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QUANTUM KKL-TYPE INEQUALITIES REVISITED

YONG JIAO, WENLONG LIN, SIJIE LUO, AND DEJIAN ZHOU

ABSTRACT. In the present paper, we develop the random restriction method
in the quantum framework. By applying this method, we establish the quan-
tum Eldan-Gross inequality, the quantum Talagrand isoperimetric inequality,
and related quantum KKL-type inequalities. Our results recover some recent
results of Rouzé et al. [22] and Jiao et al. [11], which can be viewed as al-
ternative answers to the quantum KKL conjecture proposed by Motanaro and
Osborne in [18].

1. INTRODUCTION

Motivated by problems from complexity theory, geometric functional analysis,
and computer science, numerous remarkable results have been developed in the
hypercube framework, making Boolean analysis one of the most active areas in
discrete Fourier analysis, combinatorial optimization, and related fields in the past
decades. To state results, we begin with recalling basic concepts and notions in
hypercube setting. For fixed n € N, let {—1,1}" be the hypercube equipped with
the uniform probability measure p,, and let L,({—1,1}") be the associated L,
space for 1 < p < oo. In the sequel, we will use the shorthand notation [n] =
{1,2,--- ,n}. For each j € [n], the j-th influence of f: {—1,1}" — R is given by

Inf;(f) = pa({z € {=1,1}" f(2) # f(2)}),
where %7 means flipping the j-th variable of x, i.e. forz = (z1,--- ,2,) € {—1,1}",
"E@j - (xlv L1y, = LG, Tj41, ;:En)-
The total influence of f is defined by Inf(f) = >_ ., Inf;(f), which is often used to
measure the complexity of the function f. To illustrate the analytic property of the
j-th influence of f, we now recall the j-th partial derivative of the f : {—1,1}" = R
as follows:

(1.1) d;(f)(z) = w xe{-1,1}"

In particular, for each Boolean function f : {—1,1}" — {—1,1}, it is easy to
compute that

(1.2) Ity (f) = (DI ((ryy VL <D < 00,5 € [n:

Bounding the (total) influence of f in terms of the variance of f is one of the
essential themes of Boolean analysis, which is closely related to specific types of
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functional inequalities on the hypercube. In particular, the Poincaré inequality on
the hypercube can be stated as follows (see e.g. [19, p. 36]):

(1.3) var(f) == || f = Bpu, (N7, 1—1.13m) < Z 15 (DIZ (=113
J=1

where E,, (f) is referred as the expectation of f with respect to the uniform measure
tn. Hence, combining (1.2) with (1.3) leads to the following lower bound
1

max Inf; > —,

J€ln] i) 2 n
for each balanced Boolean function f, that is, a Boolean function with var(f) = 1.

However, in many aspects, the Poincaré inequality far from be sharp. In the

remarkable paper [12], Kahn, Kalai and Linial strengthened the Poincaré inequal-
ity in a fundamental way, which leads to the following inequality: there exists a
universal constant C' > 0 such that

- 3

J€[n] n

(1.4) max Inf, (f) > 08"

for every balanced Boolean function f. More precisely, Kahn, Kalai and Linial [12]
established the following functional inequality elegantly.

Theorem 1.1 (Kahn-Kalai-Linial). There exists a universal constant C' > 0 such
that the following holds

Z?:l de(f)||%2({71,1}n)
tog (1/ ;e 1k (P 1.1y

for every function f: {-1,1}" — R.

(1.5) var(f) < C

Due to the fundamental role in Boolean analysis, (1.4) (or, (1.5)) is now known as
the KKL inequality, and we refer to [19] to interesting applications of the inequality.
One of significant improvements of the KKL inequality is the Talagrand (L;-Ls-)
influence inequality established in [24].

Theorem 1.2 (Talagrand). There exists a universal constant C > 0 such that for
each function f:{—1,1}" = R the following holds

1 (D7 1,13m)
(I (O ocr=13m /N1 (Ol s (=1,03m)

By (1.2), it is clear that the Talagrand influence inequality (1.6) implies the KKL
inequality (1.4). Since then, the KKL inequality, the Talagrand influence inequality,
and their extensions become one of the fundamental tools in Boolean analysis, geo-
metric functional analysis, computer science, and related fields. We refer interested
readers to [3, 5, 7, 14, 20] for further information and the extensive bibliographies
therein.

More recently, motivated by a conjecture of Talagrand [25], Eldan and Gorss
[6] (see also [7]) applied stochastic analysis techniques to prove the following result
known as the Eldan-Gross inequality.

(1.6)  var(f) < c; o
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Theorem 1.3 (Eldan-Gross). There ezists a universal constant C' > 0 such that
the following inequality holds
(1.7)

1/2

e n
var(f), | log <1+ z 5 ) <C d; () ;
Zj:l de(f)HLl({_Ll}n) ]; et
1 4

for every Boolean function f:{-1,1}" — {-1,1}.

Notably, the Eldan-Gross inequality (i.e., Theorem 1.3) unifies the KKL inequal-
ity (i.e., Theorem 1.1) and Talagrand’s isoperimetric inequality [23, Theorem 1.1],
making Theorem 1.3 into one of the most efficient tools in Boolean analysis. For
some new proofs of (1.7), we refer the interested reader to [1, 8, 10, 21].

It is worthwhile to mention that the original proofs of the KKL inequality and the
Talagrand influence inequality rely on the hypercontractivity principle and the heat
semigroup theory on hypercubes, while the proof of the Eldan-Gross inequality uti-
lizes methods from stochastic analysis which is of different nature of the semigroup
approach. Recently, the random restriction method has been viewed as a valu-
able tool for proving functional inequalities in the hypercube setting. Specifically,
Kelman et al. [14] applied this method to give a unified proof of the KKL inequal-
ity (1.4) and the Talagrand influence inequality (1.6), along with some extensions.
Eldan et al. [7] reproved the Eldan-Gross inequality (1.7) and the Talagrand isoperi-
metric inequality (i.e., [23, Theorem 1.1]) via the random restriction technique. We
refer the interested reader to [16, 15, 14, 8] for further recent developments of the
Fourier random restriction method in Boolean analysis.

In the present paper, motivated by the quantum KKL conjecture and related
problems, we aim to develop the random restriction method to the noncommutative
(or quantum) settings and apply such method to establish some quantum analogies
of (1.4), (1.6) and (1.7).

In the quantum setting, the n-folds tensor product of Msy2(C) equipped with
normalized trace, denoted by (Man, tr) for short, is viewed as the noncommutative
correspondence of n-dimensional hypercube ({—1,1}", u,). For each j € [n], let
d; be the j-th partial derivative operator on Mg~ (see Sect. 2 for the definition).
Recall from [18, Definition 3.1] that an element T' € Ma» is said to be Boolean if
T is self-adjoint and unitary, that is, T* = T and T*T = 1. In [18, Proposition
11.1], Montanaro and Osborne derived a quantum analogy of the Talagrand influ-
ence inequality (1.6) via the quantum hypercontractivity principle. However, due
to some intrinsic differences between classical and quantum hypercubes, the quan-
tum Talagrand influence inequality can not generally lead to the quantum KKL
inequality. On the other hand, Montanaro and Osborne [18, Proposition 11.5] ap-
plied some Fourier analysis techniques to derive a quantum KKL inequality for
concrete quantum Boolean functions 7" fulfilling ||d;(T")| 1, (Myn) = [Id; (T)||%2(M2n)
for each j € [n]. Such observations lead them conjecture the following problem,
known as the quantum KKL conjecture.

Conjecture 1.4 (Quantum KKL conjecture). There exists a universal constant
C > 0 such that for each n € N and quantum Boolean function T the following
holds Crvar(T) log(n)
var og(n
d;(T)|? _—
;’Ié?"rﬁ” ]( )HLQ(MQ’VL) s n
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Recently, Rouzé, Wirth and Zhang [22] provided an alternative answer of the
quantum KKL conjecture invoking the geometric influence of quantum Boolean
functions. Notably, the main tools of their approach to the quantum KKL conjec-
ture is the following quantum Talagrand-type inequality [22, Theorem 3.6], which
was derived via the semigroup method.

Theorem 1.5 (Rouzé-Wirth-Zhang). There exists a universal constant C' > 0 such
that for each n € N and 1 < p < 2 the following holds

c ) o I O (0 1T
2=p) & Ttlog" (D, )

for every self-adjoint T € Man with | T'| 1 (vpn) < 1.

)

var(r) <

By Theorem 1.5, one can easily derive the quantum KKL inequality invok-
ing the Lp-influences in the following manner: There exists a universal constant
C > 0 such that for each 1 < p < 2 and quantum Boolean function 7', we have

max;ey, [|d; (T)|[5 %nlog(n) for every n € N. More recently, Jiao,

Man) =
Luo and Zhou [ll]pi(nves)tigate the quantum KKL conjecture in the canonical anti-
commuting (CAR) algebra framework. More precisely, we established the non-
commutative Eldan-Gross inequality via the fermion oscillator semigroup theory
and applied the noncommutative Eldan-Gross inequality to derive the following
two types of noncommutative KKL inequalities. Let {Q;}_; be n-configuration

observables and CAR algebra Ac,r» be the *-algebra generated by {Q;}7_;.

