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Why could diffusion be important?
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Why could diffusion be important?

* During low-energy HIC (e.g. RHIC BES): diffusion could
have great impact on dynamic evolution

o S — C'H:OO sisinie ({;_l
a0 """ Cp=0.4 0-5% Au+Au 19.6 GeV
_§=3o:—
S Sal :
= 20 _
” Large baryon

Vanishing _ 0:
baryon diffusion
coefficient |

diffusion coefficient

‘4 -3 2 1. 0 I Z 3 M4
Y
Chun Shen et al., Nucl. Phys. A 967 (2017) 796-799
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Description of Diffusion

« Early dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics

* Apply Navier-Stokes theory

* One conserved charge (Q):
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Description of Diffusion

« Early dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics

* Apply Navier-Stokes theory

* One conserved charge (Q):

Net charge
4-current: Ny = nqu” + kgV* (g /T)
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Description of Diffusion

« Early dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics

* Apply Navier-Stokes theory

* One conserved charge (Q):

Ideal flow

Net charge
4-current: Ny = nqu” +kgVF (11g/T)

u* : flow velocity
Mg : net charge density
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Description of Diffusion

« Early dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics
* Apply Navier-Stokes theory

* One conserved charge (q): jf,‘ . Net charse
Ideal flow difflision current
Net charge W p ! ] \
4-current: Ny =nqu” + K¢V (pg/T)

u* : flow velocity
Mg : net charge density
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Description of Diffusion

« Early dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics
* Apply Navier-Stokes theory

* One conserved charge (q): jf,‘ . Net charse
Ideal flow dlfﬁismn current
’ \

Net charge
4-current: N; = nqu’ + ’fqlvﬂ (liq/T1

Gradient in
thermal potential
~ Gradient in

u* : flow velocity .
N4 : net charge density net Charge denSIty
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Description of Diffusion

« Early dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics
* Apply Navier-Stokes theory

« One conserved charge (q): j: Net charge
Ideal flow dlfﬁismn current

— \

Net charge
4-current: Ny = nqu” "‘M (liq/T1

Gradient in
thermal potential
~ Gradient in

u* : flow velocity .
N4 : net charge density net charge denSIty

Net charge
diffusion coefficient
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 In multi-component system with multiple conserved

charges: particles can have any combination of charges
(e.g. proton: electric and baryon charge)

* Net-charge diffusion currents effect each other

i KBB KBQ KBS Viag
jg = RQB kRQQ RQS . V”CEQ
js KSB KsQ Kss VFag

Off-diagonal coefficients: gradients of given charge can |/ Are the off-
effect diffusion currents of other charges diagonal

coefficients
important?
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« Assume dilute Boltzmann gas with N, particle species and
conserved baryon, strangeness, and electric charge close to
local equilibrium - describe with kinetic theory

fi=fou+efin+O()

\

book-keeping parameter
counts power of gradients
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The Chapman-Enskog Expansion
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« Assume dilute Boltzmann gas with N, particle species and
conserved baryon, strangeness, and electric charge close to
local equilibrium - describe with kinetic theory

/ small deviation from
local equilibrium

i = fé,k + € fk + O(€?)

P \

local equilibrium term book-keeping parameter
counts power of gradients
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The Chapman-Enskog Expansion UNIVERSITAT

« Assume dilute Boltzmann gas with N, particle species and
conserved baryon, strangeness, and electric charge close to
local equilibrium - describe with kinetic theory

/ small deviation from
local equilibrium

fi= fé,k T € fk + O(e%)

P \

local equilibrium term book-keeping parameter
counts power of gradients

* Neglect non-linear contributions - Navier-Stokes limit
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« Relativistic Boltzmann equation determines evolution of
system

Ns
K Oufi = =) Cijlfil
j=1
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The Chapman-Enskog Expansion
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« Relativistic Boltzmann equation determines evolution of
system

Ns
K Oufi = =) Cijlfil
j=1

Chapman-Enskog expansion
to first order

N,
KLOufor ==Y Cijlf1l
j=1
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The Chapman-Enskog Expansion
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« Relativistic Boltzmann equation determines evolution of
system

