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Abstract

In the problem of quantum state tomography, one is given n copies of an unknown rank-r mixed state
p € C¥? and asked to produce an estimator p of p which is close to it. One of the most basic and useful
properties a statistical estimator can have is that of being unbiased, meaning that p is equal to the true
state p in expectation. Unfortunately, of the three estimators for tomography which are known to be either
sample-optimal or almost sample-optimal, namely Keyl’s algorithm [Key06] and the two tomography
algorithms from [HHJ" 16], none of them produce unbiased estimators. This situation has recently been
highlighted as a bottleneck in several important tomographic applications [CLL24b, CLL24a].

In this work, we present the debiased Keyl’s algorithm, the first estimator for full state tomography
which is both unbiased and sample-optimal. Our algorithm is the result of taking Keyl’s algorithm and
carefully modifying it in order to correct for its bias. In addition, we derive an explicit formula for
the second moment of our estimator which is simple and easy to use. Using it, we show the following
applications.

o We show that n = O(rd/e?) copies are sufficient to learn a rank-r mixed state p € C**? to trace
distance error . This gives a new proof of the main result of [OW16] and matches the lower bound
of [SSW25].

o We then improve this result and show that n = O(rd/c®) copies are sufficient to learn to error €
in the more challenging Bures distance. This is optimal due to the lower bound of [Yue23] and
improves on the best known bound of n = O(rd/e?) from prior work [HHJT16, OW17, FO24].

o We consider the scenario of full state tomography with limited entanglement, in which one is given
n copies of p but only allowed to perform entangled measurements across k of them at a time. We

show that
@ &

copies of p suffice to learn p to trace distance error ¢ in this scenario. This improves on the prior
work of [CLL24b] and matches their lower bound which holds for k < 1/£°, where c is a constant.

o In the problem of shadow tomography, one is given m observables O, ..., O,,, and the goal is to
estimate each quantity tr(O; - p) up to ¢ error. If ||O;lso < 1 for all 4, we show that O(log(m)/e?)
copies are sufficient to solve this task in the “high accuracy regime” when e = O(1/d). This improves
a result of [CLIL24a], who showed this bound holds when ¢ = O(1/d'?). More generally, we show
that if tr(O7) < F for all 4, then

2/3

= 0(toatm)- (min {2, £33+ )
copies suffice to solve this task. This improves on a result of [GLM24], who showed a bound of
n = O(log(m) - VrF/e?), and disproves a conjecture of [CLIL24a].

o QOur final application is to the field of quantum metrology. In quantum metrology, one is provided
copies of a mixed state pg parameterized by a vector § € R™, and the goal is to estimate the
parameter 6. An algorithm is locally unbiased at a parameter 8 if, roughly, it is unbiased given pg
when 6 is in a small neighborhood around 6*. The quantum Cramér—Rao bound states that the
mean squared error matrix (MSEM) of any locally unbiased algorithm is lower bounded by the
inverse of the Quantum Fisher Information (QFI) matrix. We give a locally unbiased algorithm
whose MSEM is upper bounded by twice the inverse of the QFI matrix in the asymptotic limit of
large n, which is optimal.

*UC Berkeley. {apelecan, jspilecki, jswright}@berkeley.edu
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Part 1
Introduction

1 Introduction

A statistical estimator X for a quantity X is said to be unbiased if E[/X\] = X. Unbiased estimators have
many desirable properties, and for many quantities of interest in statistics, the gold standard estimator
is unbiased. As Voinov and Nikulin put it in Unbiased Estimators and their Applications [VN12, VN96],
“Unbiasedness is one of the most important properties of statistical estimators”. Illustrating the abundance of
unbiased estimators in statistics, they collect roughly a thousand (!) such estimators for different statistical
parameters.

This work is about the statistical problem of estimating a mixed quantum state p € given n identical
copies of p. This task, known as quantum tomography, is of fundamental importance to both theory and
practice, and it has received significant attention by the research community in recent years. A variety
of different tomography algorithms have been studied in the literature, and many of these do actually
give unbiased estimators for p. Two well-known examples are the “uniform POVM tomography algorithm”
from [Wril6, GKKT20] and the “textbook” Pauli tomography algorithm, which is covered in [Wri24a].
In addition to these, we also know of several estimators which achieve the optimal sample complexity of
n = O(d?) copies for full state tomography [HHJ*16, OW16]. However, we do not know of any estimators
which are simultaneously unbiased and sample-optimal. The reason is that most existing unbiased estimators
for full state tomography measure each copy of p independently, but it is known that any sample-optimal
tomography algorithm must use entangled measurements across many copies of p [CHL™23]. On the flip side,
measurements which are entangled across many copies of p are often mathematically complex and difficult to
understand, and even computing the bias of known sample-optimal tomography algorithms appears to be
quite challenging.

It is important to understand whether sample-optimal estimators can also be unbiased if we want to
understand the information theoretic limits of quantum state learning. This issue was highlighted in two
recent works of Chen, Li, and Liu [CLL24b, CLL24a], who studied two problems in quantum tomography for
which having an unbiased estimator would be extremely useful: full state tomography using measurements
with limited entanglement and shadow tomography. However, since we do not know of any sample-optimal
estimators which are unbiased, they had to develop sophisticated mathematical techniques for analyzing the
known biased, sample-optimal tomography algorithms as if they were unbiased. In the course of this work,
they suggested that perhaps there may not even exist any unbiased, sample-optimal tomography algorithms,
saying that “unbiasedness seems specific to incoherent measurements”.

In this work, we counter this intutition by developing an estimator for full state which is both unbiased
and sample-optimal. Our estimator is based on an estimator for full state tomography introduced by Keyl
in [Key06] and shown to be sample-optimal in [OW16]. Keyl’s algorithm produces a biased estimator for
p, but we show that a simple modification to this algorithm can correct for the bias and give an unbiased
estimator. With this “debiased Keyl’s algorithm” in hand, we show a number of interesting applications
to full state tomography. For some of these applications, we are able to derive conceptually cleaner proofs
of existing results. For other applications, we are able to use the debiased Keyl’s algorithm to give new
results which were not known before, such as the first sample-optimal bound for learning mixed states with
fidelity error. Prior to our work, there were three other sample-optimal (or approximately sample-optimal)
algorithms to choose from when performing full state tomography [Key06, HHJT16], but we believe that our
results suggest that the debiased Keyl’s algorithm may be the “right” fully entangled tomography algorithm
to study in the future, and we expect that it will be useful in resolving several other remaining open problems
in the study of full state tomography. Below, we describe several known unbiased estimators for full state
tomography in order to motivate our construction of the debiased Keyl’s algorithm. Following that, we survey
the applications of this new algorithm.

(Cdxd



1.1 Debiasing tomography algorithms
1.1.1 The single copy case

Suppose we only have a single copy of p, and we want to perform full state tomography on it. Exactly which
measurement is the best to perform is perhaps not clear, but a natural thing to do is to measure p in some
orthonormal basis, as in the following algorithm.

1. Pick an orthonormal basis |u;),...,|us) € C%
2. Measure p in this basis. Let ¢ € [d] be the outcome.
3. Output py = |us Xusl.

How well this algorithm performs depends on which basis we decide to measure in. For simplicity, let us
assume that p is diagonal in the standard basis, meaning that we can write p = Zle oy - [i)(i]. If the basis
we measure in happens to also be the standard basis, it is easy to see that

Efp] = ca - [1)(1] + - -+ + aq - [d)(d] = p,

and so p, is an unbiased estimator for p. On the other hand, suppose the basis we measure in forms a
mutually unbiased basis with the standard basis, meaning that | (i|u;)|*> = 1/d for all i and j. This is the
case if, for example, {|u;)}ieq is the Fourier basis. Then we will observe each i € [d] with equal probability,
and so

Bfpo] = 4 fun)on| 44 4 - fua)al =
giving the maximally mixed state in expectation, regardless of what the state p is. We can view the first case
as giving us “all signal” and the second case as giving us “all noise”.

It is natural to randomize the choice of basis in order to avoid accidentally falling into the “all noise’
case all of the time. Doing so involves measuring according to a random basis |u1), ..., |ug) € C? sampled
from the Haar measure. Such a basis will still be almost mutually unbiased with the standard basis, in the
sense that we expect | (i|u;) | to be close to 1/d for most values of i and j, but the fact that it is not exactly
mutually unbiased means that we can still hope for a small amount of signal to leak through. In this case,
our measurement, over the randomness in the choice of basis, is equivalent to performing the uniform POVM,
the continuous POVM given by {d - |u)u| - du}. This means that we can rewrite the algorithm as follows.

)

1. Measure p with the uniform POVM {d - |u)Xu| - du}. Let |u) be the outcome.
2. Output py = |u)ul.

The expectation of this estimator can be computed using standard techniques; the calculation can be found,
for example, in [Wril6, Page 115]:

1 d 1
2= (1) o+ (2)
Pl =(g1) » 4 \a1) a
We can see that the first term is a small “signal” term and the second term is a large “noise” term. Moreover,

the weights on these two terms are fixed constants independent of the state p. It is therefore straightforward
to correct for this bias, and doing so results in the following estimator:

p=(d+1)-Po—I=(d+1) [ulful - I.

Indeed, this satisfies E[p] = p and is therefore an unbiased estimator. This single copy estimator was
independently introduced by Krishnamurthy and Wright [Wril6, Section 5.1] and Guta et al. [GKKT20] and
forms the basis of an optimal unentangled measurement tomography algorithm; we will discuss this algorithm
further in Section 1.4 below.



1.1.2 The pure state case

Suppose we are given n copies of a rank-one mixed state p, i.e. p = |v)v| for some pure state |v) € C¢. In
this case, there is a well-known tomography algorithm due to Hayashi [Hay98] which is given as follows.

1. Measure p®" with the POVM {d[n] - |u)u|®" - du}, where d[n] = (d+Z+1) is the dimension of the
symmetric subspace V*C?. Let |u) be the outcome.

2. Output py = |u)ul.

The POVM {d[n] - [u)(u|®" - du} can be viewed as a natural generalization of the uniform POVM from
above to the n-fold symmetric subspace. It is well-known that this is a sample-optimal algorithm for pure
state tomography. In particular, when n = O(d/s?), this estimator satisfies D¢, (p, py) < € with probability
99% [Wri24b]. However, p, is not an unbiased estimator of p. This is because p is a pure state, whereas E[p]
will certainly be a mixed state with rank strictly larger than 1 (unless p, = p with probability 1, which is
impossible). The expectation of this estimator can be computed using standard techniques; [GPS24, Lemma
13] give the following expression:

n d 1

= (125) -+ ()

[Po] d+n P d+n/ d
Again, the first term corresponds to the “signal” and the second term corresponds to the “noise”. Note that
the coefficient on the “signal” term now improves as n grows larger, and approaches 1 as n approaches co.

Since the coefficients are fixed constants independent of the state p, it is straightforward to correct for this
bias, resulting in the following unbiased estimator:

p= (1) po— 1= ()

n n

This estimator was introduced by Grier, Pashayan, and Schaeffer [GPS24] with applications to the shadow
tomography problem; we will discuss this algorithm further in Section 1.5.

1.1.3 Key!’s algorithm

Our goal is to perform a similar debiasing for a fully entangled tomography algorithm. There are three
reasonable candidates to select from: Keyl’s algorithm [Key06] and the two pretty good measurement-inspired
algorithms from Haah et al. [HHJ*16]. Of these, two are known to achieve optimal sample complexities of
n = O(d?/e?) for full state tomography: Keyl’s algorithm (due to [OW16]) and the first of the two Haah et
al. algorithms (due to [OW15a]). Of these two, we have decided to study Keyl’s algorithm, for two reasons:
first, it is the more mathematically elegant of the two, and we believe this will make its bias easier to analyze.
Second, as Aram Harrow once suggested to the third author, it seems plausible that it uses the optimal
entangled measurement for full state tomography [Har16], though it is not clear how to exactly formulate
what it means for it to be optimal.

Keyl’s algorithm is a sophisticated representation theoretic algorithm which exploits the symmetries in
the state p®". In phase one of the algorithm, it performs a measurement on p®" known as weak Schur
sampling in order to estimate the eigenvalues of p. Weak Schur sampling returns as a measurement outcome
a Young diagram XA = (A1,...,Aq) F n, which is a vector of nonnegative integers satisfying Ay > -+ > Ay
and A1 + -+ + Ay = n. Young diagrams are represented pictorially by arranging boxes into rows, as
in Figure 1. From this picture, the Young diagram looks like a (sorted) histogram of n samples drawn from
some discrete distribution over d items, and coincidentally, p’s eigenvalues a = («y, . .., ag) form a probability
distribution over the set of integers {1,...,d}. It is therefore natural to wonder if the normalized Young
diagram A/n = (A1/n,...,Ag/n) provides an accurate approximation of the spectrum «, and this question
was answered in the affirmative by independent works of Alicki, Rudnicki, and Sadowski [ARS88] and Keyl
and Werner [KWO01]; these works showed that as n — oo, A/n — a with probability 1. This estimator is
known both as the empirical Young diagram algorithm and also as the Keyl-Werner algorithm, and there
exists a number of follow-up works showing stronger and stronger bounds on the number of copies it requires
to estimate o [HM02, CM06, OW16, OW17]. The final two of these works show that A/n is close to « once



AL =6
Ay =06
A3 =2
=1

Figure 1: The Young diagram corresponding to the partition A = (6,6,2,1). In this case, n = 15 and d = 4.
This resembles the histogram, sorted from highest to lowest and then turned on its side, of n = 15 samples
&1,...,x15 drawn from a discrete distribution p = (p1, p2, p3, p4) whose probability values, when sorted from
highest to lowest, are approximately 6/15, 6/15, 2/15, and 1/15.

n = O(d?) copies are used in total variation distance, Hellinger distance, KL divergence, and chi-squared
divergence; furthermore, a lower bound from [OW15b] shows that the empirical Young diagram algorithm
requires n = Q(d?) copies to produce a good estimate in any of these distances. To date, it remains the best
known algorithm for estimating the spectrum of a mixed state. (That said, we don’t yet have matching lower
bounds, suggesting the tantalizing possibility that there might exist an even better spectrum estimation
algorithm.)

Having received the measurement outcome A, the state p®" partially collapses. In phase two of Keyl’s
algorithm, it performs a further measurement on this collapsed state in order to learn the eigenvectors of p.
This measurement is based on a strategy of “rotated highest weight vectors”; we will describe it in detail in
Section 3.1 below once we have established the relevant representation theoretic background. It produces a
unitary matrix U € U(d) as a measurement outcome which is meant to be a good proxy for the change of
basis which rotates the standard basis into p’s eigenbasis. Setting &g = A/n for our approximation of the
spectrum, the estimate that Keyl’s algorithm outputs is p, = U - &y - U'.

Keyl’s algorithm produces a high quality estimate of the state p. It is known, for example, that
Dy, (p, Py) < € with high probability once n = O(d?/e?), and furthermore that this is optimal due to a
matching lower bound of Haah et al. [HHJT16]. However, it is certainly not unbiased. For example, when
n =1, it turns out that Keyl’s algorithm is equivalent to the biased single-copy tomography algorithm from
Section 1.1.1. Furthermore, when n is allowed to be any value but p is restricted to be a pure state, it turns
out that Keyl’s algorithm is equivalent to the biased pure state tomography algorithm from Section 1.1.2 due
to Hayashi. However, unlike in these special cases, the bias of Keyl’s algorithm is in general quite difficult to
calculate, and so there is no obvious method for debiasing it. Compounding this issue, the bias of Keyl’s
algorithm actually depends on the underlying state p, and so there cannot be just a single correction factor
which applies in every case.

1.1.4 The debiased Keyl’s algorithm

To debias Keyl’s algorithm, we draw inspiration from the debiased algorithms in Sections 1.1.1 and 1.1.2.
In both of these cases, to convert the biased estimator p, into an unbiased estimator p, we modify the
eigenvalues of p, but leave the eigenvectors intact. This suggests that to debias Keyl’s algorithm, we will
want an estimator of the form p = U - & - U, where U is our original change of basis but & is a new estimate
of the spectrum which results from modifying the original estimate . To define this modification, we first
introduce a transformation on Young diagrams.

Definition 1.1 (Young diagram box donation). Let A = (A1,..., Ag) be a Young diagram. Then donate()) €
7% is the vector defined as

donate(A); = A; — Zl)\ >)\+Z [Ai > Aj]
j=i+1

Intuitively, each row of the Young diagram A\ “donates” a box to each row which starts off longer than it and
receives a box from each row which starts off shorter than it. We include a diagram of donate(\) in Figure 2.

To our knowledge, this is a new transformation on Young diagrams, and we could find no similar
transformation in the literature. Note that this transformation only shifts boxes around and does not introduce



donate

Figure 2: Let d = 5. On the left is the Young diagram A = (4,4,2,1,0). On the right is donate(\) =
(7,7,2,—1,—4). The gray-colored boxes correspond to rows with a negative length. Note that donate()) is
not necessarily a Young diagram, since it may have negative entries.

any new boxes, and so if A = (A1,...,Aq) F n and X = donate(A), then Xj +---+ X, = + -+ Xy =n.
With this definition in place, we can define our debiased Keyl’s algorithm.

Definition 1.2 (Debiased Keyl’s algorithm). Suppose we are given n copies of a mixed state p € C¢*¢, The
debiased Keyl’s algorithm works as follows.

1. Measure p®" as in Keyl’s algorithm, producing a Young diagram X = (Aq,...,Aq) - n and a unitary
matrix U € U(d).

2. Set AT = donate(A) and & = AT /n. Output p=U -a - U'.

To gain intuition for this algorithm, let us define |u;) :== U - |i) for each 1 <7 < d. Then

d d
Po=Y_(Ai/n)- |u)w;|  and Z Al/n) - )]
i=1 =1

For example, when n =1 and A = (1,0,...,0), we have

Po = |u1 )|

p =d-|ui)uy| — (jug){uz| + - + |[ua)ual) = (d+ 1) - [ur us| — I
as in Section 1.1.1. Next, when p is a pure state, then A = (n,0,...,0) always, and

. n

Po= (=) -l | = fu )|

~ n+d—1
p - (1t
n

) -] = - Gusual -+ fuafusal) = (D) o] 1,

as in Section 1.1.2. More generally, Keyl’s algorithm is designed to ensure that |u;), the eigenvector
corresponding to the highest eigenvalue of p, is the most accurate of all the eigenvectors, whereas |ug) is
the least accurate. This means that |uj)}{u;| will be the term with the highest “signal” and |ug)uq| will
be the term with the highest “noise”. Thus, the noisier terms will donate boxes to each of the terms with
more signal, and this “rich gets richer” approach will boost the signal while depressing the noise. The next
theorem is our first main result, which shows that the Young diagram box donation transformation results in
an estimator in which all of the noise is precisely cancelled out.

Theorem 1.3 (Debiased Keyl’s algorithm is an unbiased estimator). Let p be the output of the debiased
Keyl’s algorithm when run on p®"™. Then E[p] = p

Having computed the first moment of p, we next want to compute an expression for its second moment
E[p ® p]. The second moment is useful because it helps us understand the extent to which p varies about its
expectation. We do so in the following theorem, which is our second main result.



Theorem 1.4 (Second moment of the debiased Keyl’s algorithm). Let p be the output of the debiased Keyl’s
algorithm when run on p®™. Then

SN -1 1 E[/(A
E[p®p]=nT~p®p+ﬁ(p®l—|—]®p)-SWAP—I—%-SWAP—LOWHP. (1)

Here, Lower, refers to the “lower order terms” and has the following characterization: it can be written as
a positive linear combination of terms of the form (P ® P) - SWAP, where each P € C¥*? is a Hermitian,
positive semidefinite matrix.

To understand this expression, the first term, which can be viewed as the “main term”, is essentially equal to
p ® p, which is what we would expect to see if p were always equal to its expectation. The second and third
terms are the “error terms” and have the largest contribution to the variance of p. As for the final term,
it turns out that we can expand the second moment of p as a polynomial in the variable d=*, yielding an
expression of the form

Ep@pl=A,+B, 4+Cp- g+,

where A,, B,,C,, and so forth are matrix-valued coefficients which depend on the state p and the number
of copies n but not on the dimension d. As we will explain in Section 15 below, the highest order term A,
is exactly the first three terms in Equation (1), and so the remaining low-order terms B/d + C/d? + - - -
are given by —Lower,. In the case when d > n these terms are small enough that they can effectively be
discarded. (Indeed, as we discuss in Section 15, there are situations where it is possible to embed p into a
larger space of dimension D > d in order to artificially inflate its dimension and make these terms arbitrarily
small.)

However, it turns out that for our applications, we can disregard these lower order terms for a simpler
reason, which is that their contribution is negative in the cases we care about. In one of our applications, for
example, we have to upper bound expressions of the form

Ep;;I* =E[p;; - p,;:l = El(il pl5) - (i p1i)] = (ij| - E[p @ p] - 1) -

The contribution to this expression from the lower order terms is — (ij|-Lower),-|ji). From our characterization
of Lower,, we can expand (ij| - Lower), - |ji) as a positive linear combination of terms of the form

(i - (P © P) - SWAP - |ji) = (ij| - (P @ P) - |ij) = P - Pj; > 0,

where the last step uses the fact that P is positive semidefinite. Hence, — (ij| - Lower, - |ji) is nonpositive,
and we are safe to discard it. In another of our applications, we have to upper bound expressions of the form

Etr(O-p)?=Etr(0®0-pap) =tr(0O® 0 -E[p® p|),

where O € C% is an observable. The contribution to this expression from the lower order terms is
—tr(O ® O - Lower),); we can expand tr(O ® O - Lower,) as a positive linear combination of the form

tr(0O® O - (P ® P) - SWAP) = tr((OP) ® (OP) - SWAP)
= tr((OP)?) = tr(OPOP) = tx((P20P'?)%) > 0,

where we used the fact that P is positive semidefinite and therefore has a square root. Hence, we again have
that —tr(O ® O - Lower,) is nonpositive, and we are safe to discard it. The bottom line is that when we
apply Theorem 1.4, we only have to worry about the first three terms, not the lower order terms, and these
are easy to compute and bound.

In fact, we show that there is a whole family of unbiased estimators which one can define based on the
measurements in Keyl’s algorithm, of which our debiased Keyl’s algorithm is just one among many. Among
these, we show in Section 3.3 that our debiased Keyl’s algorithm is the minimum variance unbiased estimator.
Note that this is only among those estimators which use Keyl’s measurement and does not preclude an
unbiased estimator with even smaller variance which is based on a different measurement.



Discovering the estimator. Before moving on to applications of our debiased Keyl’s algorithm, let us
first describe how we discovered the debiased Keyl’s algorithm and proved Theorems 1.3 and 1.4. Recall that
when p is a pure state, the observed X is always equal to (n,0,...,0), and Keyl’s algorithm is equivalent
to the biased pure state tomography algorithm from Section 1.1.2. As mentioned above, the correction we
use to remove the bias in this case is the same as in our pure state tomography algorithm, and it is not too
hard to see that this is essentially the only way to correct the bias in this case. But this means we are forced
to correct the bias in this way whenever we receive the Young diagram A = (n,0,...,0), because there is
a chance that p is a pure state, and we have to ensure that our estimator is unbiased in this case. When
n =2 and d = 2, say, there are only two possible Young diagrams (2,0) and (1,1), and the fact that we have
already determined what to do in the first case severely limits the possible corrections that we can apply
in the second case, which makes finding the right correction much easier. Applying similar logic to other
small values of n and d, we solved enough special cases that we were eventually able to spot a pattern that
generalized to all values of our parameters. Perhaps the biggest difficulty in this process was deciding on the
best way to compute the bias of Keyl’s algorithm; after trying various approaches, we settled on an approach
which uses Clebsch-Gordan coefficients. Getting into what exactly Clebsch-Gordan coefficients are is perhaps
a bit too technical for this introduction, and we will defer introducing them until Section 10. Suffice to say,
they appear to be especially well suited for computing expectations which arise from Keyl’s measurements,
although they can be more than a little cumbersome to work with.

Proving Theorem 1.4 was significantly more difficult than discovering the debiased Keyl’s algorithm
and is the most technically involved part of this paper. The reason it was so difficult is that we also use
Clebsch-Gordan coefficients to compute the variance of p, and going from our large expressions involving the
Clebsch-Gordan coeflicients to the nice expression in Theorem 1.4 involves some miraculous cancellations
which we admit to not having a great understanding of. Proving Theorem 1.4 then required us first having a
guess for the precise form of the variance, and only once we had the right guess could we reverse engineer
a proof to give us the right calculations. Developing a guess for the variance, in turn, required spending
significant amounts of time and effort on numerical simulations, in which we pored over command line outputs
and performed numerology in a lengthy and difficult process that we likened to the office jobs in the television
show Severance. However, given that the main terms in Theorem 1.4 are so nice, and the remaining terms
are negative and so can be ignored, we hope that there is an alternative means of computing variances in
which these nice expressions fall out naturally, and we leave this for future work.

1.2 Application 1: full state tomography in trace distance

Our first application is to the problem of full state tomography in trace distance. Trace distance is perhaps
the most fundamental distance measure between two quantum states, quantifying the extent to which they
can be distinguished by a quantum measurement. O’Donnell and Wright showed that n = O(rd/e?) copies
suffice for full state tomography of rank-r states in trace distance [OW16]. In the case when r = d, Haah et
al. [HHJ"16] showed a matching lower bound of n = (d?/?) copies, and concurrent work of Scharnhorst,
Spilecki, and Wright [SSW25] has extended this to a matching lower bound of n = Q(rd/e?) copies for all
values of r. We show that the upper bound of O’Donnell and Wright also holds for the debiased Keyl’s
algorithm.

Theorem 1.5 (Trace distance tomography). Let p be rank r, and let p be the output of the debiased Keyl’s
algorithm when run on p®™. Then Dy (p, p) < & with high probability when n = O(rd/e?).

In fact, this result follows immediately from the prior result of O’Donnell and Wright. They showed that
if p, is the output of Keyl’s algorithm, then Dy, (p, py) < e with high probability. Next, it is easy to see that
D (Pg, P) < d?/n because ||A — AT||; < d? always. Thus, by the triangle inequality,

Dtr(p7 ﬁo) S Dtr(p, //50) + Dtr(ﬁmﬁ) S €+ d2/?’l S e+ 62 = 0(5)7

where the second-to-last inequality uses the fact that n = O(d?/e?). However, we are able to give an entirely
new proof of this fact which does not rely on this prior result of O’Donnell and Wright. Our proof begins by
bounding the expected trace distance between p and p as follows:

EDu(p,p)] = 5Ellp—pli < 3EVd-|lp—pl2 < 3Vd - \/E o 5l3,
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where the last step uses Jensen’s inequality and concavity of the square root function. Now, because p is an
unbiased estimator for p, we have E[p] = p, and so E ||p — p||3 is just the variance of p. This means

Ello— pl3 = Var[p] = B[ir(3)] — tr(Bp?) = B[ir(3)] — tr(s?) = Bltx(p @ p- SWAP)] — tx(s?)
= tr(E[p ® p] - SWAP)] — tr(p?).

Now we simply substitute our expression for the second moment of p from Theorem 1.4, and from there
bounding the variance is relatively straightforward. In comparison to the tomography proof of [OW16], every
step in this proof feels “canonical”, whereas the proof of [OW16] requires a few lucky tricks (for example, the
“r>2— %” step always seemed like a stroke of luck to the third author) to work.

1.3 Application 2: full state tomography in Bures distance

We also give an application to fidelity or Bures distance tomography. Bures distance is a more challenging
distance metric than trace distance which requires learning the small eigenspace of p to high accuracy, and as
a result we still lack truly optimal bounds for Bures distance tomography. Haah et al. [HHJ " 16] showed that

O(rd/e?) samples suffice to learn a rank r mixed state p to ¢ error in Bures distance (equivalently, O(rd/8)
samples suffice to learn to ¢ infidelity error). This result has subsequently been reproved in [OW17, FO24],
the former of which showed that Keyl’s algorithm itself attains this bound. We improve on all of these results
and show that Bures distance tomography can be achieved “without the tilde”.

Theorem 1.6 (Bures distance tomography). Given a rank r mized state p € C¥*¢ n = O(rd/e?) samples
suffice to output an estimate p such that Dg(p, p) < & with high probability.

This is optimal due to a matching lower bound of n = Q(rd/e?) due to Yuen [Yue23]. Indeed, this lower
bound also follows from the n = Q(rd/e?) lower bound for trace distance tomography from above [SSW25]
combined with the fact that Bures distance tomography is at least as hard as trace distance tomography. It
is the first time an optimal Bures distance bound without any logs has been shown for either entangled or
unentangled measurements.

For intuition, let us sketch the proof of the general n = O(d?/?) copy upper bound from Theorem 1.6,
which holds when the rank r = d. We actually rely on a slight variant of the debiased Keyl’s algorithm in
order to handle the case when the state p is poorly conditioned (i.e. when it has extremely small eigenvalues).
To begin, we bound

E[Dg(p, p) <E\/D (@llp)] \/E 2(pllp)];

where D,2(p||p) is the Bures x*-divergence between p and p. Assuming without loss of generality that p is
diagonal in the standard basis, i.e. p = Z‘Ll ; - |i)(i], we can express the Bures x?-divergence as

d d
—~ 2 ~ 2 .
B @) = B[ Y o 16y — ol ] = X = Bllpy — el
igj=1 " ij=1 "

Now, if p is the output of the debiased Keyl’s algorithm, then it is an unbiased estimator for p, and so

[|ij pij|°] is just the variance Var[p,;]. To calculate this, we can use our bound on the second moment
of p from Theorem 1.4, which allows us to compute the bound Var([p,;] < (a; + a;)/n + d/n*%. Plugging this
in above, we have

d a+a; d 2 24 24? &
E[Dy(pllo)] Z . ( n et ﬁ) - Z (E + (o +aj)n2) = ot min; {a;} - n?’

= )

If we know that p is well-conditioned so that each a; > d/n, then we can bound this final expression by 3d?/n,
which is O(e?) when n = O(d?/e?). This implies a bound of O(¢) on E[Dg(p, p)], as desired. To ensure that
p is sufficiently well-conditioned, we can always apply the depolarizing channel to each copy of p with noise
rate d?/n prior to running the debiased Keyl’s algorithm in order to prepare identical copies of the state

Y
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which has all eigenvalues at least d/n. We show that this p’ is still close enough to p that it suffices to
learn p’ instead of p. One final wrinkle in this proof is that Dg(p, p) is only well-defined with p is positive
semi-definite, but the debiased Keyl’s algorithm in general can output states with negative eigenvalues.
However, we show that because p’ is sufficiently well-conditioned and we are using n = O(d?/e?) copies, the
estimator p is an actual density matrix (and is therefore positive semidefinite) with high probability. This
proof handles the case when r = d; to handle the case of small r, we will require a different argument that
treats the small eigenvalues of p with more care.

As an application of our Bures distance result, we show how to efficient learn a bipartite pure state given
a bound on its Schmidt rank. We thank Benjamin Lovitz for suggesting this application.

Theorem 1.7 (Learning bipartite pure states). Let Ha and Hp be two Hilbert spaces of dimension da and
dp, respectively. Then n = O(r(da +dg)/e?) copies of a pure state [¢) 4 5 with Schmidt rank r are sufficient
to learn it to Bures distance € with high probability.

1.4 Application 3: tomography with limited entanglement

Suppose we want to perform tomography on p, but we can only perform entangled measurements across k
copies of p at a time. This question is motivated by the fact that implementing large, entangled measurements
can be challenging in practice; indeed, one often simply does not have enough qubits to store all n copies of p
at once! In this case, the natural strategy is to do the following.

1. Assuming for simplicity that n is a multiple of &, divide the n copies of p into n’ := n/k disjoint blocks.
2. Run a k-copy tomography algorithm on each block. Let py,...,p,  be the resulting estimators.
3. Output p= L - (py + -+ Ppr).

The estimators py, ..., p, are independent and identically distributed, which in particular means that they
have the same expectation E[p,] = --- = E[p,,,]. By linearity of expectation, the averaged estimator p has
the same expectation as well. However, even though it has the same expectation, it will concentrate around
this expectation much more strongly than the individual estimators do. This can be seen by considering
its variance and recalling that the variance of independent random variables is equal to the sum of their
variances:

1 1
e Varlpy bl = oy (Varlpy) - 4 Varlp]) =
If the tomography algorithm that is used produces an unbiased estimator, then this means that the estimator
p will concentrate well around p when n’ is large. As an example, in the case when k& = 1, the measurements
must be unentangled across all n copies of p, and the natural tomography algorithm to use is the single-copy
unbiased estimator from Section 1.1.1. In this case, the averaged estimator p is known as the “uniform
POVM tomography algorithm” and satisfies Dy, (p, p) < € with high probability once n = O(d?/?), which
was shown independently by Krishnamurthy and Wright [Wril6, Section 5.1] and Guta et al. [GKKT20].
However, if the tomography algorithm that is used does not produce an unbiased estimator, then although
p will still concentrate well around the expectation of the p,’s, this will no longer be useful if this expectation
is far from p. This was the issue faced by Chen, Li, and Liu in [CLL24b], who studied the case when the
algorithm is allowed to make entangled measurements across k > 1 copies at a time. In spite of the fact that
they did not have an unbiased, entangled tomography algorithm at their disposal, they were still able to prove
nearly matching upper and lower bounds for this problem. In particular, when k& < min{d?, (v/d/¢)°), where
¢ is some small constant, they showed that n = O(d3/(vke2)) copies of p suffice to learn p to error ¢ in trace
distance. Interestingly, this suggests that increasing the amount of entanglement k helps only until £ = d?, and
further increases in k do not improve the copy complexity. They also showed that n = Q(d®/(v/ke?)) copies
are necessary to learn p to error € in trace distance if one performs even adaptively chosen measurements
across k copies of p at a time, at least when k < 1/e¢, where c¢ is some small constant. Finally, they suggested
that these restrictions on the parameter k in both their upper and lower bounds are artifacts of their proof
techniques, and they conjectured that the optimal number of copies for this task is n = ©(d®/(vke?)) when
k < d2.

Var[p] = - Var[p,,].

(n')
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For our third application of the debiased Keyl’s algorithm, we show that their conjectured upper bound is
attainable even “without the tilde”.

Theorem 1.8 (Tomography with limited entanglement). Let n =n'-k. Let py,...,p,  be the outputs of
the debiased Keyl’s algorithm when run in n' independent copies of p®*. Set p= (py + -+ P, )/n’. Then
Dir(p, p) < € with high probability when

a3 &2
n=0 <maX <\/E€27 52)) .

By the lower bound of Chen, Li, and Liu [CLL24b], this bound is optimal, at least for all k¥ < 1/°. As they
conjecture, we believe that our bound is optimal for all k£, and we leave this question for future work.

1.5 Application 4: shadow tomography

Given m observables Oy, ..., 0,, € C¥? shadow tomography refers to the task of producing estimates of the
observable values tr(O; - p), . .., tr(Op, - p) given access to copies of p. First introduced by Aaronson in [Aarl8],
this problem occupies a central place in the field of quantum learning theory. To date, the best algorithm for
general bounded observables (satisfying ||O;||cc < 1) is due to Badescu and O’Donnell [BO24], who showed
that n = O(log?(m)log(d)/*) copies suffice (see also the work of Bene Watts and Bostanci [BWB24], who
reproved this bound with a different algorithm). On the flip side, the only known lower bound is due to
Aaronson, who showed that n = Q(log(m)/e?) copies are necessary.

One natural approach for the shadow tomography problem is the “plug-in estimator”: simply run a full
state tomography algorithm to produce an estimate p of p and “plug it in” to compute the observable values
01 =tr(01 - P),...,0nm =tr(Oyp, - p). For example, if p is the output of Keyl’s algorithm on n copies of p,
then each 0; will be within € of the true observable value tr(O; - p) once n = O(d?/e?), no matter how many
observables m there are. This is because with this many samples, Keyl’s algorithm produces an estimate p
with D¢ (p, p) < e with high probability, and being e close in trace distance is equivalent to every observable
value being correct within e. However, if we use a smaller number of copies n < d?/e?, then each 0; might
be far from the corresponding tr(O; - p), as Keyl’s algorithm does not give guarantees in this regime. Keyl’s
algorithm fails in the “sub-d?/e? regime” for a more fundamental reason, which is that the estimator p it
produces is heavily biased away from p in this regime, which means that tr(O; - p) will be far from tr(O; - p)
for some observables O;, at least in expectation. This suggests using an unbiased estimator for p in place of
Keyl’s algorithm; in this case, 01, ..., 0., will be unbiased estimators for tr(O - p), ..., tr(Oy, - p), respectively,
and they may approximate these values with fewer copies of p than it takes for p to approximate all of p. We
note that this “plug-in estimator” approach is one method for solving the more general oblivious shadow
tomography problem, in which one has to perform all of one’s measurements on p®" prior to learning the
observables Oy, ..., O,, to be estimated. (The algorithm of Badescu and O’Donnell, for example, is not
oblivious, as the measurements it performs depend on the observables Oq,...,0,,.)

Huang, Kueng, and Preskill [HKP20] studied this “plug-in estimator” approach for the case when p
is the output of the uniform POVM tomography algorithm on n’ copies of p. In this case, they showed
that each tr(O; - p) is an unbiased estimator for tr(O; - p) with variance O(tr(O?)/n’) < O(F/n’), where
F = max{tr(0%),...,tr(02,)}. By setting n’ = O(F/e?), each tr(O; - p) will have variance O(£?) and will
therefore be equal to tr(O; - p) & O(e) with high probability. Suppose we then repeat this process k times,
generating observable estimates o.,...,0. through oF,...,6" . If we then set 0; = median{o,,...,0"}
for all 1 < ¢ < m, then o; will be equal to tr(O; - p) £ ¢ for all 1 < i < m with high probability, once
k = O(log(m)). In total, this uses n = n’ - k = O(log(m)F/e?) copies of p.! Note that if each O; is bounded,
with ||O;|lso <1, then F can be as large as d, in which case this approach requires n = O(log(m)d/e?) copies
of p, which is better than the O(d?/e?) required by Keyl’s algorithm but far from the copy complexities of
the best algorithms. If, on the other hand, the observables are all rank-1, then F' < 1, and so this algorithm

1We note that the step of taking the median of multiple observable values is necessitated because Huang, Kueng, and
Preskill also studied a variant of the uniform POVM tomography algorithm where the uniform POVM is replaced by a more
computationally efficient measurement based on Clifford unitaries. Indeed, Helsen and Walter [HW23] showed that if p is the
output of the uniform POVM tomography algorithm on n = O(log(m)F/e?) copies of p, then tr(O; - p) = tr(O; - p) £ ¢ for all
1 < i < m, no medians required.
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only needs n = O(log(m)/e?) copies of p. This is the same number of copies as Aaronson’s lower bound
from above, although strictly speaking Aaronson’s lower bound holds against general and not just rank-1
observables and therefore does not apply. Huang, Kueng, and Preskill called their algorithm the “classical
shadows algorithm”, and as a result the more broad problem of oblivious shadow tomography is sometimes
called the “classical shadows problem”.

Grier, Pashayan, and Schaeffer [GPS24] studied this “plug-in estimator” approach for the special case
when p is a pure state and p is the output of the bias-corrected pure state algorithm from Section 1.1.2.
Following a similar analysis as [HKP20], they showed that

n= O(log(m) . (@ + elz))

copies of p suffice for shadow tomography. This sample complexity bound splits into two regimes, based
on whether ¢ is large or small: when £ > 1/v/F, their sample complexity scales as O(log(m)vF/¢), and
when ¢ < 1/V/F, their sample complexity scales as O(log(m)/e?). Interestingly, in the latter regime of
small e, sometimes known as the “high accuracy regime” [CLL24a], their bound matches the lower bound of

(1og( )/€?) copies due to Aaronson, although again here the Aaronson bound does not necessarily
apply since his lower bound is shown for general states p and not just for pure states. However, their sample
complexity is optimal for the classical shadows problem, as Huang, Kueng, and Preskill [HKP20] showed that

n=o(iatn) (%1 3))

copies are necessary for the classical shadows problem, even in the special case when p is pure.

Subsequent work has attempted to generalize the Grier, Pashayan, and Schaeffer result to the case when
p is a general mixed state. For example, the work of Grier, Liu, and Mahajan [GLM24] gave an algorithm
for the classical shadows problem which uses n = O(log(m) - \/ﬁ /€2) copies in the case when p is rank 7.
For small values of 7, this improves on the sample complexity of the result of [HKP20] by a factor of v/F;
however, it does not achieve a sample complexity of O(log(m)/e?) in the high accuracy regime of small €. On
the flip side, Chen, Li, and Liu [CLL24a] focused exclusively on the high accuracy regime and showed that in

the case when p is allowed to have arbitrary rank, n = O(log(m)/e?) copies are sufficient for the classical
shadows problem, at least in the high accuracy regime of ¢ = O(1/d'?). As their result holds for general
states and observables, the n = Q(log(m)/e?) lower bound of Aaronson finally applies, meaning that theirs is

the first provably optimal algorithm for the general shadow tomography problem, for any regime of . This
implies, perhaps surprisingly, that in the high accuracy regime, knowing the observables in advance does not
actually help when performing shadow tomography. More broadly, they conjectured that

n= @(log(m) . (g + 5%))

should be the optimal sample complexity for the classical shadows problem on general states and observables.

We study the “plug-in estimator” approach in the case when p is the output of the debiased Keyl’s
algorithm. Our main result improves on the sample complexity of [GLM24] in the low accuracy regime,
improves the threshold for the high accuracy regime in [CLL24a] from & = O(1/d*?) to e = O(1/d), and even
refutes the conjecture of [CLL24a] by improving on their conjectured optimal bound.

Theorem 1.9 (Classical shadows). The classical shadows task for states of rank v and observables Oq, . .., Oy,
with tr(O?) < F can be solved using

n= O(log(m) : (min{@’;//j} * Ei2>)

copies of p.

To understand our sample complexity bound, let us consider two special cases. In the » = 1 case of pure
states, 7 = 1, we have that F''/2 /¢ is less than F%/3/e*/3 = (F'/2 /&)*/3 unless F'/? /s < 1, in which case the
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first term is trivial and can be discarded. This means the “min” term is just v'F /e and the overall sample
complexity is
VE 1
(F+2)
€ €

n = O(log(m) .

matching the bound of Grier, Pashayan, and Schaeffer [GPS24]. On the flip side, in the fully general case of

r = F' = d, the bound becomes
n= O(log(m) : (min{g,%} + %2))

Here, the “min” term is equal to d?/3/%/3 for ¢ > 1/d and d/e for ¢ < 1/d. But in the latter case, the 1/¢?
term dominates both of these terms, meaning that we can simplify the sample complexity to be

n= O(log(m) ’ (% + 6%))7

which improves on the conjectured upper bound of [CLL24a] in the low accuracy regime. We conjecture that
our upper bound is optimal, and leave the task of proving matching lower bounds to future work.

