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ECHO-QGP Collaboration

The ECHO-QGP collaboration involves the Universities of Ferrara,
Firenze and Torino. My role inside this project is to develop all the
post-hydro tools, which shall produce the observables to be
compared with experimental results.

ECHO-QGP
L. Del Zanna, V. Chandra, G. Inghirami, V. Rolando, A. Beraudo,
A. De Pace, G. Pagliara, A. Drago, and F. Becattini, Relativistic

viscous hydrodynamics for heavy-ion collisions with ECHO-QGP,
arXiv(nucl-th):1305.7052
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Two words on ECHO-QGP

The code has been built on top of the Eulerian Conservative
High-Order astrophysical code for general relativistic
magnetohydrodynamics:

ECHO

L. Del Zanna, O. Zanotti, N. Bucciantini, and P. Londrillo, ECHO:
an Eulerian Conservative High Order scheme for general relativistic
magnetohydrodynamics and magnetodynamics
arXiv(astro-ph):0704.3206

The original ECHO code can handle non-vanishing
conserved-number currents as well as electromagnetic fields, which
are essential for the astrophysical computations, in any (3+1)-D
metric of General Relativity.
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Relativistic Ideal Hydrodynamics

Set of equations

Orthogonal projector

AR = g + utu” d,N* =0,
. . . dMTMV - 0
Covariant derivative EoS

d,=—-u,D+ 'V, .
LAY
D=uvde  Vu=Agda
OoU + O F* =S
NF = nut +VH
T = eutu” + PAM
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ECHO-QGP
Freeze-Out

Relativistic Ideal Hydrodynamics

Set of equations

d,N* =0,
o Landau frame d T =0
EoS

@ vanishing baryon density

Conservative form

U + O, FF =S

v v 17
™ = eutu” + PA¥
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Relativistic Viscous Hydrodynamics

Set of equations

Orthogonal projector

AP = gl + uFu” dyN* =0,
d,T# =0
Covariant derivative EoS

d= <D+ 3,
~—— ~—~

D=udy, VHEAﬁ‘da
U + O FF =S

NF = nut 4+ VH#
™ = eutu” + (P + I AHY 4+ 7 + whu” + w”u
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Conservative form of equations

U + 0 FF = 8,

where

N = NO Nk

S; =19 TY

1 _ 0 k 1 k

U=gl2| E=-T) |, FF=|g2 ~Tk
NII NFTT
Nz Nkgii

0
1 ST 0,5
S = |g|§ _QTW/(:)OQ;W
n[f%(l—[ + ¢0) — 3116]

nl— () 4 200') — 4706 + I +-21 + I3
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freeze-out
The Cooper-Frye prescription *

1 1
= Texp = Tscatt = <’UO’>’IL

d3N; _ d3N; G / —ptd3%,
dp? dyprdprde (27T)3 < exp {_ U;P;Hr#i} +1
freeze
1

fl(Tap) = Hp
exp— R ]

1Fred Cooper and Graham Frye, Single-particle distribution in the hydrodynamic and statistical
thermodynamic models of multiparticle production, Physical Review D 10 (1974), no. 1, 186-189
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freeze-out

Isothermal hypersuface: our implementation

dvir
deac RN
3y _ Lo
d°%, = dv -ty
dv+n

T AxAyAng s™
T AyAngs ATt s*
T AnsATAzx sY
% ATAxAy s"
or

Oxh

st = —sign
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freeze-out

Isothermal- discrete freeze-out

(2m)®  &N;
gi prdprdydd
me cosh(y — 15)dV+" — pp(cos pdV+* 4 sin pdV 1Y) — mp sinh(y — ns)dV 1"

; exp [(u™mr cosh(y — ns) — pr(u® cos ¢ + u¥ sin ¢) — Tu?my sinh(y — ns) — pi) /T) £ 1
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aley;
Freeze-Out

freeze-out

Isothermal- discrete freeze-out

(2m)® &N,
g9i prdprdydd
me cosh(y — 15)dV+" — pp(cos pdV+* 4 sin ¢dV 1Y) — mp sinh(y — ns)dV 17
z; exp [(u™mr cosh(y — ns) — pr(u® cos ¢ + u¥ sin @) — Tu?my sinh(y — ns) — ;) /T] £ 1

