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Topics .

o Causality and stability in hydrodynamics (L. Gavassino)

o 3D Bayesian analysis (A. Mankolli, T. S. Domingues)

e Nuclear structure in high-energy collisions (G. H. Nijs, C. Shen)
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Causality and stability in hydrodynamics
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What is causality?

Alice cannot use the fluid to send
information to Bob faster than light

Acoustic cone

1. Alice perturbs the fluid at
her location

Time

2. The induced changes travel
inside an “acoustic cone”

3. This cone should be contained
inside the light cone

w<c(=1)

w: characteristic velocity (local velocity of information)
c: speed of light 6
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w in relativistic hydrodynamics

In Navier-Stokes limit,

w = speed of sound + diffusion

e |deal fluid

2 _ .2
W= = Cg cg: sound velocity

H-H@l
= -0, 0~-

6: expansion scalar

e |deal fluid + Bulk pressure (near equilibrium)

T: proper time

$

Il can approach to
—(e + P) in early time

$

w — oo (acausality)!

( ¢: bulk viscosity
TH (8 -+ P) Tp: relaxation time

w? = c2 +

o |deal fluid + Bulk pressure (far from equilibrium)

¢

2 2
W< = ct + IT: bulk pressure
> 1 (e + P + H) p
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Causality violation in hydrodynamic model

T=1.16 fm/c T=2.02 fm/c T=2.92 fm/c T=3.81fm/c =471 fm/c

Red: acausal

TRENToO + free-streaming + iEBE-VISHNU D u r p I e : u n k n OW n

7=0.40 fm/c T=1.40 fm/c T=2.40 fm/c T=3.40 fm/c T=4.40 fm/c

Blue: causal

IP-Glasma + MUSIC

T=0.80 fm/c 7=1.80 fm/c T=2.80 fm/c T=3.80 fm/c T=4.80 fm/c

Causality violations
IP-Glasma + free-streaming KeMP@ST + MUSIC a re n Ot ra re e

T=0.80 fm/c T=1.80 fm/c T=2.80 fm/c T=3.80 fm/c T=4.80 fm/c

What happens?

IP-Glasma + effective kinetic theory KeMPgST + MUSIC

-10 0 10 -10 0 10 -10 0 10 -10 0 10 -10 0 10

X (fm) x (fm) x (fm) x (fm) X (fm) 8



What happens?

v: fluid velocity

(D Acausal (w > 1) but small v (2) Acausal (w > 1) and large v
Specifically, wr < 1 Specifically, wv = 1
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What happens? i

!/
t t £ t
T ’ A A
\\\ Light cone // X' Instability

Lorentz boost (v)

Excessive acausality (wv = 1) induces instability!!

10
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A simple example

Assume Israel-Stewart eq. with bulk pressure

(gD + DI = -6 D =uktd, 0 =a,uH

1.0 v = 1 (speed of light)
. 09
- ; wv = 1 (stability ends)
= 08;
o : w = 1 (causality ends)
D 0.7
> :
= 06/
O I
L 0.5}

0.4 ” AL LA LA L LV L LA L L L F A LY L L L 15 U= (velocity at equ”ibrium)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
/T 11



The simulation does not see the instability B

Flow velocity v

SOPHIA
HADRON

Start Good or Start Ugly
1.0f | | | | | 1o T T
0.9/ 09l /
» S
fn
Analytical 9 I? — Analytical
0.8¢ ey 208 4
- MUSIC g - MUSIC
=
_ ®)
0.7} o 07
. ST S DU TS | 9
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5
T/t T/t

Numerical “stabilization” due to an inconsistent treatment of the
derivatives in the dissipative equations -,



SOPHIA

Example with MUSIC

Numerical solution with correct initialization
,,,,,,,,,,,,,,,,,,,,,,,, o Causality violations

1.00 .. : ey
' | originate instabilities
~ 09 5 in the fluid description
> L _
= i — Analytical ]
o 08 - © The codes do not see
O - MUSIC good i . eleg o
. MUSIC bad | these instabilities
> 0'7f - MUSIC ugly d
O » .
T o6 We are solving
‘ hydrodynamics beyond
0.5¢

its applicable regime!

