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Abstract

Trace inequalities, that is inequalities between traces of complex matrices, are ubiquitous in various
branches of mathematics. While such inequalities are usually easy to state as generalizations of real
variable inequalities, proving them often requires deep understanding.

We introduce a new general tool for investigating trace inequalities, namely the tracial joint
spectral measure. This positive measure on the plane can be associated to any two Hermitian
matrices, and existence of it implies a plethora of non-trivial trace inequalities for these matrices.

In chapter 1, we discuss existence and basic properties of these measures, giving an explicit ex-
pression for them along the way. As the first main application, we deduce a new tracial monotonicity
property: if f has non-negative k:th derivative, then so does t — tr f(tA + B) for any Hermitian
A, B with A positive definite.

In chapter 2, we apply the theory of tracial joint spectral measures to Schatten-p trace ideals.
In this context, we give a new embedding result: any two-dimensional subspace of Schatten-p is
isometric to a subspace of L,. This result is used to resolve a conjecture of Ball, Carlen, and Lieb
on the extension of Hanner’s inequality to Schatten-p spaces. Finally, we discuss the ways in which
our embedding result fails for more than two matrices/operators and investigate ideas for working

in this higher dimensional setting.
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Chapter 0

Introduction

Trace inequalities are inequalities between traces of matrices or linear operators. Such inequali-
ties appear in a wide variety of contexts: the theory of trace ideals [Sim05], quantum mechanics
[Car10], and random matrices [T 15]. While many scalar inequalities have natural trace inequality
extensions, methods to prove such generalizations are often quite involved.

The aim of this dissertation is to discuss new methods to prove trace inequalities. My main
contribution is the theory of tracial joint spectral measures, introduced in [Hei23|, a new powerful

structural tool for investigating trace inequalities.

Theorem 1. Let n be a positive integer and A, B € M, (C) be Hermitian. Then, there exists a
positive measure jiap on R?, that we call the tracial joint spectral measure of A and B, such that

for any positive integer k and x,y € R one has,

tr(zA+yB)* = k(k+1) / (ax + by)* dpa p(a,b).
R2

Mere existence of this measure has the following two striking consequences, the first one being

the following monotonicity result.

Theorem 2. Fizn € N. Let A, B € M, (C) be Hermitian and let f : R — R be a smooth function
with non-negative k:th derivative. Consider the function F : R — R given by F(t) = tr f(tA + B).
If k is even, then F is smooth with non-negative k:th derivative. The same holds for odd k if we

additionally assume that A is positive semidefinite.

In Chapter 1, I will prove the existence of tracial joint spectral measures, establish their basic

properties, and discuss some of their applications, including Theorem 2.



Denote by S, the Schatten-p class, the Banach space of compact operators the singular values
of which belong to £,; with the £,-norm of the singular values as the norm on S,. My second main

application of tracial joint spectral measures is the following embedding result.

Theorem 3. Let A, B € S, for some 1 < p < oo. Then there exists f,g € L, = L,([0,1],R) such

that for any z,y € R,
leA+yBlls, = llzf +ygllz,-

In other words, any two-dimensional real subspace of S, is linearly isometric to a subspace of Ly.

In Chapter 2, I will investigate the isometric properties of Schatten-p classes. 1 will prove
Theorem 3 and discuss how it relates to uniform convexity of S,. I will also give alternate arguments
for proving Theorem 3 in special cases, based on my earlier work [Hei24]. Finally, I will discuss
inequalities going beyond the scope of tracial joint spectral measures, focusing on so-called roundness
inequalities of Enflo.

The remainder of the introduction offers historical context and summarizes the two chapters.

0.1 Chapter 1: Tracial joint spectral measure

0.1.1 Joint spectral measures

The spectral theory of self-adjoint operators has a long history, starting from the work of Descartes
and Fermat on the principal axis theorem and perhaps culminating in the spectral theorem for
unbounded operators by von Neumann (see [Ste73] for a survey).

While the theory for a single self-adjoint operator is largely understood, the story differs for
multiple operators. If A and B are commuting Hermitian matrices, they can be simultaneously
unitarily diagonalized, and as a consequence, for any f € C(R?) one can make good sense of f(A4, B).

For non-commuting operators the situation is not so simple, and there have been several attempts
to salvage insights from the commutative case. As an example, for Hermitian matrices A and B,
simultaneous diagonalization is out of the question, but one can still define functional calculus,

so-called Weyl calculus (see [Jef04]) using the Fourier transform with

F(4.8) = m) 2 [ Fla)e= Ao daay. 1)



In other words, the usual spectral measure is replaced, at least formally, by the Fourier transform

of (z,y) — @A+ WB which we denote by Wa g, and call the Weyl distribution, so that

f(A,B) = - fla,b)Wa g(a,b)dadb =: Wa g, f).

Wa, g is an operator valued distribution, which is uniquely characterized by the fact that

(xA+yB)* = Wa,p, (a,b) = (az + by)*) (2)

for any z,y € R and k£ € N. In general, it is compactly supported with support lying in the convex

hull of the joint numerical range
W (A, B) = {((Av, v), (Bv,v)) | [v] = 1}.
As the name suggests, the Weyl distribution is in general not a measure, so the desirable positivity

properties of usual commutative spectral measures are lost. In fact, one has:

Proposition 1 ([And70, Theorem 2]). Let A and B be such that Wa_ g is a positive measure. Then

A and B commute.

There is a very good alternate explanation as to why W4 g cannot in general be a positive

measure: it would imply too many inequalities.

Ezample 1. Consider the polynomial p(z,y) := —(2x+y)*+5(z+y)* +142* —y* = 3(—2%+y%+22y)?

and for Hermitian A, B, examine

p(A,B) = —(2A+ B)* +5(A + B)* + 144* — B* = Wa ,p).

If W4, is a positive measure, since p is non-negative, p(A, B) should be positive semidefinite. This

is however not always the case, as can be seen by considering say

The underlying reason for this behaviour is the following beautiful result of Helton [Hel02] (see

also [BKP16, Theorem 1.30]).



Theorem 4 ([Hel02]). Assume that a non-commutative polynomial p is positive, i.e. for any Her-
mitian A, B the polynomial p(A, B) is positive semidefinite. Then one can find non-commutative

polynomials (q;)., such that

p(A,B) = a:(A, B)"4:(A, B) 3)

i=1
for any Hermitian A, B.

The issue in Example 1 then was that even though our polynomial was square in commutative

variables, it was not a sum of squares in non-commutative ones.

0.1.2 Trace positivity

For trace inequality applications, it is usually not necessary to know that a given matrix/operator
is positive, but its trace being positive might suffice. The non-negativity of traces is a much weaker
condition, and we will later see (Corollary 2) that the polynomial in Example 1 always has a non-
negative trace.

One is now tempted to ask the following question. Is the trace of the Weyl distribution Wy g
always a positive measure? The answer is again no, unless A and B commute (as follows from an
argument almost identical to that of the proof of Proposition 1).

One can also give a trace inequality refutation to this question.

Ezample 2. Consider the polynomial p(z,y) = 4(z* + y*) + (x + y)* + (x —y)* — 12(2® +9?) +6 =
6(x? + y*> — 1)%. If tr W4 p was always a positive measure, trp(A, B) would be positive for any

Hermitian A, B. This is however not the case for

It turns out that Helton’s theorem fails for trace positivity. Namely, given a non-commutative
polynomial p for which trp(A4, B) > 0 for any Hermitian A, B, it is not necessarily the case that
one can find non-commutative polynomials ¢;(A4, B) such that (3) holds. This is partly because of a
silly reason: adding commutator terms like A2B% — B2 A2 won’t affect the trace, but will affect the

possibility of the sum-of-squares representation. If one adds commutators to the RHS of (3), the



situation is however still not fixed. In fact, consider the non-commutative Motzkin polynomial

p(A,B) = AB*A + BA*B — 3AB*A + I.

It was observed by [KS08a, Example 4.4] that trp(A4, B) > 0 for any Hermitian A, B, but p(A4, B)
doesn’t have a positivity certificate of the form (3) even up to commutators.

While a perfect analogue doesn’t exist, there is still a close tracial relative to Helton’s result.

Theorem 5 ([KS08a, Theorem 3.12]). Consider a non-commutative polynomial p such that for
any finite tracial von Neumann algebra (M, 7T) and self-adjoint contractions A,B € M we have
7(p(A, B)) > 0. Then, for every ¢ > 0, there exists non-commutative polynomials (fi)~', (9:)N2,

(hi)i\gb (Qz‘)f\gla (Ti)fvzol; such that

Ny No
p(A,B) +el = Z fi(A, B)" fi(A, B) + Zgi(fh B)*(I — A%)gi(A, B) (4)
ZN=31 i=1 .
+ Z hi<Aa B)*(I - B2)hi<Aa B) + Z[%(A’ B),ri(Av B)]
i=1 i=0

The exact form of this result is not very important to us, but one should observe that all the
summands on the RHS clearly have non-negative trace whenever A and B are Hermitian contractions.

As one can see, some concessions have to be made to get a working theorem.

1. A small multiple of the identity has to be added, and terms involving (I — A%) and (I — B?)
considered. This is essentially to make the problem bounded and allow separation in the

functional analytic proof of the theorem.

2. Perhaps more crucially, one has to bring von Neumann algebras into the mix. Whether von
Neumann algebras could be replaced here by Hermitian matrices was proven by Klep and
Schweighofer [KS08a, Theorem 1.6] to be equivalent the Connes embedding conjecture [Con76].
This conjecture was however recently refuted by Ji, Natarajan, Vidick, Wright and Yuen

[INV+21].

We call expressions of the form (4) (tracial) SOS-certificates (sum of squares), and say that a
SOS-certificate is pure if e = 0 and no (I — A?) or (I — B?) terms are needed. While checking for
pure certificates can be turned into a semidefinite program [BKP16], the existence of more general
certificates (of the form of 4) cannot be efficiently verified. It is hence important to find tools tailored

to specific families of trace inequalities.



0.1.3 Tracial joint spectral measures

My main contribution to the study of trace inequalities is the notion of tracial joint spectral measure.

Theorem 6. Let n be a positive integer and A, B € M, (C) be Hermitian. Then, there erists a
positive measure s p on R?, that we call the tracial joint spectral measure of A and B, such that
the following is true:

Fiz any measurable function f on R with f(0) =0 such that for any M >0,

/M ’fit)’dt<oo.

-M

Define a function H(f) : R — R by

Then, for any x,y € R, we have

tr H(f)(xA+yB) = /]R2 flax 4+ by) dua, s(a,b). (5)

If one sets f(t) = t* in Theorem 6, H(f)(t) = t*/(k(k + 1)), and one recovers Theorem 1.

Tracial joint spectral measures can be understood as a variant of the trace of the Weyl dis-
tribution, tr W(A, B): trWa p satisfies identity (5) with H(f) replaced by f. Remarkably, while
tr W(A, B) is usually not a measure, the subtle difference of H(f) vs f allows one to obtain a positive
measure.

In Proposition 5, we will check that the tracial joint spectral measure p4,p is necessarily unique
away from 0. While the exact form of the measure is usually not important for our applications,

1A, B turns out to have an explicit expression:

Theorem 7. Letn, A, B, and pa,p be as in Theorem 6. Denote by fic = ic. o, and [1s = [is A.B
the continuous and singular parts of pa p w.r.t. the Lebesque measure mo on R?. We assume some

linear combination of A and B is invertible. Then, the continuous part u. is given by

3 ()\Z— <(I - W) (bA — aB)_1>>‘ .

due 1
dme (a,0) = 2 Z

n
i=1




Furthermore, if A is invertible and A~ B has n distinct eigenvalues, the singular part j, satisfies

ps(e) = Y /011;t@(<AU’U>t,<BU’U>t>dt.

- (o) " (o)

where E(C) denotes a set of eigenvectors of a matriz C € M, (C) and ¢ is a smooth function with

compact support that does not contain 0.

Figure 1 illustrates the measure p4, g for some choices of A and B.

0.1.4 Derivatives of trace functions and Stahl’s theorem

. . . . k—1
Theorem 2 can be deduced from Theorem 6 by applying identity (5) to the function f(t) = ¢}~ ".
Theorem 2 is well known for &k = 1 and k = 2 [Pet94, Proposition 1], and I first proved the cases
k =3 and k = 4 in [Hei24]. The general case is intimately connected to the following result of Stahl,

formerly the BMV conjecture.
Theorem 8 (Stahl [Stal3]). Let A, B € M, (C) be Hermitian with B positive semi-definite. Then
the function

t — tr(exp(A —tB)) (6)

is the Laplace transform of a positive measure.

This result was conjecture by Bessis, Moussa and Villani [BMV75] in their study of monotonic
approximations of partition functions of quantum statistical systems. While the BMV conjecture
garnered much interest during the next three decades (see the survey of Moussa [Mou00]), it was the

algebraic formulation of Lieb and Seiringer that inspired a barrage of computational approaches.
Theorem 9 (Lieb—Seiringer [LS04]). Theorem 8 (Stahl’s theorem) is true iff for any positive semi-
definite A, B € M,,(C) and positive integer k, all the coefficients of the polynomial

t— tr(A +tB)* (7)

are non-negative.

Theorem 9 reduced the BMV conjecture to the task of finding SOS-certificates (4). This approach

was carried in a series of works culminating in [KS08b], where non-negativity of the coefficients of
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Figure 1: Four illustrations of the measures 4 p for the pairs of matrices (A, B) listed below the
pictures. The horizontal and vertical axes correspond to a and b respectively. The density of 1., 4.5
is represented with the color running from white (zero) to black (infinity) through red. The green
line segments depict the support of the singular part, us 4 5.



(7) was proven for k < 13. Whether the Lieb—Seiringer formulation of the BMV conjecture can be
verified in general with SOS-certificates is still an open problem.

Stahl himself doesn’t exploit this reformulation of Lieb and Seiringer, but finds a semiexplicit
expression for the representing measure which he then proves is positive. It had been observed (see
[Mou00]) that should the function (6) correspond to a Laplace transform of a positive measure, say
v, this measure should be supported on the convex hull of the spectrum of B. The measure v should
also have point masses at the spectrum of B, and elsewhere have continuous density w.r.t. the
Lebesgue measure. While the point masses are straightforward to deal with, whether the density
is non-negative is rather non-trivial. This non-negativity was shown in the case of 2 x 2 matrices
in the original paper of Bessis, Moussa and Villani [BMV75] by finding an explicit formula for the
density. For larger matrices, however, such formulas seemed out of reach.

