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Abstract

We revisit the basic problem of quantum state certification: given copies of unknown mixed state
p € C?*4 and the description of a mixed state o, decide whether ¢ = por || —p||s, > c. When o is
maximally mixed, this is mixedness testing, and it is known that Q(d®(!) /e?) copies are necessary,
where the exact exponent depends on the type of measurements the learner can make (O’Donnell
and Wright, 2015; Bubeck et al., 2020), and in many of these settings there is a matching upper
bound (O’Donnell and Wright, 2015; Badescu et al., 2019; Bubeck et al., 2020).

Can one avoid this d®(1) dependence for certain kinds of mixed states o, e.g. ones which are
approximately low rank? More ambitiously, does there exist a simple functional f : C4*¢ — R>g
for which one can show that ©(f(c)/e?) copies are necessary and sufficient for state certifica-
tion with respect to any o? Such instance-optimal bounds are known in the context of classical
distribution testing, e.g. (Valiant and Valiant, 2017).

Here we give the first bounds of this nature for the quantum setting, showing (up to log fac-
tors) that the copy complexity for state certification using nonadaptive incoherent measurements is
essentially given by the copy complexity for mixedness testing times the fidelity between o and the
maximally mixed state. Surprisingly, our bound differs substantially from instance optimal bounds
for the classical problem, demonstrating a qualitative difference between the two settings.
Keywords: Quantum learning and testing, identity testing, goodness-of-fit, instance-optimality,
minimax bounds

1. Introduction

We consider the problem of quantum state certification. We are given a description of a mixed state
o € C™? as well as N copies of a state p € C4*?. We are promised that either p = o, or p is e-far
from o in trace norm, and our goal is to distinguish between these two cases with high probability.
From a practical perspective, the development of better methods for state certification is motivated
by the need to efficiently verify the output of quantum devices. From a theoretical perspective,
state certification is the natural quantum analogue of the well-studied classical problem of identity
testing: given a description of a probability distribution p and samples from another distribution g,
determine with high probability whether ¢ = p or ||q — p[[1 > &.

It is known that for general o, O(d/?) copies of p suffice (Bidescu et al., 2019). Notably, this
is smaller than the ©(d?/£?) copies needed to learn the state to e-accuracy in trace norm. Prior
work of O’Donnell and Wright (2015) also demonstrated that when ¢ is the maximally mixed state,

(© 2022 S. Chen, J. Li & R. O’Donnell.



CHEN L1 O’ DONNELL

Q(d/e?) copies are necessary (O’Donnell and Wright, 2015). While these results settle the copy
complexity of this problem for worst-case choices of o, they leave a number of interesting questions
unanswered:

Using Incoherent Measurements. An important practical drawback of Badescu et al. (2019) is
that it makes a coherent measurement across the product state p®~. While such measurements are
very powerful, they require the learner to keep all N copies of p in quantum memory without any of
them decohering. In practice, creating such a large amount of quantum memory, even for medium
sized d, has proven to be a difficult task, limiting the near-term viability of coherent measurements.
In contrast, algorithms that make incoherent measurements only need to maintain one copy of p
at a time. Additionally, whereas the measurement in Béadescu et al. (2019) takes poly(d, N) time
to prepare, the protocol we present later in this paper can be implemented in /N - poly log d time
(see Remark 67). Understanding whether one can achieve statistical guarantees similar to that of
Badescu et al. (2019) using only incoherent measurements is thus a crucial step towards reliable
near-term quantum computation.

Recent work of Bubeck et al. (2020) studied this question in the special case where o is the
maximally mixed state— this special case of state certification is sometimes called mixedness test-
ing. They showed that the practical viability of incoherent measurements unfortunately comes at
a statistical cost: in this setting Q(d4/ 3 /&%) copies are necessary, even if the incoherent measure-
ments are chosen adaptively as a function of the previous measurement outcomes. When they are
chosen non-adaptively, Bubeck et al. (2020) further showed that ©(d®/?/e2) copies are necessary
and sufficient.

It is not too hard to modify their upper bound to show that for general o, O(d3/ 2 /&%) copies
still suffice for state certification. This settles the copy complexity of state certification with non-
adaptive, incoherent measurements for worst-case choices of o.

Beyond Worst-Case o. This raises another important question: for which o can this O(d%/?/<?)
upper bound be improved? This bound is certainly not tight for all o: for instance, if o is maximally
mixed over a known subspace of dimension r, a simple argument demonstrates that O(r3/ 2/e%)
copies suffice. A natural hypothesis might be that some relaxed notion of rank of o dictates the true
copy complexity of state certification with respect to o.

This is inspired by a line of work in classical distribution testing on so-called instance-optimal
bounds for identity testing (Acharya et al., 2011, 2012; Valiant and Valiant, 2017; Diakonikolas and
Kane, 2016; Blais et al., 2019; Jiao et al., 2018). The flagship result in this literature, due to Valiant
and Valiant (2017), states that for any distribution p over d elements, the optimal sample complexity
N of identity testing with respect to p is essentially characterized by the {5 /3-quasinorm of p. More
formally, N satisfies:

Qe Ve lIp” Hikllazs) < N < O™ Ve [[p= ™ ly3).
Here || - ||2/3 is the £5/3-quasinorm, and p_§"** is the vector given by zeroing out the largest entry
as well as the bottom J mass from the probability vector for p. Note that when p is uniform over
d elements, this recovers the well-known sample complexity bound of @(\/& /2) for uniformity
testing (Paninski, 2008).

Together, these two bounds give a striking and more or less tight characterization of the sample
complexity landscape for identity testing: for any instance of the problem, we know the optimal
sample complexity up to constant factors! This begs the natural question:
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Can we get a similarly tight characterization for the copy complexity of state certification with
incoherent measurements?

1.1. Our Results

In this work, we answer this in the affirmative by presenting an instance-optimal characterization of
the copy complexity of state certification with non-adaptive incoherent measurements. Surprisingly,
our results demonstrate that the behavior of quantum state certification is qualitatively quite different
from that of classical identity testing. More formally, our main result is the following:

Theorem 1 (Informal, see Theorems 29 and 56) Given any mixed state o € Co>e there are
mixed states T and o respectively given by projecting away some eigenvectors with eigenvalues
summing to at most ©(2) and ©(e) and normalizing, such that the following holds."

Let degs (resp. deg) be the rank of & (resp. o). The optimal copy complexity N of state cert-
ification with respect to o to trace distance € using non-adaptive, incoherent measurements satisfies”

(. dv? ~(a-d
Q T‘Eﬂ:'F(gypmm) <SN<O %‘F(U’pmm) ’

where pmm is the maximally mixed state é]l and F denotes the fidelity between two quantum states.

Note that when o is maximally mixed and 0 < € < 1 is bounded away from 1, then o and ¢ are pro-
jectors to subspaces of dimension (d), s0 deg, dest = ©(d) and F(c, pmm) = O(1), recovering®
the ©(d3/? /&%) bound of Bubeck et al. (2020) for mixedness testing with non-adaptive, incoherent
measurements.

Note that when o is a gapped state, i.e. all of its nonzero eigenvalues are at least some fixed
value of order ¢, then the states ¢ and & in the lower and upper bounds are both equal to o, and the
theorem is tight up to logarithmic factors. Qualitatively, our result says that unless o puts 1—poly(¢)
mass on o(d) dimensions, the copy complexity of state certification is equal to the worst-case copy
complexity of state certification, times the fidelity between o and the maximally mixed state.

Surprisingly, unlike in the classical case, our bound demonstrates that there is no clean dimension-
independent functional which controls the complexity of quantum state certification. Rather, there
is some inherent “curse of dimensionality” for this problem. Also note that in the quantum case,
unlike in the classical case, we do not remove the largest element from the spectrum of o.

Example 1 7o elaborate on this curse of dimensionality, consider the following example. Let
o € ClDXE+) pe the mixed state given by o = diag(1 — 1/d?,1/d3,...,1/d®). The classical
analogue of certifying this state is identity testing to the distribution p over d + 1 elements which
has one element with probability 1 — 1/d?, and d elements with probability 1/d>.

For the classical case, the bound from Valiant and Valiant (2017) demonstrates that the sample
complexity of identity testing to p is © (ﬁ) for sufficiently small €. In particular, in this regime
the sample complexity actually is decreasing in d. This phenomena is not too surprising—this

1. There is a simple, explicit procedure for constructing ¢ and o from o, see Definition 30 and 60 for details.

2. Throughout, we use €2(-) and O(-) solely to suppress factors of log(d/e).

3. As our techniques are a strict generalization of those of Bubeck et al. (2020), in this special case where o is the
maximally mixed state, our analysis does not actually lose log factors.
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distribution is very close to being a point distribution, and the only “interesting” part of it, namely,
the tail, only has total mass 1/ d?, which vanishes as we increase d.

In contrast, Theorem 1 shows that the copy complexity of the quantum version of this problem
using incoherent measurements is ©(d'/?/<?). Notably, this is increasing in d! At a high level (see
Section 2 for further discussion), it is because the unknown state p may share the same diagonal
entries with o but may not commute with it, so the “interesting” behavior need not be constrained to
the subspace given by the small eigenvalues of o. In particular, p might be far from o only because
p contains nontrivial mass in its off-diagonal entries. This allows us many more degrees of freedom
in constructing the lower bound instance, resulting in a much stronger bound.

It turns out this curse of dimensionality persists even for adaptive, incoherent measurements. For-
mally, we show the following lower bound which is qualitatively similar to that of Theorem 1:

Theorem 2 (Informal, see Theorem 68) In the notation of Theorem 1,

_{d. d1/3
N >Q (f ’ F(g, pmm)) (D

copies are needed for state certification w.r.t. o to error € using adaptive, incoherent measurements.

When 0 = pmm, we recover the best known adaptive lower bound for mixedness testing (Bubeck
et al., 2020). Furthermore, since non-adaptive measurements are a subset of adaptive ones, the upper
bound in Theorem 1 also provides a per-instance upper bound for this problem which matches (1)
up to the factor of d'/? versus d'/3. Obtaining tight bounds in this setting is an interesting open
question; however, we note that this is not known even for mixedness testing.

1.2. Related Work

A full survey of the literature on quantum (and classical) testing is beyond the scope of this paper;
we only discuss the most relevant works below. We also note there is a vast literature on related
quantum learning problems such as state tomography, see e.g. Kueng et al. (2017); Gross et al.
(2010); Flammia et al. (2012); Voroninski (2013); Haah et al. (2017); O’Donnell and Wright (2016,
2017) and references therein.

Quantum Property Testing. The problem of quantum state certification lies within the broader
field of quantum state property testing. See Montanaro and de Wolf (2016) for a more complete
survey. Within this field, there are two regimes studied. In the asymptotic regime, the goal is to
precisely characterize the rate at which the error converges as n — oo, and d and ¢ are fixed.
Here quantum state certification is more commonly known as quantum state discrimination Chefles
(2000); Barnett and Croke (2009); Audenaert et al. (2008). For a more complete survey of work on
this problem, see Bae and Kwek (2015). However, this line of work does not attempt to characterize
the statistical dependence on the dimension.

In contrast, we consider the non-asymptotic regime, where the goal is to characterize the rate
of convergence for quantum state certification as a function of d and €. As discussed above, recent
work of O’Donnell and Wright (2015); Bidescu et al. (2019) has demonstrated that ©(d/s?) copies
are necessary and sufficient for quantum state certification over the worst choice of o, when the
measurements are allowed to be arbitrary. However, the representation theoretic tools used within
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seem to be quite brittle and do not easily extend to give instance-optimal rates. Understanding
the instance-optimal rate for quantum state certification using arbitrary measurements is a very
interesting open question.

Incoherent Measurements. A number of recent papers on quantum learning and testing have also
considered the power of incoherent measurements, and more generally, other types of restricted
measurements for quantum property testing tasks apart from state certification. Following the afore-
mentioned Bubeck et al. (2020), subsequent work of Aharonov et al. (2021) defined a more general
notion of quantum algorithmic measurement which includes incoherent measurements and proved
some incomparable lower bounds for other problems such as purity testing and channel discrimina-
tion under this model. The recent work of Huang et al. (2021) also showed a separation for shadow
tomography with Pauli observables using incoherent versus 2-entangled measurements. Lastly,
another very recent work Chen et al. (2021) refined these two works by showing nearly optimal sep-
arations for shadow tomography, purity testing, and channel discrimination using incoherent versus
coherent measurements.

We also note that a number of papers in quantum tomography have considered the power of
incoherent measurements, see e.g. Kueng et al. (2017); Gross et al. (2010); Flammia and Liu (2011);
Voroninski (2013); Haah et al. (2017). Another line of work considers the complexity of testing
using only Pauli measurements Flammia and Liu (2011); Flammia et al. (2012); da Silva et al.
(2011); Aolita et al. (2015). However, because of the restrictive setting, these latter bounds are
typically weaker, and these papers also do not obtain instance-optimal bounds for this setting.

Classical Distribution Testing. State certification is the quantum version of the well-studied clas-
sical problem of distribution identity testing. A complete survey of this field is also beyond the
scope of this paper. See Canonne (2020); Goldreich (2017) and references within for a more de-
tailed discussion. Of particular interest to us is the line of work on instance-optimal testing, the
direct classical analog of the problem we consider in this paper. The setting that we consider is
most directly inspired by the aforementioned work of Valiant and Valiant (2017). Subsequent work
has re-proven and/or derived new instance-optimal bounds for identity testing and other problems as
well, see e.g. Diakonikolas and Kane (2016); Blais et al. (2019); Jiao et al. (2018). We also mention
the related setting of competitive testing studied in the works of Acharya et al. (2011, 2012).
Lastly, we remark in the classical setting, there has been substantial work on tolerant testing in
which one would like to test whether the unknown distribution is far from or close to (rather than
exactly equal to) some specified distribution Parnas et al. (2006), see Canonne (2020) for relevant
references. We leave the quantum analogue of this question as a direction for future study.

2. Overview of Techniques

As with many other property testing lower bounds, ours is based on showing hardness for dis-
tinguishing between a simple “null hypothesis” and a “mixture of alternatives,” i.e. whether the
unknown state p that we get copies of is equal to o or was randomly sampled at the outset from
some distribution over states e-far from o. Throughout, we will assume that o is a diagonal matrix.
This is without loss of generality since we are given a description of ¢ and can change basis.

When o = é]l, the standard choice for the mixture (and the one that leads to optimal lower
bounds in this case) is the distribution over mixed states of the form é (]l + UTdiag(z-:, e, —E, .. )U)
where U is sampled from the Haar measure over d x d unitary matrices, and previous works have
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shown lower bounds for mixedness testing with entangled measurements (O’Donnell and Wright,
2015) and incoherent measurements (Bubeck et al., 2020) by analyzing this particular distinguish-
ing task. Indeed, our proof builds upon the general framework introduced in the latter work (see
Section B for an exposition of the main ingredients from Bubeck et al. (2020)) but differs in crucial
ways.

To get a sense for what the right distinguishing task(s) to consider for general o are, it is instruc-
tive to see first how to prove instance-optimal bounds for classical distribution testing.

2.1. Instance-Optimal Lower Bounds for Identity Testing

Here we sketch how to prove the lower bound of Valiant and Valiant (2017) for identity testing (up
to log factors). Recall this is the setting where one gets access to independent samples from an
unknown distribution p over d elements and would like to test whether p = g or ||p — ¢||1 > ¢ for a
known distribution q.

When ¢ is the uniform distribution over d elements, a classical result of Paninski (2008) demon-
strates that the fundamental bottleneck is distinguishing whether the samples come from ¢, or if the
samples come from a version of ¢ where each entry from its vector of probabilities has been per-
turbed by +¢/d. In this setting, the mixture of alternatives consists of all distributions ¢¢ that could
have been obtained in this fashion, where the index ( indicates the sign pattern of the perturbation
chosen.

The main conceptual challenge to extending this lower bound strategy to more general q is that
the entries of the probability vector for ¢ may take values across many different scales, and whatever
lower bound instance one designs must be sensitive to these scales.

One approach to account for these different scales is to “bucket” the probability vector for ¢,
where each given bucket contains all entries within a fixed multiplicative factor of one another. It
turns out that Paninski’s analysis works even if ¢ is not exactly uniform as long as its probabilities
are within a multiplicative factor of each other. For this reason, within each bucket we could simply
apply Paninski’s construction and randomly perturb the probabilities by a carefully chosen multiple
of +¢/d. Combining these constructions across buckets after appropriately scaling them thus gives
a natural mixture of alternatives {qc} to distinguish from the true distribution ¢, where again, ¢
denotes the sign pattern of the perturbations chosen.