13



3D Bayesian analysis

14
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New constraints on model parameters G

e Constraints from large and small, symmetric and asymmetric
systems (Au+Au and d+Au)

o Constraints from wide range of measurements at
forward/backward rapidities (global energy conservation)

o Constraints from causality in hydrodynamic simulations

15
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New constraints on model parameters G

e Constraints from large and small, symmetric and asymmetric
systems (Au+Au and d+Au)

o Constraints from wide range of measurements at
forward/backward rapidities (global energy conservation)

16
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3D Initial State and Hydrodynamics

Impose energy
momentum
conservation

(Remnant
energy loss
fraction)

y (fm)

Initial State

10 5 0 5 10 -
x (fm) :
0.05 4 :
5 L4 T
/ .
Ve I g
7’ | :
41 ,( [ 0.00 . : )
,/: : 0.1 0.2 'l',l, 0.3 0.4
3 7’ i I T [GeV]
& /, | ! ]
KS) 7 | I .
7’ I | .
>, 4 : | e /
1 | |
N // : : : eSWitCh IIIIIIIA G /
/
4 Yiods2  Viossa Vioss,6] T
1 i i
% 1 2 ; 2 ; 6 H d : T
Yt aaronic lransport
)

0.100 -

Hydrodynamics

JETSLAPE

0.15 1
Uhigh)

3D MCGlauber

MUSIC + UrQMD

17



Calibrated model parameters

Parameter Collision Stage Prior Range

Yioss,2 Initial State [0,2]

Yioss, 4 Initial State [Yioss,2,4]

Yioss,6 Initial State [Yi0ss,4,6]
" . Initial State 0,1]
Olrem Initial State [0,1]
Shadowing Factor Initial State 0,1]
Tform Mean Initial State [0.2,1]
Bg [1/GeV?] Initial State [2,25]

String Source o, [fm] Initial State [0.1,0.5]

String Source o, Initial State [0.1,0.8]
String Trans. Shift Frac. Initial State [0,1]

1 Think (GeV] Hydro [0.13,0.3]
7 low-T slope Hydro [-2,1]
1 high-T slope Hydro -1,2]

7 at kink Hydro [0.01,0.2]

$ max Hydro (0.01,0.2]

§ Tpear [GeV] Hydro (0.12,0.3]

S width Hydro 0.025,0.15]
$ X assym. Hydro -0.8,0.6]
EPS Switch [GeV/fm®]  Particlization [0.1,0.6]

SOPHIA

. HADRON
A. Mankolli PHYSICS

o 11 parameters for
initial state

o 8 parameters for
viscosities

o 1 parameter for
particlization

18



Experimental data

A. Mankolli
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- v,(n) STAR

+ v,(17) PHOBOS

. (p;) m, k STAR

- (pr) k, p PHENIX

» {pr) p STAR

+ (py) @ PHENIX

* V,(cent) STAR
« v3(cent) STAR
* v,(p7) PHENIX
- v,(py) STAR

- v3(pr) PHENIX

+ v,(p) PHENIX

Au-Au 200 GeV

- dN_,/dn(n) PHOBOS

« dN_,/dn(n) BRAHMS
- 1,(n7) STAR
- r3(n7) STAR

- dE;/dn(cent) PHENIX

'd-Au 200 GeV

- dN_;/dn(n) PHOBOS
« dN_,/dn(n7) PHENIX
+ v,(py) PHENIX
« v(pr) STAR
- v,(n7) PHENIX
- v3(pr) STAR
- v3(pr) PHENIX

- dE;/dn(cent) PHENIX

19



1000 =

Observables from calibrated model

500 |+

Au-Au 200 GeV

Au-Au 200 GeV
dN/dn(n) 0-5%
BRAHMS
20 bins
T i T
-2 0 2

Au-Au 200 GeV
| dN/dn(n) 30-40%

16 bins

| Au-Au 200 GeV

] L)
-5 0

“| Au-Au 200 GeV
dN/dn(n) 35-40%

Au-Au 200 GeV

PHOBOS -
54 bins "
i
-5 0

5

Au-Au 200 GeV
va(pr) 30-40%
PHENIX

-
S

5 bins

Au-Au 200 GeV

——

/”

T T
0.5 1.0

Au-Au 200 GeV
vi(pr) 0-10%
PHENIX

5 bins

Au-Au 29%0 GeV

T T
0.5 1.0

600 =
400 = 3¢
200~

1000 =

500 =

150 =
100 =

50+ &

0.3
0.2=
0.1=

0.075 =
0.050 =
0.025 =

Au-Au 200 GeV
dN/dn(n) 10-20%
BRAHMS.