Stahl managed to find a general formula for the density in terms of a contour integral. Correctness
of his formula is not terribly difficult to check, but the non-negativity is not clear. To this end, Stahl
transforms the contour integral to a Riemann surface, on which he uses symmetry and topological
arguments to justify the non-negativity. While Stahl’s argument has been rewritten for several
expository articles [Erel5, Clil6], I still find it rather mysterious, and quite frankly, magical.

A third approach towards the BMV conjecture was the classic result of Bernstein.

Theorem 10 (Bernstein [SSV09, Theorem 1.4]). Let f : (0,00) — R be smooth. Then f is a
Laplace transform of a positive measure iff f is completely monotone, i.e. for any positive non-

negative integer k,

(=1 ¥ (z) = 0

for x > 0.

This reduced the BMV conjecture to an analysis of the derivatives of the function (6). The
first two derivatives are relatively easy to analyze [Mou00], but even the case k = 3 was open (see
discussion in [Clil4, Chapter 4] however) until I proved the cases k = 3 and k = 4 of Theorem 2
[Hei24].

As we will see in Section 1.4, all the aforementioned reformulations of Stahl’s result follow without

too much trouble from the theory of tracial joint spectral measures.



0.2 Chapter 2: Planes in Schatten-p and beyond

0.2.1 Schatten-p classes

In his seminal 1937 paper [VN62], John von Neumann defined the concept of a unitarily invariant
norm. A norm |[|-|| on M,,(C) is unitarily invariant if, for any A € M,,(C) and unitaries U,V € M, (C),

we have
[UAV]| = [l Al

In the same work, von Neumann gave a complete characterization of unitarily invariant norms in
terms of symmetric gauge functions.
Definition 1. A function ® : C" — R is a symmetric gauge function if it is a norm and

e (Phase invariance) ®((w;z;)' 1) = ®((z:)Py) for any (w;)?; € {w | |w| = 1}", and

e (Permutation invariance) ®((25(;))i=1) = ®((2i)j=,) for any o € Sy,.
Theorem 11. A norm || - || on M,(C) is unitarily invariant iff there exists a symmetric gauge
function ® such that

[A[l = @((o:(A))i=r)

for any A € M, (C).

Here (0;(A))"_; denotes the sequence of singular values of the matrix A.

Theorem 11 created a basis for the theory of cross-norms, norms on tensor products of Hilbert
spaces with suitable invariance properties. This theory was developed in a series of works by Robert
Schatten and John von Neumann [Sch46, SvN46, SvN48] culminating in the books [Sch50, Sch60]
of Schatten. See also [Bha97, Theorem IV.2.1] for a modern treatment of Theorem 11.

For 1 < p < oo, the gauge function ®,(z) = ||z||¢, gives the Schatten-p norm on M,,(C). More

generally:

Definition 2. Letp > 1. By S, we denote the Banach space of compact operators A on a separable

complex Hilbert space H such that
[(e3(A))Z1le, < o0,

10



with the norm

[Alls, = [[(a:(A)Z1le, -

Basic functional calculus implies that we further have
1/
lAls, = (ex(AP) P = (w(amay/2)

Schatten-p classes S, can be thought of as non-commutative variants of the classical ¢, spaces,

and they satisfy the following properties mirroring those of ¢,. These can be found in [PX03].

1. If 1 <p < o0, Y is the dual of S, with pairing (A4, B) = tr(AB*). S, is hence reflexive when
1 < p < co. In finite dimensions, this is a special case of von Neumann’s result [VN62], while

in infinite dimensions it appears in [Sch60, Chapter V], see also [Sim05, Theorem 3.2].

2. By considering operators diagonal in a fixed orthonormal basis, one sees that /£, is a closed

subspace of S, for 1 < p < oo.
3. Finite rank operators are dense in S, for 1 < p < oo [McC67, Lemma 5.2].

4. S, is of type min(p,2) and cotype max(p,2) when 1 < p < co [TJ74].
We have however the following negative results.

1. If 1 <p < oo, p#2, S, is not isomorphic to a subspace of ¢, or L, [McC67].

2. If p # 2, S, does not have an unconditional basis [GL74].

0.2.2 Modulus of uniform convexity

As mentioned in the previous section, Schatten-p space is reflexive whenever 1 < p < co. While this
follows from the duality S; = S, one can also see it as a consequence of uniform convexity of S,

for 1 <p < .

Definition 3. A normed space X is said to be uniformly convez if for any € > 0 there exists 6 > 0

such that if v,y € X with ||z]| = ||yl =1 and ||z — y|| > ¢, then

r+y

Hgl—é.

11



The maximal such ¢ (depending on € and X) is denoted by dx (&).
Theorem 12 (Milman [Mil38]-Pettis [Pet39]). Any uniformly convex Banach space is reflexive.
Theorem 13. For any 1 < p < oo, the spaces £, L, and S, are uniformly convez.

This result for ¢, (or more generally, for L,) was proven by Clarkson [Cla36]. The main tools

are the so-called Clarkson’s inequalities for £p,.

Theorem 14 (Clarkson [Cla36]). Let 2 <p < oo and f,g € £, or f,g € L,. Then

If+alb+I[1f—gllb
2 b

1f+ gl +[1F — glla\ >/
191+ sl < . .

1715 + llgliz <

For 1 < p <2, the reverse inequalities hold.

Inequality (8), the first Clarkson’s inequality, follows from the second (9) by the power mean
inequality ((2"+y")/2)"/" > (z+y)/2 for r > 1, z,y > 0. Inequality (8) however admits a somewhat

simpler proof. For future illustration, we will briefly sketch the proofs of Clarkson’s inequalities.

Sketch of the proofs of Inequalities (8) and (9) for p > 2. We will start with Inequality (8). Since

Y f@IF in by

[y 1f@Pdt in Ly,

If1l5 =

it is enough to consider the one-dimensional case, i.e. for any z,y € R we have

|z +ylP + [z —y[?

p P <
|z|” + [yl < 5

This can be proven directly by scaling y to 1 and analyzing the resulting function in x.
Inequality (9) can also be reduced to a scalar inequality by first observing that for 0 < r < 1 and
a,b>0
(la|” + |p|")Y" = inf (as1 + bs).

$1,52>0
ST/ D/ (r=1) g

12



Indeed, this is the reverse Holder’s inequality. With r = ¢/p, we then have in L,,

r/q
<nf+mg+|f—gm) -

. inf (s1llf +gllb + s21lf = glb)

51,52>0
ST/ r/ (=D g

1

>o-r/4 inf (51| () 4+ g(t) P + sa|f(t) — g(t)|P) dt
0 51,52>0
S;‘/(r—l)_,'_s;/(T—l):l

/1 <|f(t) +g)2+ £ () - g(t)|g)p/q y
0 2

1
z;A PO + g,

where the last inequality is again a pointwise scalar inequality that can be proven without much

trouble. O

Here, we see that in the commutative case, inequalities of suitable form can be reduced to
scalar inequalities, even if for the second Clarkson’s inequality an extra trick was employed. Such
simplification is usually not possible for S, and alternate methods are needed. Clarkson’s original
method was somewhat different, based on a clever use of Minkowski’s inequality to reduce (9) to the
scalar case.

The main tool for proving uniform convexity of S, is the following extension of Clarkson’s

inequality.
Theorem 15 (Dixmier [Dix53]-McCarthy [McC67]-Klaus). Let A,B € S, for 2 <p < oco. Then

IA+ B|[2 +||A - B2
2

A+B%+|AB@>”4
. .

Il + 1B]5 <

|mw+nmms(

For 1 < p <2, the reverse inequalities hold.

Dixmier proved Inequality (10) for 2 < p < oo, which is enough to prove uniform convexity
for this case. His proof is based on complex interpolation, modelled after a similar argument for
commutative Clarkson’s inequalities by Boas [Boad0]. The other cases were claimed by McCarthy
[McC67], but his proof for (11) is unfortunately erroneous, as observed by Fack and Kosaki [FK86].
Simon [Sim05] sketches an interpolation proof for the remaining cases, attributing this approach to

Klaus.

13



Clarkson’s inequalities imply that the moduli of uniform convexity of £, and .S, satisfy

1—(1-— R for2<p< o
) > (1-(5)")

1- (1= (59" for1<p<2.

This turns out to be the optimal bound for p > 2, as can be verified by considering the vectors

= (-GN 5= (0-60)" ).

The situation for 1 < p < 2 is more complicated, and Clarkson’s inequalities do not give the
optimal bound. In 1956 however, Olof Hanner [Han56] proved the following inequalities, now known
as Hanner’s inequalities, that improve upon those of Clarkson and can be used to determine the

modulus of uniform convexity of £, and L,, in the full range 1 < p < 0.

Theorem 16 (Hanner [Han56]). Let 2 <p < oo and f,g € ¢, or f,g € L,. Then

L+ gllp + 11 = gl < (LAl + gllp)” + {111l = llgllsl*- (12)

For 1 < p <2, the reverse inequality holds.

Corollary 1 (Hanner [Han56]). For 1 < p < 2 the moduli of uniform convezity of ¢, and L, are

given by the solution to the equation

P P
2 — 1—5,,(a)+%( +‘1—6p(g)—g (13)
Hanner also established useful asymptotics for é, when € — 0.
Leyp for2<p<oo
op(e) = " @) (14)

el (£)® forl<p<2.

While the aforementioned generalization of Clarkson’s inequality to S, implies that ds, agrees
with §, for p > 2, for 1 < p < 2 a different approach is needed. It was proven by Tomczak-
Jaegermann [TJ74] that also for 1 < p < 2 one obtains quadratic asymptotics dg, (€) > €2, but the
multiplicative constant obtained was larger than (p — 1)/2 for p not an even integer.

The main inspiration for this thesis work is then the paper [BCL94] of Ball, Carlen and Lieb,

where it was proven that the asymptotics (14) hold also for S, when 1 < p < 2. This follows from

14



the following inequality.
Theorem 17. (Ball-Carlen-Lieb [BCL94]) Let 1 <p <2 and A,B € S,. Then

|4+ BIg, + 14— BII3
2

2> AJE, + (0 - DB, (15)

Ball, Carlen and Lieb also consider an extension of Hanner’s inequality for S, and observe that

inequality (15) follows from it.

Theorem 18 (Ball-Carlen-Lieb [BCL94], Heindvaara [Hei23]). Let 2 < p < oo and A,B € S,.
Then

A+ Bl + 1A= BI; < ([Allp + [1Bllp)” + [1All, = 1 Bll[*- (16)

For 1 < p <2, the reverse inequality holds.

Ball, Carlen and Lieb manage however to prove inequality (16) only for p > 4, and in the dual
range 1 < p < 4/3. We can deduce Theorem 18 as a quick corollary of a much more general

embedding result, Theorem 3.

0.2.3 Planes in Schatten-p

In [Hei24] and [Hei23], I develop a brand new embedding approach for proving inequalities for S,.

Theorem 19 (= Theorem 3). Let A, B € S, for some 1 < p < oo. Then there exists f,g € L, such

that for any z,y € R,
leA+yBlls, = llzf +ygllz,-

In other words, any two-dimensional real subspace of Sy, is linearly isometric to a subspace of L.

For p = 2 and p = oo this result is trivial, as Sy is Hilbert space and L., is universal, i.e. it
houses every separable normed space isometrically. For p = 1, the result follows from the fact that
any two-dimensional normed space is isometric to a subspace of Ly, a classic result of Lindenstrauss
[Lin64].

Theorem 19 follows as a quick corollary of Theorem 6. This embedding result, combined with
Hanner’s theorem [Han56], immediately implies Hanner’s inequality for S,, Theorem 18. More

generally, we have the following “reduction to commuting” principle: if an inequality only depends
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on the Sp-norms of (real) linear combinations of two complex matrices, then it holds as long as it
holds for real diagonal matrices. Thus, any property that only depends on two-dimensional subspaces
of S, generalizes directly from L, to S,. In particular, S, has the same modulus of uniform convexity
as Ly.

We will see in Section 2.1.1 that the exact form of the embedding allows one to also argue about
equality cases of inequalities in S, given that the equality cases are known in L,.

I first proved the cases p = 3,4 in [Hei24] and then the general case in [Hei23]; T will describe

proofs of these special cases in Section 2.2.

0.2.4 Beyond two dimensions, and roundness inequalities

In [Hei24], I showed that a natural generalization of Theorem 19 to 3-dimensional subspaces fails.

Theorem 20. For any 1 < p < 0o, p # 2, there exists a 3-dimensional subspace of S, which is not

linearly isometric to any subspace of Ly.

In Section 2.3, I will give several examples of inequalities exhibiting this difference, including the
so-called roundness inequalities.
After Enflo’s work [Enf69a, Enf69b], we say that a Banach space X satisfies the generalized

p-roundness inequality if for any positive integer k and x1, 22, ..., Tk, y1,¥Y2,-..,yr € X one has

S s — sl + S My = sl < 3 s — sl

i<J i<j 7

Enflo proved that L, satisfies the generalized p-roundness inequality for 1 < p < 2 and used this to
prove that L, and L, are not uniformly homeomorphic when 1 < p # ¢ < 2.
It turns out that for p > 2, even the real line fails to satisfy the generalized p-roundness inequality;

instead, one can ask for the least constant v,(X) such that

Dl =il + Dy = w5l < 0(X) D Ml — il

1<J i<J i,

This more general notion was investigated by Naor and Oleszkiewicz in [NO20], where t,(L,) was
bounded for 1 < p,¢ < co. In particular, it was proven that if 1 <p < ¢ <2, v,(L,) = 1. It follows

from a more general result of Naor and Oleszkiewicz that in the non-commutative setting, one has

tp(SCI) S 22*17’
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whenever 1 < p < ¢ < 2. They however observe that this bound degenerates for ¢ = 1: any Banach
space X satisfies t1(X) < 2. Naor and Oleszkiewicz proceed to ask if this can be improved, namely

if v1(S1) < 2. We answer this question in the affirmative.

Proposition 2. There exists a constant § > 0 such that for any positive integer k and

A, Ag, ..., Ay, B1,Bs,...,Br € 51 one has

D A = Ajlls, + > I1Bi = Blls, < (2—0) Y _ [ Ai — Bjlls,.

1<j 1<j ]

Naor and Oleszkiewicz also observe that
tp(Sl) > op/2+1
and their result readily generalizes to show that
t,(S,) > op(1/q=1/2)+1

The lower bound is based on a curious set of unitaries Aq, As, ..., Ar, B1, Bo, ..., By having the

property that

AiAj + A]Al =0= BZB] + B]BZ for ¢ 7éj (17)

These unitaries arise from the representation theory of Clifford algebras, and were investigated in
the context of Schatten-1 norm by Briét, Regev and Saket [BRS17].