Ns
K Oufi = =) Cijlfil
j=1

Chapman-Enskog expansion
to first order

N,
KLOufor ==Y Cijlf1l
j=1

With linearized collision term:

Ns Ns ) ' ) 7
C 2 _ Kl P dPl W?'»J 7] J f].k ffk" f]-p f]-p,
j=1 j=1 Ok forcf Op Op’

Transition rate: contains (isotropic) cross sections

= information from microscopic interactions
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Diffusion currents in kinetic theory:
We want to calculate THIS

N, /
=3 o H/ ST (42)

qf

Navier-Stokes limit

In order to do so, we need to solve;

N
Kl Oufor == CiilfiL]
j=1
More details in: Greif et al., Phys. Rev. Lett. 120, 242301 (2018)
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N ERS A
Hadronic resonance gas...
: : - 0,+ 74,00 o 5 0 7
« Use 19 different massive species . Z_LT _O,f PP,y N,
 Elastic, isotropic cross sections 25T, 25T A A
T T T T T T T T +]0/-+I A _
30—
TAp ——
) =P « Use PDG data
107 F Bl - Other cross
= L‘ - — sections:
< /K —— GiBUU
g A I gu— MD
"Nl"'&‘h <n —— UurQ or
10" | \ 1““'11'*"'&‘-.“\ ] constant
[ ’ *}«._M‘_'A i 1
[ \ Mo VT~
\ ~—
\
0.5 1 | 1.5 2 2.5 3
Vs [GeV]
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Simplified (conformal) QGP model...

« Use 7 massless species u,u,d,d, s, 8, ¢

« Simplified approach: Fix shear viscosity to express isotropic
Cross section in terms of temperature

Bouras et al.,
n 1 0.716 Phys. Rev. Lett. 103, 032301 (2009)
S

= — =  Otot ~

Ar T2

11. September 2018 Diffusion of Conserved Charges in Relativistic Heavy lon Collisions Jan Fotakis Hot Quarks 2018 19 of 36



R@SUltS GOETHE %

UNIVERSITAT

AAAAAAAAAAAAAAA

Simplified (conformal) QGP model...
« Use 7 massless species w,4,d,d,s,3,g

« Simplified approach: Fix shear viscosity to express isotropic
Cross section in terms of temperature

Bouras et al.,
() 1 N > - 0.716 Phys. Rev. Lett. 103, 032301 (2009)
- — tot ~~

s Ar T2

Two distinct systems:
T <160 MeV: HRG
T >= 160 MeV: simple QGP model

—> phase transition area is NOT covered by
our calculations
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KSB KSQ Kss
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fug= O0MeV ——
| ug = 300 MeV
g = 600 MeV -

= 0MeV ———
lp = 300 MeV ------ 1
up = 600 MeV —.—.. :

holography:é

+ Ug= 0 MeV ——_
ot Me=300MeV ~ o
IGY Y
'KSB/T2—
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o s B St A 8 T oy e R

holography:é

+ Ug= 0 MeV ——_
ot Me=300MeV ~ o
IGY Y
'KSB/T2—

Off-diagonal| . fug= - 0Mev —

- = 0MeV ———
g EHg =300 MeV .. g = 300 MeV -enex- 1 i
- ug = 600 MeV -.-.—. ug =600 MeV == s 1
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ko ToL

200
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The diffusion matrix

o T Tea o

_ 10"
diagonal

»simple

QGP

200 100 200
Onsager,
T [MeV]  Phys. Rev. 37, 405 (1931) , Phys. Rev. 38, 2265 (1931)

Diffusion matrix is symmetric! = Onsager Theorem holds
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- ~ factor 2

200 200 200
T [MeV]
Off-diagonal contributions have similar magnitude as diagonal ones
—> effects of multi-carrying charges should not be neglected
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The diffusion matrix

r TS
10° | Kkpp/T

101 1

diagonal

|||||||||||||||
||||||||||||

200 100 200
T [MeV]
Coefficients in strangeness sector most dominant
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KT | Keg/T>

