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Background: Significant theoretical uncertainties exist with respect to the initial condition of the hydrodynamic
description of ultrarelativistic heavy-ion collisions. Several approaches exist, of which some contain initial
momentum information. Its impact is commonly assumed to be small and final flow is seen as a linear response
to the initial-state eccentricity.

Purpose:The purpose of this work is to study the effect of exchanging initial condition models in a modular
hybrid approach, especially regarding changes in the event-by-event correlations of elliptic and triangular flow
with initial-state quantities like eccentricity and initial-state transverse momentum.

Method:This study is performed in the hybrid approach SMASH-vHLLE, composed of the hadronic transport
approach SMASH and the (3 + 1)d viscous hydrodynamic code vVHLLE. The initial condition models investi-
gated are SMASH IC, TRENTo, and IP-Glasma. Correlations are calculated on an event-by-event basis between
the eccentricities and momentum anisotropies of the initial state as well as the momentum anisotropies in the
final state, both for central and off-central collisions for AuAu collisions at /syy = 200 GeV. The response of
the final-state to initial-state properties is studied.

Results:This work demonstrates that, although averaged values for the initial eccentricities of these models
are very similar, substantial differences exist both in the distributions of eccentricities, the correlations among
the initial-state properties as well as in the correlations between initial-state and final-state properties. Notably,
whereas initial-state momentum anisotropy is shown to not affect the final-state flow, the presence of radial flow
affects the emergence of final-state momentum anisotropies.

Conclusions:Inclusion of radial flow in the linear fit improves the prediction of final-state flow from initial-state
properties. The presence of transverse momentum in the initial state has an effect on the emergence of flow and is
therefore a relevant part of initial-state models, challenging the common understanding of final-state momentum
anisotropies being a linear response to initial-state eccentricity only.

DOI: 10.1103/PhysRevC.110.034901

I. INTRODUCTION

One of the most important results of studying fundamental
properties of matter by colliding atomic nuclei at relativistic
velocities is the observation of collective behavior. Gold-gold
collisions at the Relativistic Heavy Ion Collider (RHIC) at
BNL showed signatures of a strongly interacting system with
a small mean free path, as long-range correlations and a sig-
nificant elliptic flow have been observed [1,2].

The current understanding for this elliptic (as well as
higher order) flow is the existence of initial-state eccentricities
€y, originating from the geometry of the collision and initial-
state fluctuations. They result in pressure anisotropies during
the evolution of the hot and dense matter. These, in turn, lead
to the momentum of the particles emitted to depend on the
azimuthal angle [3]. The resulting flows v, are often assumed
to be a linear response to the ¢, [4].

From the theoretical perspective, heavy-ion collisions have
been successfully described in hybrid approaches. These are
based on relativistic viscous fluid dynamics for the hot and
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dense stage and hadronic transport for the nonequilibrium
rescattering [5—11]. They combine the successful description
of hadronic transport at low energies, where hadronic interac-
tions prevail, with the high energy description of relativistic
hydrodynamic calculations. The hadronic transport typically
serves as a hadronic afterburner, which has shown to success-
fully reproduce experimental observables [12].

Relativistic viscous hydrodynamic calculations provide di-
rect access to the properties of the medium and a potential
phase transition, as the equation of state and the transport
coefficients are given as an input. Determining the functional
form of the shear viscosity over entropy ratio of nuclear matter
n/s is of special interest, as one expects a minimum near
the point of phase transition [13-20]. As the shear viscosity
counteracts pressure gradients in the fluid during hydrody-
namic evolution, its main effect is the reduction of the flow
coefficients. Therefore, the flow coefficients are the main ob-
servables to study 7/s [3]. In order to determine the minimum
of the shear viscosity as a function of the temperature, one
commonly resorts to Bayesian inference, which optimizes the
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input parameters, including the ones for the parametrization
of the shear viscosity, in order to describe experimental data
[13,16,17,21,22]. Although this approach has been successful,
it also became evident that such an inference is highly model
dependent, as has been demonstrated for the choice of the
particlization scheme [22].

A similar impact can be expected for choosing different
initial condition models. Due to the extremely short lifetime,
the initial state of heavy-ion collisions is experimentally not
accessible, leading to a variety of initial-state models to exist
[5,7,23-36]. This theoretical uncertainty of the initial-state
model is potentially limiting the predictive strength of a
Bayesian inference based on a singular initial-state model.
Indeed, the initial-state model provides the geometry and
fluctuations which are evolved into momentum anisotropy in
the final state, from which the shear viscosity is primarily
extracted [37,38].

In this work, the effect of changing the initial-state model
in a hybrid approach is studied. We compare three initial
conditions models for Au-Au collisions at ,/syy = 200 GeV:
the SMASH IC, which performs hadronic interactions until a
constant hypersurface of proper time, the parametric model
TrENTo [34], and the color-glass-condensate-based model
IP-Glasma [32]. A special focus is given to event-by-event
correlations between initial-state properties and final-state
flow observables, as well as to the impact of momentum space
in the initial state.

This work is structured as follows: In Sec. II, the hybrid
approach SMASH-vHLLE-hybrid, within which this study
is performed, is briefly summarized, as well as the different
initial conditions used in this study. In Sec. III, we show
that, although averaged properties of the initial conditions
are similar, systematic differences arise on an event-by-event
bases in the correlations between the initial-state and final-
state properties. To conclude, a brief summary and outlook
can be found in Sec. IV.

II. MODEL DESCRIPTION

The theoretical calculations presented in this work are
performed using the SMASH-vHLLE-hybrid approach [39],
which is publicly available and suited for the theoretical de-
scription of heavy-ion collisions between /syy = 4.3 GeV
and ./syy =5.02 TeV. SMASH-vHLLE-hybrid has been
shown to reproduce experimental data well across a wide
range of collision energies and conserves all charges (B, Q, S).
It is especially successful in reproducing the longitudinal
baryon dynamics at intermediate collision energies [5], which
was the primary motivation behind its development.

In the following section, a short overview of its compo-
nents is given (a more detailed description can be found in
Ref. [5]).

A. Hybrid approach

Hybrid approaches combine well-established models for
the different stages of a heavy-ion collision. The hot and
dense stage has been successfully described by (viscous) fluid
dynamics. On the other hand, microscopic nonequilibrium
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FIG. 1. Initial-state eccentricities for Au-Au collisions at
JVSny = 200 GeV as a function of the impact parameter for the three
models.

transport approaches are commonly chosen to describe the
cold and dilute stage.