Theorem 1.6 (Jiao-Luo-Zhou). There exists a universal constant C > 0 such
that, for each € € (0,1) and each balanced Boolean function T € Acqr n, one of the
following inequalities holds:
(i) maX;e(n] lId; (T)||%2(Am,n) 2
(i) maxjepn 14 (1)l 2y (Acarn) = —res73 -

Celog(n) .
n

)

To derive a noncommutative KKL inequality in the CAR algebra setting invoking
Lo-influence, we introduce the index for balanced Boolean function in Acgy, and
proved the following result; see [11, Theorem 6.7].

Theorem 1.7. For each n € N and every balanced Boolean function T with
ind(T) < 2, there exists a constant Cinacry > 0 (depending only on the index)
such that

Oind(T) log(n)

3

max ||d; (T)]|? >
e |5} ...y >

n
where the definition of ind(T') will be given in Section 5.

Furthermore, it has been shown in [11, Remark 6.5] that the CAR algebra coun-
terpart of the KKL inequality (for Lo-influence) fails for general balanced Boolean
functions. Precisely, let T := \/LE E_?:l Qj, and it is easy to see that T' is a bal-

anced Boolean function in Ay, such that ||d; (T)”QLz(Acm D= L for each j € [n],
which disproves the KKL conjecture in the CAR algebra sefting. Nevertheless, the
quantum KKL conjecture of Montanaro and Osborne remains open.

In the present paper, we continue to explore quantum functional inequalities
which are closely related to the quantum KKL conjecture. On the one hand, due to
the fundamental role of the random restriction method in hypercubes, we develop
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the random restriction technique in the quantum setting. On the other hand,
inspired by Kelman et al. [14], Rouzé et al [22] and Jiao et al. [11], we will derive
and recover all mentioned inequalities in the quantum setting via the quantum
random restriction technique. The main results of the present paper are outlined
as follows.

As the first main result of our random restriction technique, we establish the
following dimension free quantum KKL inequality.

Theorem 1.8. There exists a universal constant K > 0 such that for each 1 < p <
2 and each T € Myn with 0 < T < 1, the following holds

1 K\ 2= 1 (DI gy
1. d;(T)|” > = - = pien) b
( 8) ?é%ﬁ” J( )HLP(Mgn) = 4exp{ <2_p> VaI’(T)

Analogous to the approach presented in [14], we derive the following quantum
KKL inequality (invoking L,-influence) via Theorem 1.8, which was recently proved
by Rouzé et al. [22, Theorem 3.9]. And we show in Remark 4.4 that the following
KKL-type inequality fails for p = 2 even in the commutative case. Hence, Theorem
1.9 may be the best possible quantum KKL-type inequality for bounded elements.

Theorem 1.9. There exists a universal constant C' > 0 such that for every 1 <
p<2andT € Man with 0 <T <1, the following holds
(2 — p)var(T) log (n)

max 4y (17, o, > C n |

The second main ingredient of this paper consists of the following two quantum
isoperimetric inequalities, which can be used to derive the quantum counterpart of
KKL-type inequalities presented in [11, Sect. 6].

Theorem 1.10 (Quantum Talagrand-type isoperimetric inequality). There exists
a universal constant K > 0 such that for each projection T € Man the following
holds

1/2

(1.9) var(T)y /log (ﬁ) <K ; |d;(T)|?
Ly (Man)

Combing Theorem 1.10 and estimations on the Fourier spectrum of projection T €
M, we establish the quantum Eldan-Gross inequality as follows.

Theorem 1.11 (Quantum Eldan-Gross inequality). There exists a universal con-
stant K > 0 such that for each projection T € Man the following holds
1/2

1 n
var(T), |log <1 + == 3 ) <K Z |d;(T)[?
Zj:l de(T)||L1(M2n) j=1 L1 (Mgn)
1 2m

The proofs of above theorems are provided in Section 4 and Section 5. As the
applications of the quantum Eldan-Gross inequality, we establish quantum version
of Theorem 1.6 and Theorem 1.7 in Section 5. Due to intrinsic differences between
quantum and classical hypercubes, additional efforts must be made to overcome
difficulties that arise from these differences when employing the random restriction
method; see the proof of Proposition 5.2 for instance.
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The rest of this paper is organized as follows. In Section 2, we present the
necessary background and results in the quantum setting, including basic proper-
ties of the quantum Ornstein-Uhlenbeck semigroup, quantum hypercontractivity,
and its equivalence to the quantum logarithmic Sobolev inequality. In Section 3, we
introduce the quantum Fourier random restriction technique and provide some fun-
damental estimations on the Fourier spectrum for elements in My». This method
and the associated estimates are frequently used to derive inequalities throughout
the paper. From Section 4 to Section 5, we provide proofs of the previously pre-
sented theorems by combining the quantum random restriction technique with the
quantum semigroup method. Additionally, we derive the corresponding quantum
KKL-type inequality in the respective sections.

Remark 1.12. After completing this work, we learned that Blecher, Gao and Xu
[2] developed a similar random restriction technique and applied it to investigate
KKL inequality and high order extension of the Talagrand influence inequality in
the quantum setting. Precisely, Theorem 1.8 with p =1 is proved independently by
Blecher et al. in [2].

Throughout the paper, n be a fixed positive integer and [n] = {1,2,3...,n}.
For a parameter p, we denote K, the positive constant depending only on the
parameter p (it may vary from line to line). We use the notation A ~, B to stand
that K,A < B < C,A for some positive constants K, and C, (depending only
on the parameter p), and we drop the subscript p if the constants are universal.
Notations R and C are the fields of real and complex numbers, respectively, and
we let (M2(C), tr) be the algebra of all 2 x 2 complex matrices equipped with the
normalized trace tr.

2. PRELIMINARIES

In this section, we collect concepts and background that will be used throughout
the paper.

2.1. The quantum hypercube. Denote by (M3(C), tr) the algebra of 2 x 2 com-
plex matrices equipped with the normalized trace tr and the unit 1o (i.e., the
2 x 2 identity matrix). The quantum analogue of the hypercube {—1,1}" is
My (C)®™ = M (C) equipped with the normalized trace tr, = tr®" (simply
denoted by (Man,tr) if no confusion arise) and the unit 1 = 15". For every
1 < p < o0, the noncommutative L, space generated by Man, denoted by L, (Max),
is the space My» equipped with the norm

(tr(TP)7, i 1<p < oo,
1Tz, = o
max ey 8;(1), if p= o0,

where {s;(T)}}_, is the set of singular values of T". The variance of T' € Mpyn is
defined by
2 2
var(T) = tr(|T|?) — |tx(T))° = | T — tr(T)]|7, -
Following [18], we recall the concept of quantum Boolean functions in Mo .

Definition 2.1 ([18]). An element T € Man is said to be a quantum Boolean
function if T' is self-adjoint (i.e., T* = T) and unitary (i.e., TT* =TT =1). A
quantum Boolean function T € Man is said to be balanced if tr(T) = 0.
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Remark 2.2. It is clear that the concept of quantum Boolean functions and projec-
tions are equivalent in the following sense. For a given quantum Boolean function
T € Mon, S = # is a projection in Man, that is, S* = S = S%. Conversely,
for a given projection S € Mon, it follows that T = 25 — 1 is a quantum Boolean
function in Man. Hence, we will ignore the difference between quantum Boolean

functions and projections in Man.

Using the Pauli matrices, we represent elements in My» by their Fourier ex-
pansion, which is a quantum counterpart of the Walsh expansion for functions on
{=1,1}". Recall that the Pauli matrices as follows:

(10 (1 0 _ (01 _ (0 i
=0 1) 7\ -1)0 271 o) BT =i o)
For s = (s;)1, € {0,1,2,3}™, set

Os =05, Q- R0, .

Clearly, {0s}se{0,1,2,,33» are quantum Boolean functions which forms an orthonor-
mal basis in La(Man). Hence, each T € Man can be uniquely represented by

T= Y T(s)os,
s€{0,1,2,3}"
where f(s) is the Fourier coefficient defined by f(s) =tr(oiT).
For each j € [n] and a € {1,2,3}, we let ef = (0,...,0,0,0...,0) where a
appears in the j-th position. For each s € {0,1,2,3}", j € [n] and « € {1,2,3},
define s @ ef' (resp. s © ef) by

sdef = (s51,...,8/-1,5 + @, 85,...,50)
(resp. SO e = (81,...,8j-1,8] — O, 8j41,-- -, sn)) )
For any d € [n], the Rademacher projection is defined by
Radea(T) = Y. T(s)os,
s€{0,1,2,3}"
[supp(s)|<d

where T'= 3" 1 1 2330 T(8)0s.

2.2. Hypercontractivity, influence and the modified Log-Sobolev inequal-
ity. Here we collect analytic tools such as the hypercontractivity of the quantum
Ornstein-Uhlenbeck semigroup, basic properties of influences, and the curvature
condition in quantum hypercubes. For s € {0,1,2,3}", we define supp(s) =
{j € [n] : s; # 0} and |supp(s)| stand for the number of non-zero s;’s, that is,
|supp(s)| = #{j € [n] : s; # 0}. Let L : My — My defined by

(2.1) L(A) = A—tr(A)la,
and
(2.2) e (A =eTA+ (1 — e Ditr(A)1,.

