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We investigate the effects of pre-hydrodynamic evolution on final-state observables in heavy-ion
collisions using state-of-the art event simulations coupled to different pre-hydrodynamic scenarios,
which include the recently-developed effective kinetic transport theory evolution model KøMPøST.
Differential flow observables are found to be mostly insensitive to the details of pre-hydrodynamic
evolution. The main effect we observe is in the pT spectra, particularly the mean transverse momen-
tum. However, at least part of this effect is a consequence of the underlying conformal invariance
assumption currently present in such approaches, which is known to be violated in the temper-
ature regime probed in heavy-ion collisions. This assumption of early time conformal invariance
leads to an artificially large out-of-equilibrium bulk pressure when switching from (conformal) pre-
hydrodynamic evolution to hydrodynamics (using the non-conformal QCD equation of state), which
in turn increases the transverse momentum. Our study indicates that a consistent treatment of pre-
hydrodynamic evolution in heavy-ion collisions requires the use of non-conformal models of early
time dynamics.
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I. INTRODUCTION

Under extreme conditions of density and temperature, quantum chromodynamics (QCD) [1, 2] predicts the existence
of the quark-gluon plasma (QGP) [3], a state of matter where quarks and gluons are not confined into hadrons.
Naturally occurring examples where the QGP is formed [4] include the primordial universe and, possibly, the interior
of ultra compact astrophysical objects such as neutron stars [5]. The experimental program of relativistic heavy-ion
collisions has been developed with the goal of producing and characterizing this extreme state of matter, shedding an
important light on fundamental aspects of the strong interaction [6–11]. These experiments have provided mounting
evidence that, at least in collisions between large nuclei, short-lived QGP matter is formed and exhibits collective
behavior [6–13].

Given the limitation of lattice QCD methods to problems in equilibrium [14], the large scale dynamical evolution
of the QGP formed in heavy-ion collisions has been described using relativistic viscous hydrodynamics [15, 16] (for
a review, see [17]). However, because the QGP cools down as it expands at relativistic speeds, it will eventually
hadronize. In practice, only the final stable hadrons resulting from the decays of the zoo of exotic states formed
during hadronization is detected by the experiments, i.e., the properties of the QGP must be extracted without its
direct detection. Phenomenology has dealt with this by employing hybrid models (see, for instance, [18]), in which
different stages of the collision event are successively modelled using different numerical models. These stages are:

• initial hard scattering between nuclei, which produces hot and dense QCD matter;

• hydrodynamization during which matter approaches a fluid behavior;

• hydrodynamical evolution, during which the QGP evolves according to relativistic viscous hydrodynamics, in-
cluding hadronization as the QGP cools down and hadrons are formed;

• interacting hadron gas evolution as the final stage for the resulting system of hadronic resonances, during which
unstable states decay.

When building a simulation chain for a hybrid model, the above steps are typically mapped into:

• initial condition generation code, which models the initial state entropy (energy) density profile resulting from
the collisions between the nuclei [19–30];

• pre-equilibrium dynamics model, which models the early time dynamics of the system, during which it evolves
from an out-of-equilibrium state to another state where relativistic viscous hydrodynamics is assumed to hold
[27, 28, 31–34] ;

• viscous relativistic hydrodynamics code, which is typically the workhorse of such models, describing the dynamical
evolution of the QGP and its transition into a hadronic system [15, 16, 35–40] ;

• particlization code, which translates the hydrodynamical degrees of freedom at freezeout into hadrons, by sam-
pling the hydrodynamic freezeout hypersurface [41–44];

• hadron cascade model, which propagates the interacting gas of hadrons and handles resonance decays [19, 20, 45–
47];

While these setups generally reproduce experimental data with considerable precision, there remain shortcomings
in the understanding of several theoretical aspects underlying such chains of numerical codes. One of these pressing
questions is to understand how the dense and hot matter formed immediately after the collision approaches fluid
behavior, a process usually referred to as hydrodynamization (for a review, see [48, 49]). This stage of relativistic
heavy-ion collisions is under active scrutiny also by experimentalists, by means of studies of collisions of the so-called
small systems, such as proton-nucleous (p-A) and proton-proton (p-p), in which hints of collective behavior have been
found [50, 51].

