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Abstract

The completely positive operators, which can be viewed as a generalization of the nonnega-
tive matrices, are maps between spaces of linear operators arising in the study of C*-algebras.
The existence of the operator analogues of doubly stochastic scalings of matrices is equivalent
to a multitude of problems in computer science and mathematics, such rational identity testing
in non-commuting variables, noncommutative rank of symbolic matrices, and a basic problem
in invariant theory (Garg, Gurvits, Oliveira and Wigderson, FOCS, 2016).

We study operator scaling with specified marginals, which is the operator analogue of scaling
matrices to specified row and column sums (or marginals). We characterize the operators which
can be scaled to given marginals, much in the spirit of the Gurvits’ algorithmic characteriza-
tion of the operators that can be scaled to doubly stochastic (Gurvits, Journal of Computer
and System Sciences, 2004). Our algorithm produces approximate scalings in time poly(n,m)
whenever scalings exist. A central ingredient in our analysis is a reduction from the specified
marginals setting to the doubly stochastic setting.

Operator scaling with specified marginals arises in diverse areas of study such as the Brascamp-
Lieb inequalities, communication complexity, eigenvalues of sums of Hermitian matrices, and
quantum information theory. Some of the known theorems in these areas, several of which
had no effective proof, are straightforward consequences of our characterization theorem. For
instance, we obtain a simple algorithm to find, when they exist, a tuple of Hermitian matrices
with given spectra whose sum has a given spectrum. We also prove new theorems such as a
generalization of Forster’s theorem (Forster, Journal of Computer and System Sciences, 2002)
concerning radial isotropic position.

*Supported in part by Simons Foundation award 332622.
tDepartment of Mathematics, Rutgers University, Hill Center, 110 Frelinghuysen Road Piscataway NJ 08854-8019
USA



Contents

1 Introduction 3
2 Applications and special cases 4
3 Preliminaries and main theorems 5
3.1 Preliminaries . . . . . . . . o e e e e e 5
311 Flags. . . o o o e 6

3.1.2 Restrictions on scalings . . . . . . .. L L L L o 8

3.1.3 Extensions of Gurvits’ conditions . . . . . . . . . . ... .. . 9

3.2 Main theorems . . . . . . . e e 11
3.3 Proof overviews and diSCussion . . . . . . . . .00 e e e e e e e e e e e 13
3.4 Additional background . . . .. ... Lo 14
3.5 Reducing to nonsingular marginals . . . . . .. ... Lo Lo 15
3.6 Notatlon . . . . . . o e e e 17

4 A reduction to the doubly stochastic case 18
4.1 Capacity under the reduction . . . . . . .. . o o Lo 20
4.2 Rank-nondecreasingness under the reduction . . . .. ... ... .00 24

5 Positive capacity implies scalability by upper triangulars 26
5.1 Algorithm TOSL . . . . . . . e 27
5.1.1 Capacity under scaling . . . . . . . . ..o 28

5.1.2  Number of iterations of Algorithm TOSI. . . . ... ... ... ... ..... 30

6 Rank-nondecreasingness implies positive capacity 33
7 Scalability implies rank-nondecreasingness 36
7.1 Schubert cells and varieties . . . . . . . . . . . e 37
7.2 Proof of Lemma 7.1 . . . . . . . 38

8 Non-upper triangular scalings: Proof of Theorem 3.9 39
8.1 Rank-nondecreasingness is a generic property . . . . . . ... ... oo, 40
8.1.1 Degree bounds . . . . . . . . ... 43

8.2 The polytope of marginals . . . . . . .. .. .. L 44
8.3 Algorithm GOSI . . . . . . . e 44

9 A sufficient condition for exact scalability 46
9.1 Exact scalings from local minima for capacity . . . . . .. .. ... ... ... .... 47
9.2 Indecomposable operators have local minima for capacity . . . .. ... ... . ... 49

10 Proofs for Applications 53
10.1 Matrix Scaling . . . . . . . . oL 53
10.2 Eigenvalues of sums of Hermitian matrices . . . . . . . .. .. .. ... ... 54
10.3 An extension of Barthe’s Theorem and Schur-Horn theorem . . . . . . ... ... .. 59
10.4 Quantum Schrodinger bridges . . . . . . . . . . oo 64

11 Future work 67



12 Appendix 67

12.1 Additional background . . . . . . . .. Lo 67
12.2 Additional proofs . . . . . .. e 68
12.3 Complexity assumptions . . . . . . . . . . .o e 70
12.4 Algorithm TOSI with rounding . . . . . . . . . ... .. ... 72
12.4.1 A recurrence from Sinkhorn scaling . . . . . .. .. ..o 75
12.4.2 Perturbations of Sinkhorn iterates . . . . . . ... ... ... oL 77
12.4.3 Proof of Theorem 12.9 . . . . . . . . .. . 82

1 Introduction

Completely positive maps are linear maps between spaces of linear operators that, informally
speaking, preserve positive-semidefiniteness in a strong sense. Completely positive maps generalize
nonnegative matrices in some sense and arise naturally in quantum information theory and the
study of C*-algebras [J13]. If Y is a complex inner product space, let L(Y) denote the space
of Hermitian operators on Y. To each completely positive map T : L(V) — L(W) is associated
another completely positive operator T* : L(W) — L(V') known as the dual of T'. In analogy with
the matrix case, say a completely positive map is doubly stochastic if T(I) = I and T*(I) = 1.
A scaling T'" of a completely positive map T by a pair of invertible linear maps (g,h) is the
completely positive map T’ : X — ¢ T(hXhT)g. One is led to ask which completely positive maps
have doubly stochastic scalings; operator scaling is the study of this question. In fact, several other
problems such as rational identity testing in non-commuting variables, membership in the null-cone
of the left-right action of SL,,(C) x SL,,(C) [GGOW16], and a special case of Edmonds’ problem
[Gu04] each reduce to (or are equivalent to) an approximate version of this question. In [Gu04],
Gurvits gave two useful equivalent conditions for approximate scalability: a completely positive
map T can be approximately scaled to doubly stochastic if and only if T" is rank-nondecreasing, i.e.
rkT(X) > rk X for all X > 0, or equivalently capT > 0 where

capT := inf  detT(X).
X-0,det X=1

Gurvits also gave an algorithm to compute approximate scalings if either of these equivalent con-
ditions hold. The authors of [GGOW16, GGOWDbI16, Gu04] analyzed the same algorithm to
obtain polynomial-time decision algorithms for each of the aforementioned problems.

We consider a natural generalization of doubly stochastic scalings. Say T maps (A — B,C — D)
if T(A) = B and T*(C) = D and say T is an (A — B,C — D)-scaling of T if T is a scaling of T
that maps (A — B,C — D).

Question 1. Given positive semidefinite matrices A, D € L(V) and B,C € L(W) and a completely
positive map 7" : L(V) — L(W), does T have an (A — B,C — D)-scaling?

We extend Gurvits’ characterization of approximate scalability to the setting of Question 1. As
in [Gu04], our existence proofs lead to algorithms that efficiently produce approximate scalings
when they exist. Theorem 3.8, which closely resembles the characterization in [Gu04], charac-
terizes the existence of approximate (A — B,C — D)-scalings by block-upper-triangular matri-
ces. Theorem 3.9 extends this characterization to handle scalings in the full general-linear group
with a somewhat surprising outcome - informally, a completely positive map 7' has approximate
(A — B,C — D)-scalings if and only if a suitable random scaling of T satisfies the conditions of
Theorem 3.8 with high probability. We also give an exponential time algorithm to decide if T can



be scaled to map (A — B,C — D) with arbirarily small error.

A close variant of Question 1 first appeared in [GP15], in which the authors propose (P —
Q, Iy — Iy)-scalings as quantum analogues of Markov chains satisfying certain relative entropy
minimality conditions. The authors of [GP15] conjectured a partial answer to Question 1, which
was confirmed in [Fr16]. Our Theorem 10.20 extends the answer of [Fr16], and prove the conjec-
ture of [GP15] apart from one small caveat.

This paper is organized as follows: in Section 2, we describe several questions that can be
reduced to Question 1 and for which our results yield a number of new characterizations and
algorithms. In Section 3, after providing the necessary background, we state our main results,
Theorems 3.8 and 3.9. We prove Theorem 3.8 in Sections 4 through 7 and Theorem 3.9 in Section
8. In Section 9 we describe a sufficient condition called (P, Q)-indecomposability that guarantees
the existence of exact scalings. Finally in Section 10 bring Theorems 3.8 and 3.9 to bear on the
questions from Section 2.
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2 Applications and special cases

Here we mention a few questions that can be answered by via reduction to Question 1.

Question 2 (Matrix scaling). Given a nonnegative matrix A € Mat,, ,,(R) and nonnegative row-
and column-sum vectors r € RY; and ¢ € RY, do there exist diagonal matrices X, Y such that the

row (resp. column) sums of A" = X AY are r (resp. c)?

It is well-known that matrix scaling can be reduced to an instance of operator scaling with
specified marginals, but Gurvits’ characterization does not apply to this instance unless r and ¢
are the all-ones vectors. In 10.1, we recall the reduction from Question 2 to Question 1 and derive
the classic theorem of [RS89] on the existence of such scalings as a consequence of Theorem 3.8.

Question 3 (Eigenvalues of sums of Hermitian matrices). Given nonincreasing sequences «, 3,y

of m real numbers, are «, 3,7 the spectra of some m x m Hermitian matrices A, B, C satisfying
A+B=C7?

In [K198], Klyachko showed (amazingly) that the answer to Question 3 is “yes” if and only if
a, B, satisfy a certain finite set S, of linear inequality constraints. That is, such («, ,7) form
a polyhedral cone. A long line of work has been devoted to describing the set .S,,, which has
connections to representation theory, Schubert calculus, and combinatorics [KT00, K198, F00].
There are even polynomial-time algorithms to test if «, 3,7 satisfy S,, [MINS12]. However, no
previous work has provided an algorithm to find the Hermitian matrices in question. Our reduction,
which can be found in 10.2, yields an algorithmic proof of the result in [K198]. That is, we exhibit an
algorithm that outputs a sequence of Hermitian matrices (in particular, real symmetric matrices!)
A, + B, = C,, with spectra approaching «, 3, if «, 8, satisfy S,.

Question 4 (Forster’s scalings). Given vectors uq,...,u, € C™, nonnegative numbers py,...,pn,
and a positive-semidefinite matrix (), when does there exist an invertible linear transformation



B : C™ — C™ such that

n

. A
ZP'BUZ(BUZ) _ Q7

2P B

Barthe [B98] answered this question completely for the case @ = I,,,. Forster independently
answered Question 4 in the positive for p; = 1, u; in general position, and @ = ;- I,,;; as a conse-
quence he was able to prove previously unattainable lower bounds in communication complexity
[Fo02]. As noted in [Gu04], Forster’s result is a consequence of Gurvits’ characterization of doubly
stochastic scalings. In 10.3 we reduce the general case of Question 4 to an instance of Question 1,
and use this reduction to answer the approximate version of Question 4. For fixed uy,...,u, and
@, the admissible (p1,...,py,) form a convex polytope whose form is a natural generalization of the
polytope, known as the basis polytope, described in [B98]. In fact, one can derive the Schur-Horn
theorem on diagonals of Hermitian matrices with given spectra [H54] from our answer to Question
4.

Lastly, we hope our techniques will be of use in quantum information theory. The completely
positive maps T that map (Iy — @, Iy — P) have a meaningful interpretation: by a fact known
as channel-state duality [Ja74], to each completely positive map T : L(V) — L(W) is associated
a unique unnormalized mixed bipartite quantum state p € L(V ® W). The operator T maps
(Iv — Q,Iy — P) if and only if Try p = Q and Tryy p = P. That is, the local mixed states
induced by p are T'(I) and T*(I). Operator scaling has established connections between separable
quantum states and matroid theory [Gu04], so perhaps our techniques can shed further light on
such relationships. We discuss this further in Section 11.

3 Preliminaries and main theorems

Before presenting the main theorems we fill in some background and justify a few assumptions we
will make throughout the paper. The notation established in 3.1 and 3.2 will be summarised in 3.6.

3.1 Preliminaries

Definition 3.1 (Completely positive maps). A completely positive map isamap T : L(V) — L(W)
of the form .
T:X ) AXA
i=1
where V' and W are finite dimensional complex inner product spaces and A; : V' — W are linear
maps called Kraus operators of T. Note that T preserves positive-semidefiniteness. The map
T* : L(W) — L(V) is given by
T
T X =Y AlXA;,
i=1
and is the adjoint of 7" in the trace inner product. Recall that we say T maps (A — B,C — D) if
T(A) = B and T*(C) = D.

Definition 3.2 (Scalings of completely positive maps). If T : L(V) — L(W) is a completely
positive map, g € GL(W) and h € GL(V), we define the completely positive map T, by

Tyn: X = g'T(hXh)g.



Observe that
(Ton)" =T g
Ty is called the scaling of T" by (g, h).
Here G (resp. H) will be a subset of GL(W) (resp. GL(V)), and often a subgroup.

Definition 3.3 (Approximate scalings). Say a scaling 77 of T is an e-(A — B,C — D)-scaling
if 77 maps (A — B',C — D’) with |B — B|| < e and ||D — D'|| < e If G C GL(W) and
H c GL(V), say T is approzimately (G, H)-scalable to (A — B,C — D) if for all ¢ > 0, T has an
e-(A — B,C — D)-scaling T' by (g,h) € (G, H).

If A and C are invertible, approximate (resp. exact) scalability to (A — B,C — D) is equivalent
to approximate (resp. exact) scalability to (Iy — Q,Iy — P) for Q = AY2DAY? and P =
C'2BC'/2, so we mainly restrict attention to (Iyy — Q, Iy — P)-scalings.

It will be handy to be able to easily move back and forth between (Iyy — Q, Iy — P)-scalings
and (P — Iy,Q — Iy)-scalings. The following easy lemma, which we prove in Appendix 12.2,
gives us this freedom.

Lemma 3.1. Suppose P € L(V) and Q € L(W) are positive-definite, Tr P = Tr@Q = 1, and that
(G,H,P,Q,T) is block-diagonal. The following are equivalent:

1. T is approzimately (resp) exactly scalable to (P — Iy,Q — Iv) by (Gg,, Hr,).
2. T is approximately (resp) exactly scalable to (Iy — Iy,Q — P) by (Gg,,Hp,).
3. T is approximately (resp) exvactly scalable to (P — Q,Iw — Iy) by (Gg,, Hr,).
4. T is approximately (resp) exactly scalable to (Iy — Q,Iw — P) by (Gg,, Hp,).

Moreover, if T has an e-(P — Iy,Q — Iy)-scaling by (Gg,, Hp,) then T has e-(Iy — Iy ,Q — P),
e-(Iy = Q, Iy — P), and e-(P — Q, Iy — Iv)-scalings by (Gg,, Hr,).

Henceforward P (resp. @) denotes a positive-semidefinite operator in L(V') (resp. L(WW)). We
further assume Tr P = Tr @ because TrT'(Iy) = Tr T (Iw).

3.1.1 Flags

We will think of positive-semidefinite operators in terms of their spectrum and an associated se-
quence of subspaces called a flag.

Definition 3.4 (Flags).
1. If V is an n-dimensional vector space, a flag F, on V is a sequence of subspaces
OCF,¢C---CF,CV
where dim i = 7.

2. The signature of Fy, denoted o(F,), is the set {i1,..., i} of dimensions appearing in the flag.
Say a flag Fy is complete if it has signature {0,...,n}; else F, is partial.

3. The standard flag in an orthonormal basis F' = (fi,... f,) of V is the complete flag

Fo= ({0}’<f1>7"‘7<f17'~'afnfl>av)‘



4. Conversely, a complete flag is the standard flag in a unique orthonormal basis up to multipli-
cation of each basis vector by a complex number of modulus 1. In general, if F; is a flag, say
(fi,---, fn) is an adapted basis for F; if F' is orthonormal and F; = (fi,... f;) for i € o(F,).
That is, F, is a subflag of the standard flag in F'.

5. If H C End(V) is a set of linear transformations of V', Hr, denote the set
{h:hF; C F; for all i € o(F5,)}.
When H is a subgroup of GL(V'), Hp, is the stabilizer subgroup of Fi, under the action of H.

Definition 3.5 (Block-upper-triangular scalings). If F; is flag on V' and h is a linear operator on
V', we say h is block-upper-triangular (with respect to F,) if

hF; C F; for all i € o(Fy).
If H C End(V) is a set of linear transformations of V', let
Hp, :={h € H : h is block-upper-triangular w.r.t F,}.

When H is a subgroup of GL(V'), Hp, is the stabilizer subgroup of F, under the action of H.
Note that a linear transformation A is block-upper-triangular if and only if the matrix for h is
block-upper-triangular with block-sizes 41,43 — i1,...,% — ix—1,n — it in an adapted basis for F5.

Next we discuss how to view Hermitian operators in terms of their spectra and an associated
flag. L C V is a subspace, let 7, denote the orthogonal projection to L. Observe that if F; is a
flag and (¢; : @ € [n]) a sequence of positive numbers, then

is a positive-semidefinite operator in L(V).

In fact, every positive semidefinite operator has a unique representation of this form; this can
be seen by taking the sequence F; to be the sequence of sums of eigenspaces of A in decreasing
order of eigenvalue. More precisely:

Fact 3.2 (See the survey F00, e.g.). Let A € L(V) be positive-semidefinite. Let A\(A) = (a, ..., ay)
denote the spectrum of A. Then there is a unique shortest flag, denoted F,(A), such that there

exist c; > 0,...c, > 0 satisfying
Z Ciﬂ'Fi(A) = A.

i€o(Fo(A))
Further, we have o(Fo(A)) = {i € [n] : a; — a;41 > 0} and ¢; = a; — a4 for i € o(F,(A)) where
apt1 :=0.

Note that for any flag Fo such that A = 3, g cimp,, we must have o(Fo) O {i € [n] :
a; — a;q1 > 0}. Thus, not all spectra and flags are compatible. We give a name to those flags that
are compatible with given spectrum.

Definition 3.6 (a-partial flag). If (aq,...,ay) is a non-increasing sequence of nonnegative num-
bers, say F, is an a-partial flag if

o(Fo) D {i€n]:a; —a41 > 0}.



It will be useful to have some shorthand for the difference sequence a; — 1.

Definition 3.7 (Difference sequences). If @« = (a1,...,q,) is a sequence, define A« to be the
sequence
Ao = o — iy 1.

Here a1 := 0. We define
o(a) = {i: Aa; # 0}.

Note that o(a) C o(Fs) if and only if F, is an a-partial flag.
Definition 3.8 (Flag notation convention).
1. E, will denote the flag F,,(Q) and F;, will denote the flag F,(P).
2. FE and F will denote adapted bases for E, and F,, respectively.
Note that P (resp. Q) is diagonal with nonincreasing diagonal in basis F' (resp. E).

Definition 3.9 (Projections to flags). For j € o(F5), let n; : V' — F} be a partial isometry. That
is, 77;773‘ is g, the orthogonal projection to Fj. In the basis I (and basis f1,... f; for F};) we have

nj = R PO J-
0 ... 10 ...0

Let v; : W — E; for i € o(FEs) be the analogous partial isometries.

3.1.2 Restrictions on scalings

We must impose some restrictions on 7, G, H, P,Q in order for our methods to work. Luckily,
this level of generality suffices for all the applications known to the author. In particular, these
restrictions will never rule out the case G = GL(W) and H = GL(V), so any reader only interested
in (GL(W), GL(V))-scalings can safely skim this subsection.

Our characterization can apply in a more general setting than the one discussed here. For the
sake of simplicity, we describe this more general setting in Remark 8.12 after presenting our main
theorems and algorithms.

Our groups will take the form

G =@ GL(W;) and H = @D GL(V;) (1)

where V = @, V; and W = @, W, (here the direct sums are assumed to be orthogonal direct
sums).

For our proof techniques to work, we must assume 7" respects the decompositions V' = €, V;
and W = @, W;. That is, we require

T Lwvi) c PrLw; (2)
i J

P LwW)) < P Lva). (3)
J i



If 2 and 3 hold, say T' is compatible with G and H. Note that if T' is compatible with G and H, then
Tyn(Iv) = @iA; and Ty (Iw) = @®;B; where A; € L(V;), Bj € L(W;) are positive-semidefinite
operators. Say an operator B = @;B; of this form is compatible with G, and analogously for A and
H. Observe that compatibility of B € L(W) with G depends only on F,(B). Further, B and G
are compatible if and only if

F;(B) = EB F;(B)NW;.

For this reason we say a flag D, is compatible with G if D; = @, D; N W; for all j € o(D,);
we define compatibility with H analogously. Since we are interested in (Iy — Q,Iw — P)-
scalability, we may assume F,(Q) and F,(P) are compatible with G and H, respectively, or else
any T that is compatible with G and H is clearly neither exactly nor approximately (G, H )-scalable
to (Iy — Q, Iyy — P). We summarise our assumptions in the next definition.

Definition 3.10 (Block-diagonal). If there exist decompositions V' = @, V; and W = @, W; such
that

1. G and H satisfy 1,
2. T is compatible with G and H, and
3. FE, and F, are compatible with G and H, respectively,

say (G, H, F,,E,,T) is block-diagonal. For convenience, say (G, H,P,Q,T) is block-diagonal if
(G,H,F,(P),F,(Q),T) is block-diagonal.

Example 1. The tuple (GL(W),GL(V), P,Q,T) is always block-diagonal.

Example 2. If Kraus operators A; : [ € [r] of T satisfy

AV C{0}... {0} & W; @ {0} ... (4)
and AJW c {0}...{0} & V;oy @ {0} ... (5)

for some (1) and j(I), then T" is compatible with G and H.
As we will see in Section 10, the Kraus operators of the completely positive maps arising in
examples 2, 3, and 4 satisfy the containments 4 and 5.

Observation 3.3. If (G, H, P,Q,T) is block-diagonal, then approzimate or exact (G, H)-scalability
of T to (Iyv — Q, Iy — P) depends only on the spectra of P and Q.

Proof. All P and @ with fixed spectra such that (G, H, P,Q,T) is block-diagonal are conjugate
by unitaries in H and G, respectively. However, for any unitaries U € G and O € H, the change
of variables by the transformation g — gU,h — hO shows approximate (resp. exact) (G, H)-
scalability to (Iy — @, Iy — P) is equivalent to approximate (resp. exact) (G, H)-scalability to
(Iy — U'QU, Iy — OTPO). O

3.1.3 Extensions of Gurvits’ conditions

We remind the reader of Gurvits’ theorem characterizing scalability of completely positive maps to
doubly stochastic.

Theorem 3.4 (Gu04). Suppose T : L(V) — L(V) is a completely positive map. The following
are equivalent:



1. 0 < cap(T) :=infxyq %()?)'

2. T is rank-nondecreasing, that is, for all X »= 0, rkT(X) > rk X.
3. T is approzimately (GL(V'), GL(V))-scalable to (Iy — Iy, Iy — Iy).

In order to state our main theorems, we’ll need extensions of rank-nondecreasingness and capac-
ity. To define our notion of rank-nondecreasingness, we’ll define a polytope depending on T, E,, Fy,
and then define T, p,q to have the rank-nondecreasingness property if (p,q) is in the polytope
defined by T, Eo(Q), Fo(P).

Definition 3.11 (rank-nondecreasingness for specified marginals). Suppose E,, F, are given partial
flags.

1. We say a pair of subspaces (L C W, R C V) is T-independent if L C (A;R)* for all i € [r].
2. Define K(T, E,, F,) C R™" to be the the set of (p, q) satisfying o(p) C o(F,), o(q) C o(E,),
>t ¢ =i pj =N and
and »  AgdimE;NL+ > Ap;dimF;nR<N. (6)
’iEJ(Eo) jEU(Fo)

for all T-independent pairs (L, R). Because the coefficients of the Ag; in the above sum can
take on only a finitely many values, K(T, F,, Fy) is a convex polytope.

3. Say T is (P, Q)-rank-nondecreasing if (p, q) € K(T, Fo(Q), Fo(P)).

This definition extends the definition of rank-nondecreasingness. Rank-nondecreasingness is
usually, and equivalently, defined by the nonexistence of a shrunk subspace, or a subspace L C V

such that dim > A;L < dim L. Since
i
(L, (Z AiL> )

is a T-independent pair and all other T-independent pairs (L, R) have R C (3 A;L)*, there is no
shrunk subspace if and only if dim L+dim R < n = Tr Iy for all T-independent pairs (L, R). That is,
T is rank-nondecreasing if and only if T"is (i, Iy )-rank-nondecreasing, because F,(ly) = ({0}, V).

Remark 3.5. (P, Q)-rank-nondecreasingness does not depend on the particular choice of Kraus
operators for T, because T-independence of (L, R) does not depend on the choice of Kraus operators
for T'. This is because (L, R) is T-independent if and only if T'(7r)mr = 0, where 7z denotes the
orthogonal projection to the subspace Z.

We will need a variant of the determinant that depends on additional argument which is a
positive semidefinite operator.

