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Current active projects, Zaccone group at Unimi

e Atomistic simulations of real solids (structure, vibration, mechanics):
Multimech project ERC, focus on disordered materials

® Theory of superconductivity (Eliashberg theory for nanostructures, amorphous
superconductors, size-effects, superconducting field-effect, soft modes and
anharmonic effects, d-wave superconductivity and cuprates, often with F.
Giazotto at CNR Pisa and G. Ummarino at Polito)

e Statistical mechanics of driven dissipative systems (incl. open gquantum systems
driven by time-dependent fiels)

® Theories of relativistic fluids (relativistic Langevin eq., relativistic viscosity)

e Soft matter (liquids, colloids, polymers...) and biophysics (protein aggregation)

Dormant projects

® Phenomenological models of nuclear fission, friction effects and Segre
chart, transport theory of heavy quarks, QGP..

® Random matrix theory (with G. Cicuta)
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Proposed association with INFN-Milano

e 70% project BIOPHYS (G. Tiana): stochastic systems, protein
aggregation, molecular dynamics

* 30% project BELL (B. Vacchini): theory of quantum dissipative
systems, non-Markovianity, decoherence



Scientific presentation

Relativistic Langevin equation as a microscopic route to
relativistic viscosity for QCD matter



Overview

* Intro: Brownian equation and Langevin equation
e Langevin equation in nuclear and high-energy physics

* Microscopic derivation of the relativistic Langevin equation from
(relativistic) Caldeira-Leggett Lagrangian

* From the relativistic Langevin equation to the viscosity of relativistic
fluids

* A microscopic theory of viscosity spanning from classical gas to QGP



Diffusion and Brownian motion: intro

Einstein’s picture: diffusion equation (derived from master equation for random walk):

0¢(r, )
ot

=V - [D(¢,r) V(r,t)],

Langevin’s picture: stochastic-dissipative version of Newton’s equation of motion:

dv
m-(}-; =-Lv+OF(t)




Langevin equation: Fluctuation-dissipation theorem
for Brownian motion

Langevin equation:

m-@i =-{v+0F(t)

dt / \ R. Zwanzig

“Nonequilibrium Statistical Mechanics”

frictional force (Stokes) random “kicks” Oxford Uni Press, 2001

Statistics of the random force:
(6F (1)) =0, (OF(t)6F(t") =2B6(@ —1t)

Average kinetic energy relaxes in the long-time limit to kT/m (thermalization)

<V(f)2> _ e—2§t/mv(0)2 n _E__(l _ e—ZCI/m)

balance between
‘ B = ng strength of thermal kicks (B) and

frictional viscous dissipation ()




Modern derivation: Particle-bath Hamiltonian (Zwanziq)

Tagged atom in a “sea” of other atoms:
particle-bath Hamiltonian (Caldeira-Leggett)

tagged particle bath (other particles) coupling
—— ( : N
mi 2 N 9 2
p 1 Pa 2 Fa(q)
H=—~34+V — —— +myw, | T4 —
2m+ (Q)—'_Z — | Ma T Ma “( Y mew?

Define a continuous spectrum vy of dynamic coupling constants:

This function describes the spectrum

_ of dynamic coupling strength between Zwanzig, J. Stat. Phys. 1973
{Lﬂ-’ ] ‘ }}({”P} one molecule and the other molecules

as a function of eigenfrequency




Modern derivation: Particle-bath Hamiltonian (Zwanziq)

Equations of motion (Euler-Lagrange)

Generalized Langevin equation

dx d , / ! —
- P —ﬁ:—U (x)+ Z;}ﬁ(qj—y—HJ — @@=~U’(x(r))—jndsK(S) p(in S)+f*}a(f)

dt

Heat bath initial conditions ~ exp(—Hz/kzT)

J

Fluctuation-dissipation theorem

\ -~

Explicit expressions

in terms of degrees of
freedom of the bath
oscillators



Generalized Langevin equation (Zwanzig)

dp(t) r (t—s)
L = U) - [ dsK(s) "+ K@)
dt 0 \
Recall the standard Langevin form: -
5 ~Qv(t) - — | dsK(shv(t - ).
m— =—Lv+OF(t) 0
dt
,J,z from the particle-bath
K@) = Ejgﬁ_cosa’ff derivation
J
k() = [ dop() 29 cos(on
"N — g — wp (@ cos(w
F,0)F, @)= kTK({t -1') 0 f W’ g(w) = const
e
R. Zwanzig Further, if p(®) is proportional to @’ and y is a constant, then K(7)
“Nonequilibrium Statistical Mechanics” is proportional to &(r) and the resulting Langevin equation is

Oxford, 2001 Markovian.