In this work, a state-of-the art hybrid model with different pre-equilibrium dynamical scenarios is used to investigate
how the latter affect final-state observables. In particular, we show that while differential flow observables, including a
principal component analysis of the two-particle correlation matrix in transverse momentum, are practically insensitive
to the details of pre-equilibrum dynamics, there is a non-negligible effect on the transverse momentum spectra, which
is also reflected in the integrated flow. We show evidence that at least part of this effect (and possibly most) originates
from the simplifying assumption of conformal invariance in the pre-equilibrium dynamics models used in the simulation
chain, which results in a large out-of-equilibrium bulk pressure at the matching with the hydrodynamical model. The
resulting signature of this extra bulk pressure in final-state observables is precisely the increase of mean transverse
momentum.
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In the next section we briefly review the pre-equilibrium models that are employed in this work. Section III gives
the details of our numerical setup. Our results can be found in Section IV, followed by our conclusions and outlook.
Definitions: We use natural units, ~ = c = kB = 1, and a mostly plus signature for the Minkowski metric.

II. PRE-EQUILIBRIUM MODELING

As explained above, there is a strong interconnection between the different stages of a heavy-ion collision. Therefore,
improving our understanding of each of the above stages has a considerable impact in our comprehension of the global
picture. In this sense, a remaining key piece of the puzzle is to understand what mechanism, if any, brings the highly
out-of-equilibrium matter formed immediately after the collision to a state where a hydrodynamical description may
be valid.

Hydrodynamical studies (and hybrid models) have directly employed, as initial conditions for hydrodynamics,
results from models based on the color-glass condensate framework [52] such as IP-Glasma [27, 28], string/transport
approaches such as UrQMD [19, 20], AMPT [23, 24], EPOS [25], NeXus[26] and SMASH [30] and also parametrical
models of entropy (energy) deposition such as the Glauber model [21, 22] and TRENTo [29].

More recently, effective models have been employed to bridge the gap between such models and the initial (full)
energy-momentum tensor at the start of hydrodynamics. In practice, such models aim at describing the system from a
very early initial time τ0, up to the time at which a hydrodynamical evolution is valid τhydro, by evolving the resulting
profiles from the preceding deposition models for τ0 < τ < τhydro.

As a simple example, consider a boost invariant [53] system of on-shell non-interacting massless partons that emerge
isotropically from an initial hard scattering at time τ0 [31, 32]. The energy-momentum tensor of such a system at a
spacetime point (τ,x) can then be obtained by integrating the initial energy density of partons (multiplied by τ) in
the transverse plane, n(τ0, x, y) over a ring of radius c∆τ = c(τ − τ0)

Tµν(x, y) =
1

τ

∫
dφ p̂µp̂νn(x−∆τ cosφ, y −∆τ sinφ), (1)

where p̂µ ≡ pµ/pT is a transverse-momentum unit vector, φ is the transverse azimuthal angle, and τ =
√
t2 − z2. This

procedure effectively smooths out the energy density of the system and, in a simple model of thermalization, this free
streaming dynamics is interrupted at a time τfs > τ0 at which the system is assumed to suddenly attain local thermal
equilibrium. Clearly, this sudden transition from a model with zero coupling to a model with finite (strong) coupling
is unphysical and, thus, it may only be used as a zeroth order approximation of the pre-equilibrium dynamics.

Recently, a step forward towards a more realistic scenario was proposed in [33, 34] where the description of the
evolution of the out-of-equilibrium energy-momentum tensor during this period is done via an effective kinetic theory
(EKT) of weakly coupled QCD [54], using a leading-order pure-gluon QCD collision kernel. In this new framework,
following general ideas from the color-glass condensate, the dynamics of the system at early times after the collision
is assumed to be determined by Yang-Mills equations for the classical gluon fields. Once the gluonic fields become
sufficiently dilute, at a time τEKT, the subsequent evolution of the system becomes dominated by effective kinetic
processes which ultimately drive the resulting plasma towards a state where hydrodynamics may be applicable.