1. Hydrodynamic evolution

vHLLE [40] is a 3 4+ 1-Dimensional viscous hydrodynam-
ics code and used to model the evolution of the hot and dense
fireball. It solves the hydrodynamic equations

8T =0, (1)
d,jb=0 8,jb=0 d,ji=0. )

These equations represent the conservation of net-baryon,
net-charge, and net-strangeness number currents as well as
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FIG. 2. Initial-state eccentricities for Pb-Pb collisions at \/syy =
5020 GeV as a function of the impact parameter for the three models.
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FIG. 3. Initial-state eccentricities for O-O collisions at \/syy = 7
TeV as a function of the impact parameter for the three models.

the conservation of energy and momentum. The energy-
momentum tensor is decomposed as

T = euu’ — A (p + 1) + 7" 3)

with € the local rest frame energy density, p and IT the equi-
librium and bulk pressure and w" is the shear stress tensor.
These equations are solved in the second order Israel-Stewart
framework [41,42].

At this step, particles have been converted into fluid el-
ements which are evolved using a chiral mean-field model
equation of state [43-45] which is matched to a hadron
resonance gas at low-energy densities. Although the equa-
tion of state originates from the parity doublet model, it has
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FIG. 4. Initial-state eccentricities for all three models for Au-Au
collisions at /syy = 200 GeV.
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FIG. 5. Final-state flows for all three models for Au-Au colli-
sions at /syy = 200 GeV.

been shown to match predictions by lattice QCD well. The
evolution is performed until a switching energy density is
reached, which is set in this work to a default value of €gyitch =
0.5 GeV/fm>. At this point, the freeze-out hypersurface is
constructed using the CORNELIUS subroutine [46] and the
thermodynamical properties of the freeze-out elements are
calculated according to the SMASH hadron resonance gas
equation of state [5] to prevent discontinuities. The shear
viscosity is chosen according to Ref. [47], which defines an
energy-density-dependent value of the shear viscosity. This
reduces the impact of the choice of the technical parameter
€sw, the value energy density at which the degrees of freedom
in the description are changed to particles. As the hybrid
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FIG. 6. The response function v, /¢, for all three models for Au-
Au collisions at ./syy = 200 GeV.
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FIG. 7. Distribution of the initial-state eccentricities. On the di-
agonal, the normalized probability density distribution is shown. On
the top right, a 2D scatter plot of the €,-¢; distribution. The lower left
plot shows the relationship of the two quantities, with the center of
the ellipse at the mean of €, and €3, width and height are the variance
of €, and €3, respectively, and the angle shows the covariance. Data
at 0-5% centrality (top) and 20-30% centrality (bottom) for Au-Au
collisions at ,/syy = 200 GeV.

approach is three dimensional (3D), the 2D initial-state mod-
els need to be extended. This is performed in the same way as
in Ref. [48]: The 2D profile is extended on a rapidity plateau,
until it falls off with a Gaussian profile. For IC models which
do not contain inherent information about the available energy
in the collision, such as TRENTo and IP-Glasma, the energy
profile is rescaled such that the total energy in the system is
equal to the energy of all participants. Similarly to Ref. [48],
although both TRENTo and IP-Glasma do not contain electric
and baryon charge, we deposit both of them in gaussians
around the beam rapidity.
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FIG. 8. Distribution of the final-state flows. The diagonal shows
the normalized probability density distribution. On the top right, a
2D scatter plot of the v,-v; distribution. The lower left plot shows
the relationship of the two quantities, with the center of the ellipse at
the mean of v, and v3, width and height are the variance of v, and
vs, respectively, and the angle shows the covariance. Data at 0-5%
centrality (top) and 20-30% centrality (bottom) for Au-Au collisions
at /syy = 200 GeV.

2. Particle sampler

As SMASH evolves particles and not fluid elements, parti-
clization has to be performed, for which the SMASH-vHLLE
hybrid approach applies the SMASH-hadron-sampler [49].
The SMASH-hadron-sampler employs the grand-canonical
ensemble in order to particlize each surface element in-
dependently. Hadrons are sampled according to a Poisson
distribution with the mean at the thermal multiplicity, and
momenta are sampled according to the Cooper-Frye for-
mula [50]. The corrections to the distribution function & fyhear
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FIG. 9. Pearson correlation matrix for all three initial-state models, at 0-5% centrality (top) and 20-30% centrality (bottom) for Au-Au

collisions at /syy = 200 GeV.

associated to a finite shear viscosity are considered using the
Grad’s 14-moment ansatz, for which we assume that the cor-
rection is the same for all hadron species, and omit corrections
for charge diffusion. Due to (7, ug) dependence of the shear
viscosity, the corrections also have this dependence implicitly.
This procedure provides a particle list that can be evolved
by SMASH. A more thorough introduction into the sampling
procedure can be found in Ref. [6].

3. Hadronic transport

SMASH [51-53] effectively solves the relativistic Boltz-
mann equation by simulating the collision integral through
formations, decays and scatterings of hadronic resonances, for
which all hadrons listed by the PDG up to a mass of 2.35 GeV
are included [54]. For hadronic interactions at high energies,
hard scatterings are carried out within Pythia 8 [55] and a soft
string model is employed.

The relativistic Boltzmann equation becomes applicable in
the late stage of the evolution, when the system has cooled
down and expanded far enough to be out of equilibrium. In
this last stage of the hybrid evolution, SMASH is employed
for hadron rescattering. The hadrons obtained from particliza-
tion on the Cooper-Frye hypersurface are propagated back
to the earliest time and appear subsequently in the hadronic
transport evolution and scatter or decay. The calculation is

terminated when the medium becomes sufficiently dilute for
any interactions to cease.