In viewing of (2.1) and (2.2), we have
if § £ 0; ~t(g). if 7 2 0
L(O'J) — {UJ7 I 7 # ) and e—tL(O_j) _ {6 (O'J), i g # ;

0, otherwise 09, otherwise.
) ) 0,
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For each stabilizer operator oy, let
Pi(os) = e_tL(081) Q- ® e_tL(Usn)'
The infinitesimal generator of the semigroup {P;}:>¢ is given by

_ (,—tL\®n
E(US) — %lné Os (6 - ) (US)
—

= |S|Usa

for each stabilizer operator os. In the sequel, we denote {P;}:>0 by {e **}i>0 to
emphasize the generator L. It is clear that for each T' € Man we have

Lry= > [slT(s)os

s€{0,1,2,3}"

M) = Y e FIT(s)o,

s€{0,1,2,3}"

and

For j € [n], the j-th partial differential operator (or, quantum bit-flip map) is
defined by

(2.3) d; =15V g (1, - tr) @157

Thanks to the Fourier expansion of T € Man, we obtain the following explicit
formula for partial differential operators. For each j € [n] and T' € Mayn, we have

(2.4) d;(T)= > T(s)djlos)= Y  T(s)os.
s€{0,1,2,3}7 s€{0,1,2,3}"
Sj;éo

Moreover, it is easy to verify that {d;}_; are orthogonal projections on La(Ma2n)
such that £ = E?:l d;. By [18] (or, [17, Corollary 2]), the quantum Ornstein-
Uhlenbeck semigroup {e~**};>¢ fulfills the optimal hypercontractivity as follows:
for each 1 < p < ¢ < o0, we have

(2.5)

el -z, 1

The equivalence between the hypercontractivity of semigroup and the logarithmic
Sobolev inequality has been established by Gorss in his seminal paper [9]. Hence,
repeat the same treatments of Gorss, we can deduce the following (Ls-)logarithmic
Sobolev inequality from (2.5) (the proof is also same to [4, Theorem 5.3]).

1
— 1 if and only if ¢ > = 1og<q >

Lemma 2.3 (Log-Sobolev). For each T € Man, we have
22 1d;(D)I1Z, > tr [|T*log (IT17)] = ITII%, log (IITI%,) -

Motivated by the quantum KKL-type inequalities invoking L,-influences with
1 <p < o0, we derive the following (L,-) modified logarithmic Sobolev inequality.

Lemma 2.4 (Modified Log-Sobolev inequality). Let 1 < p < 2. Then, for each
T € Man with |T| <1, we have

2
22 145 (D)1, = —E | T LlIT N7, = 17117, 0g (IT17,) -

where K, = @ 4p)
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Proof. By the Cauchy-Schwarz inequality, we obtain

1
2

(2.6) tr [~ T log(IT*)] < ||T ||z, [tr (IT[*1og® (IT17))]

Let K, := Then, it is clear that

4
(2—p)e-
K27 > t?log? (t%), Wt € [0,1].
Hence, it follows from the functional calculus of |T'| that
K2|T|P > |T|*log? (IT|?), T € Man.
Therefore,
1 2
(2.7) [tr (1717 1og™(|T*)]* < Kp|ITl7,-

Combining (2.6), (2.7) and the Log-Sobolev inequality (i.e., Lemma 2.3), we get
the desired result. 0

To derive the isoperimetric inequality in Section 5, we need the following facts
regarding as the curvature condition of the quantum Ornstein-Uhlenbeck semigroup

{e "} ixo0.

Proposition 2.5. Keep the notations as previous subsection. Then, for each T €
M, we have

(i) £(T*T) = L(T)"T = T*L(T) = —2 i(dg( T))*(d;(T));
(i) (dye " (T))* (djeE(T) < e~ et ((dJ (1))(d;(T))), for each j € [n];

n

(i) 3 (dje~t (1)) (dyetE(T)) < ettt (z (d;(T))" (d; <T>>>

j=1 j=1

Proof. The proof is analogous to the classical case, which can be verified via the
Fourier expansion and the Gronwall-type inequality. Hence, we provide the proof of
(ii) for the reader’s convenience, and leave the details of (i) and (iii) to the reader.
For each j € [n] and 0 < s < ¢, we define

A(s) = e~ (t=9)L Udje_M(T)ﬂ =g (t=9)L [(dje_SL(T))* (dje_M(T))} .

}

Differentiating A(s) and applying (i) we obtain that
A(s) = [ —(t— S)E( (d; e=5(T)) (d; eSE(T
e (t=9)L [( d;
(dje*£(T ) (£dje*£(T)
— e IE[L ((dye (D))" (dye 4 (T))
— (Ldje™5(T))" (dje5(T))
~ (dye (D))" (Ldje5(T) |

< 267 00E [(djemE(T))” (dye*5(T)) ]
= —2A(s).

)
£d;e™E(T))" (e (T))
_ e (t=9)L [ )}

(2.8)
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Define F(s) := e?**A(s) and note that (2.8) entails F’(s) < 0 for all 0 < s < ¢.
Therefore,
e*A(t) — A0) = / F'(s) ds <0.
Rearranging the inequality yields that A(t) < e=2*A(0), that is,
|dje ()" < e te [@-(T)ﬂ :
(]

We conclude this subsection with the following well-known Paley-Zygmund in-
equality, and we include the proof for the reader’s convenience.

Lemma 2.6 (Paley-Zygmund inequality). For each positive T € Man, we have

717
(2.9) tr |:]l[5”T||L1100)(T):| >(1- 6)2 HT||2L1 , 0<d<l.
2
Proof. Since the desired inequality only invokes one positive element, it follows from
the spectral theory that the inequality is essentially the classical Paley-Zygmund
inequality. For positive T' € Man, we have

1T, = tr [ﬂ[snTnLl,oo)(T) : T} +tr []l[o,snTnLl)(T) -T
(2.10)

1/2
<t [ Ly, 0 @)] Tz + 31T,

where we used the the Cauchy-Schwarz inequality. Rearranging (2.10) yields the
desired inequality. O

2.3. Ly-influences and related basic properties. For j € [n], 1 < p < oo and
T € Man, denote the j-th L,-influence of T' by

Inf5(T) = |d;(T)II7,

and the total Ly-influence of T' by

mf? = " [d; ()%
j=1

The Li-influence is usually called the geometric influence in some literature. For
p = 2, we will simply denote the j-th Lo-influence and the total Lo-influence of
T by Inf;(T) and Inf(T), respectively. Hence, by (2.4), it follows that for each

T € Mson, we have
f(T)= Y [T(s)P,

s€{0,1,2,3}"
Sj 0

and
Inf(T Z Inf;( Z |supp(s)|T'(s)?.
s€{0,1,2,3}"
The following elementary facts can be deduced from the contraction of conditional
expectations and the noncommutative Holder inequality.

Proposition 2.7. For 1 <p <2 and T € Man with ||T||L.. <1 we have

(i) for each j € [n], we have ||d;(T)|L., <1,
(ii) for each j € [n], we have Inf;(T) < Inf?(T).
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Proof. (i) For each j € [n], we define S : My — My by

{0 =i\ (0 —i
s (0 3 7).
where T stands for the transpose of T'. It is clear that

S(o9) =09 and S(o;) =—0;

for I € {1,2,3}. We further define S; = 158(%1) ®S® 1§®(n7j). Hence, it is clear
that

1
d;(T) = B (T —S;(T)), forT € Moyn.
Since the matrix ((Z) _Oz) is unitary and the norm || - ||z, is unitary invariant for

every p € (0,00], it follows that ||S;(T)||,_ = |7 z... Therefore, we have

1
145 (D)lLee = 5 IT = S5 (Dl < T2,

which proves the first claim.
(ii) For each j € [n], we have

Inf;(T) = |d; ()1, < ;D)7 llz, - [1d; (TP llee < (D),

where we used 1 <p < 2 and ||d;(T)|r.. <1. O

3. THE NONCOMMUTATIVE RANDOM RESTRICTIONS AND RELATED ESTIMATES

In this section, motivated by [14], we introduce a noncommutative random re-
striction technique, which is one of the efficient toolkits of establishing functional
inequalities in the quantum hypercube.

For each subset J = {41, ,jr} C [n], we order it in the increasing order, that
is, j1 < j2 < -+ < j, and let My be the x-sub-algebra of Ma» such that My
only appears in the j;-th position for 1 < i < k. Hence, there exists a conditional
expectation &y, from Man onto M ;. More precisely, v, has the following explicit
formula.

Proposition 3.1 (Conditional Expectation). For each J C [n], we have
Eu,(T):= > T(s)os, VT €M
supp(s)CJ
We now introduce the random restriction operator as follows.

Definition 3.2 (Restrictions). For each J C [n] and j € [n], let J¢:=[n]\ J and
define the restriction operator R]J : Mgn — Mon by setting

L (dy (T j
RJ(T) — {gMqu{]}( j( )), ?ije

The following essential property regarding the explicit formula for the restriction
operator acting on an element is easily deduced from the formula of conditional
expectations (i.e., Proposition 3.1) and the Fourier expansion of partial derivatives
(2.4). The proof is left to the interested reader.
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Lemma 3.3. Let J C [n] and T € Man. For each j € [n], we have
R}-’(T) = Z T(s ® €] )osmes-

supp(s)CJ*
ae{1,2,3}

Applying Lemma 3.3, we obtain the following corollary.