20 bins

-2 0 2

Au-Au 200 GeV
dN/dn(n) 0-3%
PHOBOS .

7 \‘.

54 bins

L) L

-5 0 5

Au-Au 200 GeV
dN/dn(n) 45-50%
PHOBOS m,

54 bins

-5 0 5

Au-Au 200 GeV
va(pr) 50-60%
PHENIX

—

5 bins

T T
0.5 1.0

Au-Au 200 GeV
vs(pr) 20-30%
PHENIX

5 bins

Au-Au 200 GeV
va(pr) 40-50%
PHENIX |
| .
1 | I

-5 bins

Au-Au 200 GeV

T 0
0.5 1.0

d-Au 200 GeV
dN/dn(n) 0-20%

40

d-Au 200 GeV

PHOBOS
54 bins -,
L] L] []
-5 0 5

0.03 =
0.02 =

0.01+"

30~-
20 =
10 =

0 T
0.5 1.0

Au-Au 200 GeV
vi(cent)

STAR

6 bins

—
20 40

d-Au 200 GeV
(dN/dn(n) 5-10%
PHENIX

34 bins

A. Mankolli
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Au-Au 200 GeV 300 =| Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV “| Au-Au 200 Gev | 400 Au-Au 200 GeV
400 ={ an/dn(n) 20-30% dN/dn(n) 30-40% dN/dn(n) 40-50% 750 = 600 = dN/dn(n) 20-30%
BRAHMS 200 = BRAHMS BRAHMS 2 BRAHMS
200 =¥ o g it 500 = ; 400 = E 200
100~ 250 .° 200 .~ ..
20 bins 20 bins 20 bins . 16 bins
[] [] [] [] [] [] 1 1 [ ] 1 ] 1 1
-2 0 2 -2 0 2 0 -5 -5 5 -5 0 5
1000 =| Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV 600 =| Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV
dN/dn(n) 3-6% 750 =| d\/dn(n) 6-10% dN/dn(n) 10-15% 400 = 300 =| dn/dn(n) 30-35%
PHOBOS _ 30S 400 - PHOBOS .
500-| 7 500~ F aun ™ _— 200~ P
% | 2504 : 5 | 200+ 100
54 bins & 54 bins 54 bins & 54 bins
] ] L] [] ] 1 ] 1 o
-5 0 5 -5 0 5 0 5 -5 -5 -5 0
0.10 =| Au-Au 200 GeV Au-Au 200 GeV | Au-Au 200 GeV 0.10 =| Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV 0.2 =| Au-Au 200 GeV
: va(n) 20-70% va(n) 3-15% | va(m) 15-25% 0.075 = &% v,(pr) 20-30%
STAR 0.04= PHoaos.. PHOBOTTSJ' Iy 0.050 PHENIX
0.05= = LNy [P UL N 005- $120 = 0.1- "
~ | 0.02-]| 14 I | N ! i -
' 21 bins .. n 16 bins 'dm 16 bins i i | 00257, -~ S bins
T i T i T L i 1 T T
-2.5 0.0 25 -5 0 5 0 5 -5 0.5 1.0
Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV 0.3+ Au-Au 200 GeV
0.075 = v;(p,) 0-5% 0.10 =| valor) 5-10% =| valpr) 10-20% 0.2+ - 0.2- va(pr) 50-60%
0.050 = STAR . STAR o & 0.2=| STAR -
. i . P - i g
0.025~- ,/ 03 - - 01 0.1 0.1- ,/
> 9 bins _/'/ 9 bins 9 bins ./'/ 9 bins
. L] . . . .
05 1.0 05 1.0 05 1.0
0.10 [ Au-Au 200 GeV Au-Au 200 GeV .| Au-Au 200 GeV 0.04 =| Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV
vi(pr) 30-40% 0.075 =| vs(pr) 40-50% | va(pr) 50-60% % 0.04= 0.06 =| v.(py) 30-40%
PHENIX : PHENIX ' ENIX 1 ' PHENIX
0.05 = '] 0.050= h g : il 0.02- 0.04 - oo
0.025~ ‘ 0.027 0.02- . i
5 bins . 5 bins 5 bins : *5 bins
1 [ [ [] [] [
0.5 1.0 0.5 1.0 0.5 1.0
1.5 =| Au-Au 200 GeV 1.5 | Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV Au-Au 200 GeV 1.5 = Au-Au 200 GeV
: ra(n) 10-40% . ry(n) 10-40% dEr/dn(cent) 0.6 = n+/- 1.0 =| k*/~ mean-pr(cent) = p / p mean-pr(cent)
STAR preliminary, STAR preliminary, PHENIX STAR STAR PHENIX 1.0 PHENIX
1.0={- e . . 1.0=|- . . . . 0.4 =™ 05 SR —— o — L |
0.5+ 5 bins 0.5= 5 bins 12 Bige~, 0.2- 0.5+ 8 bins
L ] [ ] L) [ [] L)
0.25 0.50 0.75 0.25 0.50 0.75 20 60 0 0 0 20 40
30-[d-Au200Gev | *-8"Td-Au 200 Gev d-Au 200 GeV d-Au 200 Gev || 2-157d-Au 200 Gev d-Au 200 GeV d-Au 200 GeV
dN/dn(n) 10-20% 0.06 =| va(n) 0-5% va(pr) 0-5% 0.02~ | : 30 =| ge,/dn(cent)
20 - PHENIX : _P.'HENIX PHENIX 1| 0.10=| STAR PHENIX
—10 0.04 =| 145 B . 20=|3 ;
10 i s ol 0.05-
- : - e . -
34 bins 0.02 14 bins I 5 bins s 5 bins 10 3 bins
1 L] . [] . L] L] . L] . L] l L] . . .
-2 0 2 0 1 2 3 0.50 0.75 1.00 1.25 0.50 0.75 1.00 1.25