The model mentioned above, called KøMPøST, aims at bridging this gap between the early time dynamics and
the conditions necessary for the start of hydrodynamical simulations. In practice, between a time τEKT, at which
kinetic processes become dominant in the evolution of the plasma, and the subsequent τhydro, at which the plasma
becomes describable by relativistic hydrodynamics, the energy-momentum tensor of the system is evolved according
to a linear response formalism: the energy-momentum tensor in the causal past of a given point within the out-of-
equilibrium initial condition is written as a sum between a background local average plus small perturbations [33, 34].
The public version of KøMPøST allows for evolving a given initial condition using either the full EKT evolution or
its free streaming limit. In fact, in this study, we will show results from both evolution models and investigate their
differences.

In both pre-equilibrium models, namely KøMPøST and free-streaming, the system is conformal invariant. Therefore,
Tµν can be decomposed (using the so-called Landau frame [55]) in terms of the usual hydrodynamic variables, i.e.
the energy density e, flow velocity uµ, and shear-stress tensor πµν in the following way,

Tµν = e

(
uµuν +

∆µν

3

)
+ πµν , (2)

where ∆µν ≡ gµν + uµuν . This energy-momentum tensor is then used to obtain the initial conditions for the
corresponding fields in the hydrodynamical simulation. We note that the underlying conformal invariance implies
that Tµν is traceless and, in the aforementioned models, the bulk viscous pressure, Π, must vanish and the equation
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of state is simply given by e = 3p. In fluid-dynamical simulations, the equation state is not conformal and there
is no reason to assume that Tµν is traceless. However, in order to guarantee energy-momentum conservation in
the transition from the pre-equilibrium models to the fluid-dynamical description, one introduces a non-zero bulk
viscous pressure in order to compensate that e − 3p 6= 0 in QCD. In this case, one must have e − 3p − 3Π = 0 and
this conditions sets the initial value of Π for the subsequent fluid-dynamical simulation. This discontinuity in the
thermodynamic pressure and bulk viscous pressure is a non-wanted feature in all pre-equilibrium models that assume
conformal invariance. The consequences of such spurious approximation shall be discussed later in this paper.

III. NUMERICAL SETUP

We have simulated collisions of Pb-Pb nuclei with center of mass energy
√
sNN = 2.76 TeV across all centralities

using a hybrid model comprised of:

• TRENTo, a parametric model for generating an initial entropy profile after the nucleus-nucleus collision [29];

• KøMPøST, the kinetic theory model described in the previous section that simulates pre-equilibrium dynamics
[33, 34];

• MUSIC, an event-by-event relativistic second-order viscous hydrodynamics [56, 57] code [38–40, 58];

• iSS, a hadronization hypersurface sampler [37];

• UrQMD, a hadronic cascade model [19, 20].

The parameters employed in the generation of the initial entropy profile in TRENTo were obtained from recent
Bayesian analyses in Refs. [59, 60], except for the overall normalization factor, which was obtained by matching the
resulting multiplicity of charged particles to experimental data from the ALICE Collaboration [61].

This initial entropy density is then converted to energy density using a lattice QCD-based equation of state (details
of the equation of state will be provided below) and used as an initial condition at time τ0 = 0.2 fm. The full energy
momentum tensor is then chosen to be diagonal, and is used either as an initial condition for viscous hydrodynamics
at τ0 or evolved using KøMPøST up to a later time τhydro = 1.2 fm and inserted into hydrodynamics.

