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Introduction and some definitions
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Let 1 and v be two compactly supported probability mesures on R.

We consider the time evolutions y; and vy (o = p, o = v) by the
free Fokker-Planck equation.

We calculate the time derivative

d

E(Wz(,ut, Vt))2

with Brenier map (the optimal transport map).

H. Yoshida Dissipation of the free entropy



We will see

the convergence and uniqueness of the long time asymptotic
stationary measure vy of the free Fokker-Planck equation,

and show

some inequalities between the L2 Wasseretein distance and the
relative free Fisher information.

M
vt
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We consider the time evolution p; (g = i) by the free
Fokker-Planck equation.

We calculate the time derivatives (free entropy dissipations)

d d
EZ(M | VV) and E(D(Mt | VV),

where the reference measure vy, is stationary.
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We will see

the differential relation between the relative free entropy and the
relative free Fisher information and convergence of u; to the
stationary measure in the relative free entropy,

and show

the free logarithmic Sobolev and the free transpotation cost
inequalities by time integration.

The results in the first two topics are not new, but the proofs are a
little different at time integration.
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We consider the time evolutions p; and vy by semicircular
purterbations, which corresponds to the case of the free
Fokker-Planck equation with null potential.

We calculate the time derivative of the relative free entropy

d
EZ(M | Vt),

where the reference measure v; is moving!
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We will see

the differential relation between the relative free entropy and the
relative free Fisher information,

and recover

in case of the reference measure being semicircular, the formula for
the micro states free approach to the free entropy of Voiculescu by
time integration.
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Matrix valued diffusion

Let V : R — R be an analytic function, and consider the
stochastic differential equation on N x N Hermitian matrices Hpy

1

dXt:ﬁ

dB, — SVIrV(X,)dt, J

that is, H y-valued diffusion process, where B; is the standard
Brownian motion on Hy and V denotes the gradient operator.

Note that VTrV/ (X;) can be written as V' (X;).
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Eigenvalues of the X,

The eigenvalues (A1(t), A2(t), ..., An(t)) of the matrix X, satisfy

the SDE
dAi(t) = — Z t—iv’(x(t))dt
1 ,\/N N 2 1
JJ#!
P=i2,... N

where the W(t) are independent one dimensional Brownian
motions.

The process An(t) = (A1(t), Xa(t), ..., An(t)) is called the
generalized Dyson Brownian motion with potential V' in physists.
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N-particles system

This process can be modeled as an intracting N-particles
(electrons) system with the logarithmic Coulomb interaction and
the external potential V, and hence, the Hamiltonian of the
system is given of the form

1 i=1 N
H(XlaX27"'aXN): _%<WZZIOg|X,—XJ| _ZV(XI)>
1

N i i=
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The McKean-Vlasov equation

We assume the empirical measures of eigenvalues

LN
Lu(t) = 7 > o)
i1

weakly converges, as N — oo, to some limit distribution p;.

Then the measure ¢ is given as a weak solution of the non-linear
partial differential equation:

& [ rondan -5 [[ 2010 ()t(dxm(dy)

]R _—_/ x) pe(dx),

where f is the test function in Cg (R) which is called the
McKean-Vlasov equation.
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The free Fokker-Planck equation

Suppose that p; is absolutely continuous w.r.t. the Lebesgue
measure dx and denote its density by p;.

Then p; satisfies the free Fokker-Planck equation:
0

Friden _a% (Pt ((Hpt)(x) -2 V,(X)>>. J

Here, (Hpt) is the Hilbert transform(x ), which is defined by the
principal value integral

(Hf)(x) = p.v./]R :_ = lim (/ /: %dy)

for a probability density function f.
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Characterization of the measure i,

In order to characterize the measure i, it is enough to use the
test functions f(x) = (z — x) !, instead of using all test function
f € C2(R) in the McKean-Vlasov equation.

o) - [ 1)

zZ— X

Indeed, let

be the Cauchy transform of ;. Then we can find that G;(z)
satisfies

Y )= 6L ) — %/ (Vi)z sliasa).

0z r (2 —x)
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The PDE for free Ornstein-Uhlenbeck process

2
As the special case, if we put V(x) = X? since

- [ @0 = 2 56 + Gl

we obtain

% Gi(z) = (- Ge(2) + % 2) %Gt(z) +16(2), }

which corresponds to the case of the free Ornstein-Uhlenbeck
process.
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The free Ornstein-Uhlenbeck process

The free Ornstein-Uhlenbeck process

Let (M, 7) be a W*-probability space. Let X € M be a
self-adjoint operator and S € M be a standard semi-circular
element freely independent of X in (M, 7).

