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1. Introduction

The state of a physical system is the mathematical description
that provides a complete information on the system. In classical
mechanics it is always possible, at least in principle, to devise a
procedure made of multiple measurements which fully recovers
the state of a single system. In quantum mechanics, on the con-
trary, there is no way, not even in principle, to infer the quantum
state of a single system without having some prior knowledge on
it [1]. It is however possible to estimate the quantum state of a
system when many identical copies are available prepared in the
same state, so that a different measurement can be performed on
each copy. Such a procedure is called quantum tomography.

The problem of finding a strategy for determining the state of
a system from multiple copies dates back to 1957, when Fano [2]
called quorum a set of observables sufficient for a complete deter-
mination of the density matrix. However, quantum tomography en-
tered the realm of experiments more recently, with the pioneering
experiments by Raymer’s group [3] in the domain of quantum op-
tics. In quantum optics, in fact, using a balanced homodyne detec-
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tor one has the unique opportunity of measuring all possible linear
combinations of position and momentum — the so-called quadra-
tures — of the harmonic oscillator representing a single mode of
the radiation field.

The first technique to reconstruct the density matrix from ho-
modyne measurements — so-called homodyne tomography — origi-
nated from the observation by Vogel and Risken [4] that the collec-
tion of probability distributions achieved by homodyne detection
is just the Radon transform of the Wigner function W. Therefore,
similarly to classical imaging, one can obtain W by inverting the
Radon transform, and then from W one can recover the matrix
elements of the density operator. This original method, however,
works well only in a semi-classical regime, whereas generally for
small photon numbers it is affected by an unknown bias caused
by the smoothing procedure needed for the analytical inversion
of the Radon transform. The solution to such a problem is to by-
pass the evaluation of the Wigner function, and to evaluate the
matrix elements of the density operator by simply averaging suit-
able functions (“pattern functions”) over homodyne data: this is
the basis of the first unbiased tomographic technique presented in
Ref. [5]. A main advance has been achieved in Ref. [6], where an
efficient algorithm that uses a nontrivial factorization formula for
the pattern function has been proposed. Clearly, the state is per-
fectly recovered in principle only in the limit of infinitely many
measurements: however, for finitely many measurements one can
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estimate the statistical error affecting each matrix element. For in-
finite dimensions there is the further problem that the propagation
of statistical errors of the density matrix elements make them use-
less for estimating the ensemble average of some operators (e.g.
unbounded), and a method for estimating the ensemble average is
needed, which bypasses the evaluation of the density matrix itself,
as was first suggested in Ref. [7]. For a brief historical excursus on
quantum tomography, along with a review on the generalization to
any number of radiation modes, arbitrary quantum systems, noise
deconvolution, adaptive methods, and maximum-likelihood strate-
gies, the reader is addressed to Ref. [8].

The most comprehensive theoretical approach to quantum to-
mography uses the concept of frame of observables, i.e. a set of
observables spanning the linear space of operators, from which
one derives contextually the quorum of observables and the esti-
mation rule. The ensemble average (X) of any arbitrary operator X
on a Hilbert space H is estimated using measurement outcomes of
the quorum {O;} upon expanding X over a set of functions f,(0;)
of the observables {0;}. What makes the general theory nontrivial
in infinite dimensions is the crucial role of the nonlinear functions
fn(0)) in making the infinite expansion convergent. Let us denote
by Pj:= fu(0y), j = (1), such a complete set of operators. Once
one has the Pj, then the problem is reduced to the linear prob-
lem of expanding an operator as X = Zj(Q}r, X)Pj, for a suitable
“dual” set of operators {Q;}. Notice that generally the index j is
continuous, whence also the operator expansion. The scalar prod-
uct in the expansion is generally not simply the Hilbert-Schmidt
one, when we need to expand operators that are unbounded. The
mathematical theory of frames [9-12] is the perfect tool for estab-
lishing completeness of {P;} and for finding dual sets {Q;}. In
most practical situations the set {P;} is over-complete, and there
are many alternate dual sets {Q j}, the non-unicity providing room
for optimization. A general theory should also classify the oper-
ators X having bounded scalar product with {Q;} and expansion
X=X j(Q}‘, X)Pj weakly convergent (i.e. converging in average)
for a given class of quantum states. In infinite dimensions, as for
homodyne tomography, the easy known approach works only for
trace-class operators — e.g. for estimating the matrix elements of
the density operator over an orthonormal basis. For unbounded
operators, however, such operator expansion becomes an infinite
sum of unbounded terms. On the other hand, converging (and
even finite) alternate expansions are known to exist for various
unbounded operators [13]. As we will see in this Letter, the mecha-
nism allowing “renormalization” of the expansion relies on the ex-
istence of null-estimators — namely operator-valued functions that
have zero mean over the quorum — their existence being related to
a group of symmetries of the quorum. The notion of null-estimator
was first introduced in Ref. [14], in the context of homodyne to-
mography, where the quorum is made of the quadratures of the
field mode. Here, the symmetry group of the quorum is the group
U(1) of rotations of the quadrature phase. The existence of null-
estimators leads to infinitely many alternate expansions of the
same operator over the quorum, allowing cancellations of the in-
finities in the expansion — a kind of “renormalization” procedure.

The problem of classifying all operator expansions for a given
quorum in infinite dimensions for given spaces of unbounded op-
erators is very difficult, and still remains open. It involves the
theory of frames or even more general notions of basis in Ba-
nach spaces [9-12], a yet unfinished chapter of analysis. In this
Letter we present new nontrivial operator expansions for the quo-
rum of quadratures of the harmonic oscillator, and introduce a first
preliminary general framework to generate and classify new ex-
pansions, based on the Kolmogorov construction. We hope that the
material presented here will open the way to the solution of the
problem of quantum tomography in infinite dimensions, leading

to a general mathematical framework for operator expansions over
functions of a set of spectral densities.