Whether this lower bound is the truth for some 1 < p < ¢ is open, but I have evidence that this
might be the case for p = ¢ = 1. T'll show in Section 2.4 that this would follow from the following

inequality.
Conjecture 1. Let k,1 > 1 be positive integers and Ay, A, ..., A, B1,Bs,..., B € S1. Then

1 1 2
= > HAi—Aj\|%1+l§ > HBi_BjH?SlSH > 14 = BjlI3,

1<i<j<k 1<i<j<l 1<i<k
1<5<1

I will show that this inequality is true in the subspaces arising from the aforementioned Clifford

algebra construction. I will also sketch an argument showing that the inequality holds when k = 2
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and A;’s and B;’s are all diagonal.

0.3 Notation and conventions

If not otherwise stated, n will always denote a positive integer that we think of as a dimension, or size
of the matrices. Let A, B € M,,(C) be Hermitian. The multiset of the eigenvalues of A are denoted
by AMA) = (A1(A), A2(A),..., A\ (A)); the ordering is not important for us. The corresponding set
of normalized eigenvectors is denoted by F(A). While these vectors are not unique, we make sure
to respect this ambiguity.

We will also make use of notions from the theory of matrix pencils (see for instance [Ikr93]). Given
A and B as before, we say that the pair/pencil (A, B) is non-degenerate if some linear combination
of A and B is invertible, i.e. det(bA — aB) is not zero for every (a,b) € R2. In this case, the
determinant has exactly n roots (with multiplicity) in CP!, which we will call the roots of the pencil
(A, B). Real roots, which we interpret as lines in R2, are called singular lines. If a root (a,b) is
simple, we may define the corresponding eigenvector as the vector in the kernel of bA — aB. The set
of such vectors (for simple roots) is denoted by F(A, B). Again, these vectors are not unique, but
we will respect this ambiguity.

We say that a pencil (A, B) is definite if some linear combination of A and B is positive definite.

A well-known fact about definite pencils is:
Lemma 1 ([LR05, Theorem 10.1)). If (A, B) is definite, all its roots are real.

We denote the set of (complex valued) Schwartz functions on R? by S(R?), and its dual space of
tempered distributions by &’(R¢). The Fourier transform of a Schwartz function is defined /normalized

with

Fo)() = 3(€) = W / el

One has F(0%)(&) = (i§)*F(¢)(&) for any multi-index . The Fourier transform of a tempered

distribution T is defined, as usual, using the pairing (-,) : §’(R%) x S(R?) — C, as

We make the usual conventions ¢, := L,(N,R) and L, := L,((0,1),R), with the counting and

Lebesgue measures, respectively. We say that a norm || - || on R¥ is a Ly-norm, if (R* | - ) is
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isometric to a subspace of L,,. L,-norms are characterized by the following result.

Theorem 21 ([Ney84], [Kol91, Theorem 2]). Norm || - || on R¥ is a L,-norm iff there exists a

symmetric measure u on S*~1 (given any inner product (-,-) on R¥) such that

ol = [ Il auta (19)

for any v € R*. If p is not an even integer, such a measure is unique.

We shall need basic properties of divided differences. Define

[xo]f = f(»%)»

and recursively for any positive integer k define the divided difference of order k by

Loy XL1yewsy L1 — |X1,22,...,Tk
01y = e Doy = e B (20)

when points xg, 21, ..., 2, are pairwise distinct. If f is C*, the divided difference of order k has
continuous extension to all tuples of (k + 1) points. This extension satisfies (20) whenever xg # xx

and

[xo,xo,...,xo]f =

where zg appears (k + 1) times. For this and lot more, see for instance [dB05].
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Chapter 1

Tracial joint spectral measures

In this chapter we discuss tracial joint spectral measures (TJSMs) and their basic properties, with
some applications. We begin by proving slight refinements of Theorems 6 (Existence of TJSMs) and
7 (Expression for TJSMs), Theorems 23 and 22.

The defining property of the tracial joint spectral measure of A and B is that for suitable f and

z,y € R, one has

wH(PaA+yB) = [ flar+by)dusplab)

where

b1t

H(f)(z) = / L ) a.

It is not difficult to heuristically recover 4 p from this identity. Indeed, plugging in f(t) = e

yields

twH(e) @A +yB) = [ e dp (),
R2

so one would guess that p4 p is the Fourier transform of the function (z,y) — tr H(e')(zA + yB).
This calculation however doesn’t quite make sense since the H-transform cannot be applied to

t— et
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The problem can be fixed by considering f () = e — 1 instead. Define a function g : R — C by

g(z) = /0 emtt— 1(1 —t)dt = H(t — et —1)(x). (1.1)

Observe that ¢ is smooth, g(0) = 0, and g(z) = O(log|z|) at infinity. For any two Hermitian

A, B € M, (C), define then a continuous function G by

G:=Gap:R*=C (1.2)
(z,y) = trg(zA + yB).
We will prove that 4 p is essentially the Fourier transform of G4 5.

Theorem 22. Let A, B € M, (C) be Hermitian. Then there exists a positive measure pa g which
agrees with @A,B away from 0, in the sense that if ¢ is any Schwartz function with compact support

not containing 0, then

1 /-~
(ha,B, ) = o0 (GA,By@> .
T

Denote by s, = pe+ps the Lebesgue decomposition of pa g w.r.t. Lebesque measure ma (fe < ma,

s L mo). If the pencil (A, B) is non-degenerate, then the continuous part p. is given by

%()\Z— ((I— “;;j:gf) (bA—aB)*))‘. (1.3)

If the pencil (A, B) is non-degenerate and the real Toots of (A, B) are distinct, then the singular part

dpe 1
pa.p(a,b) = (a,b) = o Z

a dm2

n
i=1

s satisfies

@)= 3 / e (e ) (1.4)

e BUAB) (v,0) 7 (v,0)
where @ is a Schwartz function with compact support not containing 0.

We note that for any v € E(A, B) corresponding to a root (a,b), b{Av,v) — a{Bv,v) = 0, and
(Av,v) and (Bv,v) are real. If v further corresponds to a non-real root, then (Av,v) = 0 = (Bv,v).
Thus, the sum in (1.4) can equivalently be taken over all eigenvectors of (A, B) that correspond to
real roots.

The points ({Av,v)/{v,v), (Bv,v)/{v,v)) where v € E(A, B) are called the singular points. They
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lie on the singular lines, as defined in section 0.3.

Remark 1. There is nothing particularly special about the expression

aA+bB -1

Since eigenvalues of C' and C' +tI have equal imaginary parts, we may replace C' by anything of the

form
(I — f(a,b)A — g(a,b)B) (bA —aB)™*

where f(a,b)a + g(a,b)b = 1. The expression we chose has the desirable property of making sense

for every (a,b) # (0,0), and works well with the change of variables in the proof.

1.1 Proofs of the main results

Before proving Theorem 22, we will give a mock proof illustrating our strategy. The major unsound

steps are indicated by numbered asterisks. We will comment on how to fix them afterwards.

Mock proof of Theorem 22. Our goal is to calculate the Fourier transform of G. By definition (1x)

we have
~ 1 ) 1 & )
_ —i(ax+by) _ —i(az+by) )
Gla,b) = 5 /R e (0 A + yB) dady = o ;:1: /R TG\ (2 A + yB)) da dy.

Rewriting the integral in polar coordinates, we get
1 n T ) )
=— e ir(acos(@Fbsin®))|1) (), (cos(9) A + sin(0) B)r) dr o
> ey
2 i—1 0 R

1 < [T 1 ipacos(O)tbsin(6)
—- T X, (cos(0) A+sin(0) B) d do
2m ; /0 Ai(cos(0)A + sin(0) B)? (/R ¢ Irlg(r) 7")
n a cos(0)+bsin(0
1 m F(z— |z|g()) ()\i(cos((O))A—Q—sin((G))B))
_ de.
0

T Vor Pt Ai(cos(f)A + sin(6) B)?

It turns out that the Fourier transform of |z|g(z) (2%) equals

21
&— \/;glog

1- 2' (1.5)
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so plugging this in, and multiplying the eigenvalues to obtain the determinant, allows us to simplify

to

n xloe |1 — )\i(cos(é)A—i-si.n(G)B)‘ 1o ‘det (I _ M)’

1 g‘ a cos Sin 1 g a cos Sin

1 / O Fbsin®) | o / oo )| o
0 0

™ = (acos(0) + bsin(6))? T (acos(0) 4 bsin(6))?

Making a change of variable

1 acos(f) + bsin(0)
~a? + b2 beos(f) — asin(f)

transforms (3*) the integral to

1 oo
— / log
™ —0o0

Finally, we factorize the determinant and use the fact (4x) that

a? + b2

A+bB
det (I Ly aB)> ’ dt.

/Oo log|a+bt|dt:7r‘%<%)‘ (1.6)

to prove the identity (1.3). A

(1%) The function G4, p is not integrable, so we will instead calculate its Fourier transform as a

distribution, testing against a Schwartz function .

(2%) The function |z|g(x) does not have a Fourier transform in the usual sense, and in any case
(1.5) is not correct. In Lemma 2, we calculate the correct Fourier transform as a tempered

distribution, which is similar to (1.5) but contains some corrections terms.

(3%) The integrals at hand are not integrable. Instead, we apply a cutoff, split the integral to three

parts, and apply a change of variables to each part.

(4%) The identity (1.6) is not true, but instead we employ a similar looking identity from Lemma 3.

Additionally, this mock proof doesn’t see the singular part. It is hidden (together with the terms
making the expressions converge) in the correction terms of the Fourier transform of |z|g(x). These
terms bring complications, as we will need to understand the behaviour of the eigenvalues of C (as

in Remark 1) near the singular lines. These eigenvalue estimates are done in Lemma 5.

Proof of Theorem 22. Our goal is to calculate the Fourier transform of G = G4 p. Fix a Schwartz
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function ¢. We can rewrite our integral in polar coordinates,

(G.0) = (G.7) = / trg(eA + yB)3(x,y) de dy

/ (/VW CWWM+$M@mﬂﬂﬂmwwﬂm&m0da

Let A = A;(cos(0)A + sin(0)B). The inner integral vanishes when A = 0, and when X # 0 it equals

/vw» (r cos(8), r sin(6) Az/|| (mﬂ)fﬁ@)m (17)

Let Dy = (cos(0),sin(0)), ug = (—sin(f), cos(d)), and p(w) = ¢ (w1, ws), for any w € R2. By direct

calculation, one sees that the term in the integrand

# (50 5)

is the Fourier transform of the function mapping x to

2 ) )
>\27T A p(Az cos(f) — Ay sin(f), Az sin(0) + Ay cos(0)) dy = \;\% A o(\xTg + Aylig) dy =: \;\%%,/\,

Observe also that ¢g x(z) = ¢g1(Ax)/|A| =: po(Ax)/|A|. Consequently, the integral in (1.7) simplifies

to

3o [ a8 (5o0) ar = = [ blarydas ) ar = = (Fla). 00

where by \r/|g(\7") we mean the Fourier transform of the tempered distribution r — |r|g(r).

Lemma 2. For any Schwartz function ¢ on R, one has

()0 = |2 [ (00) ~ 60) - 60pe) L 0

Proof. If ¢(x) = x%¢(x) for some Schwartz function 1, we have

. e (T N [
<|ac|g<ac>7a>>=(—8gc|oc|g<ac>,w>—(m| ,w)—\ﬂ (1o

as desired. For the third equality, see [GS16, p. 361].

1
1——|dz. 1.
~|do (1)

1
1— =
T

2 1
”ﬁ):\[r(ﬂbg
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The result is thus true up to a multiple of §y and d;. To take care of them, consider the function

Geaplx) = (a+ Bac)e_%gz"cz.

It is enough to check that for any fixed a, 8 € R, when € — 0%, both the left- and right-hand side
of (1.8) tend to 0. For the right-hand side, this follows from the dominated convergence theorem.

For the left-hand side, note that
T Ul a . B — Lo g2
(|z|g(x),¢57a75) = (|x|g(z)7¢s,a,5) = R|I‘9(I) ; +Z§I e 222" dx

= / |z|g(ex) (e + ifx) e 2" dx,
R

which tends to 0 as € — 07, since g is continuous and g(0) = 0. O

Using Lemma 2, we can write

7o (0, 00.) = 2 [ (9000 = 60.(0) = 6,5(0)r) 5 o

1
1‘dr
r

=2 [ @ul) - 60(0) = 65(0) 5 1o
R

A
1—‘dx.
T

Recall that A was an eigenvalue of cos(f)A + sin(6)B. We can now sum the above expression
over all the eigenvalues of cos(f)A +sin(f) B, and integrate over §. The eigenvalues multiply to form

the determinant, and we obtain

e L

[ [6@) = a00) = 63000 "

We would like to split this integral to the three parts corresponding to ¢g(z), ¢¢(0), and ¢;(0).

)‘ dx dé.

While the resulting parts don’t converge, we can remedy this with a cutoff:

IOg ‘det (I _ cos(@)A:sin(@)B) ‘
(G, ) = lim / / dx dé
|:c\>6

E—>O+ 2

log ’det ([ cos(0) A+sin(6) B

L[ -z ‘
- ;/ /|| ¢0(0) 22 ) dz dé
0 T|>e
1 [ / log)det (I_MN
- 7/ / ¢6(0) de df
TJo Jz|>e

T

25



We will now analyze the three integrals inside the limit for € > 0; these integrals are absolutely

integrable.

(i) The ¢p(x)-term: By definition of ¢y,

/ /’r|>€
log ‘det ( —
/ / / (AT + \yp)
|z|>e

We make the change of variables

x

10g ‘det (I - Cos(G)A—i—sin(G)B) ‘
dxz df

cos(0) A+sin(9) B A+sm(0) )‘
dy dx dé

(a,b,t) = (33 cos(f) — ysin(f), z sin(h) + y cos(h), ar(nyerQ)) )

and get

log

det (I _aAHbB 4 aB)> ’ o(a,b) da dbdt.

\/tQ(a2+b2)2<(a2+b2)/621 Cl2 + b2

(ii) The ¢g(0)-term: With a change of variables similar to the previous case,

(a,b,t) = <sm(a)y,cos(e) ,1> ,

Y

we simplify to

/ log |det (I — t(bA — aB))| ¢(a,b) dadbdt.
£2(a24b2)2< (a2 +b2) /e2

(iii) The ¢}(0)-term: With the same change of variables as in the ¢¢(0) case, one can simplify to

“o(a+ hb,b— ha)

log |det (I — t(bA — aB))| @ h=0 (¢ dbdt.

