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Efficient characterization and learning of quantum states in finite-dimensional systems is a central
task in quantum information science. Symmetric informationally complete POVMs (SIC-POVMs)
offer optimal tomographic performance, but their existence in general dimensions remains an open
problem in quantum information theory. A SIC-POVM is constructed from a single fiducial state
whose Weyl-Heisenberg orbit forms a highly symmetric, informationally complete set. In this work,
we resolve a relaxed yet fundamental version of this problem by proving that for every finite dimen-
sion, there always exists a fiducial state whose Weyl-Heisenberg orbit yields a minimal IC-POVM,
without symmetry assumptions. Our key contribution is a complete diagonalization of the associ-
ated Gram matrix: its eigenvectors form tensor products of Fourier basis states, and its eigenvalues
are given by the two-dimensional discrete Fourier transform of the fiducial state’s autocorrelation
function. This spectral structure enables explicit reconstruction formulas and reveals several classes
of fiducial states cannot generate IC-POVMs or the more restrictive SIC-POVMs. Leveraging the
constructed orbits, we propose a classical shadow tomography framework for qudit systems, where
the minimum eigenvalue directly governs the estimation variance. Our method achieves sampling
efficiency comparable to SIC-POVMs while significantly reducing computational complexity to ob-
tain the fiduial state. Numerical simulations confirm that in high dimensions, randomly chosen
fiducial states yield IC-POVMs with high probability, demonstrating both theoretical universality

and practical feasibility.

I. INTRODUCTION

The complete characterization and efficient learning of
quantum states stands as a central challenge in quantum
information science. A general d-dimensional quantum
state is described by a density matrix p € C%*4 [1], which
contains d? — 1 independent real parameters and encodes
all physically accessible information about the system.
Recovering this information via quantum state tomogra-
phy requires a measurement scheme that provides at least
d? — 1 linearly independent statistics—exactly the mini-
mal requirement satisfied by an informationally complete
positive operator-valued measure (IC-POVM) [2].

Beyond enabling full state reconstruction, information
completeness also underpin modern approaches such as
classical shadow tomography [3], which aims to predict
a large number of observable properties from a limited
set of randomized measurements. Recent advances have
generalized the classical shadow tomography framework
from using randomly multiple sets of orthonormal pro-
jective measurements [3-13] to employing a single IC-
POVM [14-17].

In this work, we answer this question affirma-
tively by constructing minimal IC-POVMs based on
Weyl-Heisenberg orbits, and demonstrating their effec-
tiveness in classical shadow estimation. Our results show
that these fixed measurements not only admit efficient re-
construction formulas but also achieve sample and post-
processing complexity comparable to traditional random-
ized shadow schemes.
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The emergence of classical shadow tomography
has transformed this landscape by reconceptualizing the
tomographic problem: rather than pursuing complete
state reconstruction, shadow protocols focus on effi-
ciently estimating specific observable expectation values
with polynomial measurement scaling. This paradigm
shift reduces resource requirements from exponential to
polynomial, making tomography tractable for systems of
practical interest. However, the efficacy of shadow to-
mography critically depends on the underlying measure-
ment ensemble, specifically requiring informationally
complete positive operator-valued measures (IC-
POVMs) that satisfy two stringent criteria: spanning the
complete space of Hermitian operators while maintaining
exactly d? elements for optimal efficiency.

Among the most celebrated candidates for such mea-
surements are symmetric informationally complete
POVMs (SIC-POVMs), which emerge from the orbit
structure of the Weyl-Heisenberg group—the discrete
analog of phase-space displacement operators in quan-
tum optics. When a fiducial state satisfies the restrictive
SIC condition |(1;|;)|*> = (dé;; +1)/(d + 1), its Weyl-
Heisenberg orbit generates a measurement ensemble that
simultaneously achieves informational completeness and
forms a unitary 2-design. Such configurations are prov-
ably optimal for tomographic reconstruction, minimizing
estimation variance while providing robust performance
across diverse quantum states.

Despite their theoretical elegance, SIC-POVMs face
a fundamental constructibility crisis. Zauner’s con-
jecture, which asserts their existence across all finite di-
mensions, remains unproven after decades of intensive
investigation. Analytical constructions exist only for se-
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lect low dimensions, while numerical solutions have been
identified up to dimension 181 through exhaustive com-
putational searches. The deep mathematical connec-
tions to algebraic number theory—particularly aspects
of Hilbert’s twelfth problem and class field extensions—
suggest that universal SIC-POVM constructions may be
intrinsically intractable. Recent work has established
that resolving Stark’s conjecture in number theory would
imply Zauner’s conjecture, highlighting the profound
mathematical depth underlying this problem.

This existence uncertainty creates a critical bottleneck
for scalable quantum technologies. While SIC-POVMs
represent the theoretical gold standard for quantum to-
mography, their non-constructive nature prevents de-
ployment in realistic high-dimensional quantum systems
where efficient state characterization is most urgently
needed. The stringent symmetry requirements that en-
dow SIC-POVMs with optimality simultaneously render
them inaccessible for practical implementation.

This work addresses a fundamental question that re-
frames the tomographic landscape: Can we achieve
informational completeness without demanding
perfect geometric symmetry? We investigate
whether the Weyl-Heisenberg orbit of a generic fiducial
state—one that does not necessarily satisfy the restric-
tive SIC condition—can nevertheless span the operator
space and form a minimal IC-POVM suitable for shadow
tomography.

Our approach represents a paradigmatic shift from
geometric regularity to algebraic completeness.
Rather than enforcing uniform inner product magnitudes
and geometric constraints, we determine informational
completeness purely through the spectral properties of
the associated Gram matrix constructed from fiducial
state overlaps. When this matrix achieves full rank, the
corresponding Weyl-Heisenberg orbit spans the opera-
tor space, yielding an IC-POVM with well-defined re-
construction guarantees.

We establish both theoretical foundations and con-
structive results that resolve the dimensional scaling
problem for quantum tomography. Our main contri-
butions include: (1) explicit fiducial state constructions
that guarantee informational completeness across arbi-
trary dimensions, (2) comprehensive characterization of
failure modes that prevent IC-POVM formation, (3)
performance analysis demonstrating near-optimal recon-
struction variance, and (4) optimization protocols that
achieve SIC-POVM-level performance without requiring
exact symmetry conditions.

These results demonstrate that the pursuit of perfect
symmetry, while mathematically compelling, may impose
unnecessary constraints on practical quantum tomog-
raphy. By relaxing structural requirements while pre-
serving informational completeness, we enable scalable
shadow tomography protocols that bridge theoretical op-
timality with experimental reality, opening new pathways
for quantum state characterization in high-dimensional
and near-term quantum architectures.

II. PRELIMINARIES

Definition 1 (Fourier transformed basis state |F,)).
The Fourier transform plays a central role in quan-
tum computing. In any d-dimensional Hilbert space, the
Fourier-transformed basis states are defined as

d-1
1
| Fm) = Ewmj\] w=ed m=0,...,d-1
\/>

(1)
These basis states form an orthonormal basis and will
later play a central role in the spectral decomposition of
Gram matrices associated with Weyl-Heisenberg orbits.

Definition 2 (Weyl-Heisenberg group). The Weyl-
Heisenberg group is a wunitary group acting on a d-
dimensional Hilbert space, generated by the shift operator
X and the phase operator Z, defined as

d—

X =) |j+1modd)(j

1
, Z= Zw] 7} (2)
7=0
These operators satisfy the commutation relation ZX =
wXZ, and generate a full set of displacement operators:
My = XIZ% for j,k € Zg. (3)
The Weyl-Heisenberg group can be viewed as a natural
generalization of the Pauli group from qubit systems to
arbitrary finite dimensions, providing a discrete analog
of phase-space translations in finite quantum systems.

Remark. Strictly speaking, the full Weyl-Heisenberg
group includes an additional global phase: {w’X7/Z* |
l,4,k € Zs}, ensuring closure under group multiplication.
In this work, we omit the global phase factor as it does
not affect the Gram matrix structure or the informational
completeness of the resulting POVMs.

Definition 3 (Weyl-Heisenberg orbit). Given a fiducial
quantum state |¢) € Hq, the Weyl-Heisenberg orbit of
|p) is the set

Op = {XIZ"|¢) | j.k € Zyg}, (4)

consisting of d? states generated by applying all Weyl-
Heisenberg displacement operators to |¢).