Then the one parameter family

X(t) = Ve tX++\/1—etS (t>0)

is called the free Ornstein-Uhlenbeck process,

which is investigated in Biane and Speicher for the free LSI and in
Biane and Voiculescu for the free TCI.

The Cauchy transform of G(Z) of X(t) satisfies the above PDE.
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free entropy functional

Let V be a C! function on R. The logarithmic energy with the
potential V for a probability measure 1 on R is defined by

Zv(n) = - [ 1oglx — yldu(x) du(y) + [ V) dt). J

When V has a sufficient growth rate at infinity, there exists a
unique minimizer vy € Prob(R) for the functional Xy/( ), which is
called the equilibrium measure of Xy/( ).
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Equilibrium measure

The measure vy has a compact support S, and is absolutely
continuous with respect to the Lebesgue measure, the density g of
which satisfies

(Hg)(x) = %V’(x) forall x € S.
More precisely, there exists a constant C such that
V(X):2/ log [x — y|g(y)dy + C for x e S,
R

V(x) 22/ log|x — y|lg(y)dy + C for x € R.
R
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The stationary measure of the free Fokker-Planck equation

The long-time asymptotically stationary measure of the free
Fokker-Planck equation with the potential V

2 = (e (o0 - 3 V) ),

is the equilibrium measure vy, for the entropy functional /().

v
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The relative free entropy

With the potential function V/, we consider the functional 2. Let
vy be the equilibrium measure (unique minimizer) of Xy .
Then the relative free entropy of u with respect to vy is defined by

Definition (The relative free entropy)

Y(plvv) =Zv(p) - Xv(vy).
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The relative free Fisher information

The relative free Fisher information ®(u|vy) of u with respect to
vy is defined by

Definition (The relative free Fisher information)

S| v) = 4 [ ((HA() = 3 V/()” £

where f denotes the density of .

The definition can be slightly extended to a little more general case
that for two compactly supported probability measures i and v on
R with g < v.

o(ul ) = 4 [ ((A)(x) = (HE)() () e

where f and g are density functions of p and v, respectively.
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The L? Wasserstein distance

For two Borel probability measures ;4 and v in R with finite second
moment, the L2-(or simply 2-) Wasserstein distance Wa(u, /)
between 1 and v is defined by

Definition (The L2-Wasserstein distance)

. 2
Wa(p,v) = \/ﬂew(z’y) (/Ix—y\ dﬂ(x,y)>,

where IM(u, v) denotes the set of probability measures on R x R
with marginals p and v, respectively

There is at least one solution 7 € M(u,v) to this minimization
problem.
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The transport map and optimality

For two probability measures  and von R, amap T: R — R
defined p-almost everywhere is said to push u forward to v (or to
transport map of . and v) if for every Borel set B € R,

v(B) = pu(T~Y(B)), which is denoted by T#u = v.

A transport map T pushing u forward to v is said to be optimal if

W, = [ b= TOOP die).
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Brenier's Theorem

Theorem (Brenier)

If 4 and v have finite second moment, then there exists a map T
such that T#u = v, which realizes the optimal transport.

H. Yoshida Dissipation of the free entropy



The free LSI

The free logarithmic Sobolev inequality (free LSI)

(1 [v) < 5| v)

For semicircle laws v by Biane and Speicher, for the equilibrium
measures of a strongly convex potential V by Biane via random
matrix approximation.
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The free TCl

The free transportation cost inequality (free TCl)

Walpe|0) <\ 3 Z(u]v)

For semicircle laws v by Biane and Voiculescu, for the equilibrium
measures vy, of a strongly convex potential V' by Hiai, Petz, and
Ueda via random matrix approximation.

Ledoux gave simpler proof of the free LS| and free TCl based on
free Brunn-Minkowski inequality, and also showed the free
analogue of Otto-Villani theorem.
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Mass transportation method

Ledoux and Popescu showed the free LS| and the free TCI for the
equilibrium measure vy of the strictly convex potential V' by using
mass transportation method and convex analysis without random
matrix approximation. They also gave the free analogue of HWI
inequality.