The main technical challenge then is to upper bound drv (¢®V, E¢[(¢°)®"]), that is, the total
variation distance between the distribution over NV i.i.d. draws from ¢ and the distribution over N
iid. draws from ¢¢ where ¢ was sampled uniformly at random from the set of all possible sign
patterns corresponding to perturbations of g.

A common analytical trick for carrying out this bound— and the approach that Valiant and
Valiant (2017) take— is to first Poissonize, that is, take N to be a Poisson random variable. Unfor-
tunately, Poissonization does not seem to have any straightforward analogue in the quantum setting,
where the choice of measurement can vary across copies, so we eschew this technique in favor of
an alternative approach that we sketch next.

Ingster-Suslina Method and Moment Bounds. Apart from Poissonization, another way to bound
drv(g®N, Ec[(¢%)®N]) is to pass to chi-squared divergence and invoke the Ingster-Suslina method
(see e.g. Section 3.3 of Ingster and Suslina (2012), or Lemma 22.1 and its application in Section
24.3 in Wu (2017)). At a high level, this approach amounts to bounding higher-order moments of
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the pairwise correlation

¢o¢ 2 I?[(Ac(i) —1)(Ay (i) = 1)]

as a random variable in ¢, ¢’. Here, the expectation is over sample i € [d] drawn from ¢, and

Ac(i) = g5 /a;

is the likelihood ratio between the probability of drawing i when p = ¢¢ versus the probability of
drawing ¢ when p = q. Concretely, if one can show that

N
E [(1+¢<7<) ] — 1+0(1)
e
for some ¢, this would imply a sample complexity lower bound of ¢ for testing identity to q.

It turns out to be possible to give sufficiently good upper bounds on the moments of <" (after
some appropriate preprocessing on ¢ as done in Valiant and Valiant (2017)) that one can recover the
same bound as Valiant and Valiant (2017) up to poly-logarithmic factors in d/e. It is this approach

that we will generalize to the quantum setting.

2.2. Passing to the Quantum Setting

We now describe how to extend some of these ideas to quantum state certification.

Scale-Sensitive Rotations. Recall from the discussion at the beginning of this section that in the
case where 0 = pmm, the right “mixture of alternatives” to consider is to perturb every eigenvalue of
pmm and then randomly rotate by a Haar-random unitary over C%; this is sometimes called the quan-
tum Paninski instance (O’Donnell and Wright, 2015) for its resemblance to Paninski’s construction
in the classical setting.

For general o, we could try the same thing, but motivated by the classical setting, we would
tune how much we perturb each eigenvalue based on its magnitude. Unfortunately, if we then
simply rotate the resulting perturbed state by a Haar-random unitary over C¢, it turns out that we
cannot hope to prove a sufficiently strong lower bound.

To see this, let us consider the following extreme example. Imagine that o is nearly a pure state.
A random global rotation of a perturbation of ¢, no matter how cleverly we picked the perturbation,
is close to a Haar-random pure state. So its trace inner product with o will be on the order of O(1/d)
with high probability, whereas the trace inner product of o with itself is on the order of ©(1). In
particular, just by measuring the observable given by o, we can easily distinguish whether p = o or
p comes from this particular mixture of alternatives using O(1) measurements.

The point is that in the quantum setting, we need to be sensitive to the different scales of o’s
eigenvalues not only in picking the perturbations to the eigenvalues of o, but also in picking the
ensemble of rotations

An Attempt: Generalized Quantum Paninski. We now outline an attempt at generalizing the
quantum Paninski construction in a way that is sufficiently sensitive to the different scales for the
eigenvalues of 0. Motivated by the classical construction described above, we can group the eigen-
values of o into buckets, where a given bucket contains all eigenvalues within a fixed multiplicative
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factor of each other, and consider a mixture of alternatives defined as follows. First, given any
m € N, define the matrix:

7 & diag(1,...,—1,...) m even
" diag(0,1,...,—1,...) modd,

where Z,, consists of |m/2] 1’s and [m/2| —1’s. The mixture of alternatives is given by the
distribution over mixed states of the form o + UTEU, where now U is a block-diagonal unitary
matrix whose blocks are Haar-random and whose block structure corresponds to the buckets, and £
is a direct sum of scalings of Z,,,, where the different m’s and scalings correspond to the sizes and
relative magnitudes of the buckets.

For instance, if 0 = (2—\1/311 \/3> b (ﬁ]l de \/g), we can take U to be distributed as
U; @ Uy, where Uy € U(V/d) and Uy € U(d — v/d) are Haar-random, and £ = <;ﬁzﬂ> ®
<ﬁz de \/g) for appropriately chosen €1, €2 summing to 2.

Our analysis for this instance follows the Ingster-Suslina method in the nonadaptive case and
the general framework of Bubeck et al. (2020) in the adaptive case (see Section B for an exposition
of these two frameworks), and the central object for both proofs is the pairwise correlation

67V £E[(Au(2) - (Av(2) - 1.

Analogously to the classical setup described above, here the expectation is over outcomes z if one
makes some quantum measurement on a single copy of the state p = o, and Ay(z2) is the likelihood
ratio between the probability of observing outcome z when p = o + UTEU versus the probability
of observing the same outcome when p = ¢ under a particular POVM (see Section B for formal
definitions). And as in the classical setup, it turns out that we need to show that

UIEV[(l +0UV)'] =1+ 0(1)

)

for sufficiently large ¢, so the primary challenge is to control the moments of ¢U-V (regarded as a
random variable in U, V), or equivalently to show that it concentrates sufficiently around its mean.

If U,V were Haar-random unitary matrices, one could do this by invoking standard concen-
tration of measure for Haar-random unitary matrices (Anderson et al., 2010; Meckes and Meckes,
2013). Indeed, this is the approach of Bubeck et al. (2020), but for general o we need to control
the tails of Y-V when U, V have the abovementioned block structure, for which off-the-shelf tail
bounds will not suffice. Instead, we argue that because we can assume without loss of generality
that the optimal measurements to use to distinguish p = ¢ from p = o + UTEU must respect
the block structure, V-V is a weighted sum of pairwise correlations gb]U’V for many independent
sub-problems, one for each “bucket” j (see (9)). These are independent random variables, each
parametrized by an independent Haar-random unitary matrix in a lower-dimensional space, so we
can show a tail bound for Y-V by combining the tail bounds for {¢;J,V} (see Section C.2.1).

In Section C.2.2, we show how to optimally tune the entries of £. Here however, we finally arrive
at the surprising juncture where instance-optimal state certification deviates significantly from its
classical analogue:

This generalized quantum Paninski construction does not always yield the right lower bound!
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It turns out that even with the optimal tuning of &, the approach outlined thus far only achieves
a copy complexity lower bound of roughly Q(||o”||» /5/€%) (see Lemma 33), where ¢’ is obtained
from o by projecting out its largest eigenvalue and some small eigenvalues.

While this recovers the lower bound of Bubeck et al. (2020) when 0 = pmm, in other situations
one can readily see that Q(||o”||, /5/€%) can be much worse than the lower bound in Theorem 1.
Consider o given by Example 1. For that choice of o = diag(1 —1/d? 1/d?,...,1/d%), |o’|l3/5 =

1/+/d, so we only get a lower bound of (#) In contrast, as discussed in Example 1, the

dl/2g2

right copy complexity for this problem turns out to be ©(v/d/s2). We now describe a second
lower bound instance that, combined with the generalized quantum Paninski construction, yields an
instance near-optimal lower bound.

Missing Ingredient: Perturbing the Off-Diagonals. For simplicity, consider a mixed state o
with exactly two buckets, e.g. 0 = (A 1g,) @ (A21lg,) where di > do. In this case, one can regard
the generalized Paninski instance as a family of perturbations of the two principal submatrices
indexed by the coordinates {1, ...d;} in bucket 1 and the coordinates {d; + 1,...,d} in bucket 2
respectively. But one could also perturb o along the off-diagonal blocks, rather than on the principal
blocks, by considering matrices of the form

04, (¢/2dy) - W
”((e/zdﬁ-w* 0., ) @)

parametrized by Haar-random W € C%*% consisting of orthonormal columns. One can show
that as long as € < dj, - v/A1 A2, then (2) is a valid density matrix (Lemma 46) and is e-far in trace
distance from o. In this regime, we show a lower bound of 2(v/d1dz/?) for distinguishing whether
p = o or whether p is given by a matrix (2) where W is sampled Haar-randomly at the outset.

For general o, by carefully choosing which pair of buckets to apply this construction to, we
obtain the lower bound of Theorem 1 for very small €. For larger ¢ we show that if the lower bound
from the generalized Paninski instance were inferior to that of Theorem 1, then this would contradict
the assumption that ¢ is large (see Section C.5). Altogether, this completes the proof of the claimed
lower bound in Theorem 1, modulo one last corner case that we now discuss.

Handling the Largest Eigenvalue. Indeed, there is one more feature of Theorems 1 and 2 which

is unique to the quantum setting. In the classical setting, the instance-optimal sample complexity

/ R . .
of testing identity to a given distribution p is essentially given by % \% ”pa“f/ 2 where p’ is derived

from p by zeroing out not just the bottom O(g) mass from p but also the largest entry of p. To see
why the latter, as well as the additional % term, is necessary, consider a discrete distribution p which

places 1 — £/100 mass on some distinguished element of the domain, call it 2*. The % \Y, lp 5”22/ 3

lower bound would yield ©(1/¢) sample complexity, and an algorithm matching this bound would
simply be to estimate the mass the unknown distribution places on xz*. The reason is that because
p places total mass £/100 on elements distinct from z*, any distribution e-far from p in ¢;-distance
must place at most 1 — € mass on z*, which can be detected in O(1/¢) samples.

In stark contrast, in the quantum setting if o had an eigenvalue of 1 — £/100, then the copy
complexity of state certification with respect to o scales with 1/e2. The reason is that there is
“room in the off-diagonal entries” for a state p to be e-far from o. Indeed, we can formalize this
by considering a lower bound instance similar to (2). In fact it is even simpler, because for mixed
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states whose largest eigenvalue is particularly large, it suffices to randomly perturb a single pair
of off-diagonal entries! To analyze the resulting distinguishing task, we eschew the framework of
Bubeck et al. (2020) and directly bound the likelihood ratio between observing any given sequence
of measurement outcomes under the alternative hypothesis versus under the null hypothesis (see
Section C.4 and Lemma 52 in particular).

Adaptive Lower Bounds. As we discussed following Theorem 2, the ideas above can also be
implemented in the setting where one can choose incoherent measurements adaptively (see Theo-
rem 2). The reason the lower bound we obtain is not instance-optimal is the same technical reason
that Bubeck et al. (2020) was not able to obtain an optimal lower bound in the special case of mixed-
ness testing, namely that there is some lossy balancing step to handle a certain low-probability event
(see the proof of Theorem 28 in Appendix F.2).

2.3. Upper Bound

As in our lower bound proof, we will partition the spectrum of ¢ into buckets. We will also place all
especially small eigenvalues of ¢ in a single bucket of their own— this latter bucket will contain the
smallest eigenvalues of o that together sum to O(g?). For the purposes of discussion in this section,
we will call this the “negligible bucket” and we will call all others “non-negligible buckets.”

For starters, in Section D.1 we give a simple algorithm (BASICCERTIFY, see Algorithm 1) for
state certification which is already optimal up to constant factors when the eigenvalues of ¢ all fall
within the same bucket. Similar to the mixedness tester in Bubeck et al. (2020), this algorithm is
based on measuring our copies of unknown state p in a Haar-random basis and running a classical
identity tester (Diakonikolas and Kane, 2016). As the analysis is very similar to that of Bubeck et al.
(2020), we defer the details to Section D.1.

Now consider a general mixed state o given by an arbitrary diagonal density matrix. Suppose
its diagonal entries fall into m buckets in total; by virtue of the bucketing scheme, m is guaranteed
to be at most logarithmic in d/e (see Fact 31). At a high level, if the state p that we get copies of is
e-far in trace distance from o, then by an averaging argument, there should be some pair of buckets
such that the corresponding block submatrix of ¢ is somewhat far from p in trace distance. Indeed,
one of four things could happen (see Figure 1):

(A) There may be a non-negligible bucket for which the corresponding principal submatrix of o is
Q(e/m?)-far from that of p, in which case we can detect that p is far from o simply by running
BASICCERTIFY restricted to that bucket (see Lemma 65).

(B) There may be two non-negligible buckets for which the corresponding pair of off-diagonal blocks
in o are Q(/m?)-far from the corresponding submatrix in p, in which case we can detect that p
is far from o by running BASICCERTIFY restricted to these two buckets (see Lemma 66).

(C) For the negligible bucket, the corresponding principal submatrix of o is 2(¢2)-far from that of
p, in which case we can measure the observable given by the projector to that submatrix. In this
case, O(1/¢?) copies suffice (see Lemma 63).

(D) None of the above three cases hold, and p and ¢ differ primarily in the off-diagonal block with
rows indexed by the negligible bucket and columns indexed by all non-negligible buckets. But
by basic linear algebra (Lemma 17) and the fact that the eigenvalues in the negligible bucket sum
to €2, this would contradict the fact that we are not in case (C) (see Lemma 64)!

10
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bucket bucket bucket negl.

1 2 3 bucket
bucket 1
case
bucket 2 A
case
D
bucket 3
negl. case case
bucket D C

Figure 1: Partition of ¢ into blocks corresponding to buckets, relevant submatrix for each case
highlighted in gray.

We remark that the idea of reducing from state certification to mixedness testing by performing
a case analysis on buckets of the spectrum is reminiscent of the instance near-optimal algorithm of
Diakonikolas and Kane (2016) for classical identity testing. That said, as is clear in the above proof
sketch, the off-diagonal entries of p pose a number of technical hurdles not present in the classical
setting, just as they did in the proof of the lower bound.

Why Do the Upper and Lower Bounds ‘“Line Up”? The casework above gives a good sense
for why our upper and lower bounds happen to “line up” up to log factors. Ignoring the negligible
bucket for the time being, recall that the averaging argument in our upper bound proof essentially
implies that any p which is far from o must be relatively far either 1) within a principle submatrix
corresponding to a single bucket, or 2) within an off-diagonal submatrix corresponding to a pair of
buckets.

This upper bound strategy complements our lower bound constructions nicely. Indeed, if we
ignore the contribution from all other entries apart from the submatrix in question, then we can
ask: what mixture of alternatives is hardest to tell apart from o if the alternatives all differ from
o only in that submatrix? Depending on whether that submatrix is principle or off-diagonal, our
generalized quantum Paninski and off-diagonal lower bound constructions provide essentially the
optimal answer to this question.

Why Truncation? The reader might be wondering why we need to truncate some of the eigenval-
ues of o in our bounds in Theorems 1 and 2. For instance, how are we able to prove an upper bound
which only depends on o after we have thrown out O(£?) of its eigenmass, rather than on o itself?
As the above description of our algorithm makes clear, the reason is that the copy complexity of
state certification with respect to o is really dominated by cases (A) and (B), and in these cases the
complexity of running BASICCERTIFY only depends on the non-negligible buckets, i.e. the buckets
containing the eigenvalues corresponding to the truncation .

That said, there is a gap between the amount of mass we need to truncate in the definition of & in
the upper bound versus ¢ in the lower bound (©(g2) versus ©(¢)) in our theorems. The latter level

11
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of truncation appears to be an artifact of our techniques, and we conjecture that the lower bound can
be upgraded to hold even if ¢ is defined by removing only ©(£?) mass from o.

Why Fidelity? Finally, we give some intuition for why fidelity with respect to the maximally
mixed state arises in our copy complexity bounds. To do so, we will go into slightly more detail
about the analysis of the algorithm we sketched above, focusing on cases (A) and (B).

First consider case (A). Suppose for simplicity that p was identical to o except in the principal
submatrix corresponding to the diagonal entries of ¢ in the interval [277~1, 277]. Denote the number
of rows/columns of this submatrix by d;. As we alluded to above, it turns out that mixedness testing
to error ¢’ for d;-dimensional mixed states whose eigenvalues are all in the same bucket has copy
complexity @(d?/ 2 /€"?). On the other hand, because the trace of this submatrix is ©(d;277), we
would need to make ©(27/d;) measurements of p in expectation to simulate one measurement of
the conditional state given by p restricted to this submatrix. But for the same reason, the trace
distance ¢’ between the normalized states given by this principal submatrix of p and ¢ is also 27 /d’
times bigger than £/m?. As m is logarithmic in d/¢, this means that 6(d?/ 29— /€2) copies suffice
to detect that p differs noticeably from ¢ in this submatrix (see Lemma 65).