5 1'0 2 01.5




Observables from calibrated model

0.14

0.12 =

0.10

0.08

0.06

0.04

0.02

0.00

" Au-Au 200 GeV

va(n) 25-50% cent

" PHOBOS
= 2.05 < |Nrer] < 3.2;

0.35

0.30

0:25

0.20

015

0.10

0.05

0.00

SOPHIA

. HADRON
B
A. Mankolli HsIcS

d-Au 200 GeV

v2(pr1) 0-5% cent

" PHENIX
= |n] <0.35; -3 <nNrer<-1

5 bins
[ 1 1 ] 1 [ [ [ 1

05 06 0.7 08 09 1.0 1.1 1.2 1.3
pr (GeV/c)

Calibrated model explains the experimental data well @
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Constraints from forward/backward

Initial State
5 o The strongest constraint in

oo LB the beam rapidity region,

4- 9 90% C.I. Full rapidity Voear (V5 = 200 GeV) = 5.36
i | o Significant rapidity loss
S b i constraints provided by

2 G M midrapidity data

i
1 e o Rapidity loss becomes less
sensitive to yi,it When
%0 45 570 575 60 forward/backward data is used

Yinit 2
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Constraints from forward/backward

Viscosity
0.5 0.200
\|/ - 90% Prior | 90% Prior
IETSLAFE == = 90% C.l. Mid-rapidity only 0.175 == = 90% C.I. Mid-rapidity only

0.4 1 PRELIMINARY [ 90% C.I. Full rapidity < - [ 90% C.I. Full rapidity
0.150
0.125
f\&l‘ 0.100
0.075
0.050
0.025

—— - 0.000 -
014 016 018 020 022 024 026 028 0.30 014 016 018 020 022 024 026 028 0.30
T [GeV] T [GeV]

o \/iscosity posteriors shifted to larger values

o Preference for finite bulk viscosity at low T .
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Constraints from different system

