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Why could diffusion be important? ONIVERSITAT
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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, FAIR): diffusion
could have great impact on dynamic evolution

T R
- Cp=0.0 ==+ Cp=1.2 ;
VI s Cp=0.4 0-5% Au+Au 19.6 GeV |
2 30F
= 20; large baryon
Vanishinglo’ diffusion coefficient
baryon diffusic -

coefficient, S N DN, SR WL L.
-4 -3 =2 -1 0 1 2 3 4
Y
Chun Shen et al., Nucl. Phys. A 967, 796-799 (2017)
Gabriel Denicol et al., Phys. Rev. C 98, 034916 (2018)
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Description of Diffusion
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* Dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics

* In Navier-Stokes theory for one conserved charge (Q):

7. Februar 2019  Moving Towards Investigations of Multi-Charge Diffusion in Heavy lon Collisions Jan Fotakis CRC-TR 211 Transport Meeting 2019 5 of 58
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Description of Diffusion

FRANKFURT AM MAIN

* Dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics

* In Navier-Stokes theory for one conserved charge (Q):

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

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

FRANKFURT AM MAIN

* Dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics

* In Navier-Stokes theory for one conserved charge (Q):

|deal flow

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

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

FRANKFURT AM MAIN

* Dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics

* In Navier-Stokes theory for one conserved charge (Q):

jo :Net charge

Ideal flow diffusion current
\
! \
Net charge
4-current: N; = ngut + K, V* (g /T)

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

FRANKFURT AM MAIN

* Dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics

* In Navier-Stokes theory for one conserved charge (Q):

jo :Net charge

Ideal flow difftision current
! \
Net charge
po_— % v
4-current: Nq = NgUu™ + KQIV (liq/T1
Gradient In
thermal potential
ut : flow velocity ~ Gradient in |
N4 : net charge density net charge denS|ty
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Description of Diffusion UNIVERSITAT

* Dynamic evolution of HIC modeled in relativistic
dissipative fluid dynamics

* In Navier-Stokes theory for one conserved charge (Q):

jo :Net charge

Ideal flow diffusion current
|
Net charge
po_ % %
4-current: Nq — gt @' (liq/T1
Net charge Gradient in
diffusion coefficient thermal potential
. . ~ Gradient In
u* : flow velocity _
N4 : net charge density net charge den5|ty
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Description of Diffusion UNIVERSITAT
 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
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Description of Diffusion UNIVERSITAT

 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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omponent system with multiple conserved
Icles can have any combination of charges

&} and baryon charge)
 Net-charg® 4}\

ts effect each other

7) - % v
Js ({)

@

Off-diagonal coefficients: gradients of given charge can
effect diffusion currents of other charges

diad®

coefficic s
important?
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Consider massless, conformal QGP (u, i, d, d, s, 8, g)
with conserved baryon (B) and strangeness (S) charge only
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Consider massless, conformal QGP (u, u, d, d, s, 8, g)
with conserved baryon (B) and strangeness (S) charge only

-__

Gluon 0
Up 0 +1/3 0 6
Anti-Up 0 -1/3 0 6
Down 0 +1/3 0 6
Anti-Down 0 -1/3 0 6
Strange 0 +1/3 -1 6
Anti-Strange 0 -1/3 +1 6
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The System (Equation of State) ONIVERSITAT

Considerfmassless, conformal QGP [(u, u, d, J, $,5,0)

with conserved baryg# (B) and strangeness (S) charge only
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The System (Equation of State) ONIVERSITAT

Consider massless, conformal QGP (u, @, d, d, s, 5, g )
with conserved baryon (B) and strangeness (S) charge only
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The System (Equation of State) |

Consider massless, conformal OGP

with conserved baryon (B) and strangness (S) charge only
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The System (Equation of State) ONIVERSITAT

Consider massless, conformal QGP (u, @, d, d, s, 5, g )
with conserved baryon (B) and strangeness (S) charge only

Light Quarks
(Baryon Only)
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The System (Equation of State) ONIVERSITAT

Consider massless, conformal QGP (u, @, d, d, s, 5, g )
with conserved baryon (B) and strangeness (S) charge only

Light Quarks Strange Quark (Baryon +
(Baryon Only) Strangeness)

- Correlation
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The System (Diffusion Coefficients)
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Consider massless, conformal QGP (u, @, d, d, s, 5, g )
with conserved baryon (B) and strangeness (S) charge only
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The System (Diffusion Coefficients)

Consider massless, conformal QGP (u,

u,d,d, s, 5, q)
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with conserved baryon (B) and strangeness (S) charge only