B. Initial conditions

The input to the viscous relativistic hydrodynamic model
is the initial condition, which describes the evolution of the
system before the applicability of hydrodynamics. In the fol-
lowing, three different initial condition models are introduced:
initial conditions extracted from SMASH, the TRENTo [34] as
well as the IP-Glasma [32] model, whereas the SMASH initial
condition is the default choice in SMASH-vHLLE-hybrid,
both TRENTo as well as IP-Glasma are among the most com-
mon choices of initial conditions for Bayesian inference. As
TrENTo and IP-Glasma are 2D models, they are suited for
high-energy collisions only, whereas SMASH provides full
3D initial conditions. We restrict ourselves therefore to high
energies, with a focus on ,/syy = 200 GeV. Additionally, we
compare our results with SMASH to the intermediate-energy
case of \/syy = 17.3 GeV. All three initial condition models
sample the original nucleon positions from a Woods-Saxon
distribution with identical parameters. Substantial differences
arise therefore on the treatment of the collision itself.

1. SMASH IC

SMASH generates initial conditions by letting the particles
of the colliding nuclei interact until the individual particles
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TABLE I. Regression results for v, with SMASH IC at 0-5% centrality, /syy = 200 GeV.

Coefficient p value Coefficient p value Coefficient p value Coefficient p value Coefficient p value

e e e & () (ri€) vl vl vl € 2
2.86 x 1071 £ 0.00 - - - - - - - - 0.763
5.8 x 1073

2.26 x 1071 & 0.00 8.09x1072%  0.00 - - - - - - 0.783
9.1 x 1073 9.7 x 1073

1.72 x 107! &+ 0.00 - - 3.65x 107+ 0.00 - - - - 0.804
1.1 x 1072 2.9 x 1077

2.29 x 1071 &+ 0.00 - - - - 494 x 107"+ 0.00 - - 0.781
9.1 x 1073 6.2 x 1072

1.93 x 107" &+ 0.00 450x10724+  0.00 - - 245x 107"+ 0.00 3.14x107'£ 0.00 0.794
1.0 x 1072 1.1x 1072 7.1 x 1072 7.8 x 1072

1.70 x 107! &+ 0.00 1.L12x1072+£ 357x 321x10°+ 000 210x10724+ 789x 477x1072+ 587 x 0.804
1.1 x1072 1.2 x 1072 107! 5.3 x 1077 7.8 x 1072 107! 8.8 x 1072 107!

reach a proper time 7y, on which they are removed from the
simulation. This continues until the last particle has reached
the hypersurface of constant proper time. This procedure is
necessary, as SMASH is realized in Cartesian coordinates,
whereas the hydrodynamic evolution is performed in Milne
coordinates. 7y corresponds to the passing time of the two
nuclei
Rp + Rt

NN = —F—,
(5 -1

2my

“

where Rp and Ry are the radii of projectile and target, respec-
tively. \/syy is the collision energy and my is the nucleon
mass. The passing time is limited to be at least 0.5 fm/c, in
order to ensure thermalization even for ultrarelativistic col-
lisions. This follows the assumption that at this time local
equilibrium is reached and the hydrodynamic description be-
comes applicable [56,57]. The effect of this is that for fixed
center-of-mass energy and nuclei, the passing time is fixed. In
order to initialize the hydrodynamic evolution with the iso-t
particle list generated from SMASH, smoothing has to be
performed in order to prevent shock waves. For this purpose, a

Gaussian smearing kernel [6] with the parameters taken from
Ref. [5] is applied. The values of the smearing parameters are
essential for tuning the initial condition in order to agree with
experimental data, as has been shown with similar approaches
[58]. It is important to note that the SMASH IC gives access to
the initial momentum of the fluid, as well as to charge, baryon,
and strange density. Additionally, it has been shown to capture
baryon stopping well [5].

2. TRENTo

TrENTo is generalized, parametric ansatz for the entropy
density deposition from the participant nucleons as follows:

Tr(p;Th, Tg) = (T{ + 1) ", (5

where T, p are the thickness profiles of the two incoming
nuclei and p is a dimensionless parameter which interpolates
between the simplified functional forms of the initial entropy
density profile in different initial-state models, e.g., p = 1
corresponds to a Monte Carlo wounded nucleon model,
whereas p = 0 is functionally similar to EKRT and IP-Glasma
models. Other important parameters are the nucleon width

TABLE II. Regression results for vs with SMASH IC at 0-5% centrality, /syy = 200 GeV.

Coefficient p value Coefficient p value Coefficient  p value Coefficient p value Coefficient p value

€ € € € <pITC) <pITC> vi¢ vi¢ Vi€ vi¢ r?

- - 1.93 x 107"+ 0.00 - - - - - - 0.688
4.7 x 1073

528 x 1072 + 0.00 1.48x107'4+  0.00 - - - - - - 0.711

7.0 x 1073 7.5 x 1073

- - 1.06 x 107"+ 0.00 254 %107+  0.00 - - - - 0.728
9.4 x 1073 2.4 x 1077

- - 1.54 x 1071 &£ 0.00 - - 3.1 x 107" £ 0.00 - - 0.705
7.5 %1073 4.8 x 1072

2.98 x 1072 & 000 1.23x107"%£ 0.00 - - 1.09 x 107"+ 450 x 292x 107"+  0.00 0.724

7.9 x 1073 8.5 x 1073 5.4 %1072 1072 6.0 x 1072

1.66 x 10724+ 475x 1.04x107'+£ 000 181 x10%+ 0.00 -1.79x1072+ 7.68x 141 x107'+£ 3.80x 0.731

8.4 x 1073 1072 9.4 x 1073 4.1 x 1077 6.1 x 1072 107! 6.8 x 1072 1072
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TABLE III. Regression results for v; with SMASH IC at 20-30% centrality, /syy = 200 GeV.

Coefficient pvalue  Coefficient  pvalue  Coefficient  pvalue  Coefficient  pvalue  Coefficient  p value

€ € € & (PF) (PF) vi€ vi¢ i€ vi€ r?
2.53x 107! £ 0.00 - - - - - - - - 0.869
3.6 x 1073

228 x 107! £ 0.00 551x1072&  0.00 - - - - - - 0872
6.5 x 1073 1.2 x 1072

1.60 x 107! &+ 0.00 - - 191 x 1075+ 0.00 - - - - 0.885
9.6 x 1073 1.9 x 107°

2.28 x 1071 £ 0.00 - - - - 401 x 107"+ 0.00 - - 0872
6.5 x 1073 8.8 x 1072

2.03 x 107! £ 0.00 337x1072+  0.01 - - 261 x107'+  0.00 330x107'£ 0.00 0.876
8.4 x 1073 1.3 x 1072 9.3 x 1072 1.1 x 107!