2. Quantum tomography and quorum of observables

The general idea of quantum tomography is that there is a set
of observables {X¢} with & € X on the Hilbert space of the system
H — called “quorum” — by which one can estimate any desired
ensemble average by measuring the observables of the quorum,
each at the time, in a scheme of a repeated measurements. The
observables of the quorum are necessarily not commuting, namely
[Xer, Xenl =0 <= &' =§&". Generally, the set X parameterizing
the quorum is infinite, and most commonly, is a continuum. In
these cases, since clearly one can measure only a finite number of
observables, these are randomly picked out according to a given
probability measure on X, which, therefore, must be a probabil-
ity space. In the following, for simplicity, we will also assume a
probability density over X and denote it with the symbol du(§).
It follows that the ensemble average of a (generally not Hermitian)
operator is written in the form of double expectation

(X) = f @) {fe (Xe 1)), (1)
x

where the generally nonlinear function fg¢(x|X) of the variable x
depends on the particular operator X. We will call the function
fe(x|X) the tomographic estimator for X with quorum {Xg}ecx. If
we want to achieve the estimation of (X) = Tr[pX] (the expecta-
tion being supposedly bounded on the state p) by averaging the
estimator fg¢(x|X) over both the quorum and the measurement
outcomes with a bounded variance, we need to have the function
fe(x|X) square-summable over x and &, more precisely

/ du(e) / (dEe (0 | fe k1) < oo, @)
X X

where X: denotes the spectrum of Xg, and dEg(x) its spectral
measure. In the following, for simplicity, we will consider the
spectrum X = X independent on &. Clearly, the above square-
summability will depend again on the state p and on the opera-
tor X.

We first want to notice two main features of estimators:

1. The estimator fg(x|X) is generally not unique, namely there
can be many different estimators for the same operator X. This
is equivalent to the existence of null estimators, namely func-
tions ng (x) such that

/dM(E)/dEg(X)ns(X)=0~ (3)
X X

Accordingly, the estimators can be grouped into equivalence
classes, each class corresponding to an operator X. For such
equivalence we will use the notation ~~, i.e. we will write
f~gor f—g>~0 to denote that the two estimators are
equivalent, namely they differ by a null estimator.

2. For fixed x and & the estimator fg(x|X) must be a linear func-
tional of X, namely

fe(x|aX +bY) =afe (x| X) + bfe (x]Y),
fe (x| XT) = fex1X)*. (4)

Example 1 (Homodyne tomography). (See [8].) The quorum is given
by {X¢}io,x) Where X4 = 1(a'e® 4 ae~i?) denotes the quadrature
at phase ¢, and a,a’ represent the annihilation and creation op-
erators of the harmonic oscillator with commutator [a,a’] = 1.
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Estimators for the dyads |n)(m| made with the orthonormal ba-

sis of Fock states {|n)}, n=0,..., 0o are given by
fo(x[In)(n +d|)
+00
_ / dk4|k| e;;ﬂ”szikx(n +djei*Xo|n)
—0o0
! e
: pid n! 1-2n42_;
=D [ [ ke @), )
(n+d)!
—00

where Lﬂ(x) denotes the generalized Laguerre polynomials.
For the unbounded operators a and a'a one can check that the
following are unbiased estimators

fp(xla) = 2e'?x,

fo(x|a’a) = 2x% — %

The problem of quantum tomography is to establish the general
rule for estimation, namely

Definition 1 (Estimation rule). Given the quorum {Xg}scx find the
bijection:
fex]X) <= X, foreveryoperator X onH, (6)
where we possibly mean to find the whole equivalence class of
estimators fg (Xg|X).

Before solving this task, first one needs to know that the set
of observables {Xg}ecx is actually a quorum. The easiest thing to
do, however, is to derive both the quorum and the estimation rule
contextually, starting from a spanning-set of observables — shortly
observable spanning-set — namely a set of observables {F,},co in
terms of which we can linearly expand operators as follows

X:/da)cw(X)Fw. (7)
O

Notice that the notion of operator spanning-set used here gen-
eralizes the notion of frames for Banach spaces to unbounded
operators (see also the following), and is generally not strictly a
frame according to the definition of Refs. [9,10]. In the following
we will always assume probability distributions admitting densi-
ties. Generally, the set © is unbounded, and the measure dw is not
normalizable, whence, as such, the expansion (7) cannot be used
for quantum tomography. However, generally this feature is related
to the redundancy of the observable spanning-set, which includes
many observables F,, that are just different functions of the same
observable. Then, collecting the observables of the spanning-set
into functional equivalence classes f¢, each corresponding to an
observable of the quorum {Xg}gcx, one can relabel the observable
spanning-set as Fy ¢ = fi. (Xe) with « € R, and write

x= [ du@) fexeix), (8)
X

where the function f¢(x|X) is the integral over the observables
equivalent to Xg, namely

fe(XelX) i/dv(K)C/c,s(X)f:«(Xgl 9)
Re

Notice that in terms of the spectral measure dE¢ (x), the decompo-
sition of X can be written as

Table 1
Table of correspondence for homodyne tomography.
General Homodyne  General Homodyne General ~ Homodyne
X Xy Co(X) Dl @X]  duE) %
X [0, ) ® a Zg x %)  (x]
& ¢ Re R X R
du) % dv(k) Tdkk| 3 [0,7) xR
1) o Ce e (X) Trle *% X]  m(&) 1
Fo D() feXe|X) el Wex =y
x= [ du [ dee e, (10)
x X

and since this expansion is linear in the spectral measure, the lat-
ter can be regarded itself as an observable spanning-set. Indeed,
by introducing the spectral density dE¢(x) = Zg xdx, and the den-
sity du (&) =m(&) dg, and renaming ¢ = (€,x) and 3 = {(§,x),X €
Xe, & € X}, Eq. (10) can be rewritten in the same form of Eq. (7),
namely

