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Equati()n Of State NRW-FAIR , _

Netzwerk

® Fundamental property of nuclear matter
® Controls and determines:
. 100
< Structure of nuclei

~ Neutron-skin thickness in neutron-rich

[S—
-

nuclei
< Properties of nuclear matter at extreme

temperature [MeV]

densities and/or temperatures .

<~ Appearance of new degrees of freedom
® Essential to understand baryonic matter
<~ Can be constrained from different density 15/,

observables at different densities and/or
temperatures
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Analogy small/large scale system  wran,

Netzwerk
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SMASH NRW-FAIR ,

Netzwerk
® SMASH = Simulating Many Accelerated Strongly-interacting Hadrons
® Microscopic hadronic transport model
< Full phase-space information of all particles at all times
< All well-established hadrons up to a mass of ~ 2 GeV as degrees of freedom
g
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s 1.4 fm Time: 0.8 fm Time: 3.9 fm Time: 11.8 fm s o
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SMASH NRW-FAIR ,

Netzwerk

® Based on an effective solution of the relativistic Boltzmann equation with binary interactions
® Particles - point-like objects

’ Y ° ° _ 0
Particle mtefactlol?s. o d.<d, = \/:
~ Geometric collision criterion n
= Stochastic collision criterion (SS,HS) b AN, ..
n—m —
j=18N;
¢ ¢ . ity
é@ 9" 38
g & .2‘; =
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smash
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SMASH NRW-FAIR ,

Netzwerk * -
T
@ EoS controlled via potentials (Skyrme) Uyx=Al — | +B| —
< Density dep. potential (I1,}) Po 70
< Density + Momentum dep. potential (SP,MP,HP) N P13
Usym — - 2Spot_
Po
0.04 4 —— Soft p-dep
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> 0.00
v
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Phase-space coordinates NRW-FAIR._

Netzwerk =
® Normalised center-of-mass (c.m.) g &
~ Rapi dity Q : Au+Au E=250 AMeV M4 Z=1 i
29
0) c.m. :
~ Transverse momentum (per nucleon) 1.5
(0) i
_ ( Dy / A) /( p I(; m. s AP) . Heltron  Plasti - \'
s

CDC  Magnet m = 1 . 5 o 1 '0. 5 0 0 5 1 1 . 5
v
Phys.Rev.C67:034007,2003
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Observables NRW-FAIR ,

Netzwerk

@ Initial conditions create pressure gradients in the expanding medium

Z
@ Anisotropy in distribution of final-state particles: O@Q
- Ty\fy

—x 1+2 ) v,cos n(g —y,,)
squeeze-out

~ Directed flow:

side-splash, bounce-off

il

v = < cos(@ —y,,,) >

V27 A
b

< Elliptic flow:

bounce-off, side-splash

Vo) = < COS(Z(C” o er)) > squeeze-out
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Centrality selection NRW-FAIR

Netzwerk

® Impact parameter
® Check with the experimental centrality selection
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Centrality selection NRW-FAIR

Netzwerk

@ Impact parameter
® Check with the experimental centrality selection

® Both selections give identical results -> impact parameter used

>‘_ : | | | | | | | | | | | | | | | | | | | | | | | t >1_ : | | | | | | | | | | | | | | | | | | | | | | | t
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Differential directed flow NRW-FAIR _

Netzwerk =

. L L L L B B S L L B B S L AL B
0.6~ SMASH 3.0, AuAu = FOPI, Z1 = 0.6~ SMASH 3.0, XeCsil —a FOPI, Z1 — 0.6~ SMASH 3.0, NiNi —a— FOPI, Z1 e
- Eq/A=0.4GeV ~ H, K=380 MeV . 0.5 Exin/A=0.4GeV === HP, K = 380 MeV = 0.5 Exin/A=0.4GeV === HP, K = 380 MeV =
0.5 b=[2,5.5] fm === HpP, K=380 MeV = - b=[1.7,4.8] fm === SP K =215 MeV - - b=[1.5,3.4] fm mu= 5P K =215 MeV -
- 0.4 . 0.4 —
oA . - - -
~ ] 0.3— 0.3— —
0.3 ] - - =
- ] 0.2 0.2 =
0.2 . M, K=240 MeV E - - ]
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0 — - - -
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Differential directed flow NRW-FAIR _