/tZ(a2+b2)2<(a2+b2)/52
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At this point, we have proven that

(é, <p> = lim / log
e—0t 12(a2+b2)2< (a24b2) /e2—1

log |det (I — t(bA — aB))| p(a,b) dadbdt

aA+bB

N /ﬂ(a2+b2)2<(a2+b2)/52

Lo(a+ hb,b— ha)‘
—/ log |det (I — t(bA — aB))| —— h=0 qq dbdt
£2(a2152)2 < (a2 +b2) /<2 (a® +b2)t
Write
Cy(a,b) = (I - aéigf) (bA —aB)™!, and Cy(a,b) := (bA —aB)™". (1.9)
a

To prove identity (1.3), we recall our additional assumption that (A, B) is non-degenerate. We

now also need to assume that ¢ has compact support not containing 0. We can then rewrite our

expression as

— lim / log |det (Cy(a,b) — t)| p(a,b)dadbdt
T e—0+ (a2+b2)/e2—1<t2(a2+b2)2< (a2+b2) /e2
det (Cy(a,b) — t1)
+ lo a,b)dadbdt
/t2(a2+b2)<1/52 & det(Cg(a,b) - tI) SO( )

- / log |det (C2(a, b))| ¢(a,b) dadbdt
(a24b2)/e2—1<t2(a2+b2)2< (a2 +b?)/e?

Lo(a+ hb,b— ha)

- log |det (I — tCy(a,b)™! h=0 qa dbdt
~/t2(a2+b2)<1/52 | ( ’ )| (a® +b2)t

We claim that the first term here tends to 0 as € — 07. To that end, we integrate first over ¢ and
then a and b. Observe that for small € and fixed a and b, the term log |det (Cy(a,b) — t)] is a sum of
functions log |t — ¢|, where ¢ is an eigenvalue of C(a,b). The integral in ¢ is over an interval of length

O(e) with distance O(1/¢) from 0. One checks that such an integral is O(elog(1 + |c|) + e log(1/e)),

ie.

log |det (Cy(a, b) — t)| p(a,b) dadbdt

\/(a2+b2)/€21<t2(a2+b2)2<(a2+b2)/52

-0 (/R (é‘ZIOg(l + [Xi(C1(a,b))|) + elog(1/¢))|¢(a,b)| da db) ,

i=1

Since the eigenvalues of C(a,b) explode at most polynomially near the singular lines of C(a,b),
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these integrals converge to zero. By a similar argument, one sees that the third term converges to

Zero.

So, we know that if ¢ has compact support not containing 0, then

det (Cy(a,b) —tI)
det(Ca(a,b) — t1)

~ 1
(G, @) —2 lim / log o(a,b) dadbdt
T e—0+ 2(a2+b2)<1/e2
Lo(a+ hb,b— ha)

- log |det (I — tCy(a,b)™! h=0 qq dbdt
/t (a2+b2)<1/e? det ( ) (a? + b2)t

We will now integrate out ¢ using the following two computational lemmas.

Lemma 3. For any A € C, consider the integral

ILi(A\ M) ::/ log

lt| <M

- A‘ dt.
t
Then, we have

Il()‘7M)
2
1=

=M log + R(A) log

i+ﬁ‘ + 30 (arctan (M%—(i@)) _ arctan (W))

(1.10)

=: 7S\ + E1 (A, M),
where

Ex\M)=0 (Mlog (1 + ]\/\;)) +[S(N)|o(1);

the o(1) term tends to zero with |\|/M.

Proof. The first identity is straightforward, if somewhat tedious to verify. The limit of the expression
is w|J(A)], so it remains to prove the error term estimate.

By scaling, we may assume that M = 1. Since logarithm is locally integrable, it is enough to
consider the cases with |A\| < 1 and |A| > 1. The first two terms of (1.10) can be estimated via

Taylor expansion, while the third term is straightforward. O
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Lemma 4. For any A € R, consider the integral

1—-— .
4

I;(\, M) ::/ log 3

[t]<M

t‘dt

Then,

2
L\, M) = f% sign(A) + Ea()\, M),

where the Ex(A, M) is bounded and tends to zero with |\|/M.
Proof. By scaling, we may assume that A = 1. We have
. dt X |1—t|dt ! 1—t\dt [ t—1\ dt
lim log|l —t|— = log|—— | — = log| — | — + log| —— | —
Moo J\ycnr t 1+t| ¢t J, 1+t)t t+1) ¢

dt 72

1
1—¢
— 9 tog [0 ) = _9Liy(1) + 2Lin(—1) = — =
/00g<1+t>t i (1) +2Lis(=1) 2

Here, Lis stands for the dilogarithm function, defined as

Lis(z) = / L(lt —Y ar,
0

whose properties and special values are well-documented (see [Zag07]). The error term estimates

are straightforward. O
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Having integrated out ¢, we are then left with

o(a,b)dadb

ZII( (@), s QQHQ) Zh( @) /)

L Lz:z< cuon. ot)]| A e

)
= [ 3B @bl ola by dac (111)

rim (L[58 (e ) - Sm (e, )

h=0 qq db

p(a,b)dadb

(1.12)

n 9 doa b ha
- /R2 Lz_; (—7; sign(A;(C2(a, b))) + Eo </\i (C’g(a,b)),g\/ﬁ))] ¥ JEa};b—i-bb?)h )‘h:O dadb

(1.13)

We are finally ready to isolate the continuous part. Indeed, we will assume that ¢ has compact
support disjoint from the singular lines. In this case, the eigenvalues of Ci(a,b) and Cs(a,b) are
bounded uniformly on the support of ¢, so the error terms EF; and F; tend uniformly to zero.
Additionally, the sign term is locally constant, so integrating it by parts against the derivative term
along circular arcs yields 0. We are left with the first term, (1.11), which is the desired continuous
part (after dividing by 27).

It remains to work out the singular part. We recall the additional assumption that (A, B) does
not have repeated real roots. If (A, B) does not have real roots, there is no singular part. Otherwise,
we can assume that (0,1) € RP! is one of the roots. This means that B is singular, and the a-axis
is a singular line; it suffices to consider ¢ for which the support hits only this single singular line. In
the following lemma, we analyze the behaviour of the eigenvalues of C(a,b) and Cs(a,b) near this

singular line.

Lemma 5. Assume that the pencil (A, B) has a simple root (0,1) with unit eigenvector v. Then

(Av,v) # 0, and for a # 0, the matrices C1(a,b) and Cs(a,b) (as defined in (1.9)) have big eigen-
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values, with asymptotics as follows,

i (Ca(a.t) = “Z L 14 0@,
Moig (Ca(a. b)) = =5 (1+0()).

The O-terms are uniform for (a,b) € K x (—6,0), where K is compact and does not contain 0 and
§ is sufficiently small. All the other eigenvalues of Cy(a,b) and Cy(a,b) are O(bY/™1) and O(1)

respectively, with the same uniformity properties.

Proof. By our assumption, det(zA 4+ B) has a single zero at 0. By expanding this determinant in
an eigenbasis for B, we can see that (Av,v) # 0.

Observe that

Cy(a,b) = vo* 4+ O(1),

1
b(Av,v)

where the error term is Hermitian with uniformly bounded entries. This follows at once from

Cramer’s rule, applied in an eigenbasis for B. Consequently, for C;(a,b) we have

1 A B
Cl(a7b):b ( aA+b

— * 1
(Av, v) a2+b2>m} +0(1),

where the error term again has uniformly bounded entries but not necessarily Hermitian. The
main terms have the desired eigenvalues, and the error estimates follow from well-known eigenvalue

perturbation bounds for general (C) and Hermitian (Cs) matrices; see [Kat66]. O

These eigenvalue estimates imply that (1.11) is indeed integrable.
We will evaluate (1.12) and (1.13) using the eigenvalue expansions, starting with the former.
Making the change of variable b = ce, and observing that Ei(s,t) = Ej(es,et)/e, we can rewrite

(1.12) as

%/}Rz zz:; [El <€)‘i (C1(a,e0)), \/ﬁ) -k (5>\i (Ca(a,ec)), Jﬁ)} v(a,ec) dade.

By Lemma (5), the integrand converges pointwise, and we obtain
1 a— (Av,v) 1 1 1
— L |———— — |- L | ———, — 0) dade.
o Gt )~ (i ) o0 0
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To justify taking the limit inside, it suffices to note that by Lemma 5, for i € [n], we have
e|Xi (Ci(a,ec)) | = O(1/|c|), with imaginary part O(|c|'/"~e/™). Apply the estimates of Lemma
(3) to get an integrable majorant ¢ — C(log(1 + 1/¢?) + |c[*/"~1) for some C > 0.

We may now use Lemma 3 to evaluate the I1-terms to get

a—{Av,v)
1 a — (Av,v) Aoy 1€ 1 (a - (Av,v))?
- 1 : log |1 — — &~ AV U))" 0 dad
o e | R v | KU
1 a vy T ¢ 1 a?
o ! : log |1 - 57— 0) da de.
7r/Rz clal{Av,v) og <A5v> + log 2 (Av, 0)? »(a,0)dade

Finally, use Lemma 3 and 4 to calculate the integral in ¢, ending up with

A

We will now turn to (1.13). Since the Es-term is bounded and converges to zero, it vanishes in

1 1

a (Av,v)

1
— |<Av,v>> v(a,0)da.

the limit, and we are left with

h=0 qq db

< o(a+ hb,b— ha)’
] (@ )

g/Rz [Zsign()\i(cz(%b)))

i=1
%gﬁ(a + hb,b — ha)‘

h=
o dadb

:% /R2 sign((Av, v)b)

Here, the equality follows from the fact that only the big eigenvalue can change its sign in the support
of ¢, and its sign is determined by Lemma 5. This integral can be further simplified by integration
along the va? + b?-radius arcs, with say the change of variables (a,b) = (r cos(6),rsin(f)). This

results in the integral

1 1

Putting the terms together, we can see that the singular part is given by
1 1 sign({Av, v))
a (Av,v)

g e ) pe0y e
11—t

1 1 _
= 271'/ Tgp((Av,vﬂ, 0)dt = 27T/ %@((Av, v)t, (Bv,v)) dt,
0 0

as desired.
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It remains to get rid of the extra assumptions for the existence of 4. p. This can be done
with approximation: one can find a sequence of pairs (A,,, B,,) converging to (A, B), such that
1) pencils (A, B,,) are non-degenerate, and 2) all roots of (A,,, B,,) are pairwise distinct. These
conditions are Zariski open, so are satisfied by small generic perturbations. Then, (G;“\Bm,go) =
(Ga,, B, ?) = (Ga,p, @) = (@,g&) for any ¢ as before. So, @ is a weak limit of positive

measures and hence a positive measure itself. O

Theorem 23. Let piap be as in Theorem 22. Fix any measurable function f with f(0) = 0 such

that for any M > 0,

Define a function H(f) : R — R by

Then, for any x,y € R, one has

tr H(f)(Az + By) = /}R2 flax +by)dpa,s(a,b). (1.14)

Proof. Let us start by considering a Schwartz function f with compact support not containing
0. By a change of variables (see Proposition 3, (1)), we may assume that (z,y) = (1,0). Define

we(a,b) = f(a)e_l/QEQbQ. By the defining property of the measure p4 g from Theorem 22,

/ fla)dpa,g(a,b) = lim we(a,b)dpa p(a,b) = lim Pe(a,b)Ga,p(a,b)dadb

e—0t R2 e—0t JR2
= lim - | fla)e 32" trg(ad +bB)dadb = lim f( )e~ =¥ tr g(aA + ceB) dade
e—0t € Jp2 e—0t

= Aae*%bzr a adc = 7Tn fla aA; a
= [ F@e ¥ wgtaa) daa ﬁ;/Rf()g(A(A))d

=y / Flo FOu(A))@lga)da = V2T 3 @ JON(A))).

It therefore suffices to check that
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Writing f(t) = t2h(t), we are left to verify that

/Olt(l —t)h(t)dt = —\/% (829, h) - —\/% (]—' (x o @ ij)em + x;ﬁ) ,h) :

But this is straightforward to check by calculating the inverse Fourier transform of #(1 —#)x(o,1)(%)-

A general f can be dealt with approximation. Start by assuming that f is bounded and compactly
supported with the support not containing 0. One can then find a sequence (f,,)2>_; of Schwartz
functions with the same bound converging pointwise a.e. to f. Dominated convergence theorem
then implies that both sides of (1.14) converge when m — oo, so the identity (1.14) is also true for
such an f. A general non-negative f can be now dealt with monotone convergence theorem, and to

finish, decompose f to positive and negative parts. O

Remark 2. If h:= H(f), one may calculate

d [t — 1 1
:&/ f(xt)udt:/o f/(xt)(l—t)dt:%/o f(at) dt
1 1 L
h(2 = da:x./ [z :_%/0 f(xt)—l-%/o f/(xt)tdt:—%/o f(xt)-i-%f(x),

so that 2zh/(x) + z2h®(z) = f(z). This allows one to recover f from H(f), at least if H(f) is

regular enough, say twice continuously differentiable.

1.2 Basic properties

Proposition 3. 1. (Basis change) Let V : R? — R? be linear and invertible with V(a,b) =
(v11a + v1,2b,v21a + v2 2b) for a,b € R. Define (A',B') =V (A,B) = (v11A+v12B,v21A+

vooB). Then, was g is given by the pushforward measure Vi (14 ).

2. (Invariance) The measure pa p only depends on the homogeneous polynomial, the so called

Kippenhahn polynomial,
pA,B(:Ea Y, Z) = det(zj + zA + yB)7

in the sense that if pa, g = par,p' for a different pair (A', B'), then pap = ptar B -
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3. (Block matrices) Assume that (A, B) is block diagonal, i.e. in some basis we have

for some (A1, B1) € My, (C) x My, (C) and (As, B2) € M,,(C) x My, (C) (with ny + ng =n,

ny,ng > 0). Then,
HAB = ftAy,B; t HAs,Bs,- (115)

4. If pap is reducible, then for some nyi,me > 0 with ny + ne = n, there exists (A1, B1) €
M, (C) x M, (C) and (Az, By) € M,,(C) x M,,(C) such that pa.g = pa, B,PA,,B, and hence
(1.15) holds.

Proof. 1. It follows by manipulating (1.14) that V. (u4 p) satisfies the defining identity (1.14) for

tar,pr. Hence, we will be done by uniqueness of the measure, Proposition 5.

