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Space-Time Evolution of HIC at RHIC and LHC
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Initial State Model

Non-dynamical model: providing hydrodynamic initial conditions directly | Pb+Pb
 Monte Carlo Glauber model [ M. L. Miller, et al. (2007) ]

* Reduced Thickness Event-by-event Nuclear Topology (TRENTO) _
[J. S. Moreland, et al. (2015), W. Ke, et al. (2017)] JonahiE. Bernhard, et al. (2016)

p+Pb
R

-8 -4 0 4 8
Ns
Dynamical Model: simulating pre-hydrodynamic stage + switching it into hydrodynamics fluid

e |P-glasma model [B. Schenke, et al. (2012)]

0.40

0.351

— , To = 0.6fm,
— m

* Degrees of freedom focused: 0304 vl
the dense “soft” gluon matter (glasma) o2s| IP-glasma B. Schenke, et al|(2018)

0.151

" 020 (—

* Description of glasma: ,
classical Yang-Mills (CYM) equation of motion 005177 ey Hydrodynamics
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IP-glasma model

A
31

H1 and ZEUS
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Theoretical Background: |

+ Nucleus at high energy uf s

* Gluon saturation: A number of gluons with small momentum | [ modet ncere
fraction is very large and is characterized by Qg

* HIC liberates a large amount of soft gluons (glasma)
E xS (x 0.05)
«/ Color Glass Condensate (CGC)
* a theoretical state that captures features of a relativistic heavy-ion

- parametrization u

ncert.

Q’=10 GeV?

xu,

* internal soft gluons = classical Yang-Mills (CYM) field (A4, E) e e

*internal hard colored particles
= classical color charge density (p) generated as event-by-event random number
according to weight function (Wy|[p])

L» momentum rapidity for separation between “hard” and “soft”

* Glasma is modeled using CYM field as well, which is generated by collision of two CGCs

[Dw F“V] =8V pa + 6V pg, [DM,(SipA/B] =0

*|ight cone coordinates, x* = (x F z)/V/2



IP-glasma model @

. 1 '.' ";‘I ror T ! L L
* Impact-Parameter-Saturation (IP-sat) model: - N3 H- Kowalski et al. (2008)
1 . . = 0.8 SO - -
Referring to phenomenological value of saturation scale I R R
e ey .. 0.6 AN -
Qs(XBjoken, X1) to construct initial condition of CGC o ‘r
S 0.4+ -
< 0.2r -
O 05 1 15 2 25

* Boost invariant approximation:
1. Wy [p], given as Gaussian function (McLerran-Venugopalan (MV) model)

xt t X
2. Shockwave approximation: T>0
(Infinitely thin) p4 « §(x~) and p? o« §(x™)
Glasma
(Frozen) 9.p2 =0andd_p? =0 z
B




Study of Rapidity Dependence from Experiment and Theory %

Experiment: rapidity dependent observables, and their decorrelation in rapidity direction
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Theory:
development of phenomenological models where rapidity dependent effect is taken into acount
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Direction of 3D Glasma

1. Wy|p] for wide values of Y obtained by solving IMWLK equation
* B. Schenke, et al. (2016, 2022), S. McDonald, et al. (2019, 2023)

2. Relax shockwave approximation

* Finite thin p
- T. Altinoluk, et al. (2014,2016, 2021,2022), G.A. Chirilli (2019,2021), P. Agostini, et al.
(2019,2021,2022,2023), C. S. Lam, et al. (2000), S. Ozoénder, et al. (2014)

* Both finite thin and dynamical p
- D. Gelfand, et al. (2016), A. lpp, et al. (2017,2021,2024), S. Schlichting, et al. (2021), H. M.

and X.-G. Huang (2023,2024)
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Analytic calculation: limited up to leading order
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and X.-G. Huang (2023,2024) 3p o1asma simulation beyond shockwave approximation have

not yet reached stage of phenomenological applications!!