The free HWI inequality

Y(p|v) < VO(u|v) Wa(u|v) ——Wz(ull/)2

The time parameter does not appear in their transport map.
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The time derivative of the [2-Wasserstein distance
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First our Situation

Let ut and vy be two solutions of the free Fokker-Planck equation
with initial data po and v in P§(R), and we denote by f; and g;
the density functions of u; and vy, respectively.

Let T; be the optimal transport map, which pushes u; forward to
Ve, thatis. Ti#u = vy for t > 0.

The map Tt_1 is the inverse transport of Ty, that is, u; = Tt_l#vt
for t > 0.

H. Yoshida Dissipation of the free entropy



Time derivative of the square of the L2-Wasserstein distance

Then the time derivative of the square of the [?-Wasserstein
distance is given as

2 (o)

=2 [ (e 7)) ((16) () = V') i) e
+2 / (= T ) ((Hge) (x) — 5 V' (%)) gelx) dx
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Proof of Th. A

This formula can be obtained by applying Otto's calculus.
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The free analogue of the Stein relation

The following formula is frequently used in our calculation:

Lemma (The free Stein relation)

For a differentiable function n with bounded derivative, we have
the formula:

2 / n(x) (HF)(x) F(x) dx = / / %Z(V)f(x)f(y) dy.

It can be seen by direct calculation.
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Noncommutative derivative

Let X be a self-adjoint random variable in a C*-probability space
and denote the density of the distribution u of X by f.

Then the Hilbert transform 2(Hf) can be regarded as a free
analogue of the classical score function because ||2(Hf)||? the
square of L2 norm in L?(R, dy) is the free Fisher information of X.
2(Hf) corresponds to the conjugate variable.

Moreover the difference quotient

Dy = n(X))( - Z(y)

is regarded as the non-commutative derivative.
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Compare to the classical Stein relation

The previous Lemma formula can be read as the free counterpart
of the classical Stein relation:

Classical Stein relation

Ex (n(X) px(X)) = —Ex (n'(X)),

where px is the classical score function and Ex stands for the
expectation with respect to a classical random variable X.

We should also note that the sign of the free analogue of the score
function is opposite to the classical one.
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Decay of the [2-Wasserstein distance

Let u; and v; be the same as in Theorem A.

Theorem B

We assume that the potential function V is uniformly K-convex
with a positive constant K, namely, V"(x) > K >0 for x € R.
Then we obtain

d
E(W2(Nt)7/t)2> <-K W2(Mt,1/t)2.

Thus we have the exponential decay
Wa(pe, ve) < e~ K728 Wa(pug, 1),

which means the uniqueness of the long-time asymptotic stationary
measure of the free FP equation.
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Proof of Th. B

Split the formula in Theorem A into two parts:

2 ()

(N
_ (2/ (Tt(x) - X) ('Hft)(x) fr(x) dx

+2 / (T (%) — x) (Hee) (%) ge(x) dx).

(1)




The uniform K-convexity for the potential function V of that
V"(x) > K > 0 for any x € R yields the inequality

(x = Te(x)) (V'(x) = VI(Te(x))) > K |x — To(x)|*. J

Using Taylor expansion, we get
1
V(x) = V(y) + V'(¥)(x = y) + 5 V"(x +0y) [x = yI?

for any x,y € R, where 6 € (0,1).
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Applying this inequality, the first part can be estimated as
)= [ (x= Te) VI ) e [ (Tilo) =) VI(Tilo) ) o
= [ (= ) (V) = V(Tu(0) i) o

Z/K |x — Tt(x)’2 fo(x) dx = K Wa(pe, )3,
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On the second part:
Using the free analogue of Stein relation, we obtain

2/<Tr<x) x) () (x) fi(x) dx

// Tt(x Tt(y) 1) f(y) f(x) dx dy,
2/ (T () = x) (Hge) (x) ge(x) dx

// = (X t(y)_l)gt(Y)gt(X)dXdy

// Tt Tt(y) ) fe(y) fe(x) dx dy,

where at the last equality we have applied the optimal transport
map T; to both of the integral variables x and y.
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Hence, we have

T Tr) y _x=y }
(i //( +Tt(x 5~ 2) RV R dedy

Tt(X }/
( ’/Tt(x ) fi(y) fe(x) dx dy > 0,

Te(x) — Tely)

X=y

where > 0 since T; is monotone.