Langevin equation
in nuclear and high-energy physics



Nuclear fission dynamics

Concept of frictional Brownian-like dynamics in nuclear fission introduced by Weidenmuiller (1980s) to improve

over “old” Bohr-Wheeler theory

Saddle Scission
—>> T

Nuclear Physics AS56 (1993) 67-87

n NUCLEAR
North-Holland PHYSICS A

. 1M , oV o N
Mij+-— g +—=— dt’ y(t—t"YMqg(t')+ 8F(t)
Nuclear fission with a Langevin equation* 2 3q a4 —x0
David Boilley and Eric Suraud <6F( f) SF( t' )} — TM‘J"(f — r’)

GANIE, B.P. 5027, F-14021 Caen Cedex, France

Yasuhisa Abe '
Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 666, Japan .-},( — [') —_ .....I: ex p ( - ! 4 ) Non-r‘6|atIVISt|C

Sakir Ayik T non-Markovian with memory
Tennessee Technological University, Cookeville, TN 38505, USA




Temperature dependence of nuclear fission time in heavy-ion fusion-fission reactions

PHYSICAL REVIEW C 96, 054611 (2017)

High-T fusion-fission reactions

Chris Eccles.! Sanil Roy.! Thomas H. Gray.! and Alessio Zaccone!-%"

I Statistical Physics Group, CEB Department, University of Cambridge, CB3 0AS Cambridge, United Kingdom
?Cavendish Laboratory, University of Cambridge, CB3 OHE Cambridge, United Kingdom
(Received 6 June 2017; revised manuscript received 12 October 2017; published 28 November 2017)

Theoretical description of fission time of Thorium-244

Eq. (3) with BCs of Fig. 2
Eq. (6)

Kramers formula Eq. (1)

Expenmental data

Dioszegi et al. PRC (2000)

Dynamics is overdamped! (Langevin is justified)

Beam

Nuclear friction parameter

B =49 x 10> s7!

U [MeV]

Target

6 3 10
r [fm]

From Dioszegi et al. PRC (2000)



Langevin transport theory of heavy quarks

PHYSICAL REVIEW C 71, 064904 (2005)
dp;

oo =& —nppi, (§i(1)€; (1) = Kd;;6(t — 1)

How much do heavy quarks thermalize in a heavy ion collision?

Guy D. Moore
Department of Physics, McGill University, 3600 rue University, Montréal, Quebec, Canada H3A 2T8 0
3K
2 I+ nplt +t ' -
Derek Teaney IMT = (lll ) = dtydtre Ipf =+ ﬂ(_é,_—'[ﬁ }_E,‘{fg)) = _—
Department of Physics & Astronomy, SUNY at Stony Brook, Stony Brook, New York 11764, USA 2 Np

(Received 10 January 2005; published 24 June 2005)
Non-relativistic Langevin equation for the momentum
of heavy quarks (expansion around infinite mass limit)

The thermal noise is expressed in terms of the correlator of the chromoelectric fields: 0y iEL;Z" ;NLO
3 -------
Ga() = — S RETU (/. )Ei(.0)U(=.0)E0.0)) e
— 3(ReTrU(1/T.0)) 3 | /;‘f/
 dw e /
Gge(r) = / —plw, T)K(w,T). - c— lim 2Tp(w, T) /
70 " @0 w 107130—3 102 105; 10°
cosh (F (7T — ) Kubo formula w/T
K(w,.tT) = = (Kapusta & Gale)
apusta & Lale N. Brambilla et al., PRD 2020

sinh (%)



QCD equation of state via the complex Langevin method

SciPost Physics Submission

QCD equation of state via the complex Langevin method
Felipe Attanasiol*, Benjamin Jiger? and Felix PG. Ziegler®3

1 Institute for Theoretical Physics, Universitit Heidelberg, Philosophenweg 16, D-69120,
Germany
2 CP3-Origins & Danish IAS, Department of Mathematics and Computer Science, University
of Southern Denmark, Campusvej 55, 5230 Odense M, Denmark
3 School of Physics and Astronomy, The University of Edinburgh, EH9 3FD Edinburgh,
United Kingdom

0.14 :

T =206 MeV mmmmmm ; ' :
T= 183 I\IeV — ; :
T =1 3? I\Ie\.f ] : H : H
' T =51 MeV ;
0.08 Lo

As/mi

—0.02 5 i | i i i i i
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

np/mN

£ ZZTT[ (Ux.,uv + U;Lv)] Wilson gauge action

X u=v

S¢ =—N; TrlogM(U, u) quarks

Dirac operator

b white noise (Markovian!)