Viscosity

0.5 0.200

~ 90% Prior l 90% Prior
i AR B 90% C.1. AuAu + dAu 0.175 f,ﬁﬁ'fﬂ,",f_w ~ mEE 90% C.l. AuAu + dAu

0.4 == = 90% C.|. dAu only s == = 90% C.I. dAu only

== = 90% C.l. AuAu only 0.150 " == = 90% C.|. AuAu only
~ g e
0.125 S ——— """f

'\&r 0.100

0.075

0.050

0.025

- —— 0.000 =" : : - : :
014 016 018 020 022 024 026 028 030 0.14 0.16 0.18 0.20 0.22 024 0.26 0.28 0.30

T [GeV] T [GeV]
o Somewhat consistent individual system posteriors

o Stronger indication of finite viscosity from Au+Au y
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New constraints on model parameters G

o Constraints from causality in hydrodynamic simulations

25



3D dynamical model with causality

3D dynamical model

e TRENTo [49] to generate the system’s initial energy
density;

e Free-streaming of the initial TR EN'To profile using
[50];

e Viscous hydrodynamic evolution using the MUSIC
code [51];

e Particlization based on the Cooper-Frye formula
using the frzout code [52];

e Boltzmann evolution and decays of hadrons using
the UrQMD code [53].

T. S. Domingues

Necessary conditions

for causality

2 >\7TH II Trnm |1&1|
n = — - 7 > a
! Cn Te €+ P 2T7T€+P_O’ (8)

1 >\71—1'[ II Trr A3
=1- (12} = T >0
m2 c,ﬁ( )6+P dretr P

(8b)

=__ 4= - T >0 8
"3 Cn+27'ﬂ—6+P drpe+P — 7 (8)

_ 1 A\ 1T
”421‘a,+(1‘zﬂ,)s+p

Tor\ Ao Tar Ad
1- % o >0 d
+( 4Tn>s+P trezvp 2 @79

(3%;,:” % + 2) 20, (8¢
(et
2 \; é I
+(1_§T—;_TL;_C§>5+P
+(1_%’%_%_02>£3P20 s

SOPHIA
HADRON
PHYSICS
GROUP
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Impose causality constraint

0.30 _Pb Pb Grad posterior

W , —
i : 98.8% of posterior Eacausal/lEtotal < 80% Acausality fraction Eacausal
L 98.2% of posterior EacausallEtotal < 60% Etotal
i : 97.4% of posterior E,causai/Etotas < 40%
i j 85.4% of posterior E,causal/Etotal < 20% Eqcausal: €nergy in acausal region
i : ——- 70.9% of posterior E;causai/Etotar < 10% Eiotal: Initial total energy
i || ---- 27.9% of posterior Escausal/Etotar < 1%
0.15F i : 6.48% of posterior E causal/Etota < 0.0001% |_
- ° Impose cutoffs for
| | acausality fraction
l i
L . .
- e Constraints on prior
l i .
|- from the causality
.l i . : : : |
0.0075 20 40 60 80 100
E acausaI/ E total(%)
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Posterior distributions of parameters

T Without causality analysis
Eacausa//Etotal < 0.0001 %

—+— EacausallEtotar < 10 %
=== EacausallEtotar < 1 % |

(a) N

. ®) Y

! —}' ,-\—;\\ \-\

] II \\ I’ Ny R : \\ \

I ,' \. N ,' / : \\\ \\
i,l \‘\\\\ ” P /'/ \\ \‘\‘
‘I / \\ AN ! / \\ \\\
A \'l\.;-ﬁ___\ J"I \\si\}.
12 14 16 18 20 0.0 0.5 1.0 1.5 2.0
N[2.76TeV]
(c) /\\‘
! -~ \
- ‘./, \\\ \
// / \\ \

/’/'/‘ \,_ L \_
-0.4 -0.2 0.0 0.2 0.4 0.00 0.05 0.10 0.15 0.20
a (C/S) max
(e) O P
VN
L
rp W
/\\ 4 \\
PR ‘.‘/,' AN
_./ kN /I’ \ \
ST S I/ \{\
f 57 - - ! \
,/.///" \Q‘: x Jy “Q’tvg,_
2 4 6 0.13 0.14 0.15 0.16
shear relaxation time factor b, Tsw [GeV]