1.6 Application 5: quantum metrology

Quantum metrology is the study of optimal measurements for estimating parameters of quantum systems.
A parameterized quantum state is a density matrix py which depends smoothly on some parameters
0 = (01,...,0,,) € © C R™. There is a fixed state pp» whose parameters 6* € O one is assumed to
already know. Now, one is given a state pg, where 6 is “in the neighborhood” of #*, and the goal is to estimate
the parameters #. This models, for example, a common strategy for learning an unknown parameterized
quantum channel ®4. To do this, one might initialize a starting “probe state” pprobe, send it through the
channel ®y, and measure the resulting state py to learn 6. The better a measurement one uses, the better an
estimate of @y one can produce. Furthermore, one is assumed to already have prior knowledge that 6 is close
to some parameter vector 8*, and one is allowed to use this knowledge to design one’s measurements.

To formalize this question, we focus on locally unbiased estimators. As we have already seen, an estimator
is an algorithm which takes as input a copy of py and produces a (randomly distributed) estimate € of 6, and
it is unbiased if E[@] = 6. Being locally unbiased is a weaker condition: it requires only that

o
E[6 | po] =0.

(i) E[0 ]| pp-] =07, and (ii) 20, oo

The first of these conditions states that 0 is indeed an unbiased estimator, but just on the state pg«. The
second of these conditions states that @ remains unbiased, at least up to first order, in a small neighborhood
around 6*. Given a locally unbiased estimator, the figure of merit we associate with it is its mean squared
error matriz (MSEM) V € R™*™ | defined as

Vij = E[(0; — 07) - (8; — 07) | po-],

where 8 is the output of the estimator on the state pg-.
The most well-known lower bound on V is in terms of the Quantum Fisher Information (QFI) matrix

F. To define F, we first define the symmetric logarithm derivative matrices L, ..., L., implicitly via the
equations
0 1 1 .
%P9|9:9* = §Li,09* + §p9*Li, for all 1 <i < m.
These equations do not actually uniquely specify L1, ..., L,,, but any matrices which satisfy these equations

will lead to the same QFI matrix F. Given these, we define

1 1
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The quantum Cramér—Rao bound (QCRB), shown by Helstrom in [Hel67], states that
Ve=FL

This places a lower bound on the variance of any locally unbiased estimator for 6.

Is the QCRB aqually achievable? The answer is yes, when m = 1, given asymptotically many copies of
po. To explain this, suppose we are given n copies of pg rather than one. This can be viewed as being given
one copy of the parameterized state pj = p?”. If F is the QFI matrix of the py’s and F,, is the QFI matrix
of the pp’s, they are related via the equality F,, = n - F. Hence, if V}, is the MSEM of a locally unbiased
estimator for the pj’s, then the QCRB implies that

an>__]:7:1:%'f_17 (2)

or, equivalently, n - V;, = F~!. We say that the QCRB is achievable asymptotically if there is a sequence of
such locally unbiased estimators, one for each value n, such that n-V,, = F~! as n — oo. In this case, Vj, is
equal to (1/n) - F~1, plus other terms of order o(1/n) which, albeit possibly large for small n, disappear as n
increases. It was shown by Braunstein and Caves [BC94] that the QCRB is indeed achievable asymptotially
in the m = 1 case of a single unknown parameter.

When m > 1, the problem is more challenging, and there are examples of multiparameter estimation
problems for which the QCRB is not achievable, even asymptotically, the key issue being the noncommutativity
of different quantum measurements. To simplify the algorithm’s task, let us introduce a positive semidefinite
cost matrix C' € R™*™ and assign to the estimator the cost

m

tr(C-V) =Y Ci; - E[O; —6]) (8, — ) | pp-].

ij=1
Given this cost matrix, the QCRB implies that
tr(C- V) > tr(C - F~h) (3)

for any locally unbiased estimator. Achieving the QCRB in Equation (2) is equivalent to achieving the bound
in Equation (3) for all cost matrices C' simultaneously; hence, achieving the bound in Equation (3) for just a
single cost matrix C' is potentially an easier problem, as perhaps one can hand-tailor the locally unbiased
estimator for this particular cost matrix. As it turns out, the QCRB with a specific cost matrix C' is still not
achievable, even asymptotically.

However, there is a slight strengthening of Equation (3) which is achievable asymptotically. In [Holl1],
Holevo introduced a quantity Hol(C') and showed that tr(C - V) > Hol(C'), an inequality known as the Holevo
Cramér—Rao bound (HCRB). For our purposes, it is not important what Hol(C) is exactly, only that it
satisfies two properties. The first property is that

2-tr(C - F~1) > Hol(C) > tx(C - F~1),

and so the HCRB is only stronger than the QCRB by at most a factor of 2. The first inequality was shown
by [ATD19, CSDV19] and is known to be tight in some cases; see [DDGG20, Section 3.1.1] for a simple
example. The second property we will need is that if Hol,,(C) is the Holevo bound corresponding to the n
copy states py = p?", then, similarly to the QFI matrices, we have Hol(C') = n - Hol,,(C). Thus, the HCRB
implies that

t2(C - Viy) > Hol, (C) = % - Hol(n).

We say that the HCRB is achievable asymptotically if n - tr(C - V,,) — Hol(n) as n — oco. A line of work
studying quantum local asymptotic normality [KG09, YFG13, YCH19] has developed estimators which do
achieve the HCRB asymptotically. This means that in the setting of asymptotically many copies, the HCRB
is tight.

This paper is about designing unbiased estimators for full state tomography, and naively it seems like
having good unbiased estimators for quantum tomography would help in creating good locally unbiased
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estimators for quantum metrology. Motivated by this reasoning, a recent work of Zhou and Chen [Z(C25]

studied a natural locally unbiased estimator for quantum metrology which first computes the n = 1 copy

unbiased estimator p from Section 1.1.1 and then performs classical postprocessing on the outcome. They

showed that in the case when the parameterized states py are all rank-one, the MSEM V' of their estimator

satisfies

v 4(d+1)
d+2

As V = F~! this shows that V is within a factor of 4 of being optimal; they referred to such estimators
whose MSEM is within a constant factor of F~! as near optimal. Now, it was already known that the HCRB
was attainable for rank one states py due to the work of Matsumoto [Mat02], even in the non-asymptotic
regime where only one copy of pg is provided. However, Zhou and Chen’s estimator has the advantage that
because it provides an approximation to ! rather than just the Hol(C), it is oblivious to the cost matrix
C, in the sense that the measurement is independent of the cost matrix C' (in fact, it is independent of the
parameterized state family pg altogether), and so one can measure first and be provided C later. (This is
similar to the sense in which classical shadows algorithms are oblivious.) They also generalized their results
to hold in the case when the state family py is low rank rather than just rank one, but their guarantees
degrade as py~ becomes more and more poorly conditioned.

What about when more than one copy of py is available? As we have better unbiased estimators for larger
n, one might hope that we can use these to design better locally unbiased estimators for quantum metrology.
To study this, we consider the locally unbiased estimator we get when we replace the unbiased estimator
Zhou and Chen use with the n-copy debiased Keyl’s algorithm, but keep the classical post-processing the
same. We show the following result.

CFh =4 FL (4)

Theorem 1.10 (Quantum metrology). Let pg be a parameterized state family with probe state

d
P+ = Zai : \%><Uz| s
i=1

where we assume without loss of generality that the eigenvalues are sorted so that ay > -+ > a,. > 0 and
apy1 =+ =aqg =0 (so that pg+ is rank r). Then for every n, there is a locally unbiased estimator which
takes as input n copies of pg and whose MSEM V,, has the following property. When n =r/(c - a,.),

2
an(1+5)ﬁ.?71

Hence, as n — oo, we have n - V,, — 2- F~', and so this estimator achieves twice the QCRB asymptotically.

As a result, for asymptotically large n and any cost matrix C, we have that n-tr(C-V,,) — 2-tr(C-F~1) <
2 - Hol(C'). This implies the surprising fact that, in the asymptotic limit, knowing the cost matrix C' ahead of
time only buys you at most a factor of 2 in the final cost of the estimator. This is the optimal result of this
form that one could hope for. To see this, recall that there are examples in which Hol(C) = 2 - tr(C - F~1).
In these cases, we have

tr(C - V,,) > Hol,,(C) = % -Hol(C) = % 22-tr(C - F7Y).

Hence, n - tr(C' - V,) > 2-tr(C - F~1) for all n in such cases, and so one cannot have n -V, = - F 1 for any
constant 8 < 2. Finally, we note that when pg« is rank r = 1, then a; = 1, and so if we apply Theorem 1.10
with n = 1, and therefore with € = 1, we get V; < 4 - F~!, which recovers Zhou and Chen’s bound from
Equation (4).

1.7 Technical overview

The key technical challenge that we overcome in this work is understanding how to compute exact expressions
for the first and second moments E[p] and E[p ® p] of our representation-theoretic estimators. What makes
this difficult is that to do so, one must understand the probability distributions on the Young diagram A and
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the unitary U produced by Keyl’s measurement, but this distribution involves complicated representation-
theoretic formulas which are unwieldy to manipulate. Indeed, although the two works [OW16, HHJ16] were
able to analyze three separate entangled tomography algorithms and show that they are either sample-optimal
or almost sample-optimal, neither work was able to derive expressions for even the first moment of their
estimators.

1.7.1 The single copy case

To illustrate our techniques, let us consider the simplest possible case, when we are given only a single copy
of p. In this case, it turns out that Keyl’'s measurement always returns the Young diagram A = [J. In addition,
the unitary U it returns has probability density function

PrlU=U|p|=d-(1|UpU|1) - dU. (5)
Since AT = (d, —1,...,—1), our debiased Keyl’s algorithm will output the estimator
p=d-|ug)fus| — [uz)us| — - — |uag)uql,

where |u;) := U - |i). Intuitively, |ui) should be a rough approximation of the largest eigenvector of p, or
should at least have decent overlap with p’s larger eigenvectors. This is because the PDF in Equation (5) scales
with (1| UTpU |1), and is therefore maximized for any unitary U such that U - |1) is the largest eigenvector of
p- As we have already pointed out in Section 1.1.4, this is equivalent to the uniform POVM tomography
algorithm from Section 1.1.1.

How to compute the expectation E[p] of this estimator? It turns out that for the uniform POVM
tomography algorithm, there is a slick, two-line proof that E[p] = p [Wril6, Section 5.1]. Instead, we will
describe a significantly more cumbersome version of this argument, as it is this version that we were able
to extend to the case of larger n. To begin, we can model a generic tomography algorithm by a POVM
M = {M5}5, so that the algorithm measures p®™ with M, receives an outcome p, and then outputs p as its
estimator. Then the expectation can be written as

Blp] = 3 tx(Mp- o) = try (3 Mp @) " @ 1) = trgyg (Mag - o™ @ 7).
2 P

It therefore suffices to compute a formula for the matrix My,s. When n =1 and the algorithm is the debiased
Keyl’s algorithm, this matrix is

d d
Mang/U(d~U|1><1|UT-dU)®ZAZ-U|Z’>(@'|UT:d-z/\g-/UUW|1,i><1,z'\UT’®2-dU.
=1 =1

The symmetric and antisymmetric subspaces. As a first step, let us compute a formula for the integral
/ U2 1,0)1,i| UT®2 . dU. (6)
U

This is relatively simple in the case when ¢ = 1, because the vector |1,1) is an element of the symmetric
subspace
Vi = {[¢) € (C)®? | SWAP - [¢) = [¢))} = span{|v) @ [v) | [v) € C*}.

The symmetric subspace is an irreducible representation of the unitary group, which implies that for any
vector |[¢rm) € Vi,

I
FTRNC TR (7)
dim(Vm)
where Il is the projector onto Vg. In particular, this applies for |¢pem) = |1, 1), which gives us a formula
for Equation (6) when i = 1.

When ¢ > 1, however, |1,i)1,| is not entirely contained inside the symmetric subspace. Instead, it is
split between the symmetric subspace and the antisymmetric subspace, defined as

Vg = {l¥) € (CY)®* | SWAP - [¢) = — [)}.

/ U®? [pm Y pm| U2 - dU =
U
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Like the symmetric subspace, the antisymmetric subspace is an irreducible representation of the unitary
group, which implies that for any vector |1/)B> € Vg,

II
2 1,02 _ H
| ooz wgiug Ut W = vy (8)

where I1 is the projector onto V. In addition, because the antisymmetric subspace is non-isomorphic to
the symmetric subspace, a result in representation theory known as Schur’s lemma states that for any vectors
|1/11:|j> € Vm and WJB> S VB’

| U wemig U1 - av —o, )
U

Hence, if we could simply split |1,4) into its symmetric and antisymmetric components, we could use these
formulas to evaluate Equation (6).
To this end, let us define the vectors

>. I 1 .. L
— )= —|i,5) — —=14,%), fori<j.

Note that the |[i][j]) vectors are elements of the symmetric subspace, and the ‘> vectors are elements of

R 1
|>_ |Z,’L>, |> \[|Z J> \/i‘],w, and

the antisymmetric subspace. In addition, they are orthogonal to each other by inspection, and in fact they
actually form an orthonormal basis for all of (C%)®2 as we can write the standard basis vectors as linear
combinations of these vectors:

i,i) = [[i]2]),  li,j) = fl-

From this fact, we can derive several useful consequences.

. 1 — 1 ] ) .
>, and i) = 7|17 - 5 >,forz<j. (10)

2

1. Because these vectors form an orthonormal basis for all of (C%)®2, they also form orthonormal bases for
their respective subspaces. Thus, we can conclude that dim(Vm) = d(d+1)/2 and dim(Vg) = d(d—1)/2.

2. Similarly, this means that the symmetric and antisymmetric subspaces together span all of (C%)®2. In
other words, (C*)®2 = Vi @ Vg.

3. Finally, since these vectors form an orthonormal basis for all of (C%)®2, they also form a complete
eigenbasis for SWAP, with eigenvalues +1 or —1. More succinctly, SWAP =TIy — HB'

We can now use these vectors to compute our desired expectation. In particular, when ¢ > 1,
1 1
/ U®2|[1,i)1,i| UM®? . dU = f/ U2 |[A] Y [1]i]| U2 dU + f/ U®2 ><l‘ Uhe?.qu
U

e o e

This we can analyze using our three integration formulas Equations (7) to (9), which tell us that for ¢ > 1,

Uh®2.qu.

1 Om 1
®211 4\1.4lUut®2. — . - )
/UU [1,iX1,4|U dU > dm(V, )+2 dim(Vg)
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Computing M,,,. Using our integration formulas, we can compute M,y as
d
Moy =d -y N / U2 |1,4)1,i| UP®2 - dU
i=1 u

=d-(d HL_F(d_l).(_l).(l IIm +1 g ))

" dim(Ven) 2 dim(Vem) * 2 dim(Vg)
_dd+1)  Ogm  dd-1) g
2 dim(Vm) 2 dim(VB )
=Im - Iig
— SWAP.

Now that we have computed M,y,, we can conclude our calculation of p’s first moment as follows:
E[p] = tri(Mayg - p® I) = tr1 (SWAP - p & I) = p,

where we have here used the fact that tr;(SWAP - A® I) = A for any matrix A € C?*<. This shows that p
is an unbiased estimator for p and therefore completes the proof.

1.7.2 The two copy case

Exploiting permutation symmetry. Next, let us illustrate how these ideas generalize to the case where
our input is two copies p® p. Here, there is a new feature not present in the single copy case, in that the input
has “permutation symmetry”, meaning that it is invariant under swapping the two registers. Mathematically,
this can be expressed through the equation

SWAP - p® p- SWAP = p® p.

One consequence of this is that p ® p commutes with SWAP, i.e. that p® p- SWAP = SWAP - p ® p, and so
p ® p and SWAP share a common eigenbasis. As we have seen, SWAP has two eigenspaces, a +1 eigenspace
corresponding to the subspace Vi and a —1 eigenspace corresponding to VB’ and so p ® p’s eigenvectors
also split into those that live in Vo and those that live in V. This means that p ® p can be written
as p®@p = pm + pQ; where p is a subnormalized mixed state entirely supported on Vg and rg is a
subnormalized mixed state entirely supported on VB'

Inside the symmetric subspace. In the case of two copies of p, the debiased Keyl’s algorithm begins
by measuring p ® p with the projective measurement {I1, HB }. Let us first consider the case when the
outcome X is equal to A = [T ]. This case occurs with probability tr(Ilrg - p®2) = tr(pm), and when it
occurs the state collapses to pm/tr(pm). Recalling that AT = (d+2,—1,...,—1), the debiased Keyl’s
algorithm will output an estimator p with eigenvalues AT /2. But what are its eigenvectors? To learn these,

we must perform a further measurement on the collapsed state prm/ tr(poo ), which lies within V. The
debiased Keyl’s algorithm uses the POVM

{dim(Vem) - U®? |[I[T]X[I]1]| UT®2 - dU}.

This is indeed a measurement on the space Vi, as

dim(Vep) - | U5 |[IIN(ITIV U = Mo

due to Equation (7). Letting U be the result of this measurement, the debiased Keyl’s algorithm outputs the

estimator

(d+2)
2

o]~ 5 <)oz - fuaual,

d
p=> Al |ui)u| =
1=1
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where |u;) = U - |i) for all 1 < ¢ < d. As in the single copy case, |u;) should be a rough approximation of
the largest eigenvector of p, or should at least have decent overlap with p’s larger eigenvectors, because the
probability density function of U is given by

Pr(U = U | p, (1] = tx ((dim(Vir) - U2 | TN A0 U792 - av ) - P20

tr(pm)

— S lB) () 202 [ITD) - av
[mm|
o) (ot )

In fact, this PDF scales not just with (1] UfpU |1) but with its square, meaning that |u;) should be even
better concentrated around p’s highest eigenvectors than it was in the single copy case.

Highest weight vectors. If, instead, the measurement outcome is A = H, then the state collapses to
pg/tr(pg). The debiased Keyl’s algorithm then performs within the Vg space the POVM

he2
Bl dU},

which is indeed a measurement due to Equation (8). As in the single copy case and the A = [T ] case, this
measurement is biased towards U’s for which U -|1) and U - |2) have good overlap with p’s largest eigenvectors.
In both the one- and two-copy cases, our measurements are chosen fixing a particular vector,

. 1
either |1>a |>7 or >7

and considering all possible rotations of this vector by a unitary matrix U. (Note that one can unify the
notation by observing that in the n = 1 case, the input space C? is also known as the irreducible representation
Vo, and within this representation |1) is written as the vector |[1]).) These vectors are chosen to have the
“most 1’s” possible within their subspace, then the “most 2’s” possible, and so forth, in order to bias the U’s
towards p’s largest eigenvectors, as described above. Vectors of this form are known in representation theory
as highest weight vectors; as a result, this measurement, which was first introduced by Keyl [Key06] in his
tomography algorithm, is sometimes referred to as the “rotated highest weight measurement”.

{dim(VB) U®?

Computing M,,;. Computing M, in the two copy case splits into two expressions, one for the symmetric
subspace and another for the antisymmetric subspace. Writing A = (2,0,...,0), the expression for the
symmetric subspace is

d
/ (dim (Ve ) - U2 [T X[ TP - dU) @ Y AL - U i) UT
U =1

d
— dim(Vem) - 3N / U®S TN @ |ijil U2 - au

i=1 v

Computing this involves computing the integrals

/ U®3 |[I[TIX[I]L]| ® |i)i| UT®2 . dU.
U

As in the n = 1 case, this not easy to directly compute because [[1]1]) ® i) is not contained inside an
irreducible representation of the unitary group over (C%)®3. Instead, we must first split this vector into a
component for each irreducible representation. As it turns out, the irreducible representations of the unitary
group on (C%)®?3 are labeled by Young diagrams A with 3 boxes, and in particular

. 1 - 2 |11 .
OTT) @ 1) = [IT) . and |>®|z>=¢;>+\/;\i Noforiz1
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where the vectors in the decomposition are elements of the irreducible representations corresponding to [ [ ]
and EP7 respectively. This process, in which we take a vector in an irreducible representation of the unitary
group corresponding, tensor on a |i) vector, and then decompose that into vectors which live in separate
irreducible representations, is known as a Clebsch-Gordan transform, and the coefficients that arise in this
process (for example, the coeflicients in Equation (11), as well as the coefficients in Equation (10)) are known
as Clebsch-Gordan coefficients. Computing this integral, and therefore computing M,y,, requires being able
to understand and manipulate these Clebsch-Gordan coefficients and evaluate large expressions involving
them. Eventually, we aim to show that M,y = % -SWAP; 3 + % - SWAP, 5. If this is true, then

= 1 1
Elp] = trg (Mavg pRpRI) = trg ((5 . SWAPL:; + 3 : SWAP273) PRPR I)

1
. tr[g](SWAPl,g PR PR I) + 5 . tr[g](SWAPQ,:’) PR PR I)

[N ORI

1
e (SWAP - p & 1) + o - try (SWAP - p@ 1)

proving that p is an unbiased estimator for p.

1.7.3 The general copy case
The case of general n closely resembles the case of n = 2 copies. First, our goal is to show that

Mayve = % - (SWAP1 41 + SWAP 11 + - - + SWAP,, 11), (12)
which implies that the debiased Keyl’s algorithm is indeed an unbiased estimator. (As an aside, we note
that the right-hand side of this expression is a well-known element of the group algebra C[S,,11] called the
Jucys-Murphy element.) Computing M,y then breaks into a separate sub-expression for each irreducible
representation of the unitary group corresponding to a Young diagram A with n boxes. For each such A,
computing this sub-expression involves taking the highest weight vector T* of A and applying the Clebsch-
Gordan transform to vectors of the form ‘T’\> ® |¢) in order to understand how these vectors decompose into
irreducible representations corresponding to Young diagrams with n + 1 boxes. Having done this, proving
Equation (12) then involves deriving exact formulas for certain complicated expressions involving Clebsch-
Gordan coefficients, which is made all the more difficult since for general n even individual Clebsch-Gordan
coefficients can be quite complicated themselves. We also then have to compute the second moment of our
estimator in order to prove Theorem 1.4, and this involves computing a formula for the matrix

M) =Y M;®p®p.
B

This is the most technically challenging part of our work, as it involves understanding the effect that two
back-to-back Clebsch-Gordan transforms have on a highest weight vector ’TA>.

In recent years, Clebsch-Gordan coefficients and the Clebsch-Gordan transform have become increasingly
central to the study of quantum computing and information. Perhaps their first appearance in the quantum
computing literature dates back to the efficient algorithm for the quantum Schur transform by Bacon,
Chuang, and Harrow from 2005 [BCHO05], but more recently they have been used to compute the dual and
mixed Schur transforms [Ngu24, GBO24], perform optimal qudit purification [LFIC24]|, efficiently implement
port-based teleportation [GBO24], take a quantum majority vote [BLM 23], and prove lower bounds on the
number of queries needed to invert a unitary [CYZ25]. To our knowledge, our work is the first to apply the
Clebsch-Gordan transform in the domain of quantum learning theory, though we expect that they will see
further use in this domain in the future. Our primary technical contribution, then, is to develop a host of new
tools for evaluating natural expressions that arise when studying Clebsch-Gordan coefficients, and we hope
that our tools will find further applications in future works which make use of the Clebsch-Gordan transform.
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1.8 Open problems

Our work leaves open a number of interesting follow-up questions, which we list below.

1. (Learning with very high probability) In this work, we have studied algorithms for quantum
tomography which succeed with a high constant probability, say 99%. But what if we want to succeed
with probability 1 — §, where § > 0 is a parameter which is allowed to vary? As we show in Section 2.2
below, an immediate corollary of our results is that n = O(d?/e? - log(1/§)) copies suffice to estimate a
mixed state p € C4*? to error ¢ with success probability 1 — § in both trace and Bures distances. (In
fact, in the case of trace distance, this also follows from the work of O’Donnell and Wright [OW16].)
However, it is natural to conjecture that a stronger bound of

g2 g2

0= 0% 4 1Bl

copies should hold for both distance measures. A similar bound is known to hold in the classical setting
of learning discrete distributions: in particular, n = O(d/e? + log(1/8)/e?) samples are sufficient to
learn a distribution p = (p1,...,p4) up to error ¢ with probability 1 — 4, in both trace and Hellinger
distances [Can20]. We note that a bound of this form, with some additional logarithmic factors, can be
derived from [HHJ 16, Equation 14], and so the challenge here is to achieve this bound precisely, with
no additional logarithms. One natural route for accomplishing this is to study higher moments of our
estimator, generalizing Theorem 1.4 beyond the second moment.

Let us note that this question also appears to be open in the case of tomography algorithms which use
independent measurements, even for learning in trace distance. It follows from [GKKT20, Theorem 2]
that n = O(d®/e? + d?log(1/d)/e?) copies are sufficient to learn in trace distance with independent
measurements (in fact, the uniform POVM tomography algorithm achieves this bound); on the other
hand, it appears to follow from the argument of [CHL*23] that n = Q(d3/e? + dlog(1/§)/e?) copies
are necessary in this setting [CL24]. We believe that closing this gap, and determining the bound for
Bures distance, is also an interesting open problem.

2. (Spectrum estimation) How many copies do we need to learn a mixed state p’s eigenvalues o =
(a1,...,a4)? This problem is certainly no harder than full state tomography, which requires learning
p’s eigenvalues and eigenvectors, and so n = O(d?/e?) samples, which suffice for tomography, also
suffice for spectrum estimation. But can we do better? Or does one first have to learn the eigenvectors
in order to then learn the eigenvalues? Currently, the best known spectrum estimation algorithm is the
EYD algorithm, and although it is known to only require n = O(d?/c?) copies [OW16], it is also known
to fail at spectrum estimation when n = o(d?/?) [OW15b]. On the flip side, in the classical setting,
it is known that n = O(d/log(d)) samples are necessary and sufficient to learn the set of probability
values {p1,...,pq} of a probability distribution p = (p1,...,pq) [VV11, VV17, HIW18] (which is the
classical analogue of a mixed state’s spectrum), which does outperform the n = (d) samples needed to
learn p itself.

Whether we can do better than full state tomography was recently resolved in the setting of algorithms
which use unentangled measurements by Pelecanos, Tan, Tang, and Wright [PTTW25], who showed
that n = o(d®) samples suffice for spectrum estimation, which beats the n = (d®) copies which are
required for full state tomography with unentangled measurements [CHL"23]. Their argument crucially
relied on the fact that we have guarantees for full state tomography with unentangled measurements in
the “very high probability” regime. As a result, we believe that a resolution of Item 1 above is likely to
help design improved algorithms for spectrum estimation with entangled measurements.

3. (Other distance measures) For the first time, our work shows optimal bounds for learning a mixed
state in Bures distance, which is a more stringent distance metric than trace distance. There are
even more stringent divergences than Bures which are commonly studied in the quantum information
literature, namely the quantum relative entropy and the Bures y2-divergence. How many copies are
needed to learn a state p for either of these two divergences? This question was studied by Flammia and
O’Donnell [FO24], who were motivated by the application of testing whether a bipartite quantum state
has zero quantum mutual information. In fact, combining our Theorem 1.6 with their Theorem 2.34
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1.9

produces a tomography algorithm on rank r states p € C?*¢ which learns in quantum relative distance

error € using only n = O(rd/e) - log(d/e) copies, improving on the bound in their Corollary 1.8 by a
factor of log(d/e) (see their Page 12 for a computation of their precise bound). But the best lower
bound we know for this problem is n = Q(rd/e) (which follows from the Bures distance lower bound
of [Yue23]), suggesting that n = O(rd/e) might be the optimal upper bound.

(Efficient algorithms for Keyl’s measurement) Although the algorithms we consider in this work
are sample-efficient, they are not yet known to be computationally efficient. The one exception is when
n = 1, as it is known that the uniform POVM tomography algorithm still works if one substitutes
the Haar random unitary used to specify the measurement basis with a random unitary chosen from
a unitary 2-design or 3-design, depending on one’s application [GKKT20, HKP20]. This yields an
efficient algorithm, as there are examples of 2-designs and 3-designs, such as Clifford unitaries, which
are computationally efficient to sample from. Can Keyl’s measurement be made efficient for general n?

(Optimality of the debiased Keyl’s algorithm) Is the debiased Keyl’s algorithm the optimal
entangled tomography algorithm? This is of course not a well-defined question, but perhaps one way of
making it formal is asking whether the debiased Keyl’s algorithm is the minimum variance estimator
among all unbiased estimators, where the variance is defined as E ||p — p||3. We show in Lemma 3.9
below that the answer is yes, at least for a large family of estimators based on Keyl’s measurement, but
this doesn’t rule out an even better unbiased estimator which uses a different measurement. A good
starting point for proving this, if it is indeed true, is the n = 1 case and the general n pure state case.

(Simpler proofs of our bounds) Can our proofs be made simpler? As we mention in Section 1.7.1,
there is a substantially simpler proof than the one we use that the debiased Keyl’s algorithm is unbiased
in the n = 1 case; could this proof be generalized to larger n? More broadly, is there a more conceptual
reason why our algorithm gives an unbiased estimator, beyond just what we learn from working out
the Clebsch-Gordan coefficients? Possibly even one that doesn’t involve representation theory? There
have been several instances in quantum learning in which results which were first derived using heavy
representation theory were then given new proofs which are substantially cleaner and more conceptual
(e.g. the new proof of the mixedness testing upper bound from O’Donnell and Wright [OW15b] due to
Badescu, O’Donnell, and Wright [BOW19], and the new proof of the mixedness testing lower bound
from [OW15b] due to O’Donnell and Wadhwa [OW25]). It would be interesting if the same could be
done here.

Paper organization

This paper is organized into five parts.

o

Part I contains this introduction, as well as preliminaries and a full description of the debiased Keyl’s
algorithm. The preliminaries contain general background material on quantum learning theory, as well
as an overview of all the representation theory needed to state the debiased Keyl’s algorithm.

Part II contains all five of our applications. This part uses Theorems 1.3 and 1.4, our main results
concerning the first and second moments of the debiased Keyl’s algorithm, as a black box. With the
exception of the tomography with limited entanglement application, which relies on some lemmas from
the trace distance tomography section, the applications are meant to be self-contained and readable in
any order.

Part III contains an introduction to the Clebsch-Gordan transform and the Clebsch-Gordan coefficients.

Part IV uses the Clebsch-Gordan technology developed in the previous part to prove Theorems 1.3
and 1.4, our first and second moment bounds.

Part V is an appendix which contains a technical result that we make use of in our first and second
moment proofs. Informally, it shows that the algorithm for the Schur transform due to Bacon, Chuang,
and Harrow [BCHO5] also happens to compute a specific choice of basis for the irreducible representations
of the symmetric group known as Young’s orthogonal basis. Previously, it was known only that it
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computes a Young- Yamanouchi basis, a more general class of bases of which Young’s orthogonal basis
is a specific and especially convenient example.
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are supported by the NSF CAREER award CCF-233971.

2 Preliminaries

We use boldface to denote random variables, and define [d] = {1,...,d}. Additionally, we will use J;; for
the Kronecker delta, that is, d;; :== 1[i = j].

2.1 Quantum distances

We first review the quantum distances (and divergences) that we will use throughout this paper. The
interested reader is encouraged to refer to [BOW19] for a systematic treatment of these quantum distances
and their relationships.

Definition 2.1 (Schatten p-norm). Let M € C?*¢ be a matrix with singular values Ay, --- , \g. The Schatten
p-norm, for p > 1, is defined as
d 1/p
Il = ()
i=1

Let p, o € C?™%4 be quantum states.
Definition 2.2 (Trace distance). The trace distance between p and o is
Dup, ) = 5ll0 — ol
Definition 2.3 (Fidelity). The fidelity of p and o is

F(p,0) = VAVl = try/v/pov/a.

Our version for the fidelity of quantum states is sometimes referred to as the “square root fidelity”. Since
fidelity is not a metric, we use the closely related Bures distance metric.

Definition 2.4 (Bures distance). The Bures distance between p and o is

Di(p,0) = V/2(1 — F(p, o).

Definition 2.5 (Bures y2-divergence). The Bures x?-divergence of p from o is given by the following formula

when o is a diagonal full-rank state with eigenvalues (a1, ..., aq):
2
D o)=Y Npij — oij%
XZ(/) || ) = a; + a; |sz 1J|

In this paper, we will compute the trace distance of matrices that are not necessarily PSD, or even
Hermitian, as well as the the fidelity, Bures distance, and Bures y2-divergence of sub-normalized PSD matrices.
The definitions given above can be extended to these cases using the same formulas. We now state some
useful results about the quantum distance measures above. The first set of inequalities relates trace distance
and fidelity [NC10, Section 9.2].

Lemma 2.6 (Fuchs-van de Graaf inequalities). 1 —F(p,0) < Dy (p,0) < /1 —F(p,0)?.
The Fuchs-van de Graaf inequalities can be used to show a pair of inequalities between trace distance and

Bures distance.

25



Corollary 2.7. iDg(p,0)* < Dy (p,0) < Dg(p, o).
Bures distance is also related to the Bures y2-divergence, via the following inequality.

Lemma 2.8 (Proposition 2.31, [FO24]). Dg(p,0) < /Dy2(p || 0).

Finally, the Gentle Measurement Lemma gives an expression for the fidelity between pre- and post-
measurement versions of a state.

Lemma 2.9 (Gentle Measurement Lemma [Win02]). Given a quantum state p and a projector 11, let p| be
the post-measurement state if p is measured with the projective measurement {11, I — I} and II is obtained.
Then

(1 - %DB(paph_l)z)Q = F(p’ph—[)z = tI‘(H . p)

2.2 Learning with high probability and amplification

Our goal throughout this paper is to obtain tomography algorithms that output an estimator which is e-close
to the true state, in some distance D, with low probability of failure. Such an algorithm is said to succeed
“with high probability”. The exact threshold for success is not particularly important, but for concreteness,
we will take it to mean with probability at least 0.99.

Sometimes our algorithms involve multiple (though, a small number of) steps, which each, individually,
might only succeed with high probability themselves (possibly conditioned on the success of prior steps). We
can use a union bound to lower bound the success probability of the overall algorithm. For example, an
algorithm consisting of three steps, which each succeed with high probability, succeeds with probability at
least 0.97. However, we have now dropped under our threshold. Fortunately, there is a standard procedure
we may apply to amplify the success probability over 0.99, with only a constant factor increase in the number
of samples, and a constant factor increase in error.

Let D be a metric (e.g. trace distance, or Bures distance). Consider a tomography algorithm .4 that takes
as input n samples of a state p, and outputs an estimator p such that D(p, p) < e with probability at least,
say, 0.51. We define a new algorithm A’ that uses n’ = O(n - log(1/6)) samples, and outputs a state p’ such
that D(p, p) < 3¢ with probability at least 1 — ¢.

The new algorithm divides the samples into k = O(log(1/6)) groups of n samples, and executes A on
each group of samples to obtain estimates py, ..., p;. Then A’ will output an estimate p, maximizing the
following quantity:

N; = |{j € [} | D(3;. 5;) < 2},

See, e.g. [HKOT23, Proposition 2.4] for details.

For our purposes, we will set § = 0.01, and thus A’ succeeds with high probability with n’ = O(n) samples,
with a constant factor degradation in error. If A scales, say, inverse-polynomially in e, then A’ can be used
to output estimates to the same accuracy, with high probability, with the same overall sample complexity.

2.3 On low-rank tomography algorithms

Our algorithms will often take copies of a rank-r quantum state p, and output an estimator p that is close to
p in some distance. However, it is not necessarily the case that p is, itself, a rank-r state. However, when we
are dealing with tomography in some metric (e.g. the trace distance, or Bures distance) there exists a generic
transformation to our algorithm that makes it output an estimator p’ of rank r.

Remark 2.10. Let D be a metric. Also let A be a tomography algorithm that takes n samples of a rank-r
state p and outputs an estimator p, not necessarily of rank r, such that D(p, p) < e with high probability.
Then there exists a tomography algorithm A’ that takes n samples of a rank-r state p and outputs a rank-r
estimator p’ such that D(p’, p) < 2¢ with high probability.

The new algorithm A’ will set p’ to be the rank-r quantum state that is closest to p in the metric D.
Since p is also rank-r, this means that p’ is at least as close to p:

D5, 7)) < D(p, ).
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Thus D(p, 'ﬁ/) < ¢ with high probability. From the triangle inequality, we conclude that with high probability,
D, p) < D@, 5) + D(p, p) < 2.

2.4 Representation theory

In this section, we review the representation theory needed to describe the debiased Keyl’s algorithm. For
a more detailed treatment of applying representation theory to quantum learning algorithms, see [Wril6,
Chapter 2].

2.4.1 Basics

The symmetric group S, is the group of permutations of the set [n]. The unitary group U(d) is the group of
d x d unitary matrices. More generally, for V' a complex, finite-dimensional Hilbert space, U (V) is the group
of unitary operators on V.

Definition 2.11 (Representations). Let G be a group. A complex, unitary, finite-dimensional representation
(henceforth, a representation) of G is a pair (u, V'), where V' is a finite-dimensional, complex Hilbert space,
and p : G — U(V) is a group homomorphism. That is, u(e) = Iy, p(g) is unitary for all ¢ € G, and
w(g-h) = p(g) - u(h) for all g, h € G. The dimension of the representation, denoted dim(u), is the dimension
of V.

Commonly, a representation of G, (u, V'), is referred to either by p or V', when the meaning is clear from
context.

Definition 2.12 (Characters). Let G be a group, and let p be a representation. The character of p is the
function x, : G — C given by x,(g) = tr(u(g)).

Definition 2.13 (Intertwining operators). Let G be a group, and let (1, V1) and (usg, V2) be representations
of G. Then a map T : V; — V, is an intertwining operator, or intertwiner, if T - p1(g) = pa(g) - T for all
g € G. We say T intertwines py and pso.

Definition 2.14 (Isomorphic representations). Let G be a group, and let (u1, V1) and (s, Vo) be repre-

sentations of G. We say p1 and ue are isomorphic representations if there exists an invertible map 7" that
G
intertwines p; and pa. We write g = pg, or, if we want to emphasize the group, u1 = ps.

Definition 2.15 (Irreducible representations). Let G be a group, and let (i, V') be a representation of G. A
subspace W C V is invariant if p(g) - W C W for all g € G. An invariant subspace is trivial if W = {0}
or W = V. The representation p is irreducible if V' has no nontrivial invariant subspaces. An irreducible
representation is also called an irrep for short. The set of all isomorphism classes of irreducible representations
of G is denoted G.

We will usually fix an irrep p; from each isomorphism class, and identify G with the set {pi}

Lemma 2.16 (Schur’s lemma). Let G be a group, and let (1, V1) and (u2,Va) be two irreducible representa-
tions of G. Let T : Vi — Vy intertwine p1 and ps. If py and ps are non-isomorphic, then T = 0. If instead

p1 = po, then
_tx(T)

~dim(uy)

The following result, which we will make frequent use of, can be shown using Schur’s lemma.

Lemma 2.17. Let G be a group, and let (u1, V1) and (us2, V2) be unitary, isomorphic representations of G.
Then there exists a unitary U : V1 — V4 intertwining py1 and us. That is, for all g € G,

U-pi(g) - U = pa(g).
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Definition 2.18 (Direct sum of representations). Let G be a group, and let (ui, V1), ..., (ux, Vi) be
representations of G. Then the direct sum of py, ..., py is the representation (u, V'), where V:i=V; @--- @V,

and pu(g) == p1(g) ® - ® pk(g), for all g € G. Equivalently, we can write u(g) = Zle i)t @ wilg).
Generally, each representation p; may appear multiple times. If p; appears m; times, we also write
uw= @le m; - g, and refer to m; as the multiplicity of p;.

Definition 2.19 (Complete reducibility). Let G be a group, and let (i, V') be a representation. Then p is
completely reducible if
k
p= @ mi - i,
i=1

with each p; irreducible.
Finite-dimensional unitary representations are completely reducible.

Definition 2.20 (Restriction of representations). Let H be a subgroup of G, and let u be a representation
of G. The restriction of p to H, a representation of H, is denoted mf;}, and is given by

i (h) = p(h).

The restriction of an irreducible representation may itself be reducible. Branching rules describe how
restrictions decompose into irreps.

Definition 2.21 (Branching rules). Let H be a subgroup of G, and let p be a representation of G. A
branching rule is a statement of the form:

H

w2 @ i

meﬁ

If m; € {0,1} for all i, then we say the branching rule is multiplicity-free.

2.4.2 Partitions and Young diagrams

Definition 2.22 (Partitions). Let n be a nonnegative integer. A partition of n is a finite list of nonnegative
integers A = (A1,...,A\y) such that Ay > Ay > - > A, > 0and Ay + -+ + A, = n. We write A - n. The
size of X is |A| = n, and the length of A\, denoted (), is the largest index ¢ with A\; > 0.

Remark 2.23. Partitions which only differ by some number of trailing zeroes are considered equivalent. As
we will see later, when considering the problem of learning a quantum state p € C%, only partitions of length
at most d will be relevant to us. In this case, we will often view a partition as a tuple of length exactly d.

Partitions have diagrammatic representations known as Young diagrams.

Definition 2.24 (Young diagrams). Let A - n. The Young diagram of shape X is a diagram counsisting of n
boxes, organized into £(\) left-justified rows, such that the i-th row contains \; boxes. We will also refer to
boxes as cells.

Figure 3: The Young diagram above corresponds to the partition A = (6,6,2,1), with |A\| = 15 and £(\) = 4.

See Figure 3 for an example of a Young diagram. We use the following non-standard definition to refer to
a consecutive group of rows with the same length, something that will be useful for describing our family of
unbiased estimators.
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Definition 2.25 (Blocks in Young diagrams). Let A\ = (A1,...,A;) F n be a Young diagram. Then
{i,i+1,...,7} is a block of X if
Ai = Aig1 == Ay,

and A\;_1 > A; when ¢ > 1, and A; > A\;11 when j < d.

In the Young diagram in Figure 3, {1,2}, {3} and {4} are blocks. If we regard the corresponding partition
as a tuple of length d, and d > 5, then {5,...,d} is also a block.

Definition 2.26 (Standard Young tableaux). Let A - n. A standard Young tableau (SYT) of shape A is a
filling of A with the numbers {1,...,n}, such that the entries strictly increase both from left to right, and
from top to bottom. The set of all SYTs of shape A is denoted SYT()).

Definition 2.27 (Semistandard Young tableaux). Let A F n, and let d be a positive integer. A semistandard
Young tableau of shape A and alphabet [d] is a filling of A\ with numbers from [d], such that the entries weakly
increase from left to right, and strictly increase from top to bottom. The set of all SSYTs of shape A and
alphabet [d] is denoted SSYT(A, d).

4] 6] 2[3]

’\Iw»—l

’wl\ﬁb—l
w

Figure 4: Let A = (4,2,1). On the left, a standard Young tableau of shape A. On the right, a semistandard
Young tableau of shape A and alphabet [3].