Now consider case (B). Suppose for simplicity that p was identical to o except in the d; X
d; and dj x dj; off-diagonal blocks corresponding to two buckets of eigenvalues, namely those
in [27771,277] and those in [277'~1,277"] (here d;,d; denote the sizes of these buckets). Also
suppose without loss of generality that d; > d . It turns out that if we ran BASICCERTIFY restricted
to the (d; + d;r) x (d;j + d;) principal submatrix of p containing these off-diagonal blocks, then by
a more involved version of the reasoning in the previous paragraph (see Lemma 66), we can show
that O (Vdjdz27 ' /%) measurements of p suffice to detect that p differs noticeably from o.

Putting everything together, we conclude that our algorithm needs to make, up to log factors,

~ max \/d>jd]2~,2_jl/52 = <max \/@> : <maxdj2</2_j/> /e? 3)
j,j’:djzdj/ J J’
measurements, where j, j’ range over non-negligible buckets, j = j’ corresponds to case (A), and
j # 7' corresponds to case (B). As there are logarithmically many nonempty non-negligible buckets

. - . =1/2 | _
of eigenvalues of o, it is elementary to check that (3) is, up to log factors, equal to degs - [|7]|1 /2 (see
Fact 20), where ||-||; /o denotes the Schatten 1/2-quasinorm. Finally we can see where the fidelity
term comes from: for any density matrix @ € C%*9,

d-F(7,1/d) = d- = Tx(@"2)? = 7] o
Thus far we have only provided justification for why fidelity emerges in the upper bound. But
as we mentioned in our discussion for why the upper and lower bounds happen to “line up,” our
generalized quantum Paninski and off-diagonal lower bound constructions closely parallel case (A)
and case (B) in the upper bound analysis. Naturally, we end up seeing the same kinds of terms, e.g.
[ll2/5 and ||-||; 2, emerge in the proof of the lower bound for essentially the same reasons.
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Roadmap for Appendix. In Appendix A, we review basic notions in quantum property testing
and present various technical tools we will use in our proofs. In Appendix B we describe the
general framework introduced in Bubeck et al. (2020) for proving lower bounds with incoherent
measurements. In Appendix C, we prove the lower bound in Theorem 1, and in Appendix D we
prove the upper bound. In Appendix E we prove Theorem 2. In Appendix F we collect some
deferred proofs.

Appendix A. Technical Preliminaries

Notation Let Sy denote the symmetric group on £ elements. Given m € Sy, let x(m) denote the
number of cycles in 7. Recall from the introduction that we let pym = é]l denote the maximally
mixed state. Given a matrix M and p > 0, let ||A]|, denote the Schatten-p (quasi)norm. Let

M2M / Tr(M). Let U(d) denote the unitary group of d x d matrices.

A.1. Quantum Property Testing

We will work with the following standard notions, using notation and terminology borrowed from
Bubeck et al. (2020).

Definition 3 A positive operator-valued measurement (POVM) M consists of a collection of psd
matrices My, ..., My, for which > M; = 1. We will refer to the set of measurement outcomes [m]
as Q(M). Given mixed state p, the distribution over outcomes from measuring p with M is the
distribution over Q}(M) which places mass (M;, p) on outcome i.

As demonstrated in Bubeck et al. (2020), the techniques in that work and in the present paper
generalize easily to POVMs for which Q(M) is infinite, so for simplicity we will simply consider
the finite case in this work.

15



CHEN L1 O’ DONNELL

Definition4 Let N € N. A POVM schedule S is a collection of POVMs {M‘”<t}t€[N]7x<t€7-t,

where each M*<t is over C%, Ty £ {0}, and for every t > 1, T; denotes the set of all possible
transcripts of measurement outcomes x4 for which x; € Q(M*<i) forall 1 < ¢ <t — 1 (recall
that ©o; = (z1,...,zi—1)). The schedule works in the natural manner: at time t fort = 1,..., N,
given a transcript x < € Ty, it measures the t-th copy of p using the POVM M”<t.

If in addition every M*<t only depends on t and not on the specific transcript x, we say it is
a nonadaptive POVM schedule and denote it simply by {Mt } te[N]'

Definition 5 (Quantum property testing task) A quantum property testing task 7 is specified by
two disjoint sets Sy and Sy of mixed states. For any N € N, we say that task T has copy complexity
N if there exists a POVM schedule S and a (potentially randomized) post-processing algorithm A
so that for any o € {0,1} and any p € S,, if z<n is the transcript obtained from measuring N

copies of p according to S, then A(z<y) = o with probability at least 2/3 over the randomness of
S and A.

For a mixed state o, if we specialize Definition 5 to Sy = o and 5] to all mixed states e-far in
trace distance from o, we obtain the following standard task:

Definition 6 (State certification) Fix e > 0. Given an explicit description of a mixed state o along
with copies of an unknown mixed state p, the task of state certification to error € with respect to o
is to determine with high probability whether p = o or ||p — ol||1 > € by making measurements on
the copies of p. When 0 = pmm, this is the task of mixedness testing.

We will employ the following standard framework for proving testing lower bounds:

Definition 7 (Lower Bound Setup: Point vs. Mixture) In the setting of Definition 5, a point vs.
mixture task is specified by a null hypothesis p € Sy, a set of alternatives pg C S1 parametrized by
0, and a distribution D over 6.

For any POVM schedule S, let pgN(S ) be the induced distribution over transcripts from mea-
suring N copies of p according to S, and let pISN(S ) be the induced distribution over transcripts
from first sampling 6 ~ D and then measuring N copies of pg according to S. For instance, if S is

. <N . . . A
nonadaptive, then p7 " is simply a mixture of product distributions.

The following is a standard fact that lets us relate this back to property testing:

Fact 8 Given quantum property testing task T specified by sets Sy, S1, let N € N, and let F be a
family of measurement schedules using N measurements. Suppose there exists a point vs. mixture
task so that for every S € F, we have that dTV(pOSN(S),plgN(S)) < 1/3. Then T has copy
complexity at least N.

For the remainder of the paper, we will fix a measurement schedule S and just write pgN
and plgN . The possible families / we work with in Fact 8 are the family of nonadaptive POVM
schedules, and the family of adaptive POVM schedules.
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A.2. Tail Bounds

We first collect some elementary facts about sub-exponential random variables.

Definition 9 We say that a random variable Z is (02, b)-sub-exponential if it has mean zero and

satisfies
Pr(|Z] > ] < exp [ —= LN
: 51 = exp 2 02 b

It is a standard fact that sub-exponential random variables satisfy the following moment bounds:

forall s > 0.

Lemma 10 If Z is (02, b)-sub-exponential, then foranyt > 1, E[| Z|'] < (t/2)!-(20%)!/2+1!-(2b)".

Proof We have
E[|Z|'] :/ Pr“Z\ > sl/t} ds
0
() S2/t 00 Sl/t
< 2 2
< /0 exp 552 ds —l—/o exp 5% ds
=T(1+1t/2) - (20%)? + (1 + 1) - (2b)
as desired. |

It is also standard that sub-exponential random variables have moment generating function
bounded as follows:

Lemma 11 If Z is (02, b)-sub-exponential, then for any A < min(1/4b,1/0),
E[e}] < exp (O(X2(0® +b%))) .

Proof As E[Z] = 0 by definition, we can expand
1435
t!
t=2
By Lemma 10,

t 9 o0
A E[ZY] < (% ) (2X202)H? + (2)\b)t) =8N+ ) (A0?/2)"? < 8N+ N0,

tl
t=2 t=2 t=2

The lemma follows from the inequality 1 + xz < e*. |

We will need the following basic fact about sums of random variables satisfying sub-exponential
moment bounds.
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Lemma 12 Fix any t € N. Given a collection of independent mean-zero random variables
Zi, ..., Zym whose odd moments vanish and such that for every i € [m| and even 1 < { < {,
E[|Z¢|€]1/£ < (- o;, we have that for every even 1 < { <t

E[(Zy + -+ Z) VY < (02 + - 4 02)/?

Proof Using the sub-exponential moment bound, we can expand E[(Z; + - - - + Z,,,)¢] and use the
fact that the Z;’s are independent to get

E[(Zi+ - +Zm) ZHE (28] <ZHa‘“a“l<£‘ZZH 2)@il2 = (g2 4. 42 )2

where « ranges over even monomials of total degree L. |
Concentration of measure for Haar-random unitary matrices will also be crucial to our analysis:

Theorem 13 (Meckes and Meckes (2013), Corollary 17, see also Anderson et al. (2010), Corollary 4.4.28)
Equip M 2 U(d)* with the Lo-sum of Hilbert-Schmidt metrics. If F : M — R is L-Lipschitz, then
foranyt > 0:

(U1,..,U )eM“F(Ul?"-’Uk) —E[F(Uy,.., Up)]| > 1] < e~ ¥/120%,
1y--sYE

where Uy, ..., Uy, are independent unitary matrices drawn from the Haar measure.

A.3. Weingarten Calculus

In this section we recall some standard facts about integrals over the Haar measure on the uni-

tary group. Given a permutation 7 € Sy, let Wg(m, d) denote the Weingarten function (see e.g.
A

Collins and Sniady (2006)). Given a matrix M € C%<¢ and permutation 7 € Sy, let (M), =
[Ioe, Tr(M 1), where C' ranges over the cycles of 7 and |C| denotes the length of C. Equiva-
lently, if P, is the permutation operator associated to 7, then

(M) = Te(PrM®). 4)
We will use the following consequence of the Weingarten calculus and Schur-Weyl duality:

Lemma 14 (See e.g. Eq 7.32 from Brandio et al. (2019)) For any matrix M € (C4*4)&¢)

E [UT®Z

E MUW} = Y Welo ', d) Te(PM) P,

o,TESy
where the expectation is with respect to the Haar measure on U (d).
Lemma 14 yields the following useful integral:

Lemma 15 Ford > 2,¢ €N, andany A,B € C%e e have that

[Tr(AUTBU Z We(r 7, d)(A)x(B).
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Proof We can write Tr(AUTBU)* as Tr <A®£UT®EB®£U®Z), so by Lemma 14, the expectation

of this over U is ), g, Wg(o~'7,d) Tr(P,B®) Tr(P,A®"), and the first part of the lemma
then follows by (4). The second part of the lemma then follows by the fact that for the identity
permutation e on one element, Wg(e, d) = 2. [

A.4. Block Matrices

Here we record two basic results about block matrices, beginning with the following standard fact
about Schur complements (see e.g. Theorem 1.12 from Zhang (2006)):

A
Bf
positive definite, p is positive definite if and only if Schur complement C — BYA~1B is positive
definite.

Lemma 16 (Schur complements) For a block matrix p = < 2) for which A and C are

The second result of this subsection upper bounds the trace norm of the off-diagonal blocks of
a psd block matrix in terms of the traces of the diagonal blocks:

A B
Bf C
Tr(A) Tr(C) > |B||2. In particular, |B||y < Tr(p)/2.

Lemma 17 For psd block matrix p = < ), where A and C are square, we have that

Proof Without loss of generality suppose that A has at least as many rows/columns as C. First note
that we may assume B is actually square. Indeed, consider the matrix p’ given by padding p with
Zeros,

A B 0

/=Bt C o

0 0 O

, » ([C O : .
so that A and C' = 0 0 have the same dimensions. Clearly, ||(B 0)|; = |BJ1, and
IC"|l1 = ||C||1, so to show Lemma 17 for p it suffices to prove it for p’. So henceforth, assume B

is square.
We will further assume that B is diagonal. To see why this is without loss of generality, write
the singular value decomposition B = UTXV and note that

U o Ul 0\ [/UAU X
o v)’lo vi)= = vicv.
If B is diagonal, then for every diagonal entry B; ;, we have that B?Z <A;;C;;, 50

2 2
B} = (Z Bm) < (Z A}fB}f) < Tr(A) Tr(B),

where the last step is by Cauchy-Schwarz.
The second part of the claim follows by AM-GM. |
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A.S. Instance-Optimal Distribution Testing

Here we record the precise statement of the instance-optimal lower bound from Valiant and Valiant
(2017).

Theorem 18 (Valiant and Valiant (2017), Theorem 1) Given a known distribution p and samples
from an unknown distribution q, any tester that can distinguish between ¢ = p and ||p — q||1 > ¢
with probability 2/3 must draw at least Q(1/e V ||p= (|53 /€%) samples.

Note that this immediately implies a lower bound for state certification:

Corollary 19 Given a known mixed state p and copies of an unknown mixed state o, any tester
that can distinguish between o = p and ||p — o||1 > € with probability 2/3 using measurements on
the copies of p must use at least Q(||p="*|o/3/€%) samples.

We will use this corollary in our proof to handle mixed states whose eigenvalues are all pairwise
separated by at least a constant factor. Intuitively, these mixed states are close to being low-rank,
and one would expect that the copy complexity for testing identity to such a state is (:)(1 /e%). We
show that this is indeed the case (see Lemma 40).

A.6. Miscellaneous Facts

The following elementary facts will be useful:

Fact 20 Let S be any set of distinct positive integers. Given a collection of numbers {d;};cs
satisfying Zj d;277 < 2, let p be the vector with d; entries equal to 277 for every j € S. Then

max; d;’-Q*“j > \S’]*prH;/‘Zfor any a,b > 0.

Proof Let j* be the index attaining the maximum. By maximality we know dj+2~% /b > |—é| > i

2-/b Raising both sides to the b-th power and taking reciprocals, we conclude that 2% / dl]’- <
SEple .

Fact21 Letc > 1 and p,q > 0. Given a vector v with entries v > --- > vy, > 0 for which
v; > ¢ iy for every i, we have that ||v||, > (1 — )Y - |||,

Proof We have that [|v||d < 20, (c7%vy)? = 450 [v]lp > v1 > |Jv]lg - (1 —c7)Ma. |

l—c—9’

We will also need the following when describing the framework of Bubeck et al. (2020) in
Section B:

Fact 22 (Integration by parts, see e.g. Fact C.2 in Bubeck et al. (2020)) Let a,b € R. Let Z be
a nonnegative random variable satisfying Z < b and such that for all x > a, Pr[Z > z] < 7(z).
Let f : [0,b] — Rx>q be nondecreasing and differentiable. Then

b
Elf(2)] < f(a)(1 +7(a)) + / 7(x)f'(z) d .
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Appendix B. General Lower Bound Framework

All of our lower bounds are based on analyzing a suitable point vs. mixture distinguishing problem.
In this section we outline a general framework, implicit in Bubeck et al. (2020), for showing copy
complexity lower bounds for such problems. After outlining some basic objects, in Section B.1 we
describe a set of conditions (see Assumption 1) that, if true for a particular distinguishing problem,
imply by the machinery of Bubeck et al. (2020) a strong copy complexity lower bound for that prob-
lem. We formally state these implications in Sections B.2 and B.3 and, for the sake of completeness,
provide their proofs in Appendix F.2.*

Concretely, we will lower bound the smallest N for which it is possible to distinguish, using
an unentangled POVM schedule S, between ¢®V and Ey.~p [p%N | for some prior distribution D.
Given schedule S, let p§N (resp. plgN) denote the distribution over transcripts given by measuring
o®N (resp. Eu [p%N ]) with S. A key component of our analysis is to bound how well a single step
of § can distinguish between a single copy of ¢ and a single copy of oy for U ~ D:

Definition 23 A single-copy sub-problem P = (M, o, {ov }u~p) consists of the following data:
a POVM M over C%, a mixed state o € C™% and a distribution over mixed states oy € Cdxd
where U is drawn from some distribution D.

To quantify how much information a single step of S can reveal about the unknown state, we
introduce the following quantities:

Definition 24 Given a single-copy sub-problem P = (M, o,{ou}u~p), let po(M) denote the
distribution over outcomes upon measuring o using M = {M.}. Given POVM outcome z, and
U,V € supp(D), define the quantities

U/ & (Mzou) UV a Y
gp (2) = Moy 1 Op _z~pIOE(M) l9p (2) - gp (2)].

We will omit the subscript P when the context is clear.

We can interpret 1+ gg as the likelihood ratio between the distribution under measuring a single
copy of oy and the distribution under measuring a single copy of o.

