ —— QO+ —0s — —O+ —O — —QO.
20 N T a2 T B Tt Tt 5 Tt e T a5t T 180
Proof. For d = 3, we have
3 23 17 ., 61
)y =2, (t3)3 = —, ()3 = —, (t2)3 = ——.
(t2)3 = (t3)3 55 (ta)3 %5 (t3)3 165
Hence,
@, _2 ,an, _1
1A% >3—15, (D, >3—15,
(3) 2 (2,1) 4 @y, _ 1
(As7)a =33 (857 s = 15 1857 )2 = 15
@, _ 1 G, _ 1 (2.2) L @uy 1
A = = (A = —, (A — (A -,
Since
1 1
Tr ([A2®@ B2 &(A) ) dv(A) = —(Qu+Q —(Qy—Q
/D(Ha) r({ ® } 2( )) V( ) 15( 4t 7)+30( 4 7)
1 1
= EQ4+%Q7'
®2 ®2
/D(HS)Tr([A @ B[ £(A)) du(A)
1 1
:ﬁXﬂ(ﬂl+QZ+4Q3+Q4+2Q5+4Q6+4Q7+208)
+%X%(301+Qz+403—04—205—407—208)
1 1
+ﬁ X ﬁ (20] +204+4Q5 —406)
1 1
+@Xg(?)ﬂ]—02—403—04—205+4Q7+208)
3 1 1 1 1 1 1 1
= T O — Ot — O3t —— Y+ — O+ —O+ —Or+ ——0
120 0 T a0 2 T 110 B T 1320 4 T 660 T 33072 T 990" 7 T 1080 8
and
Tr (| A2 ® B®2 + B2 @ A®2| &(A) ) dv(A
/D%)r([ | &5(a)) dv(a)
= 2 Ly 20,1206+ 400) + = x 2y - 20)
T 337 6" 2 4 6 77" 165 T3 V2 7
1 1
+ﬁ X 5 (Qz — 20y —2Q6+4Q7)
3 1 1 2
= 2 Ot =y —0g + 0O
110 2 T 55t e T 55tle T g5t
then by ([.5), we get

Sy BA®) - 8B s )

3 1 1 109 1 1
— EOQl— Eﬂz+ﬁo03+®04+_05——

1 1
Qg+ —=Qy +

30

660 66 45 Tog0" 8"

(7.120)

(7.121)

(7.122)
(7.123)

(7.124)

(7.125)

(7.126)

(7.127)

(7.128)

(7.129)



Since

1 1
®2 _ = -
/D(Hg) Tr ({4, B} 26(A)) dv(A) = =05 + — (07 +0g), (7.130)
/ Tr ([{A, B} ® A ® B] &(A)) dv(A) = =05 + —— (Qs+ Q) + — (Qy +0g) (7131
D(Hy) U 3 T10 2T Ao e T e T BT TS '
and
1
®2 - _
/D ™ (14, BJ26(A)) du(A) = = (Q7 — O), (7.132)
then by (7.93), we get
4 A,B})p — (A)(B),)? + (|4, B])?
S s (6) [((CA,BY)y = (400 (8),)" + (14, B
3 1 1 1 1 1 14 1
= le + EOQQ - EQ?, + ﬁﬂ;} + EQS - %06 + @ 7 — rgoﬂg (7133)
This completes the proof. O
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