Notation 2.28. We use the following additional notation.
e We also write O to denote the Young diagram corresponding to A = (1).
e The box in the i-th row and j-th column is denoted by (i, 7).
e The content of (i, ) is conty(i,7) == j — 1.

e The hook of (i,7) is the set of boxes in A, (k,£), such that i =k and j < /¢, or j = ¢ and i < k. The
hook-length of (i,7), denoted hooky (i, 7), is the number of boxes in the hook of (i, 7).

e If S'is an SYT of shape A\, and m € [n] is the label of box (7, 7) in S, then we also write contg(m) =
cont (4, 7).

e Let A and p are Young diagrams such that £(u) > ¢()), and suppose for each i € £(\) we have \; < p;.
We can view \ as a subset of the boxes of i, and write A C u. We also write p\ A for the subset of
boxes of p not in A.

o If A\ C pand |u\ Al =1, then we write A u. The Young diagram of u can be obtained by adding a
single box to some row of A. If this is the i-th row, we also write p = A +¢e;, or A = p — e;.

o If A C u, and p can be obtained from A by adding some number of boxes to A, such that none of these
additional boxes are in the same column, we write A 3 u. Equivalently, the row-lengths of A and g
interlace, meaning p;+1 < A\; < p; for all 4, so that Ag < pg < Ag—1 < -+ <o < A1 < .

2.4.3 The irreducible representations of S,

We now describe the irreducible representations of the symmetric group. For more, see [Sag01] for general
theory, [Har05, Chapter 7] or [VOO05] for subgroup adapted bases, and [VOO05] for Young’s orthogonal
representation and the Jucys-Murphy element.

Theorem 2.29. The irreducible representations of S, are indexed by partitions A F n.
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Figure 5: Four Young diagrams. On the left is A = (3,2,1). The remaining Young diagrams are u;, for
1 =1,2,3. Each p, satisfies A\ C p;, with the boxes of p\ A shaded. We have A 7 py, with 3 = A + eo,
since the additional box is in the second row. The shaded box in p; is (2,3), and the content of this cell is
cont(2,3) = 1. Both uy and po satisfy A < p;, since there is at most one added box per column. However,
A Z s, since there are two additional boxes in the third column.

O A | o

Figure 6: On the left, a sequence of Young diagrams (/\(i))iem, each obtained from the last by adding a

single box. The new box is shaded in each diagram. On the right, the SYT of shape A(®) corresponding to
the chain. The box added at the i-th step is labeled +.

Definition 2.30. The irrep corresponding to A is (kx, Spy ), where Sp, is called the Specht module. We will
abbreviate dim(ky) by dim(\).

The symmetric group has the following branching rule.

Theorem 2.31. Let A n be a partition. Consider S,_1 as a subgroup of Sy, via the embedding that maps
T € Sp—_1 to the permutation on [n] that fizes n and permutes everything else according to w. The branching

rule for Ky, restricted to Sy,_1, is
(K is @ K.

[T
Note that the branching rule is multiplicity-free.

A multiplicity-free branching rule can be used to construct an explicit orthonormal basis for each irreducible
representation. Such a basis is generally known as a subgroup adapted basis. We now outline this construction
for the symmetric group. From Theorem 2.31, we have the following decomposition of vector spaces.

Sp)y, = @ Sp,,- (13)
[Ty

Taking the summands to be orthogonal reduces the problem to finding orthonormal bases for Sp,,. We now
recursively apply the branching rule to S, _1, Sp—2, ..., S to obtain

P Spa@- (14)

AL AR . iz (n=1) san

1

Spy

However, since S7 is the trivial group, Spy ) is a one-dimensional subspace, and contains a unique vector (up
to phase). As a result, Sp, decomposes into the direct sum of one-dimensional subspaces indexed by chains
of the form 00 =\ AR ... A\(=1) A n — X\ Moreover, such chains are in bijection with standard
Young tableaux of shape A\, where the number i € [n] is placed in the box in the unique cell in A \ A(@=1)
(taking A(9) = @). See Figure 6 for an illustration.

The above construction gives us a canonical decomposition into one-dimensional subspaces. Taking these
subspaces to be orthogonal, and choosing a unit-norm vector in each subspace gives us a Young- Yamanouchi
basis.

Definition 2.32 (Young-Yamanouchi basis). Given A F n, a Young- Yamanouchi basis for Sp, has a unit
vector |S) for each standard Young tableau S of shape A, associated to the corresponding one-dimensional
subspace in Equation (14).
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Corollary 2.33. dim()\) = |SYT(A)|.

Young-Yamanouchi bases are canonical up to a choice of phase in each basis vector. Young’s orthogonal
basis is a particularly nice basis, in which each permutation is represented by an orthogonal matrix.

Definition 2.34 (Young’s orthogonal basis). Let A - n. Young’s orthogonal basis is a particular Young-
Yamanouchi basis, which can be specified by the action of the transpositions (i,i+ 1), for ¢ € [n —1]. If ¢ and
i+ 1 occur in the same row of S, then

ka(iyi+1)-|S) = +1S).
If, instead, ¢ and ¢ 4+ 1 occur in the same column of S, then
pa(iyi+1)-1S) = — IS).

Finally, if ¢ and ¢ + 1 occur in neither the same row nor the same column of S, then swapping the locations
of i and i + 1 in S gives us another valid SYT S’, and

1 1 )
50y w1

When written in this basis, the representation xy is also known as Young’s orthogonal form. Henceforth,
we will take k) to mean Young’s orthogonal form, unless otherwise mentioned.

For a group G, the group algebra C[G] is the associative algebra whose elements are formal linear
combinations of group elements with complex coefficients. The multiplication of basis elements is inherited
from the group’s operation, and can be linearly extended to multiplication of generic elements. Representations
can be extended to the group algebra, as p(3_, cigi) = >, cip(gi)-

Jucys-Murphy elements play a prominent role in our analysis.

kaliyi+1)-]9) =

where Ag(i) :== contg(i + 1) — contg(i).

Definition 2.35 (Jucys-Murphy element). For ¢ € [n], the k-th Jucys-Murphy element is the element of the
group algebra C[S,,] given by
X = (j,i).
j<i

Theorem 2.36. Let A+ n. Consider kx(X)) as an operator on Spy. Then Young’s orthogonal basis is an
eigenbasis of kx(Xy), with
kx(Xi) - |S) = contg(i) - |S)

for all standard Young tableaux S of shape .

We will sometimes identify X} with its action on a representation space, and use X}, in place of P(X}) or
kA(Xk) whenever the representation is clear from context.

2.4.4 The irreducible representations of U(d)

In this section, we describe the irreducible representations of the unitary group. For more, see [GW09].

Definition 2.37 (Polynomial representations). A finite-dimensional representation (u, V') of a matrix group
G is polynomial, if, expressed in some basis of V, every matrix element p(g);; is a polynomial in the entries
of g € G.

A representation being polynomial is a basis-independent notion, since if the entries of 1(g) are polynomials
in one basis, then they are also polynomials in any other basis.

Theorem 2.38. The polynomial irreps of U(d) are indexed by partitions \ of length at most d. The irrep
corresponding to X is written (vx, Vi1), where Vi is called the Schur(-Weyl) module.
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Since vy is polynomial, we can extend the domain to be all matrices M € C4*¢. Also, note that here we
have an irrep corresponding to the empty partition, A = &.
We now turn to the characters of these irreps.

Definition 2.39. Let x4, ..., 24 be indeterminates. For A\ F n, the Schur polynomial sy(x1,...,zq) is the
degree-n homogeneous polynomial defined as sy(x1,...,24) == > o, where the sum is over all SSYTs T of
shape A and alphabet [d], and

Here, wyp(4) is the number of boxes of T' labeled by i.
Theorem 2.40. Let U be a unitary with eigenvalues oy, ...,aq. Then x,, (U) = sx(a1, ..., aq).

We can extend the domain of sy to all M € C4*? by s, (M) = tr(vy(M)).
Next, we construct an explicit orthonormal basis for each polynomial irrep of the unitary group using the
following result.

Theorem 2.41. Let X be a partition with £(\) < d, and fix a basis {|i)};cjq). For d > 2, consider the
embedding of U(d — 1) into U(d) via the following map:

U 0
UH[O 1].

Under this mapping, we can identify U(d — 1) with its image, a subgroup of U(d). When restricted to U(d —1),
we have the multiplicity-free branching rule

U(d ~
g (@ = @ w),
Bn3A
L(p)<d—1,

We can use this branching rule to decompose Vi as
d ~ d—1
e @ v
B3
£(p)<d—1,
As in the construction of Young’s orthogonal basis in Section 2.4.3, we can recursively restrict, eventually
decomposing
1
@ V)\(l) )

A<=
(A<

1%

14

where \(™ = \. However, since U(1) is Abelian, and since Vi, an irrep of U(1), V) is a one-dimensional
representation, and contains a unique vector, up to phase. Hence, V/\d is isomorphic to a direct sum of
one-dimensional subspaces labeled by chains

where £(A\())) < i. Every such chain can be associated bijectively to a semistandard Young tableau of shape A
and alphabet [d], by filling the boxes of A(® \ A1) with the number i, for each i € [d]. See Figure 7 for an
illustration.

Choosing a vector in each one-dimensional subspace gives a Gelfand-Tsetlin basis.

Definition 2.42 (Gelfand-Tsetlin basis). Given A with £()\) < d, the Gelfand-Tsetlin (GT) basis for V! has
a unit vector |T') for each semistandard Young tableau T' of shape A\ and alphabet [d].

Corollary 2.43. dim(Vi$) = [SSYT(A, d)|.
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Figure 7: On the left, a sequence of Young diagrams (A(");c (s}, such that A < X+ and ¢(A®)) < 4. The
new boxes added at each step are shaded in each diagram. On the right, the SSYT of shape A(®) corresponding
to the chain. The boxes added at the i-th step are labeled i.

The dimension of Vi can be computed using the Weyl dimension formula [GW09, Equation (7.18)]:

dim(V{) = ] A=A+ G =4 (15)

i
1<i<j<d J

It is also given by Stanley’s hook-content formula [Sta99, Equation (7.21.2)]:

d + cont (i, 7)

dim(Vi) = ] hook (4, )

(B,5)€X

(16)

Certain GT basis vectors, called the highest weight vectors, play a prominent role in Keyl’s algorithm and
our debiased version.

Definition 2.44 (Highest weight SSYTs, highest weight vectors). The highest weight SSYT, denoted T, is
the SSYT of shape A for which every box in the i-th row is labelled ¢. The corresponding GT basis vector,
|T™), is called the highest weight vector.

’CO[\')H
V]
V]
]

Figure 8: The highest weight SSYT of shape A = (5,4, 1).

We conclude this section with an example which will be particularly important to us later on: the irrep
corresponding to A = (1).

Example 2.45. The irrep V(‘{) turns out to be isomorphic to the defining representation, in which which U
acts on C?* as itself. The Gelfand-Tsetlin basis is the computational basis {|i)};e[q (up to phase).

2.4.5 Schur-Weyl duality

In state tomography, we are given as input n copies of some unknown state p, i.e. we are given the state

p®™. In this setting, there are two particularly natural representations of the groups S,, and U(d), acting on
(Cd)®n.

Definition 2.46. The groups S, and U(d) have the following representations acting on (C?)®". The
representation P () acts by permuting the n tensor factors according to 7, i.e. P(") () acts on a standard
basis element |i1) ® -+ - ® |iy,) as

P () ia) @ -+ @ lin) = |in-1(1)) ® -+~ ® |in-1n))
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The representation Q™ (U) acts on each tensor factor as U, i.e. Q™ (U) acts on a standard basis element
as

QUDW) fin) @+ @ lin) = Ulia) @ - @ U lin).
We will often just write P(7) and Q(U), when n and d are clear from context.

Since P () and Q(U) commute for any choices of m and U, the product P - Q forms a representation of the
product group S,, x U(d). Schur-Weyl duality provides us with a nice decomposition of this representation
into products of irreps of S, and U(d).

Theorem 2.47 (Schur-Weyl duality). Consider the representation P - Q of S,, x U(d). The action of this
representation on (C?)®" decomposes as

(€= P Spye Vi

AFn
(N <d

Therefore, there exists a fived unitary L{é@ such that for all m € S, and U € U(d), we have

UL - PR -USY = 3 XA @ k() @ ma(U). (17)
AFn
L(N)<d

In Section 11 we will construct the unitary US(&),, though for now, it suffices to know that such a unitary

exists. After changing basis with Z/{é(;\),, we will refer to the second register as the permutation register, and
the third register as the unitary register, since S,, and U(d) act on these registers only. The collection of
vectors of the form |A) ® |S) ® |T), with A Fn, S € SYT(A), and T € SSYT(A,d) forms the Schur basis.
The A-subspace is the subspace spanned by Schur basis vectors with fixed \. We write II for the projector
defined by

USy - T - USYT = AL @ Taimmr) @ Ty "

Recalling that the domain of Q can be extended to all matrices M € C?*? we can apply Schur-Weyl
duality to the state p®", regarded as P(e) - Q(p), with e the identity permutation. This gives us the following
result.

Corollary 2.48 (Schur-Weyl duality for quantum states). There is a fized unitary change of basis L{S(TVL&,
and therefore an allowed quantum mechanical transformation, that puts an arbitrary input state p®™ into the
following form:

u(n) ®n U n)]L Z IAYA| @ Idlm()\) ® valp).
ey

In other words, there is a fixed change-of-basis unitary which simultaneously block-diagonalizes all possible
input states.
As a further example, which will be useful to us later, we have

Ul P U = ST A © ka(Xk) @ Lygnvy

A-n

LX) <d

Yo > comts(k) - [N @ [SYS]© Ly, (19)
An SeSYT(N)

L(N)<d

using Theorems 2.36 and 2.47. Thus, in the Schur basis, the Jucys-Murphy element acts diagonally.
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2.4.6 Weak Schur sampling

Definition 2.49 (Weak Schur sampling). Weak Schur sampling (WSS) refers to performing the projective
measurement {IIx} i ¢(x)<a on p®", and induces a probability distribution on partitions A - n, denoted

WSS, (p).

If p has spectrum « = (a1, . .., aq), weak Schur sampling yields outcome A with probability
P A=\ = tr(I[,p®") = dim(\) - t = dim(A) - . 20
BT A=A = () = dim() - (0 () = dim() - 5a(0) (20)

Remark 2.50. Suppose p has rank r. Recall that the boxes of an SSYT are strictly increasing as we move
down a column. Therefore, any SSYT with more than r rows necessarily has a box containing a number
larger than r. Therefore, each term of s)(«) contains at least one «; for i > r (see Theorem 2.40). So if
£(X\) > r, then s)(a) = 0. That is, we always receive a Young diagram A with £(\) <.

If we perform WSS on p®", and obtain outcome ), the resulting post-measurement state is

I - p®n - TI,
tr(IIy - p®n)

Tgimny _ va(p) )
=" (I ( ) Uy 21

SW MA@ dim()) @ sx(a@) SW (21)
Note that, in the Schur basis, the first two registers contain no quantum information, and may be discarded
as they are classically simulable.

3 The debiased Keyl’s algorithm

Here, we formally introduce our unbiased entangled tomography algorithm. In Section 3.1, we describe Keyl’s
algorithm. In Section 3.2, we formally state our debiased version of Keyl’s algorithm. Lastly, in Section 3.3
we show that in addition to our debiased Keyl’s algorithm, there is an entire family of unbiased estimators for
quantum state tomography. Some of these estimators have simpler descriptions than our original estimator
and will be useful in some intermediate steps of our proofs. We also show that our original debiased Keyl’s
algorithm is the family member with the minimal variance.

3.1 Keyl’s algorithm

Keyl’s algorithm leverages tools from representation theory to perform quantum state tomography [Key06]. It
starts by performing weak Schur sampling, and uses the Young diagram A  n it receives to form an estimate
for the spectrum of p, as described in Section 2.4.6. It continues by measuring in the irrep V)‘f to learn an
estimate for the change of basis unitary that rotates the computational basis onto the eigenbasis of p, using
the highest weight vector introduced in Definition 2.42. Finally, it combines these ingredients to produce an
estimate for the state p itself.

Definition 3.1 (Keyl’s algorithm). Given n copies of a quantum state p € C%:

1. Perform WSS on p®" to obtain a Young diagram X F n, and the corresponding state px, as in
Equation (21). Discard the first two registers, leaving only vx(p)/sx(@). Set a9 = A/n.

2. Measure in Vi using the POVM My, where My = { My} is a POVM whose elements are labeled by
U € U(d) and defined as follows:

My p = dim(Vy) - vA(U) [TAXTx| va(U)' - dU,
where dU is the Haar measure on U(d). Let U be the measurement outcome. We write U ~ Kx(p).

3. Output p:=U - & - U,
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Equivalently, Keyl’s algorithm can be described by a single measurement, with outcomes labeled by the
pair (A, U), and

Mg =USQ" - (dim(VE) - A © Timn) @ 0 () [TNT a (0)F - U ) - UG- (22)
To see that the POVM described in the second step of the algorithm is a valid POVM, let us define
Ny = / M,y = dim(Vy) / v (U) [TaXTa|va(U)T - dU.
U U

For My to form a POVM, we need Nx = Iy vg). We note that for any V € U(d),
(V) Nava (V)T = dim(Vy) / vA(VU) |TaXT | vA(VU)T - dU
U
= dim(V/\d)/ (W) |TAXT>| va(W)T - dW = Ny,
w

so that Ny is an intertwining operator. Here we have defined W = VU, and used the left-invariance of the
Haar measure. Then, since v, is an irreducible representation, Schur’s lemma (Lemma 2.16) implies that
Nx = tr(Nx) - Lgim(vay/ dim (V). However,

(V) = dim () | 5 (U) [T () - 40 = (V) | U7 = dim(V3).

so that Ny = Lgiy(vga)-
We next provide some intuition for why the second step is able to learn a unitary that approximately
diagonalizes p. We have
tr(Mv - va(p)) = dim(Vy') - (Ta|wa(UTpU) |T3) - (23)

As noted by Keyl [Key06, Equation 141], it turns out that the matrix elements (7| vx(UTpU) |Ty) can be
re-expressed as Ay (UTpU). This quantity is defined for a matrix Z € C?*¢ as

d
[Tomzr e,
i=1

where pm,; is the i-th principal minor of Z, and we take A\g;1 = 0. Since UTpU has eigenvalues a; > --- > ay,
and pm, (UTpU) < TT;_, a;, we have

Ai
Oéi .

(T | vA(UTpU) | Ty) = Hpm Ut U ,\1+1<HH NiAipr _

1=17=1 7

.

1

This maximum is attained if and only if UTpU is diagonal in the computational basis, with decreasingly
sorted eigenvalues. In other words, this maximum is attained if p = U - diag(ay, ..., aq) - UT, so that U is the
change of basis unitary rotating the computational basis onto the eigenbasis of p. Therefore, the probability
density of obtaining U is maximal at the correct unitary.

3.2 The debiased Keyl’s algorithm

Keyl’s algorithm measures a Young diagram A - n and a unitary matrix U € U(d), and outputs U - (A/n)- U'.
In order to debias Keyl’s algorithm, it turns out that we can perform a simple, deterministic transformation
on A, called donation, and output U - (donate(A)/n) - U T. Donation and the debiased Keyl’s algorithm were
both defined in the introduction, but we restate their definitions here for convenience.
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L | donate

Figure 9: Take d = 5. On the left is the Young diagram corresponding to A = (4,4,2,1,0), with d = 5. On
the right is donate(\) = (7,7,2,—1, —4). The gray-colored boxes correspond to rows with a negative length.
Note that donate()\) is not necessarily a Young diagram, since it may have negative entries, but donate(\) is
a weakly decreasing list of integers with sum |A|, and donate(\) is constant on the blocks of A.

Definition 3.2 (Young diagram box donation; Definition 1.1, restated). Let A = (A1,...,Aq) be a Young
diagram. Then donate(\) € Z¢ is the vector defined as

1—1 d
donate(N); = \i — Y 1 > A+ Y 1[N > Al
j=1 j=i+l

Intuitively, each row of the Young diagram A\ “donates” a box to each row which starts off longer than it
and receives a box from each row which starts off shorter than it. Note that donate()\) need not be a Young
diagram, even if ) is, as it might have negative entries. We will also use the notation AT for donate()\).

See Figure 9 for an example of donation.

Definition 3.3 (Debiased Keyl’s algorithm; Definition 1.2, restated). Given n copies of a quantum state
p € C¥d the debiased Keyl’s algorithm works as follows.

1. Measure p®" as in Keyl’s algorithm (Definition 3.1), producing a Young diagram XA = (A1,...,Aq) F n
and a unitary matrix U € U(d).

2. Set & = A'/n. Output p=U -a-U".

In Section 13, we prove that the debiased Keyl’s algorithm is, in fact, an unbiased estimator of p.

3.3 A family of unbiased estimators

Note that our estimator is equivalent to performing Keyl’s algorithm, and then replacing the empirical Young
diagram A/n with @. It turns out that in addition to the algorithm given in Definition 3.3, there is a family
of related unbiased estimators that use slightly different Young diagram transformations than AT. In this
section, we describe this family of unbiased estimators, while highlighting a few particular members that we
will use in our proofs. We end this section by showing that the original estimator & is the family member
with the minimum variance.

We start by defining the set of legal Young diagram transformations, which generalizes the box donation
from Definition 1.1.

Definition 3.4 (Legal Young diagram transformation). A map f from Young diagrams to R? is a legal
Young diagram transformation if for all Young diagrams A = (A1,...,\q), ¢ = f(\) € R? is a vector that

satisfies
S h= Y
i€B i€B
for every block of rows B in A.

In words, any Young diagram transformation f of A F n is legal if the total number of “boxes” in a block
B after transformation f (allowing for the possibility of negative or, more generally, real-valued amounts of
boxes) equals the number of boxes in that block after the box donation transformation of Definition 1.1. An
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donate staircase

Figure 10: Two examples of legal Young diagram transformations for A = (3,3,3,2,1,1). The Young diagram
A has 3 blocks that consist of the first three rows, the fourth row, and the last two rows, respectively. The
diagram on the left is the one produced from the original box donation algorithm: AT = (6,6,6,1, -3, —3).
The one on the right can be obtained by moving boxes within its blocks, and it coincides with the staircase
box donation from Definition 3.7: AT" = (8,6,4,1, —2, —4). The gray-colored boxes correspond to rows with
negative lengths.
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equivalent condition is that any legal transformation f can be obtained from AT by arbitrarily redistributing
boxes among the rows in the same block B. In addition to having real-valued lengths which may be negative
or non-integral, the resulting shape is not necessarily a Young diagram, also due to the possibility of non-
monotone row lengths, as illustrated in Figure 12. Given any legal Young diagram transformation, we can
define an unbiased estimator for entangled state tomography.

Definition 3.5 (Family of unbiased estimators). Suppose we are given n copies of a mixed state p € C4*¢,
For any legal Young diagram transformation f, we define an estimator as follows.

1. Measure p®" as in Keyl’s algorithm, producing a Young diagram X = (A1,...,Ay) F n and a unitary
matrix U € U(d).

2. Set X' = f(A) and @ = X /n. Output p' =U -& - U".
We will often use the term legal estimator to refer to such an estimator.
We will prove in Section 13 that all legal Young diagram transformations produce unbiased estimators.

Theorem 3.6 (All legal estimators are unbiased). Let p' be the output of a legal estimator when run on p®™.
Then E[p'] = p.

Below, we highlight a few legal estimators that will be useful for proving the results in this paper. We
start by defining the staircase estimator, which is perhaps the simplest one, as its defining Young diagram
transformation can be described using a closed-form expression.

Definition 3.7 (Young diagram staircase box donation). Let A = (A1,...,Aq) be a Young diagram. Then
staircase()\) € Z< is the vector defined

i—1 d
staircase(A); =\ — Y 1+ > 1=X—(i—1)+(d—i)=X\+d—2i+1.
j=1  j=itl

Compared to the original box donation from Definition 1.1, in the staircase donation transformation, each
row of the Young diagram X\ donates a box to each row above it, regardless of whether they started with the
same row length. We can also model it as a two-step process, where each row first donates boxes according
to the original box donation algorithm, and then the rows further donate one box to each row above them
in the same block. Since the second step only involves moving boxes within the same block, it does not
change the total number of boxes in each block. This confirms that the staircase donation transformation is
a legal donation transformation. We include a diagram of staircase(A) in Figure 10. Similar to donate(\),
staircase(A) need not be a Young diagram, due to potentially negative entries.

Using this Young diagram transformation, we define the staircase estimator and use the notation A\ :=
staircase(\) and &' := A" /n. The final state estimate from this algorithm is denoted by p'' = U -a'" - UT.
We chose the double arrow superscript notation for this specific estimator, since we view the staircase box
donation as a more “extreme” version of the original box donation.

The advantage of the staircase estimator is the simple closed-form expression of the transformation A,
For this reason, the staircase estimator plays a central role in proving our expressions for the first and second
moments. In particular, we first prove in Section 13 that ﬁTT is an unbiased estimator, and then extend this
result to all legal estimators, including our original estimator p as in Theorem 1.3. Moreover, it turns out
that the staircase estimator achieves the optimal sample complexity for tomography problems over general
states, when the number of copies required is n = (d?). However, it can be suboptimal in the special case
when p is promised to be of low rank. One example is the pure state case, where weak Schur sampling always

produces the tableau A = (n,0,...,0). The two estimators will have spectra
~ n+d—1 1 1 A~ n+d—1 d—3 d—5 —d+1
a=|———,...,—— a'' = .
n ) n’ ) n ) n ) n ) n ) ) n

Observe that ﬁﬁ is far from any pure state because the absolute sum of all of its eigenvalues except the
first one is going to be O(d2/n). This implies that p'! is only guaranteed to be close to a pure state when
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[ ] [ ]

Figure 11: The original, staircase, and rank-2 Young diagram transformations for A = (2,2,0,0).
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Figure 12: The transformations of A = (1,1,0,0) represented above are also legal transformations, even
though some of them seem weird. Indeed, the transformation on the right gives a shape whose row lengths
are not monotonically decreasing.

the number of samples is n > d?, which is much more than the optimal bound of O(d/e?). The issue with
the staircase transformation is that the large negative eigenvalues increase the variance of our estimator,
and thus, we require more samples to approximate its true mean. As a result, when dealing with low-rank
states, it will not suffice to use the staircase estimator if we want optimal bounds. However, there is a
natural modification to the staircase estimator for the case of low-rank states, which reduces its variance
while keeping its simplicity.

Definition 3.8 (Young diagram rank-r box donation). Let A = (\1,...,\s) be a Young diagram, with at
most r nonzero rows. Then staircase,(\) € Z¢ is the vector defined as follows.

, {Ai+d—2¢+1 i<r
staircase,(\); = .

—r ie{r+1,...,d}.

We first argue that this Young diagram transformation is a legal one. We model it as a two-step process:
First, each row donates boxes according to the staircase algorithm. Since A has at most r nonzero rows, there
is a block of rows of A that includes the last d — r rows. The total number of boxes in the last d — r rows of
the block after the staircase donation is n — Y ._,(\; +d — 2i + 1) = —(d — r)r, which is a multiple of d — r.
The second phase of the box donation will have the last d — r rows donate to each other until they have the
same number of boxes, for a total —r each. The last step only involves donations within the same block, so
the total number of boxes in each block does not change from the first phase. As the staircase transformation
is legal, we conclude that the rank-r donation procedure is also legal.

First, observe that the transformation staircase,(\) also has a simple closed-form expression. Using this
Young diagram transformation, the final estimator will be p' = U - & - UT, where &' = staircase, (\)/n.
Moreover, when p is a rank-r state, the absolute sum of the d — r smallest eigenvalues of p’ will be O(rd/n),
compared to O(d?/n) for ﬁﬁ. Looking forward, we will prove that this “rank-r” modification to the staircase
estimator suffices to achieve the optimal bounds for rank-r states, where the number of copies required is
n = Q(rd).

Finally, we prove that the original estimator is the one with the minimum variance among all unbiased
estimators from Definition 3.5.

Lemma 3.9. The estimator that corresponds to the Young diagram box donation of Definition 1.1 has the
minimal variance among all estimators in the family of estimators from Definition 3.5.

Proof. Let p=U -a-U' for @ = AT/n be the original unbiased estimator, and let p’ = U - & - U' be
the unbiased estimator that corresponds to a legal Young diagram transformation f. Since f is a legal
transformation, it holds that for any A obtained from weak Schur sampling, &’ has the same total weight as
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& on each block of A, but not necessarily uniformly distributed among each row. The expected distance of p’
from p in the Schatten 2-norm is

EI7 — sl =EI@ - 5)+ 3 03
—BJF - A3+ 2 B ((
=E[p - pl3+2-Etr ((
=E[p - pl3+2-Etr ((
=E|a' —al;+2 -Etr ((a

/

p)(p—p) +Elp—pl3
P)P) —2-Etr (7'~ p)p) + Ellp— ol
'~ P)p) +Elp—pl3 (Ep=Ep' =p)

—a)a) +E|p - pl3. (24)

/

5 -
5 -
5 -
~1/

In the last line, we have used the fact that p’ and p are simultaneously diagonalized by U. Now fix a tableau
A and consider a block of indices with A; constant. We will analyze the contribution of the first two terms on
this block. Without loss of generality, let this block of indices be {1,...,m}, and let { }m , and {ul}m
be the entries of f(\) and AT respectively on the rows in this block. Note that ji; = i == + ZJ 1 1 for all
i€{1,...,m}. Then we have

DG = fi)® 23 (- )i = Y — )+ 22(,@; -
i i=1 i

=Y ar —%Zuﬁmu +2MZ/~%—2mu

i=1 i=1 i=1

m m 2
;Zﬁ?@Zﬁ;) >0,
i=1

i=1

where the last inequality follows from Cauchy-Schwarz. Since &’ and & are diagonal matrices with entries
f(A)/n and AT /n respectively, we conclude that for every tableau A produced by weak Schur sampling, the
first two terms of Equation (24) are positive, and thus

Var(p') = B3’ — pll3 = Blp - o} = Var(p). O

Remark 3.10 (Unitary invariance of Keyl measurement). Throughout this paper, we will consider distances
or divergences that are unitarily invariant, that is, distances D that satisfy D(p, o) = D(UpUT,UcU?"). Any
algorithm from our family of unbiased estimators, when run on a state p = V - a - V1 with spectrum «, has
the form:

A~SWHa), U~Kx(p), a=dag(f(A)/n), p=U-a U

Here, f is some legal Young diagram transformation. It holds that
D(p,p) =D(U -a-U"\V.a-V)=D(VU-a UV, a).
Moreover, from Equation (23) we see that
tr(My vy - val@)) = dim(V) - (Th | vA(UTVaVTU) |Ty)
= dim(VY) - (Ta| ia(UTpU) [Ty) = te(Myu - va(p)-

In words, the probability density of U under Kx(p) is equal to the probability density of VIU under Kx(a).
Therefore, when analyzing a unitarily invariant distance, we may assume, without loss of generality, that
p = « is diagonal, and our algorithm operates as follows:

.U,

Q)

A~SW'a), U~ EKx(a), &=dag(f(\)/n), p=U-
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Part 11
Applications

4 Full state tomography in trace distance

In this section, we formally prove Theorem 1.5, that our debiased Keyl’s estimator can learn a rank-r quantum
state to trace distance ¢, using O(rd/s?) copies of p. Our bound matches the upper bound from Corollary 1.4
of [OW16], and the lower bound from Theorem 1.1 of [SSW25].

Theorem 4.1 (Theorem 1.5 restated). Let p be a rank-r quantum state, and p be the output of the debiased
Keyl’s algorithm when run on p®™. Then Dy (p, p) < € with high probability when n = O(rd/e?).

Before we prove the main theorem of this section, we prove a bound on the variance of our estimator p.

Lemma 4.2 (Variance of p). Let p be a quantum state, and p be the output of the debiased Keyl’s algorithm
when run on p®™. Then

~ —~ 2d  d?-Ef(X
Var(p] = Blp — pf < 24+ T BN,
n n
Proof. Since p is unbiased, we have
Ellp - ol = Btr (5 - p)?) = Etr(3) — Etr(p?) = Etr(5°) — tr(s2). (25)
We use our expression for the second moment from Theorem 1.4 to write
Etr(p’) = Etr (p® p- SWAP)
=tr (E[p ® p] - SWAP)

-1 1 E/{A
_ tr(p@p-SWAP)—l—ﬁtr(p®f—|—[®p)+ n( ) -tr(I ® I) — tr(Lower, - SWAP)

n 2
2d  d®-El(\
< tr(p®) + —+ T()

In the last step, we are able to drop tr(Lower, - SWAP), since Lower), is a positive linear combination of
terms of the form (P ® P) - SWAP, and since tr((P ® P) - SWAP - SWAP) = tr(P ® P) = tr(P)?. Plugging
this back into Equation (25) completes the proof. O

We are now ready to prove the main result of this section.

Proof of Theorem 4.1. Since p has rank r, the Young tableau A that we obtain from weak Schur sampling
will have at most r nonempty rows (see Remark 2.50). Let us decompose p as

ﬁ=U~6¢>O~UT—|—U~&:0-UT:ﬁ>0+ﬁ:0,

where
LX) d
Qo= Y auli)il = > aulifil, a—o:= Y auli)il= > alifil.
=1 ,A; >0 ’L:E(A)+1 i,A;=0

In words, we split p into the state we obtain from the top £(\) eigenvalues (that correspond to nonempty
rows of the Young diagram A), plus the state from the bottom d — £(A) eigenvalues (that correspond to the

empty rows of A). Observe that a; = —Z(T)‘) for all i > ¢(A), and thus

d
po=U- (- i) ot =N,

i=0(A)+1 "
where II_g is some projector of rank d — £(A). By the triangle inequality,

Ellp — pli < Elpso = plli + Ellpol- (26)
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First, since p_, = 74%‘) -TI_g and (X)) <r

~ L(A) T
Pl = = (d— o) < =
Next, by Cauchy-Schwarz and Jensen’s inequality:

150 = Pl < V2r - E[[pog — pll2 < vV2r - \/E[p5o — oll3.
Then, we have
E[p.o = l3 =Ell(® — p) = oll3 = Ellp — pll3 = 2Etr((p — p)P—o) + Ellp_o|3-
We expand the second term as follows
2E4((p— p)Po) = 2E tr(pog + Po — P)Po)
=2Etr(p>o - P—o) + 2E[p_o|l3 — 2Etr(p- )
= QEHﬁ:oH% —2Etr(p- p_y),

where we have used the fact that tr(pg - p_y) = tr(@so - @=g) = 0, as @~ and a—y are supported on
complementary subsets of computational basis vectors. Thus E|p-, — p||3 becomes

B[ — pll2 = Bllp — pl3 + 2B tr(p- o) — Elp_oll3 < Bllp — pl3 + 2Bt py).
Then, since ¢(A) is always at most r, Lemma 4.2 implies that

2d  rd?
E|lp—pl2< =+ —.
lp=plly < —=+—3

Moreover,
—~ LA
tr(p-p_g) = —(T) ~tr(p - =) <0.
Thus,
~ 2d  rd?
E|p.o—rl3 < peul e (28)

Plugging Equations (27) and (28) into Equation (26), we get

N drd  2r2d?2  rd
E|p—pl: < T+ 5= 1+ —,

n n

which is O(g) when n = O(rd/e?). O

Alternative proof using Young diagram statistics. There is another way of proving Theorem 4.1
without relying on our second moment calculation. Let p’ = U - & - U' be the member of the family of
unbiased estimators that uses the rank-r box donation transformation from Definition 3.8. The spectrum of
~/ .

p satisfies

-~/
=
! ie{r+1,...,d}.

r
n

{A,-er;ziﬂ i<

We will obtain a slightly weaker bound for the variance of p as follows: Var[p] < Var[p'] < 24 + %2. We
proved the first inequality in Lemma 3.9, and for the second inequality, we write

Var[p'] = Etr(p?) — pa(a) (Equation (25))
d
Z 1 — p2(a

d

+ > Cr (29)

i=r+1

r

Z +(d— 22—1—1))
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The first term is related to the second moment of the row lengths of the Young diagram random variable A.
Fortunately, these moments can be computed using Kerov’s algebra of observables of diagrams [Wril6]. In
particular, the following member of this algebra captures the second moment of a Young diagram A:

P5(A) = Zd: ((Ai —i+ ;)2 — (—i+ ;>2> = zd:()\f —Xi(2i —1)).

i=1 i=1

Proposition 2.34 of [OW15b] computes the expectation of this polynomial to be

E[p;(A)] = n(n — 1)pa(a). (30)
We conclude that
1 d 1 r 7’2d
(29)< B ; Xi(2i=1)) |+ —E ;)\i(2d—2i+1 Z: —2i41)? )’ + —5 —p2(a)
1 . - r2d
< — -E[p; ZM +F*p2(0‘)
i=1
2d  rd?
< -~ + — (Equation (30), Y>i_; Ai =n)

Given the variance bound, we can prove the statement of Theorem 4.1 using the same proof.

5 Full state tomography in Bures distance

In this section, we formally prove Theorem 1.6, that our debiased Keyl’s estimator can learn a rank-r quantum
state to Bures distance ¢, using O(rd/c?) copies of p. Equivalently, O(rd/d) samples suffice to learn to
infidelity error 6. This matches the lower bound proven in [Yue23].

This section is structured as follows.

1. As a warm-up, we present in Section 5.1 a simpler argument that shows how to learn a full-rank
quantum state p to Bures distance ¢ using O(d?/e?) copies.

2. The complete argument for rank-r states appears in Section 5.2.

3. As a further application of our Bures distance tomography result, we present in Section 5.3 an algorithm
for learning a bipartite pure state |¢) , 5 with Schmidt rank r using O(r(d4 + dp)/e?) copies of |¢) , 5.

Let us now make a couple of remarks that will be useful in multiple subsections below. First, we will use the
Bures x2-divergence to bound the Bures distance, both of which are unitarily invariant. Following Remark 3.10,
we will therefore assume throughout this section, without loss of generality, that the state we are trying to
learn p is diagonal with sorted eigenvalues o = (a,...,aq). Second, we will use the following lemma to
upper bound the expectation of the square of the entries of p.

Lemma 5.1. Given a rank-r diagonal mized state p € C*% with eigenvalues oy, . .., aq, let p be the output
of the debiased Keyl’s algorithm on p®™. Then

Qita; T

E [|IA)”|2] < |Pij|2 + ox

Proof. Using the fact that p is Hermitian, we write

E [|p;;I°] = Elpi; - p;l =E [ (il p15) - (1| pi)] = (ij] - Elp® 5] - |ji) .
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We use our second moment result from Theorem 1.4 to deduce that E \’ﬁijP is equal to

n—1 . 1, . E[(A . . . ..
- (ijlp@plji) + = (ij| (p @ I + I ® p) - SWAP |ji) + [n( )]-(zg|SWAP|yz>—(zg|Lowerp|yz>

n 2

n—1 1 . E[e(X .. .
=P P s gl (0@ I+ 1@ p) i) + P i) Lower, L)
1 E[((A)]
< lpul* + E(Piﬁ-/’jj)‘f' 2
< |p¢j|2 + aitay + (Because £(A) < r when p is rank r)

n?’

The first inequality follows from our characterization of Lower,: we can expand (ij| - Lower, - |ji) as a positive
linear combination of terms of the form

(ij] - (P @ P) - SWAP |ji) = (ij| - (P ® P) - |ij) = Py; - P;; > 0,
where the last step uses the fact that P is positive semidefinite. O

In contrast to learning in trace distance, the Bures distance introduces additional challenges that we have
to overcome in the following subsections:

1. The first one is that our debiased Keyl’s algorithm can return a matrix p with negative eigenvalues.
Since the definition of the Bures distance involves the square root of matrices, it is not well-defined for
an estimator that is not positive semidefinite.

2. The second challenge arises because we use Lemma 2.8 to upper bound the Bures distance by the Bures
x2-divergence, which is sensitive to the small eigenvalues of p. Thus, we would like to make sure that
the eigenvalues of p are large enough to obtain a useful bound on the Bures x2-divergence.

To deal with these challenges that are specific to the Bures distance, we will use two modified estimators
in Sections 5.1 and 5.2 that go beyond our debiased Keyl’s estimator.

5.1 Full-rank tomography

The main result of this section is an algorithm for learning a mixed state p to Bures distance e using O(d?/&?)
copies. We deal with the second challenge of learning in Bures distance, that is, when p has some eigenvalues
which are too small, by first applying the depolarizing channel to each copy of p with noise rate C - &, where

2
n
C is a constant that we will choose later. That is, we obtain copies of the regularized state

2 2
p = (1_C.d).p+c.d.l,
n n d

Note that we will ultimately take n = ©(d?/c?) large enough so that the above procedure is well-defined
(i.e., the noise rate does not exceed 1). The depolarizing noise implies that each eigenvalue of p’ is at least
C- %2 . % =C- %, and as we will see, our Bures y2-divergence argument does not have to deal with eigenvalues
that are too small.

We will show that when the number of samples is n = ©(d?/e?), the original p and depolarized state p’
are O(e)-close in Bures distance. Thus, we will use the debiased Keyl’s algorithm to produce an estimate p
that is O(e)-close to p’ in Bures distance, and it will also be a good estimate for the original state p.

In addition, we will show that the regularized state also deals with the first challenge of learning in the
Bures distance, which is the negative eigenvalues of the estimator. In particular, we show in Lemma 5.2
that there exists a constant C such that the eigenvalues of the estimate p are all non-negative with high
probability.

Lemma 5.2. Let p' be a diagonal mized state with sorted eigenvalues of, ..., !, and p be the output of the
debiased Keyl’s algorithm when run on (p')®™. There exists a constant C such that, if the eigenvalues of p’
are all at least C - d/n, then p is a positive semidefinite matriz with high probability.
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Proof. Recall that p =U - & - U', where & is obtained by performing the Young diagram box donation
procedure on A and normalizing by n. Then the smallest eigenvalue of p is lower bounded by

ag > Ad_d-

. (31)

Our goal is to show that @y is non-negative. For this, we will need to understand the distribution of A
when drawn from SW"(a’). Theorems 1.4 and 1.5 of [OW17] give bounds on the first and second moments
of Aj respectively. In particular, for k € [d] and vy, = min{1, aj d}, the first moment of Ay satisfies

apn — 2y/vgn < \ SV]\E]) ( /)[Ak] < ayn + 2/vn, (32)

and the second moment of \; satisfies

Al m)2
A~SW™ () [(Ax — apn)?] < O(ven). (33)

We can bound the variance of A4 using Equations (32) and (33):
Var{A, = B [~ B = B [((h — afn) + (aln — BIAGD)]

<

>m oy

[2(Aq — afn)® + 2(aln — ];J[)\d])ﬂ < O(vgn). (Cauchy-Schwarz)
Now we will use the fact that vy < a/;d to deduce that

E (o/)[}\d] > aln — 24/ alydn, Var([\;] < O(o/ydn).