Netzwerk =

" S L L L L L B B S T T3 3 S I N
0.6~ SMASH 3.0, AuAu = FOPI, Z1 = 0.6~ SMASH 3.0, XeCsil —a FOPI, Z1 — 0.6~ SMASH 3.0, NiNi —a— FOPI, Z1 e
- Eq/A=0.4GeV ~ H, K=380 MeV . 0.5 Exin/A=0.4GeV === HP, K = 380 MeV = 0.5 ExidA=0.4GeV === HP, K = 380 MeV =
0.5 b=[2,5.5] fm === HpP, K=380 MeV = - b=[1.7,4.8] fm === SP K =215 MeV - - b=[1.5,3.4] fm mu= 5P K =215 MeV -
- 0.4 . 0.4 —
oA . - - -
~ ] 0.3— 0.3— —
0.3 ] - - =
- . 0.2 0.2 =
0.2~ © M, K=240 MeV - - - -
0 1:_ = MP, K=290 MeV E 0.1:— 0.1:— e
' . == SP, K=215 MeV . 0: 0: E
0 — - - -
I T R R ~0.11 0=, .

0 0.2 04 0.6 0.8 1 1.2 0 0 0.2 04 0.6 0.8 1 1.2
y° y°

J

| ‘ Soft EoS w1th momentum dependent potentlals k

<~ Good descrlptlon in all systems ,>

_ - — |
. — —_%_—,—__ — ————— —_— — —— —— — _ = = — S
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Differential directed flow NRW-FAIR _

Netzwerk =
. L D D TS L B EN L L B AL L 3 3 L B EN L L B AL L 3
0.6F- SMASH 3.0, AuAu —a— FOPI, Z1 = 0.6~ SMASH 3.0, XeCsil —a— FOPI, Z1 = 0.6~ SMASH 3.0, NiNi —a— FOPI, Z1 =
- Exi/A=0.4 GeV ~ H, K=380 MeV . 0.5 Exin/A=0.4GeV == HP, K = 380 MeV = 0.5 Exin/A=0.4GeV == HP, K = 380 MeV =
0.5 b=[2,5.5] fm === HpP, K=380 MeV = - b=[1.7,4.8] fm === SP K =215 MeV - - b=[1.5,3.4] fm mu= 5P K =215 MeV -
- 0.4 4 . 04 =
0.4 . = . % = .
- . 0.3 — 0.3 —:i
0.3 g - - - =A
- . 0.21— - 0.21— —
0.2~ S M, K=240 MeV E - - - -
= B MP, K=290 MeV E 011 = 0.1 =
0'1: = SP, K=215 MeV N C _ C _
n n 0 — 0 —
0 — - . - N
T T B R R R 0=, . 0=, .
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
y° y° y°
! ~ Soft EoS w1th momentum dependent potentials b | C Hard EoS w1th momentum dependent potentlal
| © Good descnptlon in all systems | | O HP SP Inversion from Au Au to Nl N1

_— e — — = — —_— = = ————= _— = = - — — W-——“% = = = ——=——— e — —_— =
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Differential directed flow