B.1. Sufficient Conditions on g} (2)

We will design {oy }u~p in such a way that the following three conditions hold.

Assumption 1 Suppose that gg satisfies the following three properties for parameters ¢, L > (:

1. First moment bound: For any z € Q(M), Eulgp ()] = 0.

2. Second moment bound: Eu~p|gp (2)%] < <2 for all measurement outcomes .

3. Lipschitzness: EZNPO(M)[(gg(z) — g7‘>/(z))2]1/2 < L-||U = V||gs forany U,V € supp(D).

4. That said, as our techniques are a generalization of the approach of Bubeck et al. (2020), readers unfamiliar with that
work may find it more convenient to consult it first before proceeding. Either way, here we will try to distill the main
ingredients from Bubeck et al. (2020) in as modular a fashion as possible.
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Example 2 [rwas shown in Bubeck et al. (2020) that if 0 = pmm, OU = Pmm +UTdiag(§, ey =5y
and D is given by the Haar measure over U (d), then Assumption 1 holds for ¢, L = O(e/+/d) for
any sub-problem P of the form (M, o, {ou }u~p)-

Here we prove some intuition for these conditions. As we mentioned above, 1 + gg is simply
the likelihood ratio between the distributions over outcomes under measuring a single copy of oy
versus a single copy of . Condition 1 thus ensures that for any POVM element z, the probability
of observing outcome z under oy is in expectation over U equal to the probability of observing z
under 0. By Chebyshev’s, Condition 2 then ensures that the former has some mild concentration
around the latter.

In other words, because of Conditions 1 and 2, there is no single observable that we can re-
peatedly measure O(1/2) times to solve the point vs. mixture distinguishing problem. It turns
out that if gg additionally satisfies the Lipschitzness constraint of Condition 3, then we can invoke
concentration of Lipschitz functions of Haar-random unitary matrices (recall Theorem 13 from the
preliminaries) to get a strong lower bound for the distinguishing problem.

This last point requires some unpacking. For starters, let us spell out what kinds of tail bounds
we leverage. Specifically, using Assumption 1 and concentration of measure, one can show the
following tail bound which is an important starting point for our lower bounds.

Lemma 25 Suppose P satisfies Assumption I for parameters s, L > 0. Then for U,V sampled in-
dependently from the Haar measure over U (d), d)g’v isa (©(s?L?/d), ©(L?/d))-sub-exponential
random variable in the randomness of U, V. In particular, by Lemma 10,

AL/t

E qug"" ] <0 (cL\/t/d\/ th/d> <O@t-L-{cvL}/Vd) (5)
uv

In the next two sections, we show how to use Lemma 25 to derive lower bounds for the distin-
guishing problem.

B.2. Non-adaptive Lower Bounds

As discussed in Section 2, our non-adaptive lower bounds are based on the Ingster-Suslina method (In-
gster and Suslina, 2012). In Bubeck et al. (2020), the main ingredients of this method are stated in
the preceding notation as follows:

Lemma 26 (Lemma 2.8 from Bubeck et al. (2020)) If the unentangled POVM schedule S is non-
adaptive and consists of POVMs My, ..., My, then if Py = (My, 0,{ou}}u~p) denotes the t-th
single-copy sub-problem for an arbitrary D, then

N
2 ( <N gN) < (1+ U,V> 1 6
X (p1 lF —tmefﬁ{m,@w[ bp, (6)

Lemma 26 is one reason why we care about tail bounds for gf)g V' with sufficiently good moment
bounds on ¢, we can upper bound the right-hand side of (6) and conclude that for /N small, the chi-
squared divergence between plgN and péN is small. By Pinsker’s inequality, this implies that the
total variation distance between plsN and p§N is small, so by Fact 8 we get a lower bound on the
copy complexity N of distinguishing ¢®~ and E[O‘%N ]. We spell this out explicitly in the next
lemma.
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Lemma 27 Let D be the Haar measure over U(d), and fix o and {ovy }u~p. Suppose that for
any POVM M, the single-copy sub-problem P = (M, o, {ovu }u~p) satisfies Assumption 1. Then
distinguishing o from Ey [p%N | with probability at least 2/3 using an unentangled, non-adaptive

POVM schedule S requires N = () (ﬂ/(Lg) A d/L2>.

Proof Fix any ¢ € [N] and note that (1+¢p’* )™ < exp (Ngz)g;"). As ¢y is (O(s2L2/d), ©(L?/d))-
sub-exponential, its moment generating function is bounded by Lemma 11. In particular, for any

N < 0(d/L?),

UH,EV [exp (Ngbgt’v)} < exp (O(N2(§2L2/d + L4/d2)) ,

sofor N = o (\/&/ (Ls)Nd/ L2>, the above quantity is 1 + o(1). The lemma then follows from
relating KL to total variation using Pinsker’s inequality and then invoking Fact 8. |

Example 3 If 0 = pmm, 0U = Pmm + Ujfdiag(%, ooy —59,...)U, and D is the Haar measure on
U(d), recall from Example 2 that we can take <, L. = O(g/+/d). So by Lemma 27 we get a lower
bound of N = Q(d3/ 2 /e2). This recovers the non-adaptive lower bound for mixedness testing from
Bubeck et al. (2020).

B.3. Adaptive Lower Bounds

For our adaptive lower bounds, we follow the chain rule-based framework introduced in Bubeck
et al. (2020), the main result of which can be abstracted as follows:

Theorem 28 (Implicit in Bubeck et al. (2020)) Ler D be the Haar measure over U(d), and fix o
and {ovy }u~p. Suppose that for any POVM M, the single-copy sub-problem P = (M, o,{ov }u~p)
satisfies Assumption 1 and additionally, for all z € Q(M), gg (2)| < 0.99 almost surely. Then for
any T > 0and N = o(d/L?),

dr?  d
KL (piN 5 ™) < N7+ O(N) -exp (—Q ({L;Q A LZ} - N §2>> o

Like the proof of Theorem 27, the proof of Theorem 28 also makes crucial use of the fact that
qﬁg Visa sub-exponential random variable. As it is somewhat more involved, we defer the proof to
Appendix F.2.

Example 4 Take any ¢ < 0.99. If 0 = pmm and oy = pmm + UTdiag(g, ooy —=5,...)0Uas in
Example 2, where recall that U ~ D for D given by the Haar measure over U(d), then note that

95 (2)| < ||Udiag(e, ..., —¢,..)Ut|| = < 0.99
for any sub-problem P of the form (M, o, {ouYu~p). So by taking T = 2 /d*/3 in Theorem 28,

one gets that for N = o(d*/3 /&?), the KL divergence in (7) is o(1). This recovers the Q(d*/?/<?)
adaptive lower bound for mixedness testing from Bubeck et al. (2020).
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Appendix C. Nonadaptive Lower Bound for State Certification

In this section we will show our instance-near-optimal lower bounds for state certification with
nonadaptive, unentangled measurements.

Theorem 29 There is an absolute constant ¢ > 0 for which the following holds for any 0 < € < ¢.
Let o € C¥*? be a diagonal density matrix. There is a matrix o** given by zeroing out at most O(e)
mass from o (see Definition 30 and Fact 31 below), such that the following holds:

Let 5 £ o**/ Tr(0**), and let deg denote the number of nonzero entries of o**. Then any
algorithm for state certification to error € with respect to o using nonadaptive, unentangled mea-
surements has copy complexity at least

) (d/dest - PG, prum) /(€2 pOlylog(d/)) ).

In Section C.1, we describe a bucketing scheme that will be essential to our analysis. In Sec-
tion C.2 we describe and analyze the first of our two lower bound instances, a distinguishing prob-
lem based on a generalization of the standard quantum Paninski construction. Specifically, in Sec-
tion C.2.1, we give a generic copy complexity lower bound for this problem, and in Section C.2.2
we show how to tune the relevant parameters to obtain a copy complexity lower bound based on the
Schatten 2/5-quasinorm of ¢. In Section C.3, we describe and analyze the second of our two lower
bound instances, a distinguishing problem based on perturbing the off-diagonal entries of an appro-
priately chosen principal submatrix of o, obtaining for restricted choices of € a copy complexity
lower bound based on the effective dimension and Schatten 1/2-quasinorm of o. In Section C.5, we
put together the analyses of our two lower bound instances to conclude the proof of Theorem 29.

C.1. Bucketing and Mass Removal

We may without loss of generality assume that o is some diagonal matrix diag(A1, ..., Ag).

For j € Zxo, let S; denote the set of indices i € [d] for which \; € [27771,277]; denote |5}]
by d;. Let J denote the set of j for which S; # (). We will refer to 7 € J as buckets. It will be
convenient to refer to the index of the bucket containing a particular index i € [d] as j(i). Also let
Ssing denote the set of ¢ € [d] belonging to a size-1 bucket S; for some j € 7, and let Smany denote
the set of ¢ € [d] which lie in a bucket .S} of size greater than 1 for some j € J.

Our bounds are based on the following modification of o obtained by zeroing out a small fraction
of its entries:

Definition 30 (Removing low-probability elements- nonadaptive lower bound) Without loss of
generality, suppose that A1, ..., \g are sorted in ascending order according to \;/ d?.(i).é Letd <d

denote the largest index for which Zflzl N\ < 3e. Let Sy 2 [d'], and let Siight be the set of
ie{d +1,...,d} for which Zi,esj(i)\sta” Air < 2¢/log(d/e).

Let i1,y denote the index of the largest entry of 0. Let o’ denote the matrix given by zeroing out
the largest entry of o and the entries indexed by Sy, and let o* denote the matrix given by zeroing
out the entries indexed by Stai| U Siight. Finally, let o™* denote the matrix given by further zeroing
out from o* as many of the smallest entries as possible without removing more than 2 mass.

5. As presented, our analysis yields ¢ within the vicinity of 1/3, but we made no attempt to optimize for this constant.
6. The only place where we need this particular choice of sorting is in the proof of Corollary 45 below.
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Lastly, it will be convenient to define J' (resp. J*) to be the set of j € J for which S; has
nonempty intersection with (([d]\{imax}) N Smany)\Stail (resp. [d]\(Stail U Siight)). Note that by
design, J' and J* denote the indices of the nonzero diagonal entries of o' and o* respectively.

We will use the following basic consequence of bucketing:

Fact 31 There are at most O(log(d/<)) indices j € J for which S; and Sy, are disjoint. As a
consequence, Tr(c**) > 1 — O(e).

Proof For any i; ¢ Siaj and ia € Siaj, we have that pil/di(il) > piQ/d?(Z.2), SO piy > piy/d>.
In particular, summing over iy € St,j, we conclude that p;, - | S| > €/d2, SO pi, > €/d3. By
construction of the buckets S;, the first part of the claim follows. For the second part, by definition
we have that } ;.17 Ai < O(e). Furthermore, ;. Sighe N = O(e) because of the first part of the
claim. The second part of the claim follows by triangle inequality. |

Lastly, we will use the following shorthand: for any j € J and any matrix A, we will let
Aj e R4 denote the matrix which is zero outside of the principal submatrix indexed by S; and
which agrees with A within this submatrix.

C.2. Lower Bound Instance I: General Quantum Paninski

We will analyze the following distinguishing problem. We will pick a diagonal matrix £ as follows:

Definition 32 (Perturbation matrix £) For any i & Smany, we will take the i-th diagonal entry of
E to be zero. For any bucket j of size at least 2, we will take the nonzero diagonal entries of €; to
be (¢j,--- ,—¢€j,---) where there are |d;/2] copies of ¢j and |d;/2| copies of —¢;j, for €; to be
optimized later.

Given U € U(d), define oy 2 o + UTEU.

Throughout this subsection, let D denote the distribution over block-diagonal unitary matrices
U which are zero outside of the principal submatrices indexed by S; for some j € J with d; > 1,
and which within each submatrix indexed by such an S; is an independent Haar-random unitary if
d; is even, and otherwise is an independent Haar-random unitary in the submatrix consisting of the
first 2| d; /2] rows/columns. This distinction will not be particularly important in the sequel, so the
reader is encouraged to imagine that d; is always even when d; > 1.

The objective of this subsection is to show the following lower bound:

Lemma 33 Fix 0 < ¢ < cfor sufficiently small absolute constant ¢ > 0. Let ¢ € C%*? be a diago-
nal density matrix. There is a choice of € in Definition 32 for which distinguishing between whether
p = o or whether p = o + UYEU for U ~ D using nonadaptive, unentangled measurements has
copy complexity at least Q(||o”||2/5/ (e log(d/<))).

By definition of D, p is block-diagonal in either scenario, and the block-diagonal structure

depends only on {S;}. In particular, this implies that we can without loss of generality assume that
the POVMs the tester uses respect this block structure. More precisely:
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Lemma 34 Let p € C*? be any density matrix which is zero outside of the principal submatrices
indexed by the subsets {S;}jc 7. Given an arbitrary POVM M = {M.}, there is a corresponding
POVM M’ satisfying the following. Let p,p’ be the distributions over measurement outcomes from
measuring p with M, M’ respectively. Then:

e For every z € Q(M'), there exists j € J for which M., is zero outside of the principal
submatrix indexed by S;

e There is a function f : QM) — Q(M) for which the pushforward of p' under f is p.

Proof For every z € (M) and every j € J, define a POVM element M, ., = I1;M,I1;, where
II; € C?*4 is the matrix which is equal to the identity in the principal submatrix indexed by S; and
is zero elsewhere. Clearly {M; .} c 7 -co(m) is still a POVM because ) II; = 1; let M’ be this
POVM. Let f be given by f((j, 2)) = 2. The pushforward of p’ under f places mass

Z<p, HjMZHj> = <Z ijﬂj,Mz> = <P7 Mz>

jeTJ JjeJ

on z € Q(M) as claimed, where the penultimate step follows by the assumption that p is zero
outside of the principal submatrices indexed by the subsets {5} }. |

By Lemma 34, we will henceforth only work with POVMs like M. If M! is the t-th POVM
used by the tester, we may assume without loss of generality that its outcomes £(M?) consist
of pairs (j, z), where the POVM element corresponding to such a pair has nonzero entries in the
principal submatrix indexed by S;. Henceforth, fix an arbitrary such POVM M (we will drop
subscripts accordingly) and denote its elements by {); .} for j € J. We will denote by €2; the set
of z for which there is an element M; ..

Let p denote the distribution over 7 induced by measuring ¢ with M and recording which
bucket the outcome belongs to. Concretely, p places mass p; = >zeq,(Mjz,05) = Tr(o;) on
bucket j € 7. Similarly, define ¢’ to be the distribution over (2, conditioned on the outcome falling
in bucket j, that is, ¢ places mass = Z%(MM7 oj)onz € Q.

For every j € J, let P; denote the sinjgle—copy sub-problem in d; dimensions given by restrict-
ing to the coordinates indexed by S; and using the POVM M; = {(M; .);} »eq;- Formally, P; is
specified by the data (M, 7}, {(0u);}u~p,), where D; is the Haar measure over U(d;) if d; is
even and is otherwise the distribution over d; x d; matrices which are Haar-random unitary in the

first 2| d; /2] rows/columns and zero elsewhere. Note that the density matrix (G ); can be written
as 5 + UTE[U for £] = &; /p;.

Forany j € J, z € §};, it will be convenient to define ]\%Z £ ﬁsz We can write
3,227
. teru., , te. U,
g (2) = Mi U;€U5) _ (Mje Uj€iUi) _ (M;., ULE;U,). (8)
Pj <Mj,z,3j> <Mj,z70j> St

Because M . is zero outside of the principal submatrix indexed by S, we thus have

T
<Mj,270> <Mj7z,0j> Pj
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and

M;., Ul UNM, ., VIEV;) V.
uUv _ < 1,20 = 3% )20 ¥ &1 V) _Z . U;,V.
? : (Mj ., 04)? _,Jp] ¢7>J'J E ®)
) jE

We now give a generic lower bound for the distinguishing problem in Lemma 33 that depends
on the entries of £. After that, we show how to tune the entries of £ to complete the proof of
Lemma 33.

C.2.1. BOUND UNDER GENERAL PERTURBATIONS

Our goal is first to show the following generic bound:

Lemma 35 Distinguishing c®~ from Ey [O’%N ]

adaptive POVM schedule S requires

with probability at least 2/3 using an unentangled,

N=al||Y =~ (10)

N
By Lemma 26, it suffices to show that for any POVM M, Ey v [(1 + ¢%V) ] =1+ o0(1)

U, v

for N smaller than the claimed bound. To do this, we will bound the moments of each ¢PJ_

individually.

