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Abstract
Predicting features of complex, large-scale quantum systems is essential to the
characterization and engineering of quantum architectures. The state space of quantum systems is enormous and an exponential number of quantum measurements
are required to learn a full description. To overcome this exponential bottleneck,
we present an efficient approach for learning a classical model, called the classical
shadow, of a quantum system from log(M ) measurements only. This number is
completely independent of the ambient dimension. Classical shadows can later
be used to accurately predict any collection of M linear features. We equip this
prediction procedure with rigorous convergence guarantees that saturate fundamental lower bounds from information theory. Numerical experiments support
our theoretical findings over a wide range of problem sizes (quantum state space
dimensions ranging from 22 to 2162 ) and highlight advantages compared to existing
machine learning approaches.

1

Introduction

Learning and characterizing large quantum systems is crucial for the advancement of quantum
technologies. The potential applicability of such technologies ranges from quantum sensors based
on entangled particles [4, 21] that may improve the detection of gravitational waves to quantum
computing devices that solve hard computational problems [18] and may even simulate quantum
field theories [10, 15]. Recent, unprecedented advances in the size of controllable quantum systems
[14] have pushed traditional techniques for characterizing quantum systems to the limit of their
capabilities. These techniques learn a complete description of the quantum system – a procedure
known as quantum state tomography [13, 8]. Because an n-qubit quantum system lives in a Hilbert
space with dimension 2n (curse of dimensionality) and quantum measurements are destructive
(wavefunction collapse), an exponential number of measurement repetitions is required to fully
characterize the system. This is already prohibitive for systems with only a few tens of qubits.
New approaches are required to overcome this fundamental exponential bottleneck. A recent line of
research addresses this problem by adapting modern machine learning techniques. The main idea is
to perform simple quantum measurements on independent copies of the quantum system in question
and train a generative model, such as an auto-regressive recurrent neural network, based on the
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Figure 1: Caricature of classical shadows: In the data acquisition phase, we perform random Clifford
measurements on independent copies of a n-qubit system. The resulting observations serve as a
classical representation of the quantum system – the classical shadow. Classical shadows facilitate
accurate prediction of a large number of linear features using a simple median-of-means protocol.
observed outcomes [19, 3]. This generative model is then used as an approximate (classical) model
of the actual quantum system. Direct access to this model then allows for predicting relevant features.
This approach emphasizes tractability and may be potentially useful in characterizing a large class
of quantum states using near-term tools. Refs. [19, 3] have supported this approach with empirical
evidence. A generative model learned from only a linear number of measurement repetitions (rather
than exponential) is capable of accurately predicting many relevant features. In quantum mechanics,
interesting features are typically linear functions in the underlying density matrix1 ρ:
oi (ρ) = trace(Oi ρ)

1 ≤ i ≤ M.

(1)

The fidelity with a pure target state, entanglement witnesses, potential future measurement statistics
and expectation values of physical observables are but a few prominent examples. However, like
many machine learning approaches, these existing methods are not supported by rigorous guarantees
and concrete predictions may not be trustworthy (this will actually be illustrated in our numerical
experiments). A more rigorous line of work by Aaronson et al. [1, 2] proves that one can accurately
predict many linear quantum features from very few independent copies of the underling quantum
system. This approach, however, is extremely (quantum) hardware demanding and requires direct
access to an extensive quantum memory.
In this work, we strive for a synthesis of these existing, yet complementary, approaches. In particular,
we address the following question: can we efficiently learn a classical representation of a quantum
state from few tractable measurements, such that the representation can later be used to predict
quantum features with a rigorous guarantee? Focusing on data obtained from independent quantum measurement repetitions, we propose an optimal learning procedure that guarantees accurate
prediction based on very few state copies and measurements.
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Main Results

Theorem 1. There exists a procedure that guarantees the following. Given B,  > 0, The procedure
learns a classical representation of an unknown quantum state ρ from independent measurements
on N = O(B log(M )/2 ) copies of ρ. Subsequently, given any matrix collection O1 , . . . , OM with
B ≥ maxi tr(Oi2 ), the procedure can use the classical representation to predict each tr(Oi ρ) up to
additive error  (with high probability).
Our proof strategy combines the mindset of machine learning (learning an approximate model that
provides accurate prediction, not the exact underlying model) with recent insights from traditional
quantum state tomography [7] (rigorous convergence guarantees) and the stabilizer formalism [6]
1

The quantum state of an n-qubit quantum system is fully characterized by a positive semidefinite matrix ρ
n
n
in C2 ×2 with unit trace. This object is called the density matrix/operator.
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(efficient implementation). This synthesis allows us to rigorously analyze the prediction behavior of
an approximate model constructed from very few data points.
The actual procedure is simple and constructive, see Figure 1. In the data acquisition phase, we apply
a random quantum circuit, consisting of at most O(n2 / log(n)) Clifford gates, to each copy of the
n-qubit quantum state ρ. Subsequently, we perform a computational basis measurement. Suppose
that we perform N repetitions and let Ui denote the i-th quantum circuit, while b̂i ∈ {0, 1}n is the
corresponding measurement outcome. Then the classical representation of the unknown quantum
state ρ is simply
†
S(ρ; N ) = {U1† |b̂1 i , . . . , UN
|b̂N i}
which can be stored efficiently using the stabilizer formalism [6]. We call this the classical shadow
of the quantum state ρ. To predict a certain linear feature tr(Oρ), we design a predictor that takes
into account all the data contained in S(ρ; N ). This is reminiscent of nonparametric machine
learning algorithms, where the model complexity also scales with the size of the data. Choose
K = O(log(M )), and construct K linear estimators of the underlying density matrix ρ:

ρ̂(k) =

2n + 1
bN/Kc

kbN/Kc

X
i=(k−1)bN/Kc+1

Ui† |b̂i ihb̂i |Ui − I for

1 ≤ k ≤ K.