Alternatively, this follows from the explicit formulas (1.3) and (1.4). Indeed, Remark 1 implies

that

1
) B = ——— y-1
PA".B ‘ det(V)|pA’B o )

which is exactly the density of the pushforward of the continuous part of . The singular

points are respected by the pushforward, and hence the singular part in its entirety.

2. This is clear since the left-hand side of (1.14) only depends on the eigenvalues (with multi-

plicities) of linear combinations of A and B; and these are the same for (A4, B) and (A’, B) if

PA,B = PA",B’-

3. This follows from tr f(xA + yB) = tr f(x Ay + yB1) + tr f(xAs + yBs), and uniqueness of the

measure.

4. The polynomial p4 p and hence all its factors are hyperbolic in the sense of Garding [Gar59].
The existence of (A1, B1) and (Az, Bz) then follows from the Helton—Vinnikov theorem [HVO07].
O

Property (4) of Proposition 3 implies that degenerate pencils can be reduced to the non-degenerate

case by factoring the polynomial py4 p.
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Proposition 4. Let yi. be the continuous part of the measure p1a g for some Hermitian matrices A

and B. Then the following things hold true:
1. For (a,b) € R? we have pa p(a,b) >0 iff (A —al, B —bl) has non-real root.
2. If the pencil (A—al, B—0bI) is definite, then pa p(a,b) = 0. In particular, p. is supported on

the joint numerical range of (A, B):

supp(pe) € W(A, B) C [min(A(A)), max(A(A))] x [min(A(B)), max(A(B))].

3. pe =0 iff A and B commute.

Proof. 1. Roots of the pencil (A —al, B —bl) are images of the eigenvalues of Ci(a,b) (see (1.9))

under the map

HbA—a 1
a\+ba?+0b2’

2. The first claim follows from the previous part and the Lemma 1. For the second claim, observe
that if a(A — al) + B(B — ) is positive definite, («, 8) is exactly the functional separating
(a,b) from the convex set W (A, B).

3. Assume that p. = 0 so that

wH(f)(Az+By)= Y H(f) (%f’v?x + <€f’:>)>y) .
vEE(A,B)

Assuming w.l.o.g. that the largest eigenvalue of A equals 1, we will apply this identity with
(z,y) = (1,0) and the function f = xzs1-¢ for 0 < ¢ < 1. Note that H(f) vanishes on
(—o00,1 — ¢] and is positive on (1 — g,00). If (Av,v) < (v,v) for every v € E(A, B), then we
may choose € so small that LHS is positive while RHS is zero, a contraction. If on the other
hand (Av,v) = (v,v), then v maximizes the Rayleigh quotient, and is hence an eigenvector of
A. Since it is also a root of the pencil (A4, B), it must be eigenvector of B. Consequently A

and B have a common eigenvector and we are done by induction.

O

Proposition 5. There is at most one measure p with n({0}) = 0 satisfying the condition of Theorem

23.
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Proof. While p is not a finite measure, the measure i defined by

() = [ @+ 1) 5 dla )

is. Applying (1.14) for different polynomials and x,y € R, one can solve all moments of fi. As fiis a
compactly supported measure by Proposition 4, the moments uniquely determine it (via expansion

of its characteristic function), and hence also p. O

1.3 Applications to polynomials

Applying Theorem 6 to integer powers f(t) = t* for k > 0 yields

1
— _tr(zA+yB) = k . 1.1
g A+ uB) = [ (e ) dia ple.d) (1.16)
Write
Yk
tr(zA + yB)F = <>s ABlkl
( Yy ) ; I l,k— l( )

The coefficient s (A, B) is equal to the average of traces of words with k& A’s and [ B’s. If
max(k,l) < 1, sgi(A, B) = tr(A¥B!), while for instance ss2(A4, B) = (2tr(A2B?) + tr(ABAB))/3
and s32(A, B) = (tr(A*B?) + tr(A2BAB)) /2.

Equating coefficients in (1.16) one finds expressions for mixed moments:

A, B)
kpld pop— i
/Rza Hap(a.b) = G

for k,1 > 0. This allows one to deduce a trace inequality for any non-negative bivariate polynomial

vanishing at origin.

Corollary 2. If p(a,b) = Zk,lzo cra"bl is mon-negative with coo = 0, then for any Hermitian

A, B € M,(C)

sk,1(A, B)
OS/ p(a,b)dpa g(a,b) = ch
- A CE[CEEt)

37



In particular, if p is homogeneous and non-negative with p(a,b) = Zf:o calb*=t, then also

k
Z asip-1(A,B) >0
1=0

for any Hermitian A, B € M, (C).
Example 3. Considering p(a,b) = (a? + b* — a)? in Corollary 2 yields

3tr(AY) +4tr(A%2B?) + 2tr(ABAB) + 3tr(B*)

tr(A?) — (tr(A%) + tr(AB?)) + 10

> 0.
This inequality doesn’t have any non-trivial equality cases. Indeed, if

/Q(a2 + 2 —Q)Qd/LA_’B(CL,b) =0,
R

measures (14,5 would need to be supported on a circle {(a, ) | a® +b*> —a} and this is only possible
ifA=0=B.
More generally, one could ask for the best constant ¢ in the inequality

3tr(A%) +4tr(A%B?) 4+ 2tr(ABAB) + 3tr(B?)
10

ctr(A?) — (tr(A%) + tr(AB?)) + > 0. (1.17)

As we observed, ¢ < 1. If ¢ > 5/4, one may rewrite this inequality as

2 2 1 2 2 2 2 2 1 2 2\2

Proposition 6. If c < %, the inequality (1.17) doesn’t admit a pure SOS-certificate.
For basics of working with SOS-certificates, see for instance [BKP16, Section 1.3].

Proof. Existence of a pure SOS-certificate is equivalent to the existence of a positive semidefinite

5 x 5 matrix M such that

3tr(A*) + 4tr(A?B?) + 2tr(ABAB) + 3tr(B*)

tr MG = ctr(A?) — (tr(A%) + tr(AB?)) + 10

=: 5,
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where G denotes the tracial Gram matrix of (A4, A%, B2, AB, BA), i.e.

[ tr(A2)  tr(A%)  tr(AB?)  tr(A2B)  tr(A2B)
(A%)  t(AY)  tr(A?B?)  t(APB)  tr(APB)
G = |[tr(AB?) +tr(A2B?) tr(B*) tr(AB3) tr(AB3)
tr(A2B)  tr(A%B) tr(AB%) tr(A2B2) tr(ABAB)

tr(A°B) tr(A*B) tr(AB®) tr(ABAB) tr(A*B?)

Observe now that the entries G; ; with ¢ < 3 < j have odd degree in B, and such terms don’t

exist in S. We may hence restrict our attention to two block matrices and note that

Ml,l M172 Ml,g t]I‘(Az) tr(AS) tI'(ABz)
S =tr Mg’l ngg M2,3 tI'(A3 tI‘(A4) tI‘(AQBz)
Mg’l M372 M3,3 tI‘(ABz) tI"(AzB2) tI‘(B4)

M474 M475 tI'(A2B2) tr(ABAB)
+tr

M574 M575 tI‘(ABAB) tl"(AzB2)

Since the term tr(ABAB) appears only at the entries G4 5 and G5 4 of G, we must have My 5+Ms 4 =
1/5. Positivity of M then implies that My 4 + M55 > 1/5. Subtracting these terms from both sides

of the equation reveals that

M171 M1’2 M173 tI‘(AZ) tI‘(AS) tI‘(AB2)
0 Str M271 M272 M273 tI‘(A3 tI‘(A4) tI‘(A2B2)
M371 M372 M373 tI‘(ABz) tI‘(A2B2) tI‘(B4)

=S - (M4,4 + M5,5) tr(AQBQ) - (M4,5 + M5’4) tr(ABAB)

<ctr(A?) — (tr(A%) + tr(AB?)) + 3tr(AY) +2tr(A%B?) + 3tr(B4).

10
Pluggin in A, B = 5/4 one deduces that ¢ > 5/4. O
Picking
1+ 0 0 1
A=3 3 . B= 3
oo 1- /2 1110

shows that ¢ > %7 but we don’t know if this bound is optimal. If A and B commute, ¢ = % is the
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optimal bound since the expression rewrites to

1
0 tr(3(A% + B?) — 54)%.

1.4 Derivatives of trace functions and Stahl’s theorem

If one applies Theorem 6 to the functions f(t) = tﬁ_l for a positive integer k, one quickly arrives at

Theorem 2.

Proof of Theorem 2. Smoothness follows from a classical result of Rellich, see [Kat66, VII, Theorem

3.9]. Furthermore, by [Bul71, Corollary 8], it is enough to proof that if f is of the form
M
te proa(t) + Y ma(t — )5 (1.18)
i=1

where pj_1 is a polynomial of degree at most k — 1, (¢;)M, € RM, and (m;)M, € RY, then
tr f(tA + B) is a pointwise limit of functions of the same form. The desired conclusion is clear for
the polynomial part, and for the remaining terms we can assume that M =1, ¢; =0, and m; = 1.
Also, the case k =1 is classical [Pet94, Proposition 1], so we may assume that k > 2.

Applying Theorem 6 for f(t) = t5~* (so that H(f)(t) = f(t)/(k(k —1))) and (z,y) = (¢, 1), one

gets

te(tA+ BYE = k(k 1)/ (at + )5 dua 5 (a,b).
Rz

If k is an even integer, the integrand (at + b)ﬁ_l is of the form (1.18) for any a,b € R, and we are
done by the positivity of ua, g. If k is odd, we further need that the support of ;14 p is contained in

the half plane {(a,b) € R? | @ > 0}, which follows from Proposition 4. O

As explained in the introduction, Theorem 2 is closely related to Stahl’s theorem, which admits

the following reformulations.

Theorem 24 (Reformulations of Stahl’s theorem). Let A, B € M, (C) be positive semidefinite.

Then

1. the function
t — tr(exp(A —tB))
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is Laplace transform of a positive measure,

2. for positive integer k all the coefficients of the polynomial

ts tr(A+tB)*

are non-negative, and

3. the function

t — tr(exp(A —tB))

is completely monotone.

Proof. 1. By approximation (see for instance [Clil4, Section 2.1]) we may assume that all the
eigenvalues of B are pairwise distinct. Apply identity (1.14) for (z,y) = (1,0) and positive
definite A. Since A~'B ~ A~'/2BA~1/2_ all the roots of (A, B) are real and the singular part
hence has n terms; we assume for now that all the roots of (A, B) are pairwise distinct. We

hence have

(Av,v)
(v,v)

wH(NA) = 3 H(f) (

) + fla)pa,(a,b)dma(a,b). (1.19)
vEE(A,B) k2

By Theorem 7 and Remark 1 the density pa,p satisfies

o(u (- 2)or-eor)|

Writing A’ = A=, B’ = A~Y/2BA~1/2 this rewrites to

o(n (¢ o))

n

1
pap(ab) = o >

-
i=1

n

1
pA,B(CL, b) = % Z
=1

Note also that

{(Avm)} _{ (A2, AV 29) } _{ {(w, w) }
<’U,’U> vEE(A,B) <A/A1/2U,A1/2U> vEE(A/2, A-1/2B) <A/UJ,’IU> weE(B’) ’

and (A, B) having n distinct roots means exactly that B’ has n distinct eigenvalues. We can
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hence simplify (1.19) to

o (v,v)
trH(f)(A™) = Z,)H(f)<<A’v,v>)

vEE(B
3 ()\i ((A’ - i) (b — aB')_1>> ‘ dms(a,b).

The idea is now to choose f so that H(f)(1/x) = exp(—x). Remark 2 allows us to solve for f

1 n
tor LS @2

i=1

and we obtain

Simple integration yields that H(f)(t) = t2f(t) and we have

veEE(B')
5o (o (- £) 010 ot

trexp(—A") = Z exp (—(A'v,v)/(v,v))
+% - a_ze_l/“zn:
= Z eXp(—<A'U,U>/<U’U>)
/W Z‘% @ —an 1= B)7)) [ dma(a )

where we performed the change of variables (a’,b’) = (1/a,b/a). While this formula a priori
only holds when A’ is positive definite, multiplying both sides by a constant and translating
A’ and o' appropriately reveals that such restriction is not necessary.

Substitute (A, B’) = (Bt — A, B). Again, a simple change of variables (a/,b") = (bt — a,b)

yields

trexp(A —tB) = Z exp ((Av,v)/{v,v) — t{Bv,v)/(v,v))

veE(B)

+L [ e bti‘g( A ((al - A)(bI—B)_1>)‘dm2(a,b)~
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The measure we seek is therefore

Av,v

¢ )
E e @V § (Buw + Vg
o)
vEE(B)

where

dv, 1
b) = —
dmy 21 Jr

ea

S ()\Z- ((aI —A) (] — B)*l)) ‘ da.
2. Applying Theorem 6 to f(t) = t* one sees that

tr(zA + yB)* = k(k + 1)/ (za + yb)* djua p(a,b).
R2

The claim now follows once one observes that by Proposition 4 the measure p14, g is supported

on the first quadrant {(a,b) | a,b > 0}.

3. This readily follows from Theorem 2 applied to the exponential function.
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Chapter 2

Chapter 2: Planes in Schatten-p

and beyond

In this chapter we study isometric questions in Schatten-p classes. We start by proving Theorem 25,

a slight refinement of Theorem 3/Theorem 19.

2.1 The embedding result

Theorem 25. Let A, B € S, for some 0 < p < oco. Then there exists f,g € L, such that for any

z,y €R
leA+yBlls, = llzf +ygllz,-

In other words, any two-dimensional real subspace of Sy, is linearly isometric to a subspace of L.

It turns that Theorem 25 follows as a quick corollary from Theorem 23. Indeed, if in Theorem 23

we set f(t) = |t[? for p > 0, then H(f)(t) = |t|’/(p(p + 1)), and the identity we obtain is
tr|lzA+yB|’ =p(p+1) / lax + by|P dpa,p(a,b).
R2

Note that this is giving us an embedding of the span of A and B in S, to L,(u4,5), mapping A to
(a,b) = a and B to (a,b) — b. This embedding is (proportional to) an isometry for every p > 0
simultaneously.

Passing from the case of Hermitian matrices A, B to general two dimensional subspaces of .S}, is
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standard.

Proof of Theorem 25. We have seen that the result holds as a consequence of Theorem 6 if A, B €
M,,(C) are Hermitian. General complex matrices A, B € M,,(C) can be reduced to this special case

by considering the following Hermitian block matrices

1 |0 A 1 |0 B

:21/p A% 0 ’ _Ql/p

!

and noting that ||[zA" + yB'|s, = [[zA+yB|s, for any z,y € R.