A~SW™

So, Chebyshev’s inequality says that with high probability, A4 is within O(y/Var[A4]) < O(y/a/jdn) of its
expectation. In particular, there exists a constant C’ such that, with high probability,

Ad > agn — C'\/and.

Therefore, from Equation (31), it suffices to show that we can pick our C' large enough so that

ayn —C'yJalnd —d > 0.

From the AM-GM inequality, C'\/a/nd < 2aln + 1(C’)%d, and thus it suffices to show that
1 1

Setting C' to be a constant at least (C")? 4 2, and recalling that o/, > C - ¢, we conclude that

1 / 1 1\ 2 1 1 1\2

Z | = D g — — > (.

Qadn (2(0) +1)d 26’ 2(C) 11d>0 O
We are now ready to prove the main result of this subsection: that ﬁ is a good estimator for p in Bures

distance.

Theorem 5.3 (Bures distance tomography). Given a mized state p € C¥*? n = O(d?/e?) samples suffice to
output an estimator p such that Dg(p, p) < & with high probability.

Proof. Let C be the constant from the statement of Lemma 5.2, and let p’ be the state we obtain when we
apply the depolarizing channel with noise rate C - d?/n to p:

o= (1—0-%2)-p+0-

d2
n

Ul ~
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We will take n > C' - d? /%, and thus the noise rate does not exceed 1. We will denote the eigenvalues of p’ by
al,...,a/;, and observe that the smallest eigenvalue of p' is at least C' - d?/n-1/d = C - d/n. On the other
hand, this regularized state p’ is still O(e)-close to p in Bures distance, since

1 1 1 1
DR ) < Duslp, ) = 5lo— p'lls < SIC @ fn - pll + 51C - @ fn - T/l = O(d? fm) = O().

As a result, it suffices to learn p’ up to O(e) error instead of p. From Lemma 5.2, we know that running
the debiased Keyl’s algorithm on (p’)®™ will produce an estimator p that is positive semidefinite with high
probability. Hence the Bures distance between p and p’ is well defined, and can be upper bounded by

E[Ds(p.0)] <E[\/Dy@0)] < VEDe®]0)] (34)

The right-hand side of the above equation becomes:

d d

_ 2 _
E D)) = > 7 B lpy =iyl 2:a+a E [[pi; "] = 163, 1?) - (35)
i J

ij=1

Let us consider the term corresponding to a fixed pair (4, j):

2 R 2 ol + o d
o Jroz;, ’ (E “pijﬂ - |ng‘2) < o +Oé;» : ( o ! 4 112> (Lemma 5.1)
< 2 +0 )= 0 k] (ol ol > Q(d/n) = o+ > Qd/n))
n n n : 1) — i j =

Equation (35) has a total of d? terms, each of which is at most O (1) in expectation. We conclude that

d

T 2 ~ 21 g2 dj
BDep1 )] = 3 o B 107 P <o (%)

From our choice of n > C - d?/e? = O(d?/e?) sufficiently large, it holds that C - d*/n = O(g?), and
E [D,2(p]l p')] < O(g?). We conclude from Equation (34) that with high probability:

E [DB(paﬁ)] < DB<p7 p/) +E [DB(p/aﬁ)} < O(E)

The theorem statement follows by reducing € by a constant factor, and applying Markov’s inequality to
deduce that Dg(p, p) < € with high probability. O

5.2 Low-rank tomography

The main result of this section is an algorithm for learning a mixed state of rank r to Bures distance € using
O(rd/e?) copies.

Theorem 5.4. Given a rank r mized state p € C™*4 n = O(rd/e?) samples suffice to output an estimator p
such that Dg(p, p) < & with high probability.

Recall the first challenge of learning in the Bures distance, which is the fact that p is not necessarily a
positive semidefinite estimator. In the full rank case of the previous subsection, we dealt with this challenge by
applying a particular depolarizing channel to each copy of our input state p to obtain copies of the regularized
state p’. We then showed that the debiased Keyl’s algorithm on (p')®" will output a positive semidefinite
estimator p with high probability, as long as the eigenvalues of p’ are sufficiently large.

In the low rank case that we consider now, the number of samples does not suffice for this argument to
succeed. Instead, we will execute our debiased Keyl’s algorithm on the copies of the original state p®™ to
produce p, shift its eigenvalues by r/n, and renormalize:

p=—(pt 1)
Py rma\P Ty '
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Since the smallest eigenvalue of p is at least —€(X\)/n > —r/n, the resulting state p is positive semidefinite
and will serve as our low-rank estimator for the Bures distance.

We deal with the second challenge of learning in the Bures distance, which is sensitivity of the Bures
x2-divergence on the small eigenvalues of p, by following a strategy similar to the one Flammia and O’Donnell
use in [FO24, Corollary 3.20] to analyze their Bures distance estimator. In particular, we will bound the
Bures x2-divergence between p and p when restricted to the large eigenvalues of p. We then show that the
small eigenvalues of p do not contribute much more to the Bures distance.

To define the restriction of a state to a subset of eigenvalues, we introduce the following notation, which
appears in [FO24, Notation 2.1].

Notation 5.5. Let 0 € C?*? be a matrix, and R C [d]. We define o[R] € CIEIXIEl to be the submatrix of o
formed by the rows and columns in R.

Note that when o is a quantum state, o[R] may have trace less than one, but by Cauchy’s interlacing
theorem below, it still holds that every eigenvalue of ¢[R] is in [0, 1].

Theorem 5.6 (Cauchy’s interlacing theorem, [Fis05]). Let A € C™*4 be a Hermitian matriz with eigenvalues
A <o < g, and R be a subset of [d] of size d — 1. Then the Hermitian matriz B = A[R] € Cld-1)x(d=1)
has eigenvalues 1 < -+ < pug_1 that satisfy

A< <A< < g < g1 < s

Roughly speaking, we will define R C [d] to be the subset of indices corresponding to the large eigenvalues
of p, and thus the expression

2

— ~,._ 2
ai+aj |pz] pi]‘

D (BR[| plR]) = >

,JER

will capture the contribution of the large eigenvalues to the Bures y2-divergence. Note that this expression is
well-defined as long as «; > 0 for each i € R.
In addition, we use o"°"™[R] to denote the normalized version of o[R].

Notation 5.7. Let 0 € C%? be a quantum state, and R C [d]. Then o"°™[R] € CI®IXIBl is the |R|-
dimensional quantum state given by

o[R]
norm R = .
T
Notation 5.8. For a mixed state o and projector II, we use
I = II-0-11
o= tr(IL - o)

to denote the post-measurement state if o is measured with the projective measurement {II, I — IT} and the
outcome II is obtained.

Observe that if II is the projector onto the space defined by the subset R, then the matrices o"°"™[R] and
o|n correspond to the same quantum state, with the difference that the latter matrix corresponds to the
state that lives in the larger ambient space C4*4.

Proof of Theorem 5.4. To make sure that our constants work out, we will always set n > 400 - rd/e2. Recall
that we can assume without loss of generality that p is diagonal with eigenvalues aq,...,a;,0,...,0. We
define R to be the subset of indices i such that a; > =, and L = [d] \ R to be the remaining indices that

correspond to eigenvalues less than . Given these two subsets, we define the projector II to project onto the
eigenvectors of p that lie in R. That is,
=" |i)il.

i€ER

Since L is the complement of R, the matrix I — II projects onto the eigenvalues that correspond to the
subset L.
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We will prove the theorem by using the triangle inequality to write

Dg(p, p) < Dg(p, pln) + Ds(plu, plu) + Ds(plm, p), (36)

and bounding each of the three terms by O(e) with high probability. We bound the first and third terms
using the Gentle Measurement Lemma (Lemma 2.9) on p and p. Recall that the Gentle Measurement Lemma
relates the Bures distance between a state o and the post-measurement state o with the following trace:

(1- %DB(J, O'|H)2)2 =tr(Il- o).

For the third term, we note that L is the subset of the eigenvalues of p smaller than -, and since there
are at most r nongzero eigenvalues in total, we have

For the first term, we bound tr(II - p) by computing the expectation of the diagonal entries of p:

v (BlPal + ) = g (e 1)

E[ﬁii] =

This means that

n r n 2r n 2rd 2rd 2rd 1
E¢R [pis] = ; ntrd +n —§n+rd n ~n+rd n n+rd ~ n — 200 c

Since p is positive semidefinite, the random variable tr((I —1II) - p) = >, p;; is nonnegative, and Markov s
inequality implies that tr((I—II)-p) < +-£% with probability at least 0.99. This implies that tr(II-p) > 1—

with high probability. Therefore, for the rest of this proof, we condition on the event that these 1nequahtles
hold with high probability. A straightforward application of the Gentle Measurement Lemma implies that

(1 %D%(plmp))z =1-0(?) = Dj(pln.p) < O(?), (37)

and
(1-5D3(@. ) =1-0(*) = Di(5pln) < O(2). (39)

Our argument for bounding the second term of Equation (36) will contain several steps. First, we use
the second moment expression of the debiased Keyl’s estimator to bound the Bures y2-divergence between
the unnormalized states p[R] and p[R]. We then use this to deduce a bound on the Bures y2-divergence
between the normalized states p"*"™" [R] and p"°™[R], which also implies a bound on their Bures distance,
by Lemma 2.8. Finally, we observe that the same bound holds for the Bures distance between p|r and p|,
since (p"""™[R], p"°"™[R]) and (p|m, p|r1) correspond to the same pair of states, with the difference that the
first pair lives in the space spanned by R, whereas the second pair lives in the entire ambient space C4*¢.

For the first step, we write

E D, (pR] || p[R])] = > o ia, ‘E[|py; — il = D o j_a, (B [Py ] = lpis1?) - (39)
i,jeER " J i,jeR " J

Let us consider the term from Equation (39) that corresponds to a fixed pair (i, j):

2 5 2 2 a+a; T
a; + o ' (E [|Pij|2] — |pijl ) < @t : < ! i .+ n2> (Lemma 5.1)
2 1 3 o
St -=-. (l,]ER:>ozl+o¢J_2nT)
n o n n
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Equation (39) has a total of |R|? < r? terms, each of which is at most % in expectation. We deduce that

. 2 e 9 3r2 9
E D (p[R] [ olR)] = 3 (B [yl ~ loil’) < == < O(). (40)

ijen i T
We now turn our attention to bounding E [D,2 (p[R] || p[R])]. From our definition of p, it holds that
~ byt ) i=4,
pPi; = n o~ .
mrd " Pij i#J
Then we write

B Dy (AR pIR)] = 3 —— B3, - pil’

o; + o
i,jeR " 7

:Zaiia |p1] +Zi Elpzz al‘]

i,jER ier Vi

i#]
2 n 2 1 n r
- Bl 2l 2ol (e ) o
Zaﬂ—aj n+rd Pii +;ai n+rd p“+n “

i,jER
i#j

2}. (41)

The first term can be bounded using E [|ﬁ “Pij |2] < E[|p;;|?]. We bound the second term as follows

2205 ) o] =B g 2 o]
n+rd \"" n n+rd """ n+rd
:E[ﬁ,ﬂw+41i rd_ 5. j
i n+rd n+rd TP

2
] (Cauchy-Schwarz)

2
~ rd .
2
ssEH@fﬂqﬁ+3() +3Cd)-mmaﬂ
We plug these bounds back into Equation (41) to obtain
E Dy (pLR] || p[R))]
2 E[p,P LB —al] 43 (0) S s (M) S LR,
—— E [|p;] }Jrgza} E [|p;; — il ]+3(n) Zai+3<n> Za» E [|p;;]?]

a i,jeRa Ty ieR " i€R ier "
i#£]
N 32 A\’ 1 .
< 3E D, (p[R] | p[R])] + % +3 (2) > — E[pul].
3

i€ER

Here, the second inequality follows because all «; in R are at least - and there are at most r of them, so that
Y icR O} < n. Now we bound the last term as follows:

i. 5..121 = i S 12
Za' EUP“H_Z% E [[p; — i + il?]

ierR " i€ER
<2 Z a%- -E [|py; — ail’] +2 Z % o (Cauchy-Schwarz)
i€ER iER
< 2B [D,»(pIRI | lR))] +23 e
1ER

<2E [D,:(p[R] | p[R])] + 2.
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Hence

E (D, (3L] || [R)] < 3B D (LA | )] + 2 + 3 (%) B DR r)) +2)

< 0(e?). (Equation (40))

Therefore, Markov’s inequality implies that D2 (p[R] || p[R]) < O(e?) with high probability. For the rest of
this proof, we condition on the event that the above inequality holds.

Now, we would like to translate our restricted Bures y2-divergence bound on the (potentially) unnormalized
states p[R] and p[R] to the restricted Bures y2-divergence between their normalized versions p"*"™[R] and
p"°"[R]. Recall that p"*"™[R], p*°™[R] € CIFIXIEl n particular, for i, j € R, we will need to rescale the
entries of the two states as follows

(ﬁnorm[R])ij _ tr(ﬁl[R]) . ﬁij = (1 + Cl) . /~)ij7 (pHOrm[R])ij — 1

m “pij = (L+c2) - pij,

where tr(p[R]) = tr(Il- p) > 1 — 3 - €2 implies that ¢; = O(¢?), and similarly c¢; = O(e?). Therefore,

~norm norm 2 ~norm ~norm norm
D2 (P [R] [| p""™[R]) = Y ———— - [(""™[R])s;] +§ [R])ii — (p"™ [R)al” . (42)
o; + «
i,j;R v J zER
i#£]

We bound the first term using |(p"*"™" [R ])Z-j|2 < (14¢1)? - [pg|> <O(1) - |p;;?, and the second term using

(B [R])ii — (0™ (Rl
<3P [R])ii — l~%i|2 + 3Py — pisl” + 31pii — (P [R])ui]? (Cauchy-Schwarz)
=3¢} Bl + 315y — pul” + 363 |piil”
<66 Py — piil” + 662 |piil” + 3Py — piil” + 3¢ |piil” (Cauchy-Schwarz)
=0(1) - |py; — pusl” + O(e") - |piil*
=0(1) - |py; — piil* + O(e*) - o
Thus D, 2 (p"""™[R] || p"°"™[R]) is at most:

D ("™ [R] || "™ [R]) < O(1) - 3 pul*+ 3 o+ (00) 1By~ pif? + 0(eh) - a?)

ijer & + aj ier @
i#£]
o). Y -|7)--—pi4|2+0<e4>-2i~a2
=ty T —~ q; "
,JER i€ER
=O0(1) - Dy=(p[R] || p[R REDINE"
i€ER

(1) - Dy (PR || p[R]) + O(c*)
(%)

The inequality between the Bures distance and the Bures x2-divergence implies that

<0
<0

Di(p"™ [B], p""™[R]) < /D, (3" [R] | ™ [R)) < O (o).
Moreover, we remark that since II is the projector onto the eigenvectors that lie in R, p|; and p"”"™[R]
correspond to the same state, embedded in two ambient spaces of dimension d and |R| respectlvely The

same holds for p|r and pno™ [R] Then

F(pl, plu) = F(p""™[R], p"*"[R]) = Dz (plu, pln) = Du(p""™[R], p"*"[R]) < O(e).
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Recall that our goal is to use the triangle inequality Dg(pp, p) < D (p, plu) + Ds(P|m, pln) + Ds(p|m, p). We
have showed that each of the terms on the right-hand side is O(e) with high probability. Therefore, we
conclude that with high probability,

Dy(p,p) < O(e).

The theorem statement follows by reducing € by a small constant factor. O

5.3 Learning bipartite pure states

As an application of our tomography algorithm for Bures distance, we consider the problem of learning
bipartite pure states.

Suppose 1) 45 is a bipartite state in a Hilbert space H ® Hp with dim(H ) = d4 and dim(Hg) = dp,
and suppose [¢) , has Schmidt rank r, i.e. there exist vectors {|u;) 4 }icr) in Ha and {|vi) g }icir in Hp,
and nonnegative coefficients {\;};c[,) such that

|7/’>AB = Z)‘i : |Ui>A ® |Ui>B-
i=1

What is the sample complexity of learning |¢) ,5 to € error in Bures distance? One strategy is to use the
rank-1 special case of the Bures learning algorithm directly, Theorem 5.4, which uses O(dadp/e?) samples.
In this subsection, we give an algorithm with better sample complexity when r < d4,dp. This algorithm
was inspired by the reduction from rank-r state tomography to pure state tomography from [Yue23].

Definition 5.9 (Algorithm for learning bipartite pure states). On input [1)% %, with n = O(r(da + dp)/e?):

1. Trace out the B register on O(rd4/e?) copies of |¢) , 5, obtaining copies of the rank-r mixed state 4.

2. Perform rank-r tomography on the copies of ¥4, using Theorem 5.4, producing an estimate fp 4 such
that Dp (% 4,%4) < e with high probability. Write IT4 for the projector onto the support of ¥ 4. By
Remark 2.10, we can assume 1) 4 is a mixed state of rank at most r.

3. Measure O(rdp/c?) copies of 1) , 5 with {IT4 ® I5, 114 ® Ip}. Write

|7T> — HA®IB W}>AB
AP (T ® Ip) [) 45

for the pure state collapsed to upon obtaining the measurement outcome Iy ® I5.

4. Since |m) 4 5 is a pure state in supp(Il4) ®H g, which has dimension at most rdg, use the copies of |7) , 5
as input to the rank-1 special case of Theorem 5.4. We obtain a state 7 4 such that Dg(Tap, wap) < €
with high probability.

5. Qutput ©w4p.

Remark 5.10. The algorithm in Definition 5.9 does not necessarily output a pure state. However, by
Remark 2.10, there exists an algorithm that learns a pure state |¢) , 5 approximating |¢) , 5, using the same
number of samples. If the base algorithm learns to Bures distance €, then the modified algorithm learns to
Bures distance 2¢.

Proposition 5.11. The algorithm given in Definition 5.9 learns |) 45 to Bures distance O(g) using
n = O(r(da + dg)/e?) copies. As a consequence, if we modify the algorithm to output pure states as in
Remark 5.10, then it outputs a pure state |1p) 45 with overlap | (Y|¢p) 45| > 1 — O(g?).

Proof. First we prove that if all of the steps succeed, then Dg (T ap, ¥ap) < 2¢. Since Dy (’QJA, Ya) < e, we
have F(t 4,%4) > 1 — &2/2. Thus, by [Wat18, Proposition 3.12, (4) and (6)],

1-— %52 < F(pa,1pa) = F(th 4, Tapally) < \/tr (4) - tr(TLatATL0)

= Vir(lapa) = \/tr((HA ® Ip) [PX¢[ap) = [[(a @ 1) [¥) 4pll-
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Therefore,

[(7¢) Bl =

W (MA@ Ip) |0) 4y 1,
1(Ta 1) [0) 4] = 1A @ T8) [} apll > 1= 5e%

This implies

D (map, bap) = /21— (7} 4]) <.
So, by the triangle inequality, we have
Dg (7B, ¥aB) < D(Wap, wap) +Dp(wap, ¥ap) <e+e=2e.

Now we consider the success probabilities. First note that the second and fourth steps succeed with high
probability provided they are given the number of samples specified, by Theorem 5.4. The only other step to
consider is the third step. In this stage of the algorithm, conditioned on the success of the second step, we
obtain outcome IT4 ® Ig with probability

1
(T4 @ Ip) W) apl? = 1~ 562-

We can assume € < 1, since otherwise, we can learn to this higher, still constant, accuracy instead. The
probability |[(II4 ® Ip) ) 45l = 1 — 3€? is at least 5. Thus, with high probability, O(rdp/s*) copies of
|¥) 4 suffice to produce the necessary O(rdp/c?) samples of |m) , 5 which are required for the fourth step.
Altogether, since each step succeeds with high probability, the overall algorithm does too. O

6 Tomography with limited entanglement
In this section, we use our unbiased estimator to devise a tomography algorithm when we are limited to
measurements spanning up to k copies of the state p.

Theorem 6.1. Letn=n' k. Let p,...,p, be the outputs of the debiased Keyl’s algorithm when run in n’
independent copies of p**. Set p = (p; + -+ + p,)/n'. Then Dy, (p, p) < & with high probability when

> d?

Proof. From linearity of expectation and the unbiasedness of our tomography algorithm, we know that

Ep=np.
We proceed to bound the variance of our estimator. Since p,...,p,  are independent and identically
distributed,
1 . .1 ~ ~qy 1 ~
Var(p] = COE -Var[p, +--- +p,] = e (Var[p] +--- + Var[p,]) = — - Var[p, .

Recall from Lemma 4.2 that
~ 2d  d?-ELN)
Var[p,] < R TR

We show in Lemma 6.2 that E /() < 2v/k, which means that
2d 2d* 2d ~ 2d?

=4 -2
Wk nkvVkE  n nvk

" 1 —~
Var[p] = — - Var[p,] <
We upper bound the trace distance using

202 243
Elp— plli < VA\/E|[p — o2 < ] + .
Ip—pll < lp—rlls < P

Therefore, taking

n>@+ Ad° zO(max<d3 d2>>
- 82 \/E&Q \/Egg’ 62
many samples suffices to produce p with E||p—p||1 < e. Markov’s inequality then implies that ||p—pl|l1 < O(¢)
with high probability. The theorem statement follows by reducing € by a small constant factor. O
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Alternative proof using Young diagram statistics. Similar to Theorem 4.1, there is an alternative
way of proving Theorem 6.1 without relying on our second moment calculation. Let p' = U - &' - U be the
member of the family of unbiased estimators that uses the rank-£(A) box donation transformation, where
£(X) == £(X) is the height of the Young tableau we obtain from weak Schur sampling. The spectrum of p’

satisfies 4
a/ B )\i+d;2l+1 Z S E(A)
L c] ie {t(A)+1,...,d}.

n

We will obtain a slightly weaker bound for the variance of p as follows: Var[p,] < Var[p;] < 24 + ;\df We
proved the first inequality in Lemma 3.9, and for the second inequality, we write

Var[p'] = Etr(p?) — pa(e) (Equation (25))
d
=E [Zaﬂ — pa2(a)
=1
26N 2
A+ (d—=2i+1))
—p [y A D SO (43)
i=1 i=0(N)+1

We will bound the first term again using Kerov’s algebra of observables of diagrams, and in particular, the
expectation of p3(A) from Equation (30).

d £N) £N) 2
1 , d-EoA
<3 {E (20— 1)) +E Ai(2d—2i+1 —&-E (d—22+1)2}+]€2()—p2(a)
i=1 i=1 i=1
1 d2 EK A d-E{N)?
< 5 Elpj E §j>\ G kQ( — p2(a)
2 . .
< 2d + d”-ELQA) + d EE(A) . (Equation (30))

~k k2 k2

We conclude using Lemma 6.2 that Var[p)] < % + %. Given this variance bound, the statement

of Theorem 6.1 as in the original proof.

Lemma 6.2. Let § be a distribution over [d], and let X be the Young diagram produced from the RSK
algorithm with k symbols drawn from the distribution 5. Then the first and second moment of the height of
the tableau X\ satisfy

E () <2Vk E  ((A)? < 20k.

A~SW () T A~SWE(B)

Proof. Theorem 1.5.4 of [Wril6] states that if 8,v are two distributions such that 8 = v, then there is a
coupling (A, p) of SW(B) and SW(v) such that A > u. Here, 8 > v means that Zle Bi > Z?:l v; for all
k € [d], and for two partitions A and p, we have A > p means, similarly, that Zle A > Zle ui for all
k e [d].

It is not hard to see that if A &> u, then p necessarily has at least as many rows as A. In the opposite case,
Zf(“l) i > Zf(:”l) Ai, thus contradicting the monotonicity. We will choose v = (1/d,...,1/d) and deduce that

E (D)< E pt
A~SWE(B) ( ) p~SWE(v) ( )

for all moments ¢t € N.

What is nice is that the distribution of SWZ (v) is the limit as d — oo is well-studied and also known
as the Plancherel distribution Planchy ([Wril6, Corollary 3.3.4]). To make use of this limiting behavior,
define 8p for D > d as the inclusion of 8 as a probability distribution on [D], i.e. 8p = (641,-.-,84,0,...,0).
Moreover, let vp be the uniform distribution on [D].
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Then for all D > d we have

E (N'= E (N'< E ()
A~SWE(8) *) A~SWP (Bp) *) T u~SWP (up) (#)

where we've used that SW¢(3) is identical to SW£ (8p). And because this holds for arbitrary D > d, we can
take the limit as D — oo to get
E ((\'< E /(N
ANSW‘;(,B) A~Planchy,

For the Plancherel distribution, it holds that £(X) and A; are identically distributed. This is because drawing
A from Planchy, is equivalent to sampling a uniformly random permutation 7 of [k] and performing the RSK
algorithm to produce a diagram. The reverse permutation 7., will produce the transpose diagram A’ when
we execute the RSK algorithm, which satisfies /(A’) = A;. Since the distribution of 7 and 7, are equivalent,
we conclude that for all moments t € N

E (N'= E AL
A~Planchy A~Planchy

We are now ready to bound the RHS for the first and second moments. When ¢ = 1, [VK85] and [Pil90]
showed that (see [Wril6, Theorem 3.5.4] for an exposition of the proof)

E X\ <2Vk (44)
A~Planchy
When t = 2, we write
E AM=(_E )"+ Var[\] <4k + 16k = 20k,
A~Planchyg A~Planchy
where the inequality follows from Equation (44) and [OW17, Proposition 4.8]. O

7 Shadow tomography

In this section, we prove the following theorem.

Theorem 7.1 (Theorem 1.9, restated). The classical shadows task for states of rank r and observables
O1,...,0pm with tr(0?) < F can be solved using

n= O(log(m) : (min{\/,:?’f;j//j} + sl2>)

copies of p.

We use a “plug-in estimator” approach based on the debiased Keyl’s algorithm, and show that it achieves
the above sample complexity.

Definition 7.2 (Algorithm for classical shadows using the debiased Keyl’s algorithm). Let n’ and & be
parameters, and set n = n’ - k. On input p®", with n = n’ - k:

1. Use n’ samples of p to obtain an estimate p; for p using the debiased Keyl’s algorithm.

2. Set 651) = tr(0; - p;), for each i € {1,...,m}.

3. Repeat the first two steps (k — 1) times to obtain estimates ng), for j€{2,...,k}and i € {1,...,m}.
N (k)).

4. For each i, output 0, := median(o, ..., 0,

Specifically, we will show below that this algorithm achieves the sample complexity in Theorem 7.1 with
k = O(logm) and n’ = O(min { VrF fj//; } 4+ %). We begin our analysis with a lemma.

€
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Lemma 7.3. Let O € C¥™*? be Hermitian. If p is the output of the debiased Keyl’s algorithm on input p®™,
with p rank-r, then

Varlir(0- p)] < 2[0]% + "2 4 02)
Proof. We have
Var[tr(O - p)] = Etr(0 - p)* — (Etr(0-p))? =tr(0O® O -E[p® p]) — tr(O - p)*. (45)

By Theorem 1.4,

tr(O® O -E[p® p|) = _1tr(O®O~p®p)+%tr(O@O'p®I~SWAP)+%tr(0®0~]®p~SWAP)

Bl

="l 0 g+ 202 )+ B

tr(O ® O - SWAP) — tr(O ® O - Lower),)

tr(0?) — tr(O ® O - Lower,).

First, we note that the last term is non-negative from our characterization of Lower,. In particular, we can
expand tr(O ® O - Lower),) as a positive linear combination of terms of the form

tr(0O® O - P ® P-SWAP) = tr(OPOP) = tr((vVPOVP)?) >0

where the last equality follows because P is positive semidefinite. Next, because O? < [|O?||o - I4 = ||O]|%, - 14
in the PSD order, we have tr(O? - p) < ||O||%, - tr(p) = ||O||%,. Finally, we note two upper bounds on E[¢())]:
on the one hand, we always have £(A) < r, so that E[{(X\)] < r; on the other hand, E[{()\)] < 2/n, by
Lemma 6.2. Combining all of these observations gets us:

min{rv 2\/5} tr(OQ) .

SN 2
(0 ® 0 E[p®pl) < tr(0 - p)* + ~[|O]% +
Substituting this back into Equation (45) gives us the desired bound. O
Proof of Theorem 7.1. Fix any i € [m], and any j € [k]. First note that the estimate 6?)
by Theorem 1.3, we have

is unbiased, since

E[6)] = t2(0; - E[p]) = tr(0; - p).
Moreover, Lemma 7.3 tells us

2 2 )

H + W . mlH{T, \/77} . F (46)
Taking n’ = O(1/£?) suffices to make the first term on the right-hand side of the above equation at most
O(e?). Note that taking n’ > v/7F /e suffices to make 2rF/(n/)? < O(e?), and taking n’ > F?/3/e*/3 suffices
to make 2F/(n')3/? < O(g?). Thus, taking n’ = O(min{v/rF /e, F?/3 /e*/3} suffices to make at least one of
the terms in the minimum O(g?), the second term O(g?).

So, we have that
VrF F%3 1
r_ .
n —O(mm{iE , 64/3}—&—6—2)

suffices to ensure Var[o; Y )] < O(&?) for all i € [m]. By Chebyshev’s inequality, this sample complexity is also

enough to ensure that |o(J )

small.
We complete our proof with a standard median argument. Assume k is odd. Fix ¢ and define a set S; by

tr(O;p)| < e with high probability, for any 7, say 99%, by taking C sufficiently
‘{J ! tr( zp|>€}‘
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(€0) (k)

Then the median of o0,’,...,0, ' is more than ¢ away from tr(O;p) only when S; > k/2. However,

E[S;] < k/100, so that
Pr {|median(o§j))je[k] —tr(0; - p)| > 6] <Pr[S; > k/2]
< Pr[S; > E[S;] +49k/100] < exp ( — 2k - (49/100)?).
Here we have used an additive Chernoff bound, and we conclude that

Pr Umedian(ogl), cee ogk)) —tr(0; - p)| > 5} <exp (—O(k)).

Taking k = O(logm) is enough to make this probability less than 1/(100m). So, by a union bound, the
probability that all m of the 0, are within ¢ of the correct value is at most 1/100.
We conclude that
VrE F?/3 1
amtta)

samples suffices to solve classical shadows using the algorithm described in Definition 7.2. O

n==k-n' = O(log(m)- (min{

8 Quantum metrology

In this section, we construct a locally unbiased estimator achieving twice the QCRB asymptotically. Specifically,
we show the following theorem, stated in the introduction.

Theorem 8.1 (Theorem 1.10, restated). Let pg be a parameterized state family with probe state

d
po- =Y ;- [vi)vil
i=1

where we assume without loss of generality that the eigenvalues are sorted so that oy > --- > a,. > 0 and
apy1 =+ =ag =0 (so that pg« is rank r). Then for every n, there is a locally unbiased estimator which
takes as input n copies of pg and whose MSEM V,, has the following property. When n = 2r/(e - ),

2

Hence, as n — 0o, we have n -V, — 2/F, and so this estimator achieves twice the QCRB asymptotically.

In [ZC25], Zhou and Chen design a locally unbiased estimator for 6, given an unbiased estimator for py.
Since we prove the above theorem by using the debiased Keyl’s algorithm as the basis for such a locally
unbiased estimator, we will now give an overview of their construction. We start by reviewing some standard
material. Throughout, we will write 9; as shorthand for 9/06;. We will also assume without loss of generality
that that pg+ is diagonalized in the computational basis, with eigenvalues sorted decreasingly, i.e. that
jvi) = ).

Recall that the symmetric logarithm derivative matrices {L;};c[m) are defined implicitly as solutions to
the equations

1 1
5¢p9|9:9* = §Lip9* + ipe*Li. (47)

These equations do not uniquely determine {L;}, since we can add to L; any matrix AL, supported on the
kernel of pg~ without affecting the right-hand side of Equation (47). However, this is the only source of
non-uniqueness, since

1 1 1
(Oup0 ity = (k| (3Lapor + 5poLe) 16) = 5 (e + ) (Lo
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implies (L;)re = 2(8¢p9)k¢’9:9*/(ak + ay) whenever oy, + ay > 0, i.e. whenever ay, # 0 or ay # 0. Taking L;
to be zero on the kernel of pg« then gives rise to a canonical choice of the matrices {L;}, with

(Dipo)ke|y_
L;=2 =0 )] 48
(=2 3 SOk (48)
ak+(73¢£>0
Note that this choice is Hermitian, since aipg| g—g+ 1s Hermitian. Note also that for any choice of {L;},
1 1
tr(Lipg~) = B tr(Lipe-) + 3 tr(pg~L;) = tr((’“)ipg{ezg*) =0, tr(p9)|9:0* =0, (49)

since tr(pg) = 1 for any 6.
Recall that the QFI matrix is defined as

(50)

1 1
.7:1“ = 5 tI’(pg»«L,LL]) + 5 tr(pg*LjLi) = tI‘(Li . ajpg)"g:e*.

This definition is independent of the choice of {L;}, since if L} = L; + AL;, and AL; is supported on the

kernel of pg+, then pg- AL; = AL;pg- = 0, so that tr(pg«L;L;) = tr(pg-L;L;) = tr(pg*LéL;), for all 4,j € [m].
Note that F;; is symmetric. Moreover, since we can choose Hermitian {L;}, F;; is also real, as

. 1 1
Fy = g trlpp- LL) + 5 tr(po- LILY) = Fy.

We can also give an explicit expression for the entries of F, using the matrices {L;} given in Equation (48),
and the expression for F;; on the right-hand side of Equation (50):

((Dipo)we - (9jpo)en) | y_p-
=9 — . 1
‘F:L] ; [e%X + Qy (5 )
ak+(;¢z>0

It is assumed that F is invertible. We briefly explain why. If F is not invertible, it must have a real eigenvector
which has eigenvalue zero. Let this vector be |¢)) = Zle 2; |1}, with z; € R. Then (3| F [1) = 0 = tr(pg- Q?),
where @ = 2111 z; L;. Since @ is Hermitian, this implies that @) is supported on the kernel of pg«. But since
each L; is zero on this kernel, this means that @ is also zero on the kernel, and hence Q = 0 as an operator.
Thus, there exists a linear combination of derivatives which is zero at 8*, by Equation (48), which means that
po is not well-parameterized at § = 6*. That is, the parameterization is redundant at this point. We assume
this is not the case, and hence take F invertible.
We now develop material specific to Zhou and Chen’s construction.

Definition 8.2 (Deviation observables). Let {X;};c}) be a set of Hermitian operators satisfying, for all
1,7 € [m]:

(i) tr(X; - pg+) =0, and (i) tr(X; - d;pp) = ;.

0=0*
Then the X; are called deviation observables.

Lemma 8.3. Let {L;}ic[m) be a set of Hermitian symmetric logarithm derivative matrices. For each i € [m],
define X; == Z;-n:l(}'_l)ij -Lj. Then {Xi}icpm) s a set of deviation observables.

Proof. We verify the two conditions in Definition 8.2. First,

m

tr(X; - pge) = _(F)ij - tr(L; - por) =0, (52)
j=1
since tr(L; - pg-) = 0 using Equation (49). Second,

m

=D (F - tr(Ly - 3JP0)‘9_9* =D (F - Fy = (F1- Fiy = b5,
k=1 - k=1

tr(X; ajpe)‘eze*

since tr(Ly - 8jp0)’9 = Fi; by Equation (50). O
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Definition 8.4 (Local shadow estimators). Let {X;};cn be a set of deviation observables, and let p be an
estimator for pg. Then the corresponding local shadow estimator 0 cR™ is given by

0; =07 +tr(X, - p),
for all ¢ € [m)].

Recall that an estimator is locally unbiased if the following conditions are met for all ¢ € [m]:
N WG . W 0 L
(i) E[@ | pp=] = 0%, and (i) %E[O | pel| =0.

Lemma 8.5. Let {X;} be a set of deviation observables, and let p be the output of an unbiased tomography
algorithm, given copies of pg. Then the corresponding local shadow estimator is a locally unbiased estimator

for 8.

Proof. We verify the two conditions that define a locally unbiased estimator. Firstly, for all ¢ € [m)],
E[8; | po-] = 6; + tr(Xi - E[p | po-]) = 07 + tr(X, - po-) = 65,
so that E[a | pox] = 6*. Secondly, for all i, j € [m],

OiE[0; | pol| . =t(X;-0Elp|po))| , =tr(X;-8ipo)|, =i D

Finally, Zhou and Chen’s estimator is then the local shadow estimator, constructed from some fixed

unbiased tomography algorithm and deviation observables { X };iepm). The {X;} are built from the symmetric

logarithm derivative matrices {L;}ic[m] as in Lemma 8.3, with L; is given explicitly by Equation (48). By

Lemma 8.5, this estimator is locally unbiased. In [ZC25], Zhou and Chen apply this using the bias-corrected
single copy estimator of Section 1.1.1.

We are now ready to prove the main result of the section. Our argument is largely based on the proofs of
Theorem 1 and Theorem 4 of [ZC25].

Proof of Theorem 8.1. We use Zhou and Chen’s construction with the debiased Keyl’s algorithm. Given
access to p(?”, the debiased Keyl’s algorithm produces an unbiased estimator p with

E[((N)]

Elp®p] = 2

1
-SWAP — Lower,,,,
n

n;1p9®pa+*(/)o®l+l®ﬂe)'SWAP+
by Theorems 1.3 and 1.4. The MSEM is the matrix V,, with entries:

(Vo)ij = E[(6: = 07) - (8; — 07) | po] = Etr(X; - ) - tr(X; - ) | po-] = t2(X; ® X; - B[p @ p | po-])-
Plugging in our variance gives:

n—1

1 E
ﬁ(tr(Pe*Xz‘Xj) + tr(po- X; X;)) + ———

(Vn)ij tI‘(Xipg*) . tI‘(ija*) +

—tr(X; ® X, - Lower,,. )

1 E[/(A
- H(tr(W*Xin) + tr(pe- X; X)) + [n(z ) tr(X;X;) — tr(X; ® X - Lower,,. ).
where we have used tr(X;ps-) = 0, as shown in Equation (52). Since Lower,,. is a positive combination
of matrices of the form P ® P - SWAP, the last term is a positive combination of matrices of the form
tr(X;PX;P), and hence symmetric in ¢ and j. Moreover, recall P is positive semidefinite.
Consider the new matrix V,,, obtained from V,, by dropping the terms containing Lower,,.,. That is,
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Both V,, and V! are real and symmetric matrices, and hence Hermitian. We claim V,, < V.!. To show this, let
|¢) = >°i%, 7 |i) be an arbitrary state. We have

W (V= V) ) =Y Zizi (Vi = Vo) = > Zizj tr(X; @ X - Lower,,. ) = tr(Q" @ Q - Lower,,. ),
i,j i,J
where Q := >, z;X;. However, this trace is a positive combination of terms of the form

tr(Q' ® Q- P® P-SWAP) = tr(Q'PQ - P).

Since P is positive semidefinite, so too is QT PQ. Thus, tr(QTPQ - P) > 0, and (| (V;! — V,,) [«) > 0. Since
|t) was arbitrary, V! = V,,. So, it will suffice to bound V! in the PSD order.
Now consider the product FV,/FT. From Equation (53), we have

(FV2FT), Z}}k )ieFie

1 1 m m
= —tx(pp- Z]:ika Z]:jeXe) + — tr(po- > FieXe > FaXi) +
k=1 =1 -

] I"(Z ]:ika Z ]:ngg).
k=1 (=1

However, we have

Z]:ika = Z]:ik( "Ly = Z(MLe

k=1 k.0
where we have used X, = Zz(]:_l)kgl/g. Thus

1 E[{(X
(fV,riJT‘.T)Z] = ﬁ(tr(pg*LiLj) + tr(pg*Lle)) —+ M tT(LZL])

Now, note that the first term is equal to 2F;;/n, by definition of F;;. Thus

4 2Bl

FViFT = 2F K, (54)
n

n

where K is the matrix given by

> ((Dipo)ke - (Dipo)er)|y_p-

(o + au)?

)

1
Kij = §tr(L,LJ) =

k£
Oék+ai>0

where we have used the explicit expressions for L; in Equation (48). We now bound K in the PSD order. Let
1) = 2%, 2 |i) again be an arbitrary state. Define Ryg := Y " 2i - (9ipg)re|y_,., and note that

(RNre = (R = D> 2 - (9ip0)ikl gy = ZZ (@0} ke p_p- ZZ (Dipo)ke|g_g--
i=1

So, we have

WK S S s (O @rwlype 5~ R Ba 5~ IRal

2 2
k,eeld] i,je[m] (g + a)? — (o + ) —~ (o +ay)
arp+ap>0 ap+a>0 ap+ap>0

and similarly,

, 2
(W F ) = Z Zzz 2 ((Bipo) ke - (B5p0)ex) | p_p- _ Z | Rk |

ap + oy P, ap + oy '
ak+al>0 ak+a2>0
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Now since

2 2
WK =y a1y Rl = 5 W1 1),

7 (g + ap)? o7
ap+oar>0 ap+ap>0

we have K < F/2a,. Hence, from Equation (54),

P < (244 LY 22 ()

n n? 200,

Recall that FT' = F, because F is symmetric. So, by multiplying on the left and right by F~!, we have

2
V,’Lj'<1+ : >~]—"1.

n no,.

Finally, since V,, < V!, for n > r/(ea,) we conclude

2
an(l—i—s)-ﬁ-}"l.
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Part T1T
The Clebsch-Gordan transform

9 The Clebsch-Gordan transform
The tensor product of two irreps of U(d) is generically reducible. That is, for A and u partitions of length at

most d, we have the decomposition
U(d)
VWevi = @ m VY
or)<d
for some integers {m,}. It will suffice for us to consider only the special case where = (1). In this case, the
decomposition is multiplicity-free [Har05, Chapter 7.2):
U(d)
Wevl = @ vi (55)
A

L(p)<d

(1), our choice of V¢ is the defining representation on C?, and our choice of GT basis is
45
auation (55).

Recall that for y = i f
the computational basis {|7) };c[q), on which v, (U) acts as U (see Example 2.45). Therefore, by Lemma 2.17
for each A there exists a unitary Z/{gg VA ®RCY— P u Vj that implements the isomorphism in Equation (55)
(56)

In other words, for all U € U(d)
UG- ()@ U) Ul = Z 1)ul & v, (U).
f(u)<d

With these unitaries fixed, we can collect them into a single operator
Definition 9.1 (The Clebsch-Gordan transform). The Clebsch-Gordan transform is the unitary operator on
(57)

(CH)®(+1) given by
Z |)‘ )‘| 0 Idlm()\) ®ué)\G)

(Vi ®C?) =
Z/[ (n+1) _ —

@A Spa ®

Abn
e(N)<d
|T) ® |i), to a superposition of states of the

The Clebsch-Gordan transform takes the state |\) ® |S)
form |A) ® |S) ® |u) @ |T”), where A 7 p, and T € SSYT (i, d).

10 Clebsch-Gordan coefficients
Definition 10.1 (Clebsch-Gordan coefficients). Let A = n, T € SSYT(A,d), and k € [d]. We can write
T').

S TNURIT R - e,

A
UG- IT) @ |k) =
pH(n+1,d)
T'eSSYT (i)

The coefficients (p, T"| U U & |T, k) are known as the Clebsch-Gordan (CG) coefficients. We will typically write
|T, kY, leaving p = sh(7T”) and L{gg implicit.

