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Overview

What is the best choice for 6 f? 10 -5 0 5 10-10 -5 0 5 10

Linearized 6 f
* 14 moment approximation

Tsw = 150 MeV

e Chapman Enskog expansion
Modified equilibrium 06
distribution

* McNelis (OSU)

* Bernhard (Duke)

JETSCAPE will compare these
viscous corrections to the
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particle spectra using iS3D X (fm) X (fm)

Discuss particle sampler in AN

iS3D and test its performance n_ ;-3 3 _
Epﬁ_h jpd O'fn fn—feq,n+6fn



14 moment approximation

 Moments expansion truncated to the hydrodynamic moments

Ofn = feq,nfeq,n Cuvpﬂpv

* Assume irreducible coefficients are species independent
* Fix to satisfy Landau matching conditions and reproduce viscous part of THY

5f14,n = feq,nfeq,n (CTm121 + cp(u - p)z + C7<'cuv>p(upv))

THY

Ct = AT(T)H Cg = AE(T)H C7(T.UV) = 2(8 + P)TZ

A. Monnai and T. Hirano, Phys. Rev. C80 (2009) 054906
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Chapman Enskog expansion

Gradient expansion of the RTA Boltzmann equation
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Assume relaxation time 7 is momentum and species independent
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(B, Br) = shear / bulk viscosity : relaxation time ratios
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A. Jaiswal, R. Ryblewski and M. Strickland, Phys. Rev. C90 (2014) 044908



Pratt McNelis Distribution
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fPM,n —
exp (VM (D7) 4
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Constructamap p = M(p') in the LRF

* Momentum space deformations « viscous corrections

Di =Aijp],' A (1 +§)5l] + —
I1

Effective temperature increases with negative II

7'[ .

,87'[

Renormalize particle density to the Chapman Enskog one

n;mod)

Ly =

In small (H, nij) limit = Chapman Enskog expansion

Py
Y
26, 1
pi=—X;'p (LRF momentum)

mij = X; - X (LRF shear stress)

S. Pratt and G. Torrieri, Phys. Rev. C82 (2010) 044901



Jonah Bernhard’s Distribution

Py
Zg
f]B,n — \/ 2 _I_n( 1)2 % +
exp (LT E) ¢ 4 ”
. , TTij
Momentum rescaling: p; = Al-jpj Ajj = (1+ AH)(SU + 28
R lizati 7 =0
enormalization: =
‘ detA
Same shear stress modification, no modified temperature
pi=—X;'p (LRF momentum)

(A, z) parameterized to reproduce bulk pressure without

changing the energy density (exactly, in absence of ;) m =X, -m-X: (LR shear stress)
ij — Ai Tt 4y

Particle abundance ratios do not change with bulk pressure
J.E. Bernhard, arxiv:1804.06469 (2018)



Sampling Particles from Cooper Frye

dN,,
Ep d3p

= J p-d3cf,0(p-d3c) 0(f,)

* Need to enforce positivity with O(p - d®0) O(f,)
* Sampled particle spectra will slightly deviate from the physical ones

 Methodology:
1) Sample the number of hadrons emitted from each freezeout cell
2) For each hadron, sample its type and momentum

S. Pratt and G. Torrieri, Phys. Rev. C 82, 044901 (2010) L.G. Pang, H. Peterson, and X.N.
Wang, Phys. Rev. C97 (2018) 064918

C. Shen et al., Comput. Phys. Commun. 199 (2016) 61-85 J.E. Bernhard, arxiv:1804.06469 (2018)



Number of Hadrons

* Assume hadron number of each type follow Poisson statistics
freezeout hypersurface 2

exp(—AN)(AN)N

P(N) = N!