In our study, MUSIC was used to perform 2D + 1 (boost invariant) viscous hydrodynamical simulations of the
hydrodynamical stage, including shear and bulk viscosities. We followed [60] and parametrized the shear viscosity to
entropy density ratio as

(η/s)(T ) = (η/s)min + (η/s)slope · (T − Tc) · (T/Tc)(η/s)crv (3)

while the bulk viscosity to entropy density ration is given by

(ζ/s)(T ) =
(ζ/s)max

1 +
(
T−(ζ/s)T0

(ζ/s)width

)2 . (4)

For the shear viscosity, (η/s)min is the minimum value at Tc, (η/s)slope is a slope above Tc, and (η/s)crv is a curvature
parameter. The expression for the bulk viscosity is a Cauchy distribution, which parametrizes a symmetric peak with
three free parameters: a maximum value, (ζ/s)max, its width, (ζ/s)width, and center, (ζ/s)T0 . The set of parameters
utilized in this model was inspired by the optimal parameters recently obtained by Bayesian analysis [59, 60], given
the similarities between the models employed in both works. However, due to some differences between the models,
namely in the choice of equation of state and in the realization of the free streaming stage, these parameters have
to be re-adjusted in order to describe the charged hadron mean transverse-momentum and the flow observables. We
improved the description of such observables in our model by modifying the minimum value of shear viscosity to
(η/s)min = 0.04, and the maximum value of bulk viscosity to (ζ/s)max = 0.14. The remaining transport coefficients
in MUSIC are taken from Refs. [40, 58].

The equilibrium equation of state we used is the parametrization constructed by Huovinen and Petreczky known as
s95p-v1.2 [62]. For temperatures below 184 MeV, this equation of state is based on a hadron resonance gas. Above
this temperature, it employs lattice results by Bazavov et al. [63]. This version of the equation of state contains the
same particle species as UrQMD. We leave the implementation of a more realistic version of the QCD equation of
state, e.g the one used in [64, 65], to future work.

The transition from the hydrodynamical degrees of freedom to the hadron gas is made via the Cooper-Frye for-
malism [41], including viscous corrections, in a constant temperature hypersurface. Such particlization temperature
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is taken from the aforementioned Bayesian analysis [60] and is TFO = 151 MeV. The viscous corrections employed
in the Cooper-Frye procedure are taken from [40, 58]. The freezeout hypersurfaces from hydrodynamics have been
repeatedly sampled until 5×105 particles were acquired per unity rapidity. The final configurations of stable particles
were then stored in a ROOT-based C++ class, and finally used for data analysis and the calculation of observables.

In order to disentangle the effects of pre-equilibrium dynamics over the observables of interest, three main scenarios
have been studied. In all three cases, results from the TRENTo model are regarded as an initial entropy density
profiles at time τ = 0.2. The scenarios differ in the following manner:

• In Scenario A, the initial entropy density profile generated by TRENTo is converted to energy density, using
the QCD equation of state, and utilized directly as the initial condition for hydrodynamical evolution, starting
at time τ0 = 0.2 fm. The transverse velocity, initial shear-stress tensor, and bulk pressure are chosen to vanish;

• In Scenario B, the same initial energy profile from Scenario A is used. The energy-momentum tensor is
determined according to Tµν = diag(e, e/2, e/2, 0), with e constructed using TRENTo , as described above, and
then evolved using the free streaming limit of KøMPøST from τ0 = 0.2 fm until τhydro = 1.2 fm, at which point
the hydrodynamical evolution is started;

• Scenario C, is analogous to Scenario B, but now the the initial profile is propagated from τ0 = 0.2 fm until
τhydro = 1.2 fm using the KøMPøST effective kinetic theory model [33, 34] with η/s = 0.16, after which
hydrodynamic evolution is initiated.

We have employed the same initial TRENTo profiles for the three scenarios above. The only difference is a rescaling
of the overall normalization factor in the model. In current models for initial conditions the overall normalization
factor is an unknown free parameter that is chosen so that the correct final multiplicity is obtained. We follow this
procedure and adjust the energy normalization so that all the scenarios yield a charged particle multiplicity at central
events consistent with experimental data. Specifically, the initial energy from Scenario A is multiplied by a factor
0.82 for Scenario B and 0.975 for Scenario C. That is, the free streaming evolution tends to increase the final particle
multiplicity compared to hydrodynamic evolution, while the EKT evolution tends to decrease it.