Corollary 3.4. Let T € Man and a fized subset J C [n].
(i) For each j € J, we have

Do Ide(BI )N, = D Ide(B(T)IZ, + Id; (R (D)7,
k=1

keJe
(ii) We have that
IR (D), < var(T).
JjEJ
(iii) For each k € J°, we have

DIk (B M)IIZ, < (D)7, -

jeJ

Proof. We only show item (iii), and leave the easy verification of (i) and (ii) to the
reader. By Lemma 3.3, we have

2
SR (D)[7, =D tr > T(s®ef)ospen
jeJ jeJ supp(s)CJ°,
sp#£0,a€{1,2,3}
2
< Y | Y T(s®8)ows

supp(s)CJ 8,70
supp(s)CJ°

> Y [fees

supp(s)CJ sk 7#0
supp(s)CJ*

= Y 26| = I

Sk;éo

O

Several basic properties regarding the L,-norm of the restriction operator and
its relation to the influence are collected as follows.
Lemma 3.5. Let J C [n] and T € Man with ||T||r. < 1.
(i) For each j € [n], we have ||R3’(T)||’£p <|d,(T )|| <p < .
(ii) For each j € [n], we have ||R5](T)||2L2 < ||RJ]( )|| L, 1<p<2
(iii) We have }_;c ; Inf (R/(T)) < var(T) + Inf(T).

Proof. (i) Tt follows from the definition of restriction operator that

(3.1) IR/ (D), = B,y (A (D)2, < [1d5(T)] i,
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For (ii), it suffices to note that
IR](D)IIZ, = 1R (T)PIR] (T)]* 7|1,
<RSPl MBS (TPl < IR (DI,

where the last inequality follows from (3.1) and Proposition 2.7 (i).
(iii) By items (i) and (iii) in Corollary 3.4, we have

Inf(T Z (D7, = > Ide@IZ, = > > Ide(B] (D)3,

keJe keJe jed

-y (z ldu(R |L2> -y (Z i (R (T3, — l1d;(R] <T>>|%2> .

jeJ \keJe JjeJ

Applying Proposition 2.7 (i) again, we get

Inf(T) > (Z e (B (D)7, — 18] (T )II%)

JjeJ
= Inf(R/(T)) = Y _|IR(T)|}, > —var(T) + Y _Inf(R)(T))
JjeJ jeJ jeJ
where the last inequality follows from Corollary 3.4 (ii). O

To investigate the Fourier spectrum of a given T" € M», we introduce the fol-
lowing notations, which are inspired from their Boolean counterparts.

Definition 3.6. For each T € Man and for d € [n], define
WeaT) = > T(s),
|supp(s)|=d
Wea(T) = > T(s)?,
|supp(s)|>d

and

Waa(T) = > T(s)*.

d<|supp(s)|<2d

Remark 3.7. It is clear that every random set J C [n
selected with probability &, corresponds to a vector in (

|, formed by each point
1}™, us), where

{0,
ps({a}) = 6%i= 2 (1= )" 2i=1% | g = (;)7, € {0,1}".
S

If there is no confusion arises, we will simply write J € ({0,1}™, us) for a random

set J (with selecting probability §).
Lemma 3.8. Letd € Zy and T € Man with | T, < 1. Then

E; | IR (D,

jeJ

Wzd [T]7

ool =

where By is the expectation taking with respect to the random subset J with selecting

probability . Hence, there exists Jo C [n] such that D ics |R(T)||7, = §WxaT.
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Proof. Using Lemma 3.3 and the orthogonality of {0 }se0,1,2,31, we have

Es D IRIMDIL,| =Es |d. > [Ts@e)?
jeJ J€J supp(s)CJ°
a€e{1,2,3}
(32) =E, Z |T(S)|2]]-{J:\supp(s)ﬂJ|:1}
|s€{0,1,2,3}"
= Y |T(s)Puy{J : lsupp(s) NJ| =1}
s€{0,1,2,3}™

> > |T(s)Pps{J : supp(s) N J| = 1}.

d<|supp(s)|<2d
For the case d = 1 with d < |[supp(s)| < 2d, we have [supp(s)| = 1, and hence,

(3.3) pa 1 ¢ [supp(s) N J| = 1} = é _1.

For the case d > 1 with d < |supp(s)| < 2d, we have

pi{J : [supp(s) N J| =1} = <1 B é)Snpms)l <W>

(3.4) o1
. 1 1
>inf [ 1— = > .
d>1 ( d) 8
Substituting (3.3) and (3.4) to (3.2) yields the desired result. O
Lemma 3.9. Let T € Myn with 0 < T < 1. Then, for 1 <p < 2 and J C [n], we
have
1
Inf(T) + var(T Z |R)(T)||7,log | ——=—7—
2 2 max [, (1]
JjeJ P
DR (D)3, v/ InfP(T),
jeJ
where Ky, = @ 4p)

Proof. For each J C [n], by Lemma 3.5(iii) and Lemma 2.4, we have
Inf(T) 4 var(T)

—QZQIRJ |Lzlog(|RJ< |L2) K18 D, TR D)) )

jeJ

1 K
ZHR HLQ log (W) - TP ZHRg(T)HQLZ ZHR;-](T) Zip
jGJ J Lo jeJ jeJ

where the last inequality is due to the Cauchy-Schwarz inequality. The desired
assertion now follows from Lemma 3.5 (i) and (ii). O
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Choosing J = Jy as in Lemma 3.8, we can relate the term >, ; HRJJ(T)Hi2

with Wx4(T) and obtain the following corollary.

Corollary 3.10. Let 1 <p <2 and T € Man with 0 <T < 1. Then the following
holds

1
max;e[n [|d; (T)|7,

Inf(T) 4 var(T) > % log ( ) WadT — 11{_61) VInf? (T)/Wea(T),

where K, = (2_4—17)6.

4. PROOFS OF THEOREM 1.8 AND THEOREM 1.9

The proof of Theorem 1.8 is a little bit lengthy, which relies on sequence lemmas
regarding decomposition of the Fourier spectrum. Hence, we will postpone the
proof of Theorem 1.8 and show how it can be used to deduce Theorem 1.9 at first.
Our method presented below is essential inspired by the approach in [14].

Proof of Theorem 1.9. Assume Inf?(T") > var(T) log(n) (K, is the same as in Theo-

19262 K,
rem 2.4). Noting that Inf?(T") = 377, [|d;(T)]|} , it follows that
T)log(n)
dATVP > var(
-I]Ié%’ﬁ” J( )“Lp = 192€2Kpn
If Inf?(T') < %, then, by Theorem 1.8, we have
1 log(n) _ var(T)log(n) _ var(T)log(n)
d.(D|®P > > > > )
max |d;(Dllz, 2 7722 =5~ 2 — =7
This completes the proof. (I

To prove Theorem 1.8, we need a sequence of technical lemmas, which are nec-
essary estimations on the Fourier spectrum. We now begin by introducing the
operator 0 on My» via functional calculus of the non-negative generator L for
d € [0,1]. More precisely, by the Fourier expansion, we have

()= Y glerEIT(s)oy,
s€{0,1,2,3}"

where T' = 3 ci1233n T(s)os € Man. The operator 6% is one of the key in-
gredients of decomposing the Fourier spectrum of 7. In the next proposition, we
represent the operator 6“ in terms of conditional expectation.

Proposition 4.1. For each T € Man, we have §°(T) = E;[Ew, (T)], where J is a
random set in [n] corresponds to vector in ({0,1}™, us).

Proof. Tt is clear that

Ej(&u,(T)=E; | Y. T(s)os

supp(s)CJ

= Y us{J €{0,1}" : supp(s) C J}T(s)os
s€{0,1,2,3}»

= > glwrBIT(s)e,.

s€{0,1,2,3}"
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O

Lemma 4.2. Let 1 <p<2,T € Mon with0<T <1, and let D = {2’“}%@. For
each d € D, we set Hy(T) = (1 — o)“(T) — (1 = 2)5(T). Then we have

(i) for each d e D, |Hy(T)| < 1;

(i) for each d € D and j € [n], [|d;(Ha(T))Il} < 27||d;(T)IL,;

(iii) for eachs € {0,1,2,3}" with d < |supp(s)| < 2d, we have |T (s)| > [Hy (s)| >

NP

(iv) Ygep var(Ha(T)) = Yyep [1Ha(T)|Z, < var (T) and

> Inf(Ha(T)) < Inf(T).

deb

Proof. (i) Note that by Proposition 4.1, for each § € [0,1], §°(T) = E;[&w,T)
which implies 0 < 6%(T) < 1. It follows that
Lir Lic
B S <1.
(1= 52)5(0) — (L DED)| <1
(ii) Using Proposition 4.1 and the Jensen inequality, we have
I (BETNIE, = ;65 (T)IE, = ks (B (s, (T,

= |[Es (&, (d; (D)),
< Eslld;()IZ, = (DI, -

|Ha(T)| =

Moreover, we have

1 p

a; (1= 5= - 1= )

(iii) By the definition of Hg4, we have

i (5)] = <<1 - %) el (1 - %) 'Supp(s)'> T(s).

It is clear that |Hy (s)| < |T'(s)| for each s € {0,1,2,3}" with d < |supp(s)| < 2d.
On the other hand side, we have

[supp(s)] [supp(s)| 2d
1 1 1 1
_— — — — > — — >
(1 2d> (1 d) - (1 Zd) -4’

where we used d < [supp(s)| < 2d in the last inequality.
(iv) By the definition of Hy again, we have the following

S, => Y <<1_%)|supp<s>|_ <1_é>|supp<s>|>2|f(s)|27

deD deDse{0,1,2,3}"

Id; (Ha(T))IIZ, = ‘ < 27| d; (D)%, -

Ly

and

S Inf(Hy(T))

deh

=> ¥ |supp<s>|((1—%)'“}”(5)'—<1—§)'Snpp(g)'>2|ﬂs>|2.

debDse{0,1,2,3}"
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Note that
s((i- 1 \supp(s)\_ 1 |supp(s)|\ ?
2d d
deD
1\ lsupp()] 1\ lsuep@) 2
< 1— — —(1=-= <
S(2(em) o)) =
deD
and we complete the proof. O

By Lemma 4.2 (iii), it follows that
1
(4.1) Wea(Ha(T)) > EWMI(T)'

Before turning into the proof of the main theorem in this section, we provide the
following lemma which is motivated by [14, Lemma 29].