Definition 3.12 (Relative determinant). Define the determinant of X relative to P, denoted
det(P, X), by

det(P,X)= [ (detn;xnh)ar. (7)
j€a(Fo(P))

Of course, det(A, X) can be defined analogously for any positive-semidefinite operator A.

10



The relative determinant inherits a few of the multiplicative properties of determinant when
restricted to block-upper-triangular matrices.

Lemma 3.6 (Properties of det(P, X)). If h € GL(V)p,(p), then

det(P, Xh) = det(P, X) det(P, h), (8)
det(P, hTXh) = det(P, hTh) det(P, X), (9)
and det(P,h~Th™") = det(P, hth)~". (10)

We defer the (easy) proofs to Appendix 12.2.

Remark 3.7. Observe that
log det(P, P) = Tr Plog P.

Equivalently, —log det(P, P) is the von Neumann entropy of P, denoted S(P), which is equal to the
Shannon entropy H(p) of the spectrum of P. One can also draw some parallels with the quantum
relative entropy. By the log-concavity of the determinant, log det(P, X) is concave in X. Further,
we will see that for fixed nonsingular P, det(P, X) is maximized at X = I subject to X > 0 and
Tr XP = 1. Thus, it can be intuitively helpful to think of —logdet(P, X) as a cross-entropy of P
and X, and

—logdet(P,XP™1)

as a relative entropy of P with respect to X, though it is not equal to the Von-Neumann relative
entropy.

Finally we come to an extension of Gurvits’ capacity.

Definition 3.13 (Capacity for specified marginals). Here we take 0° = 1. Recall from Definition
3.9 that n; : V — Fj, v; : W — Ej are partial isometries. Define

o det(Q, T(hPh'))
Cap(T7 Pa Q) - lnf det(P, hTh) ) (11)

heGL(V)F,

o

If p-partial flags and ¢-partial flags E, and F, are given, then cap(T,p, q) refers to the quantity
cap(T, P,@Q) where P and @) are the unique operators with A(P) = p, A(Q) = g and F,(P) C Fo,
F,(Q) C Es.

Note that det(X, Iyy) = det X and det h'h = det hh!. By the existence of Cholesky decompo-
sitions, {hh!: h € GL(V)g,} = {X : X = 0}. This implies cap(T, Iy, Iy/) = capT for V.= W, so
cap(T, P, Q) is an extension of the usual capacity.

3.2 Main theorems

We are ready to state our analogue of Gurvits’ characterization for block-upper-triangular scalings.
Gurvits’ characterization is the special case V = W and P = @ = Iy of the following theorem.
Recall that if F; is a flag on V and G is a subgroup of GL(V'), then G, is the subgroup of G fixing
each subspace in F5.

Theorem 3.8. Suppose T : L(V) — L(W) is a completely positive map and P € L(V),Q € L(W)
are positive-semidefinite. The following are equivalent:
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1. T is (P, Q)-rank-nondecreasing.
2. cap(T, P,Q) > 0.

3. T is approzimately (G, (q), Hr,(p))-scalable to (Iv — Q, Iw — P) for all G and H such that
(G,H,P,Q,T) is block-diagonal.

For T, P, Q fixed, the completely positive map Ty is either (P, Q)-rank-nondecreasing for no
(9,h) € G x H, or T,, is (P,Q)-rank-nondecreasing for generic (g,h) € G x H. Here “generic
(g,h)”, astrengthening of “almost all (g, h)”, means “all (g, h) not in the zero set of some fixed finite
set of polynomials, none of which vanishes on GG x H”. This allows us to extend our characterization
from (G, (@), H,(p))-scalability to a characterization of (G, H)-scalability.

Theorem 3.9. Suppose (G, H, P,Q,T) is block-diagonal. The following are equivalent:
1. Ty is (P, Q)-rank-nondecreasing for generic (g',h) € G x H.
2. cap(Tyn, P,Q) > 0 for generic (¢",h) e G x H.
3. T is approximately (G, H)-scalable to (Iy — Q, Iy — P).

Recall that for (G, H, P, Q,T) block-diagonal, the (G, H)-scalability of T to (Iy — Q, Iy — P)
depends only on the spectra of P and Q. In fact, the spectra for which approximate scaling can be
done form a convex polytope.

Theorem 3.10. The spectra (p,q) of pairs (P, Q) of positive-semidefinite operators such that
1. (G,H,P,Q,T) is block-diagonal and
2. T is approzimately (G, H)-scalable to (Iy — Q, Iy — P)

forms a convex polytope, which we denote K(T,G, H).

We also obtain algorithmic counterparts of Theorem 3.8 and Theorem 3.9. Let pin, ¢min denote
the least nonzero eigenvalues of P and @, and let b be the total bit-complexity of the input T, p, ¢
where T is given by Kraus operators written down in bases F' and £ in which ) and P, respectively,
are diagonal.

Theorem 3.11. Suppose (G, H, P,Q,T) is block-diagonal. There is a deterministic algorithm of
time-complexity poly(e_l,p;nin, q;;n, n,m,b) that takes as input T, P,Q, € and outputs g € Gg,, h €
Hp, such that T,y is an e-(Iy — Q,Iw — P)-scaling whenever cap(T, P,Q) > 0 and ERROR
otherwise.

Theorem 3.12. Suppose (G, H,P,Q,T) is block-diagonal. There is a randomized algorithm of
time-complexity poly(eil,pgﬁn, q;“ln, n,m,b) that takes as input T, P, Q, € and outputs g € G,h € H
such that Typ is an e-(Iyv — Q,Iw — P)-scaling with probability at least 2/8 whenever T is
approximately (G, H)-scalable to (Iy — Q, Iy — P) and ERROR otherwise.

We can give only a randomized exponential time algorithm for the decision version of our
problem. It would be interesting to find a polynomial time algorithm for this, as it would be a
step towards finding a truly polynomial time algorithm for membership in the Kronecker polytope.
Note that the only exponential dependence is on the bit complexity of the spectra p and gq.

Theorem 3.13. Suppose (G, H,P,Q,T) is block-diagonal. There is a randomized algorithm of
time-complexity poly(e~!,n,m,2%) to decide if (p,q) € K(T,G,H). Equivalently, the algorithm
decides if T is approzimately (G, H)-scalable to (Iy — diag(q), Iy — diag(p)).

12



3.3 Proof overviews and discussion
Theorem 3.8:

= 2): We prove (P, Q)-rank-nondecreasingness implies cap(7T, P,@Q) > 0 in Section 6 using

1 2): W P Q k d i impli T,PQ 0 in Section 6 usi
the reduction to the doubly stochastic case from Section 4 and some concavity properties of
capacity.

(2 = 3): We prove cap(T, P,Q) > 0 implies T is (Gg,, Hf,)-scalable to (Iy — Q,Iyy — P)
in Section 5 by analyzing Sinkhorn scaling as in [Gu04], but with cap(7T’) replaced by
Cap(T7 P’ Q)'

(3 = 1): That (Gg,, Hr,)-scalability of T to (Iy — Q,Iw — P) implies T is (P, Q)-rank-
nondecreasing is a direct linear algebra argument presented in Section 7.

Theorem 3.9:

Theorem 3.9 is proved in Section 8. The implications 1 = 2 and 2 = 3 follow immediately
from Theorem 3.8. The only hard work left is the implication 3 = 1. It is not hard to see
(Corollary 7.2) that approximate (G, H)-scalability implies there exists (g, h) € G x H such that
Ty is (P, Q)-rank-nondecreasing. Next, via an algebraic geometry argument (Lemma 8.1), we
show the existence of any such (g, h) implies a generic (g, h) has Ty, is (P, Q)-rank-nondecreasing.

Theorem 3.10:

Theorem 3.10 appears as Corollary 8.9 in Section 8.2, but we give an overview of the proof here.
For F, and E, fixed, it is clear that the set {(p,q) : T is (P, @)-rank-nondecreasing}, which we
denote K(T, Es, F,), is a convex polytope since it is defined by a finite number of linear constraints.

It is not hard to see (Corollary 7.2 and Theorem 3.8) that T is approximately (G, H)-scalable
to (Iv — Q,Iw — P) if and only if (p,q) € K(Ty, Eo, F,) for some (g,h) € G x H. In other
words, the obtainable pairs of spectra are

U KTy Eo F).
g€G,he H

This set is not obviously convex, but due to the results of Section 8, we find that for generic
(9,h) € G x H,
K(Tyn B, Fo) = |J K(Tyw, Eo Fo).
g'eG,hWeH
This tells us that for some (g,h) € G x H, the obtainable spectra comprise the convex polytope
K(Ty.n, Es, Fy), proving Theorem 3.10.

We remark that Theorem 3.10 could likely be obtained by other methods involving the represen-
tation theory of Lie algebras (see [CDW13]), using which one might be able to show K(T,G, H)
is what is known as a moment polytope. We could not see how to obtain Theorems 3.8 and 3.9
from those methods, however.

Theorems 3.11 and 3.12:

Our proofs of Theorem 3.8 and Theorem 3.9 are just shy of effective. While the approximate
scalings in Theorem 3.8 are produced by iterated scaling (see Algorithm TOSI of Section 5.1 and
Algorithm GOSI of Section 8.3), a priori the bit-complexity of the scaled operators could grow
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exponentially. In Appendix 12.4 we obtain the efficient algorithms Algorithm 12.8 and Algorithm
12.10 by modifying the iterative scaling algorithms and rounding. The running times of the modified
algorithms are described by Theorems 12.9 and Theorem 12.10.

The reader might wonder if analyzing the performance of Sinkhorn scaling for operators, which
is called “Algorithm G” in [GGOW16] and “OSI” in [Gu04], on the reduction in Section 4 would
be sufficient to obtain our algorithmic results. However, the reduction only works if P and @ have
integral spectra and results in a completely positive map from Matr, p(C) — MatTrQ((C). Thus,
the dimension of the reduction depends on a common denominator for all the entries in the spectra
of P and @, rendering the algorithms inefficient. In fact, operator Sinkhorn scaling on the reduction
amounts to Algorithm TOSI anyway, which is simpler to state without using the reduction.

Theorem 3.13

We will prove Theorem 3.13 as Corollary 12.13 and present the algorithm (Algorithm 12.12) in
Section 12.4, but the proof is straightforward so we summarize it here.

Corollary 7.2 states that if if T, is an e(Iy — Q,Iw — P)-scaling for e-smaller than
1/ poly(n,m) times the inverse of the least common denominator of the entries of p and ¢, then T} 5,
must be (P, Q)-rank-nondecreasing. In other words, (p, q) € K(Ty s, Eo, F5). However, K(Ty 4, Eo, Fo) C
K(T,G,H). From Theorem 3.12, we have a poly(e_l,p;%n,q;}n,n, m, b)-time algorithm (Algo-
rithm 12.10) which outputs an e-(Iyy — Q, Iyy — P)-scaling with probability at least 2/3 whenever
(p,q) € K(T,G, H) and ERROR otherwise. In particular, if Algorithm 12.10 never outputs other
than ERROR and e-scalings (even if it did, we could easily check if they were).

Thus, running Algorithm 12.10 with € small enough (in particular we can take e = 1/ poly(n, m)2°)
and outputting NO if and only if the Algorithm 12.10 outputs ERROR is a poly(n, m, 2°)-time de-
cision problem for membership in K (7, G, H).

3.4 Additional background

Our algorithms will rely on the Cholesky decomposition.

Fact 3.14 (Existence and uniqueness of Cholesky decompositions). Suppose F, is a flag in an
n-dimensional vector space V with o(F,) = {i1,...,ix}, and that F' is an adapted basis for F,.
If A is positive semi-definite operator on V', then there exists an operator B € L(V)p, such that
BB = A (that is, B is a block-upper-triangular matrix with block sizes 1,49 — i1, ...n — i} in the
basis F'). If A is nonsingular, then the choice of B is unique up to left-multiplication by a unitary
U that fixes the orthogonal complement of Iy, in F;_, for [ € {0,...,k} (here we define F;; = {0}
and Fj, ., = V). In the basis F', U is block-diagonal with block sizes i1,is — i1,...n — i}. Further,
if the entries of A in the orthonormal basis F' are b-bit binary numbers, then B € Mat,,(C) g, such
that |[BfB — Al < € can be computed in time poly(—log(e),b) [Lo03]. The uniqueness claim
follows because a unitary fixing a subspace also fixes the orthogonal complement of the subspace.

We will need a few definitions from algebraic geometry.

Definition 3.14 (Generic). An affine variety V in C" is the set of common zeros of an ideal
I C C[zy,...,z,]. The Hilbert basis theorem says every such ideal is finitely generated. A set is
Zariski-closed if it is an affine variety. A set is Zariski-open if it is the complement of an affine
variety. A set S C C" is generic if S is nonempty and the complement S is contained in an affine
variety. If S C C" is nonempty and Zariski-open, we say a generic element of S has property P if
the elements with property P form a generic set. See [MilneAG].
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Definition 3.15 (More flag conventions). The symbols p, P, Fy, Fy (resp. q,Q, Es, Eo) will be
defined according to the following conventions. If P (resp. Q) is given, we assume P (resp. Q) is
positive-semidefinite and define F, = F,(P) and p = A(P) (resp, Fo = F,(Q) and ¢ = \(Q)). If,
rather, a nonincreasing sequence p = (p; : i € [n]) (resp. q) and partial flag F, of V' (resp. E, of
W) are given, we assume F, is p-partial (resp. E, is ¢-partial), and P (resp. Q) always refers to
the unique operator satisfying F,,(P) C F, and A(P) = p (resp. F,(Q) C F, and A\(Q) = q.

F, (resp. E,) will always be a complete flag extending Fi, or F,(P), depending on whether F,
or P is given. (resp. E, or F,(Q)). This is consistent with the rest of our conventions because
F,(A) is a subflag of the standard flag F, if and only if A is diagonal with nonincreasing diagonal
in the orthonormal basis F'.

3.5 Reducing to nonsingular marginals

Unfortunately, Algorithm TOSI only works if P and @) are nonsingular. We address these two issues
in the following subsection; Corollary 3.20 summarises the results. In case P or @ is singular, we can
form a new operator 1" such that the map T — T preserves capacity and rank-nondecreasingness.

Definition 3.16 (Reductions to nonsingular marginals).

1. If A is a Hermitian operator, supp A is defined to be ker A+, i.e. the span of the positive
eigenspaces of A.

2. Let n:V — supp P,v : W — supp Q be partial isometries.
3. Define T : L(supp P) — L(supp Q) by

T:X — vT(n Xn)l

4. Define P := nPn' € Sy (supp P) and Q= vQut € Sy (supp Q).

5. 1f g € GL(W)p, (), let g denote vgvt. Similarly, h := nhnf. If G C GL(W)p,(q) and
H C GL(V)p,(p), define G = {g:g € G} and H = {h:h € H}.

We’'ll need an easy, but useful, lemma.

Lemma 3.15. Suppose L CV is a subspace and h € GL(V). Let f:V — L be a partial isometry
(or orthogonal projection with range restricted to L), so that BT/ is the orthogonal projection to L.
Suppose hL. = L; then

BT8hET = hpt (12)
and (BhBY) " = gh~' BT, (13)

Proof. 1f h fixes L, then an embedding to L followed by an application of h is the same as an
embedding of L followed by an application of A followed by a projection to L. This proves 12. The
identity 13 follows from 12. O

We defer the proof of the next proposition to Appendix 12.2.

Proposition 3.16.

1. cap(T, P, Q) = cap(T, P, Q).
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2. T is (P, Q)-rank-nondecreasing if and only if T is (P, Q)-rank-nondecreasing.

Proposition 3.17. For (g,h) € GL(W)g, x GL(V)E,,

Proof. Note that hsupp P = supp P and gsupp @ = supp ¢. By Lemma 3.15,
Tyn(X) = vg'T(hn Xnht)gvt

= vg"v T (nTnhn XnhtnTn)vivgt
T57(X).

We omit the proof of the following easy proposition.

Proposition 3.18. If (G, H,F,(P), Fo(Q),T) is block-diagonal, then (G,H, F,(P), Fo(Q),T) is
block-diagonal.

To find an e-(Iy — Q,Iw — P)-scaling, it suffices to find an e-(lsuppr — @, Lsuppg — P)-
scaling.

Lemma 3.19. If (G, H, I,(P), F,(Q),T) is block-diagonal and T has an e-(Isupp p — Q, Isupp@ —
P)-scaling, then T' has a 2¢-(Iy — Q, Iyy — P)-scaling.

Proof. Sppose T, is an e-(Isupp p — @, Isuppg — P). We use a limiting argument: let h approach
G ®n'hy and g approach VTQI/. Then

g'T(hhT)g — VTIgVEU = yTQ—i— VXv=Q+X
and h'T*(gg")h — 0I5 ,n=n"Pn+n'Yn=P+Y.

Where X and Y both have trace-norm at most €, and so the same is true for X and Y. ]

The next corollary follows from Lemma 3.5 and Lemma 3.1. The claims about effectiveness
follow because the proofs of the two lemmas can be made effective with exponentially small error.
This is true because approximate roots and Cholesky decompositions can be computed efficiently.

Corollary 3.20. Suppose (G, H, Fo(P), Fo(Q),T) is block-diagonal. If T is approzimately (Gg, ,Hp, )-
scalable to (P — Isupp, @ — Isuppp), then T is approzimately (Gg,, HF,)-scalable to (Iy —
Q, Iy — P). B

Further, 3e-(Iy — Q,Iw — P)-scalings can be computed from e-(P — Isupp, Q@ — Isupp P)-
scalings in time poly(—log e, n,m,b) provided r < mn where b is the input size of P, @Ig,@ written
in the bases E and F. B
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3.6

Notation

When possible, these symbols will hold their meaning throughout the paper.

1.

10.
11.

12.

13.

14.

15.

If Y is an inner product space over C, S44+(Y) C S (Y) C L(Y') denote the positive-definite,
positive-semidefinite, and Hermitian operators, respectively, on Y. If L C Y is a subspace,
then 7y, : Y — Y denotes the orthogonal projection to L.

. If B is a linear map between two inner product spaces, B! denotes the adjoint of B. In

bases such that the inner products are the standard inner products, B is just the conjugate
transpose. If g € GL(Y), g~T denotes (¢~ )T = (¢7)~1.

. GL(Y') denotes the general linear group.
. The Loewner ordering > on L(Y') is defined by X = Z if X — Z € S;(Z). Similarly X > Z

if X — Z €S, (Y).

. If A€ L(Y) is a Hermitian operator on an n-dimensional vector space Y,

denotes the spectrum of A (in non-increasing order), but we also define A\g(A) = oo and
Ant1 = 0.

. If A is positive-semidefinite, supp A denotes the orthogonal complement of the kernel of A;

alternatively, supp A is the largest subspace in F,(A) or the span of the positive eigenspaces
of A.

W (resp. V) is an inner product space over C of dimension n (resp. m).

. T :L(V)— L(W) is a completely positive map and A; : i € [r] are the Kraus operators of T'.

. E (resp. F') is an orthonormal basis of W (resp. V).

E, (resp. F,) is the standard flag on W (resp. V).

P e S (V), Q € S(W) are positive-semidefinite operators that are diagonal with non-
increasing diagonal the bases F' and FE, respectively with Tr P = Tr ). Equivalently, £ and
F' are adapted bases for F,(Q) and F,(P), respectively.

p denotes A(P) and ¢ denotes A(Q).

If « is a non-increasing sequence of length n, A« denotes the sequence denotes the sequence
(o — ajy1 @ @ € [n]) where apq1 == 0.

Recall the conventions of Definition 3.15. If P and @ are given, E, = F,(Q) and F, = F,(P).
If E, and F, and p and ¢ are given without P and @), we always assume E, and F, are
g- and p-partial, respectively, and P and () always refer to the unique operators satisfying
F,(P) C F,, Fs(Q) C Es and A(Q) = ¢, A(P) =p.

As in Definition 3.13, for j € o(F,), let n; : V' — F} be a partial isometry. That is, n;nj is

7, the orthogonal projection to F)j. Define v; : W — E; for i € o(Fs) to be the analogous
partial isometries.
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16. Sometimes we’ll want to obtain “invertible versions” of P and (). As per Definition 3.16, let
n:V — supp P and v : W — supp Q be partial isometries, and define P = nPn' : supp P —
supp P and @ = vQut : supp Q — supp @Q; note that P and Q are actually positive-definite.

17. If A:Y — Z is a linear operator, ||A|| is the trace-norm (or Frobenius norm) v Tr ATA4 of A
and || 4|2 is the spectral norm /A1 (ATA) of A.

4 A reduction to the doubly stochastic case

In this section we describe a reduction from (P — Iy ,Q — Iy)-scalability to (I — I,1 — I)-
scalability by block-upper-triangular scalings. The reduction makes sense only when P and @)
have integral spectra, and sends the completely positive map T to the larger completely positive
map Trunpg T which maps Tr P x Tr P positive semidefinite operators to Tr @) x Tr () positive
semidefinite operators. The only properties we need are that cap(7T, P,Q) = cap Trunpg T and
that T is (P, Q)-rank-nondecreasing if and only if Trunpg T" is rank-nondecreasing. Though we
do not need it in this paper, one can prove directly that for P and () nonsingular, Trunpg T is
approximately scalable to doubly stochastic if and only if 7" is approximately scalable to (P —
Iy, @Q — Iy) by block-upper-triangular scalings.

The key to designing the reduction is Fact 3.2, which allows us to identify a positive-semidefinite
operator with its spectrum and its flag. We motivate the formal definition with a small example.

Example 3. Suppose P = diag(2,2,1) and @ = diag(2,1,1). Then P = diag(1,1,0) +diag(1,1,1)
and @) = diag(1,0,0,0) + diag(1,1,1,1). Suppose T has one Kraus operator A (for simplicity,
suppose it has real entries). We want APA! = I and A'QA = I. Our starting point is to build a

function sending operators mapping (P — Iy, Q — Iy) to doubly stochastic operators.
First note that

APA" = AA' + Adiag(1,1,0)A" =

aix a2 ais an an aiz |’ aiy aiz O ann ap 07°

as1 a2 a3 g1 Ggp dg3 | | G21 022 0 as1 aze 0 (14)
asy asy ass asy as2 ass az; azx 0 az; aszx 0

aq1 42 Q43 aq1 Q42 Q43 agr ag2 0 agr ag2 O

and

A'QA = A'A + A' diag(1,0,0,0)A =

t t
aylp a2 a3 ailp aiz2 a3 ailp aiz2 a3 a1l

aiz a13
az1 Qg2 a23 ag1 Q22 A23 0 0 0 0 0 O
_l’_
azy azz ass azy asz ass 0 0 0 0 0 0
a41 Q42 43 41 Q42 Q43 0 0 0 0 0 0

By looking at the expressions above, on can see that the i,j entry of APA' can be thought of as
the dot product of the rows ¢ and j of A, plus the pairwise dot products of the rows i and j of A
each truncated to two entries. That is, the ¢ and j rows of An; where

[100
m="10g 1 0|

We need to simulate this with one set of Kraus operators. We hope that one product AkA,z of Kraus
operators of Trunp g 7" will contribute the inner product of the i and j rows of A to Trunpg T'(1);;
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and another will contribute the inner product of the ¢ and j rows of Anl.

Likewise, one product ALAk of Kraus operators of (Trunpg 7)* will contribute the inner product
of the 7 and j columns of A to (TrunpgT)*(I);; and another will contribute the inner product of
the ¢ and j columns of v A.

For i € [3] and j € [4], the below Kraus operators achieve this. Note that the rows are blocked
into sizes (4,1) and the columns into (3,2), the respective conjugate partitions of (2,1,1,1) and
(2,2,1).

ail aiz2 ais 0 0 000 ail  ail2
as21 a2 a3 0 0 0 0 0 a21 a9y
Aii=| a3 a3 a3z |0 0 |, Ai2=10 0 O0|az a3 |,
a4q1 Q42 Aa43 0 0 000 41 Q49
| O 0 00 O | | 00 0| O 0 |
[0 0 0 |0 0] [0 0 0| O 0 7
0 0 010 0 0 0 0] O 0
Apgi=| 0 0 010 0], Aso=10 0 0[]0 0
0 0 0|0 0 0 0 0] O 0
| a11 a2 a3 |0 0 ] | 0 0 0|ai1 a2 |

With these Kraus operators, Trunp g 7'(1) will be block-diagonal with one 4 x 4 block and one 1 x 1
block. The 4 x 4 block is exactly T'(P). The bottom right 1 x 1 block of Trunpg T" is simply the
top-left 1 x 1 principal submatrix of T'(P).

Similarly, (Trunpg T')* (1) will be block-diagonal with a 3 x 3 block in the top-left that is 7*(Q)
and a 2 x 2 block that is the top-left 2 x 2 principal submatrix of 7%(Q). Together, this shows T’
maps (P — Iy, Q — Iy) if and only if Trunpg T is doubly stochastic.

In general, we will try to make Trunpg T(I) block-diagonal with the " diagonal block equal

to
p1
T T
ViT va(])nv(]) vy,
j=1
where v(j) is the conjugate partition to p. Critically, P = ?1:1 nl(j)nv(j). We make this plan

precise below.