X=/d§c’;(X)Z;, (11)
3

where the new expansion coefficients are now given by

Cé,x(x) =m(§) fe (x| X) =m(§) / dv(r) cie 6 (X) fre (x). (12)
Re

For homodyne tomography the above quantities are explicitly
given in Table 1. For F,, an operator frame, the coefficients of the
expansion (7) can be written in form of a pairing (-|-) with a dual
frame G, namely c,(X) = (Gy|X), in terms of which Eq. (12) be-
comes

¢, (X) = M(E) (W A X), (13)

with dual frame

Wix = / V(i) Gex f(0). (14)
R

From the last equation it follows that the estimator itself can be
written using the pairing f:(x|X) = (W¢ x|X), or, in terms of the
original observable frame, as

fs(XIX)Z/dv(K)(Gs,xIX)fK(X)~ (15)

R
2.1. Unbiasing noise

It is possible to estimate the ideal ensemble average (X) by
measuring the quorum in the presence of instrumental noise,
when the noise map .4 is invertible, or, more generally, if there
exists the right inverse of 4. In terms of observable frames, this
just corresponds to using a different dual frame. More precisely,
one has

(X) = / dpa(®) / (dEc (), fe (x| 4 71(X)), (16)

x X

where (-) = Tr[p-] denotes the ideal ensemble average, and
(-) 4 =Tr[A"(p)-] denotes the experimental ensemble average,
AT being the predual map of .4 (Schrodinger versus Heisen-
berg picture). This also means that for left invertible map .4 the
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noisy spectral measures .4 (dEg(x)) are still a quorum. In terms
of the pairing f:(x|X) = (Wgx|X), unbiasing the noise is equiv-
alent to use the new dual frame A4 ! T(Wg,x). When .4 is not
right-invertible one can still estimate the ensemble average of op-
erators in the range of the map. Moreover, in infinite dimension,
when the noise map .4 is compact its inverse map is unbounded,
and one generally cannot unbias the noise without restricting the
space of reconstructed operators. Otherwise, one has a Hadamard
ill-posed problem, for which there are biased compromises, such
as putting a cutoff on the vanishing singular values of 4.

Example 2 (Pauli tomography in a Pauli channel). (See [8].) The oper-
ators [0y /+/2] make an observable orthonormal basis for C®2. We
consider now the noise described by the depolarizing Pauli chan-
nel

W:(l—p)ﬂ—kg?, (17)
where ¢ denotes the identity map and 7 (X) = ITr(X). This
noise can be simply unbiased via noise-map inversion:

_ 1 p
N = I — 7.
1-p 2(1—-p)

(18)

Example 3 (Homodyne tomography with quantum efficiency n < 1).

(See [8].) The set of displacements operators D () := eed'—aa \yith
a € C provides an observable Dirac-orthonormal frame for Ty,
where

T, = [x =:f(a.d"):, st. aangof(a,&)es|“‘2 =0], (19)

and :: denotes normal ordering. In the presence of noise from non-
unit quantum efficiency 7, the unbiased reconstruction is possible
for operators in T, if n > (25)~!. In fact, one uses the new dual:

1-n

D(a) — JV_lT(D(Ot)) =nD(n"a)e2 ol (20)

Example 4 (Homodyne tomography in Gaussian noise). (See [8].) As
for quantum efficiency, Gaussian noise can be unbiased for mean
thermal photon number n <s — % One has the new dual:

D(a) » A (D) = D(@)e™*". (21)
3. The case of homodyne tomography

Before addressing the general problem of deriving a general to-
mographic rule for unbounded operators, in this section we will
re-derive the known pattern function of homodyne tomography in
order to illustrate the general concepts introduced in the previous
section.

The starting point is the observable frame {D(o)}yec of dis-
placement operators D(«) := eo‘”L“*a, in terms of which the de-
composition (7) for trace-class operators can be written as follows

2
X=/dn—aTr[DT(a)X]D(a), (22)
C

where X4 = %(aTei"’ + ae~¢) denotes the quadrature operator at
phase ¢. By changing to polar variables o = (—i/2)ke'?, Eq. (22)
becomes

Tdp [ dkh
Xzf?(p/ 1K Tr[ Xe'Xe Je~tkXo (23)
0 —00

4

In terms of the quadrature spectral measure, one has

+00

T
X= / o / dk ki Tr[ XelkXe ] e~TkXo
T 4

0 —00

T +

= [ [ ks tiixw,.a 24
0 —00

where

Wi = e "D ()W oD (x)e#7'4,
Woo=—1p_ (25)
0,0 = 2 X% 5

P denoting the Cauchy principal value. On the other hand, in Sec-
tion 6 we will show that for unbounded operators we also have
the expansion

x:/i_‘ﬁ / de Tr[GT (e, @) X]F (L, §), (26)
0

—00
with
1 .

F(t.¢)= —= e 2(-12X0)

d 1

2 . .
G(t,¢) = ate% /de\i(l — 0)te'?)(—iote'?|, (27)
0

where the vectors in G(t, ¢) are coherent states. In terms of the
quadrature spectral measure Eq. (26) can be written as

T d¢ o0
x:/; / dEs () Tr[XWy ], (28)
0 —00
where now
ro d
1 92 2
W/ — df —— fz(thZx) —tez
X / v2ne Ta
—00
1
x /de}iu — O)te'?)(—iote'?|. (29)
0

Alternatively, as shown in Section 6.2 by means of the frame of
normal-ordered moments, one has the expansion

o
X = Z aT"amTr[g,:,mX]

n,m=0
ﬂd¢ +00
:/?/d&p(x)
0 —00
> - V2x)
Trl x lm n—l—m) M’ 30
. r|: g ( ' ik (30)
where
min(n,m) :
(-1 ) .
n,m = ; - - — — ]l 31
&n, ]:ZO A= Y m =l (31)

The above expansions in Egs. (28) and (30) are just examples of al-
ternate expansions which are equivalent for the estimation of the
expectation values of (even unbounded) observables, but can be
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very different as regards the statistical noise affecting such esti-
mation. As a matter of fact, the problem of classifying all possible
expansions has never been solved, and, hopefully, the results of the
present Letter may suggest a unifying approach to the solution of
such a difficult problem. As we will see in the next subsection, the
existence of many alternate expansions is due to the symmetry of
the quorum of quadrature operators, and the resulting properties
of null estimator functions.

