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Abstract. In this contribution to the Quark Matter 2023 proceedings, we study
the hydrodynamization process in heavy-ion collisions using QCD kinetic the-
ory and introduce the new concept of limiting attractors. They are defined via
an extrapolation of observables to vanishing and infinite couplings. We find
that the pressure ratio exhibits both a hydrodynamic and a bottom-up limiting
attractor, while the ratios of hard probes transport coefficients §/§*” and k7 /«;
are better described in terms of the new bottom-up limiting attractor.

1 Introduction

We consider the initial stages in heavy-ion collisions that are governed by the evolution of the
non-equilibrium quark-gluon plasma created therein. Using QCD kinetic theory, we focus on
the system’s approach to hydrodynamics, and establish the new concept of limiting attractors,
which are defined as an extrapolation to vanishing and infinite coupling A at a fixed rescaled
time. In particular, the bottom-up limiting attractor is associated with the time scale Tgmss
and 4 — 0, whereas the hydrodynamic limiting attractor is obtained for the relaxation time
scale Tg and extrapolation A — oo, with the relevant times scales given by
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The bottom-up time scale Tgymss stems from the weak coupling picture of bottom-up thermal-
ization [1]]. There, the dynamics consists of over- and under-occupied stages, and Tgyss 1S
the time at which thermalization occurs, and Qy is the saturation scale. The relaxation time
TR is motivated by the form of the pressure ratio in conformal first-order hydrodynamics
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which depends only on the ratio 7/7r. Here, the only medium parameter is the shear viscosity
1. The dimensionless ratio 77/ s describes the interaction strength of the system, and 7 denotes
the temperature. Thus, with time rescaled by 7g, a universal curve emerges at late times, the
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hydrodynamic attractor [2]. Related attractors have also been found numerically in kinetic
theory [3]] at fixed coupling, and for a variation of couplings [4].

A natural question to ask is how to reconcile these two time scales from Eq. (I), and
which of these is more relevant for a given observable. In particular, we are interested in
transport coefficients of hard probes, which have recently received increased interest during
the initial stages [SH11]]. We address this question using QCD kinetic theory [[12] and perform
simulations for a wide range of couplings 0.5 < A < 20, and different initial conditions (@)
with varying initial anisotropy.

2 Setup and kinetic theory

We describe the non-equilibrium plasma as a weakly interacting system of gluons. In kinetic
theory, the plasma is characterized by the distribution function f(p, 1), which we evolve in
time using the Boltzmann equation [12]

Z 6 > >
(—(9T+’i—)f(p,r>=c*2 2[f1+ CY 21 3)
T Op,

At leading order, the collision terms C*>~2 and C'? are complicated functionals of the distri-
bution itself. Our numerical approach and initial conditions follow Ref. [[13]],
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where £ modifies the initial anisotropy and A(¢) is chosen such that the initial energy density
is the same for different values of £. Here, we assume homogeneity in the transverse plane,
boost-invariance, and are interested in the mid-rapidity region.

The anisotropy of the plasma can be deduced from the difference of the longitudinal P,
and transverse pressure Py, which can be obtained from the energy-momentum tensor 7,
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where p = |p| and N, is the number of colors (3 for QCD). Another parameter is the occu-
pancy of the hard sector (pf)/(p) = [d*pIpl(f(p))*/ [ d*pIplf(p). Similar as in previous
works [9, [10], we use the pressure ratio and occupancy to define time markers: The star
marker is placed at occupancy (pf)/{p) = 4, the circle marker at minimum occupancy, and
the triangle marker at the pressure ratio Py /P, = 2, signaling an almost isotropic system.

3 Results for pressure ratio and transport coefficients

We present our results for the pressure ratio in Fig. [T} with the time variable rescaled accord-
ing to both time scales of Egs. (I). The pressure ratios for the same coupling A but different
initial conditions (different line styles) converge towards each other, signaling the onset of an
attractor. Additionally, when rescaled with the relaxation time 7r (left panel), the pressure
ratio for different couplings A approach the limiting hydrodynamic attractor curve, which we
obtain by an extrapolation of 1/1 — 0. It is clearly visible that for small couplings, the
approach to this universal curve happens at very late times. In contrast, when the time is
rescaled with Tgyss (middle panel), it is possible to extract a weak-coupling bottom-up lim-
iting attractor by linear extrapolation 4 — 0. The extrapolation procedures are illustrated
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Figure 1. Pressure ratio Pr /P, for simulations with different couplings (indicated by color, labeled in
the plots) and initial conditions (¢ = 10: solid lines, ¢ = 4: dash-dotted lines). In the left panel, time is
rescaled with Tg, and we show the limiting hydrodynamic attractor 4 — oo, while in the middle panel,
time is rescaled with Tgyss and we show the limiting bottom-up attractor 4 — 0. In the right panel, we
illustrate the extrapolation procedure to obtain the limiting attractors at the fixed times 7/7gpmss = 0.25
and 7/7g = 1. The full markers show our data values, whereas the dashed lines illustrate our fitting
functions. The empty square and diamond mark the values for 4 — 0 and 1 — oo, respectively. Figures
taken from [14].
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in the right panel, where the pressure ratio is shown for a fixed value of 7/7g = 1 as black
diamonds, and for fixed 7/Tgmss = 0.25 as red squares, together with the corresponding fits
(dashed lines) and extrapolated values (transparent markers).