To simplify notation, we label each operator M;; by a
single index o € {0, ...,d* — 1} using a = jd+k, so that

M, = My, = XIZ% with a = jd + k. (5)

Definition 4 (Gram matrix G4y for Weyl-Heisenberg
orbit). Let|¢) =
tum state. The associated Gram matriz G4 € s

defined by the squared overlaps between elements of the
Weyl-Heisenberg orbit:

Z;(l) arlk) € Hq be a normalized quan-
Cd*xd®

1

Gloy = (|{Daldp)? )aﬂ o (6)



where |pa) = My|®).
This matriz is real, symmetric, and hence Hermitian.
Explicitly, it can also be expressed as

d—1

>

m,n,p,q=0

Gig) = (el (X™Z™)T(XP Z)|6) *-[mn) (pal. (7)

Matrix form. For clarity, the Gram matrix can be writ-
ten as

[{doldo)>  Keole) - [{bolbaz—1)|?

[(orldo)l*  Kenlo)® - [{brldaz—1)]?
Gig) = : : :

(az—1ld0) [ [{Baz—1ld0)* - [(Paz—1]Baz—1)[?
Property 1 (Tight frame property for any

Weyl-Heisenber orbit). Let {|q{)k>}z2:61 be the set
of quantum states obtained by the action of the Weyl-
Heisenberg group on a fiducial state |¢). Then this set
forms a tight frame with frame operator

d?—1

> ok okl =d- 1. (8)

k=0
A detailed proof is provided in Appendix A.

Method 1 (Fiducial state for SIC-POVM and Zauner’s
conjecture). A symmetric informationally complete

POVM (SIC-POVM) in a d-dimensional Hilbert space

is a set of d* subnormalized projectors {|¢k><¢k\/d}z:01,

such that the pairwise overlaps between the normalized
vectors |¢r) satisfy

1

2 __
[{orlor )| = PR

for all k # K. 9)

Equivalently, if the Gram matriz of a fiducial state |¢)
satisfies

Glg) = (Oap - (d+1)+ (1 =bap)),  (10)

1
d+1
then the corresponding Weyl-Heisenberg orbit forms a

2
SIC-POVM with elements {|éx)(dr|/d}{_o"-

The construction of SIC-POVMs [18] has been recog-
nized by Horodecki et al. as one of the five central open
problems in quantum information theory [19], specifically
concerning the existence of a SIC-POVM in every finite
dimension d. The prevailing approach is to search for
a fiducial state that satisfies Eq. (9), which then gener-
ates the desired structure via its Weyl-Heisenberg orbit.
Zauner’s conjecture posits that such a fiducial state ex-
ists for all d, and while both analytical and numerical
solutions have been found for certain dimensions, a gen-
eral proof remains elusive. Moreover, the problem reveals
intriguing connections to algebraic number theory, par-
ticularly to aspects of Hilbert’s twelfth problem [20, 21].

Notably, a recent QIP 2025 talk highlighted that a proof
of the Stark’s conjecture in number theory would imply
the validity of Zauner’s conjecture [22].

Once a suitable fiducial state is identified, its
Weyl-Heisenberg orbit yields a set of d? equiangular lines
in complex Hilbert space [23], offering valuable insights
into the geometry of quantum state space [24]. By con-
trast, in real inner product spaces, the maximum num-
ber of equiangular lines with a fixed angle scales only as
O(d), underscoring a sharp distinction between the com-
plex and real settings [25].

Motivated by this, we investigate whether relaxing the
symmetry condition inherent in SIC-POVMs is sufficient
to achieve informational completeness. Specifically, we
examine the existence of fiducial states for information-
ally complete POVMs (IC-POVMs) without the strin-
gent symmetry constraints. If no such fiducial state exists
for an IC-POVM for special dimension d, it would imply
the non-existence of a fiducial state for a SIC-POVM,
given that SIC-POVMs are a subset of IC-POVMs with
additional symmetry properties.

Method 2 (Fiducial state for IC-POVM). If the Gram
matriz Gy defined in Eq. (6) has a nonzero determi-
nant, then the d* states generated by acting the Weyl-

Heisenberg group on the fiducial state |¢) can form an
informationally complete POVM (IC-POVM).

This criterion was rigorously established in recent work
[26]. According to Property 1, if det (Q|¢>) # 0, then the

set {|¢x)(dx]/d}i" forms a minimal IC-POVM. The
POVM condition is satisfied because each element is nor-
malized and the set sums to the identity. Moreover, since
the set consists of d? rank-one projectors spanning the op-
erator space, it is minimal in the sense of informational
completeness.

III. RESULTS

We are therefore interested in how the choice of |¢)
affects the structure and determinant of the Gram matrix

Glg)-

Theorem 1 (Diagonalization of the Gram Matrix). The
complete set of eigenvectors of the d? x d?> Gram matriz
Glgy 1s given by the tensor products of the Fourier basis
states:

|‘I)mn> = |-7:m> by |]:n>7 (11)

where my,n =0,...,d —1, and |Fy,,) is the m-th Fourier
transformed states defined in Eq. (1). These d? vectors
form an orthonormal eigenbasis of G,g) -

Each eigenvector |®,,,,) corresponds to the eigenvalue

d—1d-1

Amn = ZZ (6] X7 Z"|g)[? - wmatnk,

§=0 k=0

(12)

A specified expression is provided in Fq. (B11).



The proof of this result, including the derivation of
Eq. (12), is provided in Appendix B.

This formula reveals that the eigenvalues \,,,, are pre-
cisely the two-dimensional discrete Fourier transform (2D
DFT) of the matrix |(¢|X7Z"|¢)|?. In other words, the
Gram matrix spectrum is determined by the interference
pattern encoded in the autocorrelation structure of |¢)
under the Weyl-Heisenberg action. This structure un-
derpins the connection between the spectral properties
of the Gram matrix and the Fourier analysis on the dis-
crete phase space.

Theorem 2 (Existence of informationally complete fidu-

cial states in all dimensions). For every positive integer

d, there exists a pure state |¢) € C? such that the Gram

matriz G4y, constructed from the Weyl-Heisenberg orbit

{Mu|®) Yaczyxzys 5 full rank. Consequently, this orbit

defines an informationally complete POVM (IC-POVM).
Moreover:

e For all even d, the fiducial state
1 d—1
=—(|0) + 150, 13
|¢) \/g(‘ ) ;C 7)) (13)

where ¢ = e*™/(4+1) " generates an IC-POVM.

e For all odd d, the fiducial state

) = F > (14)

J#jo

with any fized jo € {0, ...,
IC-POVM.

d—1}, also generates an

The minimal eigenvalue of the associated Gram matrix
is strictly positive in both cases. For odd d, it satisfies
the asymptotic bound

71_2

- _ ™Y _ T -3
Amin = 2d (1 cos(d)) 7 +0(d™7).
Remark 1. In the case d = 2, our analysis yields a com-
plete characterization of all fiducial states that generate
an IC-POVM wvia Weyl-Heisenberg orbits. Specifically,
the Gram matriz G ) is full rank if and only if

T 3T
Oi -
7277T’ 2}7

for fiducial states of the form |¢) = bo|0) +b1e®®|1). This
provides a necessary and sufficient condition, and defines
a continuous family of IC fiducials that vastly enlarges the
space compared to the two known SIC-POVM fiducials in
dimension two.

bobl#o and 9%{

Complete proofs of Theorem 2 and the d = 2 charac-
terization are given in Appendix C.

Theorem 3 (Fiducial states that fail to achieve infor-
mational completeness). Let |¢) € C? be a pure state,
and let G4y denote the Gram matriz formed from the
Weyl-Heisenberg orbit {My|¢)}. Then G4y is rank-
deficient—and thus the corresponding POVM is not in-
formationally complete—if |p) satisfies any of the follow-
ing conditions:

1. |¢) is real-valued (i.e., all components a; € R) when
the dimension d is even.

2. |¢) =
of unity (i.e.,

f > i ak|k) with each coefficient ay, a root
ap® =1 for some my, € ZT).

3. |p) is sparse, with at most k < y/d — %—I—% NONZEro
components.

4. |®) is a qudit stabilizer state.

In each case, the Gram matriz Gy is not of full rank,
and hence the associated Weyl-Heisenberg orbit fails to
yield an IC-POVM.

A detailed proof is provided in Appendix D. Further-
more, in the n-qubit setting, we identify certain quantum
circuits U for which the output state |¢p) = U|0)®™ fails
to generate an IC-POVM.

Theorem 4 (Representation of arbitrary quantum states
via minimal IC-POVMs by Weyl-Heisenberg orbits). Let

{\qﬁa)}d ! be the Weyl-Heisenberg orbit of a fiducial
state |@), forming a minimal IC-POVM by normaliza-
tion. For an unknown quantum state p, define the mea-
surement probabilities

= tr(p|¢a)(Pal)- (15)

Let G gy = Zm,n Amn| Prn ) (Prmn| be the spectral decom-
position of the corresponding Gram matriz, with eigenval-
ues Amn and eigenvectors |®p,y). Then density operator
p admits the following exact reconstruction:

d?-1 d—1
p=> ( > A;L<¢mn|p><a|¢mn>> |Ga) (0l (16)

a=0 \m,n=0

is the vector of measurement

where p = (po» s ,pd2—1)T

outcomes.
A detailed proof is provided in Appendix E.