T,
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freeze-out

Isothermal- discrete freeze-out

(2m)?® &N,
gi prdprdydp
me cosh(y — 15)dV " — pp(cos pdV - + sin ¢dV 1Y) — mep sinh(y — ns)dV 17
z; exp [(u™mr cosh(y — ns) — pr(u® cos ¢ + u¥ sin @) — Tu?my sinh(y — ns) — ;) /T] £ 1

T,
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QGF
Freeze-Out

enchma

freeze-out

Isothermal- discrete freeze-out

(2m)® &N,
g9i prdprdydd
me cosh(y — 1s)dVL" — pp(cos pdVLEE + sin pdV+Y) — 7mp sinh(y — 7s)dV -1
2; exp [(u™mr cosh(y — ns) — pr(u® cos ¢ + u¥ sin @) — Tu?my sinh(y — ns) — ;) /T] £ 1

T,

VEILULLERGIELT N Cortona, X1V Convegno su problemi di fisica nucleare teorica



a benchmark

d 3+1D

Summary and Outlook

freeze-out

Isothermal- discrete freeze-out

(2m)?® &N,
gi prdprdydp
me cosh(y — 1s)dVL" — pp(cos pdVLE + sin pdV+Y) — rmep sinh(y — 15)dV -1
z; exp [(u™mr cosh(y — ns) — pr(u® cos ¢ + u¥ sin @) — Tu?my sinh(y — ns) — ;) /T] £ 1

T,
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Smooth Hypersurface 23

oxv ox) 82”
ZH = (T* (.I', Y, n)a x,Y, 77) d32 Ep,u)\p 8I ay \V det dZEdydn

The only non vanishing derivatives:
! or* or*  oOr*
9’ Oy’ On

dSZM = ) 7" dedydn

And the numerator of the Cooper-Frye formula is:
or* aT*

€T *

pHd3y, = 2 7' sinh(y —n)] — 7" —=—p* — 7
M (977

v 4 dedyd
5 ayp}wyn

2Pasi Huovinen and Hannah Petersen, Particlization in hybrid models
arXiv(nucl-th):1206.3371

3Bjoern Schenke, Sangyong Jeon, and Charles Gale, (3+1)D hydrodynamic
simulation of relativistic heavy-ion collisions, Phys.Rev.-C82+(2010), 014903

VEILULLERGIELT O Cortona, X1V Convegno su problemi di fisica nucleare teorica



ECHO-QGP
Freeze-Out
AZHYDRO as a benchmark

Consistency between D and 3+1D
i ty corrections
Summary and Outlook

AZHYDRO features

@ computes the hypersuface with triangularizations
@ works in 2D+1 (assuming boost invariance)

@ it approximates the distribution function to a
Maxwell-Boltzmann distribution (analytically integrates
through modified Bessel functions)
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10° 0.70

AZAYDRO —— AZHYDRO —— b=12
102 ECHO-QGP-freezeout routine ——— 0.60 | ECHO-QGP freezeout routine -
1

% 100 0.50

10 i,
Q s,
= S 0.40
g 107 '\\i‘* S
% 102 0.30
= 103 0.20

10* ) 0.10

10 > 0.00

0 05 1 15 2 25 3 0
pr[GeV] pr [GeV]
ONN 70 €0 « b 22 Tfreeze
mb fm Gevfm™3 fm GeV GeV

| 40 06 245 1 036912 00622 0.120 |

Table : The grid spacing here used is: Az = Ay = 0.4 fm A7 = 0.16 fm.
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Consistency between 2+1D and 3+1D