1.57 x 107" £ 0.00 131x1034+ 920x 1.81x107°+£ 0.00 -7.09x10734+ 941 x 126x 107"+ 2.38x 0.885
1.0 x 1072 1.3 x 1072 107! 2.3 x10°¢ 9.5 x 1072 107! 1.1 x 107! 107!

and the shape of the nucleon fluctuations. In this work, we
use the parameters extracted from Bayesian inference [13],
without the use of nuclear substructure. As TRENTo offers
only a description of the entropy/energy profile, information
about the momentum space is lacking. It can therefore serve
as a benchmark in comparison to the other models used in this
work, which provide initial momentum information. TRENTo
has been extensively used for Bayesian inference studies, as
its parametric setup allows to investigate various shapes of the
density profile [13,59-61].

3. IP-Glasma

Another way to describe the initial state is motivated from
the color-glass condensate framework [62], an effective field
theory representation of QCD. The CGC action can be written
as follows [63]:

1
Scee = /d4x<_ZF;quaW + JaMAZ>, (6)

where J# is the source of soft gluons, which is the current
represents hard partons, and F**" is the non-Abelian field

strength tensor. a is the color index. The CGC can be used
to generate initial collisions in form of the IP-Glasma model
[32,64,65], which uses the IP-Sat approach [24,25] to incor-
porate the fluctuation of the initial color configuration of the
two ultrarelativistic colliding nuclei. The color charges are
sources for soft gluon fields at small x, which, due to their
large occupation number, can be treated as classically. This
means that their evolution obeys the Yang-Mills equation:

[Dy, 1] = J" (N

with DY =5, — igA,1“, where ¢ represents the color SU(3)
matrices. The color current J¢#* = §#*+ o4 /B(x“F, X ) is gener-
ated by nucleus A/B moving along the light-cone direction
xt/x~ and p® represents the color charge distribution gen-
erated from IP-Sat. The input to fluid dynamics at proper
time 7 is generated by solving the classical Yang-Mills equa-
tions event by event, which produces the Glasma distributions.
The parameters used in this study are the default parameters
of the public IP-Glasma repository [66].

TABLE IV. Regression results for v; with SMASH IC at 20-30% centrality, /syn = 200 GeV.

Coefficient p value Coefficient p value Coefficient  p value Coefficient p value Coefficient p value

€ € € € (pITC) (pITC) vi¢ vi¢ viC vi¢ r?

- - 1.33 x 107" &£ 0.00 - - - - - - 0.617
3.8 x 1073

3.76 x 1072 + 0.00 7.41x10724+  0.00 - - - - - - 0.668

3.5%x 1073 6.6 x 1073

- - 464 x10724+  0.00 1.03x1075+£  0.00 - - - - 0.700
6.9 x 1073 7.1 x 1077

- - 9.11 x 1072+ 0.00 - - 3.85x 107" £ 0.00 - - 0.654
5.9 x 1073 43 x 1072

231 x 1072 & 000 6.16x 1072+  0.00 - - 179 x 107"+ 0.00 1.61 x 107"+ 0.01 0.678

4.6 x 1073 6.9 x 1073 5.0 x 1072 5.8 x 1072

7.00x 10744+ 897 x 448 x 10724+ 0.00 9.44x10%4+  0.00 391 x102+ 449x 552x102£ 3.40x 0.701

5.4 x 1073 107! 7.1 x 1073 1.3 x 1076 5.2 x 1072 107! 5.8 x 1072 107!
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TABLE V. Regression results for v, with IP-Glasma at 0-5% centrality, /syy = 200 GeV.

Coefficient p value Coefficient p value Coefficient p value Coefficient p value
€2 € € € (PF) (PF) € €p r
439 x 107! &+ 0.00 - - - - - - 0.745
9.4 x 1073
247 x 107! £ 0.00 2.68 x 107! £ 0.00 - - - - 0.838
1.2 x 1072 1.3 x 1072
3.55x 1072 £ 0.00 - - 5.99 x 1076 £ 0.00 - - 0.930
1.0 x 1072 1.3 x 1077
241 x 107" £ 0.00 - - - - 4.02+ 2.0 x 0.00 0.833
1.2 x 1072 107!
1.67 x 107! £ 0.00 1.90 x 107! & 0.00 - - 274 £ 2.0 x 0.00 0.872
1.2 x 1072 1.3 x 1072 107!
3.36 x 1072 £ 0.00 3.32x 1072 £ 0.00 5.37 x 107% £ 0.00 4.07 x 107! & 1.73 x 0.931
1.0 x 1072 1.1 x 1072 2.1 x 1077 1.7 x 107! 1072
TABLE VI. Regression results for v; with IP-Glasma at 0-5% centrality, /syy = 200 GeV.
Coefficient p value Coefficient p value Coefficient p value Coefficient p value
€ € €3 €3 <p17(~:> <pITC> Ep Gp r2
- - 1.39 x 107! &+ 0.00 - - - - 0.680
3.5%x 1073
5.60 x 1072 & 0.00 9.19 x 1072 £ 0.00 - - - - 0.732
4.7 x 1073 5.1 x 1073
- - 3.53x 1072 £ 0.00 1.42 x 107% & 0.00 - - 0.789
6.0 x 1073 7.2 x 1078
- - 8.84 x 1072 + 0.00 - - 9.64 x 107! £ 0.00 0.737
5.1 x 1073 7.6 x 1072
3.62 x 1072 & 0.00 7.26 x 1072 £ 0.00 - - 6.84 x 107! & 0.00 0.754
5.1 x 1073 5.4 x 1073 8.3 x 1072
433 x 1073 £ 4.30 x 3.52x 1072 £ 0.00 1.28 x 107¢ £ 0.00 1.29 x 107" & 1.58 x 0.790
5.5x 1073 107! 6.0 x 1073 1.1 x 1077 9.1 x 1072 107!
TABLE VII. Regression results for v, with IP-Glasma at 20-30% centrality, \/syy = 200 GeV.
Coefficient p value Coefficient p value Coefficient p value Coefficient p value
€ € & & (P (P € € r?
277 x 107" £ 0.00 - - - - - - 0.879
3.8 x 1073
221 x 107" £ 0.00 1.08 x 107! & 0.00 - - - - 0.894
6.6 x 1073 1.1 x 1072
1.26 x 107! & 0.00 - - 1.17 x 1075 & 0.00 - - 0.924
7.8 x 1073 5.6 x 1077
226 x 107" £ 0.00 - - - - 1.84 £+ 2.0 x 0.00 0.892
6.5 x 1073 107!
1.92 x 107! &+ 0.00 8.79 x 1072 + 0.00 - - 143+ 1.9 x 0.00 0.901
7.5 x 1073 1.1 x 1072 107!
1.19 x 107! & 0.00 247 x 1072 £ 1.57 x 1.04 x 1075 &+ 0.00 3.97 x 1071 £ 2.98 x 0.925
8.1 x 1073 1.0 x 1072 1072 6.8 x 1077 1.8 x 107! 1072
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TABLE VIII. Regression results for v; with [P-Glasma at 20-30% centrality, ./syy = 200 GeV.