Theorem 5 (Qudit classical shadow tomography us-
ing IC-POVMs from Weyl-Heisenberg orbits). Let
{\¢k><¢k\/d}2 b be a minimal IC-POVM formed from
the Weyl- Hezsenberg orbit of a fiducial state |p), and let
G be its associated Gram matriz.

When an unknown quantum state p is measured and
outcome k is observed, the corresponding classical shadow
estimator in a single measurement is given by

d?—1

k) (k) =d > Gt ba)(@al, (17)
a=0



where G~ is the inverse of Gram matric.

To estimate the expectation value tr(pO) for an observ-
able O, define the traceless component Oy = O —tr(0)/d.
Then, the shadow norm for the variance is bounded by

||00Hshadow < (OO) (18)

o Arﬂll’l
where Apin denotes the smallest eigenvalue of the Gram
matriz G.

Moreover, when the state p is drawn randomly from
the Haar measure, the average-case variance is bounded
as

100

tr(03). (19)

||averdge =\
min

A detailed proof is provided in Appendix F.

Remark 2. When the observable O to be predicted ad-
mits a known decomposition over the Weyl-Heisenberg
orbit, i.e.,

d?—1

0= clon)(enl,

then the classical shadow post-processing becomes ex-
tremely efficient. Specifically, the estimator satisfies

tr(F~ (Jgu)(oxl) - O) = d - ex,

meaning that the contribution of each measurement out-
come can be computed in constant time once the coeffi-
cients ¢ are known.

Moreover, these coefficients can be reconstructed from
the spectral data of the Gram matriz via Eq. (16),

d—1
Z >‘7_n}n (®rnn|0) (k[ Prmn),

m,n=0

where o € R%

tr(O |pa)(Pal)-

Property 2 (Range of the minimum eigenvalue of the
Gram matrix). Let g‘@ € C¥*4 pe the Gram matriz as-
sociated with the Weyl-Heisenberg orbit of a normalized
fiducial state |¢) € C. Then, the minimum eigenvalue
of Q‘@, denoted by Amin, satisfies

is the wvector with components o, =

d

0<)\min§7~
- d+1

If the orbit forms a SIC-POVM, the upper bound is
achieved.

A detailed derivation is provided in Appendix G.

Property 3 (Spectrum of the Gram matrix for
SIC-POVM). If the fiducial state |¢p) generates a SIC-
POVM through its Weyl-Heisenberg orbit, the Gram ma-
trix takes the symmetric form

d+1 1 - 1
1 1 d+1 --- 1

Gor =777 : (20)
11 d+1

The eigenvalues of G|gy € CE*E gre:
e one eigenvalue equal to d,
o d?> — 1 eigenvalues equal to ﬁ.

A detailed derivation is provided in Appendix H.
Therefore, the minimal eigenvalue is

d
)\Hli : = 5 -
n:SIC d+1
Substituting this into the worst-case variance bound of
classical shadow tomography gives

100113 (d+1) tx(0p),

::hadow = A (OO)

min
which matches the performance guarantee for classical
shadows using random MUBs.

IV. NUMERICAL ANALYSIS

To complement our theoretical results, we perform nu-
merical simulations to examine the behavior of Gram
matrices associated with random fiducial states and as-
sess their potential to generate informationally complete
POVMs (IC-POVMs).

Determinant Instability in High Dimensions. Al-
though the determinant of the Gram matrix provides a
sufficient condition for informational completeness, it be-
comes numerically unstable in high dimensions due to
rapid decay. This makes it unreliable as a practical cri-
terion in large systems.

To illustrate this, we sample 1000 Haar-random pure
states |¢) for each dimension d € {4,...,50}, compute
their associated Gram matrices, and record the mean de-
terminant values. As shown in Fig. 1, the determinant
decreases exponentially with increasing d, falling below
machine precision (e.g., 10722%) for d > 40. This moti-
vates the use of the minimum eigenvalue as a more robust
alternative.

Minimum FEigenvalue Distribution. Instead of rely-
ing on the determinant, we study the smallest eigen-
value A, of the Gram matrix, which directly indicates
whether the matrix is full rank. According to Theorem 2,
our explicit constructions yield Gram matrices with prov-
ably positive minimum eigenvalues.
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FIG. 1: Mean determinants of Gram matrices for 1000
Haar-random fiducial states across dimensions d = 4 to
50.

Figure 2 shows the empirical mean and standard devi-
ation of the minimum eigenvalue A, across 1000 Haar-
random fiducial states for each dimension. The blue
curve represents the sample mean, the shaded region indi-
cates the standard deviation, and the red curve denotes
the theoretical lower bound obtained from our explicit
construction in Theorem 2.

Remarkably, the empirical means consistently lie above
the theoretical lower bound, particularly in higher dimen-
sions. This indicates that Haar-random fiducial states
are, on average, more likely to generate full-rank Gram
matrices than our deterministic constructions. In other
words, in high-dimensional settings, a randomly chosen
fiducial state has a high probability of yielding an IC-
POVM via the Weyl-Heisenberg orbit.

Interestingly, the global plot reveals apparent irregu-
larities: the sequence of mean values exhibits discontinu-
ities between even and odd dimensions. However, when
the data is separated by parity, as shown in Figs. 3, each
subsequence becomes smooth and monotonic. This sug-
gests that the spectral behavior of Gram matrices may be
influenced by structural differences tied to the parity of
d, potentially related to underlying group-theoretic prop-
erties of the Weyl-Heisenberg orbit.

Quantum State Tomography Using IC-POVMs from
Weyl-Heisenberg Orbits. ~ We now evaluate the effec-
tiveness of using IC-POVMs constructed from Weyl-
Heisenberg orbits for quantum state tomography. Given
a fiducial state |¢) such that the associated Gram ma-
trix is full rank (i.e., Amin > 0), we obtain a set of d?
rank-one projectors {|¢x) (¢r|} through Weyl-Heisenberg
group action. These form an IC-POVM by normalization
that can be used to reconstruct an unknown quantum
state p.

Using the Born rule, we simulate M measurements
on p, where the frequency of outcome k approximates
qr. = tr(pEy), with E, = |¢r){¢r|/d. Based on the mea-
sured probabilities {qx}, we employ two reconstruction
methods:

1. Linear Inversion. Using the explicit decomposi-
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FIG. 2: Mean and standard deviation of the minimum
eigenvalues A\, of Gram matrices for 1000
Haar-random fiducial states, over dimensions d = 4 to
50. The blue line shows the empirical mean, the shaded
region indicates the standard deviation, and the red line
marks the theoretical lower bound from Theorem 2.
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(a) Minimum eigenvalues Amin for Haar-random fiducial
states in even dimensions.
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(b) Minimum eigenvalues Amin for Haar-random fiducial
states in odd dimensions.

FIG. 3: Comparison of Ay, trends for Haar-random
fiducial states across even and odd dimensions (d = 4 to
50). While both exhibit smooth decay, subtle differences

in spectral behavior emerge due to dimensional parity.



tion formula derived in Eq. (16), which expresses
p as a linear combination of projectors |¢x){dxl,
weighted by coefficients computed via the Gram
matrix spectrum.

2. Convex Optimization (SDP). Solving the fol-

lowing least-squares semidefinite program:
d*—1

' = argmin kZ:O |tr(X |6n) (dk]) — el

subject to X = 0,

(21)
tr(X) = 1.

To evaluate performance, we randomly sample 100
Haar-random pure states p and compute the average fi-
delity between the true and reconstructed states as a
function of the total number of measurements M. The
blue curves correspond to the linear inversion method us-
ing Eq. (16), while the red curves show the results of the
SDP-based approach.

Figure 4 illustrate the average fidelity performance for
dimensions d = 4, 8, 16, 32, respectively. In all cases, both
methods converge toward high-fidelity reconstructions as
the number of measurements increases. The SDP-based
approach exhibits better performance in the low-sample
regime due to its physicality constraints. However, when
the number of measurements becomes sufficiently large,
the linear estimator based on Eq. (16) slightly surpasses
the SDP method in fidelity, owing to its unbiased nature
and analytical structure.
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FIG. 4: Average fidelity versus the number of
measurements for quantum state tomography using
IC-POVMs.

Visualizing Gram Matriz Structure and Spectral Prop-
erties. 'To visualize and compare the spectral and struc-
tural properties of different fiducial states under Weyl—
Heisenberg orbits, we generate composite plots that in-
clude:

e the heatmap of the Gram matrix G4,

e the corresponding eigenvalue magnitude matrix
(reordered into 2D form), and

e a histogram of the eigenvalue distribution.