Definition 4.1 (Reduction to doubly stochastic case). Suppose T": L(V) — L(W) is a completely
positive map and that P € S (V) and Q € S4 (W) are positive-semidefinite operators with integral
spectra.

1. Let (v(j) : j > 1) be the conjugate partition to p. Let V* = (V! D> V2 O ... D VP1) be the
decreasing sequence of subspaces defined by VJ = F,(j for j > 1. Let w be the analogous
partition and W* = (W' > W2 > ...W%) be the analogous sequence of subspaces for Q.
Note that the number of times v(j) = k occurs for k € o(F,) is exactly px — pr+1-

2. For each i € [p1], define 7; : V — ?1:1 VI by

T; T > (Ovl, cey Ovi—l,nv(i)iﬂ, Ovi+1, R ,0vp1)
Here 0y,; denotes the zero vector in V7, which is itself a copy of F,(jy- The vector n,;x
appears in the i*” spot. Note that TZ-T c @M, Vi — V s given by TZ-T Sz, xp,) & nj}(i)xi.

Let k; : W — @@L, W be the analogous map for W*, using v;’s instead of n;’s.
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3. Define the completely positive rectangular operator Trunpg T : L (@, V') — L (L, W)
by
Trunp o T'(X) = Z KiT(T;XTj)IiI (15)
i€q1],5€[p1]

Remark 4.1 (Kraus operators of the reduction). From 15 one can see that if 4;,i € [r] are Kraus
operators for T', then Trunp g T has Kraus operators

AP = /{,Z'AZTJT

for I € [r],i € [p1],j € [p1]. If F is an orthonormal basis for V' such that the standard flag F,
contains Fy,, then {7;f; : i € [p1],j € [v(¢)]} is a natural choice basis for @F., V?. Let 05, denote
the s x t all-zero matrix. In this basis,

[ Owye) - Ow@eG) -+ Ow)wm) |
Al = Opmy) --- Vw(k:)Aan(j) o Owmy o | (16)
L Ow@g)e) -+ Ow@)eG) - Owlg)wm)

and the nonzero matrix Vw(k)Aml(j) is just the submatrix of A; indexed by the first w(k) rows and
first v(j) columns of A;.

As promised, we accomplished at least part of what we set out to do before Definition 4.1. The
below observation demonstrates this when applied with X = I; note that ) iclp] T}L Tj = P.

Observation 4.2. Let 1; : VI — @?1:1 VI be an inclusion from V' into ?1:1 VI so that 1; =
Li O Ny(s)- We can write

Truan T(X) = @ Vw(i)T Z T}XT]‘ ]/l;(z) (17)
i€lqi] j€lp1]

All we need from the reduction is its preservation of capacity and rank-nondecreasingness. We
prove this in the next two subsections.

Theorem 4.3. Suppose P and Q are positive definite operators with integral spectra. Then
1. capTrunpg T = cap(T, P,Q), and

2. Trunpq T is rank-nondecreasing if and only if T is (P, Q)-rank-nondecreasing.

4.1 Capacity under the reduction

The first item of Theorem 4.3 follows immediately from the next two lemmas, simply because the
right-hand side of the first is the left-hand side of the second. We present them separately because
Lemma 4.5 will be useful for proving the existence of exact scalings. Throughout, this subsection,
A =0(F,(P)) and B = o(Fo(Q)).
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Lemma 4.4.

det (Q, T (ZjeA APJ'%T'YJ‘”J'»

cap Trunpp 1 = in 18
P PQ 0=<Y;:F;—F;,jeA HjeA(det }/j)Apj ( )
Further, if
nf det Trunp g T'(X)
in
X>0,det X=1 X

is attained (resp. uniquely attained) then the infimum in 18 is attained (resp. uniquely attained
subject to HjeA(det Yj)Apj =1).

Lemma 4.5.
) det (Q’ T (ZjeA APJ’U;YJ‘WJ‘»
0-<Yj:Fi'ri>Fj7j6A [Tjca(det Y;) AP

= cap(T, P,Q) (19)

Proof of Lemma 4.4. We prove Lemma 4.4 by showing we may assume the infimum in cap(Trunpg 1)
takes a very special form.

det Tr T(X
cap Trunpg T' = )j{r;fo © 325; (X)

T T
o det EBie[qﬂ V(i)' (Zje[pﬂ Tj XTJ') V(i)
X0 det X .

(20)

Since 7; is ¢;07, () Zje[pl] T;XT]‘ = Zje[pl] nl(j)L;[XLjnv(j). Then for each j € [p1], L;r-XLj V= V.

Since L;-X tj := Xj; is all that appears in the numerator, we may assume the denominator of the
expression 20 is maximized subject to fired X, j € [p1]. In a certain basis for @ie[pl] V; (the basis
using the image under ¢; of the first v(j) vectors of the same ordered eigenbasis for P to span the
4 summand), the map X j is just the 4t diagonal block of X. X ;j can be any positive-semidefinite

operator V; — V;. Note that
D1

det X < det € X;,
j=1
because the determinant of a positive semidefinite matrix is at most the product of the determinants
of its diagonal blocks [GGOW16]. Hence, we can replace X by @?1:1 X, so the infimum becomes

cap Trunpg T = (21)
i f
. det Dicfgy) Vw T (Zje[m] nv(j)XjnU(j)> V(i)
0=<X;:V;—Vj, j€lp1] ?1:1 det X;
il T
. inf zq;1 det Vw(i)T (Zje[pl} nv(j)Xjnv(j)) Vi (4) (22)
0=XV2V;, jelp] ?1:1 det X '

Since the replacement X <+ ?1:1 X only decreased the left-hand of 20, if the infimum was attained
then it is still attained after the replacement. We can scale at will without changing the value of
If it was uniquely attained, then it is still uniquely attained as restricting X to be block diagonal
only restricts the set over which the infimum is taken to another set containing the minimizer.
We use the assumption that the function is minimal to make further deductions about the
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structure of the X;’s. Note that there are many duplicates among the V;. The number of i € [p]
such that V; = F;(P) is exactly Ap;. Fix j and suppose

Vi= - = Vicreay, = Fi(P).

Assume Apj; is non-zero. Then the X; such that V; = F;(P) appears in the numerator in 22 as
Zl_1+Apj

i=l

nl(i)Xjnv(i) = 77;. Zi.;ZHApj X;n;. However, since the logarithm of the determinant is

concave,
I-1+Ap; -1+ Ap; Ap;
[T det(X) < det 1 dYX
il R

l—l—f—Apj

Thus, the denominator in 22 would increase if we replaced all X; by Aip_ Y i
S 2i=

X; for 1 €
{l,...1 =1+ Ap;}, and the numerator wouldn’t change. Thus we can assume if V; = V;y = F;(P),
then X; = X, which we can rename Y;. Further, if the infimum was attained, the replacement
of X; by Y} decreases the argument so it still attained. If it was uniquely attained, then we have
restricted the set over which the infimum is being taken to another set containing the minimizer,

so it is still uniquely attained. Now

. . . [T det v T (Xjeani¥ims ) vl
ca run = 1m .
p PQ 0<Y;:Fy(P)—F;(P),jeA HjeA(deth)Apj

Now observe that for j € B, the v,,; = v; for exactly Ag; different i's, which shows

cap Trunpg T' = inf HZEB (det vil (ZJEA Apjn;[YjUj) VZT) - .
’ 0<Y;:Fj(P)=Fj(P),jeA [T;ca(det Y;) A%
On the other hand,
Ag;
H det ;T Z Apjn;{anj l/;r =det | Q,T Z Apﬂ?j-ij
1€EB JEA JEA
O

To prove Lemma 4.5, we will use minimality to reduce the number of degrees of freedom in the
denominator. We’ll use the following claim.

Claim 4.6. Suppose h € GL(V) g, (py. Then
max H(det Y;)APi
jeA
subject to
> ApjniYyn; = hPhl,
JEA
and 0 <Y, : F; — Fj forje Ais
det(P,hTh)

and is uniquely attained at the tuple
Y* = (nihnin;hinl - j € A)

of positive-definite operators.
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Before proving Claim 4.6, let’s see why it implies Lemma 4.5.

Proof of Lemma 4.5. Consider the argument of 71" in the numerator of 19, Z?Zl Apjn}anj. We
can write

n
> ApmiYym; = hPh!
j=1
for some h € GL(V') g, (p); by the existence of Cholesky decompositions there exists ' € GL(V) g, (p)

such that W'h/f = n Zj:l Apjnj j77j77T7 and so setting h = W/ @ Iy, p will suffice. The numerator of

the left-hand-side of 19 is now det(Q, T'(hPh')), and by Claim 4.6, the denominator can be replaced
by det(hTh, P). Thus,

. det(Q, T(hPh'))
T T = £
P RRQ T = LV pry  det(P, i)

= cap(T, P, Q).
We continue with the proof of the claim.

Proof of Claim j.6. By the strict log-concavity of det X in the positive-definite cone, the quantity

f(Y) =log H (det Y;) Apj — ZAPJ log det Y;
JEA JEA

is strictly concave as a function of Y = (Yj : j € A). Further,

> ApniYn; = hPht
JEA

is a linear constraint. Thus, maximizing f over the domain D described in the claim is a (strictly)
convex program, and it is not hard to see that f : D — [—o0, 00) is upper-semicontinuous. Further,
D is nonempty, relatively open, and D is compact. To see that D is nonempty we may set Y* =
(njhn;nthn; :j € A) to obtain

Z Ap; UTY*

n
=" Apgninihninhinin,
7j=1
n

Z Ap]hn]n]hT
j=1

Z Apjn;nj ht = hPh.
j=1

The second equality follows from h € F,(P) and Lemma 3.15.

Since f is upper-semicontinous on the compact set D, f achieves a maximum on D. How-
ever, the maximum cannot be D \ D, because this implies some Y}, j € A is singular and hence
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f(Y) = —oo. Thus, f takes a maximum Y on D, which is unique by strict convexity.

We must have that the directional derivative vanishes at Y, i.e. Axfly = 0 for every X =
(X; € L(Fj(P)) : j € A) such that

> ApmlXm; =0,

JEA
and the maximum M must be uniquely attained here. To show that M is attained at Y™, it is
enough to show that Ax f|y« = 0.

Let us expand the equation Ax f|y.

Axfly = Z Ap;Vx logdetY;
JjEA

By the formula Vglogdet C = TrC~ !B,

Axf’y = ZAijX logdeth = ZApj TrYj_lXj.
JEA 7=1

If we insert Y; = Yj*, we obtain

Ax flys = ZAPJ' Tr (Y))7'X;

jeA
=" Ap; Troh~Th 'l X;
jeA
= Z Ap; Tr h*Thfln;fXjn}
jeA

= Trh Th! Z Apjn;Xjn;{
jEA
=0.

The second equality is by h € F,(P) and Lemma 3.15. O

4.2 Rank-nondecreasingness under the reduction

Proof of item 2 of Theorem 4.3. The second item of Theorem 4.3 follows immediately from Lemma
4.7: recall that the number of j such that W/ = E; for i € o(F,(Q)) is exactly ¢; — ¢;+1 and the
number of j such that V7/ = F; for i € o(E,(Q)) is pi — pi+1, 50

q1 p1
d dim(LNW) 4> dimRNV) = > AgdmENL+ Y ApdimF;nR  (23)
i=1 i=1 i€0(Es) j€o(Fo)

O
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Lemma 4.7. Trunpg T is rank-nondecreasing if and only if

q1 p1
» dim(LNW) + > dim(RNVY) < Tr P (24)
i=1 i=1

for all T-independent pairs (L, R).

Proof. Trunpg T is rank non-decreasing if and only if dim £ + dimR < N for any Trunpg T-
independent pair (£, R). However, Trunpg T is in fact rank non-decreasing if and only if dim L +
dim R < n for all Trunpg T-independent pairs such that L and R are each maximal (holding the
other fixed) subject to (£, R) being Trunp g T-independent.

Claim 4.8. Suppose (L,R) is a Trunpg T-independent pair.

a1 p1
Z /-amj-ﬁ, Z TjTjTR (25)
i=1 j=1

is also a Trunp g T-independent pair. Further, L C > 1, mmgﬁ and R C Z?;l TjT;R.

1=

Proof of Claim. First we show £ C > 7, /ﬁm;r/:. This follows from Y I, HZ‘K];-[ = I, because

q q
L= (Z mmz> L C Zﬁmzﬁ.
i=1 i=1

The proof of the analogous statement for R is similar.

To show that 25 is Trunp g T-independent, consider a pair of vectors

a @
U= Zﬁmgui € Z Iiil-i;-rﬁ
i=1 i=1
where u; € £ and

p1 p1
o T ot
v = g TjTj Vi € g TJTjR.
j=1 j=1

where v; € L. Recall that {A?ﬁ = HaAng cl € [rl,a € [q1],8 € [p1]} are Kraus operators
Trunpg 7. It is enough to show UTA;lBu =0foralll e [r],a € [q],B € [p1]. Indeed,

vt AleBy,

o p1

= <Z nin;fuZ) A?’B Z TjT}Lvi
i—1 j=1
) p1

= <Z Hmjui> /{aAng) ZT]'T]T’UZ'
i=1 Jj=1
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TjT;»r is an orthogonal projection to the row space of T} , which is orthogonal to the row space of Tg

for any 8 # i, so 7‘}7}7‘} = 5]-/372). Expanding the sum and applying this identity gives
UTA?ﬁu = UlliaAngu/g.

However, vgﬁaAngug = 0 by the Trunp g T-independence of (£,R). This proves the claim. O

By the discussion before Claim 4.8, we may assume (£,R) is a Trunpg T-independent pair
such that £ and R are each maximal (holding the other fixed) subject to (£, R) being Trunpg T-
independent. By the claim, (£, R) is of the form 25. Equivalently, (£, R) is equal to

q1 P1
Z/@Z’Li,ZTjRj (26)
=1 7j=1

for some L; C W* and R; C V7. Observe that

q1
dim £ = ZdimLi.
=1

and
P1

dimR =) " dim R;.
j=1
Further, (£,R) are Trunpg T-independent if and only if (L;, R;) are T-independent for all i €
[q1],7 € [p1]-

We use the maximality of £ to make further assumptions. Since (L;, R;) and (L1, R;) are
T-independent for all i € [¢1 —1],j € [p1], (Li + Lit+1, R;) are T-independent for all i € [¢1], 5 € [p1].
Since L4y € Wit ¢ W', we have L; D L;;;. Further, since (L;, Rj) is T-independent, (L; N
WL R;) is T-independent and (L1 + L; NW*T! R;) is T-independent. Thus, L;+1 D L; "W
Liy1 D Ly and Wt S L,y D Lin W imply L;y = W N L; for i € [¢1 — 1]. By induction,
this gives us

Li=LinW'

for i € [¢1]. The same argument for R tells us R; = R N VI for j € [p1]. A priori, L1 and Ry can
be any subspaces of V! and W, respectively. Trunpg T is rank-nondecreasing if and only if

q1 p1
> dim(LN W+ dim(RNVY) <N
=1 =1

for all T-independent pairs (L, R) where L C W' and R C V!. The inequality above holds for all
(L € W, R C V) if and only if it holds for all (L ¢ W', R c V1), proving the lemma. O
5 Positive capacity implies scalability by upper triangulars

Here we show the implication 2 = 3 of Theorem 3.8. Proceeds by “fixing” first T'(P) by a
left scaling g, fixing Ty, (Q) by a right scaling h, and so on. This idea goes back to Sinkhorn and
has many variants. One of which, due to Gurvits, was called operator sinkhorn iteration (or OSI).
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Our version has the additional arguments P and @ and only uses g and h that respect F,(Q) and
F,(P), hence our name “triangular operator Sinkhorn iterations,” or Algorithm TOSI. We use the
standard methods to show capacity increases by a function of € in each iteration unless T is already
an e-(P — Iy,Q — Iy)-scaling. Thus, if the capacity is nonzero to begin with, Sinkhorn scaling
eventually results in an e-(P — Iy, Q — Iy )-scaling.

5.1 Algorithm TOSI
We will need another notion of how far 7" is from being a (P — Iy, Q — Iy )-scaling.

Definition 5.1. Let

I/Z(T(P) — Iw)VT ?

i

0i(T(Q) — Iy )]

n 2 m
dspT =Y Ap; +) A,
i=1 1=1

In particular, dspo T > pu||T*(Q) — Iv||* + gm||T(P) — Iw|]?, so if P and Q are invertible and
dspgTyn < € then T, is an P — Iy, Q — Iy)-scaling of T

]
Algorithm TOSI (Triangular operator Sinkhorn iterations).
Input: P S, (V), Q € S4 (W), a completely positive map 7', and a real number € > 0.
Output: g € Gg, and h € Hp, such that dspg T, < e.
Set go=1, hg =1, and j = 0.
1. Increment j.
2. If j is odd: Find g € G, such that gTT(hj_lPh;,l)g =1. Set gj = g and h; = hj_;.
If j is even: Find h € Hp, such that hTT*(gj_ng;_l)h = 1. Set g; = gj—1 and h; = h.
3. It dspq Ty, n;, > €, go to Step 1. Else,
Return: g; and h;.
Definition 5.2. It will be convenient to define T} := T, . where g;, h; are as in Algorithm TOSI.
Theorem 5.1. If cap(T, P,Q) > 0, then Algorithm TOSI terminates in at most

_710g Cap(T17 P7 Q)

t pu—
min{e, p, } + min{e, ¢, }

iterations.
We show algorithm terminates, but delay the proof of the required claims and lemmas to 5.1.1.

Proof of Theorem 5.1. Lemma 5.4 implies that T(thh}) (resp. T*(ngg;L.)) will always be in-
vertible. Next we need to be sure that we can always take g € G, (resp. h € Hp,) in odd
(resp. even) steps of the algorithm, g (resp. h) just needs to be a block-Cholesky decomposi-
tion of T(hj_1hl_,)~" (vesp. T*(gj—1g]_,)~"). That is, g € GL(W)g, and ggt = T(hj_1h]_)~".
However, by assumption, T(hj,lh;l)_l is block-diagonal so we can take the block-Cholesky de-
composition g to be block-diagonal with the same blocks, or g € G. The reasoning for even steps
is analogous.
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Since cap(T, P,Q) > 0, Lemma 5.3 implies cap(73, P,Q) > 0. Suppose j > 2 and j even.
Provided dspg Tj > €, Lemmas 5.3 and 5.5 implies cap(7}, P, Q) > 3 min{pn,e} cap(T}, P, Q). If j is
odd and j > 3, then Lemma 5.3 and Claim 5.5 applied to T* with the roles of P and () reversed
and the roles of G and H reversed implies cap(Tj, P, Q) > e-3min{gm e} cap(T}, P,Q). By Claim 5.6,
cap(Ti, P,Q) < 1. Thus, Algorithm TOSI terminates in ¢ iterations. O

Corollary 5.2. Ifcap(T, P,Q) > 0, then T is approzimately (Gg,, Hr,)-scalable to (Iy — Q, Iyy —
P).

Proof. By Lemma 3.20, cap(T, P,Q) > 0 implies cap(Z, P,Q) > 0. By Theorem 5.1, T is approx-
imately (G, (s Hp,(py)-scalable to (P — Lupp@, @ — Isuppp). Now Lemma 3.20 implies T' is
approximately (Gg,, Hr,)-scalable to (Iy — Q, Iyy — P). O

5.1.1 Capacity under scaling
Lemma 5.3. If h € GL(V)p, and g € GL(W)g,, then

cap(Tyn, P,Q) = det(Q, g'g) det(P, h'h) cap(T, P, Q).

Proof.
. det(Q, T, j,(xPxT))
Tyn, P = f 9,
cap(Ty. P Q) a:eGLl(I\I/)FO(P) det(P, xz)
nf det(Q, g’ T (haPxThT))g
= i
2€GL(V) gy (py det (P, xfz)

: det(Q, 9'T(yPy")g)
yeGL(V) g, (py det(P,yTh=Th=ly

)
_ g det(QgTg) det(Q, T(yPyh)
)
)

)

yeGL(V)p, (py det(P, yty) det(P,h=Th~!

. det(Q, T(yPy")
= det(Q, g'g) det(P,h'h) inf |
(Q g g) ( ) yEGL(V)Fo(P) det(P7 Z/Ty)

The second two inequalities follow from 9 of Lemma 3.6, and the last from 10 of Lemma 3.6. [

Lemma 5.4. Suppose P and Q are invertible and cap(T, P,Q) > 0. Then T and T* both map
positive-definite operators to positive-definite operators.

Proof. First we prove the claim for T. We can rewrite

. det(Q, T(hPhT))
T,P,Q) = £
ap(lPQ) = b T det(P, i)
" det(Q, T(hh'))
heGL(V)p, (p) det(P, P~1/2hThP=1/2)

B . det(Q, T(hh'))
= det(P, P) heGLl(IXl/gFO(p) det(P, hih)

det(P, P) # 0, so cap(T, P,Q) > 0 if and only if infheGL(V)Fo(P) %ﬁﬁz;)) > 0.
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For any X € Sy, (V), we can write X = hh! by the existence of Cholesky decompositions.
Since cap(T, P,Q) # 0, det(Q,T(hh')) > 0. This implies hh' must be nonsingular because ¢,, > 0.

We now prove the claim for 7%. Suppose T*(Y) is singular for Y > 0. Since T*(Y) =

Z::l AZ Y Aj,
ker T*(Y)) C [ ker 4; := R.
(2

Notice that (W, R) is a T-independent pair. Let d = dim R > 0. For ¢ > 1, let hchl = ¢mR +
mrL. Because R C ker A;, we have AihchIAI = Ai’]TRJ_AI for all i, or T(hchz) = T(mps). Then
det(Q, T(hehl)) = det(Q, T(mp1)).

On the other hand, hlhc has the same spectrum as hchl7 so it has all eigenvalues at least 1 and
an eigenspace of eigenvalue c¢ of dimension at least d. Since P is invertible, p, > 0 and

det(P, hih.) > P
Plugging h. into 27 and letting ¢ — oo shows cap(T, P, Q) = 0, a contradiction. ]

Claim 5.5. Suppose T(P) = Iy, Tt P = TrQ = 1, dspT > ¢, and h € Hp,(py such that
WT*(Q)h = I. Then ‘

det(P, hth) > e3minfernt,
Proof. By 9 of Lemma 3.6, if hTT*(Q)h = I, then

1

det(P,hTh) = —————— .
BTN = G 1)
Thus, it is enough to show

n

log det(P,T*(Q)) = log <H(det mT*(Q)mT)A”’) < —.3min{e, p, }.

=1

For i € [n] and j € [i], let \;; be the j eigenvalue of 7;7*(Q)n;T. Then

log (ﬁ(det niT*(Q) A’”) Z Ap; Z log Aij.

i=1

Since Y1 iAp; = Tr P = 1, we may define a discrete random variable X by assigning probability
a; to )\Z] Then

n n
X1=Y"aiTenT* Q' =Y Tr Apipi'nT*(Q) = T PT*(Q) = Tt T(P)Q = Tr Q = 1,
' i=1
and it is enough to show E[log X] < — min{.3¢, .3p, }. By definition,
n n %
dspoT =Y Ap Te(T* (@il —Ir)* =" Api Y (N — 1) = VIX] >«
i=1 i=1 j=1

If a concave function has high variance, then the expectation of the function should be strictly less
than the function of the expectation. However, X may have outliers which limits our ability to use
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this to our advantage. We split into the case where all A\;; < 2 and the case where there is some
)\ij > 2.

Define ¢ = V[X|X < 2] Pr[X < 2], and e = V[X|X > 2] Pr[X > 2] so that V[X] =€ + €2 > €.
If0 < 2 < 2, then logz < (r—1)—.3(z—1)?, and by convexity for x > 2, logz < (log2—1)(z—1) <
.7(x — 1). Hence,

Ellog X] = Ellog X|X < 2]Pr[X < 2]+ E[log X|X > 2| Pr[X > 2]

<E[(X —1) —.3(X - 1)}X < 2]Pr[X < 2] +E[7(X — 1)|X > 2] Pr[X > 2|
=—-3a +E[(X —1)|X <2]Pr[X < 2]+ .7TE[(X — 1)|X > 2]Pr[X > 2]

= -3 +E[(X —1)] — 3E[(X — 1)|X > 2] Pr[X > 2]

[( ] ]

= —.3e; — 3E[(X — 1)|X > 2] Pr[X > 2
< —3e; —.3Pr[X > 2].
If Pr[X > 2] = 0, then ¢ = V[X] > e. Else, there is at least one \;; > \;; > 2. However, by

Cauchy interlacing, A1 > 2, which occurs with probability Ap,, = p,. Thus, if Pr[X > 2] > 0,
then Pr[X > 2] > p,. O

Claim 5.6 (Capacity upper bound). Suppose T'(P) =1 or T*(Q) = 1. Then cap(T, P,Q) < 1.
Proof. Plug in h = I. By definition,

m

det(Q,T(I\/PI\/)) + Ag;
T P < = det ;T (P) v;
CapH( ) 7Q) = det(P, IV) Z’:A];ZIS‘&O < et v ( )V7,>

7

If \;; is the " eigenvalue of v;T (P) vl, then if T(P) = Iy we have S Ag 2;21 Nij =
Y1 iAg =Tr@Q =1. If T*(Q) = Iy, then

Z Ag; Z Nij = Z Ag; Tr v T(P)yt = Z Tr Aqivi' v, T(P) = Tr QT(P) = e T*(Q)P = Tr P =1,
i=1 j=1 i=1 i=1

In either case, the AM-GM inequality implies

m Ags m % A
H (det I/iT (P) Vj) = H H )\ij < 1.
:Aq; 70 1:Aq; #0 \j=1

5.1.2 Number of iterations of Algorithm TOSI

For the proofs of Theorems 3.8 and 3.9, it was enough to show that Algorithm TOSI terminates.
In order to obtain an algorithm, however, we must bound the number of iterations. Even if we do
bound the number of iterations, numeircal issues remain, which will be handled in Appendix 12.4.