Lemma 4.3. LetD = {2’“}%@. For eachT € Mon with0 < T <1andl <p<2,
define

2
D = {4 WaslD) 2 s}

Then we have
Z Wea(T) > Var (T).

deD>
. _ 4InfP(T)
Proof. On the one hand, taking dy = var(r) 0 We get that
S e = Y A
d>do |supp(s)|>do

<= Jsupp(s)][Tis)?

0
[supp(s)|>do

<= S T

do
s€{0,1,2,3}"

Inf(T)  Inf(T)var (T)

do Anf? (1) = 4““( )
where the last inequality is due to Proposition 2.7 (ii).
On the other hand, by the fact {d € D : d < dp}| <

og (dp) and the definition

of D>, we get

var (T)? log(do) 1
4.3 Wa(T) <log(d = var(T) < —var (7).
(49 3 Wadll) < 08(0) g = g T) < ()

Combining (4.2) and (4.3), we have

Z Wzd(T) = Z Wzd(T) - Z Wzd(T)

deD> deD dgD>
1
>var(T) = Y Wea(T)— Y. Waa(T) > Svar(T).
d>do d<do,d¢D>

This completes the proof. (I
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Now we are at the position to give a proof of Theorem 1.8 in detail.

Proof of Theorem 1.8. Take T € Man. We assume that

InfP (T)
(4.4) max [d;(T)|f7, < PRy
with K, = ﬁ. For d € D>, we have

Ifffff > iwnfp(TNWzd(T)

Using Corollary 3.10, (4.1), (4.4), and Lemma 4.2 (ii), we get that
(4.5)

If(Ha(T)) + var(Ha(T)) 2 1_1610g <mane Id

1
SHAD)E,

_ ‘i{_g\/Infp(Hd(T))\/Wzd(Hd(T))

(T >>||’zp> Waall)

_ %\/Infp(Hd(T))\/Wzd(T)

) Waa(Ha(T))

1

1
> 1
= 256 % (maxje Id;

65K, Inf?(T) K, -
26 var(r) =) - T¢ VI (1) Wea(T)

Inf?(T)
var (T')
Combining Lemma 4.2 (iv), (4.5) with Lemma 4.3 yields that

2Inf?(T) > 2Inf(T) > Inf(T) +var(T) > > Inf(Ha(T))+ Y var(Hq(T))
deD> deD>

Inf?(T") Inf?(T) war 8 -
var (T) d§> Wxa(T) 2 2K, var (T) (T) = eI (1),

> 4K, Wea(T).

> 4K,

which is a contradiction.

The following counterexample demonstrates the failure of Theorem 1.8 for the
case p = 2 even in the commutative hypercube setting, which means that, for
bounded elements, the dimension free KKL inequality invoking L,-influences with

1 < p < 2 may be the best possible.
Remark 4.4. Define f:{0,1}™ — [0,1] as follows

;:% z:;

where {r;}?_; is an i.i.d. Rademacher sequence. Then, we have

1 .
15NN, = 0 Vi€ I,

and
1

var(f) = Inf(f) = .
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which disproves Theorem 1.8 for the case p =2 in the hypercube setting.

We conclude this section with some comments on the quantum Talagrand in-
fluence inequality. Firstly, combining the idea in [14] with the random restriction
treatment presented in Section 4, we can derive the following quantum Talagrand
influence inequality.

Theorem 4.5 (Quantum Talagrand influence inequality). For 1 < p < 2, there
exists a constant C, > 0 depending only on p, such that for each T € Man with
0<T<1, we have

(4.6) var(T Z

where Cp, = O (

Ieks (7)1,
log (1/]1d;(7) %, )

5= p)g) asp— 2.

After completing our paper, we learned that Blecher et al. [2] have obtained a
similar quantum Talagrand influence inequality with some interesting higher-order
extensions. Therefore, we have chosen not to include the detailed proof of Theorem
4.5 here and instead refer interested readers to [2] for the proof. Secondly, the

constant Cp, = O ((2_%)2) appeared in the quantum Talagrand influence inequality
is not the best possible. However, at this time of writing, we can not apply the
random restriction method to achieve the constant Cp, = O as stated in The-

orem 1.5. Finally, we shall mention here that (4.6) is a stra1ghtforward consequence
of Theorem 1.5 by using Proposition 2.7 (i).

5. QUANTUM ELDAN-GROSS INEQUALITY

In this section, we aim to derive a quantum Eldan-Gross inequality via the
random restriction technique, and apply it to obtain several quantum KKL-type
inequalities. Our approach of the quantum Eldan-Gross inequality is inspired by
the techniques developed by Keller and Kinder [13] and Eldan et al. [8].

5.1. Estimate on Fourier spectrum. This subsection aims to establish the fol-
lowing noncommutative analogue of [13, Lemma 5]. For T' € My~ and J C [n], we

denote M ;(T) = E]EJ de(T)||2L1 and M(T) := Z?Zl de(T)||2L1
Theorem 5.1. For d > 1 and projection T € Man, if M(T) < e~2?, then we have
d
2e d
3. Jor < () e i (5))
[supp(s)|=d

The key ingredient in the proof of Theorem 5.1 is the following technical result,
which is a noncommutative analogue of the estimate in [13, eq. (12)].

Proposition 5.2. Let T € Man be a projection with M(T) < e~2%. Then, for each
J C [n], we have

> > If(s@ej)l%ﬁ(%j) M,(T >(log(ﬁm>)d.

= supp(s)CJ°,
|supp(s)|=d—1,a€{1,2,3}
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Since the proof of Proposition 5.2 is a little bit lengthy, we will postpone its
proof, and turn to demonstrate how it can be used to prove Theorem 5.1 at first.
Recall that we identify random subset J with the vector in ({0,1}", p1), where

= (3)7 (-3 e o

Proof of Theorem 5.1. Firstly, note here that for each s € {0, 1,2, 3}" with |supp(s)| =
d, we know the probability of J such that s = u@®ej with j € J and supp(u) C J¢

is (Cll) : é(l - é)d_l =(1- é)d_l > % Hence,

(5.1) E; > T(s@e?)
supp(s)CJ,|supp(s)|=d—1
jeJ,ae{1,2,3}

d—1
1 ~ 9 1 ~ 9
- <1_ E) > T(s)? > <g> > Ts)*
s€{0,1,2,3}", s€{0,1,2,3}",
[supp(s)|=d [supp(s)|=d

Secondly, assume Proposition 5.2 holds and note that = — x log(%)d is a concave
function on (0,e?). Then it follows from the assumption M(T) < e~2¢ and the
Jensen inequality that

2¢\* ) 1 ‘
E; 6<g) > ld;(D)IE, <log<2je,]lldj(T)|%1>>

jeJ

d
(5.2) 2e 4 2 o 1
=0 ( d> Es | > ldi(T)IE, <1 & (m(ZjEJ ||dj<T>|%1>>>

jeJ

(%) () (0 ()

where we used E;(1,(j)) = % in the last equality. Hence, combing (5.1), (5.2) with
Proposition 5.2 yields the desired inequality. (]

We conclude this subsection with the following noncommutative analogue of [8,
Theorem 3.4].

Theorem 5.3. Suppose that T' € Man is a projection. Then

(5.3) > T(s)? < 12eM(T)?/°.
1<|supp(s)|< 5 log(1/M(T))

Proof. For the given projection 7', recall here that

Wo(T) = > [Te)P

[supp(s)|=l
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For 1 < d < +5log(1/M(T)), we have M(T) < e¢~'% and then it follows from
Theorem 5.1 that

Wica< 2 1og1/n(ry) (T)
[ log(1/M(T))]

= > W=(T)

=1

(5.4) =
[ytosti/ M) |
oM (T) 1 (%) toutt + 101/
=1
[ 45 log(1/M(T)]
delog(1/M(T))\" 1

where we used log(l) < log(1/M(T)) for 1 <1 < Z1log(1/M(T)) in the last in-
equality.
!
Note that the function ! — (w) is increasing for I € [1,41log(1/M(T))].
Hence, we estimate (5.4) as follows
[ 45 log(1/M(T))]

1
W1gdgl—1010g(1/M(T))(T) < 6eM(T)(40e)10 log(1/M(T)) Z 7
=1

[ log(1/M(T))]
< 6eM(T)"/? -

< 6eM(T)*/? <10g10g <W) + 1>

< 12eM(T)?/5,

= lo
where we used 40e < €° and ZL“{I £(1/M(D)] 1 < loglog (W) + 1 in the
second and third inequalities, respectively. O

5.2. The quantum Talagrand-type isoperimetric inequality. In this subsec-
tion, we apply the semigroup technique to derive Theorem 1.10. The proof of the
theorem relies on the following inequalities, which are of independent interest. The
first key ingredient in our proof is the following quantum Buser-type inequality.