These visualizations reveal global symmetries, spectral
concentration, and the presence or absence of small eigen-
values, which are crucial for assessing informational com-
pleteness and numerical stability in state reconstruction.

From these visualizations, we observe that the Gram
matrix G4 exhibits a form of cyclic symmetry: the ma-
trix is invariant under simultaneous shifts of rows and
columns, which corresponds to the translation symmetry
of the underlying Weyl-Heisenberg group. As implied
by Eq. (8), the sum of each row or column is exactly d,
and consequently the largest eigenvalue of G4y is always
d. Moreover, the trace of the Gram matrix equals d?,
implying that the sum of all eigenvalues is also d?.

Among the examples shown, the SIC-POVM configu-
ration exhibits the most uniform eigenvalue distribution,
consistent with its highly symmetric construction and op-
timal frame properties. This uniformity contributes to
better numerical conditioning and lower variance in ap-
plications of qudit classical shadow tomography.

Optimizing fiducial states for improved shadow per-
formance. 1In classical shadow tomography, the sam-
ple complexity is inversely proportional to the minimum
eigenvalue Ay of the Gram matrix. As shown in Fig. 2,
when fiducial states are chosen at random, Ay, typically
decreases rapidly as the dimension d increases, leading to
significantly higher sampling costs in high-dimensional
systems.

To mitigate this effect, we formulate the following op-
timization problem: for a given dimension d, we seek a
normalized fiducial state |¢) € C? that maximizes the
minimum eigenvalue of its associated Gram matrix G4,
defined over the Weyl-Heisenberg orbit. Formally,

max Amin = max min{A.ntm.n
)€ Gie) |yecd Pmn b

subject to (¢|p) = 1.

Here, the eigenvalues \,,, are given explicitly by the 2D
discrete Fourier transform in Eq. (12), allowing efficient
computation.

Since the objective is highly non-convex, we adopt
large-scale gradient-based optimization using the Adam
optimizer, combined with extensive random restarts to
escape poor local minima. For each dimension d €
{2,...,20}, we run 2500 optimization steps with a learn-
ing rate of 0.05, repeated over 3000 random initializa-
tions. The best-performing result for each dimension is
recorded.

As shown in Fig. 7, the optimized values of A, sig-
nificantly improve over random baselines. Remarkably,
in low dimensions, these values approach the theoreti-
cal upper bound %1, corresponding to the ideal perfor-
mance of SIC-POVMs. Although our resulting orbits do
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FIG. 5: Composite visualizations of the Gram matrix
structure and spectral properties for different fiducial
states. Each row shows, from left to right: the Gram
matrix heatmap, the 2D DFT-arranged eigenvalue
matrix, and the histogram of eigenvalue distribution.
(a) SIC-POVM in d = 4, exhibiting the most uniform
eigenvalue distribution; (b) IC-POVM in d = 4 with
fiducial state in Eq. (13); (c) IC-POVM in dimension
d =5 in Eq. (14); (d) Haar-random fiducial state in
d = 4, with less structured spectrum and broader
eigenvalue spread.

not form SIC-POVMs, they nonetheless yield comparable
sampling efficiency in classical shadow tomography.
Compared to the standard approach of construct-
ing SIC-POVMs—which requires minimizing the fourth-
moment functional to saturate Welch’s bound [Ref]—our
method is substantially simpler and more flexible. In-
tuitively, SIC-POVM construction seeks fiducial states

whose Gram spectra are exactly {d, ﬁ, ce d;-‘il-l}’ en-
forcing global symmetry across all eigenvalues. In con-
trast, our optimization only requires Apmin = (1) to

ensure efficient shadow reconstruction. This weaker re-
quirement translates to a more tractable numerical prob-
lem with fewer structural constraints.

Moreover, because the eigenvalues are analytically con-
nected to the fiducial state via a 2D discrete Fourier
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FIG. 6: Composite visualizations of the Gram matrix

structure and spectral properties for different fiducial
states. Each row shows, from left to right: the Gram
matrix heatmap, the 2D DFT-arranged eigenvalue

matrix, and the histogram of eigenvalue distribution.

(a) non-IC-POVM in d = 4 with real-valued

components; (b) non-IC-POVM in d = 4 with roots of

unity components; (¢) non-IC-POVM in d = 4 with 2
zero components; (d) qudit stabilizer state in d =4

with ¢ = ﬁ(l, 2i,1,2i).

transform, our objective remains differentiable and scal-
able. This enables standard optimization tools to be
effectively applied even in high-dimensional settings.
Hence, our approach achieves near-optimal shadow per-
formance with significantly lower computational and
structural overhead compared to exact SIC-POVM con-
structions.

Acknowledgements— This work received support
from the National Natural Science Foundation of China
through Grants No. 62001260 and No. 42330707,
and from the Beijing Natural Science Foundation under
Grant No. Z220002.



0.95
(]
3
3 0.90
>
S
g0.85
2
£0.80
=
%5 0.75

s
= 0.70

[}

—s— Maxmin Eigen
d/d+1

2.5

5.0

7.5

10.0 12.5 15.0 17.5 20.0
Dimension d

FIG. 7: Optimal Maximal minimal eigenvalues



10

Appendix A: Proof of Proposition 1: Tight frame of Weyl-Heisenberg orbit

Proof. We compute the operator sum:

d—1
Si= Y XIZ¥e)(glZz7Fx .

J,k=0

Fixing j, consider the inner sum over k:

Let |¢) = 377§ aula). Then:
d—1
Zk|¢> :Zwakaam), Wherew:e2m/d.
a=0

Thus:
ZFp)(g1Z27F =) WP agaz|a) (0],
a,b

and summing over k, we get:

Because:
d—1 .
Zwk(aib) _ d7 ifa = b,
0, otherwise,

it follows that:

d—1

Sj=d>_ las|*la)(al,
a=0

which is a diagonal matrix with entries proportional to the probabilities laq|?.
Now, summing over j and applying the shift operators X7:

d—1
S=> XISX .

=0

Since each X7 cyclically permutes the diagonal entries of Sy, the full sum S uniformly distributes the diagonal weights.
Therefore:

S=d-I,

completing the proof. O

Appendix B: Proof of Theorem 1: Diagonalization of the Gram Matrix

In this section, we derive the expression for the eigenvalues of the Gram matrix G4y associated with the
Weyl-Heisenberg orbit of a fiducial state |¢). Recall that the Gram matrix is defined by the inner products be-
tween all orbit elements X7 Z*|¢), and its matrix elements are given by

Gl rwy = (S Z7FXTIXT ZF |¢) = (¢| XTI 2% ~F|g).
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As such, G4y is a d? x d? circulant matrix on a two-dimensional discrete torus. It follows from standard harmonic
analysis that its eigenvectors are tensor products of Fourier basis vectors, and its eigenvalues are given by the two-
dimensional discrete Fourier transform (2D DFT) of the matrix: Pj, = |[(¢|X7Z¥|¢)|?. Next, we give an detailed
proof.

Proof. We aim to prove that

G| Prmn) = Gy | Fim) @ [Fn) = A | Fin) @ | Fn), (B1)
for all m,n € {0,1,--- ,d —1}.
We first express
] d=td-t
[Fm) @ | Fn) Zzast\ )t). (B2)
s=0 t=0

Namely, aqt denotes the coefﬁcient of the basis state |s)|t) in the expansion of |F,,) ® |Fy), up to factor 1/d.
Since | Fp,) = \f Zé o Lw™|s), we obtain

—1d—
| ®|]_- %ZZ m9+nt| |t

s=0 t=0
and thus
asy = W, (B3)
We now aim to prove
(1@ (HG1e) 1 Fm) @ 1T = A 25k = AT F7, (B4)
for all 7, k.
As G|y is Hermitian, we have Q‘Td)> = G|)- To compute the inner product (j| ® (k|Ggy|Fm) @ |Frn), we first simplify
Gig)l7) ® [k).
By Eq. (7), we have
d—1 d—1
Gli) @ k) = D D [ol(X™ Z") (XTI Z28)[g)[ - mama). (B5)

m1=0n1=0

We now calculate the inner product between the vectors in Eq. (B5) and Eq. (11):

d—1 d—1 d—1d—
. my ryny 1 wmstn
(1@ (k|G| F) @ [ Fa) = Y- > [ol(X™ 2" (XTI ZM)| ) - (mama |- EZZ )t
m1=0mn1;=0 s=0 t=0
1 d—1 d-—-1

=2 Y 3 Kl Zm) (X 2R -t

m1=0n1=0
1 d—1 d—1
— g Z Z | ¢|Xm1 AL k|¢>| wmmitnn (BG)
m1=0n;=0
d—1 d—1
N DI L S
ml:OTEl:O
d—1 d-1

1 .
= [ X0 3 el g | gtk

m1=0n1=0

Q| =

Thus, we define

d—1 d-1

A= 3 3 (@XM Zm ) W, (B7)

m1=0n1=0

We have therefore shown that each of the d? tensor-product vectors |F,,) ® |F,), constructed from the Fourier
basis, is an eigenvector of the Gram matrix G4, with corresponding eigenvalue Ay,p. O



Lemma 1. All eigenvalues Ay of the Gram matrixz in Eq. (7) can be expressed as in Eq. (B11).