Baryon and
strangeness
diffusion are anti-
correlated

200 100 200
T [MeV]
Coefficients in strangeness sector most dominant
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Holography:
Rougement et al.,
Phys. Rev. D 96, 014032 (2017)

s

200 100
T [MeV] _

Strong temperature dependence in HRG

Nearly constant in conformal QGP

11. September 2018 Diffusion of Conserved Charges in Relativistic Heavy lon Collisions Jan Fotakis Hot Quarks 2018 29 of 36

200



i KBB KBQ KBS Viapg
. UL L Nand
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[
Js
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KSB KSQ Kss

Holography:
Rougement et al.,
Phys. Rev. D 96, 014032 (2017)

s

i

—— Mg = E
| i

e ™

Conformal, massless gas
—> only scale is temperature

and chemical potentials
Kqq' X T?

100 200 J

T [MeV]
Strong temperature dependen HRG

Nearly constant in conformal QGP
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200 100 200
T [MeV]

Dependence of coefficients in baryon sector on

baryo-chemical potential in HRG
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N
Kaq X D qiq; exp(—"F)(...)
2
FITE SETTIEE NI ik B S )
100 200 100 2 0 200
T [MeV]

Dependence of coefficients in baryon sector on
baryo-chemical potential in HRG
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And almost no
% [/~ |dependence in the
200 100 |conformal QGP
T [MeV] (again)
Dependence of coefficients in baryon sector on
baryo-chemical potential in HRG
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Conclusion NIV ERSAT

First calculation of complete diffusion matrix of baryon,
electric and strangeness charges in Navier-Stokes limit with
first order Chapman-Enskog expansion

Classical hadron gas with realistic isotropic cross sections
and simple conformal QGP model were used
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Conclusion NIV ERSAT

First calculation of complete diffusion matrix of baryon,
electric and strangeness charges in Navier-Stokes limit with
first order Chapman-Enskog expansion

Classical hadron gas with realistic isotropic cross sections
and simple conformal QGP model were used

HRG: dependence of coefficients on temperature and baryo-
chemical potential

Strong coupling of all gradients to (almost) all currents -
large off-diagonal coefficients

Suggestion: Off-diagonal terms should not be neglected!
Can be used in (hydro) models
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* Investigate effects of (off-diagonal) diffusion coefficients in
viscous hydro simulations:

« Measurable effects on rapidity distribution (on
strangeness?)

« Initial state correlations (flow harmonics?)

* Investigate dependence of calculation in terms of new
species with higher masses and more carried charge

« Parametrize coefficients

« Compare to other models: SMASH? BAMPS? IQCD?
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The Evolution in (3+1)-Viscous Hydro ONIVERSITAT
Chun Shen et. al. Nucl. Phys. A 967 (2017) 796-799

200""' IIIIIIII |I

150
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o
o
T

501

0 |w|||_|_):||||l||||

Hydrodynamical evolution
after 7.5 fm

Ly by v s d

0-5% Au-Au collision at 19.7 GeV

Hadronization on next slide  sof-

4 -3 -2 -1

0 1 i 34 150__

s
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o
o
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Why could diffusion be important?

* During low-energy HIC (e.g. RHIC BES): diffusion could
have great impact on dynamic evolution

o S — C'H:OO sisinie ({;_l
a0 """ Cp=0.4 0-5% Au+Au 19.6 GeV
_§=3o:—
S Sal :
= 20 _
” Large baryon

Vanishing _ 0:
baryon diffusion
coefficient |

diffusion coefficient

‘4 -3 2 1. 0 I Z 3 M4
Y
Chun Shen et al., Nucl. Phys. A 967 (2017) 796-799
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« Relativistic Boltzmann equation determines evolution of
system

N,
KLOLf = = Cyjlfi]
j=1
Chapman-Enskog expansion

N
ek} 0 (for + cfor) = ekl Oufor = —GZ Cijlf1k]
=1

With linearized collision term:

Ns Ns 7 ' ) 7
C 2 . KI dP dPIW@J ) ] flk ffk‘" f]-p f]-p’
j=1 j=1 Ok fOk’ Op Op’

Transition rate: contains (isotropic) cross sections

= information of microscopic interactions
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Evaluating derivatives leads to source equation for deviation f,
N
k1O, fh, = — Z Cijlf1i]