3.1. Calculus with null functions

We first notice that a null estimator function ng ~ 0 corre-
sponds to a null expansion over the quorum, namely

[aue [aecwnio =0 —  [au@nsoe =o. 32
x X x
Let us recall the ordering relation [15]

(k.h) j

k!l s—r\’ .

ATk AL ATk—j A l—].
aas = E - - - :a a i, (33)

’ jzo]!(k—])!(l—])!< 2 ) '

where (k,l) :=min(k, ), and s=1,0, and — 1 correspond to nor-
mal, symmetrical, and anti-normal ordering, respectively. We will
also write the symmetrical ordering as S{a'*a'} =: a'*a';y, and the
normal ordering as :af*al: =: a'*q:;.

Then we have:

Lemma 1 (Main equivalence relation). (See [14].) The following equiva-
lence relation holds

xkeFIk+21420 ~ 0 vk > 0. (34)

k

Proof. Since XX = >, (l

)5{a”ak*l}ei¢(2’*k), one has

Y
/ CJ'T—‘/’ei“k“”Wx{;, =0, Vk.n>0, (35)
0

which is equivalent to (34). O
Stated differently:

Lemma 2. The following equivalence relation holds

where Hy(x) denote the k-th Hermite polynomial.

vk,n >0, (36)

Proof. From the definition of Hermite polynomials one has

1 1 9" 2 t i 1 o—ith

ﬁHn(ﬁxzﬁ) _ ﬁﬁ tzoe t24+/2t(aTe'® +-ae~1%)
= Zn: <Z> atkgn—keid@k—n) _ 2" X5 (37)
k=0
Then, it follows that
g

/ C:T—(ﬁeii(kJ“Z*Z”)‘f’Hk(ﬁX(z,) =0, Vk,n>0, (38)
0

which is equivalent to (36). O

Moreover, we also have

Lemma 3 (Equivalence of truncated Hermite polynomials). The follow-
ing equivalence relations hold:

oting H(l)

Shn(€X) ~ €M Hop oy (1cx), (39)

where we introduced the truncated Hermite polynomial

l

_\m n—2m
H'@ =% OmeEyT (40)

I(n — !
b m!(n —2m)!

Proof. The two identities are just the complex conjugated of each
other. Therefore, it is sufficient to prove the identity with the plus
sign. By using the un-truncated Hermite polynomial, we have [16]

I+[n/2]
€™ Hoppn(kx) =€ >

m=0
% X21+n—2mei[n+2(l—m)+2(m—1)J¢, (41)

(—)™(21 + n)!(2k ) 2Hn—2m
m!Q2l+n —2m)!

where [] denotes the integer part. From identity (34) it follows
that all terms with m > [ are equivalent to zero. O

Finally, one can show the Poisson identities (whose proof can
be found in Appendix A).

Lemma 4 (Poisson identities). The following identities hold

) N 1 f(x2€2i¢) f(xzefzhp)
fx )571(@—;[1_8—21@5 1 _ e2i¢ :|

ib £ y2 020
xf(xz)sn@):l[xe foce ?) (42)

Xe—i¢f(xze—2i¢)
Tl 1—e 2

1—e2i¢
In particular, we have the identity 8, (¢) ~ %
4. The Kolmogorov construction

In this section we present the so-called Kolmogorov construc-
tion [17], and its relation with the fundamental identity of quan-
tum tomography.

In the following, by L,(X) we denote the Hilbert space of
square summable functions over the space X. For example,
X =R, and Ly(X) the Hilbert space of square summable func-
tions on the real axis, or ¥ = S!, and Ly(X) is the Hardy
space of square-summable complex functions on the circle. Con-
sider now a complete orthonormal set of functions [v,(x)] for
Ly(X). The completeness of the set corresponds to the distribu-
tion identity Y, upn(X)*uUn(¥) = 8(x — y), where § denotes the
usual Dirac-delta. Consider now a (infinite-dimensional) Hilbert
space H and denote by [w,] an orthonormal basis for it. The fol-
lowing vector |u(x)) =Y, un(x)|wy) is Dirac-normalizable, in the
sense that (v(y)|v(x)) =é8(x — y). Consider now another (infinite-
dimensional) Hilbert space K >~ H. To the orthonormal basis [v; (x)]
for L,(X) and [z;] for K we associate a map from the observ-
ables Ox with spectrum X on H to operators in B(H,H ® K)
given by v(X) = Y, Un(X) ® |zn), where, as usual, we define
the operators vp(X) in terms of the spectral resolution of X, i.e.
Un(X) = fae dE x (x) un(x), where dEx(x) denotes the spectral mea-
sure of X.

For X,Y € Ox, formally we write

vX) o)=Y un(X)Tun(Y). (43)

Consider now the integral kernel K(x,y), x, y € X corresponding
to a positive operator K € B(H), namely
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Kx, y)={v®|K|vy). (44)

For any two self-adjoint operators X,Y on Ly(R), the expression
K(X,Y) is well defined in the following sense

KX, V)= v @ Ku(y), (45)

where K € B(K) is given by K = Y nm 120} (Wn|K|Wp)(zi|. Then,
we can also write

K(X.Y) = unON(wal K|Win)um(Y)
=/dEx(X)/dEx(y)K(x, ¥). (46)
X

This is also equivalent to say that for any expansion of K(x,y)
in series of products of functions of single variable, K(X,Y) is
defined as the same expansion, ordered with the functions of X
on the left and the functions of Y on the right. For commuting
X,Y, then K(X,Y) simply represents the same analytic expres-
sion of K(x,y), now substituting the operators in place of the
variables. As an example, the identity operator K = I corresponds
to the Dirac-delta kernel, and for commuting X,Y € Ox we have
v(X)Tu(Y) = 8(X — Y). By replacing now H — H®Z2, even for non-
commuting X and Y, one has

e N(Ieu)=6XaI-18Y). (47)

Moreover, similarly to Eq. (46), one has
KX®LI®Y)= (X &) (IF*®K)(I®u(Y))
=Y un(X)" @ v (V) (Wa | K| W)

=/dEx(x)®/dEx(y) K(x, y). (48)
x X

The fundamental identities of quantum tomography correspond to
an expansion of the swap operator E over the quorum, since for
any state p and observable A one has Tr[pA] = Tr[(p ® A)E],

where E|Y) ® |¢) =| ¢) ® |).