Computational calculation: require much numerical resource




Direction of 3D Glasma

1. Wy|p] for wide values of Y obtained by solving IMWLK equation
* B. Schenke, et al. (2016, 2022), S. McDonald, et al. (2019, 2023)

2. Relax shockwave approximation

* Finite thin p
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- D. Gelfand, et al. (2016), A. lpp, et al. (2017,2021,2024), S. Schlichting, et al. (2021), H. M.
and X.-G. Huang (2023,2024)

+ We have recently developed efficient 3D glasma simulation method

+ Today, we apply our method to early stage of Au-Au collisions at RHIC
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“Usual” and “Modified” Milne Coordinates

1. Usual Milne coordinates for observation:

R R
T = \/Z(x‘ — X¢ _\/_Ty)(er — X~ 7,
_ 1. xT-x.—R/[V2y]
UL ——ry N

2. Modified Milne coordinates for simulation:

T =

2x~xT,

~

TI:

1
—]n
2

x+

X



Strategy

4 steps in numerical calculation

1. Put initial condition of two incoming nuclei on lattice before the collision ™™™ \

(A4, E, pY)

2. Evolve the CYM field and classical color charges numerically

T > Tini

[DM,F“ i=1,2f77] = =120 [D,,J*] =0

3. Get observables for Usual Milne coordinates

TR, M) - T (t,n)

4. Repeat 1~3 and take event-average

(THV)ove (~ensemble average over Wy)




Initial Condition of CYM field

* Incoherent sum of solutions for each single nuclei + small modification for E"

A; = A% + AB, Ei=EAl 4 EB A% EA/B L. solution of E.O.M. for single nucleus

i
A7 =0, ET=i[A],A]] )

) E = i[A#, AP]:

*Fock-Schwinger gauge: A* = 0 made to satisfy Gauss law ([Dﬂ’ Fu%] — x—pA 1+ x+pB)




3D Nucleus Model: Formulation

2D IP-glasma initial condition

2
« MV model: < p;** (x)p; PP (") > = cwaab<g u( )) 52 (. —x'1)

__\2 .
» Nucleus saturation scale based on IP-sat model: (g2u(x.))" « (QS,A(xl))

\ 4

* Nucleus color charge density = incoherent sum of nucleon’s one: p, A
« MV model: < p{q/B’a(xTr,ﬁ)pj ( T ) >

2
iy F T — 4l L
= Y5 (g 13D (x = b;r;xlzx = - bJ.,i)) Nip(x™ —x'7;11)8%(xL — x'})

Longitudinal correlation length

T <2
* Gaussian shape in longitudinal direction: g2u(x¥,x;) o Nyp(x*", 1)

“(gu®)” = [ dx¥ (g2usp®)” o (Qon(D))

3D IP-glasma initial condition
Na=197 A/B
i=1 [




3D Nucleus Model: Model Parameters
Determination of four parameters for mimicking Au-Au collision at RHIC

1. Bjorken x for determination of () ,,

XBjorken ~ % [relation for Y ~ 0]

< D >~ 1 GeV ‘ xBjorken ~ 0.01

VSNN —_ 200 (GeV)

2. Longitudinal extent of p, 1},

p consists of hard partons with larger Xgjorken ‘ T~ [ZxBjorkem/S_NN]_l

3. Ratio, A = g%u/Qsn, .
4. Longitudinal correlation length, [; ‘ tuned by referring to observables
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(), of Single Nucleus

Saturation scale of nucleus Q¢ 4
* Wilson line correlator for transverse translational invariant glasma [T. Lappi (2008)]

Cke) = /dgiﬂt(‘rﬂ [UT(mt + yt)U(yt)} ‘2 — 1)tk [ U(}[T) — Peif dz— A% }

* (), can be defined as value of transverse momentum where peak structure appears

200

k°C(k)

100

0'0.5 1'15'2'2.
K/g'u



(), of Single Nucleus

e Utilizing approximate transverse translational invariance,
we can estimate ()5 4 for center region of nucleus

(b',b%)