For each of these cases, the resulting multiplicities of final charged particles are shown as a function of centrality,
in Fig. 1, where they are compared to experimental results from the ALICE collaboration [61]. These results were
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FIG. 1. (a) Final multiplicity of charged particles as a function of centrality for all of the pre-hydrodynamical scenarios under
consideration. (b) We also show the ratio between the experimental results [61] and results from our simulations.

also used as a consistency check for the model.
The parameters utilized in the simulations are summarized in the table below.
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Initial Condition QGP Properties
Normalization
(Scenario A)

269.05 (η/s)min 0.04

Normalization
(Scenario B)

234.70 (η/s)slope 1.11 (1/GeV)

Normalization
(Scenario C)

279.08 (η/s)cvr -0.48

p 0.007 (ζ/s))max 0.14
σfluct 0.918 (ζ/s))width 0.022 GeV
w 0.956 fm (ζ/s))T0 183 MeV
dmin 1.27 fm Tswicth 151 MeV

IV. RESULTS

We start by presenting results for the differential pT spectra of charged particles for the three scenarios under
consideration, across several centrality ranges. The results are presented in Fig. 2, in which it is already possible to
notice the effect of the inclusion of pre-equilibrium dynamics on the final momentum spectrum, across all centralities.
In order to make the visualization of this effect clearer, we also show in Fig. 3 ratios between scenarios B and C
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FIG. 2. Spectra of momentum of charged particles in the transverse plane for the three scenarios under consideration: A (left),
B (middle) and C (right).

and the standard scenario A. It is then clear that the addition of KøMPøST, either in EKT or free streaming mode,
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FIG. 3. Taking A defined above as the standard scenario, we plot the ratios of the momentum spectra from scenarios B (left)
and C (right) with respect to scenario A as a function of the transverse momentum pT .

causes a significant change in the shape of the transverse momentum spectra, resulting in a smaller spectrum at low
pT that progressively becomes larger at higher values of pT . The relative magnitude of the effect is larger in more
peripheral events. Overall, the net result of the effect is an increase in average transverse momentum, which is shown,
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FIG. 4. Mean transverse momentum pT for the three scenarios under investigation and for three sets of particle and anti-particle
species: protons (blue), kaons (green), and pions (red), plotted as a function of the multiplicity of charged particles.

per centrality class, in Fig. 4 for three particle species (and their corresponding anti-particles): pions, kaons, and
protons. Therefore, both the free streaming limit and the EKT scenario behave similarly, with larger mean transverse
momenta compared to the hydrodynamic scenario. We now analyze the usual anisotropic flow observables vn, which
are the coefficients of the Fourier expansion of the probability distribution of finding a particle at rapidity y with
transverse momentum pT in the azimutal angle φ

E
dN

d3p
≡ 1

2π

√
m2 + p2

T cosh (η)2

pT cosh (η)

dN

pT dpT dη

[
1 +

∞∑
n=1

vn(pT , η) cosn(φ−Ψn)

]
. (5)

We have extracted the anisotropic flow coefficients from the simulated events following the Q-cumulants formalism,
which uses multiparticle azimuthal correlation to avoid dealing with measurements of event plane angles. Explicitly,
the flow coefficients can be related to the two-particle correlation function for a given centrality through the relation
[66, 67]

vn{2} =
√
〈vn〉2 =

√
〈〈ein(φ1−φ2)〉〉. (6)

We have followed the usual computational strategy and built the so-called Q-vector [67]

Qn =

M∑
i=1

einφi , (7)

so that the vn coefficients extracted from two particle correlations is given by

vn{2} =

√〈
|Qn|2−M
M(M − 1)

〉
. (8)

Results for the integrated vn{2} in the transverse momentum interval 0.2 < pt < 3.0 GeV for the three scenarios
are shown in Fig. 5 for n = 2, 3. The results are compared to experimental data from the ALICE collaboration [68].
The presence of pre-equilibrium dynamics results in an increase of the integrated vn coefficients. As a result, the free
streaming and the EKT scenarios exhibit a better agreement to experimental data. This is unsurprising since the
parameters were optimized for a system with pre-hydrodynamic evolution. It is nevertheless possible that equivalent
agreement with experimental data could be achieved for the model without pre-equilibrium dynamics.