4.1. Homodyne tomography

From Eq. (23), it is clear the swap operator can be written as

T +00
E:/ 5 / e g ks (49)
T 4

0

Then, the usual homodyne tomographic formula can be obtained
by the Kolmogorov construction in writing the swap operator as
follows

b
EzfCJIT—¢(U(X¢)T®I)(I§2®I~<)I®U(X¢), (50)
0
corresponding to the positive kernel
P 1
2 (x—x)2
where Y = X2 is the quadrature conjugated to X = Xp, with
[X,Y]= % The kernel is clearly positive, since one has

dk
D K@i, X)E'E =/ 2
i,j R

K(x,X)= %(x||Y||x’>=— (51)

(52)

The tomographic formula consists in the following identity

/—K(Xd) QL I1® Xy). (53)

Using Eq. (48), one can also write

e

d
E= / 7“’ > un(Xp) @ un(Xy), (54)

0

with un(Xp) =Y, Um(Xe)(nl|Y]Im). The existence of null estima-
tor functions can be taken into account by considering any opera-
tor Ny ¢ such that

e

d
[ ;‘ﬁvn(X(p)T & Nap =0, (55)
0

and any estimation rule can be obtained by the swap operator

T
_[d¢ t
E= / x ;vn(xw ® Dug. (56)

0

with Dp ¢ = up(Xg) + Np g, as follows
T do
TrlpX]= / — ZTr[pun(X¢)T] Tr[Dp ¢ X1 (57)
n

4.2. Spin tomography

For spin tomography the swap operator is written as follows [8]

2]+l/ /dwsm _el(llsz)'ﬁ'/f

dn - . -
=/—1<(11~n®1,1®]z-n), (58)
4

where the kernel is given by

K(r,s):%(j+%>(r+]|2—e+—e_|s+]). (59)

In Eq. (59) r,s=—],—J +1,..., ], the set {|n)} denotes any
orthonormal basis of the infinite-dimensional Hilbert space H,

and e_ represents the shift operator e_|n) =|n— 1), with e, = eT_.
The basis {|n)} can be conveniently regarded as the Hardy space of
functions on the unit circle, with (n|z) =", |z| =1, and

21

dz dv | iuy
f2n12| )(z|5/E\e e . (60)

0
By introducing the vectors [v(m)) =|m + J), we can write

-

E=/2—;(v(71 )T ® (e @ K)(I @ v(J2 - 1)), (61)

where K € B(K) is given by K = (J + %)(1
is the cosine operator.

—0),and C = J(e+e_)
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4.3. Alternate expansions
The general form of the swap operator is
E=Y (vXn)' @ 1) (Iye2 @ K)(I ® V(X)) (62)
v
Introducing an invertible operator L € B(K), we can write

E= Y vn(X) @ un(X) (KL |20)(z)|LK 2 m),  (63)

v,n,m,l

where {|z(l))} is any orthonormal basis for K. Therefore, we have
all the alternate expansions on the quorum

z=> "3 "T[LX) Z]Mi(x,). (64)
v

where

M0 = un@{zO|LKE m) = (z()|LK 2 [u (),

L* =Y vhmKIL 20)) = (v KL [2().  (65)

5. Canonical dual for homodyne tomography

The frame theory approach to quantum homodyne tomography
gives further insight to the structure of the quorum of quadra-
ture observables. Given a set of vectors |v,) in a Hilbert space, if
the positive operator F =3, |vn)(vy| is invertible, then the scalar
product between two arbitrary vectors can be written as

(Wrin) =Y (¥ lun)(valn), (66)

n

where the set of vectors {u, = F~!|v,)} is called “canonical dual”
of the set {|v,)}, and F is denoted as “frame operator”. In other
words, the set {|v,)}, along with its dual {|up)}, is a spanning
set for the Hilbert space, and provide a generalized resolution of
the identity. In this section we show that the set of (generalized)
projectors |x)g (x| over the quadratures X4 give a frame when
varying ¢, and the expansion for trace-class operators in Eq. (23)
corresponds to using the canonical dual for the estimation rule.

In the following, we will make extensive use of the isomor-
phism between the Hilbert space of the Hilbert-Schmidt operators
A, B on H, with scalar product (A, B) = Tr[ATB], and the Hilbert

space of bipartite vectors |A)), |B)) € H® H, with ((A|B)) = (A, B),
and
D= Ammln) ® m), (67)

n,m

where Apm = (n|A|m), with |n) and |m) fixed orthonormal bases
for H. Notice the identities [18] A ® B|C)) = |ACB™)) and A ®
Bf|C)) = |[ACB*)), where T and * denote transposition and com-
plex conjugation with respect to the fixed bases in Egs. (67).