Assumption 1. T has at most nm Kraus operators with complex entries of the form a + ¢b where
a and b are signed < log M digit binary numbers. In Appendix 12.3 we show the assumption that
there are at most nm Kraus-operators is without loss of generality.
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In order to use the guarantees from the previous subsection to bound the running time of
Algorithm TOSI, we must bound the capacity above and below. The upper bound is fairly easy,
but our lower bound requires both log-concavity of our capacity and the reduction to the doubly
stochastic case. For this we will need to use a nontrivial lower bound on cap 7" which was more or
less implicit in the proof of Theorem 2.21 in [GGOW16].

Theorem 5.7 (GGOW16). If T : Maty C — Maty C is a completely positive operator with Kraus
operators A1 ... Agr with Gaussian integer entries, then

capT > e—Nlog(RN‘l).

Proof. This is implicit in the proof of Theorem 2.21 in [GGOW16], but one of the bounds used
there has since been improved. Here we discuss the improved bound.

Definition 5.3. Let T : Maty C — Maty C be a completely positive map with Kraus operators
Ay...Ag. o(N,R) denotes the minimal d such that 7 is rank-nondecreasing if and only if the
polynomial p : Maty_1(C)® — C given by

R
p(Rl, R ,Rr) = det (ZAZ ®Rl>

i=1
is not identically zero.

It is surprising that o (N, R) even exists; the bound o (N, R) < (N+1)! was used in [GGOW16],
but a better bound appeared afterwards.

Theorem 5.8 (DM17). o(N,R) < N — 1.

Let d = o(N, R). In the proof of Theorem 2.21 of [GGOW16], the authors show that if T’
satisfies the hypotheses of Thorem 5.7 then

capT > (capT")/4 (28)

where T : MatyyC — Matyg C is a completely positive map with Gaussian integer entries and
whose Kraus operators contain in their span an invertible matrix. They then apply their Lemma
2.17. Implicit in the proof of Lemma 2.17 is a proof of the following;:

Lemma 5.9. Let T : Maty(C) — Maty(C) be a completely positive map with Kraus operators
A, ..., Ag which are N x N matrices with Gaussian integer entries. Further suppose the subspace
of matrices spanned by A1 ... Agr contains a non-singular matriz. Then
cap(T) > L
P RN
In fact, they prove this for integer Kraus operators rather than Gaussian integer Kraus op-
erators, but the only place they use the hypothesis that A; are integer matrices is in showing
|det(S°F | 2A4;)] > 1if z; are integers and 31| 2;A; is nonsingular. However, this still holds if
A; are Gaussian integer matrices because the Gaussian integers are a ring in which every nonzero
element has magnitude at least 1.
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Applying Lemma 5.9 to T” in Equation 28 and using the bound d < N we have

1 1/d
) 2 1) > ()
> efN log(RN*)

O]

Theorem 5.10 (Capacity lower bound). Suppose T' satisfies Assumption 1 and P,Q are as in 3.0.
If T is (P, Q)-rank-nondecreasing, then

Cap(T,p, q) > e—5(n+m) 10g(n+m)—21ogM.

Proof. First note that if 7" is the completely positive map obtained by scaling the Kraus operators
of T by M, then the Kraus operators of 7" have Gaussian integer entries and

cap(T”,p,q) = M?cap(T, p, q).

We now bound cap(7”,p,q) from below. Denote by K1 (T, F., Fe) the bounded convex polytope
K(T, Ee, o) N {(p,q) : X.p; = > qi = 1}. By Proposition 6.1, ) cap(T”,p, q) is log-concave in
(p, q), so e1®) cap(T’,p, q) takes a minimum at some vertex (p*, ¢*) of K(T, E,, F,), or

* 1
cap(T’, p, q) > TP =HE) cap(T', p*, ¢*) > —cap(T',p",q"). (29)

By Lemma 7.4, each vertex of Ki(T, E,, F,) is the solution to the n + m affine equations Tr P =

Tr@Q =1 and

St T =

i€l jed
for some choice of (11, J1), ... (Intm—2, Jntm—2) € S7. Thus, the vertices are of the form (p,q) = =
such that Az = b for an invertible matrix A € Mat(,, 1) x (n+m)({0, £1}) and b = (1,1, Omin_2)t.
x = A7'b, which is the sum of two columns of A~'. Each entry of this vector has the form
(det My + det My)/ det A, where M; and My are (n+m — 1) X (n+m — 1) minors of A. Since A is
an invertible matrix with entries in {0, £1}, its determinant is at most (7L—|—7rz)"+Tm in absolute value
by Hadamard’s inequality. Thus, each entry of (p*,¢*) can be written as a ratio ¢/ of integers

n+m

where 7 is of absolute value at most (n +m) 2 . By Claim 6.3,
/ k% 1 / 1/’Y
cap(T',p*,q¢") = 5 (cap Truny p- 4o+ T") (30)

The Kraus operators of Trun,p« o+« T" are v x v Gaussian integer matrices, and there are R <
v?mnpiq; of them by Assumption 1. By Theorem 5.7,

1 1/ 1 — log(mnp*q~°®) 1 1

= (cap Trun, p« oo+ T" > Ze log(mnpiaiv®) — > ‘

~ ( YP*AQ ) ~ mnptgiyT = mnnT
Combining 29, 30 and the inequality directly above, we obtain cap(1”,p, q) > —5— >

— mn?y

cap(TJU, Q) > M2710 > e—5(n+m) log(n+m)—2log M
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We also need to ensure that the capacity does not decrease too much after the first step of
Algorithm TOSI.

Lemma 5.11. Suppose (p,q) € K1(T, Es, Fo) and T satisfies Assumption 1 and Ty is the operator
obtained from the first step of Algorithm TOSI applied to T, P,Q. Then

cap(Tl,P, Q) > e —8(m+n)log(m+n)—4log M
Proof. By Lemma 5.3,
cap(Th, P, Q) = cap(Ty, P, Q) = det(Q, g'g) cap(T, P, Q).
However, because gT'(P)g' = I, 9 of Lemma 3.6 shows det(Q, g'g) = det(Q, T(P))~! and so
cap(T1, P, Q) = det(Q, T(P)) " cap(T, P, Q).
Thus, it is enough to bound det(Q, T'(P))~!. By Lemma 12.16, T'(P) = m?>n?>M?I, so
det(Q,T(P))™t >m2n2M~2.

Multiplying the above by the bound from Lemma 5.10 easily implies Lemma 5.11.

Now we can just plug the bound from Lemma 5.11 into Theorem 5.1.

Corollary 5.12. Suppose T satisfies Assumption 1, TrP = Tr@Q = 1, and T is (P, Q)-rank-
nondecreasing. Then Algorithm TOSI terminates in at most

56(m + n)log(m + n) + 28 log M
min{e, p, } + min{e, g, }

steps.

6 Rank-nondecreasingness implies positive capacity

As stated at the beginning of this section, we use the reduction for this part of the proof. We also
need a nice concavity property of cap(T, P, Q). For this subsection we assume only that Tr P = Tr @
without assuming Tr P = 1. Define

IC/(Tv E.,F.) = {(p7 q) : Ca‘p(T7p7 q) > 0} = {(p7 q) : logcap(T,p, Q) > _OO}
The next proposition and claim show K'(T, E,, F,) is a convex cone.

Proposition 6.1. The function

(p, q) = TP cap(T, p, q)

is log-concave in (p,q). Here H(p) is the Shannon entropy of p. In particular, K'(T, Ee, Fs) is a
convex subset of R™T".

We use an alternate expression for the capacity to prove the proposition.
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Claim 6.2. :
_ e—H(p) inf det(QaT(hh ))

T
cap(T,, q) heGL(V)p,  det(P, hTh)

Proof. Choose € GL(V)p,(p)y such that nztntnant = nTPyf. By the uniqueness of the block
Cholesky decomposition, nzn' is 7v/Pn' up to a unitary commuting with 7vPn' (fixing the
eigenspaces of nv/Pnt). In particular, nantnztnt = nt Pnt and so

en'nat = ninentnatntn = nin' Pyfn = P.
Under the change of variables h = hz, we will have

_ det(Q, T(hPh'))
T.p.q) = £
cap(T,p, q) heGL(V) g,y det(P, ATh)

det(Q, T(hm'nh'))
heGL(V) gy det(P, 2= Ththz=1)’

T(hntnht
= inf det(z'z, P) det(Q, (h~n ﬁh ))
heGL(V) p, () det(P, hth)

by 9 and 10 of Lemma 3.6. One can easily see that det(X, P) = det(ninXn'n, P), so

. det(Q, T (hnnhl))
cap(T,p,q) = inf det(n'nztentn, P e
PTp0) ReGL(V) 1y 0 ('t P) det(P, hh)

det(Q, T (hntnht
= inf det(n'nPn'n, P) @, T /Al )
heQL(V) o () det(P, hth)

_ o HD . det(Q, T(iLnTnfLT)).

inf ——
heGL(V) g,  det(P,hTh)

See Remark 3.7 for a discussion of the identity det(P, P) = e~H#®) although it is a straightforward
calculation. We can also get rid of the 57 in the numerator:

T(hntnht T(hht
e GQTGmiR) L del(@T(RR)
heGL(V)p,p  det(P,hTh) heGL(V) gy det(P,hTh)
haxtht
< inf lim inf det(Q’T(h%’aﬂh )
EEGL(V)FO@) ITI%??“? det(P, CUThThLU)
haxtht
= inf lim inf det(@’ T(hxx hh)
heGL(V) g, ) ©lz—nin det(P, hTh) det(P, 2T x)
. det(Q, T(hn'nh'))
= 11 ~= .
heGL(V)p,p  det(P,hTh)

(31)

In the above, zz! — 1Ty because zzt and 2'z have the same spectrum and because z! fixes ker P.
This implies
za (I =) = 2(I —ntn)a’ — 0,
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which means zz! tends to a projection to supp P. The chain of inequalities shows 31 is actually an
equality, and so

At
cap(T,p,q) = e 1) inf (W.
heGL(V) oy det(P, hTh)
Finally, observe that
det(Q, T(hh')) .. det(Q,T(hhT))

a—— = 1m
heGL(V) gy det(P,hTh) GL(V)p, det(P,hth)

because by the existence and uniqueness of Cholesky decompositions we can find a unitary U
commuting with P such that h = hU is upper triangular in the basis E; replacing h by h preserves
det(Q, T(hh1)) and det(P, hTh). O

det(Q,T'(hh1))

det (PATR) which is

Proof of Proposition 6.1. The function () cap(T, p, q) is just log infoLwv)p,
almost manifestly log-convex in p and ¢. To see why, write

o nf det(Q, T (hh))
11 e ——————
& heGL(V)r, det(P, hth)

N Y (N A UI))
T heGh()m 8 det(P,hTh)

n

— ; , ) AN . it
= hEGan(f‘./)F. ; Ag; log det v; T (hh ) v; ; Apjlogdet n;h hn;

with the convention 0log(0 = 0. Note that
m n
3 Agilogdet viT (hhT) vl =" Ap;logdetn;hlhn!
i=1 j=1

is of the form f: RT*" x U — R U {—oo} defined by

fro(wu) = a-g(u)

where U is some set (in this case U = GL(V)f,). Here g(u) may have some coordinates that are
—00, but our convention is to treat x;g(u); = 0 if ; = 0. We claim that

FOx+ (1= N2 u) = Mf(z,u) + (1= N f(2',u) (32)

holds in the extended reals for A € (0,1). Note that (Az + (1 — X\)z’); > 0 if and only if 2; > 0 or
x, > 0, so the coordinates where both z;, 2} = 0 whenever are effectively ignored so 32 holds when-
ever the coordinates where g(u) is negative infinity are zero in x and 2’. The only case remaining
is where some coordinate ¢ has z; > 0 or = > 0 and g(u); = —oco. However, in this case, both sides
of 32 are —oo in that case.

Using 32, we find that = — inf,cry f(z,u) is a concave function of x, because
iglf]f()\xl + (1= Naxg,u) = irellf]()\f(xl, u) + (1 = N)g(xa,u))
> MNinf f(x1,u) + (1 = A) inf f(ze,u)
uelU uelU

for A € (0,1). O
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Claim 6.3.
1. K/(T, E,, F,) is a cone. In particular, cap(T, P,Q) = v~ ™ ? cap(T, P, ’yQ)% for all v > 0.
2. If yP and vQ have integral spectra, then cap(T, P, Q) = v~ "% (cap Trun,pqQ T)l/ﬂY .
Proposition 6.4. If T is (P, Q)-rank-nondecreasing, then cap(T, P,Q) > 0. Equivalently,
K'(T, Eo, Fo) D K(T, Ee, Fo) := {(p,q) : T is (P, Q)-rank-nondecreasing}.

Proof of Claim 6.3. The proof of the first item is a straightforward calculation.

v~ cap(T,vP,7Q)

Q= 2=

_ o - [T/, (det vy T (hyPht)wl) (@ =ai+1)
heGLV)m 7, (det ikt hnj)v(pi—pm)

1

b L

=5 rQ inf 77221i(qz'—qi+1) det(Q,T(hPhT) !
heGL(V)p, det(P, hth)

1

b L

_ fy*TrQ 1nf fY'YrPrQ det(Q, T(hPhT) Rl
heGL(V) p, det(P, hth)

= cap(T, P, Q).

The second item follows from the first item here and the first item of Theorem 4.3:

cap(T, P,Q) = v~ " 9(cap(T,vP,7Q))"/"

=~ T (cap Trun, p,q )/

O]

Proof. Suppose (p,q) € K'(T, E,, Fo)NZ™". By Claim 6.3, cap Trunpg T > 0 < cap(T,p,q) >
0, so cap Trunpg T > 0. By Gurvits [Gu04], cap Trunpg T > 0 if and only if Trunpg 7" is rank
non-decreasing. By Theorem 4.3, T is (P, Q)-rank-nondecreasing. By the first part of of Claim 6.3,
K'(T, E,, F,) is a cone, so

K/(T, Eo, F) NQ™" = Q(K/(T, Eo, F) N Z™™) = K(T, E4, Fo) N Q7.

The vertices of (T, Fe, Fs) N {(p,q) : > p; = 1} are rational (each is the solution of a system
of integer linear equations), so K(T, Ee, Fo) N Q™™ N {(p,q) : > pi = 1} contains the vertices of
K(T, Ee, Fo) N {(p,q) : >_pi = 1}. Because K'(T, E,, F,) is a convex cone, we have K'(T, E,, Fo) D
K(T, E., F.). 0

7 Scalability implies rank-nondecreasingness

As our final step in the proof of Theorem 3.8, we show directly that 7" is approximately (GL(W)g,, GL(V)g, )-
scalable to (Iy — @, Iy — P) only if T is (P, Q)-rank-nondecreasing. This suffices because
((GL(W)E07 GL(V)F07 P7 Q) T)

is always block-diagonal.
The message of the next lemma is that if T}, ;, is very nearly a block-upper-triangular scaling
that maps (Iy — Q, Iy — P), then Ty, is very nearly (P, Q)-rank-nondecreasing.
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Lemma 7.1. Suppose P and ) are positive semidefinite operators and that there exists an e-

(Iv — Q, Iy — P)-scaling of T by (GL(W)g,,GL(V)g,). Then |Tr@Q — Tr P| < (y/n + v/m)e and

Z AgdimE;N L+ Z Ap;dim F; N R < Tr P+ (v/n + v/m)e (33)
iEO'(Eo) jeU(Fo)

for every T-independent pair (L, R).
Corollary 7.2, the second part in particular, is the main result of this section.

Corollary 7.2. If € is smaller than the minimum nonzero number among

1

%ﬁ:z§ﬁp_§:%—§)%:ICM¢JCM], (34)

il jed

and there exists an e-(Iy — Q, Iy — P)-scaling of T by (GL(W)g,,GL(V)E,), then T is (P,Q)-
rank-nondecreasing.

In particular, if T is approzimately (GL(V)g,, GL(W)g,)-scalable to (Iy — Q, Iy — P), then
T is (P, Q)-rank-nondecreasing.

Lemma 7.1 and Corollary 7.2 are proved in 7.2.

7.1 Schubert cells and varieties

Definition 7.1 (Schubert cells and varieties). If F, is a complete flag and I = {i; < --- < iy} is a
k-tuple, define the Schubert cell Q5 (F,) by

Q3(F.) = {L: dm LN F, = j, Vj € [k} (35)
and the Schubert variety Q3(F,) by
Qi(Fs) ={L:dimL =k and dim LN F;; > j, Vj € [k]}. (36)

¢

One can think of I as the locations of the “jumps” in the sequence (dim LN F})c,). We collect
a few standard facts about Schubert cells and varieties.

Fact 7.3.

1. I ={i:dimLNF,—dimLNF,_y >0} if and only if L € QF(F,). Hence, every subspace is
in exactly one Schubert cell.

2. Each Schubert variety is partitioned by the Schubert cells contained within it.
3. QY(E.) D Q%/(FE,) if and only if T = {i1,...,ix} and [I' N [i;]] > j for all j € [k].

4. If L € Q§(FE,) and E, is a g-partial subflag of E,, then

Zqi = Z Ag;dim L N E;.

i€l i€o(Eo)

It will be convenient to move back and forth between expressions like Y " | Ap; dim F; N L and
expressions like ), ; p;.
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Lemma 7.4. As throughout the rest of the paper Fo extends Fy and Eo extends E,. The quantities

max Y AgdimENL+ Y ApdimFNR (37)
ico(Eos) j€o(Fo)
such that (L, R) is T-independent,
max Z q; + Zpi (38)
iel jed

such that Q5(Ee) x Q9(F,) contains a T-independent pair, and

max Z g + Z Di (39)

icl jed
such that Q3(Ee) x Q5(F,) contains a T-independent pair are equal.

Proof. 37 and 38 are equal by 4 of Fact 7.3. 38 is trivially less than 39. It remains to show 39 is
at most 38.

By 2 of Fact 7.3, the subsets I C [m] and J C [n] such that Q}(FE,) x Q%(F,) contains a T-
independent pair is exactly the set of Q(E,) x Q%(F,) such that Q}(E,) D 09, (E,) and Q%(F,) D
Q9 (F,) for some I’, J’ such that Q9,(F,) x Q,(F,) contains a T-independent pair. By 3 of Fact
7.3 and the fact that p and ¢ are non-increasing, this implies

Z%‘ +sz‘ < ZQi + Zm
i€l jeJ el jeJ

In other words, it is enough to look at Schubert cells containing an independent pair, and so 39 is
at most 38. O

7.2 Proof of Lemma 7.1

A linear-algebraic tool known as Rayleigh trace will also come in handy.

Definition 7.2 (Rayleigh trace). If A is a n x n Hermitian matrix and L a linear subspace of C",

define the Rayleigh trace of L by
k

Ra(L) =" (Auj,us)

i=1
where {u1,...u;} is an orthonormal basis for L. Note that the value of the Rayleigh trace is
independent of the choice of orthonormal basis; in fact, if 7y, is an orthogonal projection to L, then

RA(L) = TI'A7TL.

Fact 7.5 (See the survey F00). Suppose A is an n x n Hermitian operator with eigenvalues
a1 > -+ > ay. Suppose I C [n]. Then

Zai = min  Ra(L).

o LeoiE)

Finally we are ready to prove Lemma 7.1.
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Proof of Lemma 7.1. Suppose there exists an e-(Iyy — @, Iyy — P)-scaling of T'by (GL(W)g,,GL(V)E,).
Then we wish to show | Tr Q — Tr P| < (y/n + v/m)e and

> AgdimENL+ Y ApidimFjNR<TrP+ (Vi + vm)e (40)
iEO'(Eo) jeU(Fo)

for every T-independent pair (L, R). By Lemma 7.4, it is enough to show that |Tr@ — Tr P| <
(v/n+ y/m)e and
S a+ Y p <TP+ (Vat vm)e (41)
i€l JjeJ
for all I C [m] and J C [n] such that the set Qf(Fe(Q)) x Q(Fe(P)) contains a T-independent
pair. Firstly,

| Tr @ — Tr P|
<[ Tr(Q = Ty (D) + [ Te(P = Ty, (1))
< (Vn+vm)e.

Now suppose (L,R) € Q7(Fo(P)) x Q3(Fe(Q)) contains a T-independent pair. Then (L,R) €
QI(Fo(P)) x Q%(Fe(Q)) contains a T-independent pair (L, R). Then

(L,R)=(g"'L,h'R)

is a T, p-independent pair, and (L, R) € Q3(g7 Fe(Q)) x Q%(h~'Fo(P)). However, g~ ' F4(Q)) and
Q% (h~1Fy(P) are still valid choices of F,(Q) and Fy(P) because (g, h) € GL(W) g, ) X GL(V) g, (p)-
Since (L, R) is T-independent, T (7L )7 = 0.

Ro(L) =TrQmy,

<TrTyn(Dmp 4+ ev/m

=Tr Ty, ,(7L) + ev/m

=Tr Ty o(m)(I — mr) + ev/m

< Te Ty (DI = 7R) + ev/m
<TrP(I —7g) + (vVn+vm)e
— TP~ Rp(R) + (Vi + vim)e.

By Fact 7.5,
> 4+ pi < Rp(R) + Ro(L) < Tr P+ (Vi + Vm)e.

il jeJ
Proof of Corollary 7.2. Corollary 7.2 follows from Lemma 7.4 and Lemma 7.1.

8 Non-upper triangular scalings: Proof of Theorem 3.9

Recall the proof overview for Theorem 3.9 in 3.3. There we suggested that the only difficult step
in the proof of Theorem 3.9 is the Lemma 8.1 below.
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Lemma 8.1. The set of pairs (BT,C) such that Tp ¢ is (P, Q)-rank-nondecreasing is the comple-
ment of an affine variety V(T, P,Q) in Mat,,(C) x Mat,,(C). Further, if P and @Q have integral
spectra, then V (T, P, Q) is generated by finitely many polynomials of degree at most 2(Tr P)2.

We defer the proof of Lemma 8.1 to after the statement of Proposition 8.5. Before movng on,
we show how Lemma 8.1 proves Theorem 3.9.

Proof of Theorem 3.9 modulo Lemma 8.1. We first prove 3 = 1. If T' is approximately (G, H)-
scalable to (Iy — Q, Iy — P), then by Corollary 7.2, there exists (g, h) € G x H such that T, is
(P, Q)-rank-nondecreasing. By Lemma 8.1,

{(¢",h) € G x H : T, is (P,Q)-rank-nondecreasing }

is nonempty and the complement of an affine variety in a complex vector space isomorphic to
©; Maty,, (C) x @; Mat,,, (C) (this is from our assumption that (G, H, P, @, T) is block-diagonal, and
G x H itself is the complement of zeroes of the polynomial (z,y) — det(z) det(y). By definition of
generic, we have that T}, , is (P, Q)-rank-nondecreasing for generic (g7,h) € G x H. 1 = 2 follows
from Theorem 3.8. Next we show 2 = 3. Suppose cap(Ty 4, P,Q) > 0 for generic (¢, h) € G x H.
In particular, there exists (g,h) € G x H such that cap(T,p, P,Q) > 0. By Theorem 3.8, T}
is approximately (Gg,, FF,)-scalable to (Iy — Q, Iy — P), so T is approximately (¢Gg,, hHF,)-
scalable to (Iy — @, Iy — P). Because gGg, x hHp, C G x H, T is approximately (G, H)-scalable
to (Iv — Q,Iw — P). Il

8.1 Rank-nondecreasingness is a generic property

Before getting into the proofs, we review a few preliminaries from algebraic geometry.

Definition 8.1 (Irreducible). Recall that an affine variety in C™ is the common zeroes of a set of
finitely many n-variate polynomials. An affine variety V is said to be irreducible if it is not equal
to a union of any two proper subvarieties.

Definition 8.2 (Constructible). Constructible subsets of C™ are those of the form
UaESVa \ Ea

for algebraic varieties B, C V, indexed by a finite set S.

=

Theorem 8.2 (Chevalley; see M99). If a subset of C" is constructible, then the image of that set
under the projection to the last | < n coordinates is also constructible.