0.20
0.18

0.16
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0.10 |
0.08

0.06
0.04
0.02

Greif et al., Phys. Rev. Lett. 120, 242301 (2018)

i KBB /T2 | -KSB /T2 i KSS :/T2
B “‘B = 0 — | - _- e m -
Ug =300 mem = | "
Ug = 600 mmmmm | i
170 200 230 170 200 230 170 200 230
T [MeV]
Assume diffusion coefficients to scale with temperature:
KBB RSS KSB
Tz ~ 0.05, T2 ~ 0.1, T2 ~ —0.05
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Consider massless, conformal QGP (u, @, d, d, s, 5, g )
with conserved baryon (B) and strangeness (S) charge only

Assume dirfusion coefficiernits to scale with temperature:

~ 0.05, —& ~0.1, |— ~ —0.05

Strangeness and Baryon Diffusion Currents = Anti-Correlated

Is there Baryon-Strangeness (Anti-)Correlation
In a dynamic setting? = Use Fluid Dynamics!

Greif et al., Phys. Rev. Lett. 120, 242301 (2018)
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The Hydrodynamic Equations UNIVERSITAT

Assume system to be close to local equilibrium with
multiple conserved charges
-> Apply Dissipative Relativistic Fluid Dynamics
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The Hydrodynamic Equations

Assume system to be close to local equilibrium with
multiple conserved charges
-> Apply Dissipative Relativistic Fluid Dynamics

Conservation of Conservation of
Energy and Momentum Charge (q)
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The Hydrodynamic Equations UNIVERSITAT

Assume system to be close to local equilibrium with
multiple conserved charges
-> Apply Dissipative Relativistic Fluid Dynamics

0,T" =0, 9N =0

with
TH = equtu” — Py (g™ — u*u”) Energy-Momentum Tensor
Nt = nqut + g% Net Charge Flow
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The Hydrodynamic Equations UNIVERSITAT

Assume system to be close to local equilibrium with
multiple conserved charges
-> Apply Dissipative Relativistic Fluid Dynamics

9, T" =0,  9,N'=0
with
THY

eoutu” — Py (g"" — utu”) Energy-Momentum Tensor

Né’“ ngu' \ Net Charge Flow

Net Charge Diffusion Current

Here: We do not consider any viscous corrections!
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« Conservation of Energy-Momentum and Charge = exact!
« Extract dissipative currents from Boltzmann equation

Denicol et al., Phys.Rev. D85 (2012) 114047, Erratum: Phys.Rev. D91 (2015) no.3, 039902
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The Hydrodynamic Equations

FRANKFURT AM MAIN

« Conservation of Energy-Momentum and Charge = exact!
« Extract dissipative currents from Boltzmann equation

Denicol et al., Phys.Rev. D85 (2012) 114047, Erratum: Phys.Rev. D91 (2015) no.3, 039902

Source term of dissipative currents ~
Expansion in Knudsen Number and inverse Reynolds Number

microscopic scale —1 dissipative field
Kn ~ macroscopic scale ? Rn ~ equilibrium field
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The Hydrodynamic Equations

FRANKFURT AM MAIN

« Conservation of Energy-Momentum and Charge = exact!
« Extract dissipative currents from Boltzmann equation

Denicol et al., Phys.Rev. D85 (2012) 114047, Erratum: Phys.Rev. D91 (2015) no.3, 039902

Source term of dissipative currents ~
Expansion in Knudsen Number and inverse Reynolds Number

microscopic scale —1 dissipative field
Kn ~ macroscopic scale ? Rn ~ equilibrium field

Fluid Dynamics: close local equilibrium
+ mean free path smaller fluid cell

= Kn, Rn '« 1
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The Hydrodynamic Equations UNIVERSITAT

Impose transient equation of first order in Knudsen
number for diffusion currents (neglect higher orders)

/TB 1= (u) +JB\ kBB KsB\ (V' asn
= + O(Kn?)

\ 75 g ;i +j§’) ks kss/) \VVas
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The Hydrodynamic Equations UNIVERSITAT

Impose transient equation of first order in Knudsen
number for diffusion currents (neglect higher orders)

(‘—LTJ +JB\ KBB KSB V#ap

d :(m) | - z
\sksis"” + 75 ) ksB kss/) \VMas
Relaxation Times Navier-Stokes term

7. Februar 2019  Moving Towards Investigations of Multi-Charge Diffusion in Heavy lon Collisions Jan Fotakis CRC-TR 211 Transport Meeting 2019 32 of 58