NRW-FAIR ,
O—
Netzwerk ®

I I l I I I l l I I I l I I I I_ >"_ I I I l I I I l I I I l I I I l I I I I I I_ I I I l I I I l I I I l I I I l I I I I I I I_
o SSHIRA —romz I e I f
6 Exif/A=0. — 0.6 Exi/A=0. — 0.6 Exi/A=0. —
C b=[1.5,3.4] fm ~ H, K=380 MeV - C b [1.7,4.8] fm =5 HP, K = 380 MeV - C b= [1.5,3.4] fm =5 HP, K = 380 MeV -
- 07<y’ <09 = HP, K=380 MeV . - 0.7<y’ <09 = SP,K=215MeV . - 0.7<y’ <09 == SP,K=215MeV .
0.5 c.m. —] 0.5 c.m. —] 0.5 c.m. —]
0.4 0.4 — 0.4 —
0'3:_ ] 0-3:_ —] 0.3:— _
- ~ M, K=240 MeV . - . -
02 == MP, K=290 MeV = 0.2 E 0.2
n = SP, K=215 MeV ] - N n
0.1— —] 0.1 —] 0.1—
O_ | I | | | Id/lw I\V I | | | I | | I : O_ | | | I | | | I | | | I \M/ | | I | | | I | | I : O_ | | | I | | | I | | | Iw | | I | | | I | | | I
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
&
® Similar to the momentum integrated case
o Vv / hd
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Differential directed flow NRW-FAIR _

Netzwerk
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- 0.7<y’ <09 = HP, K=380 MeV - - o.7<y0 <0.9 = SP,K=215 MeV - - 0.7<y’ <09 = SP,K=215MeV -
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0.4 0.4 — % 0.4 —
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- M, K=240 MeV . - . - ]

02 B MP, K=290 MeV = 0.2 E 0.2 e

u = SP, K=215 MeV N u N u N

0.1— ] 0.1— ] 0.1— —]
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0
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J

| ° Soft EoS w1th momentum dependent potentials f}

< Good descrlptlon in all systems

_— e e — _ = ——=—— _  _ — I ———

® Similar to the momentum integrated case
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Differential directed flow NRW-FAIR _

Netzwerk =
. L L L L L A LA B I L L L L L EO AL LS B I R D 7]
E SMASH 3. 0, AuAu . FOP|, 71 E E SMASH 3. 0, XeCsl . FOP|, 71 E E SMASH 3. O, NiNi . FOP|, 71 E
061 o« [/1 _5,394‘} f?nev “ H, K=380 MeV = 061 o« [/1 e 408‘} f?nev === 1P, K = 380 MeV = 06 o« [/1 P 304‘} f?nev === 1P, K = 380 MeV =
o5 0.7<y’ <09 =55 HP, K=380 MeV = o5 0.7<y’ <09 55 SP, K=215 MeV = 05 0.7<y’ <0.9 = SP, K =215 MeV =
0.4f- - i 0.4f- 4. oaf -
0'3; —_ 0-3; —_% 0.3; :i
- M, K=240 MeV - E - - 1
0.2:— == VP, K=290 MeV —: 0.2:— —: 0.2:—
n = SP, K=215 MeV ] - N -
0. = 0.1 — 0.1
O_ Lo Lo Lo IQ/IWIQ/I [ R T R RN 1: 0_1 R R S S N I N SR I\M/l R I R TR S N R B 1: 0_1 R R S S N I N SR le R I T R S NN TN R
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
b
! ~ Soft EoS w1th momentum dependent potentials b | C Hard EoS w1th momentum dependent potentlal
| © Good descnptlon in all Systems I | © HP SP Inversion from Au Au to Nl N1

_— e — — = — —_— = = ————= _— = = - — — W-——“% = = = ——=——— e — —_— =

® Similar to the momentum integrated case
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Differential directed flow NRW-FAIR ,_

O
Netzwerk *
>"_ : | | | | | | | | | | | | | | | | | | | | | | t >1_ : | | | | | | | | | | | | | | | | | | | | | | I:
0.6~ SMASH 3.0, AuAu = FOPI. Z1 = 0.6 SMASH 3.0, AuAu —=— FOPI, Z1 -
- b=[5.5,7.5] fm B SP, K = 215 MeV . 05E b=[2,5.5] fm == HP, K=380 MeV _— i
0.4— — - *
E : 0.4:— n _:
0.3— —] B ]
- ] 0.3 ]
0.2 — - -
= - 0.2~ - M, K=240 MeV —
0.1 = b = VP, K=290 MeV =
- . B 4 B SP, K=215 MeV -
0F = / m S , 5 Me -
- - OF -
_0'1_I ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | _I _ ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | 'I—'
0 0.2