Coefficient p value Coefficient p value Coefficient p value Coefficient p value

€ € €3 €3 <p17(~:> <p17(~:> Ep Ep r2

- - 1.45 x 107! &+ 0.00 - - - - 0.725
3.3 x 1073

547 x 1072 £ 0.00 7.04 x 1072 £ 0.00 - - - - 0.801

3.2 x 1073 5.2 x 1073

- - 5.06 x 1072 £ 0.00 4.78 x 1076 £ 0.00 - - 0.818
5.5x 1073 2.4 x 1077

- - 9.84 x 1072 £ 0.00 - - .12+ 8.9 x 0.00 0.773
4.8 x 1073 1072

441 x 1072 £ 0.00 6.31 x 1072 £ 0.00 - - 5.19 x 107! & 0.00 0.808

3.7 x 1073 5.3 x 1073 9.7 x 1072

2.19 x 1072 £ 0.00 438 x 1072 £ 0.00 3.18 x 1076 £ 0.00 2.03 x 1071 £ 4.02 x 0.826

4.4 x 1073 5.5x 1073 3.7 x 1077 9.9 x 1072 1072

4. Configuration details

For each setup presented, unless stated otherwise, 750
event-by-event viscous hydrodynamics events were gener-
ated per centrality class, each initialized from a separate
initial-state event. The IP-Glasma events were generated by
running the glasma evolution until v = 0.5 fm, which is
identical to the passing time of SMASH IC at 200 GeV.
From the resulting freeze-out hypersurface 1000 events are
sampled for the hadronic afterburner evolution, in order to av-
erage out final-state effects. Unless stated otherwise, the code
versions SMASH-vHLLE-hybrid:298ebfa, vHLLE:0a10d56,
SMASH-2.2, vhlle-params:4bfe48a and SMASH-hadron-
sampler-1.1 are used in this work. As pointed out above, the
whole evolution for all three initial conditions is identical
once the hydrodynamic stage has been reached, as the same
viscosity, equation of state, switching energy density, etc., are
chosen. The initial profiles are normalized such that the inte-
grated energy of the fluid is the same as the energy deposited
by the participants of the collision.

III. RESULTS

In the following, we compare results based on the follow-
ing properties of the different initial-state models:

(i) The initial elliptic and triangular eccentricities of the
energy densities generated by the initial condition
model, €, and €3, which are calculated by integrating
on the grid

_ [ rie(r)edr

= [ re(rydr ©

with the energy density in the grid cell at r, €(r). We
restrict this to a 2D integration at midrapidity.

The final-state elliptic and triangular flow of charged
hadrons, calculated from the scalar product method
[67], v and v3.

The final-state transverse flow at midrapidity, (pr).
In the case of the SMASH and IP-Glasma initial
condition, the average initial-state radial flow, ( pITC),
calculated directly from the momentum of initial-state

(ii)

(iii)
(iv)

particles for SMASH and from the energy-momentum
tensor for IP-Glasma as ~/ T2 + T2

In the case of the SMASH initial condition, the initial-
state elliptic and triangular flow, calculated from the
particles in the initial-state using the scalar product
method [67], v and vIC.

In the case of the IP-Glasma initial condition, the
initial-state momentum anisotropy, €, as defined in
Ref. [68].

)

(vi)

Flows and eccentricities were calculated using the software
package SPARKX in the version 1.1 [69].

It is important to note that the results in the following
comparison are dependent on the parameters chosen for each
of the models. TRENTo is a parametric model, and SMASH
IC has smoothing parameters. By changing parameters, differ-
ences between the models can increase or decrease. However,
we fixed the parameters of these models by the agreement
with experimental data. We therefore compare the initial
condition models under the assumption that parameters are
chosen which lead to minimal tension with experimental data.

A. Averaged quantities

Figures 1-3 show €, and €3 as a function of the impact
parameter for three experimentally relevant systems: Au-Au
collisions at /syy = 200 GeV, Pb-Pb collisions at /syny =
5020 GeV and O-O collisions at ,/syy = 7 TeV. As TRENTo
does not provide oxygen configurations, they were taken from
Ref. [70]. For all these systems, the passing time is 0.5 fm/c.
For both Au-Au collisions at ,/syy =200 GeV and Pb-Pb
collisions at /syy = 5020 GeV, the three models give similar
results with comparable increase as a function of the impact
parameter. In both cases, IP-Glasma produces the highest
values for the eccentricities, expect for €3 in very periph-
eral collisions at high energies, where SMASH gives slightly
higher values. Similarly as has been observed in Ref. [71],
even for almost central collisions the eccentricity stays finite,
especially for IP-Glasma. A good agreement between pre-
dictions for eccentricities between different models has been
also observed in Ref. [72]. This changes substantially when

034901-9



GOTZ, CONSTANTIN, AND ELFNER

PHYSICAL REVIEW C 110, 034901 (2024)

IPG 0-5%, V>

0.075 A
[ ]
0.050 .
0.025 -
n
M 0.000 A
=
' —0.025 A
()]
&£ —0.050 4
—0.075 1 Fit on &;
_0.1004 * Fitonezand (pF)
0.00 0.05 0.10 0.15 0.20 0.25 0.30
&2
SMASH 20-30%, vs3
Fit on €3
0.06 1 “ e Fiton &3 and (p/)
o e S0 00 °
0.04 4 $500, %8 g0
“ Pty :
©
=
S
0
[V]
('
—0.04 - *
[ ]
0.0 0.1 0.2 0.3 0.4
&3