We now move on to study transport coeflicients of hard probes that encode momentum
broadening. In particular, we consider the momentum broadening of jets, described by the
parameter § = g% + §%, and of heavy quarks, encoded in x = (2«1 + «;)/3, given by [10, [15]]
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The anisotropy ratio of these transport coefficients is depicted in Fig. [2]with Y /¢% in the top,
and «r/k; in the bottom row. We first note the qualitatively similar evolution of these ratios,
when rescaled with the same time: the bottom-up time scale Tgpss (left column), or the
kinetic relaxation time tg (right column). While we can perform the extrapolation to infinite



coupling at a fixed 7/7g, the resulting hydrodynamic limiting attractor is only approached at
very late times when it is already close to unity, as can be seen in the right column of Fig.[2] In
contrast, one observes in the left column that the bottom-up limiting attractor is approached
at earlier times, even for larger values of the coupling. Thus, the bottom-up limiting attractor
presents a more useful representation of these ratios for finite couplings. For convenience,
we also provide a simple parametrization of this limiting curve for 7 > 0.01 Tgpss, which we
also include as red dash-dotted lines in the left column of Fig. [2}
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4 Conclusions

Using QCD kinetic theory simulations, we have established the new concept of limiting at-
tractors in the initial stages in heavy-ion collisions. Both the hydrodynamic and bottom-up
limiting attractors can be seen in the pressure ratio Pr/P, whereas for the ratios of hard
probes transport coefficients §¥¥/§% and k7 /k, the bottom-up limiting attractor provides a
significantly better description of the data. This allows for a universal description of these
ratios and thus a promising way to include pre-hydrodynamic effects for hard probes.

Acknowledgements

This work is supported by the European Research Council, grant ERC-2015-CoG-681707,
Academy of Finland (project 346324, and project 321840), and by the Austrian Science Fund
(FWF) under project P34455 and W1252-N27. We wish to acknowledge the CSC - IT Cen-
ter of Science, Finland, and the Vienna Scientific Cluster (project 71444) for computational
resources.

References

[1] R. Baier, A.H. Mueller, D. Schiff, D.T. Son, Phys. Lett. B 502, 51 (2001),
hep-ph/0009237
[2] M.P. Heller, M. Spalinski, Phys. Rev. Lett. 115, 072501 (2015), 1503.07514
[3] D. Almaalol, A. Kurkela, M. Strickland, Phys. Rev. Lett. 125, 122302 (2020),
2004.05195
[4] A. Kurkela, A. Mazeliauskas, J.F. Paquet, S. Schlichting, D. Teaney, Phys. Rev. Lett.
122, 122302 (2019), 1805.01604
[5] A.Ipp, D.I. Miiller, D. Schuh, Phys. Lett. B 810, 135810 (2020), 2009. 14206
[6] K. Boguslavski, A. Kurkela, T. Lappi, J. Peuron, JHEP 09, 077 (2020), 2005.02418
[7]1 M.E. Carrington, A. Czajka, S. Mrowczynski, Phys. Rev. C 105, 064910 (2022),
2202.00357
[8] D. Avramescu, V. Baran, V. Greco, A. Ipp, D.I. Miiller, M. Ruggieri, Phys. Rev. D 107,
114021 (2023), 2303.05599
[9] K. Boguslavski, A. Kurkela, T. Lappi, F. Lindenbauer, J. Peuron (2023), 2303.12595
[10] K. Boguslavski, A. Kurkela, T. Lappi, F. Lindenbauer, J. Peuron (2023), 2303.12520
[11] X. Du (2023), 2306.02530
[12] P.B. Arnold, G.D. Moore, L.G. Yaffe, JHEP 01, 030 (2003), hep-ph/0209353
[13] A. Kurkela, Y. Zhu, Phys. Rev. Lett. 115, 182301 (2015), 1506.06647
[14] K. Boguslavski, A. Kurkela, T. Lappi, F. Lindenbauer, J. Peuron (2023), 2312.11252
[15] K. Boguslavski, A. Kurkela, T. Lappi, F. Lindenbauer, J. Peuron (2023), 2312.00447



	Introduction
	Setup and kinetic theory
	Results for pressure ratio and transport coefficients
	Conclusions