Fact 8.3 (see Aside 9.8 MilneAG). The closure of a constructible subset of C" in the Euclidean
topology is the smallest affine variety containing the subset.

Remark 8.4. There are two equivalent ways to view the action of G and H - they can either act
on the completely positive map 7T, or they can act on the flags F, and F,. By a change of variables,
Qr(Ee) x Qy(F,) contains a Ty p-independent pair if and only if Q7(gF,) x Q(hF,) contains a
T-independent pair.

Definition 8.3. We define each constraint and the set of constraints imposed for T}, 5, to be (P, Q)-
rank-nondecreasing.
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1. If I C [m] and J C [n] let *I.J denote the condition

» ai=)Y pj=Nand Y g¢+> p<N. (*1J)
i€lm

] Jj€n] iel jeJ

It follows that K(T', E,, F,) is the set of (p,q) such that the linear inequalities *«/.J hold for
all (1, J) such that Q}(E,) x Q}(F,) contains a T-independent pair.

2. If E, is a flag of C™ and F, a flag of C", then define
P(T,gEq, hF,) :={(1,J) : Q7 (E.) x Q5(F,) contains a T, p-independent pair}.

By Remark 8.4, we are justified in using gF, and hF, in our notation. One should think of
P(T,gE,., hF,) as the set of (I,J) such that T has to satisfy *IJ to be (p, q, F,, F,)-rank-
nondecreasing.

We proceed with the statement and proof of the proposition which contains Lemma 8.1. The
third item of the proposition means P(T, gF,., hF,) is as small as possible, meaning the linear
inequality *IJ is required to hold for the smallest possible number of pairs (I, .J), for almost every
(9,h) e G x H.

Proposition 8.5.
1. Let V(T, Es, Fy,1,J) be the set of pairs (BT,C) € Mat,,(C) x Mat,,(C) such that

Q7 (Ee) x Q5(F)

contains a T c-independent pair. Then V (T, Eo, Fo,1,J) is an affine variety in Mat,, (C) x
Mat,,(C).

2. The set of pairs (BT,C) such that Tgc is (P,Q)-rank-decreasing is an affine variety in
Mat,,, (C) x Mat,,(C). Denote this variety

V(T,P,Q).
3. Suppose H = P, GLy, (C) C GL,(C) and G = @, GLy,(C) C GLy,(C). Let

P(T,GE,,HF,)= (| P(T,gEs hF,).
(g9,h)EGXxH

Then for a generic pair (g, h) € Gt x H,
P(T,gE,,hF,) = P(T,GE,., HF,).

That is, the set of pairs (g7, h) such that P(T,gEs, hFy) = P(T,GEs, HF,) is Zariski-open
and nonempty in G X H.

Let’s see how the proposition implies Lemma 8.1.

Proof of Lemma 8.1. The assertion that the scalings which cause T not to be (P, Q)-rank-nondecreasing
is a variety is 2 of Proposition 8.5 in 8.1. The bound on the degree follows from Theorem 8.8 which
uses the reduction and a result of Derksen. O
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This proof seems to be a standard application of the fact that if V' is a variety in X x Y and X
is actually a projective variety, then the projection of V' to Y is also a variety.

Proof. First we prove 1. Let A = (A1,...,A;), the tuple of Kraus operators of T'. Before proving
1, we prove a claim:

Claim 8.6. If I C [m], and J C [n], the set
W(I,J) :={A:Q}E,) x Q%(F,) contains a T-independent pair }
is an affine variety.

Proof of claim. Let A = (A1,...,A;). Suppose |I| = k and |J| =, and that L and R are given as
m X k, n x | matrices of full column rank. For a fixed I, J the set W(I, J) of (LT, R, /T) such that
(L, R) is T-independent, L € Q}(E,) and R € Q%(F,) is constructible. This is because the mem-
bership of L € Q7(E,) and R € Q%(F,) is determined by the vanishing or non-vanishing of certain

determinants of submatrices of L and R determined by I and J and (L, R) is T-independent if and
only if LTA; R = 0 for all 4 € [r]. This implies W (I, J) = V\ E, where E C V are algebraic varieties.

By Theorem 8.2, the projection of W(I ,J) to the coordinates corresponding to zzf, which is
exactly W(I,J), is also constructible. However, we claim W (Z,.J) is closed. Consider a sequence
A, € W(I,J) converging to A. This implies there exist Ly, Ry such that (LS,RS,A;) e W(I,J).
However, we may assume Lg, Rs; have orthonormal columns, since only the column space of L and
R determines membership of (L, R, fL) in W(I,J). By compactness, we may assume L, and R
converge to L, R, which will also be matrices with orthonormal columns. L and R are guaranteed
to have full column rank, so (L, R, A) must be in W (I, .J) by continuity.

Since W (I, J) is a (Euclidean) closed constructible set, Fact 8.3 implies it is in fact an affine
variety. O

Next recall that (¢, h) € V(T, E,, F,, I, J) if and only if
Q7(E,) x Q5(F,)
contains a Ty p-independent pair. Equivalently,
gt Ah = (gTAh i e [r]) e W(T, J).

Since f : (¢f,h) — gTAh is a regular map and W (I, J) is an affine variety, f W (I, J) is an affine
variety and so V(I,J) = f~*W (I, J) N GL,(C) x GL,(C) is Zariski-closed in GL,,(C) x GLy,(C).
This proves 1.

8.5 follows from 1, because Tt ¢ is (p, ¢, Fe, Fe)-rank-decreasing if and only if (BT, 0) is con-
tained in the union of V(T E,, F,, I, J) over pairs (I, J) such that *1J is violated, which is a union
of finitely many affine varieties and hence itself an affine variety. The second part follows similarly,
except we take the union of V(T E,, Fe, I, J) over pairs (I,.J) such that I # [m], J # [n] and *1J
does not hold strictly, and ([m], J) and (I, [n]) if *IJ is violated for those pairs.

3 follows from 1, because if S is a set of pairs of subsets, then

{(¢",h) : P(T,gEs,hF,) C S} = () (G" x H\V(T,E,,F.,I,J)).
(I,N)¢S

In particular, it is Zariski-open in GT x H. If we let S = P(T,GE,, HF,), each of the open sets
in the above intersection is nonempty, because if (I,.J) ¢ P(T,GE,, HF,)) then there is some g', h
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such that (I,.J) ¢ P(T, gE,, hF,) which means V (T, E,, F,, I, J) does not contain G x H. Because
G x H is a nonempty Zariski-open subset of

@; Mat,, (C) x &, Mat,, (C) = CZm+Em],
the intersection of a finite number of nonempty Zariski-open sets with G' x H is nonempty and

Zariski-open, proving 3. ]

8.1.1 Degree bounds

Much is known about the Kraus operators of rank-nondecreasing operators. In Lemma 8.5,
we already showed that (BT,C) such that T ¢ is (P,Q)-rank-decreasing is an affine variety in
Mat,, (C) x Mat,(C). Here we bound the degree of this variety in case P and () have integral
spectra. We use a theorem of Derksen:

Theorem 8.7 (DM17). The set
{(A1,...,Ar) € Maty,xn(C)" : T : X — ZAz‘XAI' is rank-decreasing}
i=1

is an affine algebraic variety generated by polynomials of degree at most n> —n. In particular, T is
rank decreasing if and only if the polynomial p : Mat,,_1(C)" — C given by

p(Ry,...,R,) = det (Z A ® RZ»)
i=1
1s identically zero.

Theorem 8.8. Suppose P and Q have integral spectra. Then V (T, P,Q) is an affine algebraic
variety in Mat,,(C) x Mat,,(C) generated by polynomials of degree at most 2(Tr P)2.

Proof. By Theorem 4.3, if P and @) have integral spectra,
V(T,P,Q) ={(B",0): Trunpg T'g,c is rank-decreasing}.

By Theorem 8.7, Trunp g Tp ¢ is rank decreasing if and only if the polynomial

P(BY,C, (Rsij) (s jyelrlx ] [q]) = det Z Z Z A9 ® Ry,

s€lr] i€[p1] j€[a]
is identically zero as a polynomial in (Rs ;) (s,i,j)e[r]x[p1]x[q]- AS the entries of AY are bilinear in B
and C, p; is a polynomial of degree at most 2(Tr P)? in B and C and 3(Tr P)? in BT, C, (R&i’j)iﬁ}j’ql.
The theorem now follows because for each fixed tuple
(Rsi.j) (s,i.)€lr] x[pr] <[]

p|(RS,i,j)(sij)e[r]x[pl]x[ql] is a polynomial of degree at most 2(Tr P)? in B and C. O
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8.2 The polytope of marginals

When the flags Fo(P) and F,(Q) are subflags of fixed flags E, and F,, the possible spectra of
marginals to which T can be approximately scaled fall in a certain convex polytope.

Definition 8.4. Suppose H = @; GL,,(C) C GL,(C) and G ©; GLy,;(C) C GL,(C). Let
K(T,G,H) :={(p,q) : (p,q) satisfies «1.J for all (I,J) € P(T,GE., HF,)}.

K(T,G, H) is clearly a convex polytope. Since K(T,p, E,, Fo) = K(T, gE,, hF,) is defined by the
set of constraints P(T), gE,, hFe) and P(T, GEe, HF,) = (e nen P(T: 9Ee, hFs), we have

K(T,G,H) = JK(Tyn, Eo, Fu).
g,h

Definition 8.5. In case G, H act transitively on E,, F,, we abbreviate K(7') := K(T,G, H). We
will often assume that the trace of P and () is one; so we write

Kl(TvaH) :IC(T’GaH)ﬂ {(paQ) : Zpi = Z%’ = 1} .
i=1 =1

Similarly for Ky (T).

Finally we can show that approximate (G, H)-scalability is equivalent to the membership of (p, q)
in a convex polytope. That is, we can show Theorem 3.10, which we have restated equivalently
below. Corollary 8.9 is an immediate consequence of Theorem 3.9 and item 3 of Proposition 8.5.

Corollary 8.9. If (G,H,P,Q,T) is block-diagonal, then T is approzimately (G, H)-scalable to

(P, Q) if and only if
(p.q) € K(T,G, H).

8.3 Algorithm GOSI

Next we discuss an algorithm for finding scalings in G and H rather than Gg,, Hr,. We first scale
by random integer matrices. By the Schwarz-Zippel Lemma and the degree bound in Lemma 8.1,
with high probability this random scaling yields a (P, Q)-rank-nondecreasing operator. We can
then perform Algorithm TOSI on the resulting operator.

Algorithm GOSI. [Generic operator Sinkhorn iterations]
Input: T, P,Q as in 3.6 where P and @ have rational spectra and a real number € > 0.

Output: Left and right scalings g € G and h € H such that T}, is an e-(Iy — Q, Iyy — P)-scaling of
T, or ERROR.

1. Let 0 < v € Z be such that vP and v@ have integral spectra. Choose each entry of (go, ho) €
®; Maty,, (C) x @; Mat,,, (C) uniformly at random from K := [3 max{2y2,n,m}]. If go or ho
is singular, output ERROR.

2. Let pmin, gmin be the least nonzero entries of p, g, respectively. Let g and h be the output of
Algorithm TOSI with input Ty, 4,, P, Q, W. If any step of Algorithm TOSI on
this input cannot be performed, output ERROR.
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3. Use (g, h) to compute (g, h) such that Ty 4 non is an e-(Iy — Q, Iy — P)-scaling of T} 1, as
guaranteed by Corollary 3.20. Return (gog, hoh).

Claim 8.10. If (G, H, Fo(P), Fo(Q),T) is block diagonal and T is approzimately (G, H)-scalable to
(Iy — Q, Iy — P), Algorithm GOSI outputs ERROR with probability at most 1/3, and otherwise
s correct.

Proof. Suppose T is approximately (G, H)-scalable to (Iy — Q, Iy — P). By Theorem 3.9, Ty, »,
is (P, Q)-rank-nondecreasing for generic (gg, ho) € G x H. In particular, by Lemma 8.1,

V' =V(T,P,Q)U{B :det B=0}U{C :detC =0}

is an affine algebraic variety in Mat,,(C) x Mat,, (C) generated by polynomials of degree at most
max{2v2,n,m} that does not contain all of G x H, which are just H = @; Mat,, (C) C Mat,(C)
and G = @; Mat,,, (C) C Mat,,,(C).

There must be some polynomial p : Mat,,(C)xMat,, (C) — C of at degree at most max{2v2, m,n}
that vanishes on V' but not on all of @; Mat,,,(C) x @; Mat,,;(C). By the Schwarz-Zippel lemma,
p vanishes on our random choice of (go,ho) € @; Maty, (C) x ©; Mat,,;(C) with probability at
most 1/3. With probability at least 2/3 we have found go,ho such that T, is (P, Q)-rank-
nondecreasing.

0,ho

Notice that (G, H, Fo(P), Fo(Q), Tgy,ne) is still block-diagonal so by Proposition 3.18,
(Q7ﬂ, FO(B),FO(Q)ngo,ho)

is block-diagonal. By Proposition 3.16, Ty, p, is (P, Q)-rank-nondecreasing. Theorem 5.1 shows
every step of Algorithm TOSI works, so Algorithm GOSI does not output ERROR. By Corollary
3.20, step 3 is possible. O

Remark 8.11. Algorithms TOSI and GOSI terminate in a reasonable number of iterations; further,
the parameter  in Algorithm GOSI can be taken in [20™1™)?] if the entries of p and ¢ are < b-bit
binary numbers. This does not inherently introduce issues. However, the numbers involved in the
iterations of Algorithm TOSI might grow exponential. For this reason we must modify Algorithm
TOSI by rounding in each step. The analysis of the Algorithm with rounding can be found in
Appendix 12.4.

Remark 8.12. We can replace the condition “(G, H, Fe, Eo, T')-block-diagonal” by less restrictive
conditions on (G, H, Fe, E,,T) and still obtain results like Theorem 3.9.

Theorem 8.13. Suppose P and @) are nonsingular and

1. G = GoGa where Ga C GL(W)g, and Go =V N GL(W) for some irreducible variety V,

2. H has the analogous decomposition HyHAa,
3. G1G = Gl Ga,

4. H'H = H\Ha, and
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T(HPH" c G'G
and T*(GQG) C H'H. (42)

Then T is approximately (G, H)-scalable to (P — Iyw,Q — Iv) if and only if cap(Ty, e, P, Q) >
0, or equivalently Ty, p, is (P, Q)-rank-nondecreasing, for a generic (gg, ho) € G% x Hy.

Before showing an outline of the proof, we show that the first four assumptions are not as
unnatural as they may appear.

Claim 8.14. If G is a connected subgroup of GL(W), there is a choice of inner product (-,-) and
flag Es such that G satisfies 1 and 3.

Proof. The proof is an assembly of standard facts about linear-algebraic groups and Lie groups.
By the Levi-Malcev theorem (see Theorem 3.18.13 of [Val3]), G = R x S where S is a connected
semisimple Lie subgroup of G and R is a connected solvable Lie subgroup of GG. Further, any
semisimple Lie group S can be written KR’ where K is a compact subgroup of S and R’ is a
simply connected solvable subgroup of S [Ze73]. Set GA = R'R and Gp = S D K. Ga is a
solvable subgroup of G, and G = KGAa.

1. Trivially, G = G()GA D) KGA.

2. Gy is a connected, semisimple complex algebraic group - thus, it is an irreducible algebraic
variety.

3. Since K is compact, there is a choice of inner product (-,-) on W such that K is a subgroup
of the unitary group (i.e. (-,-) is K invariant). This tells us GTAGA = Gia.

4. By Lie’s theorem, because Gz is solvable, there is a flag Fq such that Gao C GL(W)g,.
O

Next we outline the proof of Theorem 8.13. First let us treat the necessary condition. Corollary
7.2 still shows that if T is approximately (G, H)-scalable to (P — Iw,Q — Iy), then there
exists (go, ho) such that T p, is (P, Q)-rank-nondecreasing. This implies T} is (P, Q)-rank-
nondecreasing for a generic (gg, ho) by Proposition 8.5. The only part of Proposition 8.5 that must
change is 3, in which G and H must be replaced by Gy and Hy. However, the proof of the modified
3 is similar because G and Hy are the intersections of irreducible varieties with the general linear
groups.

Next we show the sufficient condition is still enough to guarantee scalings. By 42, each iteration
of Algorithm TOSI can still be performed on T, 5, in GA and Ha, so if there exists some go, ho
such that Ty, p, is (P, Q)-rank-nondecreasing then Ty, 5, is approximately (Ga, Ha)-scalable to
(P — Iy, Q — Iy). Algorithm GOSI still works, but one must still be able to sample a random
element from Gg, Hy.

0,ho

9 A sufficient condition for exact scalability

Here we state our partial results towards understanding the existence of (P — Iy,Q — Iy)-
scalings, as opposed to e-(P — Iy,Q — Iy) scalings. Our scaling algorithm, Algorithm TOSI,
is not in itself enough to guarantee the existence of exact scalings, because the scalings g and
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h themselves need not converge to elements of G and H. Here we take a different route using
local minima for the capacity function. First we establish that a local minimum for the infimum
defining cap(T, P, Q) can be used to obtain (P — Iy, Q — Iy )-scalings. Next we show that if the
(nontrivial) inequalities required for T" to be (P, Q)-rank-nondecreasing hold with strict inequality,
then such a local minimum exists. Doing so will require a limiting argument and a theorem of
Gurvits.

9.1 Exact scalings from local minima for capacity
Throughout, A and B refer to A = o(F,) D o(p) and B = o(Es) D o(q).

Definition 9.1. Suppose (G, H, E,, F,,T') is block-diagonal; recall that this states V = &;V; and
F; = ®;F;NVj for all i € A. Say the tuple (Y = 0:Y; :i € A) has the same block-structure as H
if Y; : F; — F; has the same block-structure as H if Y;(F; NV;) = F; NV for all j and all i € A.

Let K(T, Eo, F5)ioc be the set of (p,q) € K(T, Es, Fy) such that

Ag;
[T (det T (X ;ea Apyn}Yin; ) )
HjeA(det Yj)Apj

attains a strict local minimum Y with the same block-structure as H with value greater than 0
subject to [[;c 4 (det Y;)APi = 1. Let K1(T, Eo, Fo)ioe = K(T, Eo, F5)10e N K1 (T, Eo, Fy).

fpaYj:jeA) =

Recall Definition 3.16 for T, which is a new completely positive map we define to handle singular
P or . When P and @) are invertible, T is the same as T

Lemma 9.1. Suppose (G, H, E,, F,,T) is block-diagonal. If fp 4 has a local (not necessarily strict)
minimum 0 < Y; : F; = Fj, j € A with value greater than 0, then T is exactly scalable to

(P = Lsupp @, @ = Lsupp P)

by (GE,, HE,). In particular, T is evactly scalable to (P — Isupp@, @ — Isupppr) by (GE,, HE,) if
(p7 q) € /C(T, EOa Fo)loc-

Proof. This proof is tedious, but easy. We just examine consequences of V f,, , = 0. First of all, by
Claim 4.6, we may assume the local minimum is obtained at

Y = (nihnlnihin! : j € A)
for Y Ap;niYin; = hPh (43)
JEA

for some h € H. h can be taken to be in H because Y has the same block-structure as H. Next,

note that .

{(Vj:j€A):0=Y;: Fj— F} = [[ S+4(F)
jeA
is an open subset of [ [, 4 L(F;) = [],c 4 R* and fo.q i [Lica S++(Fj) = Ris a continuous, differen-
tiable function. Thus, if f, , has a local minimum at ¥ = (Y; : j € A) with f, 4(Y) > 0 then log f; 4
is continuous and differentiable in a neighborhood about Y and also achieves a local minimum at
Y. Thus, Vlog fpqly = 0. Let us compute the directional derivative of log f, , in the direction
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X = (X, :j € A). By the formula Vx logdet A = Tr A~1X applied to both terms and the linearity
of T, we have

n
Vxlog fpqly = Z Aq;Vxlogdet v, T Z Apjr];[anj V;f — Z Ap;V x logdet Y
i€B 7=1 jeEA
~1

:ZA%‘ Tr | | T ZApjn}anj V;L v T ZApjn;Xjnj V;[
i€EB JEA JjEA

= Ap; TrY; X
jeEA

Now we plug in Y from 43 and use Lemma 3.15 to obtain

~1
Vxlog fpqly = Z Ag; Tr (yiT (hPhT> I/J) v T Z Apjn}Xjnj y;r
i€B JjEA

= > Ap; Tenh Ty X
JEA

Using the cyclic property of trace, we can deduce

Vxlog fpqly =
Ul (T* <Z Aqiyj (ViT (hPhT> 1/})71 1/1-) — h_Th_1> n;Xj] .
i€B

By assumption, Vx log fp 4y = 0 for all X = (X; € L(Fj(P) : j € A). This implies that for all

JEA,
ul (T* (Z Aqiy;f (uiT (hPhT> Z/D_l Z/Z'> — h_Th_1> 17;[ =0.

1€EB

Z Ap; Tr

JEA

The above holds for all j € A if and only if it holds for j = max A, and since 1 is defined to be
Tmax A, in particular we have that it holds if and only if

) i N o) St ) =
77<T (EZBA%V@ <V1T<h,Ph)yl> VZ> h™'h )77 0,

Note that ;T (hPhT) I/;r must be nonsingular for ¢ € B by the nonzeroness of f,,,(Y). In partic-
ular, vT (hPhT) v1 is nonsingular. Since (G, H, Fo(P), Fo(Q),T) is block-diagonal, we can write
vT (hPth) v = vgtgut for g € GFr,(p)- In particular, there exists g such that v;T' (hPhT) I/ZT =
vigtgy; for i € B.
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‘We now have

=?7<T* (ZA% vig' gv ) h=Tht

i€B

0 )
—7 (T* (; N (Vzg " Z/Zgy ) hTh™ 1) nt

J)

)

=1 <T* (Z qul/ vig 11/ vig TV

i€B
= (7" (s7'Qg™") = n7Tn ")
Multiplying by vhiv! on the left and vhv! on the right, we obtain
n (hTT* (gleng) h— I) nt =o0.
On the other hand, we have defined vT (hPhT) vt = vgtgrt. Combining these two, we have

77T[:,g—1(Q)77T = IsuppP’
VT, 5, (P) V! = Lappo-

By Proposition 3.17, this says precisely that T'; 1 j, is a (P = Lsupp @ @ — Lsupp p) scaling of . [J

9.2 Indecomposable operators have local minima for capacity

Gurvits defined a completely positive operator T' : L(C™) — L(C™) to be indecomposable if T is
rank-nondecreasing and in addition rk7'(X) > rk X provided X = 0 and 0 # rk X # n. Equiv-
alently, T' is indecomposable if and only if dim L 4+ dim R < n for every T-independent pair such
that L # 0 and R # 0.

Theorem 9.2 (Theorem 4.7, Gu04). The completely positive operator T is indecomposable if and
only if
inf det T'(X) (44)
X-0,det X=1

1s positive and uniquely attained.

Gurvits also showed Lemma 9.1 for the setting P = () = Iy/; combined with the above theorem
this shows indecomposable completely positive operators have doubly stochastic scalings. We now
define a notion of indecomposability for completely positive maps and specified marginals.

Definition 9.2. (Indecomposability for specified marginals) Say T is (p, q, Eo, F5)-indecomposable
if F, is a g-partial flag, F, is a p-partial flag, and we have the strict inequality
n
> AgdmENL+ Y Ap;dmFNR<) p (45)
i€ (Eo) jeo(Fo) i=1

for all T-independent pairs (L, R) where L Nsupp@ # 0 and RNsupp P # 0. Say T is (P, Q)-
indecomposable if T" is (p, ¢, F5(Q), F5(P))-indecomposable. Let

Kstriet(T, Eo, F5) = {(p,q) : T is (p, q, Eo, F)-indecomposable}.
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For the special case P = @ = [ and V = W = C", a completely positive map T : L(C") —
L(C™) is indecomposable if dim R + dim L < n for every T-independent pair (L, R) such that
L # {0} and R # {0}.

Lemma 9.3. T is (P, Q)-indecomposable if and only if Trunp g T is indecomposable.

Proof. The proof is identical to the proof of Lemma 4.7 with the term “rank-nondecreasing” re-
placed by “indecomposable.” Also note that W' = supp @ and V! = supp P. O

We first prove an analogue of Theorem 9.2 for p and ¢ rational, using our reduction to the
doubly stochastic case. Recall B := 0(E,) and A = o(Fy).