Uy (0 +€)=exp|in®(ek?, + Ven? ,)|U, .(6)

Wu-Parisi stochastic field quantization
(Wu & Parisi 1981)



Relativistic Langevin equation:
A microscopic derivation



Relativistic particle-bath Lagrangian

L = Ltp + Lppp

2 -2 2
)2 miq; i 8i \2
mc + [ —— _V _ oL
P = ——— Vex(X. X. 7). 2 (XJJFZ{ 2 2 (r -7 )]
y () !
. Z m,; c2 m,; m;; g; 2 Caldeira & Leggett, Ann. Phys. (1983)
PHB — N —||di — —=X| -
—~y(g;) 2r(@O|" @} |l
we decompose Q: into a component parallel to
Jd v3(q) é]l. and one orthogonal to it:
Euler-L Ll P RS IR 4 . . —
uler-Lagrange miy(q)q] = 4,v(q,) + " (4.+4.)3 \
3+___F__mf > _
r(q;)migy (1.x) = e (@iq, — 9ix,)
+ . m; . ,
}'(EEJ”'II'_;L;(T‘ x) = wE (m?ﬂ; — giX) )

Petrosyan & Zaccone, J. Phys. A (2022)



Dealing with a bath of relativistic oscillators

(strongly anharmonic!)

}'3 (i;)m‘fi”!_ (7,x) =

@) mid, (1.2) =

y(X)

m;

72
0 @iy,

- .fffi”J

y(X)

(f’“ ff — ;X )

They resemble oscillator equations, but strongly nonlinear

due to the Lorentz factors !

Ansatz: we look for solutions that are “naturally” Lorentz-covariant, i.e. wave-like forms:

l_-E:

(1)

{(} cm( (r_;:(-'-i(-')
'
1 (—177(%([}))25([})3“1 (rﬁi (.f

}))

A S

Key idea: replace wt with simplest Lorentz scalar of the type:

kot =wt —k-x

Compare with the (exact) non-relativistic form:

sin w;l

q;(1) = q;(0) cos w;t + q;(0)

sin w;(f — §)

Wi

I
+g/d3x(s]
0

Wi

Petrosyan & Zaccone, J. Phys. A (2022)



Numerical test of the relativistic oscillators dynamics

B _ _Ef(f-i(f))
. . 4,(1) = 4,(0) cos (m" (r ¢ ) ) drifting of wave crests:
Now matching with the 1 E (1 x(1) he oh : b
ansatz form, but with +—7(4,(0))g,(0)sin (5); (f—gi( L( )) the p aolse correction § m.ust €
oF c a function of space and time!

§=const

+g—; Or}’(i(s'))i(s)sin ((I;f (r — Z;-(r.f(r)) - S) )G'S ‘ & =§0xt)



Numerically-informed dynamics of the relativistic bath

The numerical solutions for the relativistic oscillators dynamics are fitted with the proposed analytical form
with 1) renormalized frequency and 2) space-time dependent drift-phase correction

q.(1)=¢g.(0)cos (m,- (I—Er(f(l(f))))
(4,0, (o)m( (f_é‘*(“i(’”)) I Wi = Wi + 0wilv(Q)

o frarm(o-- )], | T | He e

fj? .1 )/ x(v))sin ( (r— s —é:(:)) ) dyds

we have absorbed the dependence of § on the trajectory x(t)
into the generic dependence of & on the trajectory parameter s

Petrosyan & Zaccone, J. Phys. A (2022)
Zadra, Petrosyan, Zaccone, PRD (2023)



Still one issue to deal with: potential renormalization

Whenever interaction of the bath with the tagged particle happens, a new degree of anharmonicity is
introduced into each oscillator, and as such we have to take into account how the it mode
trajectory is affected by the interaction. This effect is well known in quantum mechanics as level repulsion.