As the relevant matrices (M ,); are zero outside of the principal submatrix indexed by S;, we
will abuse notation and refer to them as M . in the sequel whenever the context is clear. Likewise,
we will refer to U; ~ D; as U.

In the next three lemmas, we verify that the three conditions of Assumption 1 are satisfied for
appropriate choices of ¢, L by the d;-dimensional single-copy sub-problem P;. For the proofs of

these lemmas, it will be convenient to define M . = <M+M 2
’ j,2:05) ’

Lemma 36 Forany z € Q;, Eu [ggJ (2)] = 0, so Condition 1 of Assumption 1 holds.

Proof By the second part of Lemma 15, Ey [ggj (2)] = Tr(]\AfLZ) -Tr(&€;) =0. [

Lemma 37 EU[ggj (2)2)V/2 < O(29¢/\/d;) for any =z € Q;, so Condition 2 of Assumption I
holds.
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Proof Let 7* € S5 denote transposition. For any z € €25, by (8) and Lemma 15,

Blo¥, -] = 5| (1T, V1,0

= 3" (€ (M;2)x We(nr L, dj)

m,TES?
= (&)r (Tr(V.) - Wele, dj) + Tr(M;..)? - We(r*,d,))
)2
< d; '512‘ ' 5\27]:{];12 (dzl_ 1 Tr(]\//jf,z) - dj(djzl—l) : Tr(@,zﬁ)
< djei B &i{gﬁ <2-2%e}/d;,
where in the last step we used the fact that Tr(]\//f 2) < 1 for any matrix M of trace 1. |

Lemma 38 E..;(9p (2) —gp (2))°]"* < O((27/pj)"/?¢;) - ||U = Vg for any U, V € U(d),
so Condition 3 of Assumption 1 holds.

Proof The matrix A £ UTE;U — U'TE;U’ is Hermitian, so write its eigendecomposition A =
WIS W. Define M = WM, ,WT so that > eq, Mj . =14, and

[ 2
d.
B [68C) %07 = B | ey SO )i
z~qd J J 2~g; <Mj,270'j> — 7,z
_ TR ) ) ;
< E M’ 34 /
zrvg; <sz70j> i:1( )m i <M]7z70'j> ;( ],Z)zz
1 Te(M.) &
r .
=5 Ao (Mjlz)uzzzi
by 2€0 < j,Z)Uj> i1
1 .
<2 Y Y (M= 2SI
Z %; W=

where in the second step we used Cauchy-Schwarz, in the third step we used that Tr(M J’Z) =
Tr(Mj . ), in the fourth step we used the fact that the entries of diagonal matrix o are lower bounded
by 27771, and in the fifth step we used that ) €, . = 14,. To upper bound ||%||s, note

IZllns = |UTE;U - UE;U ||us = [|UTE; (U~ U') + (U~ U)T&;U|iss < &;//U — U'Juss,
from which we conclude that s [(ggJ (2) — g})’j ()22 < (24 )p)2%||lU —U'||lys. W

By applying (5) in Lemma 25, we get the following bound:
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t
Lemma 39 For any odd t, Eu,v~p, [<¢7I)JJV> ] = 0, and for any even t,

1/t

uv) 2j 2 25 . .2/ 43/2

U,\;END]{(%], ) } <0 (2 ie2/d; - { t/d; \/t/d]}> <0 (t-2 I ) .
- U,V LAY

Proof By Lemma 36 and the definition of ‘Z’Pj , E[gépj ] = 0. By Lemmas 37 and 38, we can

take ¢ = O(27¢;/+/d;) and L = O((27/p;)*/?¢;) when invoking (5) in Lemma 25. Note that
pj > de—j—l, so L < O(s). The claim follows. [ |

Lemma 39, Lemma 12, and (9) immediately imply Lemma 35.
Proof [Proof of Lemma 35] From Lemma 12, Lemma 39, and (9), we have that

"y 1/2 0i 4 1/2
e [0 <o (S0 () i (To (%
u,v~D jeg 9 jeg d;
where in the second step we used that p; < d; 277, We can thus expand
t 24\
N e - N 2 ]E B
1 u,\v N} _ UVt 0|2 J
E[(1+¢"Y) > ()Y < (5 >
2<t<N even JjeT
from which the claim follows by Lemma 26. |

C.2.2. TUNING THE PERTURBATIONS

Before we explain how to tune £;, we address a minor corner case. Recall from Definition 32 that £;
is zero for buckets j for which |S;| = 1. In the extreme case where all buckets after removal of St
are of this type, then £ = 0 and the problem of distinguishing between ¢ and o + UTEU would
be vacuous. Fortunately, we can show that if the Schatten 2/5-quasinorm of ¢’ is dominated by
such buckets, then the resulting state certification problem requires many copies because of existing
classical lower bounds.

Lemmad0 If Sicg, 6% 2 311071155

adaptive, unentangled measurements has copy complexity at least Q(||o’(|2/5/ g2).

then state certification with respect to o using non-

Proof Intuitively in this case, the spectrum of ¢ is dominated by eigenvalues in geometric progres-
sion, and in fact the instance-optimal lower bound for classical identity testing Valiant and Valiant
(2017) already implies a good enough copy complexity lower bound (even against entangled mea-
surements).

Formally, Corollary 19 implies a copy complexity lower bound of Q(1/e V [lo="**|l5/3/ £2).
We would like to relate this to

3/2 5/2

Z )\?/3 > (1—272/%)5/2. Z )\?/5 > Qllll2/5), (11)
iessing\stail iESsing\Stail
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where the first step follows by Fact 21, and the last step follows by the hypothesis of the lemma.
Suppose that there is some 4 for which d;(;y = 1 and 7 is not among the indices removed in the

definition of 0 "**. Then we can lower bound ||o—"**||5/3 by A;, which is at least (1—272/3)3/2 =
(1) times the left-hand side of (11).
On the other hand, suppose that all ¢ for which d;;) = 1 are removed in the definition of
max max

o_."**. Aslong as o_ has some nonzero entry, call it Aj-, then A+ > maxjeg, s, Ai» SO

3 3

we can similarly guarantee that |[0—."*[|5/3 > A\ is at least (1 — 272/3)3/2 = (1) times the
left-hand side of (11). Otherwise, we note that ¢’ is zero as well, in which case we are also done. Il

It remains to consider the primary case where the hypothesis of Lemma 40 does not hold, and
this is where we will use Lemma 35. The following together with Lemma 40 will complete the
proof of Lemma 33:

2/5 1 2/5
Lemma 41 IfZieSs;ng\Stan )\i/ <3 HU'HQ%,
adaptive, unentangled measurements has copy complexity at least Q(||0"||5/5/(* log(d/<))).

then state certification with respect to o using non-

The proof of Lemma 41 requires some setup. First, obviously the hypothesis of the lemma can
equivalently be stated as

1
SooNrs §\|o—’\|§§§. (12)
iesmany\stail

Definition 42 (Choice of ;) For every i € Smany, for j € J the index of the bucket containing 1,
define ¢ £ 9771 A C2*2/3(j+1)d§/3 for normalizing quantity ¢ satisfying

S 21ds/2)- {2‘]‘—1 A g2—2/3<ﬂ'+1>d§/3} —c. (13)
JET:d;>1

Note that by ensuring that £; < 277~1, we ensure that 0 + UTEU has nonnegative spectrum,
while (13) ¢ ensures that for any U in the support of D, ||E||; = «.

The rest of the proof is devoted to showing that for this choice of {¢;}, the lower bound in (10)
is at least the one in Lemma 41. The main step is to upper bound the normalizing quantity (.

Lemma 43 For ( defined in Definition 42,
-1

c<o@E)- | Y NP (14)

JET’ €S,
We will need the following elementary fact (see Appendix F.3 for a proof).

Fact44 Letu; < - - < upand vy < --- < v, be numbers for which u; 1 > 2u; for all i. Let
di,...,dy > 1 be arbitrary integers. Let w1 < --- < W4y be these numbers in sorted order. For
i € [m + n), define d to be 1 if w; corresponds to some uj, and d; if w; corresponds to some v;.
Let s be the largest index for which "} _, w;d} < 3e. Let a, b be the largest indices for which u,,
vy, are present among wi, . . . , Wy (if none exists, take it to be 0). Then either b = n or Zf:ll vid; >

E.
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This allows us to deduce the following bound for buckets not removed in Definition 30.

Corollary 45 Under the hypothesis of Lemma 41, Smany\Stail is nonempty, and there exists an
absolute constant ¢ > 0 such that for any i € Smany\Stail in some bucket j, ¢ - 2_2/3(j+1)d§/3 <
c-27771,

Proof The first part immediately follows from (12). For the second part, take some constant ¢ to be
optimized later and suppose to the contrary that for some i* € Smany\Stail, lying in some bucket j*,

we have that ¢ - 277" ~1 < ¢ . 2_2/3(j*+1)d?/3, or equivalently 2_j*_1/d§ < (3/c3. Because in the

definition of S,i1, we sorted by A;/d;(;y2, for any i € Si,i1, and because \; € [277)=1 21 we
also have that 2*j(i)*1/d?(i) < ¢3/c3, or equivalently, ¢ - 2771 < ¢ . 2*2/3(j+1)d?(/3.

So the sum on the left-hand side of (13) is at least

> 20dg/2) (-2 > @3 (-2 = Y N>

JET j>5*,d;j>1 JET:G>5%,di>1 1€ Smany,t <i*

where in the first step we used that for d; > 1, 2|d;/2] > 2d,/3, in the second step we took ¢ = 3
and used that \; < 277 for i € S;, and in the third step we used Fact 44 applied to the numbers

{u;} & {)\i}iessing’ {v;} = {)\i/dQ.Z. }ieSmany and {d;} = {dz.i }ieSmany~ This contradicts (13). W
3 (3) 7 (2)

We are finally ready to upper bound the normalizing constant (.

Proof [Proof of Lemma 43] We can now upper bound ¢ as follows. We have

e>Q() Y 2(d;/2) - 273N
jeJ’

> 0(0) 3 2 !

jeT’

where in the first step we used (13) and Corollary 45, and in the second step we again used the fact
that for d; > 1, 2|d;/2] > 2d;/3. The claimed bound follows. [

We are now ready to complete the proof of Lemma 41:
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Proof Substituting our choice of {€;} in Definition 42 into the lower bound of Lemma 35 gives

—1/2 ' —-1/2
2j 4 270 —2/3j-8/3 ;5/3
22 ||gj”0p/dj > Z d: N2 dj
jeg jeTd;i>1 J
~1/2
> Z {<32—j—3dj A 442—2/3jd?/3}
JET:d;>1

~1/2
> Q32 Z QLdj/2J{2—j—1 A <2—2/3(j+1)d§/3}
jEJ:dj>1

— Q(<73/2) . 871/2

3/2
_9 2/3 5/3
> ) A
JEJ' €S,
>  max Aid5/2/82
JeJ’ i€S; J
5/2
> S NPa; | log(dfe)?
jej/,iESj
> ||o"|la/5 - log(d/e) 7,

where in the second step we used that the minimum of two nonnegative numbers increases if we
replace one of them by a weighted geometric mean of the two numbers, in the third step we use the
fact that |d;/2] and d; are equivalent up to constant factors if d; > 1, in the fourth step we use
(13), in the fifth step we use (14), in the penultimate step we used Fact 31, and in the last step we
used (12) and the fact that for any j, there are at most d; indices i € Smany \ Stail Within bucket .S;.
|

With Lemma 41 in place, we conclude the proof of the main lemma of this subsection:
Proof [Proof of Lemma 33] This follows immediately from Lemmas 40 and 41. |

C.3. Lower Bound Instance II: Perturbing Off-Diagonals

In many cases, the following lower bound instance will yield a stronger lower bound than the pre-
ceding argument, at the cost of applying to a limited range of . Take any j,j' € J* for which
d; > dj. As we will explain below, if d; > 1, then j and 7’ need not be distinct.

If j and ;' are distinct, then given a matrix W% X4 with orthonormal columns, let ow be the
matrix o + Dw where Dy € C%* is the matrix which is zero outside of the principal submatrix
indexed by S; U S and which is equal to the matrix

Odj ‘ (€/2dj/) -W
< (S/de/) : VVT ‘ Odj/~ )

5)
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On the other hand, if j = j" and d; > 1, then partition S; into contiguous sets S}, S7 of size [d;/2]
and |d;j/2], and given a matrix W %/21>14;/2] with orthonormal columns, define Dw € C%*9 to
be the matrix which is zero outside the principal submatrix indexed by S} X S]2 and which is equal

to the matrix
014, /21 ‘ (e/2]d;/2]) - W (16)
(e/21d;/2]) - Wi ‘ Odej/2j'

In the rest of this subsection, we will consider the case where j # j', but as will become evident, all
of the following arguments easily extend to the construction for j = j’ when d; > 1 by replacing
Sj and Sy with S ]1 and Sj2 respectively.

Lemma 46 [fc < dj -277/>79'/2 then |0 — ow|1 > ¢ and ow is a density matrix.
Proof For the first part, note that
lo —owlli = [Dwll = 2 - (¢/2d;)[[W]1 = ¢,

where in the second equality we used that Dy is the Hermitian dilation of (¢/d;/) - W, and in the
last equality we used the fact that W consists of d;s orthogonal columns.

For the second part, first note that regardless of the choice of ¢, we have that Tr(Dw) = 0, so
Tr(ow) = 1. Finally, to verify that ow is positive definite, note that the Schur complement of the
principal submatrix of ow indexed by S; N S} is given by

2 2
9 _ i £
o Ly g=d'=19 — =

_ : 2it1q
127 = i) ’

which is positive definite provided that ¢ < djs - 279/277'/2, 1t follows by Lemma 16 that oy is
positive definite as claimed. |

The objective of this subsection is to show the following lower bound:

Lemma 47 Fix any j,j € J* satisfying d; > djr. If d;j > 1, then we can optionally take j = j'.
Suppose € < dj - 279/2-3'12 Let 0 € C¥4 pe g diagonal density matrix. Distinguishing between
whether p = o or p = ow for W € Cixdy consisting of Haar-random orthonormal columns,
using nonadaptive unentangled measurements, has copy complexity at least

g2 ’

Note that a random W is equivalent to UII for U ~ D, where D is the Haar measure over
U(d;), and
£ (14,]04,-a,)"

so we can just as well parametrize {ow } as {oy }, which we will do in the sequel.
Take any single-copy sub-problem P = (M, o, {ou}u~p) where POVM M consists of ele-
ments { M, }. Analogously to Lemma 34, we may without loss of generality assume that one of the
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POVM elements is the projector to the coordinates outside of S; U S, and the remaining POVM
elements are rank-1 matrices M, = )\szvi where the A, < 1 satisfy

D> X =dj+dy < 2d, (17)

. .,
and the vectors v, are unit vectors supported on S; N S;. Let v and v2 denote the d;- and d ;-
dimensional components of v, indexed by S; and S;/. Note that for these z,

U, (M., Dw) e Re((uD)i(UM)u!)
9P (Z) B <M270> B dfj/ . vlavz ' (1%

while for the index z corresponding to the projector to (S; U Sj)¢, g5 (z) = 0.
In the next three lemmas, we verify that P satisfies Assumption 1.

Lemma 48 For any z, Eu [g}J (2)] = 0, so Condition 1 of Assumption 1 holds.

Proof Clearly Tr(Dw) = 0, so by the second part of Lemma 15, Ew[g% (2)] = 0. [

Lemma49 [.ulgp ()% < O , where as usual, expectation is with respect to mea-

d2 2 a’
surement outcomes when measuring the null hypothesis o with M, so Condition 2 of Assumption 1
holds.

Proof From (18) we have that

2 e 1) ’
g2 Az J J' ?