Lemma 9.4. Suppose (p,q) € K(T, Eo, Fo)strict N Q"™ then

YlelfAqu(Y 1jeA)

is positive subject to 0 <Y : F; — F}, j € A and is attained uniquely subject to HjeA(det Yj)A”J =
1. In particular,
]C(T7 E07 Fo)strict N Qner C ’C(Ta Eo; Fo)loc‘

Proof. This proof consists of the application of Theorem 9.2 to the reduction from Section 4.
Suppose (p, q) € K(T, Es, Fo) strict Q™™ Tt is not hard to see that scaling (p, ¢) by a constant > 0
only affects f,, by a positive multiplicative constant, so does not change positivity, attainment or
unique attainment, of the infimum under consideration. Thus we may assume

(pu Q) € IC(T7 EOa Fo)strict N Zn—l—m'
By Lemma 9.3, Trunpg 7" is indecomposable. By Theorem 9.2,

inf det Trunp g T'(X)
X0,det X=1

is positive and uniquely attained. By Lemma 4.4, infy;.jea fpq(Yj 1 j € A) is positive subject to
0<Yj;:F; = Fj, j€ A and is attained uniquely SubJect to H 6A(detY) Pi = 1. O

Next we need to show K1 (T, Eo, o) strice NQ" ™ C K1 (T, Eo, Fs)10e implies K1 (T, Eo, Fy)strict C
K1(T, Es, F5)1oe- The next lemma would suffice because K1 (T, Es, Fo)strict is convex with rational
vertices, and so K1(T, Eo, Fy)strict N Q" is dense in K1 (T, Eo, Fo) strict-

Lemma 9.5. Ki(T, Es, Fo)oc is relatively open in K1(T, Eo, Fy).

Proof. We need to show that for every (p, q) € K1(T, Es, F5)joc there is an Euclidean ball B C R™t"
centered at (p, q) such that BN Ky (T, Es, F,) C K1(T, Es, F5)j0e- It is enough to show that for any
point (p,q) € Ki(T, Es, Fo)ioe and subsequence s = ((p(i),q(i)) € Ki(T, Es, F,))i>o that con-
verges to (p,q) in Euclidean distance, there is some ng such that if i > ng then (p(i),q(i)) €
ICI (T7 E07 Fo)loc-

Let (p,q) € Ki(T, Es, Fo)ioe and s = ((p(i), q(i)) € K1(T, Es, Fy))i>0 be such a sequence con-
verging to (p, ¢) in Euclidean distance. Let Y = (Y} : j € A) be the promised strict local minimum
of f with f, 4(Y)>0and 0 <Yj: F;(P) — F;(P), j € A.



Claim 9.6. There is a closed e-ball about Y (in the trace norm)
B( )C{( jEA) O-<Z]F](P)—>F](P),]€A}

such that the sequence of functions (fp( q@))i>0 converges uniformly to f, 4 on Be(Y').

The claim implies the theorem via very broadly applicable reasoning: suppose ( fp(i),q(i))i>0
converges uniformly to f,, on Bc(Y). Since Y is a strict local minimum of f,,, we can find a
closed ball B#(Y) C B(Y) such that Y is a global minimizer of f,, on B« (Y). Since f,, is

=

continuous on B((Y'), and 0B (Y) is compact,

Hlf qu( ) — fpa(Y) = mm qu( ) = fpa(Y)=46>0.

Z€0dB, Z€0B,

Now pick ng so that |fp)q)(Z) — fpe(Z)] < 6/2 for all Z € B(Y). If i > no, then Z € 0B«(Y),
then fp (i),q(s ( ) > (fp q( )+0)—0/2 = fp7q(Y) +6/2, and fp(l%q(z)(Y) < fp,q(Y) + 6/2. Hence,
the global minimizer X of fy;) (;) on Be(Y) cannot be on on the boundary of Bu/(Y'), so X is also
the global minimizer on some open ball Be(X) C Be(Y). Thus X is a local minimum of fy;) 4(i)-
By the remarks before the statement of the claim, this proves the lemma.

To finish, we prove Claim 9.6.

Proof of claim. If we can prove fy o is bounded above by a constant C' on B(Y') for (p/,¢') €
K1(T, Eo, Fy), then it will be enough to show to prove log fy,;) 4(i) converges uniformly to log f; 4

on B(Y), because |fp,q — fp(i),qi)] < C1108 fu).q¢) — 108 fpql-

It is easy to find €, C such that fy < C is bounded on B(Y). Recall that .., jAp; =
>icp iA¢; = 1. Indeed, take 1 > € = .5 minje 4 min A(Yj); then if Z € Bc(Y) we have detz; > (.5¢)’
and

det ;)" Ap;Z;)v) < detwiT | Y (V;+1If) | vl < K
jeA JjEA

for some constant K. Then we may take C = [[;cp KiAd ) HjeA(.5e)jAp; = 2K/e.

Next we must show the uniform convergence of log f, 4 to log fyi)q) on Be(Y). If Z € B(Y),
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we have

|log fpr . (Z) —log fpq(Z)]

= Z Ag; log det v; T Z Apjn;Zjnj ,/;r — Z Apjlogdet Z;
i€B jeA j=1

- Z Ag;log det v;T Z AP}ﬁijnj V;r + Z Ap;- log det Z;
icB jeA jeA

< D (Ap) — Ap;)logdet Z;
JjeEA

+ Z(Aﬂh‘ — Aq))logdet v; T Z Apjn}ij 1/;
ieB jeA

+ ZAqZ’- log det v; T’ ZApm]T-ij V; — logdet ;T ZAp;n}Zjnj 1/;t
i€EB JEA JEA

The first two terms are clearly bounded by absolute constants times ||Ap — Ap'|| and ||Ag — Ad'|],
respectively. The last term is a little more difficult. Since fyy o # 0 by (¢',¢") € Ki(T, Es, Fy),
Theorem 3.8 and Lemma 4.5, we know that for all ¢ € B, dety;,T (EjeA Apijani) 1/3 =0
implies Ag; = 0. Thus, we can assume the outer sum in the last term is over the smaller set
C = {i: dety;T <ZjeA Apm}i@-m) 1/; # 0}. Assume € is so small that ;T (ZjeA n;ij) Z/ZT
is nonsingular for all i € C and X in the closed ball By (a;Y; : j € A). Now for all i € C,
log det v;T' <Z§L:1 n}X j’?j) 1/;-t is a continuous function on the compact set Be(a;Y; : j € A) and so

must be uniformly continuous. Thus, for all ¢ € C,
n n
log det v; T’ Z ApmJT.Zjnj VZT — logdet v, T Z Apgn;Zjnj VZ]L
j=1 j=1

tends to zero uniformly in >, 4 [(Api — Ap)Z;ll for (Ap;jZ; : j € A),(ApjZ; + j € A)
B /9(Ap;Y; : j € A), which in turn tends to zero uniformly in [|Ap — Ap/|| for Z € B (Y).

O Om

The next theorem is the main result of this section.

Theorem 9.7 (Exact scalability for block-triangulars). Suppose (G, H, Fy, Eo, T) is block-diagonal
and that T is (P, Q)-indecomposable. Then T is exactly scalable to

(B — IsupraQ — ISuppP)

by <GEO7 HFO)‘
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Proof. The polytope K1(T, Eo, Fo)strict is convex with rational vertices, and so K1(7, Eo, Fo)ioc N
Q™ is dense in K1 (T, Eo, F,) strict- By Lemma 9.5, K1 (T, Eo, F,)oc is relatively open in Ky (T, Eo, Fy)
and thus relatively open in K1 (T, Es, F,)strict- Together the previous two sentences imply

]Cl (T’ Eov Fo)loc D Kl(Ta Em Fo)stm'ct‘
Lemma 9.1 now implies T is exactly scalable to

(P = Lsupp @, @ = Lsupp P)

by (Gg,, Hp,) for (p,q) € K1(T, Eo, F5)strict; scalability does not change if we multiply P and Q
by a positive constant, so T is exactly scalable to

(P = Isupp @, @ = Lsupp P)

by (GEO) -HFO) for (p) Q) € IC(Tu EO7FO)st7"ict‘ 0

10 Proofs for Applications

10.1 Matrix Scaling

Say X,Y is an e-(r, ¢)-scaling if the row and column sum vectors of X AY are at most € from r and
¢, respectively, in (say) Euclidean distance and that A is almost (r, c)-scalable if for every € > 0
there exists an e-(r, ¢)-scaling of A. Given A, r, ¢, the (r, ¢)-scaling problem consists of deciding the
existence of and finding e-(r, ¢)-scalings. The (r, ¢)-scaling problem has practical applications such
as statistics, numerical analysis, engineering, and image reconstruction, and theoretical uses such
as strongly polynomial time algorithms for approximating the permanent [Si64, RS89, LSW98|.

There is a simple criterion for almost-(r, c¢)-scalability.
Theorem 10.1 (RS89). A nonnegative matriz A is almost (r,c) scalable if and only if for every
zero submatric L X R of A,
S
ieL j€R
We can reduce this to an instance of Question 1 as follows:

Definition 10.1. Suppose A is a nonnegative m x n matrix. For i € [m],j € [n], define e;; to be
the m x n matrix with a one in the ij entry and zeros elsewhere. Let T4 : L(C™) — L(C™) be the
completely positive map with Kraus operators E;; = \/A;je;j, i € [m],j € [n].

It is simple to check that A has row sums r and column sums c if and only if T'(I) = diag(r)
and T%(I) = diag(c). Let G and H be the diagonal matrices in GL,,(C) and GL,(C), respectively.
If gg' = Dy and hht = Dy, then the row and column sums of D AD, are exactly the diagonals of
Tyn(I) and T (I), respectively. That is,

Observation 10.2. A is almost (r,c)-scalable if and only if T4 is approzimately scalable to (Iy —
diag(r), Iyy — diag(c)) by (G, H).

Here we show why Theorem 10.1 follows from Theorem 3.8.
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Proof of Theorem 10.1. Let G and H be the subgroups of diagonal matrices in GL,,(C) and
GL,(C), respectively, and E and F the respective standard bases. We already observed that
A is almost (7, ¢)-scalable if and only if the completely positive map T4 : L(C") — L(C™) is ap-
proximately (G, H) scalable to (Iy — diag(r), Iy — diag(c)). Assume without loss of generality

that > r;=> ¢ = 1.

Observe that (G, H, Fy(diag(r)), Fe(diag(c)),T4), is block-diagonal with blocks (e;), i € [m]
for W and (f;),7 € [n] for V. Without loss of generality, we may we may assume r and c are
non-increasing sequences so that Fi,(diag(r)), Fs(diag(c)) are subflags of the standard flags Fy and
E, of C" and C™, respectively, but G C GL(W)g, and H C GL(V)g,. That is, diagonal matrices
are upper-triangular in the standard basis.

By Theorem 3.8, T4 : L(C™) — L(C™) is approximately (G, H) scalable to (P, Q) if and only if
T4 is (diag(r), diag(c))-rank-nondecreasing, or by Lemma 7.4

dori+d) <1 (46)

i€l =
for all I, J such that Qf(F,) x QF(F,) contains a T's-independent pair.

Let us first describe the T4-independent pairs (L, R): (L, R) is Ts-independent if and only if
I'Ejjr = ly\/air; = 0 for every i € [m],j € [n],l € L,r € R. This tells us that (L, R) is Ta-
independent if and only if a;; = 0 for every i,j such that L ¢ e and R ¢ ejL. If we replace
Lby L' =(e:L ¢e)DLand Rby R = (e; : R ¢ e}) D R, then (L', R') is still Tx-
independent. We only need to check 46 for maximal T-independent pairs. Thus, we may assume
L=Ly=(:icl)and R=Ry=(e;:je€J)forsomel C [m], JC [n]. Further (L;,Ry)
is independent if and only if I x J is a zero submatrix of A, and L; € Q}(E,) and Ry € Q5(F,).
Hence, T4 is (diag(r), diag(c))-rank-nondecreasing if and only if

Zm—l—ZCiSl

il JjeJ
or
D ri<) e
el J¢J
for all zero submatrices I x J of A, which is exactly the condition in Theorem 10.1. O

10.2 Eigenvalues of sums of Hermitian matrices
Here is an old question in linear algebra, apparently originally due to Weyl.

Question 5 (Weyl). Let «, 8,7 be nonincreasing sequences of m real numbers. When are «, 3,7
the spectra of some m x m Hermitian matrices A, B, C satisfying A + B = C?

This question essentially asks for a complete list of inequalities satisfied by the eigenvalues of
sums of Hermitian matrices. Klyachko showed a relationship between the eigenvalues of sums of
Hermitian operators and certain constants known as the Littlewood-Richardson coefficients.

Definition 10.2. If I = {i; < --- <} C [m], let p(I) be the partition

p(I) = (ik_ka"'ai2_27i1 _1)
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The Littlewood-Richardson coefficient of the partitions A, i, and v is a positive integer denoted

A The Littlewood-Richardson coefficients arise in representation theory, Schubert calculus, and

(22
combinatorics. Deciding if C;/\w > 0 arises naturally in Geometric Complexity Theory [MINS12].
Though computing SR #P-hard, there exists an algorithm to decide if ¢§ x> 0in strongly

polynomial time [MINS12].

C

Theorem 10.3 (KI198). The three nonincreasing sequences «, 3,y of length m are the spectra of
some m x m Hermitian matrices A, B, C' satisfying A+ B = C if and only if Y "y oy + i — v =0

and for all n < m,
dDait+d Bi<> w

i€l jedJ keK

for all |I| = |J| = |K| = n such that the Littlewood-Richardson coefficient ngg)p(J) is positive.

Combined with Theorem 10.3, Knutson and Tao’s answer to the Saturation conjecture in the
positive [KT00] and a different result of Klyachko [K198] show that the admissible spectra are
described by a recursive system of inequalities originally conjectured by Alfred Horn [H62].

We show that Question 5 can be reduced to an instance of Question 1, after which Theorem
10.3 will be a corollary of our main theorem. This results in an algorithmic proof of Theorem 10.3.

Theorem 10.4. There is a randomized algorithm A with success probability at least 2/3 on the
following input and output:

Input: A tuple (o, B,7) of three length-m nonincreasing sequences satisfying » ;o &+ i —v =0

and
dait ) B<> w

iel jeJ keK

for all I1,J, K such that the Littlewood-Richardson coefficient cz Eg)p( ) 18 positive.

Output: Matrices A, B € L(C™) with

AMA) = a,\(B) = 8, and |A+ B — diag(y)|| < e.

Further, if the bit-complexity of (o, B,7) is at most b, the complexity of A is poly(m,r,b, %)
We can restate Question 5 for more than three matrices:

Definition 10.3. Define HE], to be the set of r + 1-length sequences of weakly decreasing m-
length sequences of real numbers (p(1),...,p(r),q) such that there exist r Hermitian matrices A;
with A(4;) = p(i) and

MDY A =q

i€(r]

We would like to understand the set HE], , the set of sequences of r 4+ 1 spectra p(1),...p(r),q
such that there exist Hermitian matrices H; with A\(H;) = p(i) and A (>_;_, H;) = ¢. If G is the
spectrum of diag(—q), (that is, —¢ but written backwards) we find that (p(1),...p(r),q) € HE], if
and only if (p(1),...p(r), §) appear as the spectra of Hermitian matrices summing to zero. Further,
for any numbers A\; + --- + A\, = A, the p(1)...p(r) appear as spectra of Hermitian matrices
summing to zero if and only if the spectra p(1) + A1,...p(r) + A1, appear as the spectra of

95



Hermitian matrices summing to (>_;_; A;)I = AI. This can be seen by adding \;I to each H;. We
can pick \; as large as we wish. In partlcular pick them so large that every entry of p(i) is larger
than every entry of p(i + 1) and every entry of p(r) is, say, bigger than

D ic1 2 oie1 py(0)

3mr

and then scale all p(i) so that ;> p;j(i) = m. Thus, we have reduced membership in HE},
to membership in P/, where P, is defined as follows:

Definition 10.4. Define P}, to be the set of tuples (p(1),...p(r)) € (R}")" such that
1. The rm entries of (p(1),...p(r)) form a weakly decreasing sequence,
2. Yo ity pils) =m,

3. and p(r), > 3—1r, (The purpose of this assumption is to make the algorithm run faster; it’s
not necessary for Klyachko’s theorem to hold true),

4. and there exist Hermitian matrices H;, i € [r] such that A(H;) = p(i) and
T
> H;=1Ip.
i=1

Klyachko’s Theorem is a characterization of this set in terms of intersections of Schubert varieties
with respect to generic flags, which can in turn be described by the combinatorially defined higher

Littlewood-Richardson coefficients cf; 1. Here is the statement we wish to reprove via operator

scaling. We do not show that it is the same as Theorem 10.3, but refer the reader to [F00].

Theorem 10.5 (Klyachko). A tuple of weakly decreasing sequences (p(1),...p(r)) € (R})" is in
Pr.if and only if it satisfies 1, 2, and 3 and and for each 1 < k <'m,

IPIICE (+I)

s=14el(s)

for every tuple T = (I(1),...1(s)) € ([TIZ})T such that

[ 250 (h(s)Es) # 0

s€[r]
for generic (h(1),...,h(s)) € GL,(C)". Here E, is the standard flag of C™.

Definition 10.5. Define the set of tuples S}"*(r) to be

(I(1),...,1I(s)) e < > () 215 (h(s)Fa) # 0 for generic (A(1),...,h(s)) € GLyu(C)"

s€(r]
With this definition in hand, it is enough to show the following:
Claim 10.6. p = (p(1),...,p(r)) satisfying 1, 2, and 3 is in P,, if and only if p satisfies «Z for all
e S (r).
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We first define a class of completely positive maps 7, and show that the desired Hermitians
H; exist if and only if there exists a member of 7;, with marginals we will specify.

Definition 10.6. Define 7)), : L(C™) — L(C™) to be the competely positive map with Kraus
operators
A= [ Omymi—m  Im  Ommi ]

for i € [r]. Let P = @@._, diag(p(s)), H = &]_; GL»(C) C GLyp»(C), and G = GL,, (C).
Clearly (G, H, P, I,,,T) is block-diagonal.
Claim 10.7. p € P}, if and only if T}, is approximately scalable to (Iym — Im, I — P) by (G, H).

Proof of claim. First we prove the “only if” statement. If p € P}, then there exist Hy, ..., H, with
A(H;) = p(i) and >, H; = Ip,. As H; = 0, we can write H; = B; B where BTB = diag(p ( ). This
is because BZ-BQ-L and BZ B; have the same spectrum and B; BT is invariant under B; — B;U; for U;

unitary. Since B; is invertible for ¢ € [r], it follows that h = @ze[r B; € H and
Th,I(Irm) = Im and TI*,h(Im) = F)7

so T' is approximately (G, H) scalable to (P, I).

ZBBT ZHT—I

The “if” direction is also easy; suppose (h(7), g(%))ien is a sequence of elements of G x H such that
Ty iy, i) (Lrm) = Im and Ty oy (Im) — P

as i — 0o and that h(i) = @ep1hs(i). Set Bs(i) = gths(i); thus, we have
> B F— I
s€lr]

and, for all s € [r],
B(i)' By (i) — diag(p(i)).

Since the B,(i)Bs(i)! are positive definite, eventually for all s B,(i)Bs(i)! is in the compact set
{X :0< X < 2I,}. Thus, we may pass to a subsequence such that for all s we have B(i)B(i)" —
Hg; by continuity the H satisfy
T
Y H,=1I,.
s=1

and \(Hs) = p(s) for s € [r]. O

Next we need to examine conditions under which T, is approximately scalable to (I, —
I, I, — P) by (G, H). Theorem 10.3 will follow from the next claim:

Claim 10.8. For p satisfying 1, T}, is approzimately scalable to (Irp, — I, I, — P) by (G, H) if
and only if Y > ", pi(s) =m and for each 1 < k < m,

SN pils) <k (+I)

s=1i€cl(s)
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for every tuple T = (I(1),...1(s)) € ([?})T such that

() Qi (hls) En) # 0
s€[r]

for generic (h(1),...,h(s)) € GL,(C)". Here E, is the standard flag of C™.

Proof of claim. By Theorem 3.9, T is approximately scalable to marginals (I,n, — I, Iy, — P)

by (G, H) if and only if
> pils)=m

s=1 =1

ZZPZ )+ k<m

s=1iel(s)

and forall1 <k <m

for every every T independent pair (L, R) such that dim L = k and

Re Wy 1(s)xfsycimxir)(hFe),

for a generic h = @y¢ph(s). Here Fy O Fy(P) can be taken to be the standard flag of C™"
because P is a diagonal matrix with non-increasing diagonal. Note that the generic element of G
has disappeared; this is because the flag F5(I,,) = ({0},C™) is invariant under GL,,(C). We may
assume L and R are maximal 7 -independent pairs subject to the other being held fixed. Recall
that, by definition, L and R are T,-independent if and only if A;R C L for all i € [r]. However,
A; : C™ — C™ is the projection to the i*” summand of C™" = @;_, C™, so

R = AlL* >R
=1

and (L, R') are still 7)) -independent. That is, we may replace R by the direct sum of  embedded
copies of L. Abusing notation, we write

R = éLl.
=1

Let E, be the standard flag of C™. Observe that

EBLL € 1(6)xqsy (NFs)

if and only if

ﬂ QI(s

because if i = ms+k, k € {0,...,m — 1}, then

S
@LlﬁF @LL Fan ® Ey) = L' nE, o @ L.
=1
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Now T, is approximately (G, H)-scalable to (P, I,,) if and only if

Y pils)=m

s=1 1=1

and for all 1 < k < m,

Z Z pi(s) <m —k.
)

s=14€l(s

forall (I(1),...1(r)) € (Tr[bnjk)r such that (,_, Q?(S)(h(s)E.) is nonempty for generic (h(1),...,h(s)) €
GL,,(C)". The change of variables m — k — k yields the claim. O

Observation 10.9. By the remarks preceding Definition 10.4 (which can clearly be implemented
efficiently), we have shown that the Algorithm described in Theorem 10.} exists, because Algorithm
12.10 efficiently finds e-(Irpym — %I, I, — %P)-scalings of T}, by (G,H) for P = diag(p) for
p € P*. That this algorithm has the desired complexity on such instances follows from Theorem
12.11 and the fact that the minimum entry of %p is at least 1/3rm.

Further, Algorithm 12.10 actually finds real symmetric matrices because the initial random
scalings are integer matrices and in each iteration the approzimate Cholesky decompositions can be
taken to be real matrices.

10.3 An extension of Barthe’s Theorem and Schur-Horn theorem

Let U = (u1,...,up) € (C™)™ be an ordered tuple of complex m-vectors, and p = (p1,...,pn) €
RZ,. Say a linear transformation B : C™ — C™ puts a collection of vectors U in radial isotropic

position with respect to p if
n

Bv;(Buv;)t
> T

i=1 ’
Question 6. Given U and p, when is there a linear transformation B that puts U in isotropic
position with respect to p?

Forster Fo02 showed that Question 6 has a positive answer if p = 1 and U is in general position,
and used this fact to prove linear lower bounds on unbounded-error communication complexity by
showing that explicit matrices have large sign-rank. Question 6 was completely solved by Barthe
B98 and applied to study the Brascamp-Lieb inequalities in analysis. Barthe’s Theorem has also
been applied in the unsupervised learning problem known as subspace recovery AMI13 and to
prove upper bounds on the rate of locally correctable codes over the reals ASZ14. Barthe showed
Question 6 has a positive answer if p lies in a certain polytope, which we now describe.

Definition 10.7. Let U = (u1,...,u,) € (C™)"™ be an ordered tuple of complex m-vectors. Let
B C ([Z]) be the collection of m-subsets S of [n] such that {u; : ¢ € S} forms a basis of C™. If
qg=(q1,---,qm) is a sequence of nonnegative numbers, define

ICq(U) = conv{(15(i)gs(i) i € [n]) : S € B,o : S+ [m]}

Informally, each vertex of the polytope is the indicator vector for each basis in & with the nonzero
entries replaced by qi,...¢gn in some order. If 1 is the all-ones vector, B(U) := Ky(U) is known as
the basis polytope.
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Theorem 10.10 (B98). p € B(U) if and only if there are linear transformations B that put U
arbitrarily close to radial isotropic position with respect to p.

Further, if p is in the relative interior of B(U), then there are linear transformations B that put
U in radial isotropic position with respect to p.

As a partial answer to Question 4, we prove a generalization of Barthe’s Theorem.
Definition 10.8. Say U can be approximately put in Q-isotropic position with respect to p if for

every € > 0 there exists an invertible linear transformation B such that

- Bu,( Buz
pi————— — Q|| <e. (47)
§: || Bus||

Theorem 10.11. Suppose Q is a positive-definite matriz with spectrum q = (q1,...,qm). U can
be approximately put in Q-isotropic position with respect to p if and only if p € KCy(U).

Before we prove Theorem 10.11, we observe that it implies the “if” direction of the classic
Schur-Horn theorem relating the diagonal and spectra of a Hermitian matrix.

Theorem 10.12 (H54). There is a Hermitian n X n matriz with diagonal p1 > -+ > p, and
spectrum q1 > - -+ > qn if and only if q1, ... ,q, majorizes p1,...,pn. That is, for all i < n,

i i
Zpi < ZQi-
=1 =1

We do not use Theorem 10.11 for the “only if” direction because the “only if” direction is very
easy, and the use of Theorem 10.11 would only overcomplicate things.

Proof of Theorem 10.12 from Theorem 10.11. We use an alternate description of majorization; see
the textbook [HJ90]. The sequence pi,...,p, is majorized by qi,...,q, if and only if p =
(p1,-..,pn) is in the permutohedron of ¢ = (q1,...,qn); that is,

p € conv{(qy@y 14 € [n]) : 0 [n] < [n])}.