This is well known in the non-relativistic case where the potential renormalization reads as:

N Caldeira & Leggett, Ann. Phys. (1983)
Voip(x) = Vop(x) Gottwald, lvanov, Kiihn, J.Chem.Phys. (2016)
Petruccione & Vacchini, Phys. Rev. E (2005)

In the relativistic case we find:

: y(x(1)) @; it correctly recovers the

non-relativistic limit upon taking
E(f) y—=2>1
I(t) = [/ y(x(s)) sin (mi (r —s—= ))d.‘{]
¢ t

Zadra, Petrosyan, Zaccone, PRD (2023)



Finally: the relativistic Langevin equation

%[m}’(i)ﬂ = L T EF -+ /E(f - 's)/(l(f _ s))]{(; S)d.ﬁ' in the lab frame

I
+ Fhy—— | Kt,(t,s)p*(t — s)ds in manifestly covariant from

Petrosyan & Zaccone, J. Phys. A (2022)

Zadra, Petrosyan, Zaccone, PRD (2023)



The relativistic fluctuation-dissipation theorem

General form for the memory kernel:

K1) = X gty [ onsin (3, (1-3-52) )

Now replace the sum over bath oscillators with a continuous integral in the frequency domain

Z-’/dwp

\‘ density of states (DOS) of bath oscillators

(;)2
K.s) = [ don(@) 2217 (5(6)

< | [ avrtato)sin (a( 1=y -2 w)))]




The relativistic fluctuation-dissipation theorem

Let us compare with what we had in the non-relativistic limit (Zwanzig):

2 . .
Y g(w) assuming a quadratic DOS, and g(w)=const (same strength
K(t) o A da)p(w) > cos(wif) of interaction with all oscillators!)

= K(1) «5(1) Wb (F)()F,()) = mksTo(t — 1)

Hence, in the non-relativistic world, it’s always possible to choose interactions such that the noise is Markovian

(white noise, Wiener process), specifically p(a)) = aw’ and g(w) = const

What about relativistic systems?

00 @)> Gi(y %
K(t.s) = A dap(@) g(@) r~ (x(s)) [ ] dyy(x(y))sin (@‘(f _}}_5;(3: )))] B

A(x)™! cos[A(x)w 1]/@

So, in principle, it should be possible to reduce it to a Dirac delta, but....



The relativistic fluctuation-dissipation theorem

But: g(w)=const implies same strength of interaction with all oscillators irrespective of their position in space-time.
This violates the principle of locality!

m) (F,(t)F, (1)) = mkgTK(t—1)

K(f _ r)‘) :}é 5(r . t;) because g((z)) ?é COIlS'[

Non-markovianity of the relativistic fluctuation-dissipation relation as a result of relativistic locality principle.




After Fourier transformation and normal mode
decomposition of the relativistic Langevin eq. ...

density of states (DOS) r 2 Ly

/ ,uwr,y(a)) — (Em,yvﬂ‘m,rx )mme{m,m+dm}

G*(fﬂ) GA - _/ g(w )rxyxy(“’ ) dw,— normal mode frequency (phonons)
mw2 —mya? +iyv(w)ow *

l / shear oscillation frequency

Lorentz factor (single particle moves at relativistic speed)

w

mo 1 g(w,) (w,)y V(w)w
G (w) =+ VG 5590, N
V ) m (a)p — Y ) +y V(UE)) () l—‘(a)p) o (2 Zaccone & Scossa-Romano

/ p PRB(2011)
(@) = G (W)€, ()

g(w, )F (60 )
—> ==y V(O)/ Zaccone, Nucl. Phys. B (2024)

n=1lim,_,G" /o
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Ultrarelativistic limit: QGP
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Nat. Phys. (2019)

Quark—gluon plasma /_
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TiT.