Theorem 5.4 (Quantum Buser-type inequality). For each t > 0 and 1 < p < 2,
the following inequality holds for every T' € Man
1/2

|7 — e “(D)],, < V2t > 1d,(T)?]
j=1
LP

To establish Theorem 5.4, we need the following sequence of lemmas, which are
noncommutative analogies to their commutative correspondences.
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Theorem 5.5 (Local Reverse Poincaré inequality). For each T € Man, we have

n

(€ = 1)) e (1) < e E(ITP) — e (D).

Jj=1

Proof. On the one hand, applying Proposition 2.5 (iii), we get

(56) est ’d ef(t S)E ’ 252|d eftﬁ
Jj=1

for every 0 < s < t.
On the other hand,

eTH(TT) = (7 (1)) (e7*(T))

/0 e [( (=L ) (_@ 9E(T ))} s
/ Ee—sa< —(t 9L(p )+e—s£ ((e—(t—s)g(T))*Ee_(t—s)ﬁ(T))

e (e IET)) e L)) ds
= /0 e*sﬁ[—c(le*“*sw(T)R) + e~ (t=9L(T) (ce*@*s)ﬂm)

(Ee (= S)L(T))*e_(t_s)ﬁ(T)} ds

+ n
— / et [ [ajeo0e
0 =

where the last line follows from Proposition 2.5 (i).
Combining (5.6) and (5.7) yields that

(5.7)

2
‘ ds

)

t n 2
e (| TJ2) — e (T2 :2/ e Y |age )| ) as
0 =
t n )
>2 e2SZ‘dj6_w(T)‘ ds
0 —
n 5 [2
:Z’dje_w(T)’ / e® ds
— 0
~ DY [dye A,
j=1
which is the desired inequality. (I

Thanks to the local reverse Poincaré inequality (i.e., Theorem 5.5), we obtain
the following gradient estimate that is dual to the quantum Byser-type inequality.
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Lemma 5.6. For each T € Ma» and 2 < p < 0o, we have

3 Jdje A (1))
j=1

1/2

HTIIL > 0.

ﬂ\

Ly

Proof. Since e* — 1 > 2t, it follows from the reverse local Poincaré inequality (i.e.,
Theorem 5.5) that for each ¢ > 0 we have

2tZId e E(D)P < T (TP — e (D) < e (TP,

which further implies

. 1/2
Sl @ | <
=1

Therefore, we have

(et (1)) ?

E‘}_‘
S

1/2
" 1
>l (1) < == | rP L, < T,

where the last inequality is due to the fact that p/2 > 1 and

L 2 1/2 1/2
le= (TP, < Il = 17,
O
We now prove the quantum Buser-type inequality via duality.
Proof of Theorem 5.4. Since, for each ¢t > 0,
tL " . =~ [ c
T—e (T):—/O 55¢ H(T) ds_;/o d;je *5(T) ds
Hence, for every 1 < p < 2, there exists u € L, with ||u||Lp/ =1, 1—1) + 1% =1, and
nooat
|T - e_tL(T)HLp =tr|u- Z/ dje *5(T) ds
j=1"0
t n
= / Ztr (u (dJefsﬂ(T))) ds
04
t n
= [ S (e w) @) ds
0 i3
1/2 1/2
t n n
< [ X e Ay ds.
=1 -

Lp/ Ly
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Thanks to Lemma 5.6, we obtain that

1/2

t n
L 1 2
|7 —e (T)HLPS/O 750 ullz,, ]§:1|dg(T)

1/2

Ly

<Vt ||| Y ldi(T)?
j=1
Ly

O

Before turning to the Talagrand-type inequality, we show the following two ele-
mentary lemmas.

Lemma 5.7. For each projection T € Man and t > 0, we have
var(T) < ||T — eftE(T)HL1 + var (efw/Q(T)) .

Proof. Let T € Mas» be a projection. It follows from the trace preserving of
{e_tﬁ}tzo that

var (e_w/?(T)) = t2(T - e t5(T)) — tr(T)2, ¥ t > 0.
Note that var(T) = tr(T) — tr(T)?. Therefore, we have
var(T) — var (e‘wﬂ(T)) =tr(T — T - e *5(T))

= tr (T(T — e "*(T)))
< ||T(T — e T))

The desired assertion follows. O

Lemma 5.8. Let T € Man be a projection. For each d € N, we have

1/2
Sl (1) > LVAW(T).
j=1
Ly

Proof. Fix d € N. Applying Lemma 5.7 (with ¢ = %), we get

> var(T') — var (efé (T))
Ly
[supp(s)] | =5

(1—67 T )T(s)?
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By Theorem 5.4, we have

1/2
- d
> 1, (1)P > J;HT—e%m\
j=1
Ly

d
> e,

(T).

Ly

O

Before providing the proof of the quantum Talagrand-type isoperimetric inequal-
ity, i.e., Theorem 1.10, we derive the following moment comparison lemma via
hypercontractivity of the semigroup {e~*};>¢ (see [18, Theorem 46]).

Lemma 5.9 (moment comparison). Let T' € Man with degree at most k. For every
r > 2, we have

k
Tz, < (r— 12|71,

Proof. Note that T is of degree at most k, that is, T = 3, o)<k T(s)os. For

each r > 2, take tg = w. Applying the hypercontractivity of {e7**};>¢ (see
(2.5) above), we have

_ log(r—1)
e e @) < 1T

which implies

L R B ] Y B (]
L, Lo
Now the desired inequality follows from the fact
og(r— 2 , -
‘ 6¥£(T)HL _ Z elog(r—l)|supp(s)||T(s)|2 < (7‘ _ 1)k||T||%2
2

[supp(s)|<k

O

Proof of Theorem 1.10. We first consider the case var(T') > e~ 6. Note that var(T') =

W>1(T) and
log (%(T)) <4

It follows from Lemma 5.8 (with d = 1 there) that

1/2

var(T)4[log ( ) <AW>4(T) < 16 Z |d;(T)[?

1
var(T)
Ly

Now we deal with the case var(T) < e~ 16. Let
1 1
d=|—1 .
{16 o8 (Var(T))-‘

(58) W>d(T) Z %V&I‘(T).

For such d, we claim that
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Once the claim is proved, applying Lemma 5.8, we have

1/2

- 1 /1 1 1 1
> (o zz\/ﬁlog (s )W) 2 gpvan() fog ().

L,y

This is the desired assertion.

It remains to verify the claim. Since T" € Man is a projection, it follows that
var(T) = tr(T)(1 — tr(T)) < e 6. We assume without loss of generality that
tr(T) < %; otherwise, it suffices to replace T" by 1 — T". Hence,

(5.9) 2var(T) = 2tr(T)(1 — tr(T)) > tr(T).

Write
Radey(T) = > T(s)os.

Isupp(s)|<d
By the Holder inequality, Lemma 5.9 and (5.9), we deduce that
W<a(T) = tr (T'- Rad<a(T)) < [[Tas5 - [Rad<a(T)| L,
< 3%?|Rad<a(T)| 1, |T| ., = 3%*|Rad<a(T)]| 1, tr(T)*/*
< 342 . 23/4| Rad< g(T)|| 1, var(T)3/* = 342 . 23/4 W 4(T) '/ ?var(T)3/*.

Note that 3%/2 < e? < var(T)~/16 and var(T) < e~ '%. We have

Weg(r)1/2 < 2 var )

1
1/203/4 -3 1 1/2
< S —ar(T)i/10 <var(T)/*2% %> < 2var(T) ,

which further implies

Wsa(T) > var(T) — W<q(T) > Zvar(T) > %V&I‘(T).

We have verified the claim (5.8), and the proof is complete. O

5.3. The quantum Eldan-Gross inequality and KKL-type inequalities. In
this subsection, we provide a details proof of the quantum Eldan-Gross inequality
and apply it to deduce two quantum KKL-type inequalities and a stability result
for the quantum KKL theorem with respect to the Li-influences.

Proof of Theorem 1.11. Let T be a projection in Ma» and denote M (T) := 37, [d;(T)II7,
for simplicity. If M(T) > var(T)'®, it follows that

var(T)\/log (1 - ﬁﬂ) < var(T)\/log (1 + Wlﬂm)

< dvar(T), [log (%(T))

(5.10)

where we used var(T) < % (ie., max,epo,1] @ — a? < %) in the second inequality.
Apply Theorem 1.10 to (5.10) yields the desired quantum Eldan-Gross inequality
for the case M (T) > var(T)'®.
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If M(T) < var(T)'®, we let d = -5 log(1/M(T)) and apply Theorem 5.3 to get
that
(5.11)

~ 12¢
Z T(s)? < 12e- M(T)*/> < 12e - var(T)% < <?) var(T),
1< |supp(s)| < 75 log(1/M(T))
where we used var(T) < 1 in the last inequality. By (5.11), it follows that
P 12¢ 1
(5.12) Wsq4(T) = var(T) — Z T(s)*>(1- e var(T) > §Var(T).
1<[supp(s)|<d
Combining Lemma 5.8 and (5.12), we get that
1/2
1 n
var(T 1og(1+7>§K d(T)]? ,
Ly

where we used 1+ log(1/M(T)) < 2log(1/M(T)) when M(T) < var(T)'® < 1/230.
]

The following definition is motivated by Definition 2.1 and Remark 2.2.

Definition 5.10. A projection T € Man is called balanced if var(T) = 1.
As the first application of our noncommutative Eldan-Gross inequality, we derive
the following KKL-type inequality in the CAR, algebra, which is essentially due to

Rouzé, Wirth and Zhang [22].