However, if U is a basis for C", then ICy(U) from Definition 10.7 is exactly the permutohedron of
g. By Theorem 10.11, if p € ICy(U), for every € > 0 there is an invertible linear transformation
B € GL,(C) satisfying

n

. AT
ZpiBuZ(Buz) 0

< e.
2P By

If we let € — 0, by compactness, we may pass to a subsequence in which for all ¢ the vector ﬁ “_ﬁ

converges to some unit vector v;. Thus, we have

Z pivi(vi)T =qQ
i=1

If V is a matrix with columns ,/p;v;, then Q = VV*T. However, VIV has the same spectrum as
VVT (ie. qi,...,q,), and the i** diagonal entry of V1V is (\/Divi, /Pivi) = p;. Thus, VTV is the

promised matrix. O
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Remark 10.13. Algorithm GOSI actually shows that the matrix VIV in the proof can be taken
to be a real, symmetric matrix because the random initial scaling is an integer matrix, and in each
iteration the Cholesky decomposiitons can be taken to be real matrices. Note that if the entries of ¢
are 0 except for g1, ..., ¢y, for m < n, we can actually say much more about the matrix V' appearing
in the proof. Theorem 10.11 tells us for which m x n matrices U (i.e. a matrix whose columns
are the elements of U) there exist matrices B € GL,,(C) and n x n diagonal matrices D such that
D'UTBTBUD tends to a matrix with spectrum ¢ and diagonal p. Alternatively, when there exists
m x m invertible Hermitian matrices A and n x n diagonal matrices D such that DTUTAUD tends
to a matrix with spectrum ¢ and diagonal p.

Let us begin the proof of Theorem 10.11. Our proof goes by a reduction to the problem of
scaling an operator to specified marginals.

Proof of Theorem 10.11. Theorem 10.11 will be a straightforward consequence of Lemma 10.15,
which shows that scalability is equivalent with membership in some other polytope, and Proposition
10.16 which shows that said other polytope is actually the same as KCy(U). First we need to form
an instance of operator scaling.

Definition 10.9. If I/ is a tuple of n vectors in R, let T3, : Mat,xn(C) — Mat,,xm(C) be the
completely positive map with Kraus operators

Ai =] Omic1 i Opppi |

for i € [n]. Here 0y, denotes an m x k zero submatrix.

Let P denote the matrix with diagonal p = (p1,...,pm), G = GL,,(C), and H the subgroup of
GL,,(C) consisting of diagonal matrices. Question 4 now amounts to Question 1 for T\, P,Q, G, H.
Note that (T, G, H, Fo(P), F5(Q)) is block-diagonal with blocks (f;),7 € [n] for V and one block for
w.

Claim 10.14. U can be approximately put in Q-isotropic position with respect to p if and only if
Ty is approximately scalable to (P — Q, I, — I,).

Proof. Let T = Ty. To see why, note that
Ty o(Im) = diag(|hsl* | gui®)

and

n

Tyn(P) = pilhil*guigus)'.

i=1
If | Tyn(P) — Q|| < € and T} (In,) = I, then |hi|? = ||gu;|| =2 and so 47 holds for B = g. If instead
| Ty ,(Im) — In|l < €, one has to reset h to impose T} () = I,. However, that the change in

|Tyn(P) — Q| from such a normalization is O(e). Similarly, if B satisfies 47 then setting ¢ = B
and |h|* = (Bu;, QBu;)~? satisfies [|T, n(P) — Q|| < e and Tj}  (I;m) = Iy

By reasoning analogous to that of Lemma 3.1, T3, is approximately (G, H)-scalable to (P —
Q, I, — I,) if and only if Ty, is approximately (G, H)-scalable to (I, — @, I, — P) because P is
nonsingular. O

In what follows, we use Theorem 3.9 to prove Theorem 10.11. Without loss of generality, we
may assume () is diagonal.
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Lemma 10.15. U can be approzimately put in Q-isotropic position with respect to p if and only if

n m
j{:lﬁ :ZZE:Qi
j=1 i=1

and
dim(u;:jeJ)
ZE:IU < zg: qi
jeJ i=1
for all J C [n].

Proof. Let P = diag(p). Without loss of generality, assume Tr @ = 1. By Claim 10.14, U/ can be
approximately put in g-isotropic position with respect to p if and only if T, approximately (G, H)-
scalable to (I, = @, I,, = P) where G = GL,,(C) and H is the subgroup of diagonal matrices in
GL,(C).

Note that F,(P), F,(Q) can be taken to be subflags of the standard flags F, and E, of C" and C™,
respectively. By Theorem 3.9, Ty, is approximately (G, H)-scalable to (P, Q) if and only if Tj; is
(p, 4, gFe, hF,)-rank-nondecreasing for a generic (gT, h) € G x H. However, hFy = F, because h is
diagonal, so Ty, is approximately (G, H)-scalable to (P, @) if and only if Ty, is (p, g, gFe, Fe)-rank-
nondecreasing for a generic (¢f, h) € G x H. Equivalently, (T; u)g1 is (P, Q)-rank-nondecreasing for
generic g € G.

That is,
E qi + g pj <1
icl jeJ

for all I C [m], J C [n] such that QF(F,) x Q5(F,) contains a (T3;) r-independent pair.

(L, R) is a (Ty)g,1-independent pair if and only if
LcC(guj:R¢ ejl>J‘.

As the pair (Lj, Ry) where
R'={(ej:R¢ef) DR

and
L’:(guj:RgZejL)LDL

is still independent, and we only need check the inequality for maximal independent pairs, we may
assume R = Ry = (ej : j € J) and L = gL; := g(u;j : j € J)* for some J C [n]. Note that
Ry € Q%(F,). Thus, (Ty)g,1 is (P, Q)-rank-nondecreasing for generic g € GL,,(C) if and only if

EEZQi+-j£:ZU <1

il jeJ

for all I C [m], J C [n] such that gL; € Qf(E,) for generic ¢ € GL,(C). For fixed J and
generic g, gL is simply a generic subspace of dimension d = dim Lj;. Such a subspace will

satisfy F,_q N gLy = {0}. Equivalently, gL; € Qc{)n—d—i—l .__n}(E.). Otherwise, the linear map

Tpl ©9: L; — ETJ;_ o 1s singular, which implies a polynomial (namely, the determinant of the

map) which is not identically 1 vanishes on g. This would be a contradiction to the genericity of g.
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Since the number of J is finite, for generic g we must have gL ; € Qc{>n—d+1,...,n}(E') for d =dim L
for all J C [n]. Thus,
(Tu)g,1 is (P, Q)-rank-nondecreasing for generic g € GL,,(C) if and only if

n

Z %—Fijél

i=n—dim L;+1 jeJ
for all J C [n]. Equivalently,
dim(u;:j€J)
PN DI
jeJ i=1
for all J C [n].
O
Recall Definition 10.7 of the polytope K4(U).
Proposition 10.16. p is in Ky(U) if and only if
n m
dpi=> a (48)
j=1 i=1
and
dim(u;:jeJ)
Yomi< D> (49)
jeJ i=1
for all J C [n].

Proof. Polytopes of the form ) jespi < f (J) for submodular set functions f are well-understood,
so we first check that our constraints take this form.

Lemma 10.17. The function

B Z?i:m<uj:j€J>Q‘ J#@
fq(J)—{ A 50)

is a nonnegative, monotone, submodular function on the lattice of subsets of [n].

Proof of Lemma 10.17. Nonnegativity and monotonicity are clear. To show that f; is submodular,
it is enough to show f; gives decreasing marginal returns, that is, for X C Y and = € [n]\ Y,

Joa(XU{5}) = fo(X) = fa(Y U{j}) = fo(Y).

Indeed,
dim((u;:1€ X )+uy) dim (u;:1€X)
XU{h - fLX)= > - > a
i=1 i=1

= 1u]~¢<ui:i€X)Qdim(ui:iGX)Jrl > 1UjQ(ui:i€Y>Qdim<u¢:i€Y>+1

= fq(Y U {J}) - fq(Y)-

63



Next we use a theorem of Edmonds.

Theorem 10.18 (EA70). If E is a finite set and L is an intersection-closed family of subsets of
E, let
P(E,f)={x eRY:¥SeL-0 Y z < f(9)}
i€S
If f is a nonnegative, monotone function on P(E) with f(0) =0, then each vertex x of P(E, f) is
given by
zo(1) = f({o(j) 1 <i}) — f({o(4) 1 j <i})
for some ordering o : [|E|] <> E, and every ordering corresponds to such a vertez.

Next note that p satisfies the equality 48 and the inequality 49 if and only if

p € Ky(U) = P([n], fg) N {p > pi= Z%’} :
=1 =1

For x € P([n], fq), > i xi < Y ;“; ¢; by the constraint when J = [n]. Thus, K (i) is the convex
hull of the vertices of P([n], fy) that are contained in the hyperplane {p:> " pi=>.""1 ¢}
Recall from Definition 10.7 that these are exactly the vertices of KCq(U); hence Ky(U) = Ky (U).
The proposition is proved. O

O]

10.4 Quantum Schrédinger bridges

The classical Schrédinger bridge problem seeks a suitable probability law for a diffusion process (e.g.
Brownian motion) matching a given initial and a final marginal distribution. The discrete version
of this problem for Markov chains seeks the transition matrix B satisfying Bc = r of maximum
relative entropy distance from A.

In [GP15] the authors show that the column-stochastic matrix B satisfying Be = r of maximum
relative entropy from the prior transition matrix A is in fact a scaling X AY for X and Y diagonal.
The change of variables Y < diag(c)Y shows that a matrix is scalable to one satisfying the marginals
r and c if and only if it is (r,c)-scalable. Without the relative entropy interpretation, it was
understood that (r,c)-scalings arise as the solution of the same optimization problem as early as
[MOG68].

The analogue of a Markov transition matrix considered in [GP15] is a unital quantum channel,
namely a completely positive map T satisfying T7%(I) = I. Given marginals P and @, Georgieu and
Pavon seek a suitable unital quantum channel 7" with T'(P) = (. Rather than posing a relative
notion of entropy, they simply look for a quantum channel 7" that is a scaling of a “prior” quantum
channel 7" in some sense. Friedland [Fr16] points out that, under a change of variables, the channel
Georgieu and Pavon seek is precisely a (P — @, Iyy — Iy )-scaling of T'.

The authors of [GP15] conjecture that if 7'(X) > 0 for all 0 # X > 0 (a condition they refer to
as positivity improving), then T can be scaled to a unital quantum channel 7" satisfying 7"(P) = Q.
A proof of this conjecture for P and @ nonsingular appears in [Fr16] using contractive properties
of a metric suited for use with fixed-point theorems. We extend the result of [Fr16] to possibly
singular P and @), all but proving the conjecture of Georgieu and Pavon.

Before proceeding, let us state their conjecture precisely. If Y is a vector space let D(Y) =
{Y € 5:+(Y): TrY = 1}. Elements of D(Y') are called density matrices.
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Conjecture 10.19 (GP15). For any positivity-improving completely positive operator T : L(V)) —
L(W) and density matrices P € D(V),Q € D(W), there exist operators ¢g, o1 € S+ (V), ¢, do €
S++(W) and linear transformations xo € L(W), xT € L(V') such that

T(¢r) = o, T*(¢o) = 1 (51)
Q = xoboxi, P = XTéTX; (52)
$0 = Xbx0, b1 = XhxT- (53)

Furthermore, xo and xrT can be taken to be Hermitian.

Our techniques can prove the conjecture, but, as in [Fr16], our transformations g, x7 are not
guaranteed to be Hermitian. We state a stronger theorem, and as Corollary 10.23, show that the
theorem implies Conjecture 10.19 (modulo the Hermitian part).

Theorem 10.20. If there exists (g,h) € GL(V) x GL(W) such that Ty, is (P, Q)-indecomposable,

there exist positive-definite operators ¢g, ¢, éo, qBT € L(V) and linear transformations xo, XT sat-
isfying 51, 52, and 53.

Remark 10.21. The truth is much stronger. If there exists go,ho such that Ty, 5, is (P, Q)-
indecomposable, then T j, is (P, Q)-indecomposable for generic (g7, h) € GL(W) x GL(V). We do
not prove this because the proof is identical to that of Proposition 8.5.

Proof. We begin by showing how to proceed if P and ) are invertible. This shows how matrices 51,
52, and 53 should be obtained from a scaling by renaming variables. If P and @) are invertible, then
by Theorem 9.7, the existence of (g, h) € GL(V) x GL(W) such that T} j, is (P, Q)-indecomposable
implies T} j, is scalable to (P — Iw,Q — Iy) by (GL(V)g,(p), GL(W)f, (@) By Lemma 3.1, this
implies there exists (g, h) € GL(V) x GL(W) such that

T(hh') =g g~
and hIT*(9Qg")h = P.

Then we can take ¢o = g~ Tg™%, xo = g7, do = gQg', 1 = T(9Qg"), and x7 = A'.

However, P and @) may not be invertible. To handle this, we will use Proposition 3.16. Suppose
there exists (go, ho) € GL(V) x GL(W) such that Ty, 5, is (P, Q)-indecomposable. Since F;(P) C
supp P and F;(Q) C supp @ and the spectra of P and @ are the nonzero eigenvalues of P and Q,
Tgo,ho 18 (P, Q)-indecomposable. By Theorem 9.7, Tgo;o is (GL(supp Q) r, (@), GL(supp P)r,(p))-

scalable to (P — Tsupp @, Q — Isuppp). Write 1" := Tyy,ho- By Lemma 3.1 applied to i, there exists
(g,h) € GL(supp(Q)) x GL(supp(P)) such that

vT(nthef )t = g7,
RinT* (v guQuigTv)n'h = nPnl.

We need to extend g, h to elements of GL(WW), GL(V'), respectively, to obtain the desired matrices.
That this is always possible is a result of the following elementary fact:
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Fact 10.22. Let A € L(W) be positive semidefinite, v a partial isometry to a subspace L C W,
and suppose vAvt = gfg for g € GL(L). Then there exists a linear transformation § : W — W
with

g'g= A,
gL C L, and
ugyT =g.

Proof of Fact 10.22. Let g be the block Cholesky decomposition of A with respect to the partial
flag ({0}, L, W). g automatically satisfies the first two properties. Further, by Lemma 1,

vAVt = vitgut = vgtvivgut = ¢lyg.

This implies ¢ = Uvgyr' for some unitary operator U on L. Now (U @ I;.)j satisfies all three
properties. ]

We now use the claim to complete the proof. By Claim 10.22, there exists g : W — W such
that
T(n'hh'n) = 33,

gsupp(Q) C supp(Q), and

1/91/]L = Q_l.

Since mff = Ioupp P )
T(n'rn'nin) = §'5. (54)
We already know
WinT* (v gvQutgTv)nth = nPnf,
SO
n hinT* (v gvQuTgtv)nthny = P. (55)

Plugging in T = T to 54 and 55, we obtain

0,ho

T(hon b hinhd) = g5 "5 G90"
and nTﬁTnhZ)T*(goyfquyTgTygg)hnTﬁn =P.

Take
%0 =90 3'990 " ér = b hantRyht,
do = gortgvQuigivgl, dr = T*(gov grQuigTvgl),
X0 = 5790_17 and xr = nThinht.

The only nontrivial property to check for this assignment is Q) = X[)(]ASOXE. Expanding this, we find

X0PoX
= 395 govTgrQuigtvglg, 15t
T

= gyTquVTgTyg
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However, §supp(Q) = supp(Q), so by Lemma 3.15, g = vivgut = I/Tg_l. This shows

gyTngyTgTygT

= VTgflngz/TgTug*TV
=vhvQuiv = Q.

This completes the proof. ]

Corollary 10.23. Conjecture 10.19 is true without the requirement that xo, xT are Hermitian.

Proof. Suppose T' is positivity-improving. We will show T is (P, @)-indecomposable, so T, P, Q
satisfy the hypotheses of Theorem 10.20 with g = Iy, h = Iyy. Because T is positivity-improving,
if R # {0} then T'(wg) > 0 and so T'(wgr)mr, # 0 for any L # 0. Thus (see Remark 3.5) the only 7-
independent pairs (L, R) have L = {0} or R = {0}. Since 1 = Tr P = Tr @) the inequality 6 holds for
any pairs (L, R) where L or R is {0} and the inequality 45 is trivially satisfied for all T-independent

pairs (L, R) such that neither L nor R is {0}. This implies 7" is (P, Q))-indecomposable. O
11 Future work
1. We wonder if there is an algorithm to find e-scalings in time polynomial in — log(e€) rather than

12

e~!. As it is, our algorithm resembles alternating minimization; perhaps other optimization
techniques could result in faster algorithms. The recent fast (r,c)-scaling algorithms [Lil7,
M17] give hope that this is possible. It has been indicated to the author that such a speed-up
does exist in the case P = Q = 1.

. The algorithms herein, i.e. Algorithm 12.12, do not decide (P, (Q)-rank-nondecreasingness

in strongly polynomial time. In order to certify (P, Q)-rank-nondecreasingness one requires
e-(Iy — Q, Iy — P)-scalings for € as small as a common denominator of the spectra p and
g. However, our algorithm depends linearly on e~!. It would be nice to understand the
complexity of determinining (P, @)-rank-nondecreasingness from (p, q); at least for 3 there is
a strongly polynomial time algorithm to decide if the reduction is (P, Q)-rank-nondecreasing

that has nothing to do with operator scaling [MINS12].

. If the completely positive map 7% and the bipartite mixed quantum state p are in correspon-

dence via the Jamiotkowski isomorphism [Ja74], the scalings of T” scale p in a very simple
way that closely resembles the transformations allowed under the communication complexity
class known as SLOCC [DVCO00]. However, SLOCC equivalence of p, p’ and interscalability
of T? and T*" are not the same. We hope to infer something meaningful about the relationship
between p and p’ when T can be scaled to 7"

. The Littlewood-Richardson coefficients give combinatorial conditions for scalability. We won-

der if this is possible for other operators than the one arising in the reduction for 3.

Appendix

12.1 Additional background

The following facts are standard and can be found in any textbook on matrix analysis, e.g. [HJ90].
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Fact 12.1. If A and B are n X n matrices, then

IA]l < vnllAll2,

[AB| < [[All2[1BI,

IAB| < vnl|All2]|Bll2,
and [|AB|lz < [[All2]|B]]2-

Fact 12.2. If A and B are matrices, then
AT = BT < A7 2 B~ 2]l A - B
and [A™1 = B o < [ A7 2] B7! |14 — Bl

1A~ 1|

and A" — 1] < 2L
R

provided ||A — I]| < 1.

12.2 Additional proofs
Proof of Lemma 3.6. Recall that we wish to show

det(P, Xh) = det(P, X) det(P, h), (56)
det(P,ht Xh) = det(P, hTh) det(P, X), (57)
and det(P,h~Th™') = det(P,h'h)~L. (58)

First we prove 56.
det(P, Xh) = [[ det(nXhn))*7
1:Ap; #0

= [I det(nxnfnin))>>
1:Ap; #0
= det(P, X) det(P, h).

By taking two transposes of 56, we obtain
det(P,h' Xh) = det(P, h') det(P, h) det(P, X)

= [ det(mntnininn])A: det(n; Xn] )2
:Ap; #0
= [ det(mihhnf)>r det(n; Xn])A7
1:Ap; #0
= det(P, hTh) det(P, X),

proving 57. The identity 58 follows from 57 and det(P,I) = 1. O

Proof of Lemma 3.1. First prove that 1 = 2. If g € G, and h € Hp, are such that T, ;, is an
e-(P — Iy, Q — Iy)-scaling of T', then

lg'T(hPhT)g — Iv|| < € and |[A'T*(gQg")h — Iv| < e.

Note that VP € H F, because H is block-diagonal and P is diagonal, and hence upper-triangular,
in the basis F. Let h = hv/P € Hp, so that

1T, 5 (Iw) = Iv| < e
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and
175, (@) = Pl < IVPT; J(QVP — P|| < [IPI3I|T5; (@) — Iv[| < e,

so T has an e(Iy — Iw,Q — P)-scaling by (Gg,,Hp,). A similar proof shows that if 7" has
an e-(Iy — Iy,Q — P)-scaling, then T has an e-(Iy — @, Iy — P)-scaling. The rest of the
implications are similar. O

Proof of 3.16. We first show 1. Recall

- det(Q, T(hPR1))
cap(T, P, Q) = heGL) p iy det(P, TR

However, det(Q, X) only depends on I/Z‘XV,LT for i € o(F,(Q)), and v;vfv = v;. However, vt is a
partial isometry supp @ — F;(Q). Thus,

det(Q,T(hPRY)) =[] = det(uT(hPRY)v))
i€o(Fo(Q))
= H det(l/iVTI/T(hPhT)VTVVD
i€o(Fo(Q)
= det(Q, vT(hPRT)1).

A similar replacement can be made in the denominator. Now

(T.P.Q) = -, det(Q, vT (hPhY)uT)
P T eV gy det(B, nhThiT)

det(Q, VT(hT]TBHhT)VT)
heGLl(rxl/)Fo(p) det(nPnt, hTh)
. det(Q, vT(n"hPhin)vT)
heGLl(IXl/)FO(m det(P, h'h)

)

but in fact, GL(V)po(py = GL(supp P) po(p), 50

f
cap(T, P,Q) = inf det(Q, T(hPR1)

= TP .
he€GL(supp P) po(p) det (E, hTh) Cap(i’ - Q)

We now prove 2. Let n/,m’ be the dimensions of supp @ and supp P, respectively. Clearly,

m n
DR
i=1 j=1
if only if
m/ n/
W IR
i=1 j=1
Further, the inequality

> AqdimF(P)NnL+ Y ApdimFj(P)NR<N (59)
ico(Fo(Q)) j€a(Fs(P))

69



holds for all T-independent pairs (L, R) if and only if it holds for all T-independent pairs (L, R)
where L C supp @, R C supp P. The “only if’ statement is clear, but the “if” statement follows
because o(F,(P)) C [n/] and o(F5(Q)) C [m’], and in particular F,/(P) = supp P and F,,y(Q) =
supp Q. Thus, replacing L by LNsupp @Q and R by RNsupp P does not change the left-hand side of
the inequality. However, if L C supp @, R C supp P, then (L, R) is T-independent if and only if it
is T independent, because the Kraus operators of T are vA;n', and for | € supp Q and r € supp P,
we have lvA;n'r = ITA;r. Thus, T is (P, Q)-rank-nondecreasing if and only if

m’ n’
S u=3r e
i=1 j=1

and 59 holds for all T’ independent pairs (L, R); equivalently, T" is (P, Q)-rank-nondecreasing. [J

12.3 Complexity assumptions

Here we prove the claim that the assumption that there are at most mn Kraus operators is without
loss of generality. Alone, this is not difficult to prove. However, proving that 1" can essentially be
represented by nm Kraus operators with small integer entries is slightly more difficult. The content
of the following Lemma is that if we are interested in testing (P, @)-rank-nondecreasingness or we are
looking for e-(Iy — @, Iy — P)-scalings then we can efficiently replace T by a completely positive
map T represented by nm Kraus operators with small integer entries and run any algorthm on T
instead. Note that T may depend on e.

Lemma 12.3. Suppose T, P,Q are as in 3.6 and the Kraus operators Aq,... A, of T have b-bit
binary complex entries with r > mn. Then for any € > 0, there is a completely positive operator
T with Kraus operators By, ... Bpn, each with poly(r, b)-bit binary complex entries, such that for
every (g, h) € GL(W) x GL(V), T, 1, is (P, Q)-rank-nondecreasing if and only if T,y is (P, Q)-rank-
nondecreasing and any 3\/177716—(1\/ — Q, Iy — P)-scaling of T is an e-(Iy — Q, Iy — P)-scaling
of T.

Further, the Kraus operators By, ... By, can be computed in time poly(r, b, —loge).

Proof. The strategy will be to find a completely positive map T with Kraus operators B; =
> _j=1 UjiA; that approximates 7', but has B; = 0 for i > mn.

Claim 12.4. If B; = Z;Zl UjiA; for an invertible matrizc U € GL,(C), then the completely positive

map T : X Z;Zl BjXB]T has Tgﬁ rank-nondecreasing if and only if T, j, is rank-nondecreasing.

Proof of claim. The Kraus operators of Tg,h will be related to the Kraus operators of T, ; by the
same matrix U. However, the T-independent pairs are precisely the T-independent pairs, because

CIZT i UjiA,-y =0
=1

for all j € [r],z € L,y € R if and only if 2T A;y = 0 for all i € [r], 2 € L,y € R by the invertibility
of U. O

Claim 12.5. Suppose T’ has the Kraus operators Bi, ..., B, where B; = ijl UjiA; fori € [r] and
|UUY—1.|| <6 < .5. Further suppose that |T(I)—P|| < 6. Then | T(X)—T(X)|| < 26/nTrT(X).
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Proof of claim.