80 , 80
70 | A=z 70 | M2
— 60 [ ] '|‘I‘|'.:‘ 4 —— - 60 - 4 - xZ
< 50§ W I /(2r )=0.4 < 500 B I /(2 )=0.6
S 40 F S 40 |
-+ 30 | - 30 .
« - s % 2
<20 ¢ <20
10 | & 10 ¢ N
0 0 .
1.5

v Qsejt' = 0.65 g°u,p = 0.3461 GeV
forl; /211=0.4-1.0and A =2 —4

K* C(k,)
2
k* Ck,)

«/ 1 = 3.18 reproduces phenomenological
value of Qs 4 = 1.1 GeV
[N. Armesto (2002)]

* g%1,p ~ 0.5324 GeV: maximum value of g?u(x))



Rapidity Profile of ¢ rr at Central Collisions

Energy density in local rest frame: Tffu" = g pput

1 TT n TT 0 T
* We assume u; = 0 and extract e gg from cirr =3 ([T — ) /[T 4 T 4T ,,]2)

* Note: CYM field of single nucleus (Weizsacker-Williams field) strictly yields zero €1 rp

l; /(2r )=0.4 —— 0.8 —
0.6

4.5
4 | 7=0.6 fm/c
3.5 |
3!
25 |
2|
0.5
0

' As [} decreases, shape of g gr changes
from a rounded one to dip structure

+ Later, we use [}, = 0.6 and 1.0

-4 -3 -2 -1 0 1 2 3 4
n



Transverse Profile of & gr at Central Collisions

1, /(2r; )=0.6, b, . /R=0

6
8 . 8 |

5 l 5

_4 4 _. & 4
E o 3 E o 3 Mid-rapidity!!

>
~ 4 2 4 2
1 1
_ <8
8 0 0
8 4 0 4 8 8 -4 0 4 8
X [fm] X [fm]

v * g g in the center of figures: e gp ~ 6 GeV/ fm3

* Boost-invariant hydrodynamic simulations [U. W. Heinz et al. (2002)]:
ELRF ™~ 11 GeV/ fm3

* Boost-invariant glasma simulation with MV model [A. Krasnitz et al. (2003)]:
7.1 GEV/ fm3 < €1L.RF <40 GEV/ fm3

+/ This discrepancy should be improved when N, = 2 - 3.



2D glasma initial condition shows strong parallel longitudinal
colorelectric and colormagnetic fields emerge between

WW fields just after collisions

- Generation of (n%) !!

What happens for 3D glasma?

(t=0+4)



Rapidity Profile of Squared N, at Central Collisions %

t=0.2 (fm/c) 0.6 — t=0.2 (fm/c) 0.6 ——
04 —— 04 —
20 14
- %2 1L/2r)=06 1 1, /(2rp )=1
& i g )
& 10 L8
= 8 = 6]
= 6 = 4
ﬂv 4 i NV
v o2 e 2
0 — , , , , T 0 } — , | | , , i ]
-5-4-3-2-1 01 2 3 4 5 -5-4-3-2-1 01 2 3 4 5
n n

« Topological charge fluctuations are generated around mid-rapidity
by the collision, with a shape similar to the LRF energy density



Transverse Correlation of ng at Central Collisions

Axial charge density

J— T
Ng = 1Jc

* Adler-Bell-Jackiw anomaly equation tells us that the topological
charge density is related to the divergence of the axial current

O-(1j5) —7 Y 0ijs = oy
i=1,2.n

* To estimate ng, we focus on the central area the transverse plane

and at mid-rapidity (n = 0), and assume <j§=1’2’"> =0

_
ng = / dT T™nT




* Dy(ry =z —yi]) = (ns(zh, 2)ns(y", y?))

1=0.2 (fm/c) 0.6 — 1=0.2 (fm/c)
04 — 04 —

0.016 0.012

0.014 | I /(2r )=0.6 0.01 | 1 /(2r)=1
.- 0.008
0.006 \
0.004

0.002

0.6 ——

D, (r,) [fm™]

-0.002

' D, decreasesin Q,r; < 3, and is consistent with zero within the error in Q,r; < 3

« This behavior of D, does not change over proper time evolution

« This behavior and even magnitude of D, are in qualitative agreement with previous
studies on the boost-invariant glasma [M. R. Jia et al. (2021)]



Transverse Profile of . g at Non-Central Collisions

' g1 R at central collision (bimp/R = 0) are
isotropic in transverse plane

v/ rF at non-central collision with by, /R = 1
have an anisotropic shape that looks elliptical

/' The g rp deformation is expected to reflect
shape of overlap region of colliding nuclei

Mid-rapidity!!