For general A, B € S, by approximating A and B with finite rank operators and applying the
finite dimensional result, one sees that for any k € N there exists a measure u; and a (1 + 1/k)-
distortion embedding span(A, B)s, — L,(u). Take an ultraproduct of these maps with respect
to a non-principal ultrafilter ¢/ to get an isometric embedding of span(A4, B)g, to the ultraproduct
(ITx Lp(pr)),,, which is known to be isometric to L, (u) for some measure p; see [DCK72] for the

case p > 1 and [Nao98] for the case 0 < p < 1. O

2.1.1 Equality cases

It turns out that the tracial joint spectral measure can be in many cases used to determine equality

cases in various inequalities.

Theorem 26. Letp > 0 and v a finite symmetric signed measure on S* such that for any A, B € S,

one has

/1 |14 + ta B, dv(ty, t2) > 0. (2.2)
S

Assume also that two Hermitian matrices A, B not both zero exist such that (2.2) holds with equality.

Then at least one of the following is true:
e A and B commute.

o The set

{(cub) ER?| / tia + tob[Pdu(ty, to) = o}
Sl

contains an open Set.
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Proof. Take such a Hermitian A and B and consider p4 g. We then have

/||t1A+tzBH§pdu(t1,t2) :p(p+1)/ / S [tra + tabPdu(ts, ta)dpu(a, b).
st r2 Js1 i

Since the integrand is non-negative by the assumption, it has to vanish on the support of 14 p. If
A and B don’t commute, by Proposition 4, the support of ;14 g contains an open set, so the second

condition is true. O

By analysing dilations (2.1) one could formulate similar statements about more general elements
A, BeS,.

While Hanner’s inequality Theorem 18 doesn’t fit in the framework of the Theorem 26, the
knowledge of the situation in the commutative case can be still used to deduce equality case in the

non-commutative one.

Theorem 27. Let p > 2. Assume that A, B are Hermitian matrices for which inequality (16) holds

with equality. Then A and B commute.

Proof. As in the proof of the embedding result, consider the functions fa,5 = (a,b) = a € L,(114,B)

and ga,p = (a,b) = b & Ly(pa ). Since
lzA+yBllg =pp+lzfas +ygasll,

the pair (fa g, ga,p) satisfies inequality (12) with equality. It was however proven by Hanner [Han56]
that equality holds in (12) only if |f(¢)| and |g(t)| are proportional. This means that the support of

114, has to lie on two lines, which by Proposition 4 implies that A and B commute. O

2.2 Embeddings via polynomial certificates

In my earlier work [Hei24] I proved Theorem 25 for p = 3 and p = 4. In these special cases the

embedding result admits considerably simpler proofs which I will now describe.

2.2.1 The case p=1

For even integers subspace structure of L, is somewhat special: for any f,g € L, the function

te[ltf +gll7,
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is a polynomial of degree p. This turns the question of embedding to L, essentially to a moment

problem. Indeed, by Theorem 21 we are to find a measure p on S* such that for any z,y € R,
tr(zA+yB)" = / |[zv1 + yvo|” dpu(vr, v2).
Sl

Both sides of this equation are homogeneous polynomials of degree p and we may compare their
coefficients to obtain constraints for the moments u(v’fvgka 0 <k < p. Isometric embeddability
to L, for even integer p is then equivalent to the solvability of this moment problem.

The same relationship works in any dimension, but for 2-dimensional spaces the situation is
somewhat simpler: moment problem is one-dimensional and we can use Fourier analysis to connect

this problem to a well known variant of Bochner’s theorem.
Theorem 28. If A, B € M,(C) are Hermitian matrices, there exists a measure u on S' such that
for any x,y € R,

tr(zA +yB)* :/ lzvy + yoa|* dp(vy, va). (2.3)
Sl

Proof. Expanding both sides of (2.3) leads to an equality between two degree 4 homogeneous poly-
nomials. On the LHS the coefficients of this polynomial can be written as sum of traces, while on

the RHS they can be written in terms of Fourier coefficients of p by writing

_ (exp(it) + exp(—it) exp(it) — exp(—it)
(1}1,1}2) - ( 9 5 % ) .

Equating the coefficients leads to the following equations for the Fourier coefficients:

i(0) = tr(A*) + % (2tr(A2B?) + tr(ABAB)) + tr(BY)
fi(2) = tr(A*) — tr(B*) + 2i (tr(A’B) + tr(AB?))

fi(4) = tr(A*) + tr(B*) — 2 (2tr(A*B?) + tr(ABAB)) + 4i (tr(A®B) — tr(AB?)) .

It then suffices to determine if a measure with such Fourier coefficients exists. Since only the even
coefficients are constrained, we may consider even measures (u(f) = p(f(- +))). If v denotes the
respective measure on the half circle [0, 7], we have D(k) = i(2k) for every k € Z.

Existence of a positive measure v with given moments (0), (1), ?(2) is equivalent to (see for
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instance [BW11, Theorem 1.3.6])

>
—
—_
~—
>

>
—~
[\
~
>
—~
—_
~—
>
—~
o
=

ie. v(p) > 0 for any trigonometric polynomial p of degree 2 non-negative on S'. By [BWI1,

Theorem 1.1.7] it is enough to check such polynomials with roots on the unit circle, namely that

0 <u(f s (£ — e%)(e¥ — ¢if2) (e — i) (e=10 _ o=if1))
=(4+ €' 1702) 4 £102700)(0)
_ 2(6—191 4 e—iaz)ﬁ(l) _ 2(6191 + er)m

+ e Ort02)5(9) 4 01 H02)(2)
for any 6;,0; € R. But since this can be expressed as

(2 — e — 7 )(2 — ¢if2 — ¢7102) tp(AY)
+4Z (eiél + e’iez _ 6i(91+92) _ €7i01 _ ef’iaz + 672(91+92)) tr(ASB)

2tr(A?B?) + tr(ABAB)
3

n (8 1 2(ei01=02) 4 i02=61)) _ g(i(Br1+62) 4 e—i(92+91))>
+4Z (eiel + e’i02 + ei(91+92) _ e—igl _ e—ieg _ e—i(91+02)> tr(AB3)

+(2 4 eiel + e—iﬂl)(Q + €i02 + e—iHQ)tr(AAL)

=[(e" = 1)(e" = 1) A% —i(e" @) —1)(AB + BA) — (¢ +1)(¢" + 1) B2,
01 _ ei92|2

3

le

+ IAB — BAJI3,

>0

b

O

we are done.

For p = 6 a similar argument is considerably more difficult but still possible. The main difference
is that a new identity is needed to prove non-negativity of v(p) for trigonometric polynomial p of

degree 3 non-negative on S'. Again, it suffices to check polynomials with roots at e*1, %2 ¢ For
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such a polynomial, non-negativity is exhibited by the following identity:

V(9 N ‘eia _ ei01|2|ei9 _ ei92|2‘ei9 _ ei93|2) (2.4)

=|les.04? + c21(BA? + ABA+ A2B) + c12(BA® + ABA + A”B) + ¢ 3B,

ei@g _ 193 2 ) ) ) )

+|37| (I = DA +i(e"™ +1)B), [A, B]]|[5, + 15][((¢” = 1)A —i(e" +1)B), [A, B]][I%,)
61’03 _ 191 2 . . .

+|37| (I = DA +i(e" +1)B), [A, B]]|[5, + 15][((¢'”* — 1)A —i(e" + 1)B), [A, B]][|3,)
ei91 _ 192 2 . . .

PR (% ~ DA+ it + 1)B), 4, BIJI3, + 15][(¢% ~ 1A~ i(e® + 1)B),[4, B]IE,)

where

c30 = (e — 1)(e'?2 — 1)(e'% — 1)

361(91+92+93) + 3 _ €i91 _ 6192 _ ei03 _ ei(91+92) _ 61(92+93) _ ei(93+91)
21 = —1 3

3ei(91+02+93) _ 3 _ ei91 _ eiez _ eiea + ei(91+02) + 61(92+93) + 61(93+91)
3

12 = —

Co3 = (e + 1) (e 4 1) (e’ +1).

Remark 3. Identity (2.4) was discovered with heavy use of computer algebra. I first guessed the
form of the leading term based on the commutative case. I then analyzed the remainder in various
special cases with semidefinite programming tools until patterns started emerging and I could guess

a general formula.

For p = 8 T have not been able to find a similar expression, and have some numerical evidence

that it might not exist. In particular, one can check that

v(0 — |(e29 4+ 1)2%)

:Sgﬁo(A, B) — 486)2(14, B) + 684’4(14, B) — 482’6<A, B) + 80’8(14, B)7 (25)

where, as in the section 1.3, the coefficients s ;(A, B) are defined with

tA+B ZslkAB<)

Question 1. Can the expression (2.5) be written as a sum of squares?
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2.2.2 The case p=3

For odd integers p determining embeddability to L, also simplifies, but for a rather different reason.
It was shown by Koldobsky [Kol92] that embeddability of two-dimensional normed spaces to L, is
essentially determined by non-negativity of a fractional derivative of an auxiliary function. For odd
integers this fractional derivative is just the usual derivative. More explicitly, one can make use of

the following result.

Lemma 6. Let ||| be a norm in R? such that for any v,w € R? the 4th distributional derivative of
t e ||t 4+ w|?

is a finite positive Borel measure p, for which [ |z|>du(z) < co. Then || - || is linearly isometrically

embeddable into Ls.
The converse is also true [Kol92, Theorem 4].

Proof of Lemma 6. 1t follows directly Theorem 5 of [Kol92] that for any v,w € R? there exists a

function h,,, : R — R and a symmetric positive measure p,,, on S! such that for any z,y € R

lzv + yw||3 = /S1 [{zv + yw, u>|3d,uvyw(u) + hy (2, ). (2.6)

Additionally, there exists some m,, ,, € N such that h, ., (z,y) is polynomial of degree less than m,, .,
in y for every fixed . By checking the asymptotics at 0o one sees that m, ,, is at most 3. By
using homogeneity one sees that hy (z,y) = |2>pyw(y/z) for some polynomial p, ., of degree at
most 3 whenever x # 0.

Swapping v and w one similarly obtains ,, , and p,, . Subtract the resulting representations to

get the equation

/51 [(zv + yw, u) Pd(po,w — pwo) (@) = [y pww(/y) = 12 po.w(y/z) = q(z,y). (2.7)

We claim that fu, ., — flw.s =: v is supported on {u € S* | (v,u) =0} U{u € S* | (w,u) =0} =
v1 Uw?, and that Dv,w and py, , are both constant.
To that end, note that for fixed non-zero yo € R, the restrictions of ¢(-, yo) to intervals (—oo,0)

and (0, 00) coincide with polynomials, though these polynomials need not be the same. Integration
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by parts then implies that for any smooth ¢ with compact support not containing 0 one has

0= [ Satwawetorts = [ e @ds = [ [ oo+ g @)

= —6 /S/ v, u)?® sign({zv + yow, u)) @' (z)dzdy(u) = 12 /S (v, u) P <y0 t‘)’;‘f) dv(u).

Since this holds for any ¢ as before, it follows that the signed measure v is supported on v+ U w™.
This means that the LHS of (2.7) is a linear combination of |z|* and |y|3, and consequently for some

a, B € R we have

Blyl* = alz® = [yI*pww(@/y) — 12> pow(y/z)

& sign(z)(2° (po,w (y/7) — @) = sign(y) (4" (Puw.o (z/y) = B))

whenever z,y # 0. Comparing the bivariate polynomials z3(py. . (y/2) — «) and y*(pw..(z/y) — B)
one then sees that in fact p, ., = @ and py,, = B.
We have thus proven that in (2.6), hy . (z,y) is a multiple of |z|, and we may hence absorb it

into the measure p, ,, to obtain measure fi, ,, for which

ooyl = [ oo+ g, i (1)

for any z,y € R. While /i, ,, is not a priori positive, it is positive in w'. Since by Theorem 21 the

measure fi, ., however is independent of v and w, it has to be a positive everywhere. O

Theorem 29. Let A,B € M,(C) be Hermitian. Then there exists f,g € L3 such that for any

z,y €R
leA+yBls, = =f +ygllLs-
Given Lemma 6, proving Theorem 29 reduces to analyzing the fourth derivative of
tstr|[tA+ B

for Hermitian A and B. The moment bounds are mostly technicalities and the points of non-

smoothness also cause no trouble, but checking non-negativity elsewhere is quite non-trivial.
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Lemma 7. Let A, B € M, (C) be Hermitian. Then
3\(4) _ 5
(tr]A+tB’)" = 0(1/|t])

when [t] = oo.
Proof. Recall that since A and B are Hermitian, by the result of Rellich [RB69] the eigenvalues of
B + €A are n analytic functions of €, and hence for i € [n] we can write

Xi(A+1tB) =tA\(B) + Y et
§=0

with ¢; € R for j > 0 and the series converging for large enough t. Now, either \;(A + tB) is

identically zero, or for some integer d < 1 one has
INi(A+tB)]2 = [t]*(1 4+ 0(1/t)), (2.8)

where the multiplier is analytic outside a compact set. Differentiating termwise one sees that the

4th derivative of (2.8) is O(|t|~°), and summing over i then yields the claim. O

Theorem 30. For Hermitian A, B € M, (C), with B invertible, the function
T:tetr|A+tB)?

is analytic outside finitely many points where A 4+ tB is singular. Outside these points T has non-

negative 4th derivative. At the singular points T behaves like
Clt —c[> + Dt — c|*(t — ¢) + f(1),
where C > 0 and f is C* near c. Consequently, the 4th derivative is a non-negative multiple of &

measure at the singular points and therefore altogether a mon-negative measure.

Proof. The second claim follows straightforwardly from the analyticity of the eigenvalues. Indeed,
assume that say 0 is a singular point and let \;(A + ¢B) denote the analytic branches of eigenvalues
of A+tB near 0 for i € [n]. If \;(A) # 0, |\;(A +tB)|? is analytic near 0. If on the other hand

Ai(A) = 0, we can write \;(A + tB) = tFv;(t) for some analytic v; with v;(0) # 0 and k a positive
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integer (recall that B is invertible). Now

(O = [t |vi(t).

Note however that the second term is analytic near 0. If k¥ > 1 the whole function is C* near 0. If
k = 1, we may expand |v;|? at 0 to get required expansion for a single eigenvalue. Repeating this
for all the eigenvalues yields the claim. Since det(At 4+ B) is a non-zero polynomial, it can only
have finitely many zeroes, and there can consequently only be finitely many points where T is not
analytic.