) i Z vz(w %[(Re«vz)*wmvz )]

B Z RIS ||vz 2 (19)
d2 P

vz o, d;

As v, is supported on S; U S, the supports of vJ and v! are disjoint, and the diagonal entries of o
2 and ||v]|3 < 1, so we can

indexed by S are at least 2771, we have that vlowv, >

further bound (19) by
22] +1 2
— A <
T <0( g5 )

where the last step follows by (17). |

Lemma 50 E.[(g5'(z) — gp2(2))%] < O <d2 — > Uy — Usl|3 for any Uy, Uy € U(d;), so
Condition 3 of Assumption 1 holds.
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Proof Define the matrix

04, (¢/2d;) - (ULII — UsTI)
D= <(e/2dj,) (UL — U, odjl/ i )

Note that for any POVM element M,

it I\ 2 )\252 . 9 9
Re (v])/(U1 = Ua)Ief )" < - ol (U = Ua) 2+ o 1 20)

j/

2.2
Aie

2z

<MZ7 D>2 =

We can then write

2
ElgF () ¥ ()= m

z
z

| )
< 2y Ml (U = U)o |
C 4 27 1||of|2

IN

227" i 5
Ol—2 |- D A 0l(Ur - Uy)|
7’ z
297" i
| (U= U2)(Ur - Uo)', > Aol (v))f
7’ z

52 2
=0 227 101 — Uallis,

where in the second step we used (20) and the fact that (M., o) = A\,vlov, > \,279"~1 |02 ||2, and
in the fifth step we used that 3, A;vl(vl)f =14, [ |

I
Q

We can finally complete the proof of Lemma 47:
Proof [Proof of Lemma 47] As the mixture of alternatives in P is parametrized by U ~ D for
D the Haar measure over the unitary group, the lemma immediately follows from Lemma 27 with

C.4. Lower Bound Instance III: Corner Case

We will also need the a lower bound instance that will yield an €2(1/e2) lower bound for state
certification with respect to any o with maximum entry at least 1/2. We will not use anything about
bucketing in this warmup result.

Let i1 be the index of the largest entry of o, and let 72 be the index of the second-largest (breaking
ties arbitrarily). For any v € {1}, consider the state o* which agrees with o everywhere except

in the principal submatrix indexed by {i1,4i2}. Within that submatrix, define o}’ ; = oy — €2 /4,
o iy = Oiy + €2 /4, and o i, = J“L,il = (¢/2)u.

Lemma 51 [f the maximum entry of o is at least 3/4, then for any e < 1/2,
is a density matrix.

o—0o"|y > eand o
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Proof Note that for e < 1/2,

7ot = H <(6_/;§u (Eg)u>

For the second part of the lemma, clearly Tr(c") = 1. To verify that ¢* is psd, first note that
because 7y, ;, > 3/4 and 04, 4, < 1/2, and £2/4 < 1/4, every diagonal entry of o is nonnegative.
On the other hand, the principal submatrix indexed by {41, 42} has determinant (o, ;, —&2)(0i,.i, +
e2) —e2/4 > (3/4 — £2)e? — €%2/4 > 0, 50 0¥ is psd as claimed. [ |

=2/et/16 +2/4 > .

1

The objective of this subsection is to show the following lower bound:

Lemma 52 Let e < 1/2. If the maximum entry of o is at least 3/4, then distinguishing between
whether p = o or p = o for u ~ {£1}, using nonadaptive unentangled measurements, has copy
complexity at least Q(1/€?). In fact, this holds even for adaptive unentangled measurements.

Because we have no a priori bound on o, ;,, the KL divergence between the distribution over
outcomes from measuring N copies of o for random v € {£1} and the distribution from mea-
suring IV copies of ¢ may be arbitrarily large, so we cannot implement the strategy in Section B.
Instead, we will directly upper bound the total variation between these two distributions using the
following basic fact:

Fact 53 Given distributions p, q over a discrete domain S, if likelihood ratio p(x)/q(z) > 1 — v,
then dyv(p,q) < v.

Proof We can write

drv(p.g) = Y, Ip(@)—a(@)|= D a(@)-Ip(x)/q(x) =1 <w

@:p(w)<q(z) z:p(w)<q(z)

as claimed. [ |

Proof [Proof of Lemma 52] Let D be the uniform distribution over {£1}, and fix an arbitrary
unentangled POVM schedule S. Let py denote the distribution over transcripts z<; of outcomes
upon measuring N copies of ¢ with S, and let p; denote the distribution upon measuring N copies
of o, where u ~ D. We will lower bound the likelihood ratio p; (2<n)/po(2< ) for any transcript
z<N. Let MO M) denote the (possibly adaptively chosen) POVMs that were used in the
course of generating z< .

For any t € [N], suppose M) consists of elements { . z(t)}. Analogously to Lemma 34, we
may without loss of generality assume that one element of M(®) is the projector to the coordinates

outside of {1,142}, and the remaining elements are rank-1 matrices M. Z(t) = )\g)vg) (vg))T where

the AV <1 satisfy > AY = 2 and the vectors ") are unit vectors supported on {i1,72}. Let vg?l

and vg)’z denote the coordinates of vg) indexed by 7; and is.
Note that for any v € {£1} and ¢ € [N], if z; does not correspond to the projector to the

coordinates outside of {i1,i2}, we can write
2
0
2¢,2

® ,,@® 2
®) _u euRe (v, v, €
s (M2 0") < v ) <
N S 2 R A

(o) ool

X0 ’2 _

zt,1

A (=)
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and if z; does correspond to the projector, then A}(z;) = 1.
Denoting the ¢-th entry of z<x by 2;, we can use AM-GM to bound the likelihood ratio by

p1(z<n) ~
= — Au
PO(ZgN) IuE tl;[ t(zt)
N 1/2
> ( Afl(z’t)At_l(ZtO (21)
t=1

To prove the lemma, we will lower bound this by 1 — o(1). Because A} (z;) = 1 if z; corresponds
to the projector to the coordinates outside of {i1, i2}, we may assume without loss of generality that
this is not the case for any ¢ € [INV]. We can then further bound (21) by

(1) ‘2 _

o 2\ GCRY
N g2 ( Uy Uy, o > £2Re (vzhlv%a)
>TI5 [ 1- — N )))
t=1

2
vg)Tavg) (v%”avﬁ?)

1/2

Forany v € C? which has entries v; and vy in coordinates 7; and 75 and is zero elsewhere, we have

that

|v1|? — J|? Jv1 |

Re(T1v2)? < Re(v1v7)?

<
vtow - Ui17i1|7)1‘2

<4/3
vtow - Uil,i1|vl‘2 - /

< 4/3,

where the last step for both estimates follows by the assumed lower bound on o;, ;,. By (22) we
have that

PUESN) S (4 2 4e2/3)2 — 4c2/3)NI2 > (1 — 3922 j9)N/2.
po(z<n)
In particular, for N = o(1/£2), the likelihood ratio is at least 1 — o(1) as desired. [

C.5. Putting Everything Together

We are now ready to conclude the proof of Theorem 29.
Proof [Proof of Theorem 29] We proceed by casework depending on whether or not d; = 1 for all
jeJr.

Casel d; = 1forallj € J".

There are two possibilities. If there is a single bucket j = j(i) for which i & Sl U Sjight, then
desr = 1 and ||0**||y 2 = O(1). For ¢ smaller than some absolute constant, we know that o; ; > 3/4
and can apply Lemma 52 to conclude a lower bound of €(1/2) as desired. Otherwise, let j/ be the
smallest index for which j* = j(i’) for some i € J*, and let j > j’ be the next smallest index
for which j = j(i) for some i € J*. Consider the lower bound instance in Section C.3 applied to
this choice of j, j'. Provided that ¢ < 279/2-7'/2 we would obtain a copy complexity lower bound
of Q277" /e?) > Q(||o* I1/2/(¢*log(d/<))), where the inequality is by Fact 20, and we would be
done. On the other hand, if ¢ > 2-3/2=3'/ 2 then because 2= > 97J , we would conclude that
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277 < e. In particular, this implies that ) JET*AES i £ Ai < 2g, so after removing at most an
additional 2 mass from o*, we get a matrix ¢** (see Definition 30) with a single nonzero entry.
Again, defr = 1 and [[0™*[|; o = O(1), and if € is smaller than some absolute constant, we conclude
that that single nonzero entry is at least 3/4 and can apply Lemma 52 to conclude a lower bound of
Q(1/2?) as desired.

Case 2 d; > 1 for some j € J*.

Let j. £ arg max;je 7+ dj and j. £ arg max;e 7+ d3277. By Lemma 47, we have a lower bound
of (w /d;, - d?, QI /52> as long as ¢ satisfies the bound

e <dy -9 /20L2, (23)

Note that because d;, > 1 as we are in Case 2, we do not constrain jy, j., to be distinct necessarily.
We would now like to argue that this lower bound, up to log factors, holds even if the bound on ¢ in
(23) does not hold. In the following, assume that (23) does not hold.

To this end, we will also use the lower bound from Lemma 33 of Q(||o”||2/5/(e* log(d/<))). We
would first like to relate [[o’||o/5 to [|o™[|2/5.

Lemma 54 Either |0'||o/5 > Q(||0*[l2/5), or the following holds. Let j° be the index maximizing
d?/22_j. Then 1) j° = minjc 7+ j, 2) djo = 1, and 3) j° = 0.

Proof We will assume that ||o”||5/5 = o(||c*[|2/5) and show that 1), 2), and 3) must hold. Let j° be

the index maximizing d?/ 29-3, and let imax be the index of the top entry of o*. Let o denote the
matrix obtained by zeroing out the top entry of o*. Note that the nonzero entries of ¢’ comprise a
superset of those of 0", so

2/5 2/5 2/5
o505 _ o lsfs _ i ot
35 = - 2/5°

2/5
lo'l375 ~ 10”138 Liea \fimn} O

Suppose 1) does not hold. Then
2/5 2/5
Ziej* 01‘2/5 Timax T ZiGSjo g;

2/5 = 2/5
ZieJ*\{imax} 0; Ziesjo 0;

where the first inequality follows by the elementary fact that for positive integers ¢ > b and c,
zTJ’g < %, and the second inequality follows by the definition of j°.
Next, suppose 1) holds but 2) does not hold. Then

2/5
Z’iej* )\12/5 < ZiESjo )\’L/ < O 1
\2/5 \2/5 (1),
D i€ T\ fimax} N D ieS0\ {imax) N

where the first inequality again uses the above elementary fact, the second inequality follows by our
assumption that 2) does not hold. This yields a contradiction.
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Finally suppose 1) and 2) hold, but 3) does not, so that |[0*||c < 1/2. Let 6" denote the matrix
obtained by zeroing out the top entry of o*. We would have

lo”]l2/5 = llo”] = 1/2 = O(e),
so for & smaller than a sufficiently large absolute constant, we would have that ||o” HQ/ P> Q(||o* ||C2>é5)

2/5 =
and therefore ||o”[|o/5 > [[0”]|2/5 > Q([|0*]|2/5), a contradiction. [

Suppose the latter scenario in Lemma 54 happens but the former does not. In this case, because
djo = 1, we also have that j, = arg max;c 7+ d§2_9, i.e. j. = j°. In particular,

1> d% 270 > &2 279 > (d) %/ log(d/e)), 24

where the last inequality follows by the fact that d;277 > Q(g/log(d/e)) for all j € J* by design.

We conclude thate < O(d;, 3/2 log(d/e)). But recall that we are assuming that (23) is violated, i.e.
that
£ > dy - 279302 = 9732734/ > (e /(d;, log(d/€))) V2, (25)

where the last step is by 3) in Lemma 54 and the fact that d;277 > Q(e/log(d/e)) for all j € J*.
Combining (24) and (25), we get a contradiction of the assumption that the former scenario in
Lemma 54 does not hold, unless d;, < polylog(d/c). Butif d;, < polylog(d/e), then the lower
bound claimed in Theorem 29 still holds as desr < O(log(d/e) - dj,) < polylog(d/e).

Finally, suppose instead that the former scenario in Lemma 54 happens, so that Lemma 33 gives
a lower bound of Q(||o* |25/ (e log(d/))). Let j° still be as defined in Lemma 54.

Now we would certainly be done if this lower bound were, up to log factors, larger than the one
guaranteed by Lemma 47 to begin with. So suppose to the contrary. We would get that

d5/22 Jx < d5/2 S \/IdQ 2 ]*
log
implying that
1
d2279 < ———d% 270, 26
~ log®(d/e) 7 (26)
If (23) does not hold, then
1 € ;
“dj 27 3x/2-34/2 < < d;27
log(d/e) = log(dfe) = 7

where in the last step we again used the fact that d;277 > ¢/log(d/e) for all j € J*, yielding the
desired contradiction with (26) upon rearranging.
Having lifted the constraint (23), we finally note that by Fact 20,

Q (V. - a2 277 /e2) = Q (Ve - 10712/ (2 polylog(d/e)))

The proof is complete upon invoking Fact 55 below. |

Fact 55 Given psd matrix o € C¥*% let G 2 o/ Tr(0). Then lolli2 = dTe(0)? - F(G, pmm)-
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Proof We may assume without loss of generality that o is diagonal. By definition

2 2
F (G, pmm) = <Tr @(n/d)f&) = <\/Zl;r(a)-Tr(ﬁ)> =dT:W‘HoH1/2,

from which the claim follows. |

Appendix D. State Certification Algorithm

In this section we prove the following upper bound on state certification that nearly matches the
lower bound proven in Section C:

Theorem 56 Fixe,0 > 0. Let p € Ce>d be an unknown mixed state, and let 0 € C™? pe g

diagonal density matrix. Let o' be the matrix given by zeroing out the bottom O(£2) mass in o (see

Definition 60 below). Let ' = o'/ Tr(0") and let des be the number of nonzero entries of o'
Given an explicit description of o and copy access to p, CERTIFY takes

N = O(d\/dess - F(', pmm) polylog(d/e) log(1/5) /)

copies of p and, using unentangled nonadaptive measurements, distinguishes between p = o and
lp — ol > € with probability at least 1 — 4.

First, in Section D.1 we give a generic algorithm for state certification based on measuring in a
Haar-random basis and applying classical identity testing. In Section D.2, we describe a bucketing
scheme that will be essential to the core of our analysis in Section D.3, where we use this tool to
obtain the algorithm in Theorem 56.

D.1. Simple Subroutine

The main result of this section is a basic state certification algorithm that will be invoked as a
subroutine in our instance-near-optimal certification algorithm:

Lemma 57 Fix e, > 0. Let p,o € C¥? be two mixed states. Given access to an explicit
description of o and copy access to p, BASICCERTIFY takes N = O(v/dlog(1/68)/<?) copies of p
and, using unentangled nonadaptive measurements, distinguishes between p = o and ||p—o||ys > €
with probability at least 1 — 9.

To prove Lemma 57, we will need the following result from classical distribution testing.

Lemma 58 (Lemma 2.3 from Diakonikolas and Kane (2016)) Let p, q be two unknown distribu-
tions on [d] for which ||p||2 A ||q||l2 < b for some b > 0. There exists an algorithm L2TESTER that
takes N = O(blog(1/8)/e?) samples from each of p and q and distinguishes between p = q and
lp — qll2 > € with probability at least 1 — 6.”

We will also need the following moment calculations:

7. Note that Lemma 2.3 in Diakonikolas and Kane (2016) only gives a constant probability guarantee, but the version
we state follows by a standard amplification argument.
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Algorithm 1: BASICCERTIFY(p, 0, €, d)

Input: Copy access to p, diagonal density matrix o, error ¢, failure probability &

Output: YES if p = 0, NOif ||p — o||us > ¢, with probability 1 — &

N < O(Vd/e?). for T =1,...,0(log(1/6)) do

Sample a Haar-random unitary matrix U. Form the POVM M consisting of

{JU1) (Uq],...,|Uq) (Uyg|}. Measure each copy of p with M, yielding outcomes
z1,...,2N. Letgq € A? denote the distribution over outcomes from measuring ¢ with M.
Draw i.i.d. samples z{,..., 2z} from q. b; <~ L2TESTER({z;}, {2}}).

end

return majority among by, ..., br.

Lemma 59 For any Hermitian M € C¥*? and Haar-random U € U (d), let Z denote the random
2
variable Z?:l (UjMUi) . Then

E[Z) = 5 (Tr(M)? + M ).