Proof. For any state |¢) = Zi;(l) ax|k), we have

d—1
Z™M|p) = Zw"lkak|k>
k=0
and
d—1 d—1
X7™g) = aplk —my mod d) = apym, moa alk)
k=0 k=0

Thus we have

d—1 d—1 2
|<¢7|)(7an711 |¢>|2 = (Z a’2+m1 mod d<k> anljaj |j>
k=0 Jj=0

2

SH
[

* nik
- akak+m1 mod d * W

0

=~
I

From now on, we omit the notation modd in the index of coefficients for simplicity.
Then the eigenvalue \,,, can be expressed as:

2

d—1 d—-1 d—1
A _ mim+nin * nik
mn — w akak-{-nn w
ma =0 ny =0 k=0

12

(B8)

(B10)

(B11)

Appendix C: Proof of Theorem 2: Existence of Informationally Complete Fiducial States for Arbitrary

Dimension
1. Full Rank Criterion for d = 2

Statement 1. We consider the fiducial state of the form
[#) = bol0) + bre™|1).
Here we prove that the Gram matriz Gy is full rank if and only if
boby 20 and 0 ¢ {0,7/2,7,37/2}.
Proof. When d = 2, the root of unity is w = —1. From Eq. (B11), we compute

1
(_1)m1m+nln|a:n1 ag + a;—i—wu al(_l)nl |2
0711:0

/\mn =

2

M- -

(1) Jaiag + ajan (-1 )

(=1 (llaof? + laa 2(=1)™

I
=

ni

2 2
= [lao* + lar*|” + (=1)" [laol* — las]?|” + (=1)"]ajao + agas|* + (=1)"*"|aja¢ — agar|*

=1+ (=1)")(Jaol* +lar|*) + (1 = (=1)")2laga: [*
+ (=D (1 + (-1)")2]agar|* + (-1)™ (1 = (=1)")(agai + ajai?)
This leads to the following expressions:
Amo =2 (Jaol? + (=1)"]as|?)” = 2 (8 + (~1)"b3e??)”,
A1 = 2(=1)"bgb7 (e 4 (=1)™e ™).
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Hence, det(G|g)) # 0 if and only if the following four expressions are not all zero:
by +b7e*?, b —bie*?, bobi(e” +e7),  bobi(e’ — ™).

Note that the conditions boby (e? + e~) % 0 and boby (€ — e~%?) # 0 directly lead to the constraint in Eq. (C1).
When either of these is violated, the quantity e?*’ becomes non-real, and thus the other two expressions cannot
simultaneously vanish. Therefore, the constraint in Eq. (C1) is sufficient to ensure that G, is full rank, and the
resulting Weyl-Heisenberg orbit forms an IC-POVM. O

It is well known that for d = 2, there exist exactly two fiducial states (up to global phase and Weyl-Heisenberg
equivalence) that generate a SIC-POVM. These are given by

(G (57 Rnim). (i)

In this work, we extend the analysis by relaxing the symmetry constraint required for SIC-POVMs and instead
explore the broader class of fiducial states that yield IC-POVMs through their Weyl-Heisenberg orbits. This general-
ization admits more flexible configurations beyond the regular tetrahedral symmetry and paves the way for systematic
investigation in higher dimensions.

2. IC Fiducial Construction for Even Dimensions

We analyze the fiducial state |¢) = |0) + Z;l;} ¢’14), and show that all the eigenvalues {\,,,} are nonzero for even
dimensions.

Statement 2. Let d be an even positive integer, and let ¢ = €>™/(@+1) be o primitive (d+1)-th root of unity. Consider
the unnormalized fiducial state

d—1
|6) = 10) + Y ¢'[t)-
t=0

Then the corresponding Gram matriz G4 formed from the Weyl-Heisenberg orbit of |¢) is full rank and hence the
orbit generates an IC-POVM. Moreover, all d* eigenvalues Ay of Glgy are strictly positive.

Proof. We define the Kronecker delta function as

1, ifj=*k,
@k:{ J

0, otherwise.

The coefficient a; of the state |¢) can thus be expressed as a; = (d;0 + 1)¢*, accounting for the special role of |0) in
the unnormalized superposition.

We should notice that,

a _ ((slH»ml,O"‘]-)Cterl7 fo<t< d—1—mq,
T (g a0 + 1)CT™M T i d—my <t <d— 1.

Here, the influence of modulo-d arithmetic is taken into consideration to reflect explicit calculations.
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Take the Eq. (C5) into the eigenvalue expression of Eq. (B11), we have

Amn
2
_ Z wm1m+n1n Za:-ﬁ-mlatwtnl
mi,n1 t
d—1—m; d—1 2
_ Z wm1m+n1n Z (5t+m1,O + 1)C7t7m1 ((57570 + I)thtnl + Z (5t+m1—d,0 + 1)Cd7m1wtn1
mi,mni t=0 t=d—m
d—1—m; d—1 2
= D wmmme Orimr0+ Do+ 1™ + 3 Orpmy—a0 +1)CW™ | - [T
mi,mi t=0 t=d—m1
d—1—my d—1
=2 wm1m+n1"< (Stma0+ 1)(Sr0 + D™ + > <5t+m1d’0+1)<dwml>
mi,ni t=0 t=d—m
d—1—mq d—1 (CG)
—sn1 —d, —snq
’ ( Z (5s+m170 + 1)(58,0 + 1w + Z (5s+7n1—d,0 + 1) w )
s=0 s=d—m
= D Wt N Gy 0+ D000+ D) (Fepmy 0+ 1) (Fs0 + D™
mi,ni 0<t,s<d—1—m
+ Z wmlm-‘rnln Z (5t+m17d,0 + 1)(6s+m17d,0 + 1)w(t—s)n1
mi,ni d—m1<t,s<d—1
+ Z wmimtnin Z (5t+m1,0 + 1)(61‘/,0 + 1)(6S+m1*d,0 + 1) _dw(t_S)nl
mi,n1 0<t<d—1—-m1<s<d-—1
+ Y wmmmn > (Barmr0 + 1)(Be0 + 1) ey —a0 + ¢t
mi,ni 0<s<d—1-m;<t<d—1
=51+ S5+ S35+ 54
In the following simplifications and subsequent derivations, we frequently make use of the identity
d—1
d
twt = -1 (Cn)
t=0 W=

This identity can be derived from the more general formula

b b ' b+1\ '/ b+1 a—1 b b

a—_ a_ a —(b+1)x
§ trt = E 2t = r-r = z d + r ( , V0<a<b z#1. C8
— x(t_a > x( 1—2 (1—2x)? 1—=x o (C8)

In particular, setting a =0, b =d — 1, and « = w yields Eq. (C7), which plays an important role in evaluating the
eigenvalues.
By detailed computation, we can obtain the following results.

d—1—n
Sl :2d25m,06n,() + Sd(sn’() + 4d + d Z wmm
e (C9)
n—1 n—1 n—1 d—1-n
+d Z Ww™™ 1+ dn Z wmm _d Z Ww™MMmy +d Z w™™(d—mq —n)
777,1:0 m1:O mI:O m1:O
d—1 d—1 d—1
Sy =0pod Y WM Ad Y WM 4 0d Y W™
mi=1 mi=n+1 mi=1 (ClO)
d—1 d—1 d—1

+d Z w™™ 4+ d Z w™™(my —n)+d Z Ww™M™(n—d+mq)

mi=d—n+1 mi=n+1 mi=d—n+1
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Let 71 := min(n,d —n).

d—1 d—n
S ch_d(l _6n’0)w—mn+d<—d Z wmlm+d<—d Z wmm

) mlzdjn my1=1 (Cll)
n—1 d—n d—1
+ dC_d Z wmlmml + d<_d Z WMy + d(—d Z wmlm(d _ ml)
mi=1 mi=n mi=d—n+1
Note that
S, = S%. (C12)

Our current objective is to determine whether the total expression S7 + Sz + S5 + Sy, defined in Egs. (C9), (C10),
(C11), and (C12), is nonzero in each of the following four cases: (m # 0,n =0), (m # 0,n # 0), (m = 0,n = 0), and
(m=0,n#0).