By taking (n|x)p as real, in the |)) notation the spanning set
|X)¢ ¢ (x| corresponds to the following vectors on Hg ® Hp of modes
aand b

|(|X)¢ o (X))= Ix)g1x)—g

From the identities ((D(z)|x)o|x)o = exp(2ixImz)3(Rez) and
ei®@a=b")| D (2)y) = | D(zei®))), along with the eigenvalue equation
(a—bH|D(@)) = z|D(2))), the frame operator can be evaluated as
follows

= @) )4 ). (68)

T o0

/ C:T_¢_/ dx |x) %) —¢ ¢ (X] —¢ (x|
-7

d/dz [ ppipiee)
x |x>o|x>oo<x|o<x|D(we"¢)))<<D(w)|

-1 / @ / dt | D (ite®))(D (ite) | = ﬁ (69)

F

g

The inverse of F is simply given by F~! = mr|a — b'|. The canonical
dual is then obtained as follows

(o)) = [ @zizD@UD @) 0o
- / dk k|| D (ike'®))e?*x

o0

=}1 / dk |k||e™*Xo =), (70)

—00

Hence, it follows that the usual kernel operator corresponds to the
canonical dual.

5.1. Alternate dual frames

The dual of the quadrature projectors is not unique. However,
the formula of Li [12] for characterizing all possible alternate du-
als for bounded frames and discrete indexes cannot provide any
new dual set. By denoting the frame as {| & (x, ¢)))} with Z (x, ¢) =
8(Xp — x), such a formula can be formally written in the form
Ox.®))=FEx )+ |f*x )

T oo

/d¢/dx’E
b4

0

VNEHE® Q) (K. 9)).

(71)

where {F~1|Z(x, ¢)))} is the canonical dual, and {f(x, )} is an
arbitrary Bessel set, namely

o0 T

f dx/ - Ifx )]’ < (72)

0

The scalar product that appears in the integral of Eq. (71
written as follows

) can be

(E(x.¢)|FEx )
- / d*z |z of¥'|of¥ | D@)(D (2e"" =) [x)y )0

— / dk|I<|e2”<[”°s(‘/'_"’)_"/]8(ksin(w —9))
=78(x—X)8z (¥ — 9). (73)

This bi-orthogonality relation implies that the formula (71) cannot
reveal any new dual set.
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5.2. Generating new frames

We can generate different frames by changing the function of
a — b’ which gives the frame operator in Eq. (69). Explicitly, we
have

f(jla=bT))

c:r—(p f%/dz"'/dzwg(lzl)g*(lwl)

T
[~
x @?XIMZ=2XIMW s (Re 7)5 (Re w)| D (ze'?) (D (we'?) |

Y d o0

/ ?(b / dxe‘."’("T"_I’Tb)«/ﬁg(|aJr — bl)Ix)0lx)0

0 —00

_ b|)efi¢(ﬂTabeb)’ (74)

x o(xlo(xlvmg*(|at

where the functions g and f are related as |t|f(|t]) = |g(t)|?. Using
the identity

(a—b")1A) = (jaA) — |Aa*) = |[a, Al), (75)
for reference basis such that a* =a, e.g. the photon number basis,
we have

112 — (at —I[q"
la—b'["|A) = (a" = b)|la, A1) = |[d", [a. A1]). (76)
But the double commutator can be written in terms of the (dual)
Lindblad super-operator

[a, [a, A]] = —(ZLlal + Z[a']) A, (77)

where LIW]A = WTAW — J(WTWA + AWTW). Remarkably, this
is exactly the dissipative super-operator of the displacement Gaus-
sian noise, corresponding to a distributed loss compensated by a
phase-insensitive amplification.

With the aid of the following commutator rule
|:a'i'7 [a7 el)\X]] — %A‘Zel)\.x, (78)

we easily obtain
|a" - b[2|x>0|x)o = —}laf\a(x - X)) = ‘]—‘[%Az} (X — x)>>, (79)

in terms of the Fourier transform F[f](x) = [°0 ™ f(n).

Therefore, we have

g(la" = b|)Ix)olx)0 = ‘f[g(%xﬂ(X—x)», (80)

corresponding to the frame
1
Z(x, ¢)=ﬁf[g<§.>}(x¢ —X). (81)

For example, if we choose g(x) =,/ % exp(—%zxz), we have

2(x, ) :@exp[—%(x(p —x)z]. (82)

Notice that a function Z(x, ¢) =h(Xy — X) corresponds to a frame
if the function h has Fourier transform which is invertible and
bounded. Moreover two functions h and h’ will correspond to
the same frame operator if their Fourier transform have the same
module. More precisely, the frame operator will be given by

= f(Jla—b' Fatieh] (83)

1

The canonical dual can be obtained by inverting the frame operator

N (1x)g ¢ (x1)) = /ﬁ ! |D(ze))e**™Z5(Re 2)
Vo0 7 (i)

_ mﬁ 1 kX ikx
‘”_/ w fn

= |nY(x— Xp)), (84)

_ 1
where hY (x) = TF rqp 13-

6. Expansion of unbounded operators over the quadratures

As already noticed, the swap operator in Eq. (49) provides the
estimation rule just for trace-class operators. However, it is known
since Richter [13] the following formula

T
amgm = (n+m> /_¢ 1
T /ot
0

Eq. (85) was originally derived by using nontrivial identities involv-
ing trilinear products of Hermite polynomials.

Here, we provide a much simpler derivation as follows. Using
the definition of Hermite polynomials in Eq. (37), one has

= Hnm(v2Xy)e? ™. (85)

_¢:Xn+m: eiq)(m—n)
T

Il
S~
ou

g

dp 1 i (m—n)
/ e Hran(V2X £, (86)
0

Similarly, for the symmetrical ordering, one derives the identity

n—+m
(n;m) s{atmam) = Z <n17m> s{atmlg!} 5y,
=0
b
= / d—‘pe"‘f’('"*")z“mxg*'". (87)
T
0

For arbitrary ordering, using Eq. (33), one obtains

(kD

ad =3 k! <5>j5{aﬂ<jalj}
Tt k= - 2
k+1\ " [ do s\ e ( 2
— ip (I—k) <
(1) e () ma(fix)
0

Using Lemma 3, one has the equivalent identity
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b/