0.12
0.10
tj”:‘; 0.08
g = 0.06
§ 0.04
- 0.02
0 0 0.5 1 15 2 25 000 0/ 0.5 1 1.5 2 25
pr[GeV] pr [GeV]
ONN T0 €0 « b M Ttreeze
mb  fm Gev fm™3 fm GeV GeV
40 0.6 24.5 1 3.0 0.0622 0.120
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10°
L ~__ P resonance feed down
2 10 - B B
S S still not implemented:
£ S at low pr the spectra
10?2 b=5 fm >
o is enhanced by ~ 4
o 05 1 15 2 25
pr[GeV]
200 — 0.30 -
o N\ o5 — b
140 \\\ 020
N 120
< 100 / S\ S
wl/ \
40 /
20 |
i
6 4 2 0 2 4 6

Josef Sollfrank, Peter Koch, and Ulrich W. Heinz, Is there a low p(T) "anomaly’ in the pion momentum

spectra from relativistic nuclear collisions?, Z.Phys. C52 (1991), 593-610
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The effect of viscosity?

d®N; d3N; gi /
E—L = = | —pd’Y, fi(a,
0P~ dypraprdd ~ @n) Jy PO ondi@p)

f(z,p) = folz,p) +6f(z,p) (1)
5f(x7p) :5f7]($7p)+5fﬂ(x7p) (2)

*Paul Romatschke, New Developments in Relativistic Viscous
Hydrodynamics, Int.J.Mod.Phys. E19 (2010), 1-53
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The effect of viscosity?

d®N; d3N; gi /
E ‘7, — 1 — (2 o 'LLdSE Z—x’
WP~ dypraprdd ~ @n) Jy PO ondi@p)

f(z,p) = folx,p) +0f(x,p) (1)
5f($>p) = 6f77($7p) + 0(52) (2)

*Paul Romatschke, New Developments in Relativistic Viscous
Hydrodynamics, Int.J.Mod.Phys. E19 (2010), 1-53
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The effect of viscosity?

d®N; d®N; gi /
E (A i _ o /Ld32 Az,
dp® ~ dyprdprds  (2n) Sy DO fil@,p)

f(l’7p):fg($,p)+5f($7p) (1)

Ao
31 (,p) = 8ful,0) = SolL% fo) 22 2)

*Paul Romatschke, New Developments in Relativistic Viscous
Hydrodynamics, Int.J.Mod.Phys. E19 (2010), 1-53
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ideal hydro
fo —— ~
fo +8f) —— -
-
-
b=5 fm
0.5 1 15 2 25 3
pr [GeV]

(1/2m) dN/dyprdpr

ideal hydro

o
fo+of —
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The effect of viscosity

0.35
0.30
0.25
0.20

V2

0.15
0.10
0.05

Ideal hydro — b=7 fm
fo + 8

b=5 fm

b=3 fm

0.00

VEILULLERGIELT N Cortona, X1V Convegno su problemi di fisica nucleare teorica

priGev]

(1/2m) dN/dyprdpr

Ideal hydro

f0
fo + 8f —
b
k
p——




ECHO-QGP
Freeze-Out
AZHYDRO as a benchmark

Consistency betwee D and 3+1D
ty corrections
Summary and Outlook

Summary and Outlook

tested @ consistency between our results and AZHYDRO
@ extension of the benchmark to the 3D
@ viscosity behaviour
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Summary and Outlook

tested @ consistency between our results and AZHYDRO
@ extension of the benchmark to the 3D
@ viscosity behaviour
developing e particlization
° dfn
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Summary and Outlook

tested @ consistency between our results and AZHYDRO
@ extension of the benchmark to the 3D
@ viscosity behaviour
developing e particlization
° dfn
to do @ Smooth 3-D hypersuface interpolation
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Summary and Outlook

tested

developing

to do

next future

®© 6 6 6 o6 o o

consistency between our results and AZHYDRO
extension of the benchmark to the 3D
viscosity behaviour

particlization
ofm
Smooth 3-D hypersuface interpolation

Include finite baryon density and test EoS at
FAIR/NICA energy

@ Include magnetic effects

Include polarization effects through vorticity
Include strangeness conservation
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