Case 1: We first consider the case m # 0. We have

S, = 8d5n,0 + 4d + T—wm (d—|— 92— mn _ wmn) _ m(Q — oM wfmn)’ (013)

=—2 2 m(n+1) —d—-1 % omnt2) _, om

Sa dé”’o—i_l,wm(w +n—d )+(1—wm)2<w w™)
N (1 s )d 2wm(17n) —n—-1 W™ (wm(lfn) B 1) (014)

=0 1—wm (1—wm)? '
and
d W™ — wm=) 2 1+47) (2—7)
Sz =d¢™ <(2 — Op=o)w™ """ =14 1—wm - (1 —wm)? (W™ @ — @A) =) ) (C15)
e Subcase 1: n =0
S1 4+ Sy + 534+ 5,
d2 d m d 2m m
=9d > 0.

e Subcase 2: n#0



S1+ Sy + 53+ 54

—mn mn dw™ mn —mn
d
) m(n+1) —d—-1 m(n+2) m
+1—wm(w n )+(1—wm)2( w™)
2wm(=n) _p 1 w™
d m(l—n) 1
( o o )
W™ — wm(l—ﬁ) 1

+ dC_d <2w—mn — 14+ W+ w2m _ wm(l-‘rﬁ) _ wm(Q—ﬁ)))

(R R

—-m _ ,,—m(l—n) 1 5 -

mn w w —m —2m —m 7 —m(2—n

+d<d(2w B = ey G 2 — TR ))>
—4d + : d (_w—mn — ™My 2wm(n+1) + 2wm(1—n))
—wm
* M(wm(”+2) — 4™ + wm(nt1) + wm(1=n) + wm(zfn))
—wm
+ d —d 9w, _ 1 + w™ — wnl(l_ﬁ) + 1 ( m + 2m _ , m(14n) _ m(Q—ﬁ))
¢ w T d—wm)? Wt w w w
W — 1 1 ;

+ d¢? <2wm” -1+ (W™ +1— ™) wm"))

1—wm + (1 —wm)?
4d + d(—w™ —wT™) (4 — (W™ +w™™))

=4
d+ 2 — (wm 4+ w™m)

—d, ,—mn mn - e i
4 2d(¢ 4w 4 ¢dwmm) — d(¢t 4 ¢ ) (1+ SRR >

Let w™ = € and ¢ = €*®. Then

(51 +SQ+53+S4)/CZ

1- 0
=4+ 4cos(nf +a)—2cosa —2cosnb + (2 — cosa)%
— cos

(Note that as a — 0, the summation is 2 + 2 cosnf + 1=221f ~ ()

1—cos6

Case 2: We then consider the case m = 0.
‘We have

1 3
Sy = (2d* 4 8d)6,—0 + §d3 —nd* +dn® + 5d2 +4d

Loy (1 ba)d(n— 1)+,

So =25n70d(d—1)—|—d(d—n— 1)(1+ 5

and
Sz =d¢™ (1 = 8,0)(d —n+1) +n+nd —n?).

e Subcase 1: n =0

1 d
Sy + 8o+ S3+ Sy :(2d2+8d)+5d3+%d2+4d+2d(d71)+d(d71)(1+7)

=d3 +6d* +9d = d(d + 3)? > 0.

16

(C17)

(C18)

(C19)

(C20)

(C21)

(C22)
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e Subcase 2: n#0

S1 4+ 52+ 53+ 54
1 —
=§d3—nd2+dn2+gd2+4d+d(d—n—1)(1+dTn)+d(n—1)(1+g)+d(C_d+Cd)((d—n+1)+n+nd—n2)

=d (d* +2n* — 2dn + 2d + 2 + (¢* + () (1 + d + nd — n?))

We can find that 1 +d+nd —n? = (n+1)(d+1—n) > 0. Since —2 < (¢ + (% < 2, the summation (€2
Sy + Sy + Sz 4+ Sy > d(d* +2n* — 2dn +2d + 2 — 2(1 + d +nd —n?)) = (d — 2n)? > 0. (C24)
In all four cases (m,n) € {(0,0),(0,# 0), (# 0,0), ( 0,# 0)}, we have verified that
S1+ 82+ 534+ 5, > 0.
O

3. IC Fiducial Construction for Odd Dimensions

We provide a construction of a fiducial state that generates an informationally complete POVM (IC-POVM) in any
odd dimension d, and compute all eigenvalues of the resulting Gram matrix explicitly.

Statement 3. Let d be an odd positive integer. Consider the unnormalized fiducial state |¢) € C? defined by

d—1
[9) = > (1 —=d550)ld), (C25)
j=0
where jo € {0,1,...,d — 1} specifies the index at which the coefficient is zero, and all other entries are set to 1.

Then, the Gram matriz G, defined via the Weyl-Heisenberg orbit of |¢), has full rank. Consequently, the orbit
generates an IC-POVM. Furthermore, all the eigenvalues Ay of G|y, as given in Eq. (B11), are strictly positive and
explicitly take the form:

d(d—1)2, ifm=20, n=0;
I d(d —2)?, ifm=0,n#0;
N A ifm=#0,n=0;
d24+w™4+w™™) ifm#0, n#0.

Proof. We have

A7'77‘71
2
= Z wmlm“‘"l" Z(l - 5t+m1750)(1 - 6t,30)wtn1
m1,n1 t
_ Z mimtnan d(snl,O — wso—mi)n1 _ som + UJSOm(Sml,O’Q
mi,n1
_ Z wmimtnin (d6n1,0 _ lsommi)ni _ yson1 o s0ma 5m1’0) (d5n1,0 —o=mi)ny _j=son1 4, —som 5m1’0)
mi,mi
_ Z wm1m+n1n (2d(55,0 + (dQ _ 4d)6n1,0 _ 36177,1,0 +w—m1n1 _|_wm1n1 + 2)
mi,n1
2+ 3 W ) = Y3 4 3 (o g )
mi ni mi,ny

=2d + d*(d — 4)8,m.0 — 3d6.0 + 2d%0 1 0000 + d(W™™ + w™™™)
(C26)
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In summary, we have

d(d—1)2, if m=0,n=0;
_— d(d —2)?, if m=0,n #0;
meTm d, if m #0,n = 0;
d2+wm™ +w™™), ifm#£0,n#0
In particular, if d is odd, the sum w™" 4+ w™™" > —2 for all m,n. Hence all eigenvalues A,,,, is nonzero. O

Remark 3. In the case where d is even, the above construction fails to produce an IC-POVM. This is because there
exist indices m,n such that mn = d/2, leading to w™" = w™™" = —1. In this case, the corresponding eigenvalue
becomes

A =d2+ W™ +w™™) =d(2-1-1) =0,
which causes the Gram matriz Gy to be rank-deficient and thus not enough informationally complete.

Remark 4. Since d is odd, we have

2 -1
min(w™" +w™™") = 2min cos rgnﬂ = 2cos < 7r> = —2cos(m/d). (C27)
Then the minimal eigenvalue is
Amin = Mind(2 + w™" 4+ w™™") = 2d(1 — cos(r/d)) = 72 /d + O(d~?) (C28)

Appendix D: Proof of Theorem 3:

In this appendix, we provide the proof of Theorem 3, which characterizes several classes of fiducial states whose
Weyl-Heisenberg orbits fail to generate informationally complete POVMs. Each case is treated separately, based on
the structure of the Gram matrix and the symmetries or sparsity properties of the chosen state.

Case 1: Real-valued state in even dimension

Statement 4. Let d be an even positive integer. Then for any pure quantum state |¢p) € C? whose components are
all real, the Gram matriz G4y is rank-deficient, i.e., det(G|4y) = 0. Consequently, such a state cannot generate an
IC-POVM via the Weyl-Heisenberg group action.

More specifically, for all odd integers m € {1,3,...,d — 1}, we have

/\m,d/2 =0,
where Ay, are the eigenvalues of G4y as defined in Eq. (B11).

Proof. For each m € {1,3,...,d — 1}, we directly compute the corresponding eigenvalue:
2
m e = Z CUmm,1+dnl/2

Z Af 4, Ot
my,n1
_ Z M [Z At smy Gt Qs s (Z w(t—s+d/2)n1> ]

n1

_dzwmml Z AsQiQstmyq At+m, (Dl)

t—s=d/2
d/2—1 d—1
=d Z e Zasas+m1as+d/2as+ml+d/2 +d Z wmm Zasas+m1as+d/2as+m1+d/2
m1=0 mi= d/2 S
d/2—1 d/2—1

mm m(mi+d/2
=d E 1§ asas+m1as+d/2as+m1+d/2+d § w (ma /)§ AsQstmy+d/20s+d/2As+m1

mi1= =0 m1_0



19

Since m is odd and d is even, we have w™%2 = —1, which implies that the total expression becomes zero:

)‘m,d/Z =0.

