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Abstract
We discuss differences between the IP-Glasma model and typical wounded-nucleon model like initial conditions. We
point out that the IP-Glasma initial state is more compact in the transverse plane and produces a significant initial
flow, both of which contribute to an increased radial flow in the subsequent hydrodynamic evolution. A larger bulk
viscosity, compared to calculations that use other initial state models, is required to compensate for these effects and
find agreement with experimental data. We further demonstrate the importance of the initial momentum anisotropy of
the glasma for anisotropy measures in small collision systems such as p+Pb.
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1. Introduction

Ultra-relativistic heavy ion collisions provide a unique opportunity to study many-body systems gov-
erned by quantum chromodynamics (QCD) in the laboratory. One expects that a plasma of deconfined
quarks and gluons is created in such collisions. Fluid dynamic simulations have been successfully used to
describe a wide range of experimental observables in heavy ion collisions and have revealed their sensitivity
to the equation of state, transport properties of the medium (such as shear and bulk viscosities), as well as
early-time energy deposition and dynamics [1, 2, 3, 4].

The combination of a classical Yang-Mills initial state [5, 6], viscous relativistic hydrodynamics [7, 8, 9],
and a microscopic hadron cascade [10, 11] establishes a comprehensive framework for the dynamical de-
scription of ultra-relativistic heavy ion collisions, as long as boost-invariance is a good approximation.1 Pre-
vious event-by-event calculations within this setup have been very successful in reproducing (mid-rapidity)
bulk observables and multi-particle correlation measurements in Pb+Pb collisions at the LHC and Au+Au
collisions at RHIC [14, 15]. In particular, the IP-Glasma initial state has been superior to Monte-Carlo
Glauber type models in that it was able to describe the vn distributions for all centralities [14, 15], the
negative binomial fluctuations of the multiplicity [5, 6], as well as details of the elliptic flow-multiplicity
correlations in ultra-central events [16].

1The link between the Yang-Mills and hydrodynamic stages and potential isotropization in momentum space is the most uncertain
aspect of the framework. Recent developments involving an intermediate effective kinetic theory stage are discussed in [12, 13].
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More recently, the same framework has been applied to smaller collision systems [17], such as p+p
and p+A collisions [18]. For very high multiplicity events, final state interactions are expected to play an
important role, comparable to heavy ion collisions. However, initial state momentum correlations [19, 20,
21] are also present and should grow in importance with decreasing multiplicity [22]. Both contributions
are included in the IP-Glasma + hydrodynamics calculation, with the initial anisotropy encoded in the
(complete) energy momentum tensor used to initialize the hydrodynamic simulation.

In this work we analyze two important features of the IP-Glasma initial condition, namely the larger
radial flow it leads to compared to typical MC-Glauber type initial conditions (and consequently requires a
larger bulk viscosity to produce agreement with experimental data), and the initial anisotropic flow, which
becomes important in small collision systems.

2. Large radial flow

One noticeable difference between hydrodynamic calculations using the IP-Glasma initial state [23, 24,
25] and other calculations (e.g. [26, 27, 28]) is the need for a large bulk viscosity to entropy density ratio
ζ/s to describe the experimentally observed mean transverse momentum 〈pT 〉. This is because of the larger
radial flow generated when using the IP-Glasma initial state, which, in turn, is generated by a more compact
initial geometry and the initial radial flow from the Yang-Mills stage of the evolution. The more concentrated
hot spots of the IP-Glasma model do not play a significant role as they are washed out quickly in the viscous
hydrodynamic evolution. This point has been quantified in [29], where the effect of small scale structures,
as present in the IP-Glasma initial state, was analyzed by smearing the initial energy density using cubic
splines, which erase the small scale structure but keep the overall size of the system unchanged.

In contrast, smearing with Gaussians also increases the system size, e.g. smearing with a Gaussian of
width 1 fm increases the rms radius in 30-40% central Pb+Pb collisions by approximately 15% to a value
comparable to that obtained with MC-Glauber initial conditions using an energy density deposition with
Gaussians of width σ = 0.4 fm.

The 〈pT 〉 is reduced by approximately 6.5% when performing this smearing. Turning off the initial flow
from the IP-Glasma, by setting uμ to zero leads to another ∼10% reduction of 〈pT 〉. In addition, differences
in the functional form of the bulk-δ f correction to the distribution functions can play a role [30].