If in addition we have that Tr(M) = 0, then

1+o0(1)

E[Z?] < p

M 55-

Proof By symmetry E[Z] = d[E[(U;MUj)?|, and by Lemma 15, if IT denotes the projector to the
first coordinate,

1

W(TT(M)Q + Tr(M?)),

E[(UMU)? = Y We(rr! d)(I) (M), =

T, TESy

from which the first part of the lemma follows.
For the second part, let S; C Sy denote the set of permutations 7 for which 7(1), 7(2) € {1, 2}
and 7(3),7(4) € {3,4}. Note that

B[22 =d- E[(U{MUl)ﬂ +(d®—d)- u-«:[(UjMUl)Q(Ugl\/IUQ)2 . 27)
For the first term, by Lemma 15 we have

E[(UIMU)Y = > Wg(rr ! d)(M),

m,TESY

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

T

1
T dd+1)(d+2)(d+3) >, (M)

7 derangement
O(|Ml;s)
~d(d+1)(d+2)(d+3)’
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where the third step follows by the fact that Tr(IM) = 0, and the fourth by the fact that for any
derangement 7 € Sy, either (M), = Tr(M?)? = M|}, or (M), = Tr(M?%) < ||M|js-
Similarly,

E[(UIMU ) (UIMUL)? = Y Wg(rr ' d)(M),

TES),TESy

=Y Wgle,d)(M)-+ > Weg(rr ' d)(M),
TESH TES), TESy:T#T

= Wg(e, d)||M||fs + > We(rr~ !, d) (M),

TES), TES:TH#T

- d* —8d> + 6

= d2(dS — 14d* 4 4942 — 36)
1+ 0(1)

= L M,

M5 +O(1/d%) - [ M|

where in the second step Wg(e, d) denotes the Weingarten function corresponding to the identity
permutation, in the third step we used the fact that the only 7 € S which is a derangement is the
permutation that interchanges 1 with 2, and 3 with 4, and in the fourth step we used the form of
Wg(e, d), the fact that [Wg(n7~1,d)| = O(1/d°) for m # 7, and the fact that (M), < ||M]||{s-
The second part of the lemma follows from (27). |

We can now complete the proof of Lemma 57.
Proof [Proof of Lemma 57] Let p and ¢ be the distribution over d outcomes when measuring p and
o respectively using the POVM defined in a single iteration of the main loop of BASICCERTIFY.
Applying both parts of Lemma 59 to M = p — o, for which the random variable Z is ||p — ¢||3, we
conclude that for some sufficiently small absolute constant ¢ > 0, Pr[||p — ql|2 > ¢[|M||us/Vd] >
5/6. Applying the first part of Lemma 59 to M = p and M = o, for which the random variable
Z is ||p||3 and ||q||3 respectively, we have that E[||p||3], E[l|¢||3] < 2/d, so by Markov’s, for some
absolute constant ¢/ > 0, ||p|, ||¢||2 < ¢//+/d with probability at least 5/6. We can substitute these
bounds for ||p||2, [|¢]|2, ||p — ¢|2 into Lemma 58 to conclude that the output of L2ZTESTER is correct
with some constant advantage. Repeating this O(log(1/d)) times and taking the majority among all
the outputs from L2TESTER gives the desired high-probability guarantee. |

D.2. Bucketing and Mass Removal

We may without loss of generality assume that o is the diagonal matrix diag(\1, ..., Ag), Where
AL << g

We will use the bucketing procedure outlined in Section C.1. The way that we remove a small
amount of mass from the spectrum of o slightly differs from that outlined in Definition 30 for our
lower bound. Our bucketing and mass removal procedure is as follows:

Definition 60 (Rempving low-probability elements- upper bound) Letd < d denote the largest
index for which Z?:l N, < €2/20,% and let Seay = [d']. Let o’ denote the matrix given by zeroing

8. We made no effort to optimize this constant factor.
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out the diagonal entries of o indexed by Si,j. For j € Z>, let S denote the indices i ¢ Stiay for
which \; € [27971,279], and denote |S;| by d;. Let J denote the set of j for which S; # (.

As in the proofs of our lower bounds, we use the following basic consequence of bucketing:
Fact 61 There are at most log(10d/e?) indices j € J.
Proof The largest element among {\; };cs,., is at least £2/10d, from which the claim follows. M

We now introduce some notation. Let m = log(10d/c?) denote this upper bound on the number
of buckets in 7. For j € J, let p[j, j],0[j,j] € C¥¢ denote the Hermitian matrices given by
zeroing out entries of p, o outside of the principal submatrix indexed by S;. For distinct j, ' € J,
let p[4, '] € C?*9 denote the Hermitian matrix given by zeroing out entries of p outside of the two
non-principal submatrices with rows and columns indexed by S; and S;, and by S; and §;. Lastly,
let plj, 71,014, 71, plj, 7’1, @17, 5'] denote these same matrices but with trace normalized to 1.

Let pﬁjii € €% be the principal submatrix of p indexed by Si,ji, and let pjc’jf\k € C%9 be the
matrix given by zeroing out the principal submatrices indexed by St,; and by [d]\Stail-

Lastly, we will need the following basic fact:

Fact 62 Given two psd matrices p, o, if | Tr(p) — Tr(o)| < e/2and ||p — ol|| > ¢, then
1o/ Te(p) — o/ Te(@)], = 2/2Tx(p).

Proof Note that

Tr(o) €
o/ To(p) = o/ Tolo)ly = | 13 1] < 5
b Te(p) 2Tr(p)
so by triangle inequality,
1 €
I/ Tr(p) =0/ Te(@)ls = s llo = ol = llo/ Tr(p) =/ Te(@)ls > gacs.
|
D.3. Instance-Near-Optimal Certification
We are ready to prove Theorem 56.
Proof [Proof of Theorem 56]
We have that
p=> o+ Y. i1+ A+ o o' = olj ]
jeT JET GF#7’ JjeT
If ||p — ol|1 > &, then by triangle inequality,
(plj.4) = oli.d)) + P33+ Pt || = o= 0" = e=*/20 > 9¢/10
]
jeg 33" €T 35 1

and one of four things can happen:
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gi
L [lpjunill = €2/8.
2. |lpfihll > €/2,
3. There exists j € J for which ||p[3, 5] — o[4, j]|l1 > /(10m?)

4. There exist distinct j, j' € J for which ||p[4, 7]||1 > &/(5m?).

Otherwise we would have

2
, € m € e” ¢ € efm—1) 3¢
i <m—— LT 2 < 9/10
lp =o'l < m 10m2+<2) szt s Y2 T om T T om T a <910

a contradiction.
It remains to demonstrate how to test whether we are in any of Scenarios 1 to 4.

Lemma 63 O(log(1/3)/€?) copies suffice to test whether p = o or whether Scenario 1 holds, with
probability 1 — O(9).

Proof We can use the POVM consisting of the projector II to the principal submatrix indexed by
Stail, together with 1 —TI, to distinguish between whether Tr( pﬁ:ii) > ¢2/8 or whether Tr( pﬁ:ii) <
£2/10, the latter of which holds if p = o by definition of Si,. For this distinguishing task,

O(log(1/6)/€?) copies suffice. [ |

Lemma 64 [f Scenario 1 does not hold, then Scenario 2 cannot hold.

Proof Suppose Scenario 1 does not hold so that || pﬁiile < ¢2/4. Then by the first part of
pilIT < (1 —€2/4) - €/4 < ? /4, a contradiction, |

Lemma 17,

Lemma 65 O (||o’||25 polylog(d/c)log(m/&)/e?) copies suffice to test whether p = o or whether
Scenario 3 holds, with probability 1 — O(9).

Proof If Tr(o[j, j]) < £/(10m?), then to test whether p = o or Scenario 3 holds, it suffices to
decide whether Tr(p[j,7]) > Tr(c[j, j]) + /(10m?). We can do this by measuring p using the
POVM consisting of the projection II; to the principal submatrix indexed by S;, together with
1 — T1;, for which O(m*log?(1/5)/<?) copies suffice to determine this with probability 1 — O(5).

Suppose now that Tr(c[j, j]) > ¢/(10m?). We can use O(log*(d/e) - log(1/5)/?) copies
to approximate Tr(p[j, j]) to additive error £/(40m?) with probability 1 — O(J) using the same
POVM.

If our estimate for Tr(p[j, j]) is greater than ¢ /(40m?) away from Tr(c |4, j]), then p # o.

Otherwise, | Tr(p[j, j]) — Tr(o[4, 5])| < /(20m?). Then by Fact 62, to determine whether we
are in Scenario 3, it suffices to design a tester to distinguish whether the mixed states p[j, j] and
a7, j] are equal or £'-far in trace distance for

' 5 £
= = Q- . 2
<7 20m? Tr(olg, 4]) © <20m2dj2—9> (28)
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Note that if p[j, j] and &[j, j] are ¢’-far in trace distance, they are at least ¢’/ /d;-far in Hilbert-
Schmidt distance. We conclude from Lemma 57 that we can distinguish with probability 1 — O(J)

between whether p[j, j] and 7[j, j] are equal or &’-far in trace distance using O(d?/ 2 log(1/6)/€"?) =

O(d;/22*2j log*(d/e)log(1/5) /&%) measurements on the conditional state 5[j, j]. Note that Tr(p[, 5]) >
Q(Tr(olj, j])) because Tr(o[j, j]) > €/(10m?) by assumption, so Tr(c[j,5]) > Q(d;277). Asa
result, this tester can make the desired number of measurements on the conditional state by using
O(d?/22_j log*(d/e) log(1/8) /) copies of p and rejection sampling.

By a union bound over distinct pairs 7, j’, it therefore takes O(log(m/d)) times

5/20—j 5/2
Z O <dj/ 277 log4(d/€)/€2> < Z O (dj/ Aj log4(d/€)/52) <O (llo"ll2/5 polylog(d/e)/e?)) ,
jeJ jeJ

copies to test whether Scenario 3 holds, where the last step above follows by Fact 20. |

Lemma 66 If Scenario 3 does not hold, then O (v/d — d'l|o’||1 2 log(m/9) polylog(d/c)/e?) copies
suffice to test whether p = o or whether Scenario 4 holds, with probability 1 — O(6).

Proof Fix any j # j' € J and suppose without loss of generality that d; > dj.. Let p* and
c* denote the matrices obtained by zeroing out all entries of p and o except those in the principal
submatrix indexed by S; U Sj:. Let p; 0 i and o 0 j denote these same matrices with trace normalized
to 1. For brevity, we Wlll freely omit subscrlpts

If Tr(o*) < ¢/(5m?), then ||o[4,7']l1 < &/(10m?) by the second part of Lemma 17. If
Scenario 2 holds, then ||p[j, j']|l1 > &/(5m?), so by another application of the second part of
Lemma 17, we would get that Tr(p*) > 2¢/(5m?), contradicting the fact that Scenario 1 does not
hold.

Suppose now that Tr(c*) > £/(5m?). As in the proof of Lemma 65, we can use O(log*(d/e) -
log(1/6)/e2) copies to approximate Tr(p*) to within additive error £/(20m?) with probability 1 —
0(9).

If our estimate is greater than £/(20m?) away from Tr(c[j, 5]) then we know that p # o.

Otherwise, | Tr(p*) — Tr(0*)| < £/(10m?), and in particular Tr(p*) > Q(Tr(c*)) as a result.
If Scenario 3 holds but Scenario 4 does not, then || p* —o*|| > £/(5m?). So by Fact 62, to determine
whether we are in Scenario 2, it suffices to design a tester to distinguish whether the mixed states
p* and o* are equal or £”-far in trace distance, where

N € _

vr_f_o(*
10m2 Tr(o*) 10m?

(27 4 dy27") ) (29)

Note that if p* and o* are £”-far in trace distance, they are at least £”/ /d;-far in Hilbert-Schmidt,
by the assumption that d; > dj. We conclude from Lemma 57 that we can distinguish these two
cases using

O(v/d;dj log(1/6) /%) = (\Fd (d;277 + dy277')?2 10g4(d/6)10g(1/5)/52)

measurements on the conditional state 5*. Because Tr(p*) > Q(Tr(c*)) > Q(d;277 + d;i277"),
this tester can make the desired number of measurements on the conditional state by using

0 (@dj/(dﬂ—f +d;277 ) logh(d/e) log(1/5) /52)
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copies of p and rejection sampling.
Summing over j # j' € J for which d; > d;/, we conclude that it takes O(log(1/¢)) times

SN Vddpd2 T a2y < Y dPapri e Y Jgdi2

J#I €T di>d, 33" €T dj>d; 9,3’ €Jdj2dj
5/29—j : 29—j
<\T- D27 4 | Y V| | D di2
jeTJ JjeT JjeTJ

< polylog(d/e) - (|o/llajs + V= |lo'12)

copies to test whether Scenario 4 holds, where the last step above uses Fact 20.
We claim that the above bound is dominated by O(log(m/d) polylog(d/e))vd — d'[|o’||1 2.
Indeed, note that for any vector v € R™,

4/5 1/5
2/5
lolly)e = >/ < <Z<v?/5>5/4) : (ZP) < loll7)5 - vm*”,

i i
as desired. ]

Altogether, Lemmas 63 to 66 allow us to conclude correctness of the algorithm CERTIFY whose
pseudocode is provided in Algorithm 2 below. The copy complexity guarantee follows from these
lemmas together with Fact 55. |

Remark 67 As stated, we are performing measurements in Haar-random bases at various points
in CERTIFY and in particular the subroutine BASICCERTIFY. As Lemma 59 and Lemma 57 make
clear however, we only exploit the first four moments of the Haar measure over the unitary group.
As a result, if we were interested in implementing a gate-efficient protocol for state certification, we
could have replaced the Haar measure with an approximate 4-design, for which there are a variety
of gate-efficient constructions, e.g. Haferkamp et al. (2020).
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Algorithm 2: CERTIFY(p, 0, €, §)

Input: Copy access to p, diagonal density matrix o, error €, failure probability §

Output: YESif p = o, NOif ||p — o|lus > ¢, with probability 1 — 4.

m <+ log(10d/e?). Let II be the projector to the principal submatrix indexed by Sia.
// Scenario 1

M « {II, 1 —I1}. Measure O(log(1/8)/e?) copies of p with the POVM M. if > (£2/5) fraction
of outcomes observed correspond to 11 then

| return NO.
end
for j € J do // Scenario 3
Let IT; denote the projection to the principal submatrix indexed by S;. M « {II;, 1 — II;}.
Measure O(polylog(d/c)log(1/8)/?) copies of p with the POVM M. if > (Tr(co[j,1]) +
£/(40m?)) fraction of outcomes observed correspond to I1; then
| return NO.
end
else
Define &" according to (28). b; <—BASICCERTIFY(p[j, j], 04, j],€’, O(d/m)). if b; = NO
then
| return NO.
end
end
end
for j, ' € J distinct and satisfying d; > d; do // Scenario 4

Let IL; ;» denote the projection to the principal submatrix indexed by S; U Sj. M i <
{11, ;/,1 —11; s }. Measure O(polylog(d/e)log(1/8)/e?) copies of p with the POVM M ;.
if > (Tr(a;i j,) + £/(20m?)) fraction of outcomes observed correspond to I1; ; then
| return NO.

end

else

Define ” according to (29). bj o <~ BASICCERTIFY (77 ;1,57 ;1,€", O(6/m?)). if bj ;1 =
NO then
| return NO.
end
end

end
return YES.
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Appendix E. Adaptive Lower Bound

In this section we prove a lower bound against state certification algorithms that use adaptive, un-
entangled measurements.

Theorem 68 There is an absolute constant ¢ > 0 for which the following holds for any 0 < e < ¢.°
Let 0 € C¥™4 be a diagonal density matrix. There is a matrix o* given by zeroing out the largest
entry of o and at most O(elog(d/c)) additional mass from o (see Definition 69 below), such that
the following holds:

Any algorithm for state certification to error € with respect to o using adaptive, unentangled
measurements has copy complexity at least

O (d-df - F G prm) /(2 log(d/0)) )

The outline follows that of Section C. In Section E.1, we describe the procedure by which we
remove mass from o, which will be more aggressive than the one used for our nonadaptive lower
bound. As a result, it will suffice to analyze the lower bound instance given in Section C.3, which
we do in Section E.2. For our analysis, we need to check some additional conditions hold for the
adaptive lower bound framework of Section B.3 to apply.

E.1. Bucketing and Mass Removal

Define {S;}, 7, Ssing> Smany 1n the same way as in Section C.1. The way in which we remove mass
from o will be more aggressive than in the nonadaptive setting. We will end up removing up to
O(elog(d/e)) mass (see Fact 70) as follows:

Definition 69 (Removing low-probability elements- adaptive lower bound) Without loss of gen-
erality, suppose that \1, ..., \q are sorted in ascending order according to \;. Let d' < d denote
the largest index for which Z?lzl N < de. Let Sey) = [d].

Let 0* denote the matrix given by zeroing out the largest entry of o and the entries indexed by
Stail. It will be convenient to define J* to be the buckets for the nonzero entries of o*, i.e. the set of
J € J for which S; has nonempty intersection with [d]\ Staj.