Subsequently, we predict a feature tr(Oρ) by computing ô = median tr Oρ̂(1) , . . . , tr Oρ̂(K) .
Rich geometric properties of the underlying measurement strategy [20, 22, 11] ensure that this
predictor is unbiased with variance bounded by tr(O2 ). Median of means [12, 9] then asserts rapid
convergence to the true expectation value.
A natural question is whether our procedure can be further improved. This turns out to be impossible.
Fundamental lower bounds from information theory limit the performance of any learning procedure
that is based on independent quantum measurement repetitions. In other words: linear feature
prediction with classical shadows is asymptotically optimal.
Theorem 2. Any procedure based on independent measurement repetitions requires at least
Ω(B log(M )/2 ) copies to guarantee the following. The procedure learns a classical representation from copies of an unknown quantum state ρ. Subsequently, given any M linear features
O1 , . . . , OM with B ≥ maxi tr(Oi2 ), the procedure can use the classical representation to predict
tr(Oi ρ) up to -error with high probability.
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Numerical Experiments

We have designed classical shadows with tractability in mind. This has allowed us to conduct
numerical simulations with more than 160 qubits, i.e. Hilbert space dimension 2160 ' 1.46 ×
1048 . We compare the performance of classical shadows to existing machine learning approaches.
The most recent version of neural network quantum state tomography (NNQST) is a generative
model that is based on an auto-regressive recurrent neural network trained on independent quantum
measurement outcomes (local SIC/tetrahedral POVMs [16]). We consider the task of learning a
classical representations of an unknown quantum state and, subsequently, use this to predict the
fidelity with some pure target state.
GHZ states In [3], the viability of NNQST is demonstrated by considering GHZ states on a varying
number of qubits n. The left-hand side of Figure 2 confirms the linear scaling of NNQST, and the
assertion of Theorem 1: classical shadows of constant size suffice to accurately estimate a constant
number of linear features, regardless of the actual system size. Subsequently, we have also tested the
capability of both approaches to detect potential state preparation errors. More precisely, we consider
a scenario where the quantum source introduces a phase error with probability p ∈ [0, 1]:
+
+
−
−
ρp = (1 − p)|ψGHZ
(n)ihψGHZ
(n)| + p|ψGHZ
(n)ihψGHZ
(n)|,

±
⊗n
⊗n
1
where |ψGHZ (n)i = √2 |0i ± |1i i .

The right-hand side of Figure 2 highlights that classical shadow prediction accurately tracks the
decay in target fidelity as the error parameter increases. NNQST, in contrast, seems to consistently
overestimate this target fidelity. While existing machine learning approaches are scalable, the
prediction may not be trustworthy.
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Figure 2: Comparison between classical shadows and neural network tomography (NNQST); GHZ
states. We learn a classical representation of an unknown quantum state (in this case, a pure or noisy
GHZ state). We then test if we have correctly identified this state by predicting the fidelity with a
pure GHZ state. NNQST can only estimate classical fidelity (an upper bound on the true quantum
fidelity), but we report quantum fidelity for classical shadows.

Figure 3: Comparison between classical shadow and neural network tomography (NNQST); toric
code. We learn a classical representation of an unknown quantum state (in this case, a toric code
ground state). We then test if we have correctly identified this state. The shaded regions are the
standard deviation of the estimated fidelity over ten runs.
Toric code ground states Toric code ground states are the most prominent example of a topological
quantum error-correcting code [5]. The ground state of the toric code P
[5] is four-fold degenerate and
we select the superposition of all closed-loop configurations (|ψi ∝ S: closed loop |Si) as the target
state for both classical shadows and NNQST. The results are shown in Figure 3. Neural network
tomography seems to require a number of samples that scales exponentially in the system size n
(left). In contrast, the required samples for classical shadows is once more completely independent of
the system size. The exponential scaling of NNQST may be rooted in some observed failures of deep
learning [17] for learning patterns with combinatorial structures.

4

Outlook

Extension to learning quantum dynamics It would be highly interesting to extend the idea of
classical shadows to quantum dynamics and time evolutions. Is it possible to learn an approximate
classical model of unknown quantum processes that allow for accurately predicting their action on an
exponential number of input states?
Synthesis with modern machine learning An interesting direction would be to combine machine
learning and classical shadows, e.g. by training generative models using classical shadows as the input
data. A potential benefit comes from the inductive bias imposed by the neural network, which may be
biased towards the physical corner of otherwise exponentially large Hilbert spaces. While efficiently
4

training neural networks with unitary-rotated measurements may be challenging, we believe that a
synthesis of machine learning and classical shadows may allow for achieving improved performance
with strong theoretical guarantees.
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