(hadron number distribution)

[ )
Particles

(mean number of

AN = z AN, = f p-d3c f,, O(p-d30) O(f,,)) hadrons emitted

from freezeout cell)

hadron resonance gas

D. =—" (hadron type distribution)
" AN

https://slideplayer.com/slide/14963596/
* Time(null)-like cells:p - d3¢ >0 — AN, = n,d%c;

» Space-like cells: momentum regions with p - d®c < 0 cut out Po =y dPo
* Enforcing outflow ©(p - d30) increases particle yield ‘ f J
d30'i = _Xi . d30'

h3E,

ANn - ANt,n + ANx’n — nt,ndso-t ~+ nx’nld?’o_il 2 Tlnd30't




Momentum

Sample local-rest-frame momentum p; from the distribution Q,, (p;)

* Here only show method for linear 6f,,

d3
Qn(pi)dgpLRF ~ E_pp p- d3o (feq,n +5fn) @(p . dso') @(feq,n +5fn)

feq,n
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Draw p; from distribution R,,(p;)d3p rr and accept sample with probability w,, (p;)

* Choose R, (p;) suchthat0 <w, <1

Wn(pi) = Weg X Wgg X Wsr

Ofn
feq,n
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Acceptance-Rejection Method

3, _ (exp(=p/T)\,, > pions
Ra@O@Pirr = (ot _pyy) ¥PRdpdeosodg (o ie )

wn(p;) = Weq X Wag X Wey

exp(p/T)
Weqm = oxp(E/T) — 1 (Weqr < 1form/T = 0.8554 or T < 157.8 MeV)
p exp(E/T)
- p;d3o; p;d3o; d3o
Wae = |da|™? (dBUt —= I l>®<d30-t —= I : d3o; P - L < d30, + |d3ay| = |d30]

Sfn 1 Ofreg n) (lower bound from @ function)
Wsr = Q) + 6 -1+ ' ) <
o ( feq n> (feq " fn) 2 ( feq,n | freg'nl feq’n (place additional upper bound)
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°rogram
-low Chart

Nsampled

N events™ N
mean

Nsampiea = statistical ensemble
e user input parameter

Nypean = total mean particle yield

Compute the total particle yield to determine the number of events

!

Start sampler routine End sampler routine

l A

Set the seed and make random number engines for the distributions

Start freezeout cell for loop

[ Compute mean number of each hadron type in the freezeout cell

@nt for loop

[ Sample the number of hadrons in the event

Start sampled hadron for loop

[ Sample the particle's type }<

l ;

Start rejection while loop

l

Draw a momentum sample and compute the weight

| o

Accepted?

l yes

Finish loop?

Finish loop?

w loop?

A

[ Add particle's type, position and momentum to the event list ]—/

yes
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Performance

* Central Pb+Pb collision

* Smooth Glauber initial
conditions

 T,.pns = 0.6 GeV
* 75 =0.25fm/c _ Toeak = 180 MeV

e 2+1d hydrodynamics (GPU-VH) Tsw = 150 MeV
* n/s=0.2
* Tpeak = 180 MeV (¢/s peak)

-10 -5 0 5 10 -10 -5 0 5 10

* Cooper Frye Formula (iS3D)
* Tsy =150 MeV
« Sample (%, K™, p) separately -10 -5 0 5 10 -10 -5 0 5 10
* Nggmpiea = 107 particles x (fm) x (fm)
« Ap;=0.03 GeV
e Average over(y, ¢p)

D. Bazow, U. Heinz and M. Strickland, Comput. Phys. Commum. 225 (2018) 92-113 12
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Effect of Outflow
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(b) Better agreement but
sampler underestimates
yield by a few percent.
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VISCOUS
Corrections

Shear + bulk viscous
corrections to the spectra
* 14 moment
e Chapman Enskog
* Modified (McNelis)

Overall, good agreement
but sampled particle yield
slightly underestimated

Difficulties in calculating
AN, with outflow and
viscous corrections
e Especially modified
distribution

discrete / continuous
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Non-central collision (b =5 fm)
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Achievements and Outlook

* Incorporated a variety of modes in iS3D:
* Continuous and sampled spectra (boost invariant or non-boost invariant)
» Viscous §f corrections (linear and modified)

* Tested the particle sampler for central and non-central collisions
* Event-averaged p; spectra and v, in good agreement with the Cooper Frye formula

* To do list:
* Test the sampled spacetime distributions
* Continue testing particle sampler integration in JETSCAPE
* Add Jonah’s modified distribution to iS3D
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