FIG. 10. Residuals between observed and fitted values for a fit
on ¢, on the one hand, and ¢, and (pITC), on the other hand, for a
simulation with IP-Glasma at 0-5% centrality (top). The same plot
for midcentral collisions in SMASH, for the fit with v; on €3 (bottom)
for Au-Au collisions at ,/syy = 200 GeV.

looking at small nuclei in Fig. 3. SMASH and IP-Glasma are
still comparable, but TR ENTo gives now much more spherical
profiles with only small impact-parameter dependence. In
the following, we restrict ourselves to /syy = 200 GeV in
order to limit computational costs while at the same time
achieving statistically significant statements. Figures 4 and 5
show the averaged values of €;, €3, v, and v3 for the three
models for Au-Au collisions at /syy = 200 GeV at 0-5%
and 20-30% centrality, respectively. As expected from Fig. 1,
the eccentricities of the models have similar values in both
centrality classes. Especially TRENTo and the transport IC
lead to similiar values of final-state flow, as was also seen at
lower energies in Ref. [48]. However, the SMASH IC here
leads to slightly greater flow than TRENTo . The differences
are slightly greater for the final-state flow, which is in general
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FIG. 11. Pearson correlation matrix for SMASH at ./syy = 17.3
GeV at 0-5% centrality (top) and 20-30% centrality (bottom).

greater when IP-Glasma is employed as an initial-state model,
especially for central collisions. Although this suggests
that the models produce comparable results, more intricate
differences arise when looking at the response function in
Fig. 6. Although the only change in the three setups is the
choice of the initial condition model, the response to initial-
state eccentricities differs, especially at low eccentricities.
Deeper insights into this can be gained by looking into the
distribution of the variables in an event-by-event basis. It
was also observed earlier that while the average eccentricities
between different models might agree, this is not necessarily
given for the distribution of eccentricities [72].

B. Event-by-event distributions

Figures 7 and 8 show the eccentricity and flow distribu-
tion, respectively. In the case of eccentricities, we see that
SMASH has a lot more peaked distribution of eccentrici-
ties, especially at central collisions, where the distribution
for IP-Glasma and TRENTo is very similar. This changes for
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TABLE IX. Regression results for v, with SMASH IC at 0-5% centrality, /syy = 17.3 GeV.

Coefficient pvalue  Coefficient  pvalue  Coefficient  pvalue  Coefficient  pvalue  Coefficient  p value

& & & 2 () (PF) vy° vy° vy vt
2.52x 107! £ 0.00 - - - - - - - - 0616
7.3 x 1073

1.96 x 107! £ 0.00 7.88x10724&  0.00 - - - - - - 0.636
1.1 x 1072 1.2 x 1072

1.67 x 107! + 0.00 - - 9.01 x 107+  0.00 - - - - 0.638
1.4 x 1072 1.3x10°°

2.04 x 107" £ 0.00 - - - - 1.85x 1071 £ 0.00 - - 0.630
1.1 x 1072 3.4 x 1072

1.75 x 107! £ 0.00 544x1072&  0.00 - - 9.14x 1072+ 218 x 6.02x 1072+ 1.98 x 0.640
1.3 x 1072 1.5 x 1072 4.0 x 1072 1072 4.7 x 1072 107!

1.65 x 107! £ 0.00 413x10724+ 1.22x 432x10°%+ 7.07x 498x102+ 279x 1.70x 10724+ 7.46 x 0.642
1.5 x 1072 1.6 x 1072 1072 2.4 x10°¢ 1072 4.6 x 1072 107! 5.2 x 1072 107!

off-central collisions, where the distribution of SMASH stays
more peaked for €, but becomes comparable to TRENTo
for €3. In both cases, IP-Glasma is spread out considerably
wider. For both centralities and all three models, there is no
significant €,-€3 correlation, and the spread in €, is greater
than for 3. Although final-state flows are often seen as a linear
response to initial-state eccentricities, the initial-state distri-
butions vary in their behavior from the final-state properties.
For both centrality classes, the distributions for the TRENTo
model are more peaked than the results with SMASH and
IP-Glasma. Additionally, we now observe significant corre-
lations, as can be seen in the orientations of the ellipses at the
lower left corner. SMASH and IP-Glasma results show a pos-
itive correlation between v, and vz, whereas TR ENTo exhibits
a negative correlation for central events. This shows that the
properties of final-state flow cannot be exclusively reduced
to the initial-state eccentricties, even if other elements of the
hybrid approach are fixed. In the following, we take a look
at possible candidates to explain the deviations between the
models.

C. Pearson correlations

Figure 9 shows the Pearson correlation matrix for all
relevant quantities for all three models at the studied cen-
trality classes. We find here also the observed correlations
from Figs. 7 and 8. Regarding the ¢,-v,-correlations, we
observe that these are in general the strongest for TRENTo
and SMASH. For IP-Glasma, they become especially weak
for central collisions, which can be explained by the higher
granularity of the IP-Glasma initial conditions and therefore
the higher impact of fluctuations. Whereas they increase both
for TRENTo and IP-Glasma when going to more off-central
collisions, they decrease in the case of SMASH. In com-
parison with Ref. [73], where it was found that in general,
the correlation ¢,-v, increases for more off-central collisions
using NeXus events, we see that this can not be generalized
to all initial condition models. For SMASH, we see that
the initial-state flows do not exhibit any significant correla-
tion with final-state or initial-state observables. The case is
less clear for central IP-Glasma events, where the correlation

TABLE X. Regression results for v; with SMASH IC at 0-5% centrality, ./syy = 17.3 GeV.

Coefficient p value Coefficient p value Coefficient  p value Coefficient p value Coefficient p value

€ € € € (pITC) <pITC) vi¢ vi¢ viC vi¢ r?

- - 1.01 x 107" &£ 0.00 - - - - - - 0.097
1.1 x 1072

278 x 10724+ 883 x 771 x1072£  0.00 - - - - - - 0.101

1.6 x 1072 1072 1.8 x 1072

- - 542x 10724+ 229x 444 x107°+ 273 x - - - - 0.103
2.4 x 1072 1072 2.0 x 107 1072

- - 733 x 1072+ 0.00 - - 9.44 x 10724+ 6.25 x - - 0.102
1.8 x 1072 5.1x 1072 1072

821 x 103+ 6.73x 553x1072£  0.01 - - 511 x 10724+ 376 x 9.06x 1072+ 1.81 x 0.105

1.9 x 1072 107! 2.1 x 1072 5.8 x 1072 107! 6.8 x 1072 107!