SOPHIA

. HADRON
T. S. Domingues PHvSICS

Initial Stage

P p 1/p e\ &
re(xy) = N (TA(xu ;TBm)) v — ( iﬁ )

Transport Coefficient

_ (¢/8) maxA*
8 A2 + (T - T;)*

Particlization

Ty,: switching temperature

Visible effects from
causality constraint!
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Posterior distributions of viscosities

n/s

0.35F
0.30rt
0.25F
0.20F
0.15F
0.10f
0.05F

0.00r_, . . . . \ .
0.10 0.15 0.20 0.25 0.30 0.35 0.40

Specific shear viscosity posterior

= = Prior 60% C.l. 7/
Without causality analysis 60% C.I. s
EacausallEtota) < 0.0001 % cutoff 60% C.I. | 7

oy -_—
- — -

_——_——————————_______~~
—
-
—_—
_—
—
-

T [GeV]

0.00¢

T. S. Domingues

Specific bulk viscosity posterior

SOPHIA

HADRON
PHYSICS
GROUP

-
- —y
/’

”’
-

— g Wy,

-
=

T
== = Prior 60% C.I.
Without causality analysis 60% C.I.
EacausallEtotar < 0.0001 % cutoff 60% C.I.

~~~
-_——
e —

o \/isible effects on viscosities from causality analysis

e Preference for small shear and bulk viscosities at low T
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Observable posterior
MAP predictions

SOPHIA

. HADRON
T. S. Domingues PHvSICS

S’ 105 5
% _chh/dn X2
- =il
==0dNz/dYp
_g 10 ] Vv Py dNK/dy,,
u\}: . ] e ——— AU ==dN,/dy,
| S— e —— D oy
S 10° - - — —
oy 1 A e =
S g — v 0.06
Sy, ¥ v 0.05
1 v v . 1 (o)
R v v v S EacausaI/EtotaI < 0.000lA)
a " . ki “= 0.04 1
3 19 . S
= < 0.03 -
o <
< = 0.02 e
S 100 : . S g a - v
0 10 20 30 40 50 60 70 W gy
150 - 001 T v
| - * ¥ . 0.00 l 1 , ' : , :
S 125 e ——— 0 10 20 30 40 50 60 70
8 1.00 0o _v[zch){z}
Y . J Y Y N4 ~ - v v (s
=0754 A J & 010 ///J“’ — V)
B = (ch)
e v o - = 0.05 1 - —Vy 12}
= 0501 _ Y8 " v v v v v > v vy — v -
\% “‘;prrf‘" 0.00 v v v v v v
0.25 _fj;;:zT::jf" 0 10 20 30 40 50 60 70
=\PT/p .
(o)
0.00 ' . Centrality %
0 10 20 30 40 50 60 70

o Even after imposing causality cutoff, there is no discrepancy
with unconstrained posterior
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Nuclear structure in high-energy collisions

31



SOPHIA

Nuclear deformation

The ground state configurations of heavy nuclei can be described by
generalized Woods-Saxon profile with intrinsic deformations:

Po
1+ exp[(r — R(6, ¢))/a0]

p(r,0,¢) =

R(6,¢) = R [1 + B (COSV Y2000, ¢) +siny Y, ,(6, ¢)) + B3Y30(0,P) + [4Y40(6, 4))]

i

e Intrinsic shapes encode multi-particle correlations that are probed by
heavy-ion observables

Ox+x

5 cancel effects from QGP evolution
y+y -

e Observable ratios
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Imaging nuclear shapes e

e Nuclear deformation

RHIC LHC
ORu+Ru Ou+u Oxe+Xe
OZr+Zr OAu+Au 0Pb+Pb

(backup)
o Nuclear structure of light nuclei 160

Oo+o0

Jo+o Joto 5 o —
Pb+P

(backup)
o The nuclear bowling pin “ONe

Predictions only

ONe+Ne 0Ne+Pb

Oo+o Oo+Pb
33



Constraining nuclear deformation

2387 vs. 197Au
2-0_ [T I L N IREL I R L L B
3o = 0.28, ay = 0.54 fm
T U WS = 0.247, ay = 0.54 fm _ A
T WS — 0.247,ay = 0.6 fm |
o 1,6”_\\ STAR data ] | o |
SR The ratio of elliptic flow in
4 NN central U+U and Au+Au
favors
- By = 0.247
1.0 P. i
0.0 2.5 .

Y Ay = 0.6 fm
Centrality (%) | |
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Nuclear deformation of 1“”Xe

1.6 L] L L) ] LN L] ] { J | T ] | G A | I 1T T1T7 I ] i I P! B | I | | I: 1.6 ..l 4 4 I LI B B | I LI I |
s — n/s(T) +¢/s(T) E "
S /(D) I
214k sussen gyl =006 1 g14f
L) \ . n (4] B
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e No sensitivity to hydrodynamic evolution (viscosities)

e Strong sensitivity to the 5, deformation
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Nuclear deformation of 1%”Xe
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e Dynamical model explains the experimental data well
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Imaging nuclear shapes e