[

Relativistic lattice Boltzmann simulations

Gabbana, Simeoni, Succi, Tripiccione
Phys. Rep. (2020)

n~T°

approximately true in general

Bayseian estimation from heavy-ion collision

Bernhard, Moreland, Bass



Ultrarelativistic limit: QGP

47V Pathria & Bale

Density of states for an ultrarelativistic systems is also quadratic g(p) — 73,3 (Cp) «Statistical Mechanics»

wp 1
77—171'}(0)/0 9 ) g, oy gy = vk R2 7(0) 22

m2ws 1072¢3 m

kBT+R0Nd+f}/mC ﬁ]{:BT+ CS%C/S

12 5(0) (kpT)>
= "7 102 w2 he

Zaccone, Nucl. Phys. B (2024)

includes degeneracy factor of 12 (3 colors, 2 spin states, matter-antimatter)



Summary and outlook

* The relativistic Langevin transport theory can be derived from a particle-bath
Lagrangian

* The new theory applies to a relativistic tagged particle travelling in a
relativistic medium

* The associated fluctuation-dissipation theorem is, generally, non-Markovian

* Previous theories of relativistic Langevin eq. are Markovian: they’re only
applicable to a relativistic particle travelling in a non-relativistic medium

* The relativistic Langevin theory can be used to derive microscopic
expressions of the shear viscosity across the entire energy spectrum

* In the non-relativistic limit (classical and guantum) we derived more general
Langevin equations and fluctuation-dissipation relations for particle-bath
systems where both the particle and the bath are externally driven in a time-
dependent way, leading to a new form of Johnson-Nyquist noise for AC
systems




Backup slides



Numerical test of the relativistic oscillators dynamics

W~y HG)

comparing numerical solutions of

H’Ii

}’3@,-)msﬁ||l_(f~£] )

(9:2), = wigy )
with solutions of the non-relativistic form:

Sin w;t sin w;(f — §)

f
q:(5) = q:(0) cos wit + ¢(0) +o / ds x(s)
0

Wi

Frequency has to be renormalized!
(standard with anharmonic oscillators, e.g. phonons in
real solids)



Microscopic deformations in dense interacting matter
under shear

| | I T T T
1 I I P I I y
1@ Sl SR
1 ‘;' 1 - Ny I
\\\)l //;' G " i 1 ',"
- 1 I\ A | L.
1o L wd! 3 A
S o
o i ie .le®
2 Ty ! H: /
l// /,’[’ ‘\’ ll/ ' ," !/’I )\ ’,
— ] ’__],4 A )
1 1 1 I I I
1 1 1 1 1 ]
\
J
— —_ —_—
||
f = O f = -
: : i I =i

shear angle

AFFINE: particle still on dashed line

NONAFFINE: particle no longer on dashed line

Nonaffine free energy of deformation:

SF — SFA — SFNA

_ 1 .afi DFina\ . 2
_SFA Z(Zl dy Dy )y

A. Zaccone, «Theory of Disordered Solids», Springer (2023)



Nonaffine shear deformations in the «classical» world

small (infinitesimal) strain:

AFFINE
fi=0

Idealized perfect crystal:

NONAFFINE
fi=Ey#0

In the real world
(real solids, amorphous):

| 2% di = ‘Af‘ i
Classical eq. l i g = _3 . Lo
of motion m dtz TV dt -;‘Hl]x] _f"‘ly | 5 i+

1

, , force triggering f’
Hessian matrix . . i T
L . nonaffine displacement . |
(conservative interactions) : I




Shear deformations in the frequency domain

(viscoelasticity)

Oscillatory direction

wepz O

Lower\ plate

Oscillatory shear

ro(t)

o), y(t) ~ G(w)

G’ = real part of G(w) DISSIPATIONLESS (ELASTIC)

G'=G +iG" G-

o ~ €

Xy viscous liquid (Newtonian)

du,,

¢ =06/ =c ﬂ+
=0y = oxi kTS

o0xk

. [ Ou; Ouy
€xy =C @xk +

I

imaginary part of G(w) DISSIPATIVE (VISCOUS)

/ G .
o(t) =G €., (1) + ?Exy(l‘)

}7:

GH

—— viscosity
f)]

relativistic viscous fluid

(Landau-Lifshitz)




Particle-level relativistic kinematics under shear deformation

interparticle interactions stochastic force (non-white)
!
i -
—pt=—F! + FF —— [ K¥ (t,5)p"(t — s)ds
0 isotropic memory function

. | T Ko=)
E(myrf):—FEm+Fp++/Jfl'f(f—S)V(faS)dS

: 1 T 1 7 ;
I = — [+ —u+ *— (r;-u)u

relativistic velocity transformation between the lab
frame and the co-moving frame of the shear deformation

u= Ff‘f local velocity of the deformed (sheared) frame

1 \
Yu=— particle position in the undeformed lab frame
u-u
] - — )
c2 deformation gradient tensor

U < C (we'’re looking at low-shear rate viscosity) —mp I = 15-!. —u Ji




Particle-level displacement under shear deformation

!