(T"|T, k) as shorthand for (u7T’|Z/{

Our proofs will rely on explicit formulas for the CG coefficients. To state these formulas, we will first
need to introduce new notation which will allow us to describe how an SSYT T changes when we restrict it

,Ak) to be the first k rows of A

to a specific subset of letters
Notation 10.2. Let A be a Young diagram. We define A<y = (Aq,

62



Notation 10.3 (Restriction of SSYTs to alphabet [p]). Let T be an SSYT of shape A and alphabet [d]. We
use T to denote the SSYT of alphabet [p] that we obtain when we delete all the boxes in 7' which contain
letters strictly larger than p. Since the entries of T are weakly increasing along rows and strictly increasing
along columns, T! is a valid SSYT of height at most p. We also define T<P := sh(T[p}) to be its shape.

23]
T2l —

708 _ 1]2]2]2]

’O-')l\.’))—l

’.&ww»—

Figure 13: An example of the SSYT notation that we will use in this section. Given the SSYT T over the
alphabet [4], TPl and T are the SSYTs we obtain when we delete all the boxes which are bigger than 3 and
2 respectively. Thus 7<% = (5,4,3,1), T<3 = (5,3,1), and T<2 = (4,1).
Notation 10.4 (Horizontal strip). Let T be an SSYT. We define

T=P — (TSP,TS(P*U) — T<p \TS(P*U

to be the skew shape that contains all boxes with value p. Due to the properties of an SSYT, this skew shape
is a horizontal strip, that is, a union of continuous horizontal lines of boxes that do not overlap vertically.

Sl [3] ]
o= 1]

7Bl —

ww»—u‘
%
o
3
w
I

Figure 14: Let T be the SSYT from Figure 13. Above, we have T3 and 7=3. The cells of T=2 are shaded in
T8B! — these are the cells containing the symbol 3.

We introduce two additional pieces of notation that correspond to the shapes that we get when we add
boxes to the horizontal strip 7=P = (TSP, T<P~1),

Notation 10.5 (Adding boxes to a horizontal strip 7=7). Let T be an SSYT. We define
T_Ep = (Tgp + e, Tgpil)

to be the shape of the skew diagram that we get when we add a box to the end of the i-th row of T=P.
Similarly,

T = (TSP +¢;, TSP7!4ey)
is the shape of the skew diagram we obtain when we add a box to the end of the i-th row and remove a box
from the beginning of the j-th row of T=P.

= | ] ] T2 = L]
L] L]

Figure 15: An example of the skew shapes that we get when we add and subtract cells from the skew shape
T=3 from Figure 14. On the left diagram, we have added a cell to the first row. On the right diagram, we
have both added a cell to the first row and removed a cell from the second row.
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It is well-known that the CG coefficients can be expressed as a product of numbers that only depend
on the shapes of the skew diagrams {T=7,[k]™",(T")7P}e1,....q}- In particular, the following was shown
by [VK92, Section 18.2.2, Equation 3].

Theorem 10.6 (CG coefficients are products of scalar factors). When Section 9 is multiplicity-free, the
Clebsch-Gordan coefficients can be written as a product:

(T'|T, k) H (T=P,[&7" | (T")7P). (58)

The factor (T=P,[k]~P | (T")~P) that appears on the right-hand side is called the U(d — p)-scalar factor of the
Clebsch-Gordan coefficient. T hese coefficients are also known as reduced Wigner operators. Note that each
U(d — p) scalar factor only depends on the shapes of the skew diagrams T=P,[k]~P (T')=P.

Here we use [F] to denote the SSYT that corresponds to the |k) basis vector of V(‘f), which has a single
box filled with the number k. The shape of the restricted SSYT [£]=F has the following simple description:

Sp — (17Op—1) p > k)
(0,0r1) p< k.

Thus, the skew diagrams that can appear in the scalar factors of Equation (58) are one of three possible choices:

ey = ((1,0071),(1,0072)) p>
(7" = q e = ((1,0°71),(0,0n72)) p
eod = ((0,0P71),(0,0P72)) p<

k+
k,
< k.

The scalar factors which appear in Equation (58) can be computed using the formulas in the following lemma.

Lemma 10.7 (Formulas for the U(d)-scalar factors). Let c,(T<F) = T=F — s be the content of the last box in
the s-th row. Define S(i,5) =1 ifi < j, and S(i,j) = =1 if i > j. Then, for some choice of phases of the
GT basis for vy, the following three equations hold.

(i) For any SSYT T and any p,
(TP eqq | T7P) = 1, (59)
and (TP, eyl | (T")7F) = 0 otherwise.
(ii) Section 18.2.10, equation 8 in [VK92]

P:% cj(T<P=1) — ¢;(T=P) — 1 1/2
|T+f):‘HJ— ( ( ) ( ) )

(T, eid (;(T<7) = ei(T=7))

P

J=1j#i
and (T=P, ey | (T")7P) = 0 otherwise.

(iii) Section 18.2.10, equation 4 in [VK92]

(T: | +z, )
<p1Y _ o (TSP — 1) TT.,. (en (T<P) — ¢ (T<P—1)) |2
— S(i, ) Hk;ﬁj (Ck(T; ) z(<T )p_ll) k7é1<( Z(T ) <j(i )) , (61)
[Tisi (r(T=P) = i (T=P)) [Tisj (ex(T=P71) = ¢(T=P71) = 1)

and (T=?,e?¥ | (T")7PF) = 0 otherwise.

Equation (58) expresses the Clebsch-Gordan coefficients as products of d scalar factors. For the tableaux
that we are dealing with in this paper (that are close to highest-weight tableaux), it will be the case that
most of these scalar factors are trivial. The following lemma gives a condition for a scalar factor to be trivial
that will be sufficient for our purposes.
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Lemma 10.8. Let T be an SSYT, and i € [p] be a row such that T has no cells with the value p on the i-th
row. Then

(T: | +z 71') =1
Proof. Since T has no p values in the i-th row, it holds that ¢;(T<P) = ¢;(T<P~1). Then Equation (61)

implies that

ror et |70 sy | T T = T ) T (o) — erse )|
it | T [Thi (e(T=P) = ci(T=P) [Thi (en(T<P1) — ei(T<P=1) = 1)
_ Hk;ﬂ (ck(TS;D—l) _ Ci(TSp_l) _ 1) k# (ck(Tgp) _ ci(TSP—l)) 1/2 . _

[Thi (er(T=P) = el T<P= ) [T} (cn(TSP71) = ei(T<P=1) = 1)

10.1 Clebsch-Gordan insertion

In this subsection, we describe a simple algorithm for inserting a new box containing a symbol k € [d]
into an SSYT T. The output is a set of SSYTs, each with a matching coefficient, {(T”, cy/)}. The SSYTs
in this set turn out to be exactly the SSYTs with nonzero Clebsch-Gordan coefficients, and ¢y is the
Clebsch-Gordan coefficient (T”|T, k). This insertion algorithm, Clebsch-Gordan insertion, thus offers a more
intuitive perspective on the Clebsch-Gordan transform and coefficients. Clebsch-Gordan insertion is, in fact, a
special case of a continuous family of “quantum” insertion rules generalizing RSK insertion (see, for example,
[Wril6, Chapter 3]), originally introduced by Sonya Berg in her thesis [Ber12].

Definition 10.9 (Clebsch-Gordan insertion). Given an SSYT T with alphabet [d], we insert a letter k € [d]
into T to obtain a set of output SSYTs as follows:

1. Initialize T <~ T, c¢p» < 1, and j < None. Here, T” is a tentative output SSYT, ¢ its tentative
coefficient, and j stores a previous row index.

2. In all possible ways, choose a row i < k such that T<* 4 ¢; is a valid Young diagram.

3. Find the leftmost cell of T in row ¢ containing a letter £ such that ¢ > k, if such a cell exists. Let T" be
obtained from T” by replacing £ with k in this cell. Set

T T, err + e - SF(T, k34, 5), k¢, j 1,
and return to Step 2. We will say £ has been bumped by k.

4. If no such cell exists, then append a new cell containing k to the end of row ¢ to obtain 7. Set
T « T, e < cpr - SE(T, ks, 5),
append (T, ¢rs) to the output, and terminate.
Here, SF(T, k; 1, j) is a scalar factor, given by

T=F it | TTF i =N
SP(T, ks, ) = § (T €0 | 7). j = None,
(T=*, e \T+i7_j) otherwise.

See Figure 16 for an example of Clebsch-Gordan insertion.

Lemma 10.10. Suppose we insert a letter k € [d] into an SSYT T with alphabet [d] via Clebsch-Gordan
insertion, obtaining as output a set {(T',cy)}. Then the SSYTs {T'} are exactly those with nonzero
Clebsch-Gordan coefficients, and cpr = (T'|T, k).

Proof. We prove the two directions of the lemma separately.

65



Figure 16: Here we depict Clebsch-Gordan insertion of k = 2 into the example SSYT

12\
3 .

At the start of the insertion process, k = 2 is to be inserted into either of the first two rows. On the left
branch, 2 is inserted at the end of the first row, and the insertion terminates. On the right branch, 2 bumps
3 from the second row, and we must now re-insert 3 into the tableau. Hence, k < 3. We also update j + 1
at this stage, since we had inserted the 2 into the second row. The 3 may now be inserted at the end of any
of the first, second, or third rows, and the insertion terminates.
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Clebsch-Gordan insertion outputs are valid SSYTs with nonzero Clebsch-Gordan coefficients:
Say that the Clebsch-Gordan insertion algorithm output includes the pair (77, ¢gv). Moreover, assume that
T’ was constructed by adding k to row j, and then sequentially bumping the letters £1 < fo < -+ < £y,

which were inserted into rows j,, ..., je, respectively. The case of ¢ = 0 corresponds to k£ not bumping any
letter. For convenience, let us define ¢y = k and {441 = d + 1.
We show that err = (T'|T, k). In particular, let us define the sequence iy, i1, .. -, 44, Such that
Jk =0k = lgp1 = " =1lg 1, Jl =10, = =g, 1, (62)

for all m € [t]. Then we claim that

T=P 4 e, P> k.

To see this, note that inserting an x into a tableau can only change the locations of symbols labeled = or
greater. Thus, the expression above holds for p < k because k is the smallest symbol inserted into the tableau.
For p > k, suppose that £, is the final letter that is inserted which satisfies £,,, < p. Then inserting the letters
lmit,. .., does not change TSP since they are all larger than p. Similarly, the letters £y < f1 < - < £y, 1
which are inserted prior to £, do not change the shape of T<P either, because they replace letters which are
also < p. Thus, only /,, will change the shape T'<P, either by adding a new box or by bumping a letter larger
than p in row 4, , and this will update the shape to T<P + €ip,, = TSP + ei,, as claimed. Therefore,

T="r p <k,
(TP =T p=k, (63)
T7r . p > k.

Fip,—ip—1

Thus, the CG coefficient is
d
(T'\T,k) = [[ (=37 | (T")=")
p=1
= Il @>m>* @)™

pE{ZO,Zl Z }

t
= = =4 ¢
= (T k? +Jk H 611 " | T]Lm”: sz 1)

m

—

t
=SF (T k; jk,NOIle H SF Tyl Jt s Jtom— 1) =cr-

m=1

In the first step, we have used Theorem 10.6. In the second step, we have set all scalar products with
p ¢ {lo,l1,..., 4} equal to 1. For p < k = {p, this holds by item (i) of Lemma 10.7. For p > k
and p & {f1,...,4,}, this follows by Lemma 10.8, since i, = i,_1 from our definition of the indices ¢
(Equation (62)), and the fact that T' contains no letter p in this row. To see this, let £,, be the largest letter
that was bumped which is smaller than p. Then ¢,, was added to row j,,, = i,—1 = i, and bumped the letter
£m+1, which is larger than p. Thus, there is no letter p in the row i,, as otherwise that would have been
bumped instead.

Valid SSYTs with nonzero CG coefficients are output by the Clebsch-Gordan insertion algorithm:
Let T” be a valid SSYT with nonzero CG coefficient (T'|T, k). Our first goal is to show that it must satisfy

Equation (63), i.e. there exist integers i, ig41, - . -,%q such that
T="r p <k,
(TP =T p=k, (64)
=p
Tﬂp)ﬂ»k1 p> k.
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To see this, note that Equation (58) implies that for all 1 < p <d,

d
(T'|T, k) = (TPl m Py . T (1=, m~ | 77). (65)

i=p+1

Hence, for (T”|T, k) to be nonzero, we must have
(TP TP [Py £ 0.

When p < k, [p] is just an empty tableau. Then we must have 7'?) = TPl On the other hand, when p > k,
[5]"! is a single box with k, and thus

(T, [} PPy £ 0 = sh(T"P)) = sh(T™)) + ei,-
for some integer i,, by Equation (55). Putting these together, we have that for p < k,
T'=r — (T/SP’T/Sp—l) — (TSP7T§P—1) — T=P.

Similarly, for p = k, we have T'=% = TP and for p > k, we have T'=P = sz‘i,—ip,l- This proves
Equation (64).

Next, we show that Equation (64) implies that T can be viewed as the result of inserting a letter k
into T' and performing a sequence of bumps, as in the Clebsch-Gordan insertion algorithm. We do this by
explicitly determining the sequence of bumped letters that produces this SSYT 7. The first letter added
was k, and it was inserted at row ix. Thus, we let jr = 7. The leftmost cell of T in row j; that contains
a letter greater than k determines the first bumped letter ¢;. This is because for any p € {k,...,¢; — 1},
T'sP = T<P 4 ei,, and since there is no letter greater than k and at most p on row iy, it must hold that
ip = 4. Thus iy =gy = --- = ig,_1, and we let jo, = iy, .

Continuing the above process, the leftmost cell of T" in row j,, , that contains a letter greater than ¢,
determines the bumped letter ¢, (and if no such letter exists, the Clebsch-Gordan insertion would terminate).

We let j;,, =i, and observe that i,, , = =1ip, 1.

Having defined the bumped letters ¢; < --- < £, and their respective rows jk, j¢,, . . ., je,, the argument
from the first part of this proof shows that the tableau output by the Clebsch-Gordan insertion procedure is
the same as T”. This is because by our choice of the j indices, the row indices iy, ..., 44 satisfy:

Je =0k =ik = = A1, Jl, =, = T 1,
for all m € [t] (where we again assume 4,11 = d + 1). O

10.2 One-step coefficients

In this section, we obtain a closed-form expression for the Clebsch-Gordan coefficients (T”|T*, k), where we
recall that |T) is the highest weight vector of V&. We first show that the SSYTs T" for which this coefficient
is nonzero have a very specific form.

Definition 10.11 (One-step semistandard Young tableaux). Let A be a Young diagram of height at most d,
and ¢ < k be positive integers at most d such that A + ¢; is a valid Young diagram. We use Té\ ',; to denote
the one-step semistandard Young tableau, which is the SSYT we obtain by starting with the highest weight
SSYT T*, and adding a new box containing the value k to the end of the i-th row.

Definition 10.12 (One-step Clebsch-Gordan coefficient). Let T} ,; be a one-step SSYT. We define the
one-step Clebsch-Gordan coefficient to be

cz%i = <Tlg\ai|T)\7 k) ,

when T3 ,, is well-defined (i.e. a valid SSYT), and 0 otherwise.
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A _ A _
T4~>4 - TB%Z -

=W N~

=W N =

sl wi N -

=~ W N =

sl wi | =

=W N =

Figure 17: Some examples of one-step SSYTs when A = (5,4, 3,2).

Lemma 10.13. The only basis vectors T' for which the coefficient (T'|T*, k) is nonzero correspond to the
one-step SSYTs T,i‘_n-, for any i < k such that X\ + e; is a valid Young diagram. Moreover, the one-step
Clebsch-Gordan coefficient satisfies the following expression:

1/2

k—1 o
N Ay = A) + (i)~ 1Y :
Chomsi = H ( (Aj =) + (i =) > (N =)+ (k—i) + i | e

j=1,j#i

Proof. Consider the Clebsch-Gordan insertion procedure from Definition 10.9. When inserting %k into row
i < k during Step 2, the highest weight SSYT T* only contains the letter 4, which is not greater than k.
Thus, the insertion procedure does not reach Step 3, but always jumps to Step 4. See Figure 18. Step 4 will

now append a new cell containing k to the end of row i to obtain T} ,,, and will set ¢} ., to be

C?_”» < SF(T)\7 ka ia None) = ((TA) ) 10 (TA) )

Finally, the procedure appends (T,;\ s cg _,;) to the output and terminates. We will now use Equation (60) to
compute an expression for the one-step Clebsch-Gordan coefficient.

A = (T, et | (THTF)
Ty = A0+ G —5) - 1|

- k . (T is highest weight =—> T{\ =\)
[T (A = X)) + (i = 7))

1/2
_ ’ﬁ N —A)+(i—j) -1 -1
Oy M)+ -] Dw =)+ =)+ o

=15

The last equality holds because if ¢ = k, then the denominator of the additional factor is equal to 1, and
otherwise equal to (A — \;) + (i — k). O

Before we proceed, let us build some intuition about these coefficients. We first observe that all possible
one-step SSYT's have a nonzero coefficient.

Observation 10.14. FEvery valid one-step SSYT T,;\HZ- has a nonzero one-step Clebsch-Gordan coeffi-
cient cgﬁi.

2 Step 4
—_—

Tk—>i -

=W ||~
=l w| N =
=l w|lo| -

Figure 18: An example of how T” evolves during the Clebsch-Gordan insertion when k = 4, and i = 3, for
A=(5,4,3,2).
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Looking at Equation (66), we can see that the only way for cg _,; to be zero is when the expression in the
numerator (A\; — A;) + (¢ — j) — 1 is equal to zero for some j in {1,...,k —1}\ {¢}. Rewriting this, it means
that A\; = A\; + (i —j — 1). We consider the following two cases:

1. If j <4, this means that ¢ — j —1 > 0 and thus A; > ;. Since the j-th row is above the i-th row, we
conclude that the two row lengths must be equal. Then we cannot add another box to row ¢, since that
would make this row longer than row j, which is above it.

2. If j > i, this means that ¢ — j — 1 < —2 and thus A\; < A; — 2. This is impossible, since row 7 is above
row j, and for A to be a valid Young diagram, it must hold that A\; > A;.

We conclude that the only way for the one-step Clebsch-Gordan coefficients to vanish is by adding a box to a
row ¢ that satisfies A\;_1 = \;, which means that \ 4 e; is not a valid Young diagram.

10.3 Two-step coefficients

In the previous section, we introduced the one-step Clebsch-Gordan coefficients to understand the state we
obtain when we tensor a qudit |k) to a highest weight vector. This suffices to study the first moment of our
estimator p. For the second moment of the estimator, we will need to understand the state we obtain when
we tensor two qudits, i.e. |k) ® |£), to a highest weight vector. We have

T & k@10 = (D au e @ 1T ) @10
i€[d]
= > YA (TITLL0 - DHe)® Ntete) o [T), (67)
ijeld T’

where, in the inner sum, 77 € SSYT(A +¢; + ¢, d). Let us first try to understand which SSYTs 7" appear in
this superposition with nonnegative amplitude. From Observation 10.14, the coefficient ¢} ,, in Equation (67)
is always nonzero if T3 ,, is a valid SSYT. Thus, it suffices to determine for which 7" the coefficient (7"|T},,,¢)
is nonzero. We will need the following definition.

Definition 10.15 (Two-step semistandard Young tableaux). Let A be a Young diagram of length at most d,
and ¢ < k and j < £ be positive integers at most d such that A + e; 4 e; is a valid Young diagram.

There is at most one valid SSYT that can be obtained from T by adding a k to row i and an £ to row j.
If such an SSYT exists, we denote it Tk)‘g_n-j and refer to it as a two-step semistandard Young tableau.

Note that the ordering of the value-row pairs (k,7) and (¢, j) does not matter. In particular, Tl?[ﬁij =
TZ,‘C _ji- Moreover, we can obtain T,i‘z ey from T by first appending a k into row 4, then appending an ¢ into
row j. However, in the case where k > ¢, and ¢ = j, in which case we must also swap the boxes containing k
and ¢, so that the SSYT is valid. See Figure 19 for some examples of two-step SSYT's.

111 1 1|1 1 1111 1|1|2\
202 2 202 3 202 2
™ = Uy = I =
3 3 3 3,4—2,3 3 3 2,1—-1,1 3 3
44 44 44

Figure 19: A partition A = (5,4, 3,2) and two examples of two-step SSYT's Tli\é—m‘j‘ The added boxes are
shaded.

Lemma 10.16. The coefficient (T'|T},,,{) is nonzero only when T' satisfies one of the following two cases:

(i) T' =T}

ke—ijr OT
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(i) T = Té)c—m‘j and k > ¢,
where j is any valid row.

Proof. Recall the Clebsch-Gordan insertion procedure from Definition 10.9, during which we attempt to
insert ¢ into a row of T,g‘ ', during Step 2. We consider the following two cases:

1. If we insert £ into row j < ¢ that is different than 7, the one-step SSYT T} ' ,; only contains the letter j
in that row. Since j is at most ¢, the insertion procedure does not reach Step 3, but always jumps to
Step 4. Step 4 will now append a new cell containing ¢ to the end of row j to obtain T}, —ij» append it
(along with the respective coeflicient) to the output, and terminate.

2|3 Step 4
3 Té\e—n‘j =

A
Tk—n‘ -

=W o =

=W N| -

=W N -

=l w|lo| -

Figure 20: An example of how T” evolves during the Clebsch-Gordan insertion in the first case from the proof
of Lemma 10.16 when (k,¢) = (3,4), and (4, j) = (2, 3), for A = (5,4, 3,2).

2. If we insert ¢ into row i (assuming ¢ < ¢), the one-step SSYT T,i‘ﬁi contains the letter ¢ in the first
i cells, and the letter k£ in the final cell of the row. If k < £, then the insertion procedure does not
reach Step 3, but always jumps to Step 4 and will append a new cell containing ¢ to the end of row ¢ to
obtain T}

kl—ii®
If, on the other hand, k£ > ¢, then ¢ will replace k at the end of row 7. The current tableau becomes
T} ,,, and the procedure will repeat Step 2 with the bumped letter k, which will be added in a valid
row j < k. The current SSYT will contain in row j the letters j, and possibly ¢, which are not greater
than k. Thus, we proceed to Step 4, during which a new cell with the letter k is appended at the end
of row j. The final SSYT is thus Té),‘g_”j.

213 Step 4

A
Tk—m’ -

A
Ték—m'j -

=W N =

=W N~

=W -

=~ W N =

~

1

A
=l w | =

=W N =

=Wl =

Figure 21: An example of how T” evolves during the Clebsch-Gordan insertion in the second case from the
proof of Lemma 10.16 when (k,¢) = (4,3), and (4,j) = (2,4), for A = (5,4, 3,2).

We conclude that the only SSYTs 7”7 with a nonzero coefficient are either T}, yij» OF 1), i k> L O

In light of Lemma 10.16, we define the two-step Clebsch-Gordan coefficients as follows.

Definition 10.17 (Two-step Clebsch-Gordan coefficients). Let A be a Young diagram. The two-step
Clebsch-Gordan coefficients are:

A . A A A A A i A A A A
App—ij = <Tk—>i|T 7k> : <Tké—>ij‘Tk—>ia€>v bké—m’j = <Tk—>i|T 7k> : <TM—>jz"Tk—>ia€>~
Whenever a one-step or two-step SSYT is not valid, we define the corresponding coefficient to be 0.

Remark 10.18. The scalar factors that do not involve a bumped letter are always nonnegative, since they
come from items (i) and (ii) of Lemma 10.7. Therefore, the two-step Clebsch-Gordan coefficients ay, ij are
always nonnegative.
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11 Constructing the Schur transform

The Clebsch-Gordan transform can be used to give a recursive construction of the Schur transform. That is,
n)

we can construct a unitary US(W that acts as in Equation (17): for all w# € S,, and U € U(d),

USy - (PO (mR™@)) Ul = D7 N @ ra(m) @ 1 (U).
AEn
((N)<d

This construction is originally due to [Har05, BCH05]. Note that in these works, the Schur transform was
only required to compute a Young-Yamanouchi basis in the permutation register. We will prove that the
construction can be used to prepare Young’s orthogonal form as well.

For intuition, we now sketch how we will do a recursive step using the Clebsch-Gordan transform. Assume
we have constructed L{é%& already, so that we can rewrite vectors in (C%)®" in the Schur basis. We want to
give a construction of L[éwl).

Start with a tensor product |A) ® |S) ® |T) ® |i), obtained by using L{é@ on the first n qudits. By

applying the Clebsch-Gordan transform, uggl)’ we take this state to a superposition of vectors of the form

AN ® [S)® |pu)® |T"), where T" is of shape p. If we now rearrange factors, we can obtain |p)®@(|\)® |S))® |T7).
In this product, |A) ® |S) is exactly the labeling of the Young-Yamanouchi basis vector corresponding to
|S7), where S” € SYT(u) is obtained from S by appending a box labeled (n 4 1) at the location of the single
box of p\ A. Formally, the rearrangement is performed by the following unitary.

Definition 11.1 (Rearrangement unitary). Let Z/{P({"H) 1P, Spa® ( D, Vi) — @D, (6D, Sp,®V,!) mapping
N @IS @ @ |T) = |w e M) e |S)e [T,
for all \F n, S € SYT(A\), pp with A /' pand T7 € SSYT(u, d).
D (1) k)

The structure of the new basis vectors suggests that the product Ugy, == Uy cG (Z/IS(QV) ®I)
may be performing the Schur transform on (C4)®+1 je.

UG - (PO D@ QD)) UG L ST il © k() @ v, (U): (63)

pEn+1
Lp)<d

Indeed, loosely speaking, the “unitary register” (the register containing |7”)) transforms according to the
v,, representation, by the definition of the Clebsch-Gordan transform. Moreover, by the uniqueness of
the decomposition into irreps by Schur-Weyl duality, the “permutation register” (the register containing
ISy = |A\) ® |S)) transforms according to some representation of S, 41 isomorphic to &, which we recall is
Young’s orthogonal representation. Moreover, this representation’s restriction to S, is k) (as we will show in
Lemma A.4), so that the permutation register’s basis vectors constitute a Young-Yamanouchi basis.

It turns out that Equation (68) does hold. Based on this, we make the following definition.

Definition 11.2 (Schur transform). We define the Schur transform, Z/lénw) S (CHen - D (n,a)SPA® Vi by

the following recursive construction. We explicitly define L{S(i,z, as the unitary such that

Uy i)y = D © @ @ i),

for all ¢ € [d]. Then, for n > 1,
iy = U 0l e )

Theorem 11.3. The unitary in Definition 11.2 is a Schur transform. That is, it satisfies

Ul - (P(mR™@)) Ul = >IN @ ra(m) @ 1A (0), (69)
AFn
2(N)<d

forallme S, and U € U(d).
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This theorem is useful for us, because we will eventually want to make use of explicit formulas for matrix
elements of Young’s orthogonal form. If the permutation registers computed a generic Young-Yamanouchi
basis only, then the corresponding matrix elements may contain unknown phases, making them harder to use.

Proving Theorem 11.3 is a little involved, and we defer its proof to Part V.

12 Dual Clebsch-Gordan transform

It will be convenient for us to use the dual Clebsch-Gordan transform in our proofs as well. We now give a
minimal introduction to what we will need.

Definition 12.1 (Rational representations). A finite-dimensional representation (u, V) of a matrix group G
is rational, if, expressed in some basis of V, every matrix element p(g);; is a rational function in the entries
of g € G.

A representation being rational is a basis-independent notion, since if the entries of u(g) are rational
in one basis, then they are also rational in any other basis. Rational representations generalize polynomial
representations. The rational irreps can be classified as follows.

Theorem 12.2. The rational irreps of U(d) are indexed by tuples A € Z%, such that A1 > Xo > -+ > A\g.
The irrep corresponding to \ is denoted (v, V).

Unlike Young diagrams, the tuples indexing rational irreps do not necessarily have nonnegative row
lengths. These are sometimes called staircases or rational tableauz in the literature [Ngu24]. One new rational
representation is particularly important.

Definition 12.3 (Antifundamental representation). The antifundamental representation of U(d) is the
representation (v_g,V9,) defined by VI, = C? and v_g(U) = U*. This is the irrep corresponding to
A = (0471, —1). The computational basis elements are denoted { |k)},e[q in this context.

It turns out (see for example [Ngu24, Equation (49)]) that the tensor product of a polynomial irrep Vi of
U(d) with V45 decomposes into rational irreps in a way similar to Equation (55).

U(d)
Wevl, = P Vi (70)
p=x—0
L(p)<d

Here by A — O we mean a staircase tableau of the form A — e;, for any i € [d]. So the right-hand side of the
above expression iterates over all valid tuples that can be obtained from A by removing a box. Note that
with tuples, we may also remove boxes from rows with zero or fewer boxes.

Therefore, there exists a unitary L{(gé)G : Vf ®C?* - @MVj that implements the isomorphism in Equa-
tion (70). In other words, for all U € U(d),

U (@) @U*) Upd = S il @ v, (U). (71)
=A—
lz(u)ScEll

We observe that the choice of L{éé)G is not unique. Indeed, one can see from Schur’s Lemma that any unitary
of the form \
( Z ot - ) ®Ivf) 'uc(ic)c;
p=A—0

where a* is a complex scalar of unit norm will also satisfy Equation (71). The above transformation defines
the dual Clebsch-Gordan coefficients.

Definition 12.4 (Dual Clebsch-Gordan coefficients). Let A € Z¢, T € SSYT()\, d), and k € [d]. We can write

A - N _
U 1Ty @ By = > > (T UGG 1T, F) - 1, T')
pu=i—0 T’
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Here, 7" indexes a basis of the irrep corresponding to p.?. Then coefficients (u, T”| Z/{éé)G |T, k) are known as
the dual Clebsch-Gordan coefficients. We will typically write (T’|T,k) as shorthand for (u,T"| UC%)G T, k),
leaving p = sh(T") and U(gé)G implicit.

We are interested in the relationship between the Clebsch-Gordan and the dual Clebsch-Gordan coefficients
when both A and p correspond to polynomial irreps. In particular, we use the following result from Equation
(13) of Section 18.2.1 of [VK92].

Theorem 12.5 ([VK92]). Let A\, u € Z2¢ be Young diagrams with nonnegative row lengths such that = X — O.
Then there exists a unitary ué?})(; that performs the dual Clebsch-Gordan transform such that:

dim(V,¢)

LT UM T R
dlm(V/\d) < ) | CG‘ 9 >

N
(0, T\ U | T ) =

2We have already seen that for polynomial representations, 7’ can be thought of as an SSYT. For rational representations,
there is also a connection to tableaux. However, we will only make use of this in the case when A and p are polynomial
representations, and so we will not need the more general case. See, e.g. [Ngu24], for more details.
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Part IV
The moments of the debiased Keyl’s estimator

13 The first moment

In this section, we formally prove Theorem 1.3 from the introduction. That is, we show that the debiased
Keyl’s algorithm, given in Definition 1.2, is an unbiased estimator. We start by developing some tools related
to the one-step Clebsch-Gordan coefficients.

13.1 Technical lemmas concerning one-step Clebsch-Gordan coefficients

In this subsection, we collect some identities about the one-step Clebsch-Gordan coefficients that we will use in

our proofs of the first and second moments of our estimator. Recall that for a Young diagram A = (A,..., Ag),
we use A<; = (A1,..., ;) to denote the truncation of this tableau to its first j rows.
Notation 13.1. Let A be a Young diagram, and let i € [d]. We write D ,, as shorthand for the ratio of
dimensions ' .
D;c\ . d1m(V>\§k+ei)
—1 . )
dlm(VfSk)

Whenigkgd,anddeﬁneD,ﬁ‘Hi:Owhen0§k<i.

Notation 13.2. Let A be a Young diagram, and let i € [d]. We write C;* as shorthand for the quantity
C := \; — i, which is also the content of the rightmost box in row i in A\. We will omit A when clear from
context.

The first lemma relates the one-step Clebsch-Gordan coefficients to the dimensions of truncated tableaux.
Lemma 13.3. Let A\ be a Young diagram, and k,i € [d]. Then
|Cz~>i|2 = Dl?*)i - Dl?*l*)i? (72)

and
(Ci — Cy) - |02—>i|2 = Dlé—l—)i' (73)

These equations together immediately imply:
(Ci - Ck) : D?*}i = (C% - Cr + 1) : Dl::\flai' (74)

Proof. The proof follows by direct calculation. If k < i, each side of both Equations (72) and (73) is equal to
zero, so the equations hold. When k > i, recall the Clebsch-Gordan coefficient expression from Lemma 10.13:

v [TT M=) -1\ [T Gi=A) G-+ 1
ck—il” = j]_;[l N — X))+ (i — j) j:qu M=)+ —19) (N = M) + (k=) + 0ir”

Now suppose k > i. We use the Weyl dimension formula from Equation (15) to write

AVl ve) _ (rp Q=)+ =) —1) ﬁ( RYRUSDRS
dim(Vy{_ ) o =)+ (=) o M=)+ —1)
(e i-n-1) [T e G-+ 1
- H Oy =) + (= J) H Ci— X))+ — ) ((Ai—xk>+<k—i>“)
= | |2 %
= |Ck—; di (VAk<k11)
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Thus, D}

= |cp _>Z|2 + Dk 1_,;- Moreover, the second equality above implies that for &k > i,

k—i —
1
Dl/ﬂ}%i = Dl/@\qai ’ (C’—C’k + 1) = (Ci = Cy) - (Dl/c\ﬁi - Dl/c\flﬁi) = Dl/c\flﬁi'
7
Lastly, suppose k = i. Then
dmﬂwﬁvw)AiII(%~—&)+(i—j)fl
k - Y i
ST R S SOV e )
()‘j_/\i)—i_(i_]’)_l . 1 :|C ‘|2
M)+ —d) i —Mo)+ (k—i) + 6 "7
Since D ,_,, is defined to be 0, we conclude that D ,, = |c},|>+ D} ,_,,. Finally, both sides of Equation (73)

are equal to zero when ¢ = k.

O

Telescoping the above sum in Equation (72) gives the following corollary.

Corollary 13.4. The one-step Clebsch-Gordan coefficients satisfy the following relation:

S

A
Z |Ck—>i|2

k=1

D)\

s—1"

The next lemma shows that the one-step CG coefficient 02 _,;» regarded as a function of k alone (i.e. for

fixed A, d, and i), is constant on the blocks of A.

Lemma 13.5. Let X\ be a Young diagram, and let {k,k+1,...,
Then, for each i < d, the one-step Clebsch-Gordan coefficients that correspond to adding any value in {k, . ..

satisfy:

A A _
Ck—i = Ch41—i — 77

Proof. We first observe that if i € {k,...,

£} be a block of A, i.e. Ay = App1 =+ = Mg
g
=) (75)

£}, then we must have i = k if A + ¢; is a valid Young diagram. If

k+1 <i </, then Equation (75) holds trivially as all coefficients are zero, since A+ e; is invalid. Furthermore,

if i > ¢, even in the case where A+ e; is a valid Young diagram,

since m < 4. In this case too, Equation (70) holds trivially.
It remains to show that ¢)),,,_,; = c),_,; for all m € {k, ..

when ¢ = m (which happens when they are both equal to k)

1. If i = m = k, then, from Lemma 10.13, we have

T, is an invalid SSYT for all m € {k,...,

t},

, £ — 1} whenever ¢ < k. We consider the case
beparately.

. 1/2
o .= L H )\Z+(Z_j)_1
k1 (>\z - >\k+1) + (k +1-— Z) + 6z’,k+1 =1,j l) + (Z - j)
i 1/2
1 A=)+ (i—j)—1
_ | L (Mg = Agg1)
M=)+ (k+1—i) {1, i) + (i = j)
- 1/2
_ 1 ' 1:[ (A —A)+(@—j)—1 A
=)+ (k=) +0 31, (=) +(—J) o
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2. If i < m, then

1/2
c;\n+1—>i = ! ﬁ SRR e b
(Ai = A1) + (m+1_l)+5zm+l =1 ok ()‘ =)+ (i —J)
1/2
_ 1 P = M)+ (i—m) -1 “ﬁ N —A)+(i—7)—1
N — A1) Fm+1—43) (A=) + (i —m) Il ( — X))+ (i —7)
1/2
_ 1 i Am)+(m—i)+ 1 "i—‘f A= A)+(i—7)—1
i)+ m—)+1 = Am)+(m—9 AL G-
1/2
_ 1 "lt_ll - X))+ (@E—7)—-1 A
(Ai — Am) + (m — P A — i) + (i — j) o
where we used the fact that A\, = A;,41 in the third step. O

13.2 Proof of the first moment

Theorem 13.6 (Theorem 1.3, restated). Let p be the output of the debiased Keyl’s algorithm when run on
p®™. Then E[p] = p

Let us interpret what it means for a tomography algorithm to give an unbiased estimator of a density
matrix p. A tomography algorithm is determined by a POVM M = {M;} on (C%)®" and a corresponding set
of possible outputs {p;}: the algorithm measures p®™ using M, and outputs p; upon obtaining outcome M;.
If the tomography algorithm is unbiased, then

S pi - te(M; - pB7) =
i
Some elementary manipulations of the left-hand side give

Zﬁi.tr(]\/[lwp Ztr[n]M@@m P2 @ 1) = try, ((ZM@’P%) ®n®1)*tr[n]( MY - o),

where we define
MGy Z M; @ ;.

So our goal is to satisfy tr(, (Mé\l,é -p®"®1I) = p. This would happen, for example, if Mé},é = (1,n+1), where
(I,n+1):=P(1,n+ 1) and P(-) is the representation of the symmetric group from Definition 2.46, since

trpy((1,n +1) - p®" @ 1) = try((1,2) - p@ 1) - tr(p)" " = p - tr(p)" " = p.

Similarly, it would also be true if Ma(ié = (k,n+ 1) for any k € [n], and also, more generally, if
Mé},é = Zai (k,n+1),

for any constants with a; + - - - + «a,, = 1. One might then expect that any unbiased algorithm that treats its
n registers symmetrically should satisfy

1 1
M=~ (Ln+ 1)+ + (n+1) =~ X, (76)

where X,,;+1 is the Jucys-Murphy element as in Definition 2.35. We show the debiased Keyl’s algorithm
satisfies Equation (76) below in Lemma 13.7, from which Theorem 1.3 follows as an immediate corollary.
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Lemma 13.7. Let M = {M)y} be the POVM that corresponds to Keyl’s algorithm. Consider a legal
estimator, which outputs pyy = U - f(\) - UT/n when the POVM element indexed by A and U is obtained.

Let Mé\l,?g = v Mxu ® pau, where p. Then, for any legal estimator,

1 1
M, =~ (L 1)+ + (n+1) =~ X,

Proof. The POVM used by any legal estimator is the same as in the original Keyl’s algorithm. The POVM
elements are indexed by A - n and U € U(d), and, from Equation (22), is given by:

My = UG - (dim(VE) - XA @ Ly @ 1A (U) - [TKTY - 0A(U) - a0 ) - Uy,

Upon receiving A and U, the state we output is px,iv = U - f(A) - UT/n. We can therefore rewrite Mévg as:

MO

avg

=—Zdlm V) [ UG (1A Tamery © 1a(0) - [T - 0a(01)) Uy @ U SV - a0
d
=%§mew& E:f /ﬁ4 'IAAW9WWﬂ®w()-Wﬂ@ﬂ-waﬂﬂlé@®UummUﬁdU
A k=1

(77)

Here, S € SYT()), and k € [d]. We can manipulate the integrand as follows:

UG - (1N @ [SKS| @ ma(U) - [TKT oA (U1) ) - Ul @ U k| U

=0 UGt (I @ [S)S| @ [T ) - Ul - UM @ U ek U

= Uyt (N @ [SKS| @ [TNT @ [RKk]) - U - U,
Here, we are using the notation

U=Uwel,
as shorthand. We have also used
U UG = USRI @ Taimeny © a(0).
O)Za

We proceed by using the Clebsch-Gordan transform to rewrite the state inside parentheses using:

d
n+1) n+1 n+1
U™ UE N @ 1) @ [T @ k) = U Y [N ©18) @ A+ i) © [T)
i=1
d
=) GLildte)@18) @ |T,;).
i=1
Here, S; is the SYT obtained from S, by adding a box labeled n + 1 to the end of the i-th row. This is well
defined for all A such that A + e; is a valid Young diagram. Recalling that the Clebsch-Gordan coeflicients
are real, and our definition

Y = Ul ) 1) = U
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we have

Uyt (N @ [S)S] @ [TAKTA @ [k)k| ) U - U0

= y®n+tl) u(n+1 ( Z ckﬂckﬂ A+ e A+ e @ [Si)S;| @ \TIHZ)(T,HA) .uég‘;rl) .phentl)
3,j=1

d
= UG (D0 asied A+ e+ 65l @ ISHSH © vaes (0) IR NI v, () - U™

i,j=1

After substituting this back into Equation (77), the integral over unitaries in Mévzg can then be pushed under

the sum and onto the unitary register. The resulting integral can be evaluated using Schur’s lemma:

1
Tn(V,,) ) 0

/ Vrter (U) TR TR 5 vase, (U) - AU =
U Ate;

since the integral is an intertwining operator between the irreducible representations vy ., and vy ye,, which
are non-isomorphic unless ¢ = j. Therefore,

[ uee - (@ 1SKS| @ [T © ki) - - U a
U

d X2
(n+1)t |Chil® _ _ NS (nt1)
= Ul ( ;:1: T,y A el el © 1SS © Lamy,, o) US.

Our expression for Mévg thus becomes:

d d
MY = uli ot ( Zdlm V> FN) kZZdWHP) A+ eadA+ el @ |SiXSil © Lgim(vg,, ) Uy
k=1 S =1 /\+e
. d di d .
= Ui -( Z;Z d”“ AV+ (Z;f peletnil?) - A A+ el @ ISHSH @ Lamqrg, ) ) - Ui

We have shown so far that M;S},é is diagonal in the (n + 1)-copy Schur basis, and the expression below gives

each diagonal entry:
1 dim( VA
n dim(Vd,,) (Zf Jekol?).

We prove in Lemma 13.9 below, using our lemmas for the one-step Clebsch-Gordan coefficients, that

1 dim(VY) 4 Voo 1 dim(VY) dim(Ve,) 1 ,
ek P WA A - PP)=2 — A (N 41 —d) —— 2% = (41 —4). (T8
n T (I;f( olaiol®) = 2 Gy N1 = T = 5 ek 1= (79)
Finally,
d
n 1 n
MG = UG (SN e+ 1) A edA+ il © IS © Luimerg, ) - USH
A S =1
n 1 n
= Uiy (< > conti(n+1)- |uful @ [SHS'| € L) - USH -

},
m

+1S7€SYT (1)
( )<d

Comparing with Equation (19), we conclude:

MY == -Xn+1. O

avg
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To complete the proof of our first moment, it suffices to prove that the following identity from Equation (78)
holds, for all legal Young diagram transformations f:

d
S POkl = N+ 1—4)- D).

k=1

We first show in Lemma 13.8 below that this identity holds in the special case when f corresponds to the
staircase transformation. Then we use the property that the one-step Clebsch-Gordan coefficients are constant
on the blocks of a diagram to extend this result to all f’s in Lemma 13.9.