Let us then move to the heart of the matter, identifying the analytic part.

Lemma 8. (¢f. [Hial0, Theorem 2.3.1.]) Let A, B € M, (C) be Hermitian and f be analytic near
the eigenvalues of A. Write F(t) = tr(f(A+tB)). Then

FR0) 1 S
k'( ) = % Z Z R Z[}\i“)\w,. . -a)\ik]f’Bil,izBiz,ig . 'Bile' (29)

ii=lis=1  ip=1
Here B; j is the matriz of B in the eigenbasis of A, and A1, Ao, ..., A, are the eigenvalues of A.

Proof. The LHS clearly only depends on the value of f and its first k derivatives at the eigenvalues of
A. Hence it is sufficient to prove such an identity for a special class of functions, say for polynomials.

For the function (-)™ the LHS is simply

(tr(A + tB)™)*)(0) Z

5 = tr(A%° BAI' B ... BAI*)

J0sJ15--Jk>0,07 ji=m—k

- Z (jx + 1) tr(BA' B - .- BA%*)
J1yedk 20,370 ji=m—k
:% Z tr(Ale...BAjkB)

J1eede >0, ji=m—k

:% 3 SN > NN NEBiiBii, - B

J150dk 20,070 ji=m—ki1=14i2=1  dp=1

But since

> AN NE = Ny Ay iy a1,

11 12
J1oesdk 20,30 ji=m—k

we are done. O
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Let us now focus on the main expression (2.9) with k =4 and f = |- |>. Write g = f'/3 = (-)| - |

We have the following simple identities.

Lemma 9. Let a1,a2,a3,a4 < 0 < by,bs,b3,by. Then the following identities hold:

[al, as, as, a4]g =0 (2.10)
2h2
a1,az,a3,b]y = ! 2.11
(ar, 02,03, bl (b1 —a1)(b1 — a2) (b1 — as) (211)
2(b1 + b2)araz — 2(a1 + az)biby
ai,as,b1,bs), = 2.12
(a1, a2,b1. b2l (b1 —a1) (b1 — az)(b2 — a1)(b2 — az) (212)
. 72(11()1 + 72a2b2
(b1 —a1)(b1 —a2)(be —a1) (b2 — az)(bz — a1)(br — az)
2a?
ai, by, be,bsl, = ! 2.13
[ bR 3]g (bl - al)(bQ - al)(b3 - al) ( )
[b1, b2, b3, ba]g =0. (2.14)
Proof. Straightforward to check from the definitions. O

Let us then complete the proof of Theorem 30. Assume that the matrix A has n; negative
(A1, A2,y ..oy Ay ) and ng positive (Ap, 41, .. ., Ap) eigenvalues (ny+n2 = n). To prove that (2.9) is non-
negative for our f, we first group the sum in several parts. The sum consists of n* summands; assign
each summand a sign pattern depending on whether i1, io, i3 and i4 are at most or greater than ny. If
say 41,13 < ny < 42,144, assign the corresponding term the pattern (—,+, —, +). Write then S_ 4 _ 4
for the sum of all the terms with the pattern (—,4,—,+). Note that since [z, z1,...,25]f =
[xa(o),xa(l), R xa(k)]f for any permutation o, many of these sums are equal, and they can be in

fact split into following groups:
(a) S_ _ _ _
(b) Sy, S+, S__4+_,S___
(€) Stt—— S = S—— s S -,
(d) St —4— S— -+

(€) Sttt Sti—tits St,— s St —

(£) St 44+
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Note also that by (2.10) and (2.14), S_ __ _ =0 = S;4 4+ 4+ +. Moreover, by (2.11), (2.12) and
(2.13), we have

S+ _ i i ZA BlllzBlzlgB’Lgh;Bh;’Ll
o i1=n1-41io,iz,i4=1 ()‘11 - )‘12)(>‘11 - )‘13)()‘11 - )‘i4)
o~ =2\ /\ o Biviy Biyis Bisia Bi
S+7+’777 — 1112 Pigig Pigig Pigia
zl,zgznlJrl ng 1 )‘ i2 T /\13)()‘11 - )‘i4)
<N —2X\i, \i, Bii, Biyi, Bisi, Bi
+ 172 213 Pigiqa Pigin
i, 2221_’_1 13224: 1 14)(>‘11 - >‘14)()‘12 - )‘23)
- o~ —2Xi, Nig (Niy + Niy) Biviy Bigiy Bigi Bi i
S _ 1 Vg \Nig 4 112 Pizi3 4 Piq11
ERRIED YD DI vy v 15 Wy W [ Wy Y T s Wy
2)\z>\1 ()\z +)\ )Bl’LB’LZB’L’LB'L'L
+ 2 Vig \Nig 192 Pigiz Ligia Pigiy
i zgznlJrlzg;l )‘l2)<)‘ )( i1 )‘4)< i3
S _ Z Z 2A Bl]lzBl213Blgl4Bl411
-ttt = .
i1=1142,i3,ia=n1+1 ()‘12 - )‘11)(>‘13 - All)()\u - )‘11)
Our goal is to prove that
(2 9) = 4S+’,’7 _ 4+ 4.S+ +,—,— + 2544,7 —+,— + 4sf’+’+’+ 2 0.
We shall in fact prove that
S+7_7_7_ + S+ 4 -+ S_ R >0 (215)
and
Sy 4 >0. (2.16)

The inequalities (2.15) and (2.16) correspond to terms where the (cyclic) sign sequences change signs

2 and 4 times, respectively. To prove (2.15), first note that (simply relabel the indices, factor, and

use the Hermitian property B, ; = B; ;)

,

S+’7’777 _ Z 2A2

’L

<\ B;, B
Z i —)\j

i>ny1>7
n
S o 2/\2 i, lBl j
—+.++ = E E )\
i>n1>j l ] l=n,
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In a similar vein,

=200 [ <= BiuBi;\ [~=Bi,Bi;
S = ] 3y 5] 3y 5]
BRI 2 Aix<_z A Aj><l A-Al>

<

i>ni>j l=n1+1 =1
—2X\i )\ i1B1j ~ BB
X R (SR (3 But)
o Ai — A i — N it Al — A
But this just means that
BB "\ \;Bi,B
Sy oo+ S+ S =2 Z Z X l/\” > 5 ’l)\“ > 0.
z>n1>j J Al l=n1+1 J A
(2.17)
Quite similarly
- - M\ B, B ’
Sy g =2 (=i, — Aiy) i (2.18)
1-1,122::1 R l:%;l iy = A1) (X, = Ni)
. .- AN Bi, 1By
+2 (Aiy + i) T > 0.
L e R
The proof is thus complete. O

Corollary 3. For any Hermitian n X n matrices A and B the function

T:twtr|A+tB?

has non-negative 4th distributional derivative.

Proof. If B is invertible, the claim follows from Theorem 30. In the general case, approximate B

by sequence of invertible matrices (By)32,. If By converges to B, Ty, =t — tr|A + tBg|* converges

pointwise to 7. Since functions with non-negative 4th distributional derivative are closed under

pointwise limits, we are done. O
Proof of Theorem 29. This follows at once from Corollary 3 and Lemmas 6 and 7. O

It would be interesting to determine if similar proof can be given for other odd integers. For

p = 1 this is straightforward. Indeed, one ends up considering the second derivative of the function

T:t—tr|tA+ B
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It is not difficult to check that at the points where T is smooth (tA + B is non-singular), the second

derivative of T" equals
1 2
1) ——|Bil",
_ A=A
i>n12>]

which is clearly non-negative. Here, as in the proof of Theorem 30 A1, Ao, ..., Ap; <0 < Apj 415+, An.
For larger integers the key difficult is finding such certificates of positivity. Order p+ 1 derivative
of

t— [tA+ B

can be always written as a polynomial of degree p+ 1 in the entries B in the eigenbasis of A, where
the coefficients are rational functions of the respective eigenvalues. By the converse of Lemma 6 (for

general p) we know that this polynomial is non-negative in the real variables
2
(Bii)iza X (R(Bij))i<i<j<n X (3(Bij)hi<icj<n €R™,

so the question remains: is this polynomial also a sum of squares (even for fixed \;’s)? In the case
p = 3 the necessary identities were discovered mostly with laborious trial and error process starting
with small n. For larger p, I have attempted to find representations with the aid of semidefinite
programming and computer algebra systems. Despite some effort, I haven’t been able to find such

a sum of squares representation even for p = 5 and n = 3.

Question 2. For which odd integers p can one prove the non-negativity of the (p + 1):st derivative

of the function
t— |tA+ BJP

by a sum of squares representation as described above?

Since every non-negative polynomial is sum of squares of rational functions, it would also be

interesting to find an explicit certificates by sums of squares of rational functions of entries of B.

2.3 3-dimensional subspaces of S,
In this section we show that Theorem 25 doesn’t have analogue for more than two matrices/operators.
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Theorem 31. For any 1 < p < oo, p # 2 there exists a 3-dimensional subspace of S, which is not
linearly isometric to any subspace of L,. In fact one may consider the space of real symmetric 2 x 2

matrices.

To illustrate the main idea of the following proof, we will first sketch the argument for p = 1. It

is straightforward to check that for z,y € R one has

1 0 1 0
x +y +I|| =2max(1, 22+ y?).
0 -1 0 -1
S1

We are therefore looking for a measure v on S? such that

Qmax(l, AV4 2 +y2) = / |t1$+t2y+t3|dl/(t1,t2,t3) (219)
S2

for any z,y € R.

The impossiblity of the existence of measure v then follows from the following three observations:

1. Denote by S the set of open radial segments not intersecting the unit circle. The LHS of (2.19)

is affine on any such segment.

2. If (t1,t9,t3) € supp(v), the RHS of (2.19) is not affine on any open segment transversally

intersecting {(z,y) € R? | tiz + tay + t3 = 0}.
3. Any line on the plane intersects some segment in S transversally.

For p # 1, the idea of affine segments doesn’t quite work. One can use the uniqueness of

representing measure v instead, Theorem 21.

Proof of Theorem 81. Assume first that p is not an even integer. Towards a contradiction, assume

that there exists a measure p

P
Z+T Y

p p
=+ VaZr 2| + |z - Va1 | =/2|xt1+yt2+zt3|pdu(t1,t2,t3)~
S

Sp

y z—z
Setting (x,y) = (rcos(), rsin(d)) we see that

lz+7r)P + ]z =7’ = /2 |r(cos(0)t1 + sin(0)te) + zt3|Pdu(ty, ta, t3). (2.20)
s
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Note however that by the uniqueness of the symmetric representing measure for 2-dimensional L,-
spaces, Theorem 21, this equality implies that for any 6, the point (cos(0)t; + sin(0)ts,t3) € R? has
to lie in {(x,z) | x € R} U {(z, —x) | x € R}, for every (t1,t2,t3) in the support of x. Applying this

for 6 = 0,7/4,7/2 we see that

supp(r) C {(2,9,2) | |2] = |21} N {(2,y,2) | [yl = 121} N {(2, 9, 2) | o + 9| = V2]z1} = {(0,0,0)},

which is a contradiction.

Consider then an even integer p > 4. Again, it is enough to refute the existence of measure p on
S? such that (2.20) holds. The same argument as before doesn’t work now since for even integers
the uniqueness result fails. We will instead show that the moment problem doesn’t have a solution
by calculating a couple of the first moments.

Expanding both sides around » = 0 and averaging over 6 € [0, 27| we see that

pu(tsy) =2
Wl (1 - 2))) = 4
16

p(t = 8)%) = 5.

But now u((2t2 —1)%5~*) = —2/3, which is impossible. O

This result has an important consequence in terms of equality cases: there is no version of
Theorem 26 for more than two matrices. In other words: there exists inequalities in .S, all equality
cases of which are truly non-commutative. While the existence of such inequalities of quite explicit
nature follows by the work of Krivine [Kri65] from Theorem 31, one can give quite simple and explicit

examples.

Proposition 7. Let p > 2. Then there exists a constant ¢, < 2P=2 such that for any f,g,h € L,

one has
Edllf + cos(t)g + sin(®)hl, < e (7115, +Eell cos(t)g + sin(®)hl}, ), (2.21)

where t is uniform on [0,27]. Conversely, if 0 < p < 2, there exists a constant ¢, > 2P~2 such that

Inequality (2.21) holds in reverse.

Proof. Consider first p > 2. It is clearly enough to check the claim for scalars f,g,h € R. Since
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cos(t)g+sin(t)h has the same distribution as cos(t)/g? + h?, one is reduced to consider the inequality
E¢|1 + cos(t)z|? < ¢, (1 + Ey| cos(t)z|?) . (2.22)

Applying Clarkson’s inequality to numbers 1 and cos(¢)z one sees that

|1 + cos(t)x|P + |1 — cos(t)x|

p
2 <2772 (1 + | cos(t)z[?)

for any 0 < ¢t < 27. Taking the expectation over ¢ yields (2.22) with constant ¢, = 2P~2. Since
Clarkson’s inequality is satisfied with equality only for finitely many ¢ (i.e. whenever |cos(t)z| = 1),
the inequality with ¢, = 2P~2 is strict for every x. Analyzing (2.22) at infinity then implies that one
can improve the constant c, slightly below 2P~2.

Argument for 0 < p < 2 is similar. O

Proposition 8. Let p > 2. Then for any A,B,C € S,
Ee[lA + cos(t)B + sin(t)C|[5 < 272 (||A||gp + Ee|| cos(t)B + sm(t)cugp) , (2.23)
where the constant 2P~2 is the best possible. The reverse inequality is true for 0 < p < 2 with the

constant 2P~2 again the best possible.

Proof. The inequalities follow from Clarkson’s inequality as in the proof of Proposition 7. If

(2.23) holds as equality. O

Remark 4. The choice of the uniform measure in Proposition 7 is by no means the only possible:
any symmetric measure on the circle, support of which doesn’t lie on two lines symmetric about the
origin, would work as an counterexample.

Inequality 2.21 is very much inspired by the proof of Theorem 31. The key aspect exploited in
the proof is that for any unit vector (z,y), the matrix

Tz Yy
TA+yB =

Yy —T
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has the same eigenvalues. This means that if one finds an inequality of two matrices, with I and A
as the equality case, then also I and cos(t) A+sin(¢) B should be an equality case for ¢ € [0, 27]. Such

behaviour cannot occur in commutative world as for real numbers cos(t)z + sin(¢)y will fluctuate

between —+/x2 + y2 and \/x2 + y2.