GOETHE @

The Hydrodynamic Equations UNIVERSITAT

Impose transient equation of first order in Knudsen
number for diffusion currents (neglect higher orders)

d -(u .
%Jé '+ JB kBB kKsp\ (V' asp
d :(m) | - z
\|7s - j +3§/ KSB  KSS VFHag
Relaxation Times Navier-Stokes term

Use VSHASTA solver to solve fluid dynamics numerically
Molnar, Niemi, Rischke, Eur. Phys. J. C65, 615-635 (2010)
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The Setup UNIVERSITAT
* (1+1)-hydrodynamic evolution in longitudinal setup
* In hyperbolic coordinates

(proper time 7 =+/t2 —22 and
spacetime rapidity 7, = arctanh (z/t) )
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The Setup UNIVERSITAT

* (1+1)-hydrodynamic evolution in longitudinal setup

* In hyperbolic coordinates
(proper time 7 =+/t2 —22 and
spacetime rapidity 7, = arctanh (z/t) )

* Probe purely diffusive case!
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The Setup UNIVERSITAT

* (1+1)-hydrodynamic evolution in longitudinal setup

* In hyperbolic coordinates
(proper time 7 =+/t2 —22 and
spacetime rapidity 7, = arctanh (z/t) )

* Probe purely diffusive case!
« Constant initial energy density (here 30 GeV/fm~3)
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The Setup UNIVERSITAT

* (1+1)-hydrodynamic evolution in longitudinal setup

* In hyperbolic coordinates
(proper time 7 =+/t2 —22 and
spacetime rapidity 7, = arctanh (z/t) )

* Probe purely diffusive case!
« Constant initial energy density (here 30 GeV/fm”"3)
« Spatially varying initial net charge densities
(here: Double-Gaussian profile in net baryon density
and vanishing initial net strangeness density)
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The Setup UNIVERSITAT

* (1+1)-hydrodynamic evolution in longitudinal setup

* In hyperbolic coordinates
(proper time 7 =+/t2 —22 and
spacetime rapidity 7, = arctanh (z/t) )

* Probe purely diffusive case!
« Constant initial energy density (here 30 GeV/fm”"3)
« Spatially varying initial net charge densities
(here: Double-Gaussian profile in net baryon density
and vanishing initial net strangeness density)

* No initial flow

7. Februar 2019  Moving Towards Investigations of Multi-Charge Diffusion in Heavy lon Collisions Jan Fotakis CRC-TR 211 Transport Meeting 2019 38 of 58



GOETHE @

The Setup UNIVERSITAT

* (1+1)-hydrodynamic evolution in longitudinal setup

* In hyperbolic coordinates
(proper time 7 =+/t2 —22 and
spacetime rapidity 7, = arctanh (z/t) )

* Probe purely diffusive case!
« Constant initial energy density (here 30 GeV/fm”"3)
« Spatially varying initial net charge densities
(here: Double-Gaussian profile in net baryon density
and vanishing initial net strangeness density)

* No initial flow
—> Fluid velocity is always zero during the evolution
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Charge-Correlated QGP

iNitial e————
Evolution after
10 fm/c
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Results ST
Charge-Correlated QGP

Nitial e———
Evolution after s

15 10 fm/c

0.5

ng (t/7g) [1/m®]

Ns
Strong baryon diffusion to mid
and outward spacetime rapidities

7. Februar 2019  Moving Towards Investigations of Multi-Charge Diffusion in Heavy lon Collisions Jan Fotakis CRC-TR 211 Transport Meeting 2019 41 of 58



Results Charge-Correlated QGP IVERSITAT

0'04 T T T [ [ [
Nitial ———

Evolution —— ]

after 10 fm/c

0.03 ¢t

0.02

0.01

Ns/Ng tot
(]

-0.01

-0.02

-0.03

-0.04 ] ] ] ] ] ] ] ] ]

BBB o 0.05 285 ~01, 5B~ _0.05

T T2
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ReSUItS Charge-Correlated QGP .-iYﬁFEJE
0'04 T T T [ [ [
Nitial ———
0.03 Evolution —

after 10 fm/c

0.02

0.01

Ns/Ng tot
(]

-0.01

-0.02

-0.03

-0.04 ] ] ] ] ] ] ] ] ]

There is induced strangeness separation through
Baryon-Strangeness anti-correlation!?!
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Results

Charge-Correlated QGP

Evolution

15 L after 10 fm/c

ng (T/Tg) [1/m3]

05 L

Nitia] m—
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Initial vanishing strangeness density:

, 1 1
0 =~ ng ~ sinh §OfB—Oés @aszgag
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Results

Charge-Correlated QGP

Evolution —
after 10 fm/c

ng (T/Tg) [1/m3]