T
T(X)=) B;XB!
j=1

T r T T
1=1 =1

j=1
= Z Z Uil AiX Al

j=11ii=1

=Y AXALY UUy
j=1

i,0'=1
r
1,i'=1
SO

IT(X) =TI < > 1AXALIUTT - L)

1,i'=1

<out -1, | 3 [ Ax AL

ii=1

<6, | ) TrAXALA XAl

ii=1
=0/Tr T*(1) XT*(1) X

= 5\ IVXT*(I)VX |2 < 61/n(Te VXT*(D)VX]))?
= 5/nTrT(X).

Note that A; =37, UﬁlBi, and by Fact 12.2,
0
(U 0T = Il = JUTTUTt = 1) = |OUD T = | < 75 < 26

Thus we can apply the previous bound with the roles of T and T reversed to obtain ||T(X) —
T(X)| <2vné Tr T(X) < 2¢/nd(1 +/md) < 46y/mn. 0

If for every § we can efficiently obtain U with ||[UUT — I, <6, and poly(r, b, —log §)-bit complex
binary entries with B; = 0 for j > mn we will be done: if T j, is an e-(Iy — Q, Iw — P)-scaling,
by the second claim applied to T} 1, T, , and T} @ Ty g with X = I and § = € we have

| Tyn (1) = QI < Tyn(I) = QI + 1Ty n(I) = Ty (D)
< e+ 2y/neTrT(I)

< e+ 2v/ne(l + me)

< dey/mn.
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Such U exists and can be found efficiently by none other than finding an approximately orthonormal
basis for some mn vectors. We first need

Z Uji(Ai)i =0
i1

for all (I,k) € [m] x [n] and j > mn. That is, we need the vectors (Uj;);efp for j € {mn+1,... 7}
to be orthogonal to the mn vectors ((A;)ik)ic)y for (I, k) € [m] x [n]. Thus, an orthonormal basis
for the orthogonal complement of ((A;)w )i, for (I,k) € [m] x [n] would suffice. The rest of the
vectors (Uji)iely for j € [mn] could be taken to be an orthonormal basis for the span of ((A:)w)ic[r)
for (I,k) € [m] x [n]. However, exact orthonormal bases may not have rational entries. Instead,
we’ll use the following standard fact which follows from the fact that Cholesky decompositions can
be done in polynomial time.

Fact 12.6. Given a real number § > 0 and at most r vectors uy,...,ur € R" where each entry
of the ug is a b-bit complex binary number, one can find a basis vq,...,v; whose entries are
poly(b, r, — log §)-bit complex binary numbers for the span of uy, ..., uy such that if V' is the matrix
whose rows are the v;, |[VVT = I|| < § in time poly(b,r, —logd).

This, we set the last r —mn rows (Uj;);c|y for j € {mn +1,...,7} to be the basis guaranteed
by Fact 12.6 applied to some basis of the orthogonal complement of ((A;)x )i for (I, k) € [m] x
[n] with poly(r, M)-bit binary complex entries (which can be computed in time poly(r, M) using
Gaussian elimination. For the first mn rows (Uj;);c[,) for j € [mn] we do the same using the vectors
((Ad)ir)iepy for (I, k) € [m] x [n]. Then the first mn rows are automatically orthogonal to the last
r —mn, and there will be a contribution of §2 from the first mn rows and §2 from the last r — mn
rows to the squared trace norm. Thus,

|UUT - 1]| < V/26.

and U has poly(r, M, —log §)-bit complex binary entries. O

12.4 Algorithm TOSI with rounding

Superficially, the algorithm with rounding does not resemble Algorithm TOSI, but we will show
that the steps of the new algorithm capture each step of the old.

Remark 12.7. The algorithms in this section actually compute e-(P — Iy, Q — Iy)-scalings.
However, by Corollary 3.20, e-(P = Isupp @, Q — Isupp p)-scalings can be converted efficiently to
3e-(Iy — Q, Iyy — P)-scalings.

Definition 12.1. If A is a Hermitian matrix with entries represented as signed binary numbers
and s a positive integer, let Rnds; A be the Hermitian matrix obtained by dropping all but s bits
of each entry after the decimal point.

Algorithm 12.8 (Algorithm TOSI with rounding).

Input: T, P, Q, G, H such that (G, H, F,(P), F5(Q),T) is block-diagonal, a real number € > 0, and
an integer s > 0.

Output: g € G and h € H such that dspg(Ty) < e.

Let s be a nonnegative integer, and set S = I, py for i € o(Fo(P)).
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1. Increment j.

2. If j is odd: For i € o(F,(Q)), set
-1

S} = | yT Z Apkn}; Rnd, (S’]’tl) Nk IJZT
k€o(Fs(P))

Find g € Gp,(g) and h € Hp, (p) such that
lgg" = Sjll2 < 27

and B
|hht — 5yl < 270

If j is even: For i € o(F,(P)), set
-1

Si= | mT* Z Agyv} Rnd, (SJ]'CA) v | n}
keo(Fo(Q))

Find g € Gp,(g) and h € Hp, (p) such that
lgg" — ggi'—lHQ <27°

and B
bt = iy < 27*.

3. f dspg Tyn <,
Return: g, h.

Assumption 2. The entries of p and ¢ are binary < log M-bit numbers.

Theorem 12.9. Suppose (G, H, Fo(P), Fo(Q),T) is block-diagonal and T, P,Q satisfy satisfy As-
sumptions 1 and 2. Define
s=[2(t+4)>2(Iga+1gp)]

and

~ 112(m + n)log(m + n) + 56 log M

t : .
min{e, p, }, + min{e, g }

+ 2.

If T is (P, Q)-rank-nondecreasing, then Algorithm 12.8 terminates in at most t steps and can
be performed in time
poly(e ', p, ", gy, sy m, log M),

We delay the proof of Theorem 12.9 until after some analysis of the effect of rounding errors. We
now show how to incorporate Algorithm 12.8 into Algorithm GOSI. The algorithm with rounding
is identical to Algorithm GOSI except instead of calling Algorithm TOSI after scaling randomly,
we call Algorithm 12.8.

Algorithm 12.10 (GOSI with rounding).

Input: T, P,Q as in 3.6 where P and @ have rational spectra and a real number € > 0.
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Output: Left and right scalings g € G and h € H such that T} is an e-(Iy — Q, Iyy — P)-scaling of
T, or ERROR.

1. Let 0 < v € Z be such that vP and v@ have integral spectra. Choose each entry of (go, ho) €
@; Maty, (C) x @; Mat,,, (C) uniformly at random from K := [3max{2y*,n,m}]. If gy or ho
is singular, output ERROR.

2. Let pmin, @min be the least nonzero entries of p, g, respectively. Let g and h be the output of
Algorithm 12.8 with input Ty, ., P, @, W. If any step of Algorithm 12.8 on this

input cannot be performed, output ERROR.

3. Use (g,h) to compute (g, h) such that Ty nn is an e-(Iy — Q, Iyy — P)-scaling of Ty, 5, as
guaranteed by Corollary 3.20. Return (gog, hoh).

Theorem 12.9 and Claim 8.10 lead to good complexity bounds for Algorithm 12.10.

Theorem 12.11. Suppose (G, H,F,(P),Fo(Q),T) is block-diagonal and T, P,Q satisfy Assump-
tions 1 and 2. Define
s=[2(t+4)*(lga+1gp)].

If T is approzimately (G, H)-scalable to (P,Q), then Algorithm 12.10 on input T, P,Q,G, H,e€,s
outputs ERROR with probability at most 1/3, and can be performed in time

POy (€, pyins Gt 1> M, 10g M),
In particular, Algorithm 12.10 terminates.

Proof. The first step succeeds in producing g € Gg and h € Hy such that T, is (P, Q)-rank-
nondecreasing with probability at least 2/3 by Claim 8.10. By Assumption 2, the parameter v in
Algorithm GOSI can be taken in [2(m*+™)10e M) Thys the new Kraus operators can be computed
in polynomial time and have bit-complexity log M’ = poly(n, m,log M).

Thus, T, satisfies Assumption 1 for log M’ = poly(n,m,log M), and Assumptions 3.14 and
2 are unchanged. By Theorem 12.9, Algorithm 12.8 outputs correct scalings with probability at
least 2/3 and can be performed in time poly(e_l,p;én, q;ml-n, n,m,log M) By Corollary 3.20, step 3
is possible and since the output of Algorithm 12.8 must have had bit-complexity poly(s, m,n), can
be done in time poly(e_l,p;lin, q;ul-n, n,m,log M). O

Now we can obtain an exponential time algorithm for membership in K(7,G, H), proving
Theorem 3.13. Along with Algorithm 12.10 this implies an exponential time algorithm to decide
approximate scalability of T to (Iy — @, Iyy — P).

Algorithm 12.12.
Input: T, P, Q, G, H such that (G, H, F,(P),F,(Q),T) is block-diagonal and P and @ have

rational spectra with denominator d.
Output: YES with probability at least 2/3 if (p,q) € K(T,G, H) and NO if (p,q) ¢ K(T,G, H).

1. Run Algorithm 12.10 with parameters as in Theorem 12.11 with some ¢ < ————. If

(Vntym)d’
ERROR is output, return NO. If ERROR is not output, return YES.

Corollary 12.13. There is a poly(n,m,d)-time algorithm that outputs YES with probability 2/3
if v € K(T,G,H) and NO with probability 1 if v ¢ K(T,G, H).
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Since d can be taken to be at most the total bit-length of the descriptions of p and ¢, Theorem
3.13 is proved.

Proof. By Theorem 12.11, Algorithm 12.10 outputs an e-(Iy — @, Iy — P)-scaling with proba-
bility at least 2/3 if (p,q) € K(T,G, H). Note that Algorithm 12.10 outputs ERROR if it does not
output an e-(Iy — Q, Iyy — P)-scaling.

By Corollary 7.2, if T, j, is an e-(Iy — Q, Iy — P)-scaling for

€ < min \F‘i‘\f Tr P — ZGZI% ];]pg 1 C[m],J C[n]p\{0}

then Ty, is (P, Q)-rank-nondecreasing, or (p,q) € K(Typ, Fo, E;) C K(T,G,H). Note that the
above inequality holds if we take € < o +1 NI Thus, Algorithm 12.12 outputs YES with proba-

bility at least 2/3 if (p,q) € K(T, G, H) and always outputs NO otherwise. O

12.4.1 A recurrence from Sinkhorn scaling
We define a matrix recurrence that captures the scalings from Algorithm G for arbitrary marginals.
Definition 12.2. Define Sj = Ip,p) for i € o(F,(P)), and
If j is odd: For i€ o(F,(Q)),

-1

Si=|wT Z ApanSf_mk v
keo(Fs(P))

If j is even: For i € o(F,(P)),

-1

Si=|mr | > AqwSiw | 0]
keo(Fo(Q))

Observe that the above recurrence is the same recurrence as that in Algorithm 12.8 without
rounding. We analyse Algorithm 12.8 by showing that the above recurrence contains g; gJT- and hjh;
from Algorithm TOSI in a precise way.

First, we show several useful relationships between scalings ¢ and h and the operators gg' and
hh' which will be used to analyse the recurrence.

Lemma 12.14. Suppose g € GL(W)g,(q) and h € GL(V)p,(p). Let ST = gg" and S} = hh', and
define operators S(i) and S7 by
(S~ = ni(S5) "]
for j € o(Fo(P)) and
(S1) " =wu(st) !
fori € o(Fo(Q)), Then

S = nihninihint, St = vigufvigy], (60)
hPht = Z Apen) SEnk, 9Qg" = Z Agpvf Sty (61)
keo(Fo(P)) kea(Fo(Q))
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and

2

dspoTyn = Z Ap; Tr SémT* Z Aqku};Sfyk 77;L —Irp

i€o(Fo(P)) keo(Fo(Q))
2
+ Z Ag; Tr | SiyT Z APWZ;S(]W V,T*IFI-(Q) (62)
ico(Fs(Q)) k€o(Fo(P))

Before proving the above Lemma, we use it to show how the Sji- determine the iterates of
Algorithm TOSI.

Corollary 12.15. For j > 0, define g; and h; as in Algorithm TOSI.

For j > 0 odd: Fori € oicp, (@)
Vigjyjuig; ZT: S

In particular,

For j > 0 even: Fori € oicp,(p)-
mhjnfmh}nf =5

In particular,
hjhl = ST

Proof of Corollary 12.15. We prove the first two claims by induction on j; 62 will follow from those.
For j = 0, clearly the claims hold. We only perform the induction step in the case where j is odd,
because the proof for j even is analogous.

If j odd, in Algorithm TOSI we defined g; by
gh = T(h;_1Phl_)™?

By induction, hj,lh;[_l = S;Ll. By 61,

-1

gigl =T > AplStom| =Sm
k€o(Fs(P))

The claim for j odd now follows from 60. O
Now we prove Lemma 12.14.

Proof of Lemma 12.14. First we show 60. We only show Sg = njhn;njmn;; the other equation is
analogous. By h € GL(V)p,(p) and Lemma 3.15.

(89~ = mi(Rh)th gt =y (A nlnh ]
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By Lemma 3.15, (S(J)')_1 = (njhn;nthn;)_l, proving 60.
Next we show 62. By Definition 5.1,

2 2

dspqTyn = Z Ap; Tr (m(hTT*(gQgT)h — I)nj) + Z Ag; Tr (Vi(gTT(hPhT)g - I)V;r)

i€o(Fo(P)) i€o(F6(Q))

Using the cyclic properties of trace, we can rewrite the first term in the above sum:

7 (0O at £)?
> ApTr (nj(h T*(9Qg")h — I)nj)
i€o(Fs(P))

2
= Y  ApTr (mhnfthnjmT*(QQgT)m—IFi(p>>-
i€o(Fo(P))

Applying 60 and 61 to the above line, we obtain

> ApTr (nj(hTT*(gQgT)h - 1)77;)2

i€o(Fo(P))
2
= Y ApTr|SinT > AqwfStu | nf - Inp)
i€o(Fo(P)) kea(Fo(Q))
The second term can be rewritten analogously, proving the claim. O

12.4.2 Perturbations of Sinkhorn iterates

Next we’ll need to analyse sequences 5’; that are very close to S;, e.g. the 5‘; in Algorithm 12.8.

Definition 12.3. Say a sequence of sets of matrices {S’; 11 € o(Fo(Q))} for j odd and {5‘; RS
o(F5(P))} for j even is a d-sequence if
Sy = Ip,p) for i € o(F,(P)) and
If j is odd: For i€ o(F,(Q)),
—1
S} =T A+ Z Apkn,igjlﬂmk I/Z.T
keo(Fo(P))
If j is even: For i € o(F,(P)),
-1
5’; = | nT* [ A+ Z Aqkulgf_luk 77;r
keo(Fo(Q))

where A; are Hermitian operators with A; < 6P if j is odd and A; < 6Q if j is even. The A;
should be thought of as small perturbations.

For small enough 9§, a §-sequence does not stray far from the actual S;’s. To prove this we will
need some eigenvalue bounds.

77



Lemma 12.16. Suppose P € S;4(V),Q € S+ (W) and (p,q) € Ki(T, Fe(Q), Fo(P)) where T
satisfies Assumption 1. Then

L AIT(P)|l2 < (mnM)? and |T*(Q)ll2 < (mnM)?.

2.

1 5(n+m) log(n+m)+2log M

IT(P)"Hl2 < IT(P)]I5™ e am

and
1 5(n+m) log(n+m)+2log M

IT*(Q) 2 < |IT*(Q)]|3" e o

Proof. First we show 1. We prove ||T(P)||2 < (mnM)?; the other claim of 1 follows similarly. Since
TrP=1,p;1 <1,s0

T(P) < T(I).

However, | T(I)||2 < (mnM)?2. The last inequality follows because each entry of T'(I) is of magni-
tude at most (mn)nM? and since T(I) is m x m, | T(I)||2 < (mnM)2.

Next we show 2. If (p, q) € K1(T, Fo(Q), Fo(P)), then by Lemma 5.10,
det(Q, T(P)) = cap(T, P, Q) > ¢ P(rimloslnm)=2log M,

But
det(Q, T'(P)) < |T(P)[l2Amin(T(P))*",

SO
1 5(n+m) log(n+m)+2log M

IT(P) M2 = Amin(T(P)) ™" < ||T(P)||4m e i

2 can be proved analogously because
(p,q) € Ki(T, Fo(Q), Fo(P)) <= (q:p) € Ki(T™, Fo(P), Fo(Q)),
by symmetry of the definition of (T, Fo(Q), Fo(P)) from rank-nondecreasingness. O

Lemma 12.17. Suppose (p,q) € K1(T, Fo(Q), Fo(P)) and T satisfies Assumption 1. Let

8(m+n) log(m+n)+4log M
a = e am

and
8(m+n) log(m+n)+4log M

5:6 Pn

Suppose t > 2 even, and that S’j is a -sequence with § < (af)~t/2.

1. If j < t is odd, ) ) | |
1522, 1(5) ™ [l2 < ali+D/28G-72,

and if j <t is even, . - ,
152, 1(55) 12 < ()™

2. If j < t, IS — Sills < 5(ap)(2).
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3. For odd j <t—1, suppose g; € GL(W ), (q) is such that ||g;g; - Sm||2 <4, and if j is even,
suppose h; € GL (V) g, (p) 1s such that Hf;jhj - S;?HQ < 0. Then

1 2
dspq Ty by — dsp.Q Ty;n;| < 5(aB)UtH”,

Proof. We prove the first two items by induction on j. We prove 1 first. Clearly 1 holds for j = 0.
We only perform the induction step in case j is odd, since j even is analogous. Supposet—12>j > 1
is odd. Then the Leowner ordering is reversed under inversion, so

-1

15512 = || | T S ApnSEme+ Ay | v
keo(Fo(P)) )
—1

<|(wr| > Apnf(ep)i V2 —6pP |
keo(Fo(P)) 2

(wT (@)™~ 5)P) )

<

By Lemma 12.16, and § < (o) 42 < 3(aB)” (G=1)/2 the last line is at most

5(m+n)log(m+n)+2log M

(@)D" — §) = (m2n? M2)am e am
2(a5)(J71)/2(m2n2M2)qime5(m+n) log($n+n)+2 log M

< qUtD/25G-1)/2
Next, by our induction hypothesis,

1S) M= T | Y ApnSEyme+ 4y | v
keo(Fo(P)) 9

T ((a,@’)(jfl)/QP + 5P> VJH2 < ((aB)V/2 1 §)m2n2 M2 < oU+D/250-1)/2

with a great deal of slack. Next we prove 2. By Fact 12.2 and 1,
155 = Sl
< 16SH) M 2N SH IS5 ™ = (5) 7 2

<@ T [ A+ Y Apn] (Sfy - SE ) me | o
keo(Fs(P)) 2

By our induction hypothesis,

(@BY v [ Aj+ > Apen) (Sk 5]’?—1)% v]
kEU Fo )) 2

<a?¥ Hz/iT (5P + (aﬂ)(j§2)6P> I/ZT
< (ozﬁ)j"'1 (5 + (aﬂ)(j;2)6) m?n2M?
< 3(ap) )72 = 5(ap) (2.
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again with room to spare.

Finally, we prove 3, again only in case j is odd. Let S’Jm = gj §; and S*f_l = izj_lil;

matrices S’;_l and Sjk by
(85-1) " =i (S3-1) "l
for j € o(Fo(P)) and

(85)7" = (S]]

for k € 0(F5(Q)). By Lemma 12.14 and 1
1S¥ 12 = lvegsvfvrdlvilla < 1S 2 + 6 < 2(aB)U /2
and
1GSE) 2 < 1S M

< (S5 = 6Dz
< 2(af)uth/2,

Applying Fact 12.2 twice implies

155 — S¥)la < 115511215512 11(S5) 7 — (5F) Y2

= [1S¥ 121 S¥ |2 llve (3551 71 = (S )l

< 1851121551121 G50 21157 Ml gig! — 57
< 4(aB)?UtVs,

By the triangle inequality,
185 — 5% [l2 < 4(aB)204V5 + (aB)'2)5 < 2(ap)('2)s
By similar proofs, the same bound holds for Sg_l, (S’f_l)_l.

Note that Lemma 12.14 applies to g;, SJZ and ﬁj 1, SJZ 1

_1, and define

(63)

for j odd. By Corollary 12.15, Lemma

12.14 applies for g;, Sji» and h;, S§—1 as well. Define St i+1 via (the even step of) the recurrence in

Definition 12.2 applied to g; Then

’dSRQ ngﬁj71 — dSp7Q ng,hj

Tr (Sj 1 ( ]+1) - IFi(P))2 o (A;_l (A§+1) h

< Z Ap;

ico(Fo(P))

2
- IFi(P))

2

o 2 . :
X AT (Si(8) ~ ) — ST | X AwalSEm | v~ Tne | |-

i€o(Fo(Q)) keo(Fo(P))
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SO

‘dSRQ Ty, 0oy — 95PQ Ty,

- <S§_1 (S§+1)—1 _ IFi(P)>2 - <§§_1 (S§+1)71 - IE-(P))2

< ZAPi

i€a(Fs(P))

2

i€o(Fo(Q)) kea(Fo(P))

We first bound 68. Using the triangle inequality, the ¥ term can be bounded as

2
S}%T( > ApynfSE 177k) vl —Inql <

kEa(Fo(P))

((S; ) ( Z APkaS e | v

ke€o(Fs(P))

2
+ S;-I/iT( Z Apknk (Sk S;?_l) nk) 1/;[ ) .

keo(Fo(P))

(67)

(68)

By applying the Fact 12.1 and the inequalities 65 and 63 to the two terms in the parentheses, the

squared quantity is at most

m (2((@8))5) 2B ) IT(P)])
_ 28(055) +6j+752 (mnM)4
< (aﬂ)j 2+65+952 _ (aB) (7+3)* 52

Since Y Ag; < p1 <1,
68 < (aB)U+3)52,
Next we bound 67. On each term we can use the identity (A—1)2—(B—1)? = (A+B—

21)("4_3)7

and then | Tr(A + B — 2I)(A — B)| < n||A + B — 2I||2||A — B||2 which, on the i*" term, will yield

Tr (S]i-,l ( ;+1)_1 - IE'(P))2 - <A;1 (A;+1>_1 B IFi(P)>2

2 ‘

< 3(af)’*?

S (S) =8 (81a)

. _ . . -1
J 1( JZ‘+1) = ;'—1 (S;'—H)

i T g\ !
< ‘ i1 (Sj1)  + 55 (Sj+1) — 2IF(py

2

because 1 and j < t — 1 implies

. . 71 . . 71 .
1851 (Sj1) N2 < ISjall2ll (Sjga) 2 < (@BY
and 63 implies

(51)

= mT*< > Aquléka) || < 2(a8)9V2 (mn)?,
ke (Fo(Q)) 2
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SO
1851 (8541) " I
4(ap)U T (mnM)? < (aB) 2.

Next we apply the identity |AB — CD|2 < [|Bl2]|4 — Cll2 + ||C||2||B — D||2 to 69 and take the
sum to obtain

3asy*? Y Ap <

ico(Fo(P))

- i, | 350) 7

Sl (> Aal(sE - 8w of
k’EO’Fo )) 2

We now use the bounds 63, 66 and 70 and > Ap; < 1 to obtain
67 < 3(aB)y 2 (4(a) 2 )OI (mnar)2)
(aﬁ) J +8]+13)/2(mnM) §< 2((1'3)(]+4 ?/2
Combining our bounds on 67 and 68 yields 3 with plenty of room. 0

12.4.3 Proof of Theorem 12.9

Proof of Theorem 12.9. Suppose Algorithm 12.8 terminates in at most ¢ steps where t is defined
as in Theorem 12.9; since
t <poly(e™',p,", ¢y, n,m, log M)

and
s < (20(t +4)*(m + n) log(m +n) + 8log M) (p; " +q;,"),
rounding ensures the bit-complexity of the matrices S; remains polynomial. This ensures that

computing the S; can be done in polynomial time. Finding g, h can be done in polynomial time by
Fact 3.14.

We now show Algorithm 12.8 terminates in at most ¢ — 2 steps. By Lemma 12.17, it is enough
to show that for some j <t — 2,

(71)

N

dspQ Ty, h; <

and that 5’; is a d-sequence with
t+4? « ind &
d(ap) < mln{Q, 1} . (72)

(72 always implies the hypothesis § < (3)~*/? for Lemma 12.17.) The inequality 71 holds for some
j <t—2 by Corollary 12.15 and Corollary 5.12.
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Now we show 5’; is a 0-sequence satisfying 72.Indeed, suppose j is odd. The proof for the even
case is analogous. If
s> 2(t+4)*(lga+1gB),
then Rnd, % = S¥ + A¥ with
14512 < (n -+ m) ()™

SO
Z Apynj Rnd, (S ) Mk
keo(Fo(P))
= Z Apknligf_mk + Z APWLA;%
keo(Fo(P)) keo(Fo(P))
where
> Apkn};Aan < (n+m)(aB) 2+ p,
keo(Fo(P))
AS t+4) . € t+4
(n+m)(aB)” < mln{1,§}(a6)
we are done. H
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