® Similar result for both EoS in peripheral collisions
® For more central collisions hard EoS moves further from data
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Mean transverse momentum NRW-FAIR ,_

o
Netzwerk "
OA|_ 12:|_ —r Tt | T T T ] T T 1 —r Tt | Tt 1 1 1] 1 T 1 7T 1 J__ O/\|_ T r r 7 r r Tt 1 r Tt 1 r r 1 — 1 T ] T T T ] T T T
O [ B HP, K=380 MeV SMASH3.0,AuAu § & b B8 HP, K=380 MeV SMASH 3.0, AuAu -
1.1— == HSP, K=380 MeV b=[5.5,7.5] fm = £ = HSP, K=380 MeV b=[2,5.5] fm =
C = SP, K=215 MeV WO <01 B SP, K=215 MeV WO <04
1:_ — SSP, K=215 MeV Yem S - - SSP, K=215 MeV Yom. oz
0.9F- —=— FOPI, Z1 = 0.9 —s— FOPI, Z1 -
0.8 = 0.8 -
07" . 0.7 :
0.6 S -
: : + + 0.6/ ' :
0.5 t +—: -
:r ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | 1 |: Ol5—|-_ ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] 1
0.2 . . .

® At higher energies - different EoS converge (overestimating the data)
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Mean transverse momentum

NRW-FAIRO//

Netzwerk "
OA|_ 12:|_ — 1 T [ T T T ] T T 1 — 1 T [ T T T ] T T T 7 1 J__ OA|_ T © T ] ' T T 7 T T Tt 1 T T 1 T T [ T T T [ T T T
S [ = HP, K=380 MeV SMASH3.0,AuAu | ¢  F 8 HP, K=380 MeV SMASH 3.0, AuAu -
1.1 5 HSP, K=380 MeV b= [5.5,7.5] fm — "E 5 HSP, K=380 MeV. b=[2,5.5] fm -
[ SP, k=215 MeV VO <01 [ B SP, K=215 MeV VO <04
- —— SSP, K=215 MeV c.m ~ - — SSP, K=215 MeV c.m _
oof. = FOPL.Z1 E 0o % FOPI Z1 -
0.81 = O_Sl -
07 - E \ E
0.6 * —— —f - -
- - 0.6F- t =
05 S B E : ! -
rl. ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] |: Ol5—|-_ ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] _'l—

02 04 06 08 1 12 1.4 02 04 06 08 1 12 14

® At higher energies - different EoS converge (overestimating the data)

® Stochastic approach predicts lower mean pr at lower collision energies

E.. /A (GeV)
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Integrated elliptic flow

NRW-FAIR .

(q\] — | | | | | | | | | | | | | | | |

Netzwerk =

> —
- == HP, K=380 MeV SMASH 3.0, AuAu * 0.1~ B8 HP, K=380 MeV SMASH 3.0, AuAu
012 == HSP, K=380 MeV b=[5.5,7.5] fm - - == HSP, K=380 MeV b=[2,5.5] fm -
- B SP, K=215 MeV — - B SP, K=215 MeV 0

- . 0.05— —
0.05(— === SSP, K=215 MeV Yo <012 [ SSP, K=215 MeV Yom! <017
- —=— FOPI, Z1 . - —=— FOPI, Z1 -
ofF - 0F -
005t . ~0.05— -
0.1 — - -
- - -0.1F _
~0.15 — - :
El | ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] IE _0'15|_ ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] I_

0.2 0.4 0.6 0.8 1 1.2 1.4 0.2 0.4 0.6 0.8 1 1.2 1.4
E,. /A (GeV)

EKm/A (GeV)

® At higher energies - shift toward hard EoS
® Stochastic approach consistent with the geometric one

L.A. Tarasovicova, UPJS
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Differential elliptic flow NRW-FAIR