In principle, the origin of such increment in anisotropic flow could stem from a change in the transverse momentum
dependence of these observables. In order to investigate this possibility and, more generally, to characterize flow
fluctuations and momentum dependence of two-particle correlations, we have performed a Principal Component
Analysis (PCA) of the two-particle covariance matrix in transverse momentum Vn∆ [69–71].
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FIG. 5. Anisotropic flow coefficients from two particle correlations v2{2} (left) and v3{2} (right) for the three scenarios plotted
as a function of event centrality.

This matrix can be written both in terms of its eigenvalues λ
(α)
n and normalized eigenvectors ψ

(α)
n (p), according to

the spectral theorem, and in terms of its principal components V
(α)
n

Vn∆(p1,p2) ≡ 〈V ∗n (p1)Vn(p2)〉 =

∞∑
α=1

λ(α)
n ψ(α)

n (pa)ψ(α)
n (pb) =

∞∑
α=1

V (α)
n (pa)V (α)

n (pb). (9)

The principal components are then defined in terms of λ
(α)
n and ψ

(α)
n (p) as [69]

V (α)
n ≡

√
λ(α)ψ(α)

n (p). (10)

While the leading principal component proxies the usual pT -differential flow coefficient v2, the subleading modes
characterize flow correlations between two different transverse momenta [69].

In a recent work by the ExTrEme collaboration in Ref. [72], it was shown that the formalism proposed by Bhalerao
et al. [69], in which the covariance matrix is written as

V Nn∆(pa,pb) ≡
1

(2π∆pT∆y)2

〈∑
a6=b

e−in(φa−φb)

〉
(11)

suffers from contamination of the subleading principal components due to multiplicity fluctuations for n > 0. In the
same work, an alternative prescription was proposed for performing the PCA analysis that removes such contami-
nations and makes it possible to isolate novel fluctuation sources, by diagonalizing, instead, the covariance matrix
[72]

V Rn∆(pa,pb) ≡

〈∑
a 6=b e

−in(φa−φb)
〉

〈Npairs(pa,pb)〉
. (12)

We have performed such a PCA analysis for all the three scenarios simulated with our model for n = 0 following
the proposal by Bhalerao et al. [69] and for n = 2 and n = 3 following the ExTrEme prescription (the n = 0 PCA
analysis measures precisely multiplicity fluctuations, which are removed in the latter prescription).1

It is clear from the plots that the measured PCA components are mostly insensitive to the type of pre-equilibrium
dynamics utilized in the simulations. While this fact makes these observables particularly useful in isolating effects
from the hydrodynamical evolution from effects of early stage dynamics, it also means that the source of the extra
anisotropy in the integrated observables introduced by our models of pre-equilibrium dynamics does not stem from a

1 A PCA analysis of the events generated with our model following the Bhalerao et al. prescription for n = 2 and n = 3 has been presented
in a previous work [73].
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FIG. 6. First two principal components of the two-particle correlation matrix according to the prescription by Bhalerao et al.
[69], for the harmonic n = 0 in the 10%-20% centrality class (left) and in the 40%-50% centrality classes (right) plotted as a
function of the transverse momentum pT .
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FIG. 7. First two principal components of the two-particle correlation matrix according to the ExTrEMe prescription [72], for
the harmonic n = 2 in the 10%-20% centrality class (left) and in the 40%-50% centrality classes (right) plotted as a function
of the transverse momentum pT .

possible change of the pT dependence of the flow. The effect observed in integrated flow observables is indeed related
to the changes in the transverse momentum spectra.