This completes the proof.
O

Remark 5. This result implies that for n-qubit systems (i.e., d = 2™), in order to construct a fiducial state |¢) such
that det(Gjgy) # 0, the corresponding quantum circuit preparing |$) from the initial state |0)®™ cannot be composed
solely of Hadamard gates, CNOT gates, and single-qubit rotations of the form R, (6). Such gate sets are restricted to
generating quantum states with real amplitudes. However, our result shows that when d is even, any all-real fiducial
state necessarily yields a rank-deficient Gram matriz.

Consequently, the prepared state must exhibit nontrivial relative phases between at least two computational basis
components, typically requiring gate operations that introduce complex amplitudes (e.g., phase gates or arbitrary single-
qubit unitaries with complex entries). In particular, some components must carry a relative phase of the form e'*,

where o ¢ {0, 7}

Case 2: Root-of-unity coefficients

Statement 5. Let |¢) = % ZZ;(l) a|k) € C? be a pure quantum state such that each coefficient ay, is a root of unity;
that is, for each k, there exists a positive integer my, such that a;'* = 1. Then the Gram matriz G4 generated by the
Weyl-Heisenberg orbit of |¢) is rank-deficient, i.e., det(G|s)) = 0. Hence, such a state cannot be used to construct an

IC-POVM.

Proof. We can easily prove that when m # 0 and n = 0, the corresponding eigenvalues A, all vanish, i.e., A, = 0.

2

)\m,O = E w™mm

mi,ni

mmi * *
E w g A} 4y Ot Qs -y Qg dOy s
mi t,s

* nit
E aHmlatw

t

(D2)
= Z wmml Z |at+m1 a¢ |2d
m1 t
=Y Ww"™Md® = d*6m .
mi
O

Remark 6. This result implies that for n-qubit systems (i.e., d = 2™ ), n-qubit stabilizer states |¢,) with all nonzero
coefficients cannot serve as fiducial states for constructing IC-POVMs via Weyl-Heisenberg orbits. More broadly, any
state obtained by applying a Clifford circuit composed of gates such as {S, T, X, CX, CZ} to |¢,) will have components
that are roots of unity. According to the above theorem, such states result in a rank-deficient Gram matriz and hence
fail to generate an IC-POVM. Here, CX and CZ denote the controlled-X and controlled-Z operations, respectively.

Case 3: Sparse states with few nonzero components

Statement 6. Let |¢) € C? be a vector with exactly t; nonzero components, and let to = d —t; denote the number of

zero components. If tg > d — \/d — % — % (equivalently, if t1 < y/d — % + %), then the Gram matriz G4y associated
with the Weyl-Heisenberg orbit of |¢) is rank-deficient. In particular, there exists somen € {0,1,...,d— 1} such that

Amn =0, forallm € {0,1,...,d—1}.

Consequently, such a state |¢) cannot be used to construct an IC-POVM by Weyl-Heisenberg group.
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Proof. Assume |¢) = (ag, - ,aq4-1)" and a; # 0 if and only if i € S := {ip, i1, -+ ,is, — 1}. Then

* tny
E at+m1atw

tes

2
>\mn — E wmlernln

Ogml s Sd* 1
: at+m1

— § wnln E wmlm
tes
_ § :wnln § :wmﬂn ( § at,+m1at/w ) <§ at+m1atw_tn1>

t'esS tesS

2

Write D(S) = {i—jli,j € S} € {0,1,--- ,d—1} (if i —j < 0 we choose the integer m € {0,1,--- ,d—1}st. m=i—j
(mod d)). Note that the above summation can be written as follows

Amn = E w" § th
ni

teD(S)
E c § wnl n—t)
teD(S) ny

here ¢; € C are coefficients independent of ny. Since an wt™ £ 0 if and only if w! = 1, the summation \,,, = 0 if
n ¢ D(S). One can find that the cardinality |D(S)| < 2(%) +1 =1 —t; + 1. Hence,

D) <ty +1<|{0,L d—1}| =d (D3)
ensure that there exists n € {0,1,--- ,d — 1}\D(S) s.t., A, =0 for all m € {0,1,--- ,d — 1}. O

Remark 7. The above statement establishes a necessary condition for a quantum state |¢p) € C? to generate an
IC-POVM wvia its Weyl-Heisenberg orbit: the number of nonzero components t1 must satisfy

/ 3 1
t1 >\/d— -+ =
1= 4+27
1

which is obtained by Eq. (D3). Equivalently, if the number of vanishing components to = d—ty exceeds d—/d — %— 5

the Gram matriz G4y is rank-deficient, and the orbit fails to yield an IC-POVM.

This constraint has direct implications for common classes of quantum states. For instance, in n-qubit systems
(d = 2"), stabilizer states have support on t; = 2¥ computational basis states for some 0 < k < n. To satisfy the
above inequality, one must have

& , 3.1

2" >4/2 1 + 3’

which asymptotically requires k > f%} In particular, stabilizer states with small support cannot generate IC-
POVMs.

Furthermore, widely studied entangled states such as the Greenberger—Horne—Zeilinger (GHZ) state and the W
state also fail to meet the condition: the GHZ state has only two nonzero components, and the W state has n nonzero
components. Both are below the threshold for all n > 1, and hence cannot serve as fiducial states for constructing
IC-POVMs through Weyl-Heisenberg group action.

Combining Statement 5, this implies that the exponent k in the n-qubit stabilizer support size must lie within the
range ["—"‘1] ,- - ,n— 1 in order for the state to potentially yield a full-rank Gram matrix.

Case 4: Qudit stabilizer states

In a d-dimensional Hilbert space, qudit stabilizer states are defined as the common +1 eigenstates of a maximal
abelian subgroup of the Weyl-Heisenberg group. Equivalently, they can be characterized as the orbit of the computa-
tional basis state |0) under the action of the Clifford group, which is the normalizer of the Weyl-Heisenberg group in
the unitary group U(d). This construction generalizes the well-known Pauli-Clifford stabilizer formalism from qubit
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systems (d = 2) to arbitrary finite dimensions, and plays a central role in non-binary quantum error correction and
many-body quantum systems.

Despite their widespread usefulness, we show that such stabilizer states are intrinsically unsuitable for constructing
informationally complete POVMs: for any d, the Gram matrix G4y associated with the Weyl-Heisenberg orbit of a
stabilizer state |¢) is necessarily rank-deficient, i.e., det(G4y) = 0. This implies that the orbit cannot span the full
operator space and thus fails to form an informationally complete POVM (IC-POVM).

Statement 7. Let |¢) be any stabilizer state in a d-dimensional Hilbert space, defined as the common +1 eigenstate
of a mazrimal abelian subgroup of the Weyl-Heisenberg group. Then the Gram matriz G4y, constructed from the
Weyl-Heisenberg orbit of |¢), is always rank-deficient. In particular,

det(G|)) = 0,
and the orbit cannot form an informationally complete POVM (IC-POVM).

Proof. Let |¢) = U|0) be a stabilizer state, where U is a Clifford unitary.
The Gram matrix g‘@ € R¥ >4 ig defined by

Gioy (., B) = [(|DLDsl9) 1%,

where D, = X7« ZF« denotes a Weyl-Heisenberg displacement operator, indexed by a = (ja, ko) € Zg.
Substituting |¢) = U|0) and using the fact that Clifford unitaries conjugate Weyl-Heisenberg operators into other
Weyl-Heisenberg operators (i.e., UTD,U = D!, € WH), we obtain
Gig) (e, B) = [(0| DT D[0)[.

Thus, G|4) is unitarily equivalent to Gy, up to a relabeling of the indices. That is, the eigenvalues of G4y and G,
are identical.
Now observe that the fiducial state |0) has only one nonzero component in the computational basis. According

to Statement 6, any quantum state with fewer than /d — % + % nonzero entries cannot generate an informationally

complete POVM via the Weyl-Heisenberg orbit. Therefore, Go) is necessarily rank-deficient, implying det(Gqy) = 0,
and hence also det(G|4y) = 0.
We conclude that stabilizer states cannot be used to construct IC-POVMs via Weyl-Heisenberg orbits.
O

Appendix E: Proof of Theorem 4: Reconstruction from IC-POVMs by Weyl-Heisenberg orbit

Proof. Since the set {|¢n) (0|} forms an informationally complete frame, any density matrix p can be expanded as

d?—1

p= Z aalda)(Pal (E1)

a=0

for some coefficients {aq }.
Taking the trace with |¢g)(¢s| on both sides yields the linear system

d?—1

ps =Y Gl 0l aa, (E2)
a=0

where pg = tr(p|¢s)(Ps|) is the measurement probability, and G [8, a] = [(#s]¢a)|? is the Gram matrix element.
Since G|¢y is Hermitian and admits a full spectral decomposition

d—1
Gy = Z Amn| Prmn ) (Prmn

m,n=0
with strictly positive eigenvalues A,,, > 0, it is invertible. Thus, the coefficients are given by

d—1
a= g‘;sip = Z )‘;zh<q)mn|p>‘q)mn>v (E3)

m,n=0

where p = (po, p1,---,paz—1)" and (®,,,|p) denotes the standard inner product.
Substituting the solved coefficients {a,} into the expansion of p yields the desired reconstruction formula. O
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Appendix F: Proof of Classical Shadow Tomography Results

This appendix provides a complete derivation of the classical shadow tomography procedure using IC-POVMs
generated by Weyl-Heisenberg orbits. We present the inverse channel construction, variance expressions, and both
worst-case and average-case bounds.