Consequently,

d

= (Walaee)?) = (1) = (1) < =K Wa(jue, ).
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The derivative of of the L?-Wasserstein distance

We choose particularly the stationary measure vy, of the free
Fokker-Planck equation as the initial datum 1, then it holds, of
course, that g¢(x)dx = dvy(x) and

(Hge)(x) = % V/(x) for t>0.

Thus we have immediately

Theorem A’

%(Wz(ut, W) = 2/ (x = Te) ((HA) () = 2 V() Aix) .
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Convergence to the equilibrium in the L2-Wasserstein distance

Moreover, we have

Theorem B’

If V' is uniformly K convex that such V"(x) > K > 0 for x € R,
then we obtain

d
E(W2(,utaVV)2) < —K Wa(pe, vv )2

This can be read that
Wa(pue, vv) < e~ KD Wy (g, vy) for t >0,

which implies that u; converges to vy in the L?>-Wasserstein
distance with exponential rate K /2.

H. Yoshida Dissipation of the free entropy



The relative free Fisher information

For simplicity, we put

Je(x) = (HF)(x) = 5 V().

Then the derivative formula is written as

%(W2(Mt,l/\/)2) = 2/ (X— Tt(x)) Je(x) dpe(x)

and the relative free information is given as

O (pe vy ) = 4/ J:(x)? dpe(x).
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W5 @ inequalities

In our second situation, we have the following inequalities:

(C.1) %<W2(/’Lt7VV)2> > —Wa(pe, vv) \/ @ (e v ),

(C.2) %(WQ(M,VVV) > —% O (pie |y ).
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Proof of Prop. C

The inequality (C.1) is a simple application of the Cauthy-Schwarz
inequality on L? (R, dut).

d
E(Wz Mhl/v ’ ‘/X_Tt Jt )d,ut()

< \//\X — Ti()[ dpe(x) \/4/Jt(X)2 dpe(x)

= Wa(pe,vv) /@ (e v ),

where we should note that %(Wz(,ut, 1/\/)2) <0.
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We know by Theorem B’ that
d

a 2) < - 2
dt(Wz(ut,V\/) ) < =K Wa(pe, vv)*.

Combine it with

(C1) S (Wale i )?) =~ Walpue, ) /o ).

we obtain
1
Wa (e, vv) < wV ¢(,Mt |Vv)-

Substitute this into (C.1) again, it follows
d 1

(C.2) E(Wz(ut, VV)2) > e O v ).
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Relation to the free TCI

As we will find later that the inequality

d 1

(C2) = (Walpuesv)?) = == 0 (e o)

yields the free TCI.

For this purpose, we will see the dissipation formulas of the free
entropy
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The dissipations of the relative free entropy
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The dissipation of the relative free entropy

Let vy be the stationary measure of the free Fokker-Planck
equation with the C? potential V, and let u; be the time-evolution
by the free Fokker-Planck equation starting from a compactly
supported probability measure pg.

Proposition D

(D.1) %Z(Ntll/V) = —%¢(ut|l/v).

This formula is well-known since the work of Biane and Speicher.
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Since ZV(V\/) does not depend on t,

d

a7 S (pe|wv) = // log |x — y| dpe(x)dpe(y) + jt/V(X) dpue(x).

The calculation is routine that by using the free Fokker-Planck
equation, we exchange the time derivative to the space one and
apply integration by parts.
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Dissipation of the entropy dissipation

2
Here we shall consider % Z(ut | I/V), which is nothing but the

timie derivative % <D(ut | 1/\/).

This is also obtained by the result of the entropy dissipation
formula in Carrillo, McCann, and Villani by Otto's calculus.
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Time derivative of the relative free Fisher information

Theorem E
Under the same situation in Proposition D, we have

iCD(ut |vy) =—4 / V"(x) Je(x)? dp(x)

dt
—‘V/(%ﬁny du(x) duly),

where Ji(x) = (Hf)(x) — %V’(x).
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Convergence to the equilibrium in the relative free Fisher information

If the C? potential function V is uniformly K convex that
V'(x) > K > 0 for x € R, then we obtain

d
aq’(ﬂt | VV) < —Kd)(ut | VV),

Hence, we have
CD(,ut | I/V) < e Kto (uo ‘ I/V) for t >0,

which implies that p; converges to the equilibrium vy in the
relative Fisher information with exponential rate K.
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By the uniform K-convexity V”(x) > K > 0, it follows that

d

p Cb(lut | I/\/) < —4/V"(X)Jt(x)2dut(x)

< —4K/Jt(x)2dut(x) = —KCD(/,Lt | V).