-8 -4 0 4 8

X [fm]

l; /(21 )=0.6, b, /R=1

np

-8 -4 0 4 8
X [fm]

S = N W A U1 &

I, /(2rp )=1, by, /R=0

1m

8
4
E o
>
-4
-8
-8 -4 0 4 8
X [fm]
I, /2 )=1, b, /R=1
8
4
£
>
-4
-8

-8 -4 0 4 8
X [fm]

S = N W A U1 &



Eccentricity &, at Non-Central Collisions

Eccentricity

- [ d*x ) e ppr'ie™® ¢ = arctan (z*/z')

En
f dELL‘J_ ELHFTE

ri=/(21)? + (22)?

&, Characterizes spatial anisotropy of a produced matter in the transverse plane perpendicular
to the collision axis

&, characterizes elliptical deformation

&, IS expected to be converted into anisotropic flow (such as the elliptic flow which is a
response to &, during the system’s collective evolution in the hydrodynamic stage



Rapidity Profile of &,, at Non-Central Collisions

Eccentricity

+ In central collisions, Re[¢,] and

Re[e,] are consistent with zero 5
within the error v
v/ As bj,,, increases Re[e;] and Re[e,]

become non-zero, indicating the

formation of an anisotropic

shape of the glasma )
3
A\

« consistent with the shape of ELRF

172 —— l —
3/4 ——

-4 -3 -2-1 0 1 2 3 4

n

12 —— 1 —

34 ——

by /R=0 ——— 7 — 1 R=0 —
P/ 1/4 34— blmp‘{RUg —
0.05 0.05
0 :;E 0 Temena
-0.05 —0.05
A
~01 | 5 01 Mg By
o1s | L0005 |
o 2 02
-0. : -0.25 |
—(0.25 t=0.6 fm/c —0.3 | ©=0.6 fm/c
g e S s [
4 -3-2-10 1 2 3
n
b, /R=0 —— 12 —— | R=0 ———
prIM _— 34 ——— b‘““’ml;g -
0.14 — 0.16
0.6 fm/ .
0.12 |173r =06 0.14 7750 0
0.1 | 0.12 |/
0.08 | A 00[-'}; '
0.06 3 ‘ne |
0.04 | s 006
0.02 =4 0.04 |
0 v 0.05
-0.02 -0.02
-0.04 -0.04




Rapidity Correlation of &,

« (Reg,(n)Res,(4))

v For biyp = 0, the rapidity
correlation is found to be a
monotonic increasing function
of n, which is expected to
reflect the decorrelation effect

that increases with the distance

between two observed rapidities

v/ As bj,;, increases, an
enhancement aroundn = 0
gradually emerges, reflecting
the increase in the magnitude

of the eccentricity

<Re[g,(M)]Re[e,(M=4)]>

<Re[g4(M)]Re[g4(M=4)]>

at Non-Central Collisions

by /R0 —— 12 —— | —
S y-— 34—
0.025 =56 fmiec

1,/(2r; )=0.6

0.02
0.015 |
0.01 |
0.005

-4 -3-2-1 01 2 3 4
n

<Re[g,(n)]IRe[e,(M=4)]>

<Re[g4(M)IRe[e4(M=4)]>

b /R=0 — 12 —— | —
'mp[le — 34—

0&?33 1=0.6 fm/c
. 1, /(21 )=1
0.035 |V
0.03 |
0.025 | il
0.02 | i
0.015
0.01
0.005
0

-4 -3-2-10 1 2 3 4

b, /R=0 — 12— | —
'"lpm1f4 - £y p—

0.014 =5 & e
0.012 1;/2rp)=1

0.01 |

0.008 |

0.006 |

0.004

0.002 FEEF
0

-4 -3-2-1 01 2 3 4
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+” Glasma generated in non-central collisions
seems to expand diagonally

— Pointing vector along collision axis create
angular moment perpendicular to
reaction plane?