Fact 70 There are at most O(log(d/<c)) indices j € J*. As a consequence, Tr(c*) > 1 —
O(elog(d/e)).

Proof For any iy ¢ S, and io € S, we have that p;, > p;,. In particular, summing over
io € Stail, we conclude that p;, - |Stail| > 4e, so p;; > 4e/d. By construction of the buckets S}, the
first part of the claim follows. As in the proof of Fact 31, the second part of the claim follows by
definition of Sjight. |

9. As presented, our analysis yields ¢ within the vicinity of 1/3, but we made no attempt to optimize for this constant.
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E.2. Analyzing Lower Bound II

We will analyze the sub-problem defined in Section C.3 and prove the following lower bound:

Lemma 71 Fix any j,j € J* satisfying d; > dj. If dj > 1, then we can optionally take
Jj =J'". Suppose e < dj - 9-3/2=3'/2-1, Distinguishing between whether p = o or p = ow for
W e C*dy consisting of Haar-random orthonormal columns (see (15) and (16)), using adaptive
unentangled measurements, has copy complexity at least

1/3 —i
d] N d]/ ° 2 J

e2

Proof As in Section C.3, we will focus on the case where j # 7/, but at the cost of some factors of
two, the following arguments easily extend to the construction for j = j” when d; > 1 by replacing
S; and S; with § ]17 Sj? defined immediately before (16).

We have already verified in Section C.3 that Conditions 1, 2, and (3) of Assumption 1 are

satisfied by P for L,¢ = O <d]/28J//2>

It remains to check that [g5 (2)| < 0.99 for all z. To this end, recall (18). As the diagonal entries
of p indexed by S (resp. Sj) are at least 2731 (resp. 9—i'-1),

ol

Lpvs > 2797 Y[l 279 of |2 = 279279 2 ol |[o] 1,

SO
R A ¢
by 2P Pl dy2 T

gp(2) <

In particular, as long as ¢ < d;;277/277'/2=1 we have the bound |3 (2)| < 1/2.

We can now apply Theorem 28 with 7 = O ( ) noting that

)
1/3 :
d/ d2,2~7'

exp <—Q <{ %’27; A g})) —exp (-2 (4)).

to get that for any adaptive unentangled POVM schedule S, if pgN is the distribution over outcomes

from measuring N copies of o with S and plgN is the distribution from measuring N copies of oy,

then
Ne? Ne?
<N <N ) _ 1/3
KL (pl (F2 ) < d}/3d2/27j/ + O(N) - exp ( Q (dj d§,2—ﬂ">> .
J

d3q2,2-4'
In particular, if N = o <;210g(d/6)>, then KL (plgN ||p§N ) = o(1) and we get the desired lower

bound. |
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E.3. Putting Everything Together

Proof [Proof of Theorem 68] As in the proof of Theorem 29, we proceed by casework depending
on whether d; = 1 forall j € J*.

Casel d; = 1forallj € J".

The analysis for this case in the nonadaptive setting completely carries over to this setting,
because the lower bound from Lemma 52 holds even against adaptive POVM schedules. There
are two possibilities. If there is a single bucket j = j(i) for which i & Si,j, then degr = 1
and [|o*[[;/2 = O(1); for & smaller than some absolute constant, we have that ;; > 3/4 and
Lemma 52 gives an Q(1/¢?) lower bound as desired. Otherwise, let j' be the smallest index for
which j° = j(i’) for some ¢/ € J*, and let j > j' be the next smallest index for which j = j(7)
for some i € J*. Consider the lower bound instance in Section E.2 applied to this choice of 7, j'.
Provided that ¢ < 277/2-7'/2=1 we would obtain a copy complexity lower bound of Q(277' /¢2) >
Q(llo*[l1/2/(e*log(d/e))), where the inequality is by Fact 20, and we would be done. On the
other hand, if ¢ > 9-3/2-3'/ 21 then because 2=7" > 97i , we would conclude that 277 < 2¢.
In particular, this implies that Zj"e T* €S i 45 A; < 4eg, contradicting the fact that we have
removed all buckets of total mass at most 4¢ in defining Sta;.

Case 2 d; > 1 for some j € J*.

Let j, £ arg maxje s+ d; and j, £ arg max;e 7+ d?2_j. By Lemma 47, as long as ¢ satisfies
the bound ' '
e <dj - 2—1*/2—14/2—1’ (30)

we have a lower bound of
Q (/a2 /22) 2 0 (-l F (o prm) ( 08(d/2)))

where the second step follows by Fact 20 and Fact 55. Note that because d;, > 1 as we are in Case
2, we do not constrain j,, 7. to be distinct necessarily.
But under our assumptions on j, 7' and on 7*, (30) must hold:

;27927327 > g0t > ¢

where the first step follows by the assumption that j’ £ arg max;e 7+ d?Q‘j , and the second by the
assumption that every bucket indexed by 7™ has total mass at least 4¢. |

Appendix F. Deferred Proofs
F.1. Proof of Lemma 25

Fix an arbitrary single-copy subproblem P = (M, o,{oyu}u~p) for D the Haar measure over
U(d). Forany V € U(d), define the functions Fy : U(d) — R and G(U) by

Fy(U) 260 GU)E E )[gg<z>211/2.

2~Po

We first show that Condition 1 and 3 from Assumption 1 imply that F3; is mean zero and
Lipschitz:
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Lemma 72 [f P satisfies Assumption 1, then for any V. € U(d), Fy is G(V) - L-Lipschitz and
satisfies Eu[Fv(U)] = 0.

Proof For any U, U’ € U(d), we have that

Fy(U)-Fy(U)= E [3V(2)(g(z) — g7 (2))]
zrvpo (M)

<Elg¥(2)*]" - El(g"(2) - gV (2)]? < G(V)- LU = U'l|us,

where the first inequality is by Cauchy-Schwarz, and the second is by Condition 3 of Assumption 1.
The second part of the lemma immediately follows from Condition 1 of Assumption 1. |

Next, we use Conditions 2 and 3 of Assumption 1 to bound the expectation and Lipschitzness
of G which, combined with Theorem 13, implies the following sub-Gaussian tail bound for G:

Lemma 73 If P satisfies Assumption 1, then for any s > 0,

]?I’Jr[G(U) > ¢ + 5] < exp(—Q(ds?*/L?)).

Proof The function G is L-Lipschitz. To see this, note that for any U,V € U(d),
G(U) -G(V) < EM)[(gg(Z) ~g¥ ()2 < LU = Vs,

Z~Po

where the first step is triangle inequality and the second is by Condition 3 of Assumption 1.
By Condition 2 and Jensen’s, E[G(U)] < E[¢gY(2)?]'/? < <. The claim then follows by
Theorem 13. |

We can finally prove Lemma 25:
Proof [Proof of Lemma 25] Note that E[¢U"Y] = 0 by the second part of Lemma 72. By the first
of Lemma 72 and Theorem 13,

Pr[|¢YV| > s] <exp [ —Q __ds® (31)
U = &P 2G(V)2) )

We can apply Fact 22 to the random variable Y £ G(V) by taking the parameters as follows. Set
a = 2, 7(x) 2 exp(—cd(z —<)?/L?), and f(x) £ exp(—c'ds?/L?z?) for appropriate constants
c,d > 0. By (31), Pry v[|¢Y"V| > s] < E[f(Y)], and by Fact 22 and Lemma 73,

E[/(Y)] < 2exp (—C/dsz) <[ 2cds” -exp( L +c'32/x2)> da

122 . L% 12
Note that for x > 2¢, by AM-GM,
c(x—¢)2 +s%/x? > Q(s(1 — ¢/x)) > Q(s),

<Ld2‘i> - exp(—Q(ds/L?)) < exp (—Q (Ld;; A iﬁ))

as claimed. [ |

so we can bound

E[f(Y)] < 2exp <_C'd52> La

122
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F.2. Proof of Theorem 28

Here we prove Theorem 28 which gives an adaptive lower bound for distinguishing between a state
o and a mixture of alternatives {oy }u.~p under Assumption 1 when D is the Haar measure over
U(d).

In this section, let D denote the Haar measure over U(d), and suppose that for any POVM M,
the single-copy sub-problem P = (M, o, {oyu }u~p) satisfies Assumption 1.

F.2.1. ADDITIONAL NOTATION

We first introduce some notation. Fix an unentangled, adaptive POVM schedule S. Given a tran-
script of measurement outcomes z.; up to time ¢, if M?<t is the POVM used in time step ¢, then
for convenience we will denote gg and gbg M by gi , and gbi’tv, K Z[itv .

Let pEt (resp. plgt) denote the distribution over transcripts z<; of outcomes up to and including
time ¢ under measuring o (resp. oy for U ~ D) with the first ¢ steps of S, and define the quantities

dpgt t—1
Alz<y) & 7dp1§t (2<t) ‘I’Ztv = H(l + gii)(l + g;;%
0 i=1

where A(-) is given by the Radon-Nikodym derivative.

F.2.2. HELPER LEMMAS

We will need the following helper lemmas. The first gives a lower bound on the likelihood ratio

between plgt and pDSt.

Lemma 74 (Implicit in Lemma 6.2 of Bubeck et al. (2020)) Under the hypotheses of Theorem 28,
for any transcript z<t, A(z<t) > exp(—4¢2t).

Proof By convexity of the exponential function and the fact that 1 + gg (2¢) > Oforall U,t, 2,

t—1
M) = [Teww (B 1+ 9 )] )
i=1 U~D
For any ¢ < t we have that

ex (B 1+ 9 ()] ) = exp (BlY, () — 407, (7))
> exp (—4§2) ,

where the first step follows by the elementary inequality In(x) > z — 422 for all 2 € [—0.99,0.99]
and the fact that | 92 ,(2¢)] < 0.99 by hypothesis, and the second step follows by Conditions 1 and
2 of Assumption 1. |

vVy2,

The next lemma gives a bound on the expectation of (¥,

Lemma 75 Under the hypotheses of Theorem 28, E._, u v [(\Ifi’tv)ﬂ < exp(O(tc?)).
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To prove this, it will be convenient to define the following for any ¢-copy sub-problem corre-
sponding to POVM M

K9Vae g U+ oY ()
P z~po(M)[(gP(Z) 979(2))}

and first show the following:

t
Lemma 76 Under the hypothesis of Theorem 28, Eu v [(1 + nygvV) } < exp(O(yts?)) for

any absolute constant v > 0 and any t = o(d/L?).

Proof By the elementary inequality (a + b)? < 2a% + 2b?, we have that Kg’v <GU)2+G(V)2.
By Lemma 73, we immediately get that Pry [ng > (E[G(U)] + 3)2} < exp(—ds?/L?). Ap-

plying the inequality again allows us to lower bound the left-hand side by Pry [K g Vs 2 E[G(U)]? + 25?|,
so we conclude that

Py [Kg’v > 2R[G(U)]? + s] < exp(—ds/2L?).

We can apply Fact 22 to the random variable Z = Kg "V and the function f(Z) £ (1 +~Z2)t to
conclude that

t o)
I [(1 +'V~K7I>J’V) ] <2(1 +27E[G(U)]2)t+/0 b1+ )t e T2 g

)

< 2(1 + QVE[G(U)P)t + ’775/ e—x(d/QLz—w(t—l)) g
0

where in the last two steps we used that ¢ = o(d/L?) to ensure that the integral is bounded and that
the second term in the final expression is negligible. |

We can now prove Lemma 75:
Proof [Proof of Lemma 75] As g;i ., (2) < O(1), we know that for any constant a,b > 2,

1

oY, () g¥, ()] < JElY, (2)7)

W~ |

2~Q(ME<t-1)

so we conclude that

U e v .
szO(/I\/EiZ<t71) [(1 + gz<t71(z)) (1 + gz<t71(z)) :|

<1+0, (E[git_l(z)Q]) + O, <E[g;’<t_1(z)2]> +0.(6%Y,) <1+C(0) - KZY, (32)
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i
for some absolute constant C(c) > 0, where the last step follows by AM-GM. For o; = 2 - (%) ,
we have that

N

ze, U VLY S

< [(gU.Vv . N UV

B z<t—IEU7V -(\Ilz<t71> (1 + C(O[Z) Kz<t71>] (33)
i ai(t-1)/(t-2)] ¢=2/(=D) MRERVICSY

< UV : 1+ Clay) - KOV }

B z<t}EU,V _< Z<t_1> :| Z<t}EU,V [( <a ) Z<t—1>

(34)

I Qi1 (t—1)/(t—2) t—171/@=1)

< u,v +1 ' N UV .

N Z<t—IEU7V _<\Ilz<t_1> Z<t71iE;U,V (1 +Cl) Kz<t_1>

where (33) follows by (32), and (34) follows by Holder’s. Unrolling this recurrence, we conclude
that

\I/U’V 2 < - 1 C ) KU7V t—171/(-1)
A (L S VI (O
t—1
U,V t—1 1/(t-1)
: i=1 Z<£%,V[(1 +C(2e) - K, ) } ’ (35)
t—1
< E |(1+0KYY ]
B —

2
where (35) follows by the fact that for 1 < ¢ <t —1, a1 < 2 (1 + %) < 2e, and the
supremum in the last step is over all POVMs M. The lemma then follows from Lemma 76. |

F.2.3. PUTTING EVERYTHING TOGETHER

The key inequality used in Bubeck et al. (2020) is the following consequence of the chain rule for
KL:

Lemma 77 (Lemma 6.1, Bubeck et al. (2020))

N
KL (i) <z o 22 ® |
t=1

<t—1
Z2<t™~Pg

UV . 4UVT|
A(Z<t) U]:,EV[ Z<t ¢25<t ]

We now have all the ingredients to complete the proof of Theorem 28.
Proof [Proof of Theorem 28] Given transcript z<; and U,V ~ D, let 1 [gintV (7')} denote the

indicator of whether ‘qﬁitv

> 7; note that by Lemma 25, this event happens with probability at

. ds?2  d
&(s) = exp <—Q <L28§2 A L§>> .
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We have that
BB 60Y] = . [WO 0 (1Y () + 1Y ()
< E, WOV 1TV ()] +7- E, (WU 1[0V (7)]
< B, WU 1S 4 B (VY]

B2<t Gz<t

where in the second step we used the assumption that [gY  (z;)| < 0.99 for all 2 to conclude that
¢V < 1. Note that for any transcript z<;, A(z<)? = EUV[\I/EQV] = ®G,_,, so by this and the
fact that the likelihood ratio between two distributions always integrates to 1,

-Gz<t}: E [A®DG )] =1. (36)

<t—1
2<t™~Pg

1
E —
z<t~p§t_1 |:A(t1) (z<t>

Recalling the definition of Z; in Lemma 77, we conclude that

Z < . ®B 4+ - . RG
I o L R W

<exp(4t?) E [®B._,] +,

zer~py '
where the second step follows by Lemma 74 and (36).
To upper bound E,_ . pst-! [®B._,], apply Cauchy-Schwarz to get
0
u,vy2]1/2 U,V _\11/2
E_[®..]< B [@V)]7 P [2V()
Z<t~105t_1 Z<t~P6t_17U7V z<t~py LUV

< exp(O(ts?)) - £(1),

where the second step follows by Lemma 25 and Lemma 75. Invoking Lemma 77 concludes the
proof. |

F.3. Proof of Fact 44

Proof We may assume s < m + n (otherwise obviously b = n). Assume to the contrary that
Zi’ill vid; < e. We proceed by casework based on whether wy/11 = Ug41 OF Wy 4] = Vpy1.
If Wg'+1 = Ug+15 then

s+1 a+1 b a+1 b

b
3e < Zwld:‘ = ZUZ +Zvldl < va-i-l ol +Zvi < 25+Zvidi,
i=1 i=1 i=1 =1 i=1 i=1

where in the first step we used maximality of s, in the third step we used that u,1 < vpy1 and
that ;41 > 2u; for all 4, and in the last step we used that v < Zfill v;d; < e. From this we
conclude that Z?:l v;d; > €, a contradiction.
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If wg1 = vpy1, the argument is nearly identical. We have
s+1 b+1 a b+1 b+1

3 < ) widf = za:uz Y oidi < gy 27D widi <26 4> v,
=1 =1 =1 =1 =1 =1

where in the first step we again used maximality of s, in the third step we used that u, < vpi1
and u;4+1 > 2u; for all 7, and in the last step we used that vy < Zi’i’ll v;d; < e. From this we

conclude that Z?:l v;d; > €, a contradiction. [ |
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