%(myfi) — ff — / v(t — f') y (i’*I — u) dt’  after several standard manipulations (Zaccone, Nucl. Phys. B (2024))

s
- d*s, s ~
—> ]’F-l-/v(l‘—l‘)yﬁdt +Hijsj:'='i,x;(’7fcz
—00
Hessian matrix (conservative interactions): /
oU oU Cauchy-Green strain tensor

U OFoF,

= (FTF-1)

I'—'*I'ﬁ L a®

Force field in affine position due to conservative interactions:

Ji = 2y
E‘ — shear angle
iKYy 0
’7;,;1

NB: for oscillatory deformations the stochastic force averages to zero over several cycles



Taking the non-relativistic limit

1 g(a) )F(cu ) -y — 1 1 “D (a) )F(a) ) agrees with
= — v(O) @, n= — / non-relativistic theory
Vv V / ” Zaccone, PRE (2023)

2V ]
g(w,) = “r g (@, =mxRjw;

2 3 | Y

DOS for longitudinal sound modes spring constant from potential of mean force for gases

k=~ kpT/d?

kaT correctly recovers the classical gas result
77 X 9 from kinetic theory of gases
d (cfr. Born, Atomic Physics, 1969)




Connection with QCD (heavy quarks)

2Tp(w, T)

)

Kk = Iim
m—()

/

Transverse momentum diffusivity
(basically it’s the viscosity!)

n=I1lm,  ,plw)/w

pw) ~ G" (w)

spectral density (cfr. Kapusta & Gale, Thermal Field Theory)

N T
_____ ﬁ:lal].?e o fPetep ’ 1
@)=
1 /
10 o hf:f
(AL NLO T I:; ff
JF ’_.—‘
s S
[ /
,-'"- /
=
].[}_2 :at LO S - fr/
“ o | . 7
LO/
ploT) =
/ -
10_3 /.’- T
L e 10-1 10°
w/T Banerie

Brambilla, Leino et al., PRD 2020

w
/ g(w,) N wy)y V(iw) @ o
m*(w? — yw?)* + y*V(w)*w? P
0
7°(Hy) Crer’ Emergent

non-Markovianity
67

of heavy-quarks transport?

Banerjee, Gavai, Datta, Majumdar

arXiv:2206.15471v2 (2022)




Some recent results on driven open quantum systems
(non-relativistic)



Caldeira-Legget with driven bath/environment (1)

Equations of motion (Euler-Lagrange)

_ P Generalized Langevin equation
Q=
M _ t
/= & = P(t)=-V —/ )Q(s)ds +
P:—V'[QHZCZ(%—? ) © 4= Q(j/@
: Pi
A= Explicit expressions

Heat bath initial conditions ~ exp(—Hz/kpT) External fields driving both
@ system and bath?

Fluctuation-dissipation theorem



Caldeira-Legget with driven bath/environment (2)

Physical example: charged particles in external

AC electric fields

H- 3 i ) it
A I W o
+ N N

m

Cui & Zaccone, PRE 2018

P external driving

-’ N

= V() + Y mace| X — 255 ) + zeEq sin (1)
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Caldeira-Legget with driven bath/environment (3)
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Quantum Caldeira-Legget with driven bath/environment
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Open quantum systems with particle and bath driven by time-dependent fields
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Questions for future work (help is welcome!)

* Generalize the relativistic Langevin theory to quantum relativistic
fields

* Role of relativistic fluctuation-dissipation theorem in dissipative
relativistic fluid dynamics Neutrino oscillations

* Quantum decoherence within special relativity framework

 Combine relativistic Langevin theory with EFT-QCD and lattice-QCD
(cf. N. Brambilla et al.)
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Heavy-quarks viscosity from lattice QCD

k = lim 2Tp(@, T) n=Ilim,_,p(w)/w
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Transverse momentum diffusivity
(basically it’s the viscosity!)
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n~ T3

spectral density (cfr. Kapusta & Gale, Thermal Field Theory)
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Exact results for ideal gas from ¢*theory
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  δ F = δ  F A −   δ F  N A
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