For flow, as in the case of the spectra, both the free streaming limit and the EKT scenario behave similarly. One
may wonder whether there is a shared aspect to the free streaming and EKT scenarios that is responsible for this
momentum increase. One such possibility is the fact that, like many models for the dynamics of the initial stages
[27, 28, 60, 74–77], both scenarios treat the evolution of massless particles. In fact, this system is conformally invariant
and, thus, the trace of the energy-momentum tensor Tµµ necessarily vanishes everywhere, as already discussed. In
terms of hydrodynamic variables, this means that the bulk pressure is zero and the total pressure in the kinetic
approach is always given by e/3. In contrast, it is known that the QCD equation of state is not close to a conformal
regime at the temperatures probed in fluid-dynamical simulations of heavy-ion collisions. If one assumes a continuous
transition from a kinetic to a hydrodynamical regime, this discontinuity in the thermodynamic pressure must be
compensated by introducing an artificial discontinuity in the bulk pressure (which vanished exactly in KøMPøST).
This means that the hydrodynamic evolution is always initialized with a positive bulk viscous pressure Π. That is,
continuity of the energy-momentum tensor combined with a discontinuity of the thermodynamic equation of state
demands a corresponding discontinuity in the bulk viscous pressure. Specifically, this leads to the relation

Π + p(e) =
e

3
. (13)
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In Fig. 9 we show the ratio of bulk pressure to thermodynamic pressure Π/p(e) as a function of energy density.
Note that the conformal invariance of the pre-hydrodynamic model implies, via this matching, that the initial bulk
pressure depends only the local energy density, and does not contain any information about the dynamics of the
system. One can see that the bulk pressure can reach values larger than the QCD equilibrium pressure. We illustrate

0 5 10 15 20
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1
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p
 / 

Π
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FIG. 9. Ratio between the bulk pressure Π and QCD thermodynamic pressure p(e) implied by the equation of state s95o-v1.2
combined with the requirement that Tµµ = 0 at the hydrodynamization time, plotted as a function of the energy density e. The
equivalent QCD temperature is also given for reference. See Eq. (13).

how this translates to our simulated events in Fig. 10, which shows that the bulk pressure at τhydro indeed reaches large
positive values, especially near the edge of the system and in the majority of peripheral collision systems. This positive
bulk pressure can indeed increase the radial expansion and, as a result, lead to larger mean transverse momentum.
However, we note that this property is not realistic since conformal invariance is not a good approximation for QCD
thermodynamics at these temperatures [64].

The question then arises how important is this unphysical aspect, and to what extent does it explain the observed
change in pT spectra? If it is responsible for a significant part of the observed increase in mean pT , this presents a
significant problem, since the change in mean transverse momentum is the main notable effect of pre-hydrodynamic
evolution. Further, this unrealistic feature is not exclusive to KøMPøST since it applies to all models that assume
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FIG. 10. Ratio Π/p extracted from sample events in different collision centralities classes and for both the free streaming (top)
and EKT (bottom) scenarios at τhydro.

conformal invariance.2

To investigate this, we have performed new simulations, for a subset of 1000 of the original initial TRENTo profiles,
for scenarios B and C (i.e., with KøMPøST in free streaming and EKT modes), but ignoring the bulk pressure at the
hydrodynamization time (i.e., this quantity is set to zero at the beginning of hydrodynamical evolution). It should
be noted that this procedure does not conserve energy and momentum, and we use it only as a rough estimate of the
effect we want to study. We then compare final results for the mean transverse momentum with the results previously
obtained by taking the ratios between both the EKT and free streaming scenarios to the baseline scenarios (without
pre-equilibrium dynamics). These ratios are shown in Fig. 12. Indeed, these results suggest that a significant fraction

2 As a matter of fact, KøMPøST represents an improvement over previous models, as it includes interactions among the quasi-particles.
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FIG. 11. Mean transverse momentum with full pre-equilibrium dynamics and with the bulk pressure set to zero at τhydro,
plotted as a function of the charged particle multiplicity, for both free streaming (a) and EKT (b) scenarios. The scenario with
no pre-equilibrium dynamics is also shown as a baseline case.

of the increase in 〈pT 〉 may come from the unphysically large bulk pressure at τhydro.
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bulk pressure and the case without pre-equilibrium dynamics, plotted as a function of the charged particle multiplicity, for
both Free Streaming (a) and EKT (b).