526 x 103+ 804x 516x10724+ 3.09x 1.22x10%4+ 725x 393x102+ 556x 7.85x102+ 3.03x 0.105

2.1 x 1072 107! 2.4 x 1072 1072 3.5x 107 107! 6.7 x 1072 107! 7.6 x 1072 107!
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TABLE XI. Regression results for v, with SMASH IC at 20-30% centrality, \/syy = 17.3 GeV.

Coefficient pvalue  Coefficient  pvalue  Coefficient  pvalue  Coefficient  pvalue  Coefficient  p value

€ € € € (PF) (PF) vi€ vi€ Vi€ vi€ r?
2.11 x 1071 £ 0.00 - - - - - - - - 0922
2.2 x 1073

1.94 x 107! £ 0.00 392x1072+  0.00 - - - - - - 0925
3.9 x 1073 7.6 x 1073

1.63 x 107! + 0.00 - - 3.09 x 1075+ 0.00 - - - - 0930
5.6 x 1073 3.3x10°¢

1.94 x 107! &+ 0.00 - - - - 1.23x 1071+ 0.00 - - 0925
4.0 x 1073 2.5 x 1072

1.82 x 107! £ 0.00 273x10724&  0.00 - - 837x 1072+ 0.00 483x1072+ 8.62x 0927
5.0 x 1073 8.1 x 1073 2.6 x 1072 2.8 x 1072 1072

1.62 x 107! + 0.00 730x10734+ 3.88x 296x10°4+ 000 137x102+ 620x -2.11x10724+ 4.73 x 0.931
5.7 x 1073 8.5 x 1073 107! 45x10°° 2.8 x 1072 107! 2.9 x 1072 107!

between €, and v, becomes of the same magnitude as the
€-v; correlation, albeit both at a very low level. This is in line
with the observation in Ref. [68], which observed a opposite
behavior of €, and v, as a function of multiplicity. It was also
observed in Ref. [74] that classifying the initial state by ec-
centricities, average square radius of the initial state as well as
total energy per unit rapidity can be used to predict final-state
flows well, which is in line with our observation that there is
no correlation between initial-state and final-state momentum
anisotropy. Looking at the final-state transverse momentum,
the picture is very different for the three models. In the case
of TRENTo, it is slightly anticorrelated with all initial- and
final-state properties in the central collision, and even stronger
anticorrelated at off-central collisions. In SMASH on the other
hand, a strong anticorrelation is only observed towards final
flows, and in the case of IP-Glasma, no significant corre-
lation is observed. It is noteworthy that SMASH exhibits a
significant correlation between radial flow and final transverse
momentum, much stronger than what one finds for IP-Glasma.
SMASH additionally shows a slight anticorrelation between
initial-state eccentricities and the radial flow. The initial ellip-
ticity is negatively correlated to the inverse root-mean-square

radius. Smaller, more compact sources give larger transverse
momentum but a smaller deformation.

D. Regression

The assumption of a linear relationship between initial ec-
centricities and final-state flow can be seen as applying a linear
regression model. Due to our access to additional initial-state
properties, we can test whether further initial-state properties
contribute to the emergence of final-state flow, apart from
the relevant eccentricity mode. It is important to stress that
it is not sufficient to only study the correlations for this, as
correlations only capture the relationship between two vari-
ables, but we are interested in a multiple linear statement.
This can be clarified in a simple example. Assume that there
are two initial-state properties both contributing to v, with
vy = 2€, + €,, and both initial-state properties being perfectly
anticorrelated. Although ¢, is also a source of v,, depending
on the data at hand, the Pearson correlation will be negative, as
the effect is shadowed by the stronger contribution of €,. For
the SMASH and IP-Glasma initial conditions at both studied
centrality classes, a selection of linear regressions on different

TABLE XII. Regression results for v; with SMASH IC at 20-30% centrality, ./syy = 17.3 GeV.

Coefficient p value Coefficient pvalue Coefficient p value Coefficient p value Coefficient p value

€ € € € ( pITC> (pITC) viC vi¢ Vi€ Vi€ r?

- - 6.38x1072 £ 0.00 - - - - - - 0.184
4.9x1073

1.09x1072 £  1.34x107% 4.62x1072 4+ 0.00 - - - - - - 0.190

4.4x1073 8.6x1073

- - 3.57x1072 £ 0.00 9.79x107% &+ 0.00 - - - - 0.195
9.8x107? 3.0x107°

- - 5.36x1072 £ 0.00 - - 4.03x1072 £ 1.06x107! - - 0.187
8.0x1073 2.5x1072

7.93x107* £ 1.70x107! 4.34x10724+  0.00 - - 4.53x107% &+ 8.81x107" 2.80x1072 £ 3.86x10710.191

5.8x1073 9.3x1073 3.0x1072 3.2x1072

8.43x10™* 4+ 9.01x107' 3.62x10724&  0.00 1.08x1075 £+ 4.19%x1072 -2.09%x1072 £ 5.22x107! 2.79x1073 £ 9.36x107'0.196

6.7x1073 1.0x1072 5.3%x107° 3.3x1072 3.5x1072
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initial-state properties for both v, and v; are given in the
Appendix. For all used explanatory data, we report the result
of the coefficient as well as the p value, which gives the prob-
ability of receiving the outcome under the null hypothesis. As
a rule of thumb, a p value smaller than 0.05 is necessary but
not sufficient to consider the inclusion a dependent variable as
statistically significant. Additionally we report 72, which is a
common measure on how well the resulting model manages
to predict the dependent variable. r? is the proportion of the
variation of the dependent variable that is predictable from
the independent variables on the basis of the model. Adding
further independent variables is always expected to slightly
improve r2. For all the observed cases, we can, however,
determine that the inclusion of (p'C) is statistically signifi-
cant and improves 7> considerably more than the inclusion
of any of the other independent variables. We can see in
Tables I-IV that the effect is especially strong for IP-Glasma,
which contains a significant amount of transverse momentum.
However, Tables V-VIII show that the effect, albeit smaller,
is qualitatively similiar for SMASH. Due to this consistent
and significant improvement, it becomes clear that the radial
flow in the initial state is a next-to-leading order contribu-
tion to final-state flows. A stronger transverse push yields a
stronger hydrodynamic response of the spectra to the initial
azimuthal deformation. The strength of the improvement in
r? is generally stronger for IP-Glasma due to its higher radial
flow. This explains the differences in the response functions
observed earlier: Depending on the initial condition model,
the presence of initial-state transverse flow modifies the re-
sponse to initial-state eccentricites. The eccentricity alone
is not the only aspect of the initial state which determines
initial-state flow. The effect of including radial flow in the
predictor of final-state flow becomes clear in Fig. 10. Here we
show the residuals of the prediction of the linear regression
model with respect to the observed value in two cases where
the improvement by including a second independent variable
was especially significant. In both cases, this compensates to
high predictions of flow for small eccentricities, and too small
predictions for the flow at high eccentricities. For events with
small eccentricities, radial flow becomes the main contribu-
tion to the final flow.