Lemma 13.8. Let A be a Young diagram, and AT be the outcome of the staircase transformation on A. Then

d

ST e = 0+ 1) - D). (79)
k=1

Proof. Fix X and i. We prove the lemma by induction on d. Note first though that )\ET =X +d+1-2k

implicitly depends on d. When we would like to emphasize d, we will write )\y(d). We are also taking the
convention that A\, = 0 for all & > £(\).
The base case is d = 1. If i = 1, then

d
S d=1) e P =ATd=1) |, P =M fed P = DY = (A +1-4) - D),
k=1

where we have used Corollary 13.4 in the second-last step and the fact that d = ¢ = 1 in the final step. If
instead ¢ > 1, then both sides of Equation (79) vanish.

Now assume the lemma holds for d — 1. We use the fact that )\ZT(d) = )\ZT(d — 1)+ 1 and the inductive
hypothesis, to get:

d d—1

SN - Jerosil? = (30 (L= 1) +1) i) + AL (@) - el
k=1 k=1
= A+ 10 DY+ (Z|cH) (A= d+1) )% (80)

We now rewrite everything in terms of C’s and D’s using Corollary 13.4:

(80) =(Ci+1)- Dy y 4, + D)y i+ (Ca+1)-(Dy; —Dj 1)
=(C;—Cq+1)-D)_, ,,+(Cy+1)-D) .. (81)

Finally, from Lemma 13.3, we have
Dc>l\—1—>i = (Cde)'ICQ%\Q = (Ci*cd)'(Dc)l\aifD?l\—lai) = (Ci*cdﬂLl)'Dc)l\—l—n' = (Ci*cd)'D?l\—m
and substituting this gives us
(81) = (Ci = Ca) - DYy + (Ca+1) - Dy = (Ci+1) - Dy 0
We are now ready to extend the above identity to all legal transformations f.

Lemma 13.9. Let A be a Young diagram, and f be a legal transformation of Young diagrams. Then

d
S F Nk il = i+ 1—4) - D) (82)
k=1
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Proof. For a generic legal transformation f, we use Lemma 13.5, which states that the one-step Clebsch-
Gordan coefficients ¢} ., are constant (as functions of k) on indices in the same blocks of A. Write ¢}, = ¢} ..,

for all k£ € B, for B a block of A\. Then, for any estimator, we have

STENec s = D0 e P fe= D0 lepn P DAL

d
k=1 blocks B keB blocks B keB
where the second step is by the definition of a legal estimator, and recall that AT refers to the box donation
transformation from Definition 1.1. Thus, the left-hand side of Equation (82) is the same for any legal
transformation, and so
d d
Zf()‘)k ’ |62—>1"2 = ZAiT ’ \Cﬁ_dz = ()\i +1- Z) ’ Dc)l\—n" O
k=1 k=1

14 The second moment

In this section, we formally prove Theorem 1.4 from the introduction, which obtains an expression for the
second moment of the output p of the debiased Keyl’s algorithm.

14.1 Strategy overview

Since our proof for the second moment is more involved than the first moment, we start with a high-level
overview of the main ingredients.

A central part of the first moment proof was the matrix Ma(\l,% and its relation to the expected output of
the debiased Keyl’s algorithm on n copies of p:

E[p] = trgy (ML) - p*" @ 1).
Using Schur-Weyl duality and the Clebsch-Gordan transform, we showed that Mé},é is diagonal in the Schur
basis, and that it is equal to the Jucys-Murphy element % - Xn41, which implies that our estimator is unbiased.
That is, E[p] = p.

For the second moment, we define the matrix Mg%, which captures the second moment of the debiased
Keyl’s estimator on n copies of the state p. We define, for an estimator that measures with POVM {M;} and
outputs p; upon obtaining M;:

Mgé = Z M; ® p; @ p;.
i

Then
E[p® p] = trj (MEZ) - p®" @ I I).

avg
We show in Section 14.4 the Main Lemma (Lemma 14.15) for the second moment, which says that the matrix
Mé\z,zg satisfies the equation

(2
M, avg corr

1
) + M) . SWAP = ) c Xnt1Xnyo. (83)

Throughout this section we use SWAP for SWAP,, 11 »42, and Mé?r)r is a “correction” term for which we
have an exact formula. Later in this subsection, we use Equation (83) and the exact form of ME: to
prove Theorem 1.4, which is restated below.

The remainder of this section is dedicated to proving the Main Lemma. In Section 14.2, we use the
Clebsch-Gordan transform to deduce that Mé\%é and Mé[f}r have the same block-diagonal structure in the
Schur basis as SWAP, with submatrices of size 2 x 2 and 1 x 1 on their main diagonal. The entries of
these submatrices are given by expressions involving sums of the two-step Clebsch-Gordan coefficients. The
Jucys-Murphy element X, 11 X,,15 is a diagonal matrix in the Schur basis whose entries are related to the
contents of boxes of standard Young tableaux. Therefore, to prove Equation (83), it suffices to compute the
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exact value of Még; + M%), - SWAP for each submatrix in the Schur basis, and show that it matches the
values of # - Xn4+1Xn+2. This reduces to proving an expression for the diagonal terms in each submatrix,
the Diagonal Expression Lemma (Lemma 14.17), and this we do in Section 14.5.

For this purpose, we develop several tools for the two-step Clebsch-Gordan coefficients in Section 14.3.
The two most important ones are Lemma 14.10, which gives a closed-form formula for the partial sums of
the two-step Clebsch-Gordan coefficients, and Lemma 14.14, which relates the two-step Clebsch-Gordan
coefficients and the blocks of the underlying Young diagram. Both of these technical lemmas are extensions
of Corollary 13.4 and Lemma 13.5 from the one-step to the two-step coefficients, respectively.

Theorem 14.1 (Theorem 1.4, restated). Let p be the output of the debiased Keyl’s algorithm when run on
Xn
p®". Then

o~ -1 1 E[/(A
E[p®p]:nT-p®p+E(p®I+I®p)-SWAP+ [n(2 ) - SWAP — Lower,,.

Here, Lower, refers to the “lower order terms’ and has the following characterization: it can be written as
a positive linear combination of terms of the form (P ® P) - SWAP, where each P € C¥*? is a Hermitian,
positive semidefinite matri.

Proof. Recall from the proof of unbiasedness that we interpreted our tomography algorithm as measuring
p®™ using the POVM M = {M,}. Upon obtaining outcome M;, the algorithm outputs p,. It holds that

Elp® p] = Zﬁi ® Py - tr(M; - p=™)
= Ztr[n] (M¢®ﬁ¢®ﬁ¢ 'P®n®f®1)
= trpy (ZMi®ﬁi®ﬁi 'P®"®I®I)
= trp,) (Mg; P& ®I®I),

where we define
MG) = ZM ® p; @ p;-

For the debiased Keyl’s algorithm, the POVM elements are labeled by A\ - n and U € U(d). See
Equation (22). Similar calculations as the first moment section provide the following expression for Ma(gé:

55\2% = Z/ My @UalU' @ UaUu"
- Zdlm (V) / u(”)* |>\ WA @ Taim(r) @ va(U) [ TANT?| V)\(U)T) Ul @ vaut @ vaut - au
=3 dim(V¥) / Uen .yt (|)\><)\| ® Loim(y) © | TXT?| ) Ul Uten @ uaUt @ UaUt - dU
A U

=3 dim(V) / U+ gt ( N @ Lgim) @ |[THTA @ & @ a) U - uteet gy
A U

d
= dim(V{) > axd / Uer .yt (|A><AI ® Ly ® [TXNTH| ® [k)k| ® |£><e|) U Utentd) qu
I\ k=1 U

1 3 n n
=) dm(V)) :AW/UU@( 2yt (|)\)<>\| ® Igim(y) ® |[TXT| @ |k)k| @ w><zz|) U UHEIH) U,
A k0

where here U = Z/l ® I ® I. As mentioned above (Equation (83)), we show in Lemma 14.15 that

(2) + M(2

corr

1
-SWAP = — - X, 11 X4,
n?2
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where Mégﬁr is a “correction” term that is given by

1 : ~ n n
Mc(gr)r = - Z\:dlm(V)‘\i) Zamax(k,@ /U Uen+2) gt (|)\><)\| ® Igim(y) ® ’T/\><T>\} ® |k)k| ® |£><€|) U - Ut g

1 .
= — > dim(V) D Moo / U2yt (AN @ Laimeny © TN @ kK] @ 64E] ) -U - UFE0) U
A k.0

Note that this is identical to our expression for Z\lavg above except with the /\T)\} part replaced by a )\max( )"

From Lemma 14.2 below, we can write M2 in the following way, with {mj }ield) a set of nonnegative
integers, and II<; = Zi<j |i)Xi| the projector onto the first j computational basis vectors:

d
Mc(gr)r = Zdlm 1%%) Z / Uen+2) 14t (‘/\><>\| ® Igim(y) ® |T’\><T’\| @I, ® Hg) UMD QU
7j=1
_ ﬁ Z/\:dim(V/\d) L(N) /U Uem+2) 141 (|)\><>\| ® Igim(x) ® |T’\><T’\| 2I® I) U UM

We will call the first term above the negative correction MC(OT)r _ and the second term as the positive correction
M@

corr,4+>

from the sign of the term they contribute to E[p ® p]. Therefore

E[p® p| = trpy (M) - p*" @I @ I)
1
= 5t (Xn1Xnt2 - p2" @I R I) + trpy (MCOrr 4 SWAP - p®" @I ®1I)

— gy (ME), _ - SWAP - p*" @ I @ I).

corr,—

Let us compute each term separately. For the first term, we expand the product of Jucys-Murphy elements as

Xnt1Xnt2 = (i(i,n—i— 1)) . (i(]’,n—&- 2))

n

:Z(i,n+1)(j,n+2)+zn:(i,n+1,n+2)+2(¢,n+2,n+1).

i) i=1 i=1
Thus

trpn) (Xng1 Xnq2 - p®" @I QR 1)

n
= trp (Gn+ 1) +2) - p®" @I T) + >ty ((n+1,n+2)- p*" @I &)
i#j i=1

+ >ty ((n+2n+ 1) p*" @I )
=1

=nn—1)-(p@p)+n-(p@I+Ixp) - SWAP.
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M@

Now we compute the second term. First, we simplify M.,

. as follows

M3 = % > dim(Vy) - 6(N) / Uem+2) gyt ( IAA| ® Lgim(n) ® |TAXTH @ I © I) Y- UteeE2) gy
A\ U

% S dim(V) - £00) - (/ Uyt (|/\)<)\| ® Loy ® [TXT? )UT @ gyl . dU) QIR
A\ U

;;dimwﬁ- )+ (UG- (I @ Loy @ /U wAU) [THT ia()! - dU ) - Ul ) @ T T

= % Zdim(Vfl) L(A) - (Uéw ‘ (| XAl @ Lgim(n) ® Idlm((“;d))) Z/ls(f\;v)) ®I®I (Schur’s Lemma)
A
= % Zf()\) I @Il (Equation (18))
A
Hence
trp (M), - SWAP-p®" @ I @ 1) = = Zz <HA®I®I SWAP - p®"®]®[>
:nQ(ZE ~tr (IL - p® ))-SWAP
_B) g

M3

corr,— Can be written as a positive

Finally, we prove that the last term corresponds to Lower,. In particular, M,
linear combination of the following terms:

/ Uem+2) qt . ( N @ Taimneny ® |[THTA @ Tl ® ng) U Utee qu,

Hence tr, (MC(Q) “SWAP - p®" @I ® [ ) can also be written as a positive linear combination of the terms:

orr,—

) (/ Uyt (A @ Ly @ [T T @ Tl @ Ty ) - U - UMD SWAP - " @ T @ T - dU)
U
= / tr(y) <U®("+2) Ut ( MA@ Taimy @ [TAXTH @ 1< @ ng) U UMD p0n g [ g I) -SWAP - dU
U
= / (U®" U (|A><M ® Lgim(x) ® |T’\><T>‘|> UGt uten. p®”> (Ull,U @ UTl;UT) - SWAP - dU.
U

The trace inside the integrand is nonnegative since tr(AB) > 0 if A and B are positive semidefinite. We
conclude that each term itself can be further written as a positive linear combination of terms (P ® P)-SWAP,
where each P is of the form Ull<;U . and is thus a Hermitian, positive semidefinite matrix. O

Lemma 14.2. Letn > 1 and A+ n. It holds that
Z/\max(ke) Nk| @ [EX4] = (Zm H<]®H<3)—€(>\)-I®I,

where 1< =3, |i)i] is the projector onto the first j computational basis vectors, and {m3}jerq is a set
of nonnegative integers defined as follows. Regard X as a tuple of length d, and let B, = {iq,...,ja} be the
a-th block of A, for a € [A], where A is the total number of blocks. The coefficients {m}\}je[d] are given by:

AB, = ABuyy +|Bal + |Bas1l, J = ja for someac[A—1],
mﬁ‘: A, + |Bal, j=jaand Aa >0
0, otherwise.
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Proof. We have

d d j j d d
> g @t =Y m) - (o Ikk ) @ (D1l ) = S m)) - Ikl @ lexel.
j=1 j=1 k=1 =1 k=1 j=max(k,¢)
First, we consider the case where Ay = 0. In this case, ¢(\) = 2;4;11 |Bas|. As a subcase, suppose
max(k, £) € By, with a < A, then
d A-1
S m} =+ Ba+2( Y |Bul)+|Bal
j=max(k,?) a’=a+1
A-1 A-1
=g, +1Bal +2( D 1Bul) + [Bal + (60 = Y |Bl)
a’'=a+1 a’'=1
- (/\Ba S Bul+ Y |Ba/\> N
a’'<a a’'>a
=G+ L)
In the other subcase, with max(k,¢) € B4, we have Ag, = 0 and
d A-1 A-1
S om)}=0=xp, + (6()\) -3 |Ba,|) - ()\BA -3 |Ba,|) OO = N, ).
j=max(k,?) a’'=1 a’'=1
Thus, when A4 = 0, we have
d d
(Zm; e ® HSJ—) N TeI=Y ( Somd - e(x)) kX @ [Xe]
j=1 k.l  j=max(k,f)

=3 M e - RXE @ XL
k.l

The second case, when A4 > 0, is similar, but now £(\) = 23:1 |B/|. If we add a formal (A + 1)-th
block with [Ba41] = 0 and Ag41 = 0, then this case reduces to the first subcase of the A4 = 0 case above. [

14.2 Block-diagonal expressions in the Schur basis

Having defined the expressions Mgé and M§§2r7 in this section, we show that they can be written in the
Schur basis as block-diagonal matrices, using the Clebsch-Gordan transform.

Notation 14.3. For convenience, we will adopt the following notation and terminology.

e We will abbreviate A + e; + ¢e; as A;;, the Young diagram obtained when we add boxes to A in rows i
and j. Note that \;; = Aj;.

o If A+ ¢; and A + e; + ¢; are valid Young diagrams, and S is an SYT of shape A, we let S;; denote the
SYT obtained by starting with .S, and adding n + 1 to the end of the i-th row, and n 4+ 2 to the end of
the j-th row. Note that S;; # Sj;, unless ¢ = j. It can also be the case that S;; is valid, whereas Sj;
is not, or vice versa. For example, if A = (1,1), then we may insert into the first row, and then the
second, but not in the reverse order.

e For S an SYT of shape A, we can use the pair (S, {4,j}) to index the subspace of Spy,, spanned by the
valid SYTs among |S;;) and |Sj;).

e We refer to a block with both S;; and Sj; valid as swappable, since the new boxes in rows ¢ and j may
be inserted in either order. Otherwise, we call a block non-swappable. There are two non-swappable
subcases: if j = 4, then we refer to this as the horizontal case; and if j =i+ 1, we refer to this as the
vertical case. See Figure 22 for examples.
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Figure 22: In the above examples, we have an SYT of shape A = (3,3,1) (not all of its values are visible
because they are irrelevant), and we add two new boxes in rows ¢ and j with values 8 and 9 respectively. The
three resulting SYTs correspond to the cases when 4, j are swappable, vertical, and horizontal, respectively.

Lemma 14.4. Any expression M of the form

M =" dim(Vy) /U uent .yt ( N @ Taimn) @ |TXT?| @ [k)k| @ |e><z|) Y- U q,
A

can be written in the Schur basis as a block-diagonal matrix:

U - M U™ = D73 Nl @ D18 (i 518, {633 © M gy © Loy -
An i<j SeA

Here, the vectors |S,{i,j}) index into the blocks (swappable, horizontal and vertical), and each Mfz s isa

2 x 2 matriz if S;j and Sj; are valid and distinct SYTs supported on the block span(|S;;),|S;ji)) (i.e. the
swappable case), and is a 1 x 1 matriz otherwise supported on the block span(|S;;)) (i.e. the non-swappable
case). The diagonal entries of M{”} are equal to

dim (V%)

S — S _ 2 A 2
M55 = (Sij| M 5y |Si) = W (lagesig|* + 10Reis1%)-

15,4

Whenever M{ P s a 2 X 2 matriz, its off-diagonal entries are equal to

dim(Vd)
MS i = (Sijl M{i‘,j} 1Sji) = —3~ 2 : (agfaijbi\éaji + agl%jibgfaij + |a2k4ij‘2 - Oke).
dim(V )

Proof. We will prove the first part of the lemma by applying the Clebsch-Gordan transform to M. For brevity,
we will use \;; = A + ¢; + e; to denote the Young diagram when we add boxes in rows 7 and j to A, and
analogously, .S;; (though note S;; # S5j;). The Clebsch-Gordan transform gives

N ®18) @ T @ k) @ |£)

n+2 n+2 n+1 n+1
= (U Ul uet o 1 UGV e 1) D hrelsy)e (Remsis ITemsig) + ey 1T} )

;
n+2
= (uéw ) 'Z’{T> ‘ E |Aij) ®[Si5) ® (ake—m |Tu—>u> + bké—my \Té\e—nﬁ)-
©,J

Thus

MA@ [SYS| @ [TANT| @ [k)k| @ [€)]

= Z Z |Aij X Airjr | @ 1S5 X Sirjr| @ <agl—>ij ITlc)\é—>ij> + bﬁe—m‘j |T1§\£—>jz‘> ) (ai\l—)i’j’ <Tl?é—>i'j" + b?@—m"j' <T1§\z—>j'i'| )7
ij ij ”

where 2 indicates equality up to conjugation by L{S(T\;;rz) -UT. When we compute the integral of Equation (84),

due to Schur-Weyl duality (Theorem 2.47), we will get a linear combination of expressions of the form:

n n+2)t n+2 ,Q(n
| 0O UG (10 © 15801 © 1Ty ) -USHED - U0 a0

u(n+2 ( |)\U >< i/jll ® |SU><SZ/]/| ® /U V>\pq (U) |Tk>\€—>pq><T/j€—)p’q’| Vkp/q/ (U)T ) dU) : ué7\7;‘}i’2)7
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where p,q and p’, ¢’ are such that {p,q} = {4,j} and {p’,¢'} = {¢,j5’}. The above integral defines an
intertwining operator between the irreps v, and VN and so can be computed using Schur’s lemma. In
particular, if the Young diagrams A,, and Ay, are different, then the integral is zero. This happens if and
only if {p,q} # {p',¢'}. Otherwise, when {p,q} = {p’,¢'} (so that {4,j} = {p,q} = {p',¢'} = {i’,j'}) the
integral evaluates to a multiple of the identity c - Idim(Vfij)’ where the constant ¢ is given by Lemma 2.16:

_ 1 U T)\ Tk UT dU) = <Tl£\5~>p’q"Tlg\Z~>pq>
- dlm(Vd”> 'tr( UVMJ‘( )| klﬁpqx k}f%p'q’ly)\ij( ) : )_ dlm(V)fi”)

Thus, in the Schur basis, M is a linear combination of terms of the form
[Aig X ij| @ [SiXSirjr| @ Laimevy -

Since {i,j} = {i’, j'}, we see that each standard Young tableau |S;;) can only possibly be paired with itself
and the tableau |S};) that we obtain if we swap ¢ and j, provided this is a valid tableau. Thus, we obtain the
block structure claimed in the first part of the lemma.

Let us now compute the diagonal entries of M7 iy A term with [Si;)(Si;| in the second register arises

43}
from terms as in Equation (84) with (¢,5) = (¢/,'):

[Aii X Aij] @ [Si; X Sij] @ <a2£—>ij ‘Tlﬁéﬁiﬂ + b?e—m‘j |TI§\€—>ji> ) (aﬁfz—n‘j <TIS\Z—>ij\ + bgé—m‘j <T1?é—>ji| )

With such a term, after integrating over the unitary group and using Schur’s lemma, we are left with terms
of the form

1
Gy Pl @ 18K @ (ladesis? + bk isl?) - Lamiv -
This is because T,jz_m and Tkl_m are distinct SSYTs when £ # ¢, and when k = ¢, we have that bzf—w =0.

We proceed to the off-diagonal entries of M {Sl e which occur only in the swappable case, when necessarily
i # j. A term with |S;;)(S;j;| in the second register arises from terms as in Equation (84) with (4, 7) = (j/,7):

i Nig| @ 180X S5l © (@hesiy Toemis) + e 1T ) (@hemji (Tems il + e (T ).

With such a term, after integrating over the unitary group and using Schur’s lemma, we are left with

1
7dim(vd ) i X Nizl ® [Sii X Sis| ® (agé—n'jbgé—n‘i + agé—m‘ibié—n’j + |a2k—>u| “Oke) - dlm(Vd )
This is because 17, _;j and T . ;i are distinct SSYTs when k& # {, but not when k = /. O

In addition to the block-diagonal structure of the expressions from Lemma 14.4, we show below that
each 2 x 2 block matrix is a linear combination of the identity and SWAP when the expression is real and
symmetric in k and £.

Notation 14.5. Following Definition 2.34, SWAP is block-diagonal in the Schur basis, and preserves
horizontal, vertical, and swappable blocks. In particular, we can write:

SWAP = P((n+1,n+2))
Z/{(n-‘rQ (Z Z |>\z] zg| ® Kxij (n +1,n+ 2) ® Idlm(vd v ) Z/{(n+2)T

AFn i<j
USEIT (0D sl @ D0 1S {0, GIXS, (i dH @ SWAPE, ) @ Tqrg ) - USH T
Abn i< SESYT(N) Y

Moreover, SWAPfi’j} is 1 in the horizontal case, —1 in the vertical case, and in the swappable case,

Aji AT
SWAP{”} = i




Here, Aj; == Ag(n + 1) = contg(n + 2) — contg(n + 1), is the difference of contents between the two new
cells in rows j and ¢. We will also use Aj; in the horizontal and vertical cases, where Aj; = +1 and Aj; = —1
respectively. Note that in the swappable case, |Aj;| > 2.

Lemma 14.6. Any expression M of the form

d

M =Y dim(V{) > f(k,e)/ U®<”+2>-uf~(|A><A\®Idimm®|TA><T*1®|/<></<|®|£><£|)-u-UT’®<"+2>-dU,
Iy kf=1 U

(85)
with [ is a real symmetric function in k, £, can be written in the Schur basis as a block-diagonal matriz

n+2 n+2
Z/[év‘;r) M - U At Z|Alj /\1]|®ZZ|S {7' .]} S {7’ j}|®M{z]}® dim(V, )\+6 .y )s
AFn SeN i<j

where iach M{SM} of dimension 2 must have the form xfi’j} I+ yfm.} . SWAP‘{SVM-}, where xfi7j} and yfi,j}
are scalars.

Proof. Observe that if f(k,£) = f(¢, k), then M commutes with SWAP, since M is equal to

> dim(Vy) Y f(k,0) / U (N @ Lamey @ [TYKT| @ [k)XK| @ |6)e] )UT20+) - au
Iy [ U

=Y dim(vi) Y f(k,f)/U (UG- (I & Tamny @ [TXTY] ) - Uy - U2 ) & (U kK| UT 2 U 4 UT) - av.
A k.4
Then SWAP - M - SWAP becomes

S dim(VE) Y f(k.0) /U (U®” Ut ( A @ Igim(y) @ |T’\><T’\|> Ul UT7®”) ® (U|€>(£| Ut @ U |k)k| UT) AU
A k.0
=Y dim(V{) Y f(k.0) /U TS (A @ Laimon) © [T KT @ 1040 @ k)] ) - UTS0+2) - au
A k.0
=D dim(V{) ) F(L.k) /U U - (A @ Laimony @ [T T @ [k)k| @ |eXe] ) - UHS0+2) - qu,
A

which is equal to M if f(k,£) = f(¢, k). So, if f is a real symmetric function, then M and SWAP commute.
In this case, M and SWAP are simultaneously diagonalizable as they are both Hermitian. By writing both of
them in the Schur basis, where they have the same block diagonal structure, we conclude that their principal
submatrices that correspond to each (5, {i,7}) block must also commute.

For a swappable block (S, {4, j}), the projectors on the two eigenspaces of SWAP{Z jy are 5 (I:I:SVVAP{Z J}).
Thus, we conclude that any M f  can be written as a linear combination of 1 5 (I +SWAP? G j}), or equivalently,
as a linear combination of I and SWAP? Gt O

14.3 Technical lemmas concerning two-step Clebsch-Gordan coefficients

In this subsection, we collect some identities about the two-step Clebsch-Gordan coefficients that we will use
in our proof for the second moment of our estimator. Recall from Notation 13.1 that we use Dk _,; to refer to
the ratio of dimensions dlm(V)\<k+e, /dlm(VA ) when i <k <d, and Dp_,; = 0 otherwise.

Notation 14.7. We will often consider expressions of the form |akea” |2 + |ka%” |2. To simplify notation,
we introduce the following shorthand:

A A A
|Ck£—>ij‘2 = |ak£—>ij|2 + Ibk£—>ij‘2'

Notation 14.8. We will use the following shorthand for the partial sum of two-step CG coefficients:

s t
A
= Z Z |Ckéﬁij |2~

k=1 /=1
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Notation 14.9. We will also use the shorthand

D> — DN . pAMei — dim (V>f<5+e ) . dim (V>f<5+e +e; ) _ dim (V;§5+ei+ej)
s—>ij s—i " s dim (V>\§s) dim (V)\S*’Jrei) dim (V/\Sgs)
Note that D?H” = Dﬁﬁﬂ

Lemma 14.10 (Partial sums of two-step Clebsch-Gordan coefficients). Let A be a Young diagram, and
1,7, k,€ € [d]. Then

A Ate
Z Z |cheii® = Disi- D5y st
kl—ij Atej A Ae; A Ate;j
be1 f—1 —>"Ds~>z +A2 (Dt—m Ds~>] Dt—>J Ds%z) s>t

Proof. We prove the lemma in three steps.

Step 1: First, we prove the result in the case when s < ¢, using the dual Clebsch-Gordan transform. We
observe that |c££_>ij|2 can be written as:

|Cgf—>ij| |ake—m\2 + [b% €—>2j|2
= (T KITRS ) - AT i (T g) P+ LT RITRS) - (T U TR i) P
= | (T)‘, k|Tk/:\ﬂi> |2 : (| <Tk)\ﬁi7€|lelﬂij> |2 + ‘ <Tl€>\~>i’€‘Tl§\Z~>ji> |2)
= |Ciai|2 Z | <T1£$iv€|T/> |27

T

where T" € SSYT(/\ZJ,d) The last equality follows because the only SSYTs T" for which (T} .,,¢|T") is

k—i>

nonzero are Ty, .. and Ty, , ;;. Now F(s,t) can be written as
S t
|Ck€—>z] ‘Ck—>z| | Tk—)z’ €|T |
k=1 (=1 =1 T

We proceed by showing that for k < ¢, the value of the inner summation does not depend on k, and has a
quite simple expression:

t
DD NI, AT P = Dy, (86)
(=1 T’

From the description of the Clebsch-Gordan insertion algorithm in Definition 10.9, since k, ¢ < t, no letter
greater than ¢ is bumped during the insertion of the letter £ in T} ,, to obtain 7. Thus, the Clebsch-Gordan
coefficient (T}, ¢|T") is a product of scalar factors that only depend on the restrictions of T} ., and T to

k—i

the alphabet [t]. We conclude that in the case of k,¢ < t, it holds that:
<Tk)\4i7£|Tl> = <(Tlg\ai)[t]>€‘(Tl)[t]> :
This gives an alternative expression for the left-hand side of Equation (86):

ZZ\ (T, (T 2 ZZI (TS, a1y 2.

(=1 T’ (=1 T"

The variable 7" on the right-hand side is iterating over the SSYTs of shape (A;j)<¢, and thus has height at
most t. From Theorem 12.5, we can rewrite the above coefficient using the dual Clebsch-Gordan coefficients:

ST 2 = ZZI @) D) P

=1 T" >\+6 =1 T"
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We observe that since / iterates over [t], then £ iterates over all basis elements of the space V. Hence

dim(Vy ) < _ _ _
S S D S S @I B - (T (TR0 (Notation 13.1)
>\+e =1 T" =1 T"
= DY ()" (ZZ o) 1))
=1 7"

= DX (@)Y (T, @ T (T )1)

= Ds - (ML) ( P Iv;) (T2L)M)  (Bquation (70))
p=Xi;—0
Ate;
e,
The last equation follows because the space VY te, appears with unit multiplicity in the direct sum, and
(T3

L)Y is a vector of unit norm in this space. We conclude that when s < t:

s t
ZZ|62£~M] Z ‘ck~>1| ZZ| Tk~>17€|T” |

k=1¢=1 (=1 T"
= Z [ D?ij’ (Equation (86))
= D;‘_n Dt)‘:;l. (Corollary 13.4)

Step 2: Next, we note that F'(s,t) is related to certain entries of a particular operator in the Schur basis.
Specifically, consider the operator M given by

Mgy = Zdlm (Vi Z fst(k, 0) /U U®("+2)-L{T-<|)\)<)\\®Idim(x)®‘T’\><T’\|®|k>(k|®|€>(£|)-Z/{~UT’®("+2)~dU,
k=1

for fs given by
1 k<s, and £ <t,

0 otherwise.

fst(k, €> = {

Previous results, Lemmas 14.4 and 14.6, have characterized such operators in the Schur basis. Specifically,
My, is block-diagonal in the blocks of SWAP. Fix S and a pair of indices {i,j} with ¢ < j. By Lemma 14.4
and linearity, the ¢ < j entry is given by:

dim(V) <o dim(V4)
s _ dim(Vy) 2\ _ A
(Mst)ij,ij - dun Vd :1; |ak€—nj| + |bké—>z]| ) - dlm(V/\du) . F(Svt)' (87)

The other diagonal entry, if it exists, is given by swapping ¢ and j in the above expression (noting that F’
itself generally also has implicit dependence on i and j). The off-diagonal entries, if they exist, are given by

dim(V)

(MSt)Z‘Sj;ji = dlm Vd Z ak@*ﬂ]bkf—)jz + a’k:l—)jzbk€~>1] + |akk—>11| : 6’€€)' (88)
=14=1

We will now restrict to the case we already understand from the previous step: s < t. We have two cases:

(i) In the non-swappable case, Equation (87) is the sole entry of the 1 x 1 matrix, and, by the previous

step, is equal to
dim(Vd)
s _ A A e
(Mst)i]’,ij— dlm(VfLJ) Ds—m Dt%] .
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(ii) In the swappable case, we have a 2 x 2 matrix. The diagonal entries are likewise given by

dim(Vd) dim(VY) Ades
My)S .. = ——2AL . pr . pMe My .= ——22 . pN . DM, 89
( E t)z],zg dlm(V/\d”) s—1 t—j ( E t)]z,jz dlm(V;\{J) s—j t—1 ( )
The off-diagonal entries, we claim, are zero.

We show this first for the case when s = ¢t. In this case, fy is symmetric, and hence My; commutes
with SWAP. Thus (MSt)?i,j} =xz-I+y- SWAP“{SZ-_’]-}, for some coefficients x,y € C. However, when
s = t, we also have that the two diagonal entries given in Equation (89) are equal, and hence y = 0.
Thus, the off-diagonal entries are zero in this case.

We now extend this to the case s < t. Abbreviate

A A A A A 2
gk, ) = agpsiibios ji + Aoy jibio—ij + |@hr—ij|” - Ore-

Note that g(k,#) = 0 for k < ¢, because dg; = 0, and because no bumping can occur when CG inserting
¢ after k, so that bge_m. = bié—u’i = 0. From the s =t case, we also know that, for all s,

Zzg(kvg) =0,

k=1/=1

since this sum is proportional to the off-diagonal entries, by Equation (88). Thus, the off-diagonal
entries are

s t

di Vd di V
(Mst)fj,ji:dliand Zg _dllilV;l (ZngE +Z Z )

=1/¢=1 k=1/¢=1 k=1/{=s+1

since the first sum vanishes, and each entry of the second sum vanishes. Thus, the off-diagonal entries
are zero for s < t too.

Thus, in the case where s <t and ¢ and j are swappable, we have

dim(Vd) (D), D} 0
Ms S' - A s—1 t—j . . 90
( t){z,j} dlm(Vfl”) 0 D)\ D/\+'J ( )

s—7J t—1

Step 3: In the last step, we show the result for s > t. We begin by noting that since
t s
SWAP - (ZZ k)E| © |e><e\) SWAP = ZZ 03¢ @ |k)k| = ZZ k)k| @ |0}
k=1 ¢=1 k=1¢=1 k=1¢=1

we have Mg = SWAP - M;s - SWAP. Thus, in the block determined by S and {i,j}, we have the identity:

s s s S
(M)7i,5y = SWAPY; 5y - (Mis) (i gy - SWAPY 5y (91)
Now, take t < s. We consider two cases:

(i) In the non-swappable case, the matrices in Equation (91) are 1 x 1, and hence all commute. So,

dim(V%) dim(V%) _
S _ S A _ A . ;
(Mst) {5y = (Mes) (s 3 = dim(V/\dU) - F(s,t) = dim(V/\dij) - F(t,s). (Equation (87))
Therefore,
e; Ate e e,
F(Sat) = F( ) Dt>\—>z D;\i_)j Dt>\—)j Ds:z] + AQ (Dt)\—m Dii_)] Dt>\—>j Ds—m'J)a

where the second step holds since ¢ < s, and the third step holds since A?i =1
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(ii) In the swappable case, we can explicitly compute the right-hand side of Equation (91) in the s > ¢ case
using Equation (90). We get:

(M1)7i 53

_ dim(Vy) Alji 1= é <DZ\—>1 Di\:i 0 > _ Alji 1= Al’ii
 dim(V{) \/1 i~ 0 D}, DY -2 =
_ dm() (D;J DX 4+ g (D, DY — DY, DY) )

B dim(Vy! ) * x]’

where the asterisks represent entries we will not need. Finally, comparing this computation with
Equation (87) gives:

F(s,t) = D} DA+€J+—(DA .DMe _p) . pMe

t—j S—i AQ t—1 s—j t—j S—1 )7

as claimed. 0O

There are many useful corollaries of Lemma 14.10. We use the following corollaries in our proof of the
Diagonal Expression Lemma, Lemma 14.17 below, which itself is important for proving the Main Lemma,
Lemma 14.15.

Corollary 14.11. Méor)r s diagonal in the Schur basis.

Proof. Fix a 2 x 2 block indexed by S and {4, j}, with ¢ < j. From Lemma 14.6, it suffices to show the two
diagonal entries of M§§2r in this block are equal. We start by considering the following sum:

d d b1
A A
ZZAL&x(k,Z) ' ‘CkHij‘Q = Z ( Z |Ck’f~>z] - Z ‘%Hijﬁ)

k=1/4=1 k=1 k' £=1 k' £=1
d
= ZA£ (D?_” D,i‘i?’ DY - D,’C\Jrf;j) (Lemma 14.10)
k=1
d
= /\2 : (D,i‘_nj - D,)g‘_l_m-j). (Notation 14.9)
k=1

Note that the remaining sum is symmetric in exchanging ¢ <+ j, by Notation 14.9. That is,
d d d
A 2 A A
Z Z )\jnax(k,z) : |Ckéﬁij| = Z )‘1 : (Dkﬁij - Dkflﬂij)
k=1

k=1 ¢=1
d d d
_ T A A T
= E :)‘k ) (Dkﬂji - Dkflﬁji) E E )\max k,6) ‘ckéﬁjz‘ .
k=1 =1¢=1

Finally, from the expression for the diagonal entries given in Lemma 14.4,
1 1 1 1

s _ 1 a2 b A2 s
Mijig = - E M e~ [eemsi* = . E s M iy * 1Remsgil® = Mf ;i O
ke 1 ke 1

Corollary 14.12. We have the following equations:
. d
(i) Cioma M Iyl = (C} 1) DY

.. d Ate;
(i6) Yo N+ 557) - ledenygl? = (G319 +1)- D).
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Proof. Our general strategy for showing both equations will be to rewrite it in terms of partial sums of
two-step CG coefficients, and then to use Lemma 14.10 and Lemma 13.8. We start with the first equation.
We have:

d d d k d k—1
DA Jeen P = 3OAT - ( 2.2 lebesl = 2 S lebec ’)
k=1/¢=1 k=1 '=1/4=1 k'=1/4=1
d
= Z )\2T . (D,i‘%l D;‘i?l DY |- D;‘:‘j ) (Lemma 14.10)
k=1
d
= (Z/\ET ’ (Dli—n Dk l—n)) D?i\i?
k=1
d
= (Z /\2T er_, ) D;‘ii’ (Lemma 13.3)
k=1
=(C}+1)-D) ., - D;‘:‘;l (Lemma 13.8)
=(CP1)- Ddﬁij. (Notation 14.9)

This proves the first equation.
The second is similar, but slightly more complicated, since when we appeal to Lemma 14.10, we will be
using the more complicated case for when s > ¢. We have:

d d
ZZ)‘;T ) |cgf—>ij|2

k=1 ¢=1
d d 4 d (-1
A (S e - 30 S )
=1 k=10=1 k=1¢=1
¢ 1 1
Ate e; i
= Z)\}T- ((1 AT )(Dé_,] D?_l_,j) DT+ F (D}, — D}y ,) - D:i\:g ) (Lemma 14.10)
=1 Je
¢ 1 1
SN (0 ) D+ g ) (Lomma 13.3)
=1 Je
1 e . .
— (CJ)‘ +1)- (1 — A—2) -Dé‘ﬁj . D;‘iij + (C’zA +1)- A2 Ddﬁz D;‘ijl (Lemma 13.8)
1 1 .
= (Cg)\ +1)- (1 - AT) 'Dé\ﬂij + (C{\ +1)- Ag Dd%” (Notation 14.9)
i
We also have:
LA , 1 (€M +1) = (Cr+1)
Z Z |Ck€~>zg | A Dd~>2] A2 T HYd—ije
k=1¢=1 I Ji

Combining these gives:

d
Z )\TT

1¢=1 J

M=

1 1 .
) cletel = (1= 32) (@ + D+ 53 (€77 + 1) - Dy

£
Il

In the horizontal subcase, we have A?i = 1. In the non-horizontal case, Cj‘ = C;‘""ei. In both cases, the sum
resolves to the second equation:

d d
ZZ )\TT+

k=1 ¢=1 ”

A i
‘Ckl%zjﬁ (C e + ) Dg\%z] O
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Figure 23: An example of the relation of the two-step Clebsch-Gordan coefficients |c3, Hij|2 with respect to
the blocks of A = (3,3,3,2,2,1,1,1) for some fixed 4, j € [d]. The horizontal axis corresponds to the value of
k € ]9], and the vertical axis to the value of £ € [9]. The Young diagram has 3 blocks, consisting of the indices
{1,2,3,4}, {5,6}, and {7,8,9}. The blocks define 9 regions in which the two-step coefficients are equal. The
only exceptions are the diagonal entries |c}, .. j|2 in a block, which are equal to a distinct constant.

Lemma 14.13. We have the following equation:

1 5 .
Z ()‘ET)‘ZT + F)\y) : |Cgf~>ij|2 =(C + 1)(0;\+ t+1) 'D?i\%ij —(C} + 2)(0;\+ ‘+2)- Dil\flaij'
kL It
max(k,f)=d

The proof of Lemma 14.13 is more involved, but requires no new ideas, and we defer it to Section 14.6.1.
We also prove a two-step analog to Lemma 13.5, which shows how the two-step Clebsch-Gordan coefficients
|c£5$ij|2, regarded as a function of k£ and ¢, are related with respect to the blocks of A.

Lemma 14.14. Let A be a Young diagram, and i,j € [d]. The two-step Clebsch-Gordan coefficients |cp,_,;I?
satisfy:

(i) Let B be a block of \. Then for each pair of k, ¢ € B, with k # ¢,
|ng—>¢j|2 = |C%B—>ij|2'
In addition, when k = £,

1
|Cl)c\k—>z'j|2 = (1 + ) ) |C%B—>¢j|2-
Aj;

(ii) Let By, By be two distinct blocks of X. Then the two-step Clebsch-Gordan coefficient |y, ;1? is equal
for allk € By and ¢ € By, that is:

|02€—>ij|2 = \CngQ—n'jF-
The proof of this lemma is also deferred; see Section 14.6.2.
14.4 Main Lemma
Lemma 14.15 (Main Lemma). It holds that

1
M(ggé + M(Q) - SWAP = ﬁ ’ Xn+an+27 (92)

corr
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where

1 .. n n
M, = =3 dm(V) D M /U Uem+2) gt <|)\><)\\ ® Laim(n) ® [TAXTH| @ [k)k| @ |e><e|) U -uhee) g,
b\ k0

Proof. Lemma 14.4 above shows that Mgé and Mc(gr)r have the same block structure in the Schur basis as

SWAP. In particular, their blocks are indexed by an SYT S with n boxes, and a set of indices {i,j} € [d]?.
Let S;; be the SYT obtained from S by inserting a box containing (n + 1) into the i-th row, and then a box
containing (n + 2) into the j-th row. However, we note that S;; may not be a valid SYT. For example, if
A=(1,1), and S is the SYT of shape A, then Syo is valid, but Sa; is not. Necessarily, however, at least one of
S;; and Sj; must be valid. Whenever both S;; and S;; are valid SYTs, the block corresponding to (5, {7,j})
is 2 x 2. Otherwise, if one of S;; or Sj; is not a valid SYT, the corresponding block is 1 x 1, a scalar.