Gradlent In thermal potential

Z fékkf (60 i—ilinlgo — V“ (%) B _ZO” fix]

qe{B,S,Q}

[ L.H.S. of eq. ~ force term

due to gradients in particle

density - Navier Stokes
currents

Sum over all conserved charges
—> coupling of diffusion currents
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The Chapman-Enskog Expansion

Diffusion currents in kinetic theory:
We want to calculate THIS

ql

Ny
. /j, /
=Y [ K DY e ()
1=1 /
Navier-Stokes limit

In order to do so, we need to solve;

N
> e (G5 ) 7 () = - el
j=1

q€{B,S,Q}
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Exn L4 ok
i LM Lk’ . Pay — _ T fl

Since collision term is linear in £, the solutions have the

general form:
scalar function in energy

~
fie =]k (7)

q

Expand coefficients in power series in energy:

o0

7 7 m

g = Z g mik
m=0
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The Chapman-Enskog Expansion
i Eikng Hq 2k i
>t (B - a) () = cuie

Truncate series at finite integer M and calculate n-th moment of
source equation -=> set of linear equations for expansion

Coetficients Solutions of matrix

equation = gives us f

M  Ng
DD (AL + C ) ah = by
m=0 j=1 | J
Y ‘&\\x
moments of collision term = Source term

complicated integrals with information  for diffusion
about microscopic interactions
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The Chapman-Enskog Expansion | ONIVERSTTAT

i = Zq@fdff B i = > w0 (B2

1=1 q’

By comparing both sides we find:

1 Ny M
1=1 m=0

In our most detailed calculation: M =1 and N, = 19
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The Relaxation Time Approximation

Calculated for p n p n K 7 gas
(11 hadron species)

Z Czj flk

Relaxation time;:

1k

flk:

Total baryon density

N B tot|| 00

Constant cross section
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10'1 _-“.-?__. .
—~a 222000000 =
A ‘L ETTTTTETLLLLLR L |-='f"|.|
A o (] H . [ | i
.2 * |
10°F A& o E

RTA, g =
RTA, pg = 600 MeV == 1 ==

OMeV |

Fulug= 0 MeV
Full, ug = 300 MeV
Full, ug = 600 MeV

>N
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Baryon current

Jo

« L

JB

e
.'H

KBB KBQ KBS
— RQB RQQ RQs
Ksp Ks@Q Kss

V‘”’(IB
V‘“ﬂ@
Viag
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i @V” QR ﬁv“ o +.v“‘ Qg

3]
10D KE;E;/T
i F g = 600 MeV
107 | _/ R
1072 }
109

Largest contribution
Nearly constant at

ug = 600 MeV
So far only used
coefficient
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10° L KOB/T E
107" ;—,u,B — 600 MeV —
102
102 [ 7

100, [MeV]zOO

Much smaller than
others

QGP-part vanishes at

up =0
Strong up dependence

Jan Fotakis

0L
107 ¢
L g = 600 MeV

10"I 1

Similar strength as

KBB
Could drastically

reduce baryon current
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VvV ag

- L !

| KBB KBQ KBS Viag
Jg | = | KeB kgq kgs | - | V'aq
Jo KSB KSQ KSS V'as

up = 600 MeV

10 | /

$ = —— 3
L fiIBI I_I[}I L 1 L | h‘T‘II

100 200 100 200
T [MeV] T [MeV]

 Smaller than others  ug = 0same as electric g+ QGP: strongest

 QGP-part vanishes at conductivity contribution
ug =0 « Only decreasing

« Strong ug behavior in T
dependence
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g KBB KBQ KBS Viapg
Strangeness Current (JQ) = (HQH RQo HQS) . (V'”(EQ)

Js KSB KSQ Kss Vieag

F up = 600 MeV

E E 3 =+
E = I
E ALl H.E_'_'!.'_".."'M E 1
| & .I - -

i holography:’
. Hg=_ OMeV —=—_

100 200

Negative contribution « 1 Magnitude smaller T [MeV]

Could also drastically than kgg

reduce strange « Charged Kaons

currents contribute to electric
currents (see kqg)

« By far most important

contribution
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