Together with

d 1
(D.1) EZ(Nt‘VV) :—7¢(Nt|VV)7

we have the following inequality on the derivatives.
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The inequality for the fee LSI

d
@t Z(Mt ‘ Vv) >

oK dtd)(ut‘z/v) for t>0.

As we will see this inequality yields the free LSI by the time
integration.

But we need the convergence of u; to the equilibrium vy in the
relative free entropy.

As the same in the classical case, the exponential decay of the
relative free entropy Z(ut ‘ 1/\/) and the free LSI are equivalent.

Here we will show the convergence of Z(ut | 1/\/) to 0 without
relying the free LSI.
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Convergence to the equilibrium in the relative free entropy

Theorem H

In our second situation with uniform K-convexity of V that
V’(x) > K > 0 for x € R, we obtain

(H1)  Z(ae|w) <~ (Wl )?) = 5 Waloue, )

This inequality implies the convergence of u; to the equilibrium vy,
in the relative free entropy.
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Proof of Th. H

The proof is similar to one for the free HWI of Ledoux and
Popescu that we will use the optimal transport map and apply the
free Stein relation, because the free HWI can be obtained as the
direct consequence of this inequality.

The key points are as follows:
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Using the transport map T; such that T;#u: = v, the relative free
entropy Z(ut ‘ 1/\/) can be reformulated as

(e[ 1) = — [ [ 10glx = y1 die(x) disly) + [ V() ds()
" //Iog!n(x) ()] dhe(x) diely) = [ V(Te(x)) ()
~ [[1oe TI=T M gy dc) — [ (v(Te0) = V() )
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. . . . ... d
Using the free Stein relation, the time derivative s Wa(pe, vv)? can
be reformulated as

% (Waliue. 0 )?) = 2/(x = () ((HE) ()~ 2V/()) i)

N _//(w - 1) dpe(x) dpe(y)
+ / (Te(x) = x) V'(x) dpe(x).
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free HWI inequality

We now know two inequalities:

(HD) (e |w) < - (Wale ) = 5 Walpen® |

(C.1) %(Wg(ut,uvf) > —Wa(pe, vv) /@ (e vy ), J

Hence we obtain

The free HWI inequality

K
Y (pe |vv) < Walpe, vv) /@ (pe lvv ) — o) Wa (e, vv)?,
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Exponential decay of ¥ (¢ | v)

(¢ converges to the equilibrium

in the L2-Wasserstein distance with exponential rate K/2,
in the relative free Fisher information with exponential rate K.

Hence with the help of the free HWI inequality, we have that

(¢ converges to the equilibrium
in the relative free entropy with exponential rate K.
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The free LSI

We know the inequality by Cor. G that

d 1 d
S (| w) 2 5 = e |w) for 0. J

Taking the time integration from 0 to co, we have

1
> (ko |vv) < K ®(po | vv).

As we noted tIer;O¢(ut ]1/\/) =0 and tILrQOZ(ut ]1/\/) =0.
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The free TCl

We know the inequality and the equality by (C.2) and (D,1) that

d
dt

d 1
gez e [v) = =5 ®(ue [vv).

(Wz(ut,w) ) > —% (pe vy ),

Thus we obtain the inequality

jt(W2(,utaVV) ) == > (pe lvv ). J
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The free TCl

Taking the time integration from 0 to co, we have

and, hence,

Walis,0) <\ Z(ulv)

As we noted tll)rrgo Wg(ut,l/v)2 =0 and tlrgo Z(ut |Vv) =0.
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Semicircular perturbations and the relative free entropy
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In the classical case

For probability measures i and v (i << v) with the densities f and
g, respectively, the relative classical entropy (Kullback-Leibler
divergence) D(p|v) is defined as

D(p|v) = / (tog F(x) — log £(x)) F(x)dx, J

and the relative classical Fisher information /(x| v) is defined as

I(n|v) = /({Iogf }—{Iogg }>2f(x)dx. J

We consider the gaussian perturbations p; and vy of y and v, and
take the derivation of t.
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The gaussian perturbation

Let X be a random variable, which has the distribution p and let Z
be a standard gaussian random variable.