We know from Theorem 2.36 that X, X, 42 is a diagonal matrix in the Schur basis with the entry
(C}+ 1)(Cj‘+e’i + 1) at |S;;)(S:j]- Thus it suffices to prove Equation (92) for each block (5, {¢,7}):

1

n2

2)18 2 S _
[ >]{i,j} + [M(2) -SWAP]{, ;, =

avg corr

X1 X2l ) (93)
To show the above equality, we will use the following identity:

dim(V/\dM)

SOOI + 18 M) (@l + 1B l?) = (G + 1) + 1)
k¢
which we prove in Lemma 14.17 below. For the rest of this proof, we fix any such block (S, {i,j}) and consider

the case it corresponds to a 2 x 2 block, or a 1 x 1 block separately. Moreover, for notational simplicity, we
will omit the superscript S and subscript {4, j} for these cases.

1. If both S;; and Sj; are distinct, valid SYTs, then i # j, and we are dealing with a 2x 2 block. Lemma, 14.6
below implies that on each block (S, {i,7}), our matrices have the following form:

M2 = o - T+ Yayg - SWAP,

avg

M(2) = Zcorr * I+ Yeorr * SWAP.

corr

Hence
M(2) + M(2) -SWAP = (l'avg + ycorr) I+ (yavg + xcorr) -SWAP.

avg corr

So we would like to show that
1 .
Lavg + Yecorr = ﬁ . (Cz)\ + 1)(Cj)\+ ‘+ 1)7 (95)
Yavg T Tcorr = 0. (96)
From the structure of SWAP, we can compute Tavg and yave as follows:

1 A
Tavg = 5((M§2)ij¢j + (ME)jigi),  Yave = 2j (M2))ijiz — (ME))jigi)s

and similarly

A
(ML) i + (M2 jigi)s  Yoorr = 2] (M))ij.a5 — (ME))jiji)-

‘rCOI‘I‘ -

N =
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The left-hand side of Equation (95) becomes

Tavg + Yeorr

_ % (M@0 + % (M) 50+ %((Mc(ggr)ij,ij — (M2))ji i)
- 277112 m Z/\T)‘T lape_i;|” + besis?)
+ # ‘ m ;)\TAT k€_>ﬂ|2 + [bx il )
2A7”i; ' C?liln “/i:l\] Z)\max(k 0) (laRe—sigl® + BResij 1 = lares jil* = [BResjil?) (Lemma 14.4)

1 dim(Vy) A (k.,0)
dim(Vy') Tyt Jmax(k, 2
S § ALAD 7) b
27’12 dlm V)fi7 - ( Aji (| kf~>23| +| €~>z]| )

T
1 dlm V)\ ) ()\T )\T mux(k £)

el A

b
2n? dim( V)fi7 Kl ij )(|GMHW| + fﬂjz|)

1 dim(V) (A,,_
2 dim(Vi ) AT

) Z)\max(k £) (‘a’kré—njlz + ‘bkf—m]‘ - |agf—>]z| |bk€~>]z| )

From Equation (94), the first two summations are equal to

b

573 (O + DO 1) +

5 et 1) = 2(0}+1)(c;+6i+1),

where we used that the fact that C;"Fe"' = C’]f\ and CiM_ej = O when i # j. It remains to show that
the last summation is zero. We will prove that for any s € [d],

Z (lareosis* + 0Resis 1 = lanei; 1 — bresisl?) = 0.
e,
max(k,l)=s

This follows from the partial sums of the two-step Clebsch-Gordan coefficients. In particular, Lemma 14.10
implies that for any s € [d]:
2 D)\ D)\-‘re _ dim(v}fﬁﬁ"'ei""ej)
ZZ |anemsis |+ 1BRemsis|*) = DL DG = T dm(Ve )
k=1 =1 <s

Exchanging ¢ and j in the above equation does not change the right-hand side, and thus

ZZ |akf~>1j|2 + |b Z~>1j| ZZ |ak€~>32|2 + |b £~>j2| )

k=1¢=1 k=1¢=1
S S
== ZZ(W?@—WF + |bgé—>ij|2 - |a£€—>ji|2 - |b2£—>ji|2) =0. (97)
k=1¢=1

Subtracting Equation (97) for s — 1 from the expression above indeed gives:

Z (|ak€~>2]|2 + |b kl—ij |2 |a’2€~>7,j| |bké~>1j| ) =0.
k.l
max(k,l)=s
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The left-hand side of Equation (96) becomes

Yavg + Zcorr

1 1
=3 (M) igij + Dji - (ME))ij.65) + 3 (M) jigi = Dji - (M) i i)
1 1
= 5 : ((Mc(gr)r)lj ij + AJZ : ( ;\%é)lj»ij) + 5 ’ ((M(Sc%r)r)]l ji + AU ( a\%%)]ivji)
1 dim(Vd) & 2 >
= o g > (M + i MAD (@R i + sy )
2n2 dlm(vkd”) Pt (k,2) J —ij —1j
d
1 dim( V/\ 9
+ ﬁ dlII’l Vd kZZI max(k,f) + AU )(|akf~>ﬂ| + |b €~>]1| )

o Aji . dnn V)\ zd:

max(k ot /\ A )(|aﬁe—>ij‘2 + |b2£—>z'j|2)

- 2
2n?  dim( V/\ Pyl
A dim( Vd d
277; dlm Vd max (k,0) + )\TAT)(|G‘]€E~>]Z|2 + |b €~>]1| )
k.l 1
Aji A Ate; Ajj A Ate;
= —5 - (C} 1 AL | C NC; ™ +1 0,
I (O DO+ 1)+ DL () 1) 1) =

where we used the fact that Cj‘+€i =C} and C;\+€j = C} when i # j.

2. If S;; is a valid SYT, but Sj; is either not valid, or not a distinct SYT, then we are dealing with a
1 x 1 block. First, we obtain the following expressions for the diagonal entries of Mévg and Mégﬁr

from Lemma 14.4:

1 dim(V)

(2 — — § : ™. 2
Mavg n2 dln’l(Vd ) ~ /\ )‘ ‘akﬁﬂw‘ + |bk6am| )7
1 dim(VY)
(2 — — VA T
MCOYY - n2 dlm(V)iiw) — )\max(k,é) (|a‘k5~>1j| + |b £~>7,]| )

The SWAP matrix has the scalar A%L in the (S, {i,j}) block. Hence

. d
M2 + M3, SWAP=i~M~Z(AW M) * (aRemsi P + o)
corr n2 dlm(V/\d”) — k Z A max(k,f) —1] -
1 A Ate;
= 5 (A + )+ )
1
= ﬁ : X7L+1X7L+2~ O

14.5 Proof of the Diagonal Expression Lemma
In this section, we prove the Diagonal Expression Lemma, which states that:
dim(V)‘\’lij)

Tyt A Ate
Z()\ Ao +1/4j; - max(k[) |Ck5~>zg|2 (CF +1)(C; Tt W.

k¢
This identity can be thought of as the second moment analog of the identity

dim(Vi,.,)
STl P = () + 1) —— ke
k.t

dim(Vy)
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from the first moment. Similar to the first moment, we will first show this identity for the staircase
transformation AT in Equation (98), and then “average” the A'’s over the blocks of A to obtain the desired
statement in Lemma 14.17. In contrast to the first moment, this identity does not hold for all legal estimators.

Lemma 14.16 (Diagonal Expression Lemma for the staircase estimator). Let A be a Young diagram. Then
the Diagonal Expression Lemma holds for the staircase estimator:

dim(Vfij)

dim(Vd) (98)

d d
YD N+ — -A;Lx(k,@) e = (CH+1)(CFF 4+ 1) -
k=1 (=1 Aji
Proof. Fix A, i and j. We prove the lemma by induction on d. Our base case is d = 1. If either ¢ or j are greater
than 1, both sides of the desired equation vanish, since |cﬁf%ij\2 =0 and dim(Vﬁj)/dim(V/\d) = Dg‘ﬁij =0
in cases where d < 7,j. So, assume 7 = j = 1. Note that in this case, Aj; =1, C} =X\ —1, and C;‘+ei = A1
The only nonzero CG coefficient is ¢3,_,;;, which must therefore have unit norm. Since d = 1, we have
dim(Vi ) = dim(Vy!) = 1, as the only valid SSYT is filled with 1’s. Lastly, we have Al" = A;. Thus,

dim(Vg )
(A2 et P = AT AT +1) = M +1) = (CR+1)(C] 7 +1) = <03+1><02+“+1>-idim(§§) :
A
which proves the base case.
Now assume the result holds for d — 1. We split the left-hand side of Equation (98) up into the following
terms:

d
ATt 4 1 Ao
Z >‘ A A A Mmax ke)) el
14=1
d—1d—1
™ TT ™~ A 2 ™ TT 00 A 2
()\k AZ A )\max(k £) ) ’ |Ck£—>ij| + Z (Ak )\Z A )\max(k 0) ) ’ |Ck€—>ij| . (99)
k=1¢=1 Ji k.0 Ji
max(k,l)=d

NS

We now consider the first term of Equation (99). Recall that /\ET(d) = A?(d — 1)+ 1. We have

d—1
1
TT TT BN A2
Pyt (A d)A, (d) + Tﬂ )‘max(k,e)(d)) |ck5~>z]|
d—1 .
- ((AZT(d D+ -1+ 1)+ — AL A e (@ =1+ 1)) il
k=1
d—1 . i 1
(AlT(d - I)AZT(d - 1) A )\Tr:ax(k £) (d - 1)) ’ ‘CQZHZ']'F + Z ()\ZT(d — ].) + )\}T(d — ]_) +1+ A7) . |C£Z%ij|2'
k=1 Ji k=1 ji

We can use the inductive hypothesis on the first sum here, and Corollary 14.12 and Lemma 14.10 for the

second. We get:
= 1
5 (MDA + 5= Al @) - ledesigl? = (€2 + D(C) +1)- D)y gy + (G2 4+ O +3)- D
k=1 It

s

= (C} + 2)(C;\+ei +2) 'Dc>l\—1—>ij' (100)

We now turn to the second term in Equation (99). This term was calculated in Lemma 14.13, and we have:

Z ()‘TT)‘TT + A Agax(k £) ) |Ckf~>1] |2 (CA + 1)(C>\+ez + 1) Dd*}’b] (CzA + 2)(C;+ei + 2) : Dg\flﬁij'
k0

max(k,£)=d
(101)
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Finally, substituting Equations (100) and (101) back into Equation (99) we obtain the claimed expression:

d d
Z Z (AT + ) )\gax(k o) |chemsig® = (C} +1)(CH +1) - Dy =
k=1 (=1 Aji

We next show that the Diagonal Expression Lemma holds for the debiased Keyl’s estimator as well. We
remind the reader that our general approach is to “average” the analogous result for the staircase estimator.

Lemma 14.17 (Diagonal Expression Lemma for the debiased Keyl’s estimator). Let A be a Young diagram.
Then the Diagonal Expression Lemma holds for the debiased Keyl’s estimator:

dim(V)ij)

d d
+ T + 2 by Ate;
Z; (hAe ; /\maxw)) [ehenig* = (CF+1(CFT + 1) - dim (V)

k=1 /=1

Proof. To prove the lemma, we will make use of the results in Lemma 14.14. Our starting point is the
Diagonal Expression Lemma for the staircase estimator (Lemma 14.16), which we rewrite in terms of the
blocks {B} of A:

d d
ZZ /\TTATT + A A _ /\ITnTax(k /)) : |C££—>ij|2
k=1/¢=1
= > > > (A A AITJW ) leBpoulP Y > WA+ )‘;Tax(u ) - ledpoil?
B#B’ keB (eB’ B k,eB
ke
1
+) > ((h? W) eyl (1+ A (102)
B keB J

We aim to show that we can replace )\2T to )\1 without changing the value of the combined expression. We
informally say that an expression where we can make such a replacement is averageable. We begin by showing
the first sum by itself is averageable. Assume B < B’, meaning that all rows of B occur above all rows of B’.
Then

Z Z )\M)\TT : A;Tax ke)) : |C%B/—>ij|2 = (Z Z Aﬁ)\ﬁ ATT)) ) |‘3ABB'—>z‘j|2

kEB(eB’ kEB(eB’
= (X0 50)- ( Z M) - ledogl?
kEB tep’
= (Z ()‘2 ) ( Z )‘T) ) |C/1\5’quj|2~
keB teB’

The last step holds since the average value on any block of a legal estimator is the same. Undoing the
factorizations thus gives:

AT 7t A T\ T A 2
DD (A : )‘max(u ) lebpniP =0 Y (MAL+ f, Anax(i0)) * BB ™
keB (eB’ keB teB’
The result also holds if B > B’, by swapping k <+ £ in the above reasoning. So,
5 S O A b = 3 Y S DA g ) bl (109
B#B' k€B (B’ B#B' k€B (B’

We now rewrite the remaining two sums of Equation (102) in the following way:

Z Z )\TT/\TT /\;Tr;];x(ke) ‘CBB—>z]|2

B kteB B kGB

1
/\TT A - )\ZT) ) |C%B—>ij|2- (104)
J
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The first part of the first sum in Equation (104) is individually averageable:

Z Z )‘P/\ZT ) |C?BB—>ij‘2 = Z ( Z )‘ET) (Z )‘}T) ’ |C)éB—>ij|2

B kcB B keB teB
= Z ( Z )‘Z) (Z )\Z) : |c>I§B%ij‘2 = Z Z AZAZ ) |c>]§B%ij 2
B keB teB B k{eB

Similarly the second part of the second sum:

1
o ST tbaol = g T b

Ji keB ﬂ keB

The remaining two pieces of Equation (104) combine to give an averageable expression. We have

Aﬂ Z Z /\mx(k 0 |CBB—>” A - ZZ )\TT |C)§B—>ij‘2

B k(eB B keB
1
= Aji Z ( Z (Np(k) - )\ET + ()‘y)2)) : |CABB—>ij|2
B keB
A Z ( Z ATT NB )+ )‘TT)) : |C%B—>ij|27 (105)
keB

where Np(k) = |{(k1,k2) € B x B| max(ki, k) = k}|. That is, Np(k) is the number of times k appears in
the maximum of a pair of indices in B. We have Np(k) =2k —1—23 5, _5|B'[, for all k € B. Thus,

Np(k)+ AT = (Qk 1—22|B|>+(A3+d+1—2k)=AB+d—2Z\B’|::Ng,

B’<B

where N is independent of k € B. Therefore, using the fact that /\T = /\T for all k € B, we have:

(105) ( Z )‘?) : ‘C)B’B—n'ﬂz
keB
( Z )‘Z) ) |Ci\3B%ij|2
7t B keB
1
= 2 X (X N ) + AT Il
7' B keB
( Z Np(k) + /\2) el
7' B keB
1
= S (X () N+ D) e
J* B keB
That is,
R DI DIPTNARE  ARNCRISCE Bl CH CRY = S
7" "B kteB "B keB
Z Z max(k,£) leBpogl’ + A ZZ (Al)? BBl
B k(€B B keB
Thus, Equation (104) is averageable, and hence Equation (102) is averageable too. O
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14.6 Deferred proofs
14.6.1 Proof of Lemma 14.13

The proofs in this section involve elementary, but lengthy calculations. We begin with a few helper lemmas.

Lemma 14.18. Let A be a Young diagram of length at most d, and let i € [d]. We have

s

Z )‘TT )‘ZTH Dli\—m = (Cz)\ + 1) ’ Dc>l\—>iv
k=1

where we take )\211 =0.

Proof. We have

d d
Z )‘TT AZTH Dli\—n' = Z )‘ET ’ (Dli\—n - Dli\—l—n Z ATT |Ck—>z|2 (O)\ + 1) D()i\—n"
k=1 k=1

In the second sum, D} ,; = 0 by convention. The second equality is by Lemma 13.3; the third is by
Lemma 13.8. O

Notation 14.19. In the following lemmas and their proofs, it will be useful to abbreviate the following
quantity:
B{\j =(C}-CY) 'Dé\wj —-(C}-Cy+1) 'Dé\flm]*

We will drop the superscript when A is clear from context.
Lemma 14.20. Let A be a Young diagram of length at most d, and let i,j € [d]. We have

d

Z)‘ZT : |ngaij‘2 = B{\j +(Cp+1)- (F(d,d) — F(d,d —1)).
k=1

Proof. Write G1(k) := F(k,d) — F(k,d — 1), and note that |cgd_”-j|2 = G1(k) — G1(k — 1), where we take
G1(0) = 0. We have

d d d—1
ST Jetan P = AT (Gi(k) = Guk = 1) = (DT = AL - Gi()) + AL Ga(d). (106)
k=1 k=1 k=1

The last term can be rewritten as
AT Gi(d) = (C) + 1) - (F(d,d) — F(d,d - 1)). (107)
In the remaining sum, we have k < d — 1, so that from Lemma 14.10, we have
Ate; Ate;
Gl(k) = Dl)f\—n : (Dd:] Dd+1—>])

Then, by Lemma 14.18, we have

d—1 d
SoOE = A0 DR = (O = AT D) = AT D
k=1 k=1

=(C}+1)-D),;— (C3+1)- Dy,
=(C}-C3) Dy,
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So,

d—1 d—1
ST =AL) Gilk) = (S = AT D) - (D - D)
k

=1

k=
€)= 0 DY - (DY~ D)

= ( d—j d—1—j

= (C} = C) Dy = (C} = C) - DYy DY

= (C’lA — C@) Dé‘_m»j — (Cz)‘ — Cé‘ +1) ~Dd_1_)ij (Lemma 13.3)
- B, (108)

The lemma follows by substituting Equations (107) and (108) into Equation (106).
O

Lemma 14.21. Let A be a Young diagram of length at most d, and let i,j € [d]. We have

d

1 1
Z’\ET ’ |63£—>ij|2 = (1 o F) - Bji + A2 Bi; (Cd +1)- ( (d,d) — F(d— 17d))'
(=1 Jr 7

This lemma’s proof is almost the same as the previous lemma’s, only slightly more complicated by having
to use the s > ¢ case of Lemma 14.10.

Proof. Write Gy(¢) := F(d,{) — F(d — 1,£), and note that |c(>i\l—>ij|2 = G2(¢) — G2(¢ — 1), where we take
G2(0) = 0. We have

d d d—1
SN Jhny = 3N (Ga(0) = Galt = 1) = (ST = AL - Ga0) + AT Gala). (109)
=1 = =1

The last term can be rewritten as
AT Ga(d) = (C3 +1) - (F(d,d) — F(d —1,d)). (110)
In the remaining sum, we have £ < d — 1, so that from Lemma 14.10, we have

1 . . . .
Ga() = (1 - A2> D), (D) = DY) + 5 - Dy (DO — DyFes ).

d—i d—1—1 d—j d—1—j

AQ
Then, by calculations similar to those in Equation (108) in the previous lemma’s proof, we have

d—1

1
SO A Ga(d) = (1= 57) - ((€) =€) - Dy = (C} = Ch +1) - D)y
=1 Je
1
a7 (€ =€) Dy~ (€ = Ch+1) - Di_iy)
1 1
Ji ji
The lemma follows by substituting Equations (110) and (111) into Equation (109). O

We are now ready to prove Lemma 14.13.

Lemma 14.22 (Lemma 14.13, restated). We have the following equation:

1 .. ..

Do PN+ A ek P = (O + DO} +1) - Dy — (CR 4+ 2)(C) +2) - DYy
k0 It

max(k,l)=d
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Proof. We start by splitting the left-hand side into four terms:

d d
1 A A A
Z ()‘P)‘zﬁ + F)‘ZT) ’ |ck2~>ij|2 = Z )‘ZT)‘ZT : |deaij‘2 + Z /\ZT)‘ZT ’ |Cdfﬁij|2
k.t Je k=1 =1
max(k,f)=d
1
- (- |Chasis® + Z A HA? chemsisl*- (112)
k.l J
max(k,l)=d

Note that every term on the right is proportional to AT = Cé‘ + 1. Thus, we start by considering instead the
right-hand side of this equation, divided by )\y:
d d 1
A 2 A 2 A 2 A 2
PBRYAR VLS D DR VRS o e VR [ MO ek D W el RO (113)
k=1 =1 k.0 I
max(k,l)=d

The first term of Equation (113) is given by Lemma 14.20 to be:
d
Y A lRasi P = Big + (Ch + 1) - (F(d,d) — F(d,d — 1)).
k=1

The second term of Equation (113), by Lemma 14.21, is:

d
1 1
DN Jedgl? = (1 F) “Bji+ xa B+ (C2+1)- (F(d,d) = F(d—1,d))
=1 7 Ji
= Bji+ x7  (Bij = Bji) + (Cq + 1) (F(d,d) = F(d = 1,d)).
Ji

Before pressing on, let us rewrite the difference B;; — Bj; as:

Bij — Bji = (Cz)\ - C])\) ’ (Dc>1\—>ij - D3—1—>z‘j)
= (51']' - Aij) : (D?l\ﬂij - D:i\flﬂij)ﬂ

where we have used Aj; = C’]’Hei -C} = C;‘ — C) + §;;. Lastly, notice that &;; # 0 implies ¢ = j, which

implies Aji =1 Thus, 61]/A?z = 5@‘, and

d
1
Z )‘ZT ’ |c§é%z‘j|2 = Bji + (5ij - r) ) (D?i\%ij - Dc/}flaij) + (Cé\ + 1) ) (F(d, d) - F(d - Ld))-
(=1 7
The third term of Equation (113), by Lemma 14.10, is:
A ledanii)? = —(Cy +1) - (F(d,d) — F(d,d— 1) — F(d — 1,d) + F(d—1,d — 1)).

The fourth term of Equation (113), by Lemma 14.10, is:

1 1 d d—1 1
Z N |Cgl~>ij|2 = ) ( Z |625~>ij|2 - Z |625~>ij|2) = ) (Dé\m‘j - D?i\flﬁij)‘
k. Aji Aji k=1 k=1 Aji

max(k,,l):d
Recombining the terms gives:
(113) = (Bij + Bji) +8ij - (Dii; — Di—1i;) +(C3 +1) - (F(d,d) — F(d — 1,d — 1))
= (Bij + Bji) + (0 +1+6;5) - (Diyij — Di—1v4) (114)
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here using Lemma 14.10 to substitute F(s,s) = D

sij- Now, we also have
Bij+ Bji = (C} + C} —2C3) - D)_;; — (C} + O} —2C3 +2) - D)_y i,
so that
(114) = (C} + C} —C) +1+063) 'D<>i\—>ij —(C} + C;\ —C) +3+0;) - Dé—l—m’j
=(C}+C}T —Cy+1) Dy — (C}+CT —Cy +3)- Dy 450
Thus,
(112) = (C;+1) - (CP+ C} = Cy+1) - D) ;5 — (C+1) - (CP+C% —Cy+3) - D)y, (115)

Our final ingredient comes from the following identity:

(€ =€) (€ = ) Dy = (€ = €y D) - (€ - Cie) - )

J d—j
= (@ -ci+1)-Di) - (@ =Cr+1) - D))
=(C}-C+1)- (C;\Jrei — 3 1) Dé\—l—m'jv
using Lemma 13.3. In particular, we will add zero to Equation (115) as:
0= (C}—C) - (G = C™™) - Di iy — (C} = CF +1) - (G = Cy™™ +1) - DYy 5
However, the coefficient of Dé\ _,;; then becomes:
(Co+1) (O} + O =GR+ 1) + (G} = C) - (G = C3)
= (G D(CT + 1) + (07 = 037 (G =€)
= (C} +1)(C)F + 1),

where the last step holds since the term Cé‘ — Cfrei = —J;q is nonzero if and only if C} = C;l\. Similarly, the

i A "
coefficient of Dj_;_,;. becomes:

(CIH+1)-(CH+CF —C+3) +(C} = G + 1) - (C)F =y + 1)
= (G +2)(CFT +2) +(Cg = €37 - (CF = C7)
= (C} +2)(C)*e +2).
Thus,
(115) = (G} + )(CF +1) - Dy — (G +2)(CF +2) Diayy,

which completes the proof of the lemma. O

14.6.2 Proof of Lemma 14.14

In this subsection, we prove the relations between the two-step Clebsch-Gordan coefficients with respect to
the blocks of the Young diagram .

Lemma 14.23 (Lemma 14.14, restated). Let A be a Young diagram, and i,j € [d]. There exist constants
{CngQ—nj}Bth where By, By are blocks of A, such that the two-step Clebsch-Gordan coefficients |c£€_>ij\2
satisfy:

(i) Let B be a block of X\. Then the two-step Clebsch-Gordan coefficients |cﬁé_>ij|2 are equal for all pairs of
distinct k, ¢ € B, that is:
|Ci\laij|2 = |ch~>ij|2
In addition, when k = £,

1
|cgkﬁij|2 = (1+ A--) : |C)éBﬁij|2

JT
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(1) Let By, By be two distinct blocks of A. Then the two-step Clebsch-Gordan coefficients ‘Cﬁz_ﬂjp are equal
for all k € By and ¢ € By, that is:
A A
|Ck€—>ij|2 = ‘CBlB2—>ij|2
Proof. The proof follows by combining Lemmas 14.25 to 14.27 and 14.29. These lemmas are proven below.

We first prove item (ii). Since blocks contain consecutive indices, and By, By are distinct blocks of A, one
of the blocks has strictly smaller row indices than the other block. Without loss of generality, let B; be the
block with the smaller indices. We would like to show that for all k, k' € By and {,¢' € Bs:

A A
|Ck€—>ij|2 = \Ck'z'—n'j|2-
Since k, k" < £, Lemma 14.25 implies the equality above for all such k, &’ and £, ¢'.

Let us now prove item (i). For a block B of A, let k,k’,¢,¢' be elements of B. If |B| = 1, then the
statement trivially holds; thus, we assume that |B| > 2, and use m, m + 1 to denote the two smallest indices
of the block.

We first consider the case of distinct k # £. If k < £ and ¥’ < £, or k > £ and k' > ¢', then Lemma 14.25
again implies that \cgé_ﬂjﬁ = |C£,@,_ﬂj|2. Otherwise, we assume without loss of generality that k& < £ and
k' > ¢ (the proof of the k > £ and k" < ¢ case is identical to this one). Lemma 14.25 implies that

A A A A
|Ck£—>ij|2 = |Cm,m+1—>ij|2’ ‘Ck’l’—>ij|2 = ‘Cm+1,m—>ij|2'
We show in Lemma 14.26 that the right-hand sides of the two equations above are equal, which completes
the k # ¢ case of item (i).

The case of k = £ remains. If k is not the first row in the block B, then Lemma 14.27 implies that
|c£,€_>ij|2 = (1+1/Aﬁ)'|02—1,k—>ij|2' Since k—1,k € B, we have argued earlier that ‘02—1,1«—@‘2 = |chﬁij|27
and the desired statement holds. Note that the above argument does not work if & is the first row of block B,
since k — 1 is not in block B in that case. This case is proved separately in Lemma 14.29. O

Before we proceed with the proofs of the remaining lemmas, we introduce the following piece of notation
that will simplify our calculations.

Notation 14.24. Let Fy(s,t) and Fy(s,t) denote the two expressions that arise in the partial sums of the
two-step Clebsch-Gordan coefficients:

1 A

1
——\-D
A7)

D)\+8j + . D)\ A D>\+€1

t—j " Hs—i 2 t—1 s—j °
A2,

Fi(s,t) == D} ,,- DM Fo(s,t) = (1

S—1 t—j
We extend the definition of Fi(s,t) and Fy(s,t) to all values of s, ¢, even though they have a more restricted
domain in Lemma 14.10.
In particular, the statement of Lemma 14.10 simplifies to
e SoNS 2l JFilst) s<t,
(s,t) = ;; |Chesijl” = {FQ(S,t) s>t

Lemma 14.25. Let A be a Young diagram, and By, By be two blocks of \ (not necessarily distinct), such
that k, k' € By, and £, € By. If either

(i) k<l and k' <?, or
(i) k>{C and k' > 0,

then
|62€—>ij|2 = \Cﬁw—nj 2
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Proof. Let us consider the case when k < £ and k' < ¢’ first. We write

CReij|® = F(k,0) = F(k—1,0) = F(k,t = 1) + F(k— 1,6 — 1)

A i A i A i A i
= Dl)c\—n'Deij - D,ﬁ‘_l_nDij - D,)f‘_ﬂzDzjfﬁj —|—D,§‘_1_)iD£fij (Lemma 14.10)
A A Ate; Ate;
= (Di—i — Di—12i) (Deij - Dgff_m,). (116)
Similarly,
A A A Ate; Ate;
|Ck’£/—>ij|2 = (Dp—i — Dir—154) (Dz/:ej - Dg/ti_m')- (117)

Since k and k" are in the same block of A, it holds from Lemma 13.5 that

A A LA 12 A 2 _ P\ A
Diyi — Di_1yi = lei—il™ = lew—il™ = Dy — Digr—q i

Moreover, if £ and ¢’ are in the same block of A + ¢;, then it also follows that

Ate;
l—j

Ate;

Ate; Ate;
D -D v —j

2 _ prte; Ate;
L—j L—1—j =D -D

L' —j 0 —1—j3°

2:|C

:lc

which implies that the right-hand sides of Equation (116) and Equation (117) are equal.

If ¢ and ¢’ are not in the same block of A + e;, then, because £ and ¢’ are in the same block of A\, we must
have ¢ = £ or 1 = ¢'. Assume 7 = ¢; the i = ¢’ case is similar. Since k& < ¢, this means that k < 4, and thus the
respective one-step Clebsch-Gordan coefficient is equal to zero:

_ 1A 12 P A — DA A
0= |ciil” = Dimi — Dim1i = Do — Dig 14

We conclude that in all cases the right-hand sides of Equation (116) and Equation (117) are equal, and so are
the two-step Clebsch-Gordan coefficients.
We now turn our attention to the case when k > ¢ and k¥’ > ¢'. Using Lemma 14.10 we write:

|62€—>ij|2 :F(k7€)_F(k_1a€)_F(k7£_1)+F(k_1a€_1)

= (1 - Aliz) ’ (DZ\HJ' - Dg\flﬂj) ’ (Dli\:? - th?—n) + Alfl ’ (Dl%\ﬁi - Dl?\flﬂi) : (D,Ii:\i)ej - Dli\i_?—m)
= (1= 5 bl + 5 ehimsil® (18)
A% ’ A3 !
where the last equality follows from Equation (116). Similarly,
by 2 1 A 2 1 A 2
e iz~ = (1- AT) e il + AT o —ij]” (119)
Jt g1
Since ¢ < k and ¢/ < k’, the first part of this proof implies that
|Cz\k~>ji|2 = |c?/k’%ji|27 |c?kﬁij|2 = |02\/kw¢j|2»

and we conclude that the right-hand sides of Equation (118) and Equation (119) are equal, and so are the
corresponding two-step Clebsch-Gordan coefficients. O

Lemma 14.26. Let A be a Young diagram, and B be a block of A, such that k,k+1 € B. Then

A A
|Ck,k+1—>ij|2 = |Ck+1,k—>ij|2'

Proof. First, we observe that since k, k + 1 are in the same block, when i = k + 1, both two-step coefficients
are equal to zero, since A + epy1 is an invalid Young diagram. Similarly, both coefficients are zero when
j=k+1and i # k. Thus, for the remainder of this proof, we will consider the case when i = k,j = k+ 1, or
when both 4,5 # k + 1.

Using Lemma 14.10 we write:

|k ps1migl” = Flk k+1) = F(k = Lk +1) = F(k, k) + F(k — 1,k)
= (Disyi — Dioasd) - (DR, = D)

k+1—j k—j
= (D1 — Dasy) - (Dpf, = DA, (k,k+1¢ B)
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and similarly

(i1 hmif|* = Flk+1,k) = F(k,k) = F(k + 1,k = 1) + F(k, k — 1)
L
AZ,

1 A A Ate; Ate; 1 A A Ate; Ae;
= (1 - F) : (DkJrlHj - Dkaj) ! (Dk'+1~>i - Dk%i ) + AT ' (Dk+1%i - Dk%i) : (Dk+l~>j - Dkaj )7
Jt gt

(D1>c\—>i - Dli\—l—m‘) : (DAJH% - D)\JrEi)

1 A A Atej Atej
=(1- F) (Dp_; = Dp_qy;) - (D - D)+ kt1osj k—j
Ji

k+1—1 k—1

where the last equation follows because k and k 4+ 1 are in the same block of A\. Equating the two previous
expressions, it suffices to show that:

1 Ate; Ate; 1 e e
(1= 5) - (Dyasy = Dioy) - (D, = DIE) = (1= <) - (DR — D) - (DXL — D).
J Jt

k+1—1 k—1 k+1—j k—j

When ¢ = k and j = k+ 1, then A?i = 1, and thus the equation above is trivially satisfied. Let us now restrict
our attention to the case when A?i # 1 and both i, j are not equal to k + 1. We observe that

dim(Vf§k+ei+Gj )

A e _ _ P Me; A
Dk—)ka%j - dim(Vf@) - Dk—)jDkai] - Dk—m‘ja (120)
hence, what we want to show above simplifies to
A Ate; A Ate; A Ate; A Ate;
D15 Disi’ + DisiDiia i = Dicpa i D55 + Disi D 5 (121)

Towards using Equation (120) again, we would like to use Lemma 13.3 to change the “Dy,1_,.” factors to
“Dy—,.” factors. Since i,j # k + 1, we can write:

1 1
Dy -:(1+7)~DA -7 D} -:(1—k7)~DA ;
k+1—j CJ)\ — CI?-H k—j k+1—1 CZ)\ _ C]?.H k—j>
Atej Ate; Ate; Ate;
D J:(1+—)-D i D 1.:(1+%).
k+1-i C;\+ej _ C]i\j:fj k= k41— CJ_Mez _ C]i\if k—j

To show Equation (121), it suffices to show that

1 1 1 1
g (1+ ) P S vy ) e,-)Dl?—f': (1+ X R S ey p) e-)Di\—Vij
c}-C oMt o)t N CF = Cin ot — ot

i~ Ui ot i et
1 1 1 1
<~ ( + — P.)Dlé ij = ( + p p‘)Dlé ije (122)
C} = Ciya C{H— 7= C,jj:l" o Cr -y C]/'\Jr - C/Q\if Y

Lemma 13.3 also implies the following:

1 1
A _ A Ate; _ A Ate;
Diy15i5 = D DL = (1 to o ) )Dkw(l t oxe — o )Dkﬁ—n‘
i +1 j — G
1 1
= (1 + ﬁ) ' (1 + ﬁ) D,
Ci - Ck+1 Cj f = Ck+17'
and
D1y = Dary, DT, = <1+71 ) D2 .(1+—1 )y
1y . . . 1—1
+1—=ij F1=7 7 k+1—i Cj/'\ _ Cli\—i-l —J C,i>\+e] . C;i\j__le] +1—i
1 1
(o) g ) o
o) g e ) e
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Hence

1 1 1 1
(o—a) (oma—arme) Phow= (o) (1 o) Do (123)
e =G it = Oy ’ 7 = Oy c;re — Ckilj ’
Subtracting Equation (123) from Equation (122), we only need to show that
1 . 1 -D,i = 1 . 1 'ch\ g
X pY X tei e —i X Py Ate;j Ate; BEA
e - Ck+1 Cj e Ckil ! Cj o Ckﬂ C; e ij:l ’

We remark that Cé“*‘em = Cz;\ + 04y, and thus we rewrite the above expression as
(C{\ - Cl/c\Jrl) : (Cg)\ - Cli\+1 + 5ij - 5i(k+1)) : Dl)c\ﬁij = (C]/\ - Cli\Jrl) : (Cz)\ - Cli\Jrl - 52’]’ - j(k+1)) 'Dl)c\ﬁij'
Collecting terms, it suffices to show that

(C;\ — Ciyy) - (850 — Sikt1)) = (C} = Cpa) - (63 — Fi(k+1))
= (G} = CR1) biwrn) — (CF = Citya) - Gy + (CF = CF) - 635 = 0.

The last equation holds because the expression (C7 — Cz//\) - gy is zero for all z,y. O

Lemma 14.27. Let A be a Young diagram, and B be a block of A, such that k,k+1 € B. Then

A 2 1 A 2
ICht1 k105" = (1 + Tﬂ) |k k10451

Proof. We first observe that if i > k + 1, then the Clebsch-Gordan coefficients on both sides are equal to zero.

Moreover, both coefficients vanish when i = k + 1. This is because the first insertion of the left coefficient

corresponds to the Young diagram of shape A + e;41, and this is not a valid shape since k,k + 1 are in the

same block. Similarly, the first insertion of the right coefficient corresponds to adding k to row ¢ > k, which

results in an invalid SSYT. Hence, we can restrict our attention to when i < k.

Similarly, 7 has to be at most k + 1 since we add a letter that is at most k4 1 to row j. And since k, k + 1
are in the same block, we can only have 5 = k + 1 when ¢ = k, in which case the new boxes are added in a
vertical strip. Then Aj; = —1 and the right-hand side vanishes. In that “vertical” case, the left-hand side
also vanishes, because the coefficient corresponds to the SSYT T} "1 k+1-i;> Which is an invalid tableau, since
it contains the letter k£ + 1 in the same column as the same letter. For the rest of this proof, we assume that
i,j < k.

On the left-hand side, we have

|Cg+1,k+1—>ij|2
=Fi(k+1,k+1)— Fi(k,k+1) — Fo(k+1,k) + Fi(k, k)
= (Fi(k+1,k+1)— Fi(kk+1)— Fi(k+1,k) + Fi(k,k)) + (Fi(k + 1,k) — Fo(k+ 1,k))
= (D2+1~>i - Dli\%z) : (Dgile;g - Dl?:?) + (Fl(k: +1, k) - F2(k +1, k))
On the other hand,
| ps14)” = Frlkk+1) = Fy(k — Lk + 1) — Fu(k,k) + Fi(k — 1,k)
= (Dl/ﬂ\%i - Dli\flﬁi) ’ (DAJFei - DM_ei)

k+1—j k—j
Ate; Ate;
= (Dli:\—&-l—ﬂ _Dlit—m‘) '(Dk-|+-1_>j _Dkij) (k,k+ 1€ B)
Comparing the two expressions, it suffices to show that
1 . 5
Fl(k +1, k) - F2(k +1, k) = T : (D])€\+1—>i - Dl/c\ﬁz)(Dli\illeg - Dli\:jl)' (124)
JT

We prove this equation holds in Lemma 14.28 below. This proof is deferred to a separate lemma because it is
also used in the proof of Lemma 14.29, and because proving Equation (124) does not require that k£ and k + 1
are in the same block. O
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Lemma 14.28. Let A be a Young diagram, and let i,j,k € [d] such that k+1 > i,j. Then

1 . )
Fi(k+1k)— Fa(k+1,k) = A (Diy15i — Disi) - (‘Di}\ifl—)j - Dli\:?)
i

Proof. We use Lemma 13.3 to rewrite the right-hand side of the desired statement:

'(Dli\—kl iiDli\ i)'(DkJ’_fl '7Dk e‘l): ’ ‘Dk i e; e. Tk 7
Aji 7 - A - Aji C{\ - C12\+1 - C]'AJ’_ - Cl;\j-ril -
1 1 1
= . — — Dy (125)
Dji C}=Cppy Y=l Y

The fact that 4,5 < k 4+ 1 ensures that the denominators of the above expressions are never zero. Similarly,
we write the left-hand side of the lemma statement as:

Fi(k+1,k) — Fy(k +1,k)

1 . 1
A Ate; A Ate; A Ate;
= Diyimi - D55 — (1 - Az‘) Diewsj  Dpnli — A2 Dy - Dl
ji ji
1 . 1 1 Ate;
= (1+7) - Dy i'D1;\+e'7'_ (1_7) - Dy (1+—) ki
Cr=Cpyy/ P AL oMt ot ) TR
1 1
- .D> ,.(1+—). Ate;
2 k—i Ate; Ate; k
A, Cire - oy -
1 1 1 1 1
[+ o) - (- ) o+ ) - 20 )] 2
G} = Cp A% Mt oyt ALY oM oY Y
1 1 1 1 1
:[7— U S ——— Y 5T\ (126)
X Dy ( 2 ) Ate; Mte; 2 Ate; By eii| k—i
Cf = Cipa Aj; G e CkL A Cj+ - Ckil ’
We show that the two sides are equal by considering the following two cases:
Case 1: i =j. In this case, Aj; = C’j’-\"'ei — C =1, so that we have:
1 1
126) = - ] D).
e o] e
A €; A €;
B Cj+ _CkL —C{\—i-C,;\H \
- e ey k—ij
(CiA - Cli\-u) ’ (Cj e — ij-_l ) !
1
= - Dp ;= (125 iZk+1 = Gy =
(Cz)\ — Cli\_,'_l) ] (C;\-i—ei _ C,i\i_lﬁ) k—1ij ( ) ( k+1 k+1)

Case 2: i # j. In this case, C?Jrej = C2 and C;‘+ei = Cj‘. Let us use C, C; to refer to these quantities.

Moreover, Aj; = (C;‘+ei +1) — (C} +1) = C;j — C;. Then, we get:

1 1 1 1
S S N -

126) = [—— _(1——). .
(126) Ci — Cra ( A%) Ci=Cryr A% Cj—Crpn
_ 1 Ci— G D> ..
A% (Ci— Cri1)(Cj = Cryr) 7Y
! Bi N = (125). O

- . D> ..
A% (Ci— Cr1)(Cj— Cryr) 7Y
Lemma 14.29. Let A be a Young diagram, and B be a block of A, such that k,k+1 € B. Then

1
|Cgkﬁij|2 = (1 + 7A~) : |cg,k+laij‘2
i
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Proof. We first observe that if ¢ > k, then the Clebsch-Gordan coefficients on both sides are equal to zero.
Hence, we can restrict our attention to when ¢ < k.

Similarly, if 7 > k + 1, then both coefficients are zero. The same happens when i < k,j = k + 1, since the
left coefficient has an invalid SSYT, and the right coefficient corresponds to the invalid shape A + e; + egy1.
When ¢ =k, j = k + 1, then the left-hand coefficient is zero, and Aj; = —1 (since k, k + 1 are in the same
block), thus the right-hand side also vanishes. We conclude that we can further restrict our attention to when
i,j <k.

On the left-hand side, we have

|Chksis)? = Fr(k, k) — Fi(k —1,k) — Fa(k,k — 1) + Fi(k — 1,k — 1)
= (Fi(k,k) — Fi(k—1,k) — Fi(k,k — 1)+ Fi(k— 1,k = 1)) + (Fi(k,k — 1) — Fo(k,k — 1))
= (Dpsi — Do) - (D55 = DRt ) + (Fu(k ke — 1) — Fa(k, k — 1)). (127)

k—j k—1—j

The right-hand side is equal to

1 1

(1+ A_') e prsigl = (1+ A”) (Fi(kk+1) = Fy(k—1,k+1) — Fi(k, k) + Fi(k — 1,k))
J Ji

1

A ) : (Dli\—m‘ - Dlé—l—m‘) ' (D)\Jrei - D)\+6i)- (128)
J

= (1 + k+1—j k—j

Let us now consider the following four cases, depending on whether ¢, j are equal to k or strictly less than k.