We conclude that the compactness and initial flow in the IP-Glasma model play comparable roles in
generating a larger radial flow than typical MC-Glauber like models, which explains the need for a larger
bulk viscosity to entropy density ratio in IP-Glasma calculations. We also note that Bayesian analyses have
constrained the initial geometry to be relatively compact as well. The geometric mean of the thickness
functions of the two nuclei is consistently preferred by the data and generates more compact configurations
than the usual wounded nucleon model (and similar eccentricities as the IP-Glasma) [31, 28].

3. Initial anisotropy

As discussed above, the IP-Glasma model includes initial flow, which contains the typical momentum
anisotropy of the color glass condensate framework [19], here computed in the dense-dense limit [32].

It was analyzed in [22] how the relative contribution from the initial anisotropy changes with multiplicity
in a combined Yang-Mills + parton cascade framework. Here, we seek to perform a similar analysis in
the combined Yang-Mills + viscous hydrodynamics framework. To do so, we evaluate the momentum
space anisotropy, defined as εp =

√
(〈T xx − T yy〉2 + 〈2T xy〉2)/〈T xx + T yy〉2, where T μν are components of

the energy momentum tensor in either the Yang-Mills or hydrodynamic calculation, and 〈·〉 is the energy
density weighted spatial average.

For p+Pb collisions with multiplicities corresponding to those in 80-90% central Pb+Pb collisions
(〈dNch/dη〉 ≈ 15), Figure 1 shows the time evolution of the event averaged εp, defined using either the
full T μν, or just its ideal part, which in the Yang-Mills sector is defined via the extracted energy density ε
and flow velocity as T μνid = (4/3)εuμuν − (ε/3)gμν, using the ideal equation of state ε = 3P. Two choices
for the switching time τswitch (0.2 fm and 0.6 fm) are shown for comparison. In the very early times of the
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Fig. 1. Time evolution of the momentum anisotropy in the IP-
Glasma and hydrodynamic stages of the evolution for two differ-
ent switching times (0.2 fm (dashed) and 0.6 fm (solid)), using
the full Tμν (red) or its ideal part only (blue).

Fig. 2. Same as Fig. 1 for τswitch = 0.6 fm showing results with
(solid) and without (dashed) bulk viscosity.

Yang-Mills evolution, the initial longitudinal fields decohere and the initial anisotropy becomes visible in
T μν. While εp comupted with the full T μν saturates to a constant value (which it retains due to the free
streaming nature of the later stage Yang-Mills evolution), the ideal part keeps growing (as consequently
does the viscous correction).

After switching to hydrodynamics, we observe a brief initial decrease of the full εp (similar to what
was seen in [22]). Then hydrodynamics builds up more anisotropy (which is now correlated with the initial
geometry). Comparing the relative values at the time of switching and after 3 fm evolution (when the values
have approximately saturated), we find a 45% initial state contribution when switching at 0.6 fm and 35%
when switching at 0.2 fm. The sensitivity of the result to the precise matching time is a source of uncertainty
that can hopefully be reduced by including a more sophisticated intermediate evolution stage (e.g. [12, 13]).

Figure 2 shows the effect of bulk viscosity. Results without bulk viscosity have a significantly shorter
lifetime in the hydrodynamic phase, and therefore the contribution from initial flow increases to approxi-
mately 70%. The initial jump in the result without bulk viscosity using the full T μν results from not matching
the conformal equation of state (EoS) in the Yang-Mills phase to the lattice EoS in the hydrodynamic stage
via an effective initial bulk contribution (which is done in all other scenarios).

4. Conclusions

We have demonstrated that the presence of initial flow and the relatively compact initial geometry let
hydrodynamical simulations initialized with the IP-Glasma framework produce more radial flow than typical
MC-Glauber like models. This leads to the extraction of a larger bulk viscosity to entropy density ratio in
the IP-Glasma framework.

Furthermore, we have shown that the initial state anisotropy contained in the energy momentum ten-
sor of the Glasma contributes significantly to the final state anisotropy in p+Pb events with multiplicities
corresponding to 80-90% central Pb+Pb events.
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