We consider the random variable X + /tZ and denote the
corresponding distribution by u:, which is called the gaussian
perturbation of u.
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Let ut and vy be the gaussian perturbations of x4 and v,
respectively. Then it holds that

Proposition

d

1
ED(MHVt) = —5/(Ht|’/t)-

Verdd (2010) showed the above identity via the estimation theory,
Hirata, Nemoto, and Y. (2012) gave another more direct proof by
using the heat equation and integration by parts.

Here, let us see the free version of this identity.
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We consider two compactly supported probability measures 1 and
v on R such that p < v.

We assume that p and v are absolutely continuous with respect to
the Lebesgue measure on R and have the density functions p and
g, respectively.

After this, we shall pay attention to the case where

Supp(p) C Supp(q).
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Semicircular perturbation

Let X be a self-adjoint random variable in a W*-probability space
(M, 1) with the distribution p, and S be a (standard)
(0,1)-semicircular element in (M, ) freely independent of X.

Let u: be the distribution of semicircular perturbed random

variable X + /tS, that is, the free convolution p; = p B wo.t,
where wp ; is the centered semicircular law of variance t.
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The formula of the free case

The derivative formula of the free case can be give as

d
(e v1) = =5 O(uelve) + Welve).

Here

W) = -2

(Hp) (Hq) p dx + / (Hq)? pdx
S(p)

S(p)

- 2/ (Hq)? q dx + / 72 ¢%p dx.
S(q) S(p)

There is an extra term W(ju|vy) in general.
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An integral representation of the relative free entropy

If W(e|ve) =0 for t > 0 then we have the integral representation
of the relative free entropy,

E(ulv) = [ Ol

Since the relative free entropy is invariant under dilations and the
dilation D_1 (p¢) — wo,1 weakly as t — oo, where w1 is the
Vel

standard semicircle law, we have

tILr’r;Q Z(,ut | I/t) = tl_i)r‘r;oZ(D ()] D% (l/t)) = Z(WOJ | W071) =0.

1
Vit
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Semicircular reference

For the centered semicircle law v, we can find that for any
probability measure p with Supp(u) C Supp(v),
W(ue|lve) =0 for t > 0.

Especially, we take the standard semicircle law w1 as the
reference measure v and Let i be a standarized measure.

Then v becomes wy ¢, the centered semicircular distribution of
variance t, and we have

1

O(pe [ve) = O(pe) — Tt

Thus by the integral formula above, we obtain the relative free
entropy
_ 1/ 1
2 (ulwoa) =3 /0 (¢(Mt) - m) dt.
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Formula for the maicrostate free approach

For the free entropy x(u), using the non-semicircularity equality
(semicircular is maximum),

% log(2me) — x(n) = X (1| wo1),

we obtain the integral representation of the free entropy for a
probability measure of unit variance

x(1) = —vam) 3 log(2re)

= —/ 1 it d(p )) dt + & Iog(27re)

which is consistent with Voiculescu's formula of the micro states
free approach to the free entropy.
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The key of proof

Let v; be the semicircular perturbation of v, and let V(x, t) be the
potential function, for which the equilibrium measure of ZV(X’t) is
given by vy.

Then we should be careful to calculate the derivative
i/ V(x, t)p(x, t) dx
dt Jsy

by taking a count of the inclusion of supports S(p) C S(q).
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Lemma

d/ d/
— V(x,t)p(x,t)dx — — V(x,t)q(x,t)dx
I ACULCUEEE ¥ IO CR

- (7 a0 7 = ()50 ol 0
2 / (Hp)(x, £) (Hq)(x, £) p(x, t) dx — 4 / (ot R e

S(p) S(a)
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The complex Burgers equation

From the complex Burgers equation for semicircular purterbation,

we have

35 (M) () = 555 (@ pe()? = (100 ())°).

g #:b) = = 5 (o) ()

for x € Supp(p¢) and t > 0.
In the proof for key Lemma, we have to use not only the lower
equation (the free heat equation) but both of them.
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Concluding remarks

Topic 1 and 2 are completely the same in parallel to the classical
case (both of methods and results). J

Topic 3 is a little different compare to the classical case. But at
least in the case where the reference measure is semicircular, it
goes in parallel to the classical case.
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Thank you very much for your attention.
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