e Nuclear deformation

RHIC LHC
ORu+Ru Ou+u Oxe+Xe
OZr+Zr OAu+Au 0Pb+Pb

(backup)
o Nuclear structure of light nuclei 160

Oo+o0

Jo+o Joto 5 o —
Pb+P

(backup)
o The nuclear bowling pin “Ne

Predictions only

ONe+Ne 0Ne+Pb

Oo+o Oo+Pb
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Predictions for 120 + 1°0 at the LHC
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o Predictions using the parameters obtained by Bayesian analysis

o Different nuclear structure models give slightly different but

consistent answers .,
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Predictions for 1°0 + 1°0 at the LHC
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o Little sensitivity to hydrodynamic evolution

o Sizeable sensitivity to the sub-nucleonic fluctuations and structure39
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Imaging nuclear shapes e

e Nuclear deformation

RHIC LHC
ORu+Ru Ou+u Oxe+Xe
OZr+Zr OAu+Au 0Pb+Pb

(backup)
o Nuclear structure of light nuclei 160

Oo+o0

Jo+o Joto 5 o —
Pb+P

(backup)
o The nuclear bowling pin “ONe

Predictions only

ONe+Ne 0Ne+Pb

Oo+o Oo+Pb
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The nuclear bowling pin “°Ne

ZONe

[ZONea pm,2 (XJ Y, Z) - PGCM
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GROUP

o Ne looks like O, but with an extra a-cluster on top

o Central NeNe/OO v, ratio should have a large signal "
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Central NeNe/OO v, ratio G
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o Central NeNe/OO v, ratio has a large enhancement

o Geometric uncertainties indeed largely cancel
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Opportunity at LHCb SMOG experiment Q

Pb + X collisions (fixed-target)
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o Strong impact of the shape of Ne (¥*20% enhancement)
o The signhal survives up to large centralities
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Rapidity scan with DCCI at LHC energy
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Rapidity Scan i

Expected high baryon number density in QCD phase diagram and experiments
forward rapidity in high-energy collisions

M. Li and J. I. Kapusta,Phys. Rev. C 99, 014906 (2019)

‘ Rapidity Scan

A

=~
Access high baryon chemical potential Q| T
. . . > -
region in the QCD phase diagram 5 S
2 =X QGP
o
=
&
Beam Energy Scan Rapidity Scan
@ low energy @ high energy
Hadron
>
Complementary study of QCD phase diagram Baryon chemical potential Up

by BES and Rapidity Scan!
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A fundamental question o

How large baryon chemical potential is achieved
as equilibrated matter in forward rapidity?

To answer the question, models must describe...

@ Equilibrium and non-equilibrium components separately
@ Fluidization (equilibration) of baryon number

@ Hydrodynamic evolution of baryon number density

m) DCCI + finite ng extension
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Dynamical Core-Corona Initialization model g

Y. Kanakubo et al., Phys. Rev. C 105, 024905 (2022)

Initial partons Dynamical initialization Core-corona picture

by PYTHIA8/PYTHIA8 Angantyr through the energy-momentum

T. Sjostrand et al., Comput. Phys. Commun. 191, 159 (2015) source term jv
C. Bierlich et al., JHEP 1610, 139 (2016)

Hydrodynamic

evolution

. o . eofe [l
©0 ,2,°% Equilibrium
©,0%0e%,

0 42,000 6% ©
© 00,0
© 0% 0g o; o®
o (o) ..‘. (o) o
o® o 09° Energy-momentum o o
° o deposition 0o © O °
MV _ H'V v °
Tfluid - aﬂTfluid =] N CORONA p
o o
wv W v ° e Non-equilibrium
Tparton # 0 a.quarton = —J ®o ° ° q
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Source terms
D

Energy-momentum source term Conserved charge source term

Y. Kanakubo et al., Phys. Rev. C 105, 024905 (2022)