E. SMASH at intermediate energies

As the SMASH IC is a three-dimensional initial condition
model, it can be also applied to lower collision energies.
Therefore, we can extend the study of this initial condi-
tion model also to the case of PbPb @ /syy = 17.3 GeV,
where the passing time is 1.44 fm/c. The correlation matrix
in Fig. 11 shows a weaker dependence between €3 and vz in
comparison to the high-energy case. Additionally, the corre-
lation between the flow modes is also reduced, hinting at a
stronger role of nonflow for vs;. We observe a greatly increased
relationship between radial flow and final transverse flow,
whereas the relationship between eccentricities and radial
flow remains roughly unchanged. Again, tables of different
linear regression models can be found in Tables IX—XII. Due
to the weak e3-vs correlation, linear regression with vs as
dependent variable fails to appropriately describe the data.

SMASH 0-5%,
PbPb at SN = 17.3 GeV, V>

0044 o ° e . Fit on &>

e Fiton & and (pi€)

Residuals

0.10 0.15 0.20

&2

0.00 0.05

FIG. 12. Residuals between observed and fitted values for a fit
on €, on the one hand, and ¢, and (pITC), on the other hand, for a
simulation with SMASH at 0-5% centrality and /syy = 17.3 GeV.

The including of radial flow in the linear fit again improves the
regression, albeit at a smaller degree than for higher energies.
The effect on the residuals remains the same than at higher
energies, as can be seen in Fig. 12.

IV. CONCLUSIONS AND OUTLOOK

In this work, we have presented a comparison between
three different initial-state models, SMASH IC, TrENTo,
and IP-Glasma, in the context of a hybrid approach for
simulating heavy-ion collisions. Although averaged quanti-
ties like eccentricities and final-state flows were found to be
comparable across the models for large nuclei, significant
differences emerged on studying distributions and correlations
on an event-by-event basis.

The distributions of eccentricities and final-state flows
were found to vary substantially between models, with
TrENTo exhibiting the most peaked distributions. This
demonstrates that averaged values alone are insufficient to
fully characterize differences between initial-state models.
Additionally, the correlations between initial eccentricities
and final flows were found to be noticeably model depen-
dent, with the strongest correlations seen for TR ENTo and the
weakest for IP-Glasma, especially in central collisions. Simi-
larly, although the same hydrodynamic evolution was used in
all cases, the response of the system to the initial eccentricities
varied among the initial condition models.

This results from the observation that the transverse mo-
mentum in the initial state, as provided by SMASH IC and
IP-Glasma, was found to non-negligibly affect final flows
and therefore improves predictions of final flows when in-
cluded alongside eccentricity in a linear regression model.
This contribution from initial radial flow presents a relevant
second-order effect when determining final anisotropic flows.
This challenges the common assumption of a universal linear
hydrodynamic response. Extending the analysis to lower en-
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ergies using SMASH IC showed overall weaker correlations,
however initial radial flow was still found to be beneficial for
predicting final flows.

In contrast, the anisotropies of the initial-state momentum
were shown to not affect final state in any significant way. This
means that the initial stat momentum anisotropies isotropize
quickly during the hydrodynamic evolution and do not affect
the momentum space of the final state.

In summary, this comprehensive event-by-event analy-
sis has revealed significant differences between common
initial-state models that are highly relevant when predict-
ing final-state observables. While averaged values appear
comparable between models, the event-by-event distributions,
correlations, and hydrodynamic response differ substantially.
Our results highlight the importance of initial transverse mo-
mentum as a contributor to final flows, emphasizing the need
to characterize initial conditions beyond eccentricity alone
when correlating to final-state observables.

Future studies could extend this analysis to further ini-
tial condition models. Most importantly, IP-Glasma can be
combined with alternative approaches for the pre-equilibrium
dynamics. Pre-equilibirum can have a substantial effect on
the initial-state transverse momentum [75-78]. Alternatively,
the study could be also performed in an anisotropic hydro-
dynamics setup [79], which could potentially improve model
uncertainties at the point of fluidization. Additionally, it would
be worthwhile to extend the study to further observables sensi-
tive to the initial state. Next-to-higher-order flow coefficients,
comparisons for 3D initial-state models [36,80,81] can also
be performed on the decorrelation length of anisotropic flow
[82]. Comparisons to other 3D initial-state models would also
allow to perform studies at lower energies, which are the
stronghold of SMASH IC.

Raw data of all figures can be downloaded from the Sup-
plemental Material [83].
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APPENDIX: REGRESSION TABLES

The following section contains the regression results for
the different models and dependent variables, as well as dif-
ferent choices for the set of independent variables. Each row
is an independent regression. For each independent variable,
the coefficient with error was well as the p value is given. As
a p value smaller than 0.05 is seen as statistically significant,
it is printed in bold. If a value is present in the column of
a row, then the respective independent variable was used in
the regression. The final column contains the 7> value for the
regression.

We observe throughout all models, independent variables,
and centralities for ,/syy = 200 GeV that the most significant
increase in predictive power, measured by r2, is gained by
adding (pITC) as a second independent variable. Adding fur-
ther variables is either not statistically significant, leading to
greater p? values, or only negligibly improves 72, which is
always expected to stay constant or improve on adding fur-
ther independent variables. Using other independent variables
apart from €, and (p!) fails to consistently reach improve-
ments greater or equal to the combination of €, and (p'F).
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