1 ket

ikl (k+1 d9 isa—ro( /S ﬁ

:a a.s_< K > /ne 5 Hjyg 5X¢.
0

(89)
In a similar way, one can derive the useful relation
b . .
d¢ (V€71¢)n+1 _ (Mel¢)n+]
N n
(na+va') _/ —(2Xp) e — (90)
0
whence
rdo . si 1
sin[(¢ — @)(n
Xn:/_¢xg [ — )@+ D] o1)
¢ 4 sin(¢ — ¢)
0
Using Eq. (87), for the displacement operator one obtains
n
n —k k —k_k
D(Ot)=2<k>a” (—a*)“s{a™*ak}
k=0
T . .
dp N e 0 X 5" (—20%el? X )k
PP s e
0 k=0n=0 ’
The last equation can be summed using the identity
0 n 1\ z *,—Z"
Z"(—z ze* 4 z%e
) (n(+m)). = Z++ = (93)
n,m=0 '
which gives the estimation rule
e—ibge2Xoe Ve | oipxe—2Xpe Pt
fo(Xg|D(e)) = (94)

e~ivq + eiPor*
Identity (94) should be compared with the equivalent estimator
given in Ref. [7]. The identity in Eq. (94) can be also derived by ex-
plicitly using the properties of null estimator functions, as shown
in Appendix A.

All estimation rules f4(Xy|X) given in the present section do
not correspond to an expectation of X as in Eq. (57). However, we
can suitably recover an expectation rule — which is generally not
unique — for any observable. Consider, for example, Eq. (94). Using
the following identity [16]

1
/d@&"(l—@)m:B(n—i—l,m—i—l):
0

n!m!

n+m+10 (95)

one obtains the integral form for the inverse binomial coefficient

m+n 71_2
m Codt

Then, the estimator (94) becomes

1
r/de t0)"(t(1 — )", (96)
t=1
0

d
fo(Xo|D@@) = o

t/d@ exp(—2Xge'Pa*th)
t=1
0

x exp(2Xge " Pat(1 - 6)), (97)
and for its spectral kernel one has
1
fo(x|D(@)) = %x/ dg exp(—2xe"a*0)
0
x exp(2xe P (1 - 9)). (98)

We can rewrite the estimator in form of expectation

1
fo(x|D(@)) = ix/clo (2xe? (1 — )| e e~

2xe'®9), (99
I ) (99)
0
where the vectors are coherent states. Eq. (99) corresponds to the
functional form f4(x|D(a)) =Tr[Wg x:D(a):], with
d 1
W= &x/de |2xe'?6)(2xe' (1 - 0)].
0

(100)

In order to give an expectation rule corresponding to Eq. (86), we
can proceed as follows. From the integral representation [16]

Hp(x) = (=2i)" / %e‘“""‘)zt”, (101)

—00

and using identity (96), Eq. (86) for normal ordering can be written
as follows

ama — dt o 1 (E=i2X4)?

T

O~y
o
—
N

3

1
d . .
x ar/de(-iew“f’)”[-iu —o)te~ "
0
T [oe]
S [8 [ e
1 2T
0 —00
1
) ) 2
x Et/d@Tr[aTma”|—i9te’¢)<i(l —0)e|lez, (102)
0
where we have used matrix elements on coherent states
(Bla™a" o) = o B¥me 2 IP+IBP 208" (103)

Notice that Eq. (102) is equivalent to the expansion for operators
X admitting normal-ordered form given in Eqgs. (26) and (27).

6.1. Frames of normal-ordered moments

In the following, by simply applying the frame theory, we re-
cover some results of Refs. [19,20], where the set of normally
ordered moments {a™a'} is shown to be complete, and related to
a biorthogonal set given on the basis of Fock states. From the set
{a™a'} we immediately write the frame operator

o0

F= Y adfa’d|.

k,1=0

(104)

On the Fock basis one has

S kA mik+ DA !
F= 2 n!j!

k,l,n,j=0
x |k +n)[l +n)k+ jI{d+ j|

a'b" [ = alipti
=y - D kky ki@ Idar) > 7
n=0 j ’

k,1=0 j=0

= e (alar @ bTht)e?™". (105)

The inverse of F is given by
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=1 __ —afpt L L —ab
F~ ' =e <aTa! ® bTb!)e . (106)
A lengthy but straightforward calculation gives
gk = F~'[a™d')
min (k,1) t
1
( ) [k —t)|l —t), (107)

=2 ; ,
rdid «/(k Ol —
and the dual set is then given by Eq. (31). The dual set is unique,
and in fact one has the biorthogonal relation

Tr[g,]:,.l,aTkal] =0k kL1 (108)

6.2. Frame of moments versus quadrature distribution

The frame of moments allows to recover the estimation rule for
unbounded operators as an expectation rule with a dual operator
of the quadrature projectors |x)4 ¢ (X|. In other words, by inspecting
Eq. (86), we would like to write an operator G(x, ¢) such that

-1
TI’[GT(X, ¢)aTnam] — <n "f‘m) 1

n WHnij(\/iX)eilp(min).

(109)

In this case, the operator G(x, ¢) is a dual of the quadrature projec-
tors |x)¢ 4 (x|, but is different from the canonical dual (70), which
is divergent for unbounded operators. One has

F71 3 la"d{a"al|cTx. )
k,1=0

GTx. ¢)) =

=Y g Tr[a"d*GTx. ).
k=0

(110)

Then we obtain GT(x, ¢) = e®?'aGT(x, 0)e—i#?'a, with

> k+1\"" 1
ng,l< K ) ﬁl‘lkﬂ(ﬁx)

k,1=0
oo min(k,l)

(-1t
N B
t/ &k — O — D)

k=0 t=0

-1
k+1 1

The dual G(x, ¢) provides also new pattern functions for the ma-
trix elements, as previously noticed in Refs. [13,21]. For example,
for the vacuum component one has

Tr[cT(x,¢)|0><0I]=Z<‘ ) (2k)‘
k=0

Notice, however, that such pattern functions are generally no
longer bounded for x — 400, even for n > 0.5.