Theorem 5.11 (Rouzé-Wirth-Zhang). For each balanced projection T € Man,
there ezists a universal constant C > 0, such that

C'y/log(n)
e (1) |, > SYE,

J€l(

Proof. For each balanced projection T' € Mlsn, we apply Theorem 1.11 to get

1/2

1 1 n ) n

Ly/2

where K > 0 is a universal constant. It follows from (5.13) that
(KnB)?

5.14 G

1
— <
16 —

where B = max;¢p, [|d;(T)| z,-

Choose a positive constant C' such that 16KC < 1. If M > %Og(n), there is

nothing to prove. We assume B < Cy/log(n) ”lsg(n) from now on. Choose a sufficient large

n such that
n

— a2 41>0.
C?log(n) el
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It follows from B < %‘mn) that
(KnB)? - K2C?log(n)
T .
IOg (1"‘@) 10g (1+ C2+g(n))

(5.15)

Note that 4y/2KC < 1 and W —n'/2 41> 0 imply that

(n)

(5.16) (4KC)?log(n) < %log(”) <log (1 + #g(n)) '

Substituting (5.16) to (5.15) entails that
(KnB)? K2C?1og(n)
log (1+ 247) n 16’
0g nB?2 10g (1 + Wg(n))

which contradicts to (5.14). O

As the second application of the noncommutative Eldan-Gross inequality, we
derive the following quantum KKL-type inequality, which is of independent interest.

Theorem 5.12. There exists a universal constant C > 0 such that for every ¢ €
(0,1) and balanced projection T € Man, one of the following inequalities holds:
. Celog(n
(i) maxjep, [1d;(T)][3, > 2oelm)
(i) max;je |d;(T)| L, > —w7s-
Proof. For each € > 0 and balanced projection T' € Man, by the quantum Eldan-

Gross inequality (i.e., Theorem 1.11), there exists a universal constant K > 0 such
that

1/2
1 1 -
- 10g lt=—75 | <K |d(T)|2
1 ( S ||dj<T>||%1> g ’
(5.17) 1/2 "
<K | Y ld(T)IIZ,
j=1

We assume from now on that

- oy _ clog(n)
(518) 31l < i
for sufficient large n; otherwise, we obtain
elog(n)

d, (D>, > )
jné?ﬁll (M7, = 6k

Substituting the assumption (5.18) to (5.17) yields

1 log [ 1+ 1 < elog(n)
4 YialldMIz, )~ 4

which further implies

1
n S
Ej:l de(T)H%l

n®,
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and consequently,

1
GRS YIS %%Hda‘(T)HLl-

It remains to choose C' = min{ 5z, 1} to obtain the desired result. O

In order to apply Theorem 5.12 to obtain another KKL-type inequality, we in-
troduce the concept of index for elements in Ma» as follows. For each T' € Mo, we
define

ind(T) = inf{a > 0+ ||d; ()12, < ||d;(T)]Z,, ¥ j € [n]}.

Lemma 5.13. For each balanced projection T € Man, we have ind(T) € [1,2].

Proof. For balanced projection T" € Man, we note that
1 )
(5.19) 5Dy < [Tz, =5 <1, Vjeln
If ind(T) > 2, there exists ind(7") > o > 2 and some jy € [n] such that
s (D%, > i (D17, = i (T)Z,-

This implies that ||d;, (T)||%1_2 > 1, which contradicts to (5.19). Hence, ind(7T") < 2.
It remains to show that ind(7") > 1. Indeed, since d; is a contraction, it follows
from (5.19) that

I (TI17, < Id; (D), Iy (D], < (D), < 1.

On the other hand, since ||d;(T)||¢, is decreasing on a by (5.19), we infer that
ind(T) > 1. O

We now conclude this subsection with the following quantum KKL-type inequal-
ity invoking Lo-influence.

Theorem 5.14. For eachn € N and balanced projection T € Man with ind(T') < 2,
there exists a constant Ciyq(ry > 0 depending on the index of T' such that

(5.20) max [|d;(T) |7,
J€(n]

Proof. Choose positive a such that ind(T) < a < 2 and set § = 252, ¢ = 22,
By Theorem 5.12, there exists a universal constant C' > 0 such that one of the

following inequalities holds
. Celog(n
(i) maxjep, [|d;(T)|[3, > 2ol
(i) max;jep 1d;(T)| L, > —r7s-
If the first situation holds, there is nothing to prove. We assume from now on that
item (ii) holds, that is,

S Cina(r) log(n) '
n

C
(5.21) -I],Iéé[i”’ﬁde(T)”Ll > —A5)/a
where we used the fact e = 2=29=2_ Since ||d; (T)1¢, < |ld;(T)]]Z,, it follows from
(5.21) that
c~ < (2 — a)C*log(n)

ni=0 = 4n

max ||d;(T)[7, >
Jj€ln]
Choosing Cina(ry = min{%, W} yields the desired inequality. O
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Remark 5.15. There exists a quantum Boolean function T € Man with ind(T") = 2
such that the quantum KKL inequality holds for Lo-influence; see [18, Proposition
11.5]. However, as shown in [11, Remark 6.5], this is not the case in the CAR
algebra setting.

Our final application of Theorem 1.11 is the following stability result for the
quantum KKL-type inequality (invoking Li-influences), which is quantum analogy

1/2
of [8, Corollary 3.5]. For each T' € Man, we define that |V (T')| == (Z?:l |dj(T)|2) .
Corollary 5.16. Suppose that there exists a constant C1 > 0 such that for each
projection T € Mlgn the following holds

< Cy log(n)var(T) '

5.22 d; (D). <
(5.22) jrréf[ﬁll i(T)lx, -

Then there exist constant Cy > 0 such that

tr [n(%vwm MW)(W(T)D} > Cyvar(T).

Proof. By assumption (5.22) and Proposition 2.7 (i), we have

n

(:23)  w [[VO)F] = Y47, < X 4,7z, < Calog(nvar(T).

According to the assumption, there exists a universal constant K7 > 0 such that
- C?log? (n)var(T)? _ K
5.24 d;(D)||7, <= <=

where we used var(T) < % for the projection T' € Man. Using Theorem 1.11 and
(5.24), there exists Ko > 0 such that

- 1d5(D)IZ,
By the Paley-Zygmund inequality (2.9), there exists a constant C2 > 0 such that

IV(T)IIZ,
(1 oyt ) (VO] = iy 2 Covmn(D):

(5.25) IV(T)llL, > %Var(T) log (1 + > 1 ) > Kovar(T)+/log(n).

where the last inequality follows from a combination of (5.23) and (5.25). O

5.4. Proof of Proposition 5.2. The proof of Proposition 5.2 relies on the follow-
ing technical lemmas. Firstly, with the moment comparison lemma (i.e., Lemma
5.9) at hand, we can derive the following deviation inequality. Although this devi-
ation inequality is well-known, we include its proof for the convenience of readers.

Lemma 5.17. There exists universal constant K > 0 such that for each T € Man
with degree at most d € N and ||T||r, < 1, we have

d . t2/d
4e

tr [Lt,00)(|T])] < K exp {— } , forallt>0.
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Proof. Applying the assumption |||z, = 1 and Lemma 5.9 it follows that
(5.26) |77, <r/* for each r > 1.

Let o = £, and we now show that tr [exp(|T|*¢)] < co. Indeed, by the Taylor

4de?
expansion and the Stirling formula k! ~ kke— stk e get that

2k/d
ITIZLS,

tr [exp(alT|/4)| = i . Rl

[e%S) k
2
SKIE (%) = 2K, < o0,
k=0

where we used (5.26) and the Stirling formula in the second and the third inequality,
respectively. Therefore, by the Chebyshev inequality, we have that for each ¢ > 0
the following holds

d-t2/?
tm@mmmﬁwa“meﬂwﬂﬁKm{_4 }.
€
O

Applying the functional calculus for positive element in Ms», we obtain the
following integral representation lemma.

Lemma 5.18. Let S, T € Man. IfT is positive, then
tI‘(ST) e / tr (S . ]l(t,oo)(T)) .
0

Proof. By the functional calculus of T, it is clear that T = fooo 17 ((t,00))dt. We
apply the integral representation of T to the tr(ST') entails that

tl“(ST) = tr (S . / ]l(t,oo) (T)dt) = / tr (S . 1(t100)(T)) dt,
0 0
where the last equality follows from the linearity of tr. O

We also need the following estimate from [13, Lemma 12].

Lemma 5.19. Let d > 1 be a positive integer and toy > (46)%. Then we have

o0 d-t2/d 5 2 d- 34
2. — dt < 5et; ¢ —— 9 )
/to exp{ % } < det, “exp e

We shall prove Proposition 5.2 in details. We here explain some notation we
use below. For each s = (s1,,---,8,) € {0,1,2,3}™, it is viewed an element in
{0,1,2,3}"*! via

S=(s1,"",5n,0).
To simplify symbols, we still write s instead of S. Hence, for each s € {0,1,2,3}",
the summation s @ ey}, is read as follows

S@6g+1 ::§@€g+1 € {07 1,273}71-‘1-1, RS {07 15273}
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For each s € {0,1,2,3}", we set

I~ —+1
s’ _(Slu"' 7Sj—17078j+17"'7Sn78j)€{0717273}n 9

i.e., we remove the original s; to the n + 1-position and replace the original s; with
0. By the same spirit, for each s € {0,1,2,3}", 05 = 05 ®14 is viewed as an element
in Myn+1. For simplicity, we still write og instead of oz.

