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The statistical nature of measurements alone easily
causes unphysical estimates in quantum state tomogra-
phy (QST). Multinomial or Poissonian noise results for
nonmalicious tomography schemes in eigenvalue distri-
butions converging to the Wigner semicircle distribu-
tion for already a modest number of qubits, see Fig. 1.
The knowledge of the effect enables to estimate the in-
fluence of finite statistics to QST as well as the num-
ber of measurements necessary to avoid unphysical so-
lutions. Knowing the impact of statistical noise on the
eigenvalue distribution also directly leads to a physical
state estimate with minimal numerical effort. Combin-
ing ideas from random matrix theory with pertubation
theory, one can immediately obtain confidence regions
for the state as well as for figures of merit like the fi-
delity.

FIG. 1. The relative occurences of eigenvalues for the n = 6
qubit completely mixed state in 10 000 simulated QST (with
linear state estimation) are shown for N = 100 expected
counts per measurement basis. (red line) The semicircle is
centered around c = 2−6 with a radius of about R = 0.116.

QST became the standard tool for fully determin-
ing unknown multiqubit states. In experiments, how-
ever, a direct state estimation typically gives unphysical
solutions. Powerful numerical methods like the maxi-
mum likelihood estimation or Bayesian methods have
been developed to cope with this fact and to force a
physical result. While they made great progress, the
tremendous computational requirements limit these ap-
proaches for full QST. Recent developments aiming on
obtaining confidence regions instead of point estimates
are confined to even fewer qubits. Moreover, for finite
data the constraint of physicality results in substantial
numerical artefacts such as systematic errors when esti-
mating the fidelity to a target state or observing almost
always an estimated state with about half-full rank.

The distribution of eigenvalues in the case of finite
statistics can be described by a Wigner semicircle dis-
tribution already for a handfull of qubits. The semi-
circle distribution reflects the lifting of (theoretically)
degenerate eigenvalues due to finite statistics.

Given the knowledge how finite statistics influence
eigenvalues enables state estimation from a physical
perspective. Fig. 2 shows the distribution of eigenval-
ues obtained in an experiment observing the Dicke state

|D(3)
6 〉. The smallest 61 eigenvalues are distributed ac-

cording to a Wigner semicircle distribution; thus, their
distribution is assumed to be purely statistical. In fact,
the eigenstate of the largest eigenvalue has large over-

lap with |D(3)
6 〉, while the other two significant contri-

butions are identified as |D(2)
6 〉 and |D(4)

6 〉, coming from
higher order noise. Hence, the actual state is estimated
by those three eigenstates weighted with their respec-
tive eigenvalues mixed with a small amount of white
noise. Using a set of random matrices which mimic sta-
tistical noise as small pertubations to the estimate, the
expected deviation of the large eigenvalues and eigen-
states can directly be found.

FIG. 2. Eigenvalues (red tips) and the support of the
assumed Wigner semicircle distribution (gray area) of an
experimentally measured Dicke state with n = 6 qubits,
N ≈ 230. The empirical distribution function (red) of the
smallest 61 eigenvalues is in good agreement with the cumu-
lative distribution function (green) of the Wigner semicircle
distribution with R = 0.0745 and c = 4× 10−4.

Alltogether, we provide a physically motivated and
easily applicable toolbox for state estimation and verifi-
cation. With statistical matrices as small pertubations,
one can directly derive confidence regions without the
numerical effort needed for methods like bootstrapping.
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