2.4 Roundness inequalities

In propositions 7 and 8 we considered an inequality demonstrating difference between L, and S,,.
This inequality was somewhat artificially constructed but such inequalities also arise naturally from

geometric applications. As an example, we will consider generalized roundness inequalities of Enflo.

Definition 4. For a Banach space X, its generalized p-roundness constant is the least constant

t,(X) for which for any positive integer k and x1,Z2,..., %k, Y1,Y2, ..., Ys € X one has

D e =gl + D My — il < (X)) e — il

1<J 1<J 2,7
For any Banach space X one has t,(X) < 27, as follows from the inequality
Iz =yl <27 (o = 215 + 2~ yl)
averaged over tuples (z,y, z) = (xi, 2, Yx), (i, y;, x). Naor and Oleszkiewicz [NO20] asked whether

this trivial bound can be improved for p =1 and X = S;. We prove that this is indeed the case.

Proposition 9. There exists constant 6 > 0 such that for any positive integer k and

Ay, Ag, ..., A, By, By, ..., B € 51 one has

Y 1A= Ajlls, + Y IBi = Bjlls, < (2-8) ) |4 = Bjlls,- (2.24)
i

i<j i<j

Proof of this proposition is based on the following rigidity result, which itself is a quick conse-

quence of a result of Regev and Vidick [RV20].

Lemma 10. For any € > 0 there exists 6 > 0 such that the following is true. If Ay, As, B1, By €
S1 are such that ||A; — Bjlls, < 1,1 < 4,5 < 2 and ||[A1 — As|ls,, ||B1 — Bzlls, > 2 — 9, then
HAl + Ay — By — BQ”Sl <e.

Lemma 11 ([RV20, Proposition 4]). Let A, B,C € M, (C) such that C' is positive definite with trace
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[Alls, +[|C — Alls, <1+6
HB”Sl =+ ||Ci B”Sl < 1+5

|A=Bls, >1-6.
Then there exists orthogonal projections P,Q with P + Q = I such that
|A—CY2PCY2| g, |B = CV2QC 2|5, = O(5"5).

Proof of Lemma 10. By approximation we may assume that we are working in M, (C) for some
n > 1, and by translation and unitary invariance that further By = 0 and B is positive definite.
Lemma 11 then implies that there exists orthogonal projections P and @ in M, (C) such that
P+ Q=1 and

1/2 1/2 1/2 1/2
|4y — Bi?PB?||s,, | A2 — B{*QB,"?||s, = O(5"/%).

We hence have ||A; + Ay — By — Ba||s, = O(6'/®) and can take § = c£® for small enough ¢ > 0. [

Proof of Proposition 9. We start by observing that it suffices to show the existence of § > 0 such

that for any Ay, As, Az, By, B2, B3 € S1 one has

3 3

1 1 2

2 2 -4l +3 X IB-Bils <20-93 D I4i-Blls,  (225)
i=1 j=1

1<i<j<3 1<i<j<3

Indeed, by replacing (A1, Ag, As) — (Ai, Aj, Ax) and (Bq, B, Bs) — (By/, Bj/, Byy) and averaging
over all pairwise disjoint tuples (4, j, k) and (7', 5/, k') of [k] uniformly and independently then yields
(2.24) with 2 — ¢ replaced by 2(1 — §)(1 — 1/k).

It also suffices to consider the case where ||A; — Ajlls, = ||Bir — Bjr|ls, for ¢ # j, i’ # 7/ and
|A; — Bjlls, = 1 for 1 < i,j < k. Indeed; if we can find operators on H violating (2.25), the

operators

A= @ As(i) ® Bor(s)

o,0’€Sym(k)xSym(k)

B; = By ® Ao (4)
0,0’ €Sym(k)xSym(k)
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acting on H2Sym®I als0 violate (2.25) and, properly normalized, satisfy the distance conditions.
The violation then simplifies to ||A; — A,||s,, [|Bi — Bj|ls, > 2(1 — ¢) which for small enough ¢ by
Lemma 10 implies that ||4; + A; — By — Bj/|| < €. This however forces all A;’s and B;’s close to

each other, contradicting our distance conditions whenever € < 1/2. O

Naor and Oleszkiewicz observe that t1(S7) > \/2. This is based on a Clifford algebra construction

of Briét, Regev and Saket [BRS17] that allows one to embed (My2(R), || - ||s..) into Si.

Proposition 10. For any N € Ny the space (My2(R),| - |ls..), real 2 x N matrices with the

operator norm, can be isometrically embedded into (Mo~ (C), Sy).

Proof. By [BRS17, Lemma 5.2] there exists a linear map T : CN — My~ (C) for which for any

acCN

1C(@lls, = 5/ lall3 + 24(a) + 5 /lal3 — 24(a),

where

a) = \/H?R(G)H%II%(G)II% — |(R(a), 3(a)) .

Write (v, w) = (R(a), I(a)) and consider A = (v, w) € My 2(R). It suffices to check that ||A|s., =
|C(a)||s,- To that end, observe that

[vll3 (v, w)

A*A =
(w,0)  [lwl3
One calculates that o1 (A4 = /det(A*A ) and o1(A)2 + 02(A4)? = ||v]|3 + |3 = ||all3,
and thus
01(A) 4+ 02(4) | |01(4) — 09
4], = 2B+ 02l A 20Dl 2 lalg + 28(a) + 54/ lall3 — 2A(a) = [C(a)lls,,
as desired. O

To prove that t1(S1) > V2 one may then proceed as follows: pick 2k orthonormal vectors in
R2* ey, eq,..., e, and let A; = (e;,0) and B; = (0,e;44) for i € [k]. Tt is then straightforward to

check that HAz — Aj”gm = \/5: HAz — 14_7'”5’OQ for ¢ #] S [k], while ||Al — BjHSoo =1 for ’L,j S [k’]
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Plugging these matrices in the main definition yields

k(k—1)V2 < v, (S))k?

which implies the claim.
For fixed k one may slightly improve this lower bound by having (e1,es,...,ex) and
(ek+1,€kt2,--.,6€2k) as the vertices of two regular (k — 1)-simplices living in orthogonal spaces.

A natural question arises:
Question 3. Does t1(S;) equal /27

While we haven’t been able to answer this question, we introduce the following conjectural

inequality that would that would imply that the answer is yes.

Conjecture 2. Let k,l > 1 be positive integers and Ay, As, ..., Ax,B1,Ba,...,B; € S1. Then

1 1 2
7 2 -4k +5 X IB =Bk <5 Y IA-BIE (220
1<i<j<k 1<i<j<l 1931;
1<5<

If Conjecture 2 is true, then t;(S;) = v/2. Indeed, the averaging argument employed in the proof
of Proposition 9 implies that we may assume that all the summands on LHS of (2.24) are equal, and

so are the summands on the RHS. If say ||A; — As|| =t and ||A; — By|| = 1, then (2.26) implies that

k=1 1—1\ ,
L P
< % )t =2

which implies that ¢+ < v/2. Plugging this back in (2.24) implies that t;(S1) = V2.
Noteworthy and desirable aspect of the inequality (2.26) is that it has rich set of equality cases
coming from the aforementioned Clifford algebra construction. It is possible to check Conjecture 2

for such matrices.

Proposition 11. Let k,l > 1 be positive integers and Ay, As, ..., Ak, B1,Ba,..., B € Myx2(C).

Then

E 14 = Bjll%... (2.27)
<k
<l

PT“[\_’)

1 1
= Y lAi-Alk +5 S IB- Bk,

1<i<j<k 1<i<j<I 1<i
1<j

Equality holds in 2.27 iff there exists orthonormal vectors e,es € C2 and (k + 1) vectors all with
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equal norm vy, vy, ..., vy € CV and wy,ws,...,w; € CN such that after a translation

k l
Z’Ui:O:Z’LUj
i=1 j=1
(vi,wj) =0 for1 <i<k,1<j<lI
A, =v; e G(CN®(C2 :MNXQ((C) fOT‘i € [/f]

Bj =w; ey € (CN ®(C2 = MNXz((C) f07’j S m

Proof. Since for C € My «2(C)

ICls. < IIClls, < V2|Clls.. (2.28)
to prove the inequality it is enough to check that
1 2 1 2 1 2
e >l = AjllE, + 2 > BB, < T > 1A - Bjl%,.
1<i<j<k 1<i<j<l 1<i<k
1<5<1
but this rewrites to
o4 Y B
0< || &==t— — == (2:29)
k l
Sa

From the equality cases in 2.28 one deduces that rank(A; — A;), rank(B; — B;) < 1 whenever i # j;

and that A; — Bj is an isometry for any 4, j. The first condition easily implies that

A;=Ap+v; Qe for i € [k]

B; = By + w; ® ey for j € [I]

for some Ag, By € CVN ® C?, e1,es € C? and vy, v2,...,v € CN and wi,wo,...,w; € CN. We
further translate v;’s and wj;’s so that > v; = ) w; after which equation (2.29) implies we can
assume Ag = 0 = By.

Direct calculation shows that A; — B; is then isometry iff for all i € [k],j € [I] we have ||v;|ls =
llw;ll2 and (v, w;)/(||vill2||lw;]l2) = (e1,e2). Since v;’s and w;’s sum to zero however, this can only

be the case if {e1,e2) =0, and (v;, w;) =0 for all ¢ € [k], j € [{]. O

Note that while the usual roundness inequality for L; can be reduced to scalars and then checked
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with relative ease with the aid of the special conic structure of L, the same is not true for the
quadratic roundness inequality (2.26). Indeed, I don’t know if Conjecture 2 is true even for L;. For
L, T have obtained a partial result (stated as a conjecture), which I'll now give a rough proof sketch

for.

Conjecture 3. Let k be positive integer and f1, fo, ..., fx, 91,92 € L1. Then

1 1
= > Wi Sl + e — gl <
1<i<j<k 1<i<k

(Ifi = 9ullZ, + i — 2lIZ,) (2.30)

el

Proof idea for Conjecture 3. The main idea is to write the difference of RHS and LHS as a sum
of various terms that are clearly non-negative. Interpreting fi,..., fx, 91,92 as k + 2 points in L,
and rewriting (f1, f2,..., fx,91,92) = (h1,ha,..., heyo), consider the vector of distances (||h; —
hjllz,)1<i<j<k+2. It turns out that such distance vectors from a polyhedral cone, so called cut cone
CUTj42. While the extreme rays of this cone are very simple, its dual cone is very complicated. In
fact it is NP-complete problem to determine whether a given rational vector of length (’HQ'Q) arises
from distances in ¢;. This result along with wealth of information about cut cones can be found in
the book of Deza and Laurent [DL10].

While all inequalities constraining the distance vectors are hard to describe, many families are

known. It is for instance known and quite easy to show that if b1, ba, ..., bx4o are integers summing

to 1, one has

S° 0 bibjllhi = hyllz, <0

1<i<j<k+2
If (b1,ba, ..., bky2) is an reordering of (1,1,—1,0,0,...,0), this simplifies to the triangle inequality,

but for other tuples rich family additional inequalities, so called hypermetric inequalities, is obtained.

Taking products of such inequalities one obtains family of quadratic inequalities that can used

Q(k+2)

E42) A(k+2)
)2 Niy2

to certify 2.30. For fixed k, denote by g a generating list of extremal

inequalities spanning the dual cut cone of order k + 2.
In addition to the inequalities arising from the dual cut cone, one can also consider sums of

squares of linear combinations of distance. This is the same as specifying a positive semidefinite

(k;Q) X (@'2) matrix M indexed by pairs (i,7),1 < i < j < k + 2, and considering expressions of
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the form

S Mgy gnlihi = hlle, b — by,

1<i<j<k+2
1<i' <5 <k+2

All in all, to prove inequality (2.30), it is enough to find a positive definitive matrix M and non-

negative scalars t; j for 1 <1’ < j' < N0 such that

RHS —LHS = E M gy, gnllhi = hjlloy |Rir — Byl L,
1<i<j<k+2
1<i’' <5/ <k+2

k k
> QU (i = Bl rsici<rr2) Q5 (s — byl )1<ici<nra)-

1<i'<j'<Niy2

#4205 cannot be enumerated for large k, it turns out to

While this problem is still intractable as QE
be possible to find such a representation by only allowing hypergeometric inequalities. Exploiting
some inherent symmetries of the problem, the task of finding the representation boils down to a
semidefinite programming problem which can solved efficiently for small k. The emerging structure

of the certificates can be then used to write a guess for the general form of the certificate, and this

guess is straightforward if somewhat tedious to formally verify. O

This approach could in theory work for any fixed k,I > 2, but it was for [ = 2 when special
pattern (for varying k) emerged for the matrix M; and it happened to be enough to consider cone
inequalities of simpler hypergeometric form.

It is worth noting that even if this approach could generalize to deal with the full Li-case, for
S the cone structure is lost, and the approach is doomed to fail. Indeed, assume we are able to

express the quadratic inequality (2.26) as sum of squares, and terms of the form

> tilCi=Cills, > sillci = Clls, (2.31)

1<i<j<k+l 1<i<j<k+l

where (Al,AQ,. .. ,Ak,Bl,BQ,.. .,Bk) = (01,02,03, .. ~7Ck+l)7 ti,jasi,j S R, and

> tiyllCi=Glls, =0 (2.32)
1<i<j<k+l

Y sigllCi—Cills, 2 0 (2.33)
1<i<j<k+l
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for any (C’z)fill € Sf”. Since this inequality is not true for every norm, expressions of the form
(2.31) are needed. Choose k = 5 = [ and consider an equality case which in the notation of the
proof of Proposition 11 corresponds to vectors (vy, v, vs, Vg, Vs, w1, Wa, W3, Wq, ws). The inequalities

(2.32) and (2.33) now read

5
Motiges+ > tigllvi—villa+ Y tirsjeslwi —wylla >0

=1 1<i<j<5 1<i<j<5

5
S sigist Y. sigllvi—villa+ DD sigsgeslwi —wjlla >0
ij=1 1<i<j<5 1<i<j<5

Since the corresponding matrices C; constitute an equality case in Proposition 11, at least one of
the inequalities has to however hold as an equality. By varying v;’s and w;’s, it is not hard to see
that either ¢; ; = 0 = t;45 ;45 for 4,5 € [5] and E” ti,; = 0, or similarly for s. It therefore suffices

to analyse inequalities of the form

5

> tijllAi = Bjlls, > 0

4,j=1

where ), ;jtij = 0. It is however easy to see this implies ¢; ; = 0 for ¢,j € [5] by picking A;’s and
Bj’s to be either 0 or 1 combining the resulting inequalities with the condition ), jtiy =0.

In conclusion, new ideas are needed to tackle conjectures like Conjecture 2.
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