1. Inverse Channel Construction

The quantum channel corresponding for the measurement is

d?—1

Fip) = 3t Glonenlo) oudonl. (F1)

k=0

We expand p = )" aa|¢a){(dal. Applying the channel F' to p gives

d*-1 1
Fio) = 3t (Sion ol ) 1o o
k=0
1 d?-1 d?-1
== >t [ 1ow) (@] D aalda)(@al | 64} (0k]
k=0 a=0
L (F2)
=7 Y aatr (16n)(Gxll¢a)(Bal) | 161) (1l
k=0 a=0
1 d?—1 -
=3 (Z aal(grlda)l | 16k} (0l
k=0 \ a=0
This implies the coefficient relation:
1
b= Egaa (F3)

where b and a are the coefficient vectors of F/(p) and p under basis {|¢x){¢r|} respectively, and Gro = |(dr|da)|? is
the Gram matrix.
Since G is invertible, we solve

a=dg 'b. (F4)
Thus, the inverse channel acting on a single outcome is:
d?—1

k) (k) =d > Gt ba)(@al. (F5)
a=0

To estimate the expectation value of an observable O using classical shadows, it is essential to characterize the
variance, which determines the required sample number of measurements.

2. Variance Expression and Worst-Case Bound

Given an unknown state o, the variance is linearly related to

d?—1

00l = 3 (e (7 (ontonon)) o (1242405 ) (k)

k=0

where Oy = O — #I denotes the traceless part of the observable.
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By Eq. (F2), we have that the quantum channel F is represented as [F] = 1G under the basis {|¢x)(¢x|}. Con-
sequently, the inverse channel F'~! satisfies [F~1] = dG~!. Since G is Hermitian and positive definite (due to the
informational completeness of the POVM), its inverse G~! is also Hermitian and positive definite. Therefore, the
channel F~! is a Hermitian superoperator when viewed in this basis. Equivalently, using the self-adjoint property of
F~1, we can also write

d?—1

00l = 3= (e (P Oullondon))* o (2. (7)

k=0
Given an observable O, we expand its traceless part Oy = O — tr(O)/d as

d?—1

Oo = > culdn){onl- (F8)

k=0

We know F~! is a linear operation. Starting from the expansion of F~1(0Op) in the {|dq){¢«|} basis by Eq. (17):

d*-1 (d*—1
100 =d 32 | 320 arer | [60) (@al, (F9)
a=0 \ k=0
we substitute this into the expression:
d?-1 [d*-1
tr(F~(O0) k) (pk]) = Z D (G Najes | tr(l6a)(Ballér) (ox])
=0
! (F10)
d>—1 d2—1
—d ) Daics | {dalon)]?.
a=0 \ j=
Introducing the Gram matrix G with entries G = |[{(¢a|Pr)|?, Wwe can write:
d*-1 d*—1
(1 (O0)léx)(@x)) =d Y _ ¢ | D (G )ajGon | (F11)
7=0 a=0
Since G~'G = I, we find
d*-1
> (G ajGak = dji. (F12)
a=0
Thus, the expression simplifies to
tr(F = (O0) k) (@k]) = d x c. (F13)
Consequently, we have
_ 2
(tr(F~H(00)|on)(on)” = d*cE. (F14)
Substituting the above formula, we have
d?-1
Pr) Pk
H00||(2f :d2 Z citr (l g |U . (F15)
k=0
We have tr(|¢r) (dr|o) <1 for all quantum state o. Therefore,
d*-1
”O()thadow <d- Z Ci' (FIG)

k=0
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3. Connecting Worst-Case Variance to Gram Matrix Spectrum

Recall that we have the decomposition of Oy in the {|¢x)(¢r|} basis:

d?—1

Oo = Z ca‘¢a><¢a|'

a=0

Thus, the squared Hilbert-Schmidt norm of Oy reads

= cacptr(|6a)(@allds)(@s]) = cacsl(daldp)® = ' Ge. (F17)
a,B a,B

If the minimal eigenvalue of G are bounded by Apin, then we have G > Apinl. By Eq. (F17), we have

d?-1
tr(03) > Amin »_, €7, (F18)
k=0
which implies
d?—1
Z &< tr(03). (F19)
Then by Eq. (F16), we have
d
1001 Zhadow < \ tr(03). (F20)
O
4. Average-Case Variance Bound
Given an unknown input state o, we consider the average-case scenario by taking o = é, i.e., the maximally mixed
state.
Starting from the definition, the shadow norm is
2 — -1 2 |P1) ( Dk
10012 = > (tr (F~"(O0)l¢w) (dx]))” tr —g ) (F21)
k=0
Substituting o = é, we have
|9x) (9| 1 |9x) (9| 1
tr | TR G ) = S ((EELERL) = o
: < a ) a"\ a4 P
Thus, the average-case shadow norm becomes
d2-1
HOonvermge = d2 Z tI‘ OO |¢k><¢k|)) (F22)
Using Eq. (F14), we substitute into the expression and obtain
d2-1
||OO||average - d2 Z d2
F2
oy (F23)
= c S tr (03).
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Appendix G: Eigenvalue Bounds of the Gram Matrix

We provide the derivation of the spectral bounds presented in Property 2.
First, by definition, the eigenvalues A, , of the Gram matrix satisfy

d—1

A = 3 HSIXIZH| )% - wmitk,
j,k=0

where w = e2™/4_ This is precisely the 2D discrete Fourier transform of the squared overlaps.
Note that the trace of the Gram matrix G4 is simply the sum of all diagonal elements, each equal to 1:

d?—1

tr(Gg)) = > (dnlor) = d°.

k=0

Therefore, the sum of all eigenvalues is also d?.
Furthermore, the component Ag o satisfies

Moo = Y (g1 X7Z5|¢)|* = d.
7,k

It is because that the Weyl-Heisenberg orbit forms a tight frame with frame constant d.
Hence, the maximal possible value of A,,;, under the constraint me Amp = d?, with one known eigenvalue being

d, is achieved when all other d? — 1 eigenvalues are equal:

d*>—d d

Amin < ——— = ——.
-1 d+1
In summary, the minimum eigenvalue Ap;, of the Gram matrix satisfies

d

0< )\min S 7, 10
- d+1

where both bounds are tight. The upper bound is attained when the fiducial state generates a SIC-POVM. Our
numerical analysis reveals that even non-SIC fiducial states can saturate this upper bound, offering a new perspective
on the spectral behavior of approximate constructions. On the other hand, the lower bound A, = 0 occurs precisely

when the Weyl-Heisenberg orbit fails to form an informationally complete POVM.
O

Appendix H: Eigenvalue Structure of the Gram Matrix for SIC-POVMs

Let {|¢)k>}g2:1 be a symmetric informationally complete set of pure states (SIC-POVM) in a Hilbert space of
dimension d. These states satisfy the following inner product condition:

1, ifj=k,
dilon)|* = e
sl =00 o

Let G € RT*? denote the Gram matrix of squared inner products:

Gir = {@;lon)*.

Then G takes the following form:

1 1
g_(l_cH—1>Id2+d+11’

where 1 € R¥*4” {5 the all-ones matrix, and Iz is the identity.
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This is a classic form of a rank-one perturbation of a scalar matrix, and its eigenvalues can be computed explicitly:
The all-ones matrix 1 has eigenvalue d? corresponding to the eigenvector v = (1,1,...,1)", and 0 for all orthogonal
directions. Therefore, the Gram matrix G has the following eigenvalue structure: One eigenvalue:

1 &
VR R P S
! ( d+1)+d—|—1 ’

and the remaining d? — 1 eigenvalues:

1 d
)\mi“_<1_d+1>_d+1'

Hence, the full spectrum of G is:

d d
Spec(G) = {d’d+1’”"d+1}’

with multiplicities 1 and d? — 1, respectively. In particular, the smallest eigenvalue is

_d
d+1°

)\min =

This spectral property plays a key role in minimizing variance in classical shadow tomography using SIC-POVMs.
O
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