-‘V .
OuTiyia = J 0uNfig 1 =P1  1:B,QS
- When ith parton
parto . ” Nd d
M o £(GY ey “ an,
== ) G (x — x;(t)) ; p=— ) —26(x—x0)
. I - dt
p;: Four-momentum of ith parton N; ;: Charge I of jth dead parton

G: Gaussian function Xx;: Position of ith parton

O Phenomenological fluidization rate per particle = @ Deposition of conserved charges
in core-corona picture into the fluid

Low pt / Dense High pt / Dilute

5 core [ oo

Equilibrated baryon number

in CORE
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SOPHIA

Profiles of CORE

Pb+Pb 2.76 TeV, b = 2.46 fm, Single event

Temperature (longitudinal) ey
e 0.30 fh o alsan * @ Gradual formation of the core

0.35

.  through the energy-momentum
o source term

0.2

8 7 = 0.11 fm

0.15

. @ Alongside the fluid formation,
the core expands and cools down
due to the hydrodynamic evolution

Fluid formation + Fluid evolution

Dominantin Dominant in
early times later times
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Profiles of CORE o

Pb+Pb 2.76 TeV, b = 2.46 fm, Single event
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Freezeout hypersurface B

0.2

@ Large fluctuations of baryon chemical
potentials even in midrapidity

0.2 S ug S 0.2 GeV

0.15¢

= @ Typical baryon chemical potentials
S o1 | increase as go forward rapidity
e~
0.05. | @ Significantly large baryon chemical
* ~l=ns=1 potentials in forward rapidities
Hypersurface: * 3smss>5
e = 0.547 GeV/fm3 ¢ 7<n,<9 ug < 0.6 GeV
~ %6 04 02 0 02 04 06

ug [GeV]
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Averaged freezeout hypersurface
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RHIC-BES data: L. Adamczyk et al. (STAR Collaboration), Phys. Rev. C 96, 044904 (2017)
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© Baryon chemical potentials increase
as one goes forward rapidity

=

@ Almost zero baryon chemical potentials
until

=

| @ Averaged-hypersurface in rapidity range

exceeds ug = 300 MeV
=

Rapidity Scan is a new possible tool
for exploring the QCD phase diagram
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Backups
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Other interesting topics of hydrodynamics

Stochastic hydrodynamics (N. Mullins, D. Teaney)
Spin hydrodynamics (D. Wagner)

Hydrodynamics of heavy quarks (F. Capellino)
Magneto hydrodynamics (A. Dash)

Hydrodynamic description of initial stage (A. Kirchner)

HHHHHH
SSSSSSS
GGGGG
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Numerical stabilization

In the equation of motion for the stress (zgll + I1 = —{a,u"), the velocity

gradient is treated as a source, but it contains time derivatives.

This requires a two-step initialization (¥,, ="variables at time-step nAt"):
Y_, ="Something"

Y, ="Initial data"

Current codes set W_; = Wy, which is inconsistent with the equations of
motion 8% = F(¥, a,-lp). We should set
Y_; ~ Wy — At F(¥y,0;¥,)

When we do it, the code crashes as it should! (Details are code-dependent)
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Nuclear structure from isobar collisions

>1/2 >1/2 from Jiangyong Jia
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Dependence on nuclear structure of 160 s
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Changing signatures of a-clustering
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The ratios of v, - pr
correlation show sensitivity to
nuclear configurations from
different low-energy nuclear
theory calculations
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NLEFT and PGCM e

ab initio
Projected Generator Coordinate Method

Nuclear Lattice Effective Field Theory
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o Nuclei from both models look quite similar
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