Case 1: 7,5 < k. Sincei < k, k and k + 1 are in the same block of A + e;, which allows us to write:

1
) . (Dli\ﬁz — Di?\flﬁi) . (D)\-i-e,; _ D)‘+6i )

(128) = (1 + Aji k—j k—1—j

Comparing the expressions for the left and right-hand sides, it suffices to show that

1
A

- (Dissi = Dioasi) - (D55 — DRt ). (129)

k—j k—1—j

Fi(k,k—1) = Py(k,k— 1) =

J1

The above equation follows directly from Lemma 14.28 when we use k — 1 in the place of k, and since 7, j < k.

Case 2: i =j = k. In that case, Aj; = 1, and recall that the term D;C\_l_”. is zero when ¢ > k — 1. The
left-hand side can be simplified to

(127) = D}, D} + (Fulk,k — 1) — Fa(k,k — 1)) = D), D)

k—j k—j >

where the last equality holds because both F(k,k — 1) and Fy(k,k — 1) have terms of the form D} | ..,
which are zero for any diagram p. The right-hand side can be simplified to

1 i .
(129 = (14 5) DL, (D), — DY)

.. k+1—j k—j
Ji
1
A e e
=2-Diy- e _ e : Dkﬁi- (Lemma 13.3)
J k+1
1 , . .

=2-D) ;- DS =Dy DS (i=j=kand A = A\pp)

e +1—k)— g1 —k—1) ki

Hence, the two sides are equal.
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Case 3: ¢ =k,j <k. Inthat case, Aj; = C’;"”e"’ - Cr = ij\ — C,;\. The left-hand side can be simplified to

(127) = D} - (DY = DYV ) o+ (Fu(h, k= 1) — Fak. b — 1)
1 .
Ae; Ate; Ate; Aej
= Dl>c\—>i ’ (Dk:j - ijlﬁj) + D/?—m’ ) Dkirlaj - (1 - A?) 'D1>c\—1—>j Dy
Jt
. 1 1 o
= Dlé—m‘ : D}i\ief - (1 T AZ ) : (1 e e ] 1) 'D;i‘_>j -D,i\:i] (Lemma 13.3)
ji J k
A Qi —D(Aji+1) Ay PR Y
- Dk—>ij - A?? : Aji +1 'Dk—m‘j - Fjl ' Dk—)ij'
The right-hand side is equal to
(128) = (1 —+ A]- ) . D]i\_>Z . W . D]i\:t;z (LCIIIIH& 133)
ji i T Gk
Aji +1 1 A Ate;
= . -Di .. (D —k—1=XM—-k—-1=0C2—-1
Aji CJ)\ — CI? 1 k—ij ( k+1 k+1 k A )
A +1 1 1
=~ - ’ P 'Dl/c\mg*

Ay A1 R T AL

Hence, the two sides are equal.
Case 4: i <k,j=k. Inthat case, Aj; = C’jf\"’e’i —-Cr = C’,i‘ — C2. The left-hand side can be simplified to

€4 €; ]'
(127) = (Dli\—n - Dl)c\—l—n') ’ (Dgi_)ji - D])g\i_l_)j) T A2
i

1 1
= (D} = D) (D =DM ) = s (1=
—i —1 —J —J A?z CzA _ C]i\ + 1
1 Aji
A% 1-A

A Ate;
“Di_15i - DLy

) .D,i‘_>,D>‘+ei (Lemma 13.3)

k=g

= (Dp; = Dp_y ) - (D55 — Dt ) +

A
k—j k—1—j 'Dk—m'j'

71

Since i < k, k and k + 1 are in the same block of A + e;, which simplifies the right-hand side to

(129 = (14 3-) - (D = D) - (D) - DY)
= (Db = D) (DX = D))+ 5= (Db = D) - DY
= (Dpsyi — Di_iyy) - (DZ\:? - D;i\i_fl_”) =+ Alji : Cf‘lcli”rl ~D,i‘_,iD,i‘:€j’" (Lemma 13.3)
= (Dli\—n‘ - Dli\—l—n') : (DZ‘:?‘ - Dli\-—i_fl—n) + Alji . 1 —1Ajz. 'Dl)c\—n'j-
Hence, the two sides are equal. O

15 Large-d expansion of the second moment

Recall our expression for the second moment from Theorem 1.4:

n—1 1 E[(/(\)]

E[ﬁ@ﬁ]:T~p®p+ﬁ~([®p+p®1)-SWAP+ 2 - SWAP — Lower,.

We have previously argued that Lower, can be written as a positive linear combination of terms of the form

(P ® P)-SWAP, for some PSD matrices P. This nice structure allowed us to drop the contribution of Lower,
in our applications.
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In this section, we argue that Lower, consists of terms which are lower-order in d. That is, for fixed n
and A F n, we have

lim Lower, = 0.
d— o0

In particular, this allows one to obtain a clean expression for E[p ® p|, by embedding the input state copies
p®" from a d-dimensional Hilbert space to one of dimension D > d, such that the lower-order terms vanish:

n—1 1 E[¢((\)]

E[f)@ﬁ]%T~p®p+ﬁ~(l®p+p®f)~SWAP+ - SWAP. (130)

We show that Lower, only consists of lower-order terms in d by computing the constant-in-d terms of Mégé,
and demonstrating that they correspond exactly to the terms in Equation (130). The remaining terms are
subleading, and must be Lower,,.

Following the proof of Lemma 14.4, we can write M‘rgé as a block-diagonal matrix in the Schur basis, with
each block [Mzgv?g] G corresponding to an SYT and an unordered pair of indices S, {3, j},

Ma(\%g Z Z |)\l] 1J| ® Z |S {Z j} {27‘7}‘ ® (Mésé){z i} & Idlm(V/\ )7

AFn i<j Se
with diagonal entry
1 dim(V¥)
2 _ A E ™T 2
[Ma(uv;;]m iy ﬁ dlm(Viﬂ) /\ )‘ |Ckf~>2]|

k.t
We use the following formula for the dimension of the space Vi (Equation (16)):

. d + cont (O)
dim(V?) = —
im(Vy') Dl;[/\ NG)
hence
dim(Vy) H h,\ij(D) d + cont (O H —)
dim(V ) 25 ha(D) " d + conty,, ( De/\”\/\d—i-cont)\ (O)
_ =)
Dl_[@ h,\( i ])‘:[]\Ad+(30nt>\ (D)
o(1)
—On(l)'
HDG)\i]‘ \A (d + COHt)\ij (D))

_ On(1)
HDGAij\)\(d + COHt)\ij (D))
where O, (1) is a factor that only depends on n, and not on d. Moreover, we observe that the contents of the
two new boxes on rows 7 and j, {conty, (0)}gex,,;\» have magnitude at most n, and thus the denominator is

d? + O(d). Thus, the only constant-in- d terms that survive in each (S,{i,j}) block are the ©(d?) terms in
the numerator

Z Aiﬁ : ‘CQ—W‘\Q
kL

2(X) () d d () d
= Z MAL - |enesif) + Z Z MAL - |enesif) + Z Z MAL - |enesi? + Z MAL - [
k(=1 k=10=0(\)+1 k=E(M\)+1 £=1 ke, 0=L(N\)+1

In the above equation, we broke down the summation into the non-zero and zero rows of A, since \; = 0 if
and only if ¢ > ¢(\). Since the Clebsch-Gordan coefficients capture overlaps between unit vectors, they have
magnitude at most 1. On the other hand, we can write

N JA T e T Xm0 L Hd = €A, A >0
' _Z()‘)a A=0 ’
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In the first case, only the fourth term depends on d, whereas the remaining terms have magnitude at most n.
Moreover, there are at most n rows with A; > 0. On the other hand, there are d — ¢(\) rows with zero length.
Hence, the ©(d?) terms of the numerator are included in the following expression:

2N L(N) d L(X) d
- (3 Ity ) —aen - (D0 S gl S Sletesl?) F e (D ledesyl?).
k=1 k=1¢=£(\)+1 E=0(A\)+1 =1 kl=£(\)+1

Using the formulas for the partial sums in Lemma 14.10, we can verify that the expression above is equal to
d*(Xp11Xpni2 +£(N)/Aj;) + O(d), which gives rise to the terms in Equation (130).
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A Obtaining Young’s orthogonal basis

The purpose of this section is to show the following theorem.
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Theorem A.1 (Theorem 11.3, restated). The unitary in Definition 11.2 is a Schur transform. That is, it
satisfies

USy - (PP(mR™@)) Ul = >IN @ ra(m) 2 1 (0), (131)
()2
forallme S, and U € U(d).

We also restate the recursive construction of the Schur transform, for the reader’s convenience.

Definition A.2 (Schur transform; Definition 11.2, restated). We define the Schur tmnsform u ((Cd)®” —
é A (n,d) Spy ® V/\d, by the following recursive construction. We explicitly define usw as the unltary such that

Ui i) = D @ @ ® 1),

for all ¢ € [d]. Then, for n > 1,
n n n n—1
Z/{S(w)y - Z/{R( ) Z/{( ) (Z/{S(wr ) ® 1).

We start by proving the base case, n = 1.
Lemma A.3. Theorem A.1 holds for n =1.

Proof. Note that for n = 1, S,, = {e} so that we just need to check that unitaries are correctly transformed.
Moreover, there is only one Young diagram of size 1, A =[], and one SYT of that shape, S =[1]. We have:

Uy -U-USR = 7 Uy (U 161U ) = D0 e D@l e Y- Uy -l = EN0) @ [N o U.
i,j€[d] i,j€[d]
Since v(1)(U) = U, Theorem 11.3 holds for n = 1. O

We now prove the following partial result, which nevertheless will be a useful stepping stone towards the
complete result.

Lemma A.4. Suppose Theorem A.1 holds for some n € N. Then Z/Is(nwﬂ) transforms correctly, up to phase.
More precisely:

Uiy (PO Q) U = 3 il @ Fou(m) @ (V).

pkEn+1
L(p)<d

where K, is a representation of Syy1 isomorphic to Kk, such that K,lg = kulg, , and K, =W, - K, - WII,
for some diagonal unitary W,.

Proof. First, for all 0 € S, and U € U(d)
i @1)- (P (o) - @O - Uy @ 1) = (U - (P™(0)- @0 ()) - uly’) o U
|

= ( > NN @ kA(0) ® VA(U)) ®U.
O)2a

Here, we have used that P11 (o) = P(") () @ I, and Q"+ (U) = Q") (U) ® U. We can then apply the
Clebsch-Gordan transform, obtaining the following, where we have defined V = L{ggl) . (L{S(&), ®I):

V- (POH(0) - @ @)) V= 3T N @ malo) @ (U - (m(U) @ U) - UG

An

(N <d

= > Wlem@e (Y luful e ). (132)
A-n A

LN)<d e(,fgd
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(n+1)

Finally, applying the rearranging unitary Uy , we have:

UG - (P (o) - @) ) Ul = N il @ (D2 N @ k(o)) @ (). (133)

pFn+1 A
L(p)<d

Recall that for o € Sy, we have r,(0) =3, », [ANA| ® kx(0), the symmetric group branching rule and the

construction of the Young-Yamanouchi basis (see Section 2.4.3). Thus, L{S(T\;rl) correctly implements the Schur
transform for o € S,,. What about 7 € 5,41, more generally? Firstly, we claim

USED - (PO () - QD)) UG = 3 ] @ Xu(m) @ v (U), (134)

pkEn+1
L(p)<d

for some matrices {X,(7)}. To see this, note that because P+ (1) and Q"+ (U) commute for all
U € U(d), the matrix Us(wl) P () -US(wI)T commutes with all matrices of the form

USHY - @UU) UGV = Ul - (PO () @ )) UG = T il © Laimg) @ (V).

pukFn+1
L(p)<d

(135)
Since the {v,} are non-isomorphic, irreducible representations, we must have that [Sag01, Theorem 1.7.8,
Item (2)]
UG - PO () Ul = S el @ Xu(r) @ Tamvey, (136)
pFn+1
L(p)<d
for some matrices {X,,(7)}. However, these matrices form a representation of S,,41, and by the uniqueness of
the decomposition in Schur-Weyl duality, X, is isomorphic as a representation to x,. We relabel X, — K.
Combining Equations (135) and (136) gives us Equation (134).
By Lemma 2.17, for each p there exists a fixed unitary W), such that W, - &, () - WJ = k() for all
m € Sp+1.- Restricting to o € S, we obtain

W+ (32 A @ mal0)) - Wi = 37 N @ ra (o).

A A

Since the {k)} are non-isomorphic and irreducible, W, lying in the commutant of the sum, is necessarily
constant on each A-subspace (as in Equation (136), except now the multiplicity space is one-dimensional).
Each constant must be a phase, since each A-subspace is orthogonal, and W, is unitary. That is, W, is of the
form
W[L — Z e’LGAM . A‘ ®Id1m()\)7
A

for some angles {0x,}x .. Therefore,

U™ - (P () - QU W)) Uy ™ = Y Jall @ F(m) @ v, (U),

pkEn+1

L(p)<d
with %, isomorphic to k,, such that k,ls = kulg , and K, = W, - Kk, W;[, for some diagonal unitary
W,. O

This partial result implies the n = 2 case as well.

Corollary A.5. Theorem A.1 holds for n = 2.
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Proof. By Lemma A.3 and Lemma A.4, we know that for all 7 € Sy and U € U(d):

Uiy - (PO - @) Ul = 37 il @ &(m) & v, (U),
dina

where %, (1) = W, - £, (r) - W], for some unitaries W,. However, for |u| = 2, we either have y = (2) or

w=(1,1). In either case, dim(u) = 1, as there is a unique SSYT for any Young diagram with a single row, or
with a single column. Since all matrices of size 1 commute:

Ru(m) =W, - k() - W/I = K, (m). O

We are now ready to prove Theorem 11.3.

Proof of Theorem 11.3. The proof will follow by induction on the number of qudits n. In particular, we show
that if Theorem A.1 holds for n and n + 1 qudits, then it also holds for n + 2. Given the base cases of n =1
(Lemma A.3) and n = 2 (Corollary A.5), this will show the result for all n > 1.

Given the inductive hypothesis, Lemma A.4, states that for yu Fn 4+ 2,

E#¢Sn+1 = H#‘Lsn,+1'

This implies that for any permutation 7 € 5,42 that satisfies m(n + 2) = n + 2, it holds that k,(7) = k(7).
Thus, since the set of permutations {(n+1,n+2)} U {o € Sp12 | o(n+2) = n+ 2} generates the entirety of
Sn+2, it suffices to prove that

Fu(n+1,n+2)=k,(n+1,n+2),

to conclude that &, (m) = k,(m) for all 7.

We restrict our attention to the permutation (n+1,n+2). Let A F n be a Young diagram. We know that
both xy,;(n +1,n +2) and Ky, (n 4+ 1,n + 2) have the same block-diagonal structure in Young’s orthogonal
basis. In particular, each matrix has a 2 x 2 submatrix whenever (5;;,.5;;) are both valid, and a 1 x 1
submatrix whenever only one is valid. Here, we use S;; to denote the SYT we obtain when we start from a
valid SYT S with n boxes, and add an n + 1 at the end of row i, and an n + 2 at the end of row j.

Lemma A.4 states that

Fa, (n+1,n+2) =Wy, -/-@,\,L,j(n—i-l,n—&—Q)-W;\[ij,

for W}:] a diagonal unitary. Since matrices of size 1 commute, we can deduce that %y, (n + 1,n + 2) and
Kx;; (n+1,n 4 2) have the same 1 x 1 submatrices in that basis.

We now focus on a 2 x 2 submatrix indexed by the SYTs S;; and S;;. Let €1, e? be the entries of W;J
on |S;;)Si;| and |S;;)(Sji| respectively. Then Ky, and ry,; agree on the diagonal entries of the submatrix,
since

(Sijl Fx,; (n+1,m +2)[Sy) = e (S K, (041,04 2) |S;) - e 0 = (S| K, (n+1,n 4 2)[Si),
and similarly for Sj;. On the other hand, the off-diagonal entries satisfy

(Sijl Fa,, (n+ Ln+2)[S5;) = € - (Sij| ka,, (n+ 1,n + 2) S)) - e
=¢i1=02) . (5, K, (n+1,n42)[Sj;) .

Since the off-diagonal entries of ky,, (n 4 1,1 + 2) are given by the expression”

1
(Sijlrng; (n+Ln+2)1S55) = 4 [1 = 55
i

it suffices to show that (S;;| K, (n+1,1n+2) |S};) is real and positive for all pairs of SYTs of the form (S;;, Sj;).

3Recall that Aj; is the difference in contents of the boxes with n + 2 and n 4 1 in S;;.
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The expression (Si;| R, (n+1,n+2)[S;;) can be written to involve the SWAP = P(n+1,n +2) operator
on qudits n + 1 and n + 2, by noting that

(Sijl R, (n+ 1,0 +2)153) = (Aij, Sigy T] - UST? - P(n+ 1,0+ 2) - USTT - [N, S50, T) (137)

for any T € SSYT(A;;). The vectors on the left and right of P(n + 1,n + 2) are written in “our” Schur
basis, which contains a Young-Yamanouchi basis in the permutation register that is a priori related by
phases to Young’s orthogonal basis. We will now “undo” our Schur transform to obtain the Schur basis on
n qudits, which, by induction, we will assume is the true Schur basis. In particular, we follow the original
steps from Section 11, in reverse. As each step is unitary, we can undo each step by applying the conjugate
transpose of the relevant unitary. We have

|)\ij75ji7T> ZZ/I}%”H) . ‘)\+ej7Sj7)\ij7T>
—UTD UGS (X D (TRIT) A e 5, T) 9 k) )

k T/€Xte;
— u}({n+2 u(n+2 n+1) (Z Z T/ k/"T |)\,S,)\ + €j7T/> ® |k’>)
k T'€Xtej
= U UG Y UG (30 3 AT HT) (T AT A S T @ 1) 1K) )
k£ T'Exte; TEX
) U @ I10T) - (Z ST @K - (@ AT - A S,T”>®|€>®|k>).
kl T'eExde; TEX

Throughout this section, we use T' € A to denote in a succinct way that the SSYT T has shape A. Similarly,
we can write

Nij» Sijy T) = USHE? - US @ T o 1) - (Z SN ey Y”,k:’|Y’>~|/\,S,Y”>®|k’>®|€’>).
k'Y EXte; YEN

Then the off-diagonal entry that we are trying to compute is equal to

SN ST KR (LT (T AT (T KIT) (NS T 6 K] Uty - SWAP - USQT [N S YK )
kLESE T"ex  Y'e
T'eXte; Y'erte;
= > Y > WEY) YL (T 0T (T RIT) - (NS, T Gk, S Y K
kLE S T'ex  Y'eX
T'€Xte; Y EN+e;
Z S RN (YL AT (T T (T KT - (T )Y, (138)
kL T"ex  Y'eX
T'eXte; YEXte;
where the last equality follows because each term is zero unless (¢, k) = (¢/,k’). Since Equation (137) holds
for any SSYT T, we will choose T to make the above summation easier to compute (its sign, at least). In
particular, the one-step and two-step Clebsch-Gordan coefficients that we have developed so far gave us a
solid understanding of how a highest-weight SSYT changes when we tensor onto it one or two elements of the
fundamental representation V(‘f), like |k) and |¢). Here, we are instead starting from an SSYT T, and want to
understand which SSYTs 7" and Y can take us to 7' when we tensor on |k)’s and |[¢)’s. Pictorially, the
SSYTs in Equation (138) satisfy the following:

T" = T ®|k) T ®|€) y’ ®|k) v
~ ~~ ~—~ ~~ ~
A )\+ej A” )\+e, A

Since T" and Y are not necessarily highest-weight SSYTs, it feels that our work from the previous section is
not helpful here. Fortunately, we can relate the Clebsch-Gordan coefficients that arise in Equation (137) to
the one-step and two-step Clebsch-Gordan coefficients, by setting T to be the lowest-weight SSYT of shape
Aij, and then considering the complement tableaux of T,7',T", and Y',Y"”. We introduce these notions
below.
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Figure 24: An example illustrating lowest-weight SSYTs. Take d = 4. On the left, we have the Young
diagram A = (4,4,2,1). In the middle, we have the sequence Tfp, for p € [d]. Note that Tfp consists of
the lowest p rows of A, shifted upwards by (d — p). Thus, T /\Sp contains the cells of \ directly above at least
(d — p) boxes. On the right is T}, the lowest-weight SSYT, corresponding to the chain Tfl <= T/\Sd. The
boxes filled with symbol p are the boxes in A that are above exactly (d — p) boxes. This SSYT can also be
obtained by filling the lowest box in each column with d, then the lowest remaining box in each column with
(d —1), and so on.

Embed Rotate Un-embed
—_— —

Figure 25: An example illustrating complementary Young diagrams. Take d = 5, and m = 6. On the left, we
have the Young diagram A = (4,4,2,1,0). On the right, we have the Young diagram y = compl 4 ,,,)(A) =
(6,5,4,2,2). In between, we illustrate how we can obtain p from A by first “embedding” A into a d x m grid
of boxes, then rotating the diagram 180°, and finally “un-embedding” the shaded boxes, which are the boxes
that were not originally in A.

Definition A.6 (Lowest-weight SSYTs). Let A = (A1,...,Aq) F n be a Young diagram. The lowest weight
SSYT of shape A and alphabet [d] is denoted by T and satisfies:

TP = (Naopriseo o, Aa).
The lowest-weight vector in Vi is the vector |Ty).

This formal definition can be used to show straightforwardly that T) is, in fact, an SSYT, using the
interlacing property described in Section 2.4.4. Indeed, note that (T)\)?p = Ad—p+i- Then Tfp = T)\S(’H_l)
since (TA)i_(fH) < (TA)iSp < (TA)iS(pH), which holds because Mg (p41)+(i+1) = Ad—p+i < Ad—(p+1)+is as the
rows of A are weakly decreasing. However, we can also give a more intuitive picture.

Note that the rows of T /\Sp are the same as the bottom p rows of A. As illustrated in Figure 24, this means
that a box in T is filled with the symbol p when it is above exactly (d — p) boxes. Thus, the lowest-weight
SSYT has a simple, alternate characterization: T} is the SSYT of shape A obtained by filling the lowest box
in each column with the value d, and then repeating this procedure with the unfilled boxes using the values
d—1,...,1. Intuitively, T is the SSYT of shape A with the maximum number of d’s, then the maximum
number of (d — 1)’s, and so on.

Definition A.7 (Complementary Young diagrams). Let A € Z% be a Young diagram, and let m be an integer
at least as large as the number of columns in A\. The Young diagram which complements \ with respect to m
columns, p € Z%, is the Young diagram such that

i =M — Agy1—i-

We write p =: compl 4 ,,,) (), though we will drop (d,m) when these parameters are clear. We also say p is
the complement of X\, or u is complementary to A.
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Figure 26: An example illustrating complementing SSYTs. Take d = 4 and m = 5. On the left, we have an
SSYT S of shape A = (4,4,2,1) and alphabet [d]. In the middle, we have the sequence compl(p’m)(SSp)7 for
p € [d]. On the right, we have the SSYT T = compl 4,y () corresponding to this chain.

We note that compl()) is, indeed, a Young diagram, since pri41 =m — Ap—; < m — Apyi1—; = p;. The
complementary Young diagram can be obtained by a three-step geometric process illustrated in Figure 25.
It is also clear from the figure that complg,,)(compl(g,,)(A)) = A, so that complementation with fixed
parameters is bijective.

For S an SSYT, we can consider the complements of the Young diagrams S<P € ZP, with respect to a
common value of m, for p=1,...,d.

Lemma A.8. Let S be an SSYT with alphabet [d]. Let m be an integer at least as large as the number of
columns of S. For each p € [d], construct the complementary tableau compl(nm)(SSp) € ZP. Then, for each

p € [d — 1], complg, oy (S5F) 3 compliy, 1y (SZFFT).

Proof. Let A, B € Z¢ be Young diagrams. Recall that A < B iff the row-lengths of B interlace the row-lengths
of A: Ai+1 < Bi+1 < A;forallie [d — ].]

Since S is a SSYT, we have S<P < S=(*+1) for each p € [d — 1]. Thus, for each p € [d — 1] and j € [p — 1],
we have (S=P); 1 < (SS(PHD), 1 < (S=P);. Now, from (S=P);1 < (SSP+D)), 1 with j = p — i, we have

compl(S=PHD); Ly =m — (S5PFV) 1y <m— (S5P)), 11 = compl(S=P);. (139)
Moreover, from (SSP+1D), | < (S=<P); with j = p 4+ 1 — i, we have
compl(S=P); = m — (S5P), 41 <m — (SSPHD) o, = compl(SSEPHY),. (140)
Combining Equations (139) and (140) shows the interlacing condition:
compl(S=7); 41 < compl(S=P); < compl(§=F+);.
We conclude that compl(S<P) = compl(S=(F+1). O

Thus, compl(y ;) (SshH =< % compl(d’m)(SSd). This chain is associated with an SSYT with alphabet
[d], by the correspondence described in Section 2.4.4.

Corollary A.9. Let S be an SSYT with alphabet [d], and let m be an integer at least as large as the
number of columns of S. Then, there exists a unique SSYT with alphabet [d], T, such that, for each p € [d],
T<P = compl(pym)(Sgp),

Definition A.10 (Complementary SSYTs). Let S be an SSYT, and let m be an integer larger than the
number of columns in S. The SSYT which complements S to be the SSYT T that satisfies

TSP = compl(p’m)(Sgp).

Thus, Tfp =m — Spg_fl_i. We write T' = compl 4, (S), dropping (d, m) when these parameters are clear
from context. We also T is the complement of S, or T is complementary to S.

Note that if T = compl 4,y (S), then compl, ., (T<F) = S=P for all p € [d], so that S = comply ) (T)
as well. That is, S = compl(compl(S)). See Figure 26 for an example of complementary SSYTs.
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Figure 27: Another example of complementing SSYTs, here illustrating how the complements of lowest-weight
SSYTs are highest-weight SSYTs. As in the previous figure, take d = 4, m = 5, and A = (4,4,2,1). On the
left, we have the lowest-weight SSYT Sy of shape A and alphabet [d], which we have depicted as embedded
into a d X m grid. The gray cells are those that do not belong to A. In the middle, we have the sequence
compl;, ) (S;p), for p € [d]. Note that compl(pym)(Sfp) is the complement of the bottom p rows, regarded
as a Young diagram. Thus, compl, ., (S;p) consists of the gray cells in the bottom p rows of A, rotated
180°. Therefore, the p-th element in the chain adds boxes only in the p-th row. This means that the SSYT
corresponding to this chain, 7 = compl(dym)(S ) is highest-weight. On the right is 7%, and indeed it is
highest weight.

Lemma A.11. Let A\ € Z% be a Young diagram, and let m be an integer at least as large as the number
of columns of \. Let u = compl(d}m)()\). Let Sy be the lowest-weight SSYT of shape A, and let T# be the
highest-weight SSYT of shape i, both with alphabet [d]. Then Sx and T are complementary SSYTs.

It is perhaps easiest to understand this lemma pictorially; see Figure 27. We now give a formal argument.
Proof. Recall (S57); = Ag_pri. Then

compl, 1y (S57)i = m = (S5F)pr1-i = M = Aacpi(pri—i) = M — Aap1-i,

so that compl(pm)(Sfp) =(m—MAgy....m— Agy1-p). Since compl(pﬂ)m)(Sf(pH))i = compl(p’m)(Sfp)i for
i € [p], the only boxes in compl(p+1,m)(S§(p+1)) \ compl,, ;) (S5P) are those in the (p + 1)-th row. Therefore,

all boxes labelled p in compl(d,m)(S ) occur in the p-th row, and therefore this SSYT is highest-weight. Since
compl g,y (Sx) is an SSYT of shape compl 4 ) (Sfd) = compl(g ) (A) = p, we have compl g,y (Sx) = T#. [
The reason why we set T' to be the lowest-weight SSYT, is because its complement is a highest-weight

SSYT, and the following lemma allows us to relate the Clebsch-Gordan coefficients in Equation (138) to the
one- and two-step Clebsch-Gordan coefficients.

Lemma A.12. Let S, 5" be SSYTs with shapes A and X+ e; respectively, and m be an integer larger than the
number of columns in both S and S’. Moreover, let T = compl(S’) and T' = compl(S). Then, it holds that

dim(V¢ 1/2
(S, kl$") = (=1)TF - (dirfl(%i)) (TS KIT)

The proof of this lemma is deferred to the end of this section. We now use this lemma to rewrite the
coefficients from Equation (138) in the following way:

_ /dim(VE NV L dm(VE )NV
o) = (it (S ) ) ) = () e,
A Ate;
L dim(VE N2 L dim(VE )y N2
@ 0r) = ot (S ) ET), (D) = (0t () (KT,
im(Vy{) im(V{,.)

For brevity, we use T to mean compl(T), and similarly for the SSYTs T, 7",Y’,Y"”. Moreover, since
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complementation is injective (as shown above), (T”|Y") = <T7’|Y/'7’> Hence Equation (138) becomes

E E E (Y R|IY"Y (Y 0T (T 0T (T, k|T) - (T"|Y")
T”E)\ Y”E/\
T EX+tej Y/ EXte;

dim (Ve

= ()RR ()T 2 ( *:j)

v dim(Vy)

> ST (YLRYT) (T 0Y) (T AT (T KT - (T7|Y7)

T €compl(A) Y7 €compl(A)
T\’EC()mpl(A-i-ej) ?Ecompl(k—i—ei)

dlmV/\ G
= Vd Z > > (Y7 kY™ (T, )Yy (T, ¢|T") (T, k|T") - (T"|Y"). (141)

1m

T”Ecompl(/\) W’Ecompl()\)
T/ECOIle()\-‘reJ) Y’ €compl(A+e;)

Now the nonzero terms in the summation above correspond to SSYTs that look as follows:

—~ Q| —~ Rk ~ Q| —~  Qlk —~
7 0 7Bk s oel, 5oek g
/,1,+ei/+ej/ pte;r I },LJrej/ /,J,Jrei/Jrej/

where T is a highest-weight SSYT of shape ;o = compl(\;;). Weset i/ =d+1—1, 7' =d+1—j, and we used
the fact that compl(p + e;) = compl(p) — e; = A + e;. Thus, now the terms that appear correspond to the
coefficients we get when we add boxes to a highest-weight SSYT, something that we understand much better.

It suffices to show that Equation (141) is positive. The factor before the summation is always positive,
and can be thus ignored. Then, we observe that the terms that appear in this expression are exactly the
two-step Clebsch Gordan coefficients:

or or

T 0T (T. kT at, ..
(" OT7) (T, k[T = { k=19

kl—si’ 5’

o
—~ —~ ~ O ) g
and (Y kY™ (T Y = { a0
(e
From Remark 10.18, we know that the a coefficients are always nonnegative. Thus, any negative terms
in Equation (141) must come when at least one of the terms is a b coefficient.

We consider the two cases. First, let (T",¢|T") (T, k|T’> = bl}i@az' , have value strlctly less than zero.
From Lemma 10.16, this must mean that & > ¢, and that T = Tkg_,] , that is, T has a k at the end
of the j’-th row, and an £ at the end of the #’-th row. Since k > ¢, bek—n . = 0, and thus the other term
<Y’,k|Y”> (T,€|Y’> is either 0, or aj; ;. When (Y’,k\Y”) (T, K\Y} = ajy_,jry> this must mean that
Y= @kﬁj/i/, and thus Y7 has an £ at the end of the j'-th row, and a k at the end of the #’-th row. Since
i # 7', and k > £, the SSYTs Y and T" are different, and thus (T”]Y"”) = 0. Hence, we can only have
positive or zero contributions to Equation (141) in that case.

We proceed in the same fashion in the second case, when we let (Y k|Y") (T, E|Y’> = b’lfkﬁj/l/
strictly less than zero. From Lemma 10.16, this must mean that ¢ > k, and that Y = nkﬁz’ v, that is, &
has an ¢ at the end of the i'-th row, and a k at the end of the j'-th row. Since ¢ > k, bl}, .., =0, and thus
the other term (T’, k|T”> <T,€|T’> is either 0, or aklai’j" When (T’,k|T”> (T,£|T’> = akéﬂ-,j,, this must
mean that 77 = fkg_m‘/j/, and thus 7" has a k at the end of the i’-th row, and an £ at the end of the j'-th
row. Since i’ # j', and £ > k, the SSYTs T" and Y are different, and thus (T”|Y”) = 0. Hence, we can
only have positive or zero contributions to Equation (141) in that case as well.

have value

We conclude that this off-diagonal term must be real and positive, and thus equal to , /1 — A% O
34

Proof of Lemma A.12. As per Equation (58), we decompose the left-hand side as a product of scalar factors

d d
(5.k8") = [T (5.7 [ (8)™) = (57" e | (507%) - [T (57 el 1(5)7). (142)
p=1 p=k+1
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As in Equation (63), the only way for the Clebsch-Gordan coefficient (S, k|S") to be nonzero, is if there exist

indices iy, . .., 4, such that i4 = 7, and

S=p
=p

S s
=r
+ip,—ip—1

p<k
(8" =
p>k

Taking the complements of the tableaux in the right

-

where we define j, := p+ 1 —¢,. This, in particular,
the following two expressions:

T=p p<k
TSp—i—ejp p>k

p=k = ()

S=p p<k
S<Pte, p>k

<p _

{

-hand side expression, we deduce that

T=r p<k
- (T’):p = T_f;; p=k,
Tfj]z)v_jp—l p>k

means that the tableaux S<P and T<P are related using

<
S5 —m— (), =" Tt Pk
m— Tp_—i-l—z - 51(’1)) p=k
<
TISp:m_(S/)E-{-)l—w = {m_SIZ-El—x p<k
m—=S1_ o =05, P>k

We use the formula in Equation (60) to write the first factor in Equation (142):

E—1 _ 1/2
(S:k o=k | S:k) _ | | (C:c(sgk ) — Cik(SSk) - 1)
€10 | Pyiy,) = %
’ [lom1 o, (ca(S=F) — ¢, (S=F))
_ . 1/2
I (ngk_l - Sik — T+ — 1)
Hft:l,z;éik (Swgk - Sz‘gk,k -+ Z'k)
k—1 <k—1 <k . 1/2
oy (m =T, —m+T, ,, +1—a+ip—1
e <k <k .
| J . (m T, —m+T, , +l-2+ Zk)
1/2
k—1 <k— <k )
Lo - (T8 - T — k=) + (R + 1) — 1)
o k <k k .
Hw:l,a;;éik - (Tk_+lfa: - T]§+17ik - (k +1- .73) + (k +1- Zk) - 1)

We will now change the iterator of the numerator to 2’ <+ k& — x, and the iterator of the denominator to
2" < k+ 1 — x. Moreover, recall that j;, = k + 1 — i;. The expression thus becomes

(57* ex0 | ST7)

I (15 -1t = 4 1) v
) Hg]z”:l,m”;éjk (Txg”k - Tfkk L 1)
I (e ) [ | W, (15T ) |
T, (Tfk - TR -+ jk) | W (Tf/fk — TR = k- 1)
1/2
_ (rot et ot | e (rt-m5t i) |
[ (Tf,,k —TRE = g - 1)
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We can now undo the operations above to rewrite the multiplicative correction term in terms of the original
tableau S:

1/2
k <k <k .
_ o Hx//:17x//5£jk (Tz_” —Cr]—k — x// +]k‘)
(57F et [ ST3) = (T7",ei" | T35 -
+i) T +]k k <k <k . ]
Ha:”:l,a:”#jk Tx” — T]k — +.]k — 1
1/2
N )
= (T7% e I T - |—— T . (143)
Hm:l,r#k (SE - ka —x+ Zk:)

We proceed to deal with the remaining scalar factors, which correspond to p = k+ 1 up to p = d. We use the
formula in Equation (61) to write:

=p _=p | a=p
(S €11 |S+ip,—ip_1)

Cy(S=P™ -1 Ce(S=P) — ¢, (S=PT 1z
S( . ) w;éz S<p ! S<P a:;él S<p p—1 S<P ! /
= Ipy tp—1

T, @(SSP) - cz,,(sgp)) 120, (ex(S<P1) — ¢y, (S<P1) = 1)

1/2

T (s s iy = 1) [T, (557 - ST i)

= S(lpvipfl) » <p <p <p—1 <p—1 .
—r (S{ *S 7I+1p>HHélp 1(55 fSifpﬂ fz+lp_171)

o Hz#pl( —TSfI_l—m—FTpﬁi +1—x+ip—1> 1/2

= S(ip, ip-1) )
z;ézp(m Tp+1 T m+T+1 ip -|—].—£L'+Zp)
<p 1 1/2

i#p (m Terl - m+T
‘Hmp 1 ( — Tt —m+T§f;l +1l—a+ip1— 1)
o~ (G =T, —(p—a) + (p+1—ip) — 1)
b= (T~ T, 0+ 1—2)+ (p+1—4,) — 1)
ety — (Tffl T —(p+1—2)+ (- ip—l)) 12
' Hz;mp 1 ( p<7p1:71 - TpS—pi;il —p—z)+ (- ipfl))

We will now change the iterators of the numerators to 2’ +— p — x, ¥’ + p+ 1 — x, and the iterators of the
denominators to z”’ <— p+1—x, y” < p — x. Moreover, recall that j, = p+1—1i, and j,—1 = p —ip_1. The
expression thus becomes

(57?182 2 )
< 1 < . < <p-1 .
Hp’;ﬁjp 1 ( o Tﬁp — '+ jp — 1) Hp”séj (Tw_”p - T7;1—)1 —a’+ prl)

4 <p <p : p T<p-1 <p 1 .

+1—z+zp 1)

1/2

= S(ip»ipfl)

1/2

= S(Z’p»"pfl)

S(Zpa ip-1)
= m (T 611 | T -Hp,—Jp 1)
<p <p , . —1 <p—1 <p—1 i . 1/2
ﬁ Ty, — ij —Y +Ip ' pl—[ Ty,, — TJp e 1
<p <p ; <p—1 <p-1 ]
y’?’ﬁjp Ty/ o TJp o yl + .]p -1 y”;éjp,l Ty// - jjjp 1 y” + .]p—l
We note here that o o
S(ip,ip—1) S(ip,ip—1)

— = - - =-1
S(prjp—1)  Sp+1—tip,p—ip_1)

b
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since whenever 4, > i,_1, then p+1—1, < p —1i,_1, and whenever ¢, <i,_1, thenp+1—1i, >p—1i,_;. We
will now “undo” the operations above to rewrite the multiplicative correction term in terms of the original
tableau S:

(S_ et | S5 i, 1)

<p .12
- (T_ er | T ) I1 m= Sy —mA S, 1y 4
- 11 +] ,—Jp— < .
e y’#]‘pmfspffl y m+S+1 _, 1=y +5p—1

-1 <p-1 <p—1 ; 1/2
o om =S —m+ S 1=y + o — 1

I1

<p—-1 <p—1 .
m— S —m A SPP 1=y +

y'#Fip-1
(TP DT ) HS<p_S<pp iy — 1)
= e _ .
e ST St
THip ip P
p—1 <p—1 _ g<p—1 _ . 1/2
) e M (144)
iy Sz - Si;q —T+ip_1 —1
We can thus write the original Clebsch-Gordan coefficient as
(S, k[S")
d
- (S:k k | S+lk ' H (S: p | S+1p7*1p 1)
p=k+1
1/2
[Tty (S5 - S5F —w+in—1) a
= (e | Tk - | - I - (et )
ik k <k _ g<k . 11 +./pa_./p 1
Hw:l,z;ﬁik T TR T T+ p=k+1
1/2
£ Sxép—sqg rtip—1 pt Sgp‘l—Sfp’:l—x—i-ip_l r
H = = H o1 o1 - . (Eqgs. (143) and (144))
TFip Sx_ Si:" —r+ Zp THlp—1 Sx_ o Si_p—l —r+ tp—1 1

If we telescope the above expression, all the products cancel except the one with the iterator = # i4. Moreover,
we have defined iy = i, and S=¢ = sh(S) = A. Thus,

(S, k[S")
d—k (=k. 4 d Sgd—Sgd—x—Hd—ll/z
= (=1)¢"~(T= . T7P e _ : z =
(=) ( o | T5) plgA( 1T, 1> ml;lld S50 514
1/2
—-A—zrz+i—-1
= (=) kT, TH|T") - -
dim(Vd 1/2
= (=), THT) m(Z))
dim(Vy)

The last equality follows from the Weyl dimension formula in Equation (15). First, we write

— X
1<z<y<d Yy

)

| e =)+ —2) 17 Ca— A+ G—2) =1 11 (= A+ (@—)+1
dim(V{, . ) = H : H - ‘ H - .
1§x<;z_§d y—= z<i t— i<z r—t
T, Yy#£i
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Thus

dlm(V)ii-&-e,) :H()\x_)‘l)+(2_x)_1H()‘l_)\x)+(w_l)+1

dim(V) o Ao —N)+ (1 —x) F (N — A) 4+ (xz —19)
_[AesAietiod s Aaticl
_w<i Ax_ki_l‘—i_i i<x )\x_Ai_x—’—i

Ae —Ni—x+i—1
)\w—)\i—l‘—Fi

b

TH£i

Where the second equality holds because the left-hand side is always nonnegative.

128



	I Introduction
	Introduction
	Debiasing tomography algorithms
	The single copy case
	The pure state case
	Keyl's algorithm
	The debiased Keyl's algorithm

	Application 1: full state tomography in trace distance
	Application 2: full state tomography in Bures distance
	Application 3: tomography with limited entanglement
	Application 4: shadow tomography
	Application 5: quantum metrology
	Technical overview
	The single copy case
	The two copy case
	The general copy case

	Open problems
	Paper organization

	Preliminaries
	Quantum distances
	Learning with high probability and amplification
	On low-rank tomography algorithms
	Representation theory
	Basics
	Partitions and Young diagrams
	The irreducible representations of Sn
	The irreducible representations of U(d)
	Schur-Weyl duality
	Weak Schur sampling


	The debiased Keyl's algorithm
	Keyl's algorithm
	The debiased Keyl's algorithm
	A family of unbiased estimators


	II Applications
	Full state tomography in trace distance
	Full state tomography in Bures distance
	Full-rank tomography
	Low-rank tomography
	Learning bipartite pure states

	Tomography with limited entanglement
	Shadow tomography
	Quantum metrology

	III The Clebsch-Gordan transform
	The Clebsch-Gordan transform
	Clebsch-Gordan coefficients
	Clebsch-Gordan insertion
	One-step coefficients
	Two-step coefficients

	Constructing the Schur transform
	Dual Clebsch-Gordan transform

	IV The moments of the debiased Keyl's estimator
	The first moment
	Technical lemmas concerning one-step Clebsch-Gordan coefficients
	Proof of the first moment

	The second moment
	Strategy overview
	Block-diagonal expressions in the Schur basis
	Technical lemmas concerning two-step Clebsch-Gordan coefficients
	Main Lemma
	Proof of the Diagonal Expression Lemma
	Deferred proofs
	Proof of lem:twostepinductionboundary
	Proof of lem:two-step-equal-blocks


	Large-d expansion of the second moment

	V Appendix
	Obtaining Young's orthogonal basis