Netzwerk

>C\] _IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII >C\] IIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIII >C\,| IIIIIIIIIIIIIII IIIIIIIIIIIIIIIIII
~ SMASH 3.0, AuAu — EbKE?i%%gﬂﬁ\év 0.3F. SMASH 3.0, AuAu = HP, K=380 MeV 0.3F. SMASH 3.0, AuAu == Hp, K=380 MeV
04— E, /A =0.4 GeV ~ HSP, K=380 MeV F E/A=0.8GeV == SP, K=215 MeV F E/A=1.2GeV == SP, K=215 MeV
| b=[5.5,7.5] fm — M, K=240 MeV 0.2 b=[5.5, 7.5] fm —=— FOPI, Z1 0.2 b=[5.5, 7.5] fm —=— FOPI, Z1
== MP, K=290 MeV
0.2 === SP, K=215 MeV 0.1

~— SSP, K=215 MeV
—=— FOPI, Z1

III|I

|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIH—

I|IIII|IIII|IIII|IIIIIIII|IIII|IIII|III
I|IIII|IIII|IIII|IIIIIIII|IIII|IIII|III
Tl|llll|llll|llll|llll|llll|llll|llll|llll‘

_|III|III|III|III|II

~0.2}— {.
i == 0.3 '
B ' 0.4 \u/ 0.4 \w
_0.4 I 1 1 I I 1 1 I 11 V] I | I 1 1 I 1 1 I I 1 1 I I 1 1 I I 1 1 I 1 1 I | . | | | I | | | I | | | Iv | | I | | | I | | | I | | | I | | | I | | | I - | | | I | | | I | | | Yy | | | I | | | I | | | I | | | I | | | I | |
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 0O 02 04 06 08 1 12 14 16
0 0 0
p
T T

" /A ;
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Differential elliptic flow NRW-FAIR

Netzwerk =
>C\] IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII >C\] IIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIII >C\,| IIIIIIIIIIIIIII IIIIIIIIIIIIIIIIII
~ SMASH 3.0, AuAu — EbKE?i%%dﬂﬁ\év 0.3F. SMASH 3.0, AuAu = HP, K=380 MeV 0.3F. SMASH 3.0, AuAu == Hp, K=380 MeV
0.4— E/A =0.4 GeV ~ HSP, K=380 MeV "L E./A=0.8GeV = SP, K=215 MeV "L E/A=1.2GeV B SP, K=215 MeV
| b=[5.5, 7.5] fm ~— M, K=240 MeV 0.2~ b=[5.5, 7.5] fm —=— FOPI, Z1 0.2~ b=[5.5, 7.5] fm —=— FOPI, Z1

== MP, K=290 MeV
m= SP. K=215 MeV
== SSP, K=215 MeV
—u— FOPI, Z1

0.2

III|I

|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIH—

I|IIII|IIII|IIII|IIII IIII|IIII|IIII|III
I|IIII|IIII|IIII|IIII IIII|IIII|IIII|III

TI|IIII|IIII|llll|IIII|IIII|IIII|IIII|IIII‘

_|III|III|III|III|II

~0.2}— {.
i == 0.3 '
B ' 0.4 \u/ 0.4 \w
_0.4 I 1 1 I I 1 1 I 11 V] I | I 1 1 I 1 1 I I 1 1 I I 1 1 I I 1 1 I 1 1 I | . | | | I | | | I | | | Iv | | I | | | I | | | I | | | I | | | I | | | I - | | | I | | | I | | | Yy | | | I | | | I | | | I | | | I | | | I | |
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 0O 02 04 06 08 1 12 14 16
0 0 0
p
T T

P2 ‘ / A p

*’ ‘ Soft EoS w1th momentum dependent potentlals

|

. © Good description at low collision energies k
< Underestlmate the data at hlgh energles ,;

— e ——— — - -
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Differential elliptic flow NRW-FAIR

Netzwerk
o UL L B B L L B L I L LS BN B N L L L L L L L L R e L I
" SMASH 3.0, AuAu = H,K=380MeV 7 -~ SMASH 3.0, AuAu == HP, K=380 MeV ] -~ SMASH 3.0, AuAu = HP, K=380 MeV ]
== HP, K=380 MeV 0.3 - 0.3¢ -
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Quantitative EoS comparison NRW-FAIR ,_
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Summary and Outlook NRW-FAIR,_
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