One can check that the set G(x, ¢) is dual to the set of quadra-
ture projectors |x)y 4 (x| as follows

G'(x,0)=

O -t

(111)

Hap(v/2x). (112)

+0o0

/ dx f ‘:T—¢|a<x¢ —0)Gx. ¢)|

”d¢m k+1\"" 1 ol
[FE () e e olis
0

k,1=0

= > [aaYl | = D la"a) el = FF =1

k,1=0 k,1=0

(113)

6.3. Other frames

Using frame calculus, it is easy to show that the following sets
of operators are spanning sets

_1x2
Angp=e 2 d’Xg,

2\*% 1 —_X2

Bro= (=) —=e "*Ha(v/2Xy), 114
n.o (n) T n(V2Xy) (114)
with corresponding frame operators
T 2

O = e—1Zl

— |A A =—,
IE 3 e nal =17
o =0
T ¢ 00

— B B =—, 115
0/” 3 B (Bnsl = i (115)

where Z =a — b,
7. Conclusion

We introduced a general framework to generate operator ex-
pansions for quantum tomography through the Kolmogorov con-
struction. In fact, the usual theory of frames is suited to derive
complete sets of observables and dual sets for obtain estimators
just for bounded operators, whereas a unifying approach to classify
operator expansions for unbounded operators is up to now un-
available. We showed the role of null estimators in leading to many
alternate expansions of the same operator over a quorum of ob-
servables, even making such expansions convergent for unbounded
operators. As a byproduct, a number of new operator expansions
has been found. Hopefully, our results will contribute to the solu-
tion of the problem of quantum tomography in infinite dimension,
where a complete classification of convergent operator expansions
over the quorum is still missing.
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Appendix A
A.1. Proof of Lemma 4

Consider the Poisson form of the Dirac delta for the 2 -interval

_l “+00
— 1 n| ping
Sar (@) = €1_121_ 7 E ele?. (116)

n=—oo

In the following we will use € to mean € = 1_. Rescaling ¢ by a
factor 2 we obtain

+0o0 1
3 elnleing =
T

n=—oo

+00
8r () = — Y et = 570 (@), (117)

n=—oo

which is also equivalent to the even folding relation

857 (#) = b2 (§) + b2 ( + 7).
On the other hand, we have the odd folding relation

(118)
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e85 () = 8am (¢) — 827 (& + 1)

1 +00
- _ Z 6\2n+1\ei(2n+1)¢.

n=—oo

(119)

From the equivalence relations (34), we immediately derive the
equivalence

k
x2k Z 6\n|621nq>

n=—k

1
X5 () =~ —
T

(ee—2i¢)k+1

1 ” (662i¢)l<+1
=—x :
T €eli¢ — 1

where the distribution

g +m¢>}, (120)

ke (9) = - (121)
T 1 €2 — (e 4 e2i0)
with support in ¢ =0 gives
b4 do 27 do 1
. —€
. e12n¢ =/ hnd i i emq>
,/ g (@) 27 1+ €2 — €(el? 4 ei9)
0 0
1 €—e! n
— dz—Z7Z"=:9(n)
= omi z—€eDiz—¢€)
lz]=1
(122)
with 9(n) =1 forn >0 and ¥ (n) =0 for n < 0. Eq. (120), which

contains identity 8 (¢) >~
lows
£ ()57 (@)

1[ f(ex2e?®)y  f(ex?e~2i9)

_[‘1 _6_16_2i¢ 1— 6_1ezl¢ +K€(¢)f( )]

where f(z) denotes any analytic function in z. In a similar way we
obtain

; as a special case, generalizes as fol-

(123)

X2k+lei¢8 )
(662i¢)k+1
€e?iv —1

(66—21¢)k+2
ce—2ip _

~ 1 ok 1¢|: (124)

_7r

+ Ke (¢)]
which generalizes as follows

Xf (x%)e'?87 (¢)

1 |:ei¢f(ex2e2i"’)

7 | 1—€le2i¢

e i® f (exte2i®)
1—e-le2i¢

+ ke (¢)ei¢f(x2)].
(125)
A.2. Alternative derivation of identity (94)

By posing o = Sre?, we have

s
d .
D(a) = [ %27“527:((75 — @)eXe

:/d—¢n[cosrx¢8(+)(¢ — @)
0

+isinrXssy ) (@ — pree@ 9. (126)

Now, we evaluate separately the cosine and the sine terms. In the
following, we will denote v = ¢ — . The cosine term can be trans-
formed as follows

cosrX¢n8(+)(¢)~Z Ezk))v 2k y 2k Z 2l p2iny

o0

Z sz// + e—21m//

O) (_)annxén
00 )k 2kx2k

Z 2k+2n)‘ ’ (127)

=0

On the other hand, the sine term transforms as follows

]
SiHTX¢7T87(T_) (w_)Geiw ~ Z 62n+1 (ei(2n+1)1// + €7i(2n+])l/j)1’2nx(%n
n=0
00 (_)kr2k+l X;’H—]

_ (128)
pard 2k +2n+1)!
It is convenient now to make the following substitutions
. ot . ot .
r=2la|, e ¥=i—, eV=i—e? (129)
lex| lex|

By using the sine and cosine terms together, Eq. (126) is rewritten
as

[ d
D(oz):/?(pf;(XHD(a)), (130)
0
with
X¢|D(Ol) ZZ[enemdy n+k k
n=0 k=0
n,—in «\k n (2X )2k+n
+ee M (—a*) +k_5"°]ﬁ‘ (131)

In the limit € — 1~ the last expression can be simplified using the
reordering rule

o0 o0

Kk k— k. k
Zza””k (2R Wk 4 2w TR e — 8025 wk)
n=0 k=0

=D Y k@ ('),

(132)
h=0 k=0
thus giving
(=2XgelPa* 12X e~ P )k
fs(Xs|D(@)) ZZ ¢ ¢ (133)

h=0k= (h + k!

from which Eq. (94) easily follows.
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