V. CONCLUSIONS AND OUTLOOK

In this work, we have studied how two different scenarios of pre-equilibrium dynamics, namely free streaming
and effective kinetic theory implemented via KøMPøST, affect a collection of final-state observables in relativistic
heavy-ion collisions employing a state-of-the-art model of heavy-ion collisions.

We found that the PCA observables, which were devised as a way to study flow fluctuations, are rather insensitive
to the details of the pre-equilibrium dynamics and, moreover, to its inclusion in the hybrid model. This strengthens
the use of PCA techniques of anisotropic flow as a powerful probe of the hydrodynamic evolution of the system. While
the addition of a pre-equilibrium dynamic stage was in general found to be relevant for the calculation of some other
observables, we have also found that a potentially large fraction of the observed effects may be an artifact of the
underlying assumption of conformal invariance during pre-equilibrium evolution currently implemented in KøMPøST,
which results in a large positive bulk pressure contribution to the pressure at the edges of the resulting initial condition
of hydrodynamics at τhydro.
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It will therefore be important in the future to relax the simplifying assumption of conformal invariance in models for
the pre-equilibrium stage. We note that this is not a unique property of the KøMPøST model as it appears in any other
model where simplifying approximations are made such that conformal invariance holds. In fact, a similar discussion
is valid when using IP-Glasma generated initial conditions [27, 28]. Also, this issue should affect the extraction
of transport coefficients from analyses that employ a pre-equilibrium stage described by the evolution of massless
partons, such as the Bayesian studies already cited in this work [60, 74] and a recent study utilizing IP-Glasma initial
conditions within a hybrid model [78]. While the size of the effect depends on the energy density (and, therefore,
on τhydro where the description switches from conformal dynamics to non-conformal hydrodynamics), it is important
to keep in mind that this unphysical effect exists when drawing conclusions from comparisons to experimental data
using such models. In recent works [79, 80] non-conformal effects were included in the pre-hydrodynamical phase by
using a free streaming model with a variable velocity. The authors found that a breaking of conformal symmetry is
preferred by a Bayesian analysis.

Nevertheless, it is important to remark that the general parts of the formalism developed in [33, 34], which were
based on causality and linear response, could in principle be implemented in other microscopic models that are not
conformally invariant. In fact, a recent calculation of the Green’s function which describes the evolution of energy and
momentum perturbations for massless particles in the relaxation time approximation has yielded similar results to
those obtained with KøMPøST [81]. Furthermore, in the context of kinetic models one may use a simple gas of particles
with temperature dependent masses (in the relaxation time approximation) that can be engineered to describe basic
QCD thermodynamic properties, see for instance [82]. Such a kinetic model would allow for a smooth transition to
the hydrodynamic regime where Tµµ does not vanish at the beginning of the hydrodynamic evolution. However, in
this approach one would most certainly lose contact with QCD properties as such models can only be considered, at
best, toy models for the non-conformal quark-gluon plasma formed in heavy-ion collisions. Another possibility could
be to employ existing non-conformal transport approaches, such as PHSD [83, 84], or BAMPS [85, 86], to investigate
the pre-hydrodynamical stage.

We note that in spite of our rescaling of the TRENTo profiles, as explained in Section III, an effect of the pre-
equilibrium phase can still be seen as one moves to peripheral events in Figure 1. This is most probably related to the
evolution of the longitudinal pressure during this stage, as discussed in [87]. A detailed discussion of this effect, and
its consequences to multiplicity fluctuations, will be deferred to future works. We further intend to explore different
models of pre-equilibrium dynamics, aiming at resolving the issues related to the assumption of conformality, in order
to provide a clearer picture of hydrodynamization in QCD matter. It is also interesting to explore in detail and
quantify how different scenarios of pre-equilibrium dynamics affect the extraction of transport coefficients, and to
further confront these scenarios to experimental data.
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APPENDIX: CENTRALITY DEPENDENCE OF PCA RESULTS

For the sake of clarity, in this section of present results for some of the observables discussed in the main text for
other centrality classes. We start with the PCA results, for the n = 0, 2, 3 cases, for centrality classes going from
0− 10% up to 50− 60%.
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