X [fm]
(=]

bt o o T
NE® NR®



Rapidity Profile of T3 at Non-Central Collisions

TT3 30 =056 e, 1, /(or =1, Bypn/R=0
20 |

10
« T?®3 is found to increase with |n| in the large rapidity region R
-10
-20
-30
-40

GeV/fm

« CYM fields exist in the large rapidity region and contribute to T3

3

L L L |TT
-8 -6 -4 -2 0 2 4 6 8
Assumption n

We assume that within the CYM fields, there is a glasma part, which will eventually become
QGP, and a non-glasma part, with the majority of the latter consisting of WW fields

4

Subtraction Method

Focusing on the fact that ¢, of the WW fields is zero, while that of the glasma is large, we
differentiate between the glasma and non-glasma parts in the CYM fields based on the magnitude
of &, rr, and define the EM tensor of the glasma part as

[ TH = O(ernr — o) T ]




1=0.6 fm/c, 1 /2 )=1, b, /R=0

T™3 with the subtraction method

E

>

L

o
=20 | T'I:S -
=30 | g](a =0. 18[Gven01 ;) E—
40 (0.5)

_3_6-4-2 0 2 4 6 8
M

v At |n]| <2, the newly defined TgTIB agrees well with the original one

« At [n| > 2, in contrast to the original one, T goes to zero as the rapidity becomes larger



Rapidity Profile of L at Non-Central Collisions

Rapidity distribution of Anqular momentum

dL? 1 o
—_— = /dgﬂ?LTEEE%'?ﬂffzj

= fdzau*r (:1:33:”’r1 - :rlTTg)

* To focus glasma’s contribution, we use TgT13 as T3

* We omit the transverse component T*! since it should be tiny compared to
the longitudinal component Tgf’ in the early stage.



Rapidity Profile of L at Non-Central Col

Rapidity distribution of Anqular momentum

lisions

by, /R=0 —— ) J— | — by /R=0 ——— 12 —— —
Y — 34— I’lem — 34 ——
0.0016 [0.6 fm/c. 1, /(2r, )=0.6 0.002 [0.6 fm/c, 1, /(2r, )=1
0.0014 |1 /Cr)=1 = F . e Nl
= 0.0012 t = 0.0015 '
0.001
t‘% 0.0008 ?E., 0.001 |
S 0.0006 | 27 Y 4 /
A 00004 | 7w A 0.0005 &
Vo 0.0002 v 0
0 Y
-0.0002 -0.0005

4 -3-2-101 2 3 4
n

-4-3-2-101 2 3 4
n

v/ Atn = 0, the generation of L appears to be zero, regardless of bimp

' As 1 increases, the generation of L is observed, and its

«/ The peak magnitude appears around n = 2 — 3, which

bim
+ The highest peak appears around Tp = % — Z,

indicating that L depends on b;y,, non-monotonically

magnitude strongly depends on b,

is close to the peak in Tgﬁg



Rapidity Profile of L at Non-Central Collisions

Comment

* Little or no angular L at n = 0, even for non-zero bjy,

* Given that the CGC description is more reliable at higher collision energies, this suggests that
little angular momentum would be retained in n = 0 region in the glasma and subsequently in
the QGP at very high energies?

» Effect beyond the high-energy limit’s description may be more important for explaining the
spin polarization of hadrons observed at mid-rapidity at lower collision energies
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Summary and Outlook

Summary

 We apply the 3D glasma simulation, proposed in our previous work, to the early stage of Au-Au
collisions

 We investigate rapidity profiles for a wide range of physical quantities of the glasma in central
and non-central collision

Outlook

* The effects not considered in the current calculations, as well as making the model parameters
more realistic, should be contemplated to enable more quantitative discussions
(ex: N, = 2 - 3)

* Additionally, the next step, which is actually being explored currently, is to use the 3D glasma
description as an initial state model to provide the initial conditions for hydrodynamics and
make comparisons with experimental data.