7. Februar 2019  Moving Towards Investigations of Multi-Charge Diffusion in Heavy lon Collisions

O%nswsinh<

1

75 rss VHag + ksgVHap

Jan Fotakis

| UNIVERSITAT

FRANKFURT AM MAIN

gOJB — Ods) <~ 0s =~ —QOBR

CRC-TR 211 Transport Meeting 2019

mas — | |njtial vanishing strangeness density:

1
3

45 of 58
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Charge-Correlated QGP

mas — | |njtial vanishing strangeness density:

Evolution —
after 10 fm/c

1 1
~ ng ~ sinh (§05B — oas) & g & gozB

ng (T/Tg) [1/m3]

Negative
1%
IB kBB V' ap|H ks VHas

Positive

Jg rss VHag H ks VHap
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ng (T/Tg) [1/m3]
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Initial vanishing strangeness density:

1 1
~ sinh | —ap — « & o R -«
(lon-ax) oz~ Lo
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« Initially vanishing net strangeness density - as
many s-quarks as anti-s-quarks everywhere!

« Current of light quarks carrying baryon charge
towards mid rapidities and outwards

RO
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GOETHE %

Results UNIVERSITAT

* Initially vanishing net strangeness density - as
many s-quarks as anti-s-quarks everywhere!

« Current of light quarks carrying baryon charge
towards mid rapidities and outwards

« Microscopically: gg- and gg-vertices equal = no
reason orientated current of light quarks should
carry away more s-quarks than anti-s-quark

LS
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GOETHE %

Results UNIVERSITAT

« Initially vanishing net strangeness density - as
many s-quarks as anti-s-quarks everywhere!

« Current of light quarks carrying baryon charge
towards mid rapidities and outwards

« Microscopically: gg- and gg-vertices equal = no
reason orientated current of light quarks should
carry away more s-quarks than anti-s-quark

-> Expectation: no induced strangeness
separation in this case!

& .
LS
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My View on the Problem

Kn ~

microscopic scale

macroscopic scale

Rn~!

m~J

dissipative field

equilibrium field

—
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My View on the Problem

microscopic scale

Kn ~ ,
macroscopic scale

Ry~ dissipative field
1l ~

equilibrium field

= Kn,|Rn '<1

Oftensetto: Rn ' ~ ZL—q
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My View on the Problem

microscopic scale
Kn ~

macroscopic scale
dissipative field

Rn~ ! ~

equilibrium field

= Kn,|Rn '<1

Oftensetto: Rn ' ~ ZL—q

> Forn, =0 = Jj/) needs to be
corrected to O!

-> €.g. no strangeness separation Validity of

in our case! Hydro
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My View on the Problem

However several problems:

1. The choice of Reynolds number

is ambiguous Ry ~! A _Ja
Ng,tot

77

Validity of
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My View on the Problem

However several problems:

1. The choice of Reynolds number

is ambiguous Ry ~! A _Ja
Ng,tot

2. No natural way of limiting the =
diffusion current!

77

- |Is hydro the appropriate model
to use to do the investigations in the case
of HIC (low density regions in

217
strangeness)?!” Validity of

Hydro

7. Februar 2019  Moving Towards Investigations of Multi-Charge Diffusion in Heavy lon Collisions Jan Fotakis CRC-TR 211 Transport Meeting 2019 55 of 58



GOETHE @

Conclusion NIV ERSAT

First investigations of the (fluid) dynamic effects of the
diffusion matrix

Diffusive evolution of a massless, conformal QGP with

conserved baryon number and strangeness and constant
diffusion coefficients was examined in a dissipative fluid
dynamic framework without viscous corrections
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Conclusion NIV ERSAT

First investigations of the (fluid) dynamic effects of the
diffusion matrix

Diffusive evolution of a massless, conformal QGP with
conserved baryon number and strangeness and constant
diffusion coefficients was examined in a dissipative fluid
dynamic framework without viscous corrections

We found signals of strong baryon diffusion and separation
of strangeness

Baryon diffusion could be important in describing the
evolution of heavy ion collisions at low collisional energies

More realistic investigations are needed
However: hydro does seems to lead to misleading results
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Outlook UNIVERSITAT
« Compare to kinetic models: SMASH? BAMPS?

* Improve investigations with dissipative hydro:
« Use more realistic initial state with fluctuating strangeness
 Allow viscous corrections in evolution

* Include higher-order terms in source term in diffusion
equations

« Use more realistic equation of state (IQCD+HRG)

* Include freeze-out stage in order to compare to
experiments

« Extend investigations to (3+1)-fluid dynamics
« Initial state correlations (flow harmonics?)
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