In what follows, let d > 1 be fixed, T € My~ and J C [n]. For j € J, define

(5.27) = Y. > T(s®ef)osecs,,,
supp(s)CJ¢ «a€{1,2,3}
[supp(s)|=d—1

(5.28) Toopy.j = D T(s)osaer,, + > T(s)ogn,
s€{0,1,2,3}" s€{0,1,2,3}"
8j=0 8j#0
and
(5.29) Ti= Y TE)owe, + Y, T(8)03g,73,, -
s€{0,1,2,3}" s€{0,1,2,3}"
8j=0 Sj#0
T]‘,L T]‘,R

Then, T}, Teopy,; and Tj are elements in Mon+t1.

Define ¥, : Man ® 15 — M7 ™" @ 1, @ MY/ by setting: for each s = (i), €
{0,1,2,3}™,

0s @ 1o — Ogjn.
It is clear that ¥; is an *-isomorphism from Mz~ ® 12 onto M?J;l ®1y® M?"ij
with
(T ® 12) = Teopy,j
and
W (dj(T @ 12)) = dn+1(Teopy,;)

Hence, we have
(5.30)

[dn+1(Teopy, i), = 195 (d;(T @ 1)), = [1d;(T @ La)l,, = [|d; (DI, -

The next several technical lemmas provide necessary information of T}, Tcopy,;
and Tj, which are key ingredients of proving Proposition 5.2.

Lemma 5.20. Let T € Ma» and J C [n]. For each j € J, we have

Eeuin+1y (Ajfj> = Ereupnt1y (dnt1(Teopy.s))
where fj and Teopy.; are as in (5.29) and (5.28), and A; is given by
(5.31) A=) oo

a€e{1,2,3}

Proof. For fixed j € J, according to the definition of conditional expectation, we
note that for each s € {0,1,2,3}""1 if §; # 0 for some i € J, then

(5.32) Ereutnt1y(os) = 0.



QUANTUM KKL-TYPE INEQUALITIES REVISITED 33

From this, we immediately deduce that & eyqni1y (Ajfj)L) = 0, where ij,L is as
in (5.29). Thus,

Ereufnt1} (Ajfj) = Ejeufn+1} (AJ'TLR)
T

a€e{1,2,3} s{0,1,2,3}"
Sj;éo

(5.33) = Z Z f(s)chu{n_l’_l} (08? . Useaeijﬂ)

a€{1,2,3} supp(s)CJU{j}

(S)gJCU{n+1} (O’e;_x . 05@62&1)

sj
= Yo T(s)own,
supp(s)CJ“U{j}
857

where we used (5.32) twice in last two equality.
On the other hand side, it follows from (2.4) that

dn+1(T00py7j) = E T(s)oginr-
s€{0,1,2,3}"
5570

Hence, by (5.32) again,

gJCU{n—i-l} (dn+1 (Tcopy,j)) = Z f(s)o'sjf\ .
supp(s)CJ“U{j}
857
The desired assertion follows from the above argument. (Il

Lemma 5.21. Let T € Ma» and J C [n]. For each j € J, we have

~ __ ~ 2
Z |T(S (S5) 6?)|2 = (tl‘ [TJ AJTJ}> s
supp(s)CJ*
|[supp(s)|=d—1,0€{1,2,3}

where T; = T; /| Tl 0y, Tj, Tj and A; are referred to (5.27), (5.29) and (5.31),
respectively.

Proof. Take j € J. From the orthogonality of {0s}sc0,1,2,33n+1 in La(Mant1), it is
not hard to see that for each s € {0,1,2,3}" and « € {1, 2,3},

<Us®eg+17AjTj,L> =0,
where T 1, is as in (5.29). It follows that
<TjaAijj> = <Tj,Aj(ij,L + T},R)> = <Tj,Aﬂ~“j7R>
- ¥ 3 Yo Te e?‘/)as,eee%;l,f(s)ae? ey,

supp(s’)CJ¢ s€{0,1,2,3}" o/, a€{1,2,3}
|supp(s’)|=d—1 5;70

= 2 ) TEed)P
supp(s')CJ° o'€{1,2,3}
lsupp(s’)|=d—1
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where in the second equality we used the orthogonality of {os}seqo,1,2,33n+1 in
Lo(Mgn+1). To verify the desired assertion, it suffices to note that

ITl7, = Y > T w e )
supp(s)CJ° a’€{1,2,3}
|supp(s”)|=d—1

Lemma 5.22. Let T € My» and J C [n]. For each j € J and ty > 0, we have

/Otﬂtr (Lo (T3 |Erevimeny (AT5)|] dt < to s (D)1,

where T; = T;/||Tjll2, Tj, fj and A; are referred to (5.27), (5.29) and (5.31),
respectively.

Proof. 1t follows from Lemma 5.20 that

/Ot° tr {]l(t,oo)(’Tj‘) : ‘5J°u{n+1} (Ajfj)

<to ||‘€qu{n-|-1}(dnJrl(Tcopy,j))||L1 <ty ||dn+1(TCOPy,j)”L1 )

}dt

where the second inequality is due to the fact that conditional expectation is
bounded on L, 1 < p < co. The desired inequality follows from (5.30). O

Lemma 5.23. Let T € Myn and J C [n]. For each j € J and to > (2€)%, we have

/t tr []l(t,oo)(|Tj‘) : ‘5qu{n+1} (AjTj) } dt
0
1/2
1—1 d . t2/d e
<Vety " exp § ——L OIS I
supp(S)gJCU{j}

S]‘;éo

where T; = T;/||Tj|l2, T, T: and A; are referred to (5.27), (5.29) and (5.31),
J ARy Jr 4 j

respectively.

Proof. Applying the Cauchy-Schwarz inequality twice, we get

/Oo tr [0y (T3 ]) - |Ere0pnsny (4T5)
to

o) 1 1/2 o) ) . B 9 1/2
<( / sa) [ (i [t (T [eroimn (47)])) )

1 0o , . 1/2 -
SN </t0 241 [L1,00)(T)] dt) 'Hg‘”U{"*l} (AjTj)HLz'

Combining Lemma 5.17 and Lemma 5.19, we have

) . s d- t2/d
/ t2tr [1(1,00)(T5)] dt < 5et8 i exp {— 20 .
e

to

}dt
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Furthermore, according to (5.33), we have

N\ 12 ~
HEJCU{W_H} (AjTj) HL = Z |T'(s)|*, for each j € J.
® supp(s)CJIU{j}
55
The desired assertion follows. (|
We now are ready to provide the proof of Proposition 5.2.

Proof of Proposition 5.2. For a given projection T' € Man, it is clear that || T||2 < 1.
We assume without loss of generality that T = Zse{0,1,2,3}" T(s)os. Foreachj € J,
by Lemma 5.21, we have

N —_ 1\ 2

3 T(s@eg)? = (w|T;- 4,75
supp(s)CJ° )
|supp(s)|=d—1,a€{1,2,3}

- (tr :5qu{n+1}(7a‘ 'AJ‘TJ‘)} )2

= (tr :Tngcu{n+1}(AjTj)} )2 ’

where we used that each conditional expectation preserves trace and & seyfn413 (1) =
T; (this follows from the definition of T} as in (5.27)). Using Lemma 5.18 we have

(ir [T AT)]) < (i [T sevpminy (AT )
= {/OO tr []l(t)oo)(|Tj‘) : |5qu{n+1}(AjTj)|} dt}
0
<2 {/Oto tr []l(t,oo)(‘Tj’) ’ |5qu{n+1}(AjTj)|] dt}

o . 2
+2 {/ tr [ﬂ(t,oo)(\TjD ' |8qu{n+1}(AjTj)|:| dt}

to
= 2Y1)j (T)2 + 2Y2)j (T)Q,
where ty > 0 is chosen to satisfy

(5.34) exp{ d- to } ZH HL1 M;(T).

jed

2

2

Note here that (5.34) and the assumption M (T) < e~2¢ imply that

N (L

We conclude from the above argument that

(5.35) > > T(s@e)> <2 Y1 (1) +2 Yo ;(T)?

JjeJ supp(s)CJ° JjeJ JjeJ
|supp(s)|=d—1,a€{1,2,3}

By Lemma 5.22; we have

S OY (1) <) (D)7, = (%)dMJ(T) (log(#@))yi-

Jj€J JjeJ
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Using Lemma 5.23, we have

- g2/ R
ZYQ)]‘(T)Q < bety Texpq — 20 Z Z |T(s)|?

Jj€J je€J supp(s)CJ°U{;j}
s

— Sety 1 (%{e)dMJ(T) (log (ﬁ))dz > TE)P

Jje€J supp(s)CJ°U{j}
d d
2e 1
<2(—) MyT)|(1 —_— .
= <d) s )<Og<MJ(T))>

Si
Here we also used the fact (note that 7' is a projection, and hence ||T||z, < 1)

oo Y TeP<|T, <1

J€J supp(s)CJU{j}
Sj

Substituting the estimates of Y, ;Y7 ; and 35, ; Y3 to (5.35), we get

- 2¢\? 1 d
E E IT(s®ef)> <6 <—) M (T) <log <7)> .
Jje€J supp(s)CJ° d MJ(T)
[supp(s)|=d—1,a€{1,2,3}

This completes the proof of the proposition. O
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