Equation of state of a hot-and-dense quark gluon plasma:
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Abstract. The equation of state of the quark gluon plasma is a key ingredient of
heavy ion phenomenology. In addition to the traditional Taylor method, several
novel approximation schemes have been proposed with the aim of calculating
it at finite baryon density. In order to gain a pragmatic understanding of the
limits of these schemes, we compare them to direct results at up > 0, using
reweighting techniques free from an overlap problem. We use 2stout improved
staggered fermions with 8 time-slices and cover the entire RHIC BES range in
the baryochemical potential, up to ug/T = 3. This work is based on Ref. [1].

1 Introduction

The equation of state of strongly interacting matter under extreme conditions such as high
temperatures or baryon densities plays a key role in many physical systems, such as the early
Universe, heavy ion collisions and neutron stars. The most well established first-principles
method to study the strongly coupled regime is lattice QCD [2]. While many properties of
strongly interacting matter at zero baryon density have been elucidated using this method,
studies at finite baryon density are, however, hampered by the sign problem. Thus, most
lattice results on the properties of hot-and-dense QCD matter rely on extrapolations from zero
or purely imaginary chemical potential, two situations with no sign problem. Details can be
found in reviewing literatures such as Ref. [3]. There has recently been considerable progress
in the calculation of the equation of state of a hot-and-dense quark gluon plasma (QGP). In
addition to ordinary Taylor expansions, several resummation schemes have been proposed
[4-8], with a promise of better convergence properties. It is important for phenomenological
applications to determine the region of validity of these techniques. This is the purpose of
this work. Here we compare three such schemes: the Taylor expansions, shifting sigmoid
resummation [4, 8] and exponential resummation [5] with reweighted results. In this paper
we did not do sign reweighting. We did reweighting from mu=0 and phase reweighting
[9, 10] using a 2 stout improved staggered lattice action with 2 + 1 fermions at physical quark



masses, for which details can be found in Ref. [1]. In this work we consider the quark
chemical potentials satisfying u, = u, = ptg and p; = 0. The observable of interest is the light
quark density 7y, = dp/djig, where p = p/T with pressure p, as a function of the temperature
T and dimensionless chemical potential fig = up/T = 3u,/T = 3f1,. We simulate the phase
quenched ensemble for u% =1.5,3,4.5,6,7.5,9 with a subsequent reweighting to real baryo-
chemical potental, following the method of Ref. [10]. We will refer to this approach as *direct
simulation’ in the following discussion. We also simulate ¢ = 0 for 7' = 140, 150, 160, 170
MeV to perform reweighting from pz = 0 to calculate the Taylor coeflicients and exponential
resummation using the reduced matrix formalism [11].

2 Comparison between reweighted data and extrapolation schemes
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Figure 1. Left: The direct results for 71, at non-zero pp compared with different approximations (or
extrapolations): the Taylor method to different orders up to pg and the exponential resummations [5] to
order N = 2,4 and 6, calculated from the ensemble at g = 0, as well as the shifting n; /nSBL method
calculated from imaginary chemical potential simulations and reweighting from pp = 0. Right: The
density 71;, as a function of the temperature T for fiz = 3 for the ordinary Taylor expansion (bottom)
and the resummation schemes based on shifting 71, /fig and 71, /ﬁiBL (top). The direct Taylor data from
e = 0 simulations has smaller errors than the fit to imaginary ug data. This is mainly due to the small
volume in our study. For larger volumes, the signal-to-noise ratio of the direct ps and pg would be
considerably larger. A spline interpolation of the direct results is included to lead the eye.

Using simulations at imaginary chemical potentials: Im /i ,uB =0,4,6,7,8,9,10 and 12,
we computed the normalized shifting sigmoid resummation schemes of Refs. [4, 8] up to
order k4 and A4 (for the Stefan-Boltzmann normalized variant [8]). The systematic error in-
cludes the fit range in imaginary g, the ansatz in y%, and the interpolation of the light quark
susceptibility at ug = 0. We also demonstrate a more straightforward use of the imaginary
chemical potential data by performing a second determination of the Taylor expansion coef—
ficients, ﬁttlng with a polynomial of order /i - For the fits we also include ﬁ and < dﬂ at

ug =0as further data points. We show the comparison of the different rewelghtlng schemes
with the direct data in Fig. 1, as a function of T at a fixed fip = 3, the largest value where
we have direct data. The Taylor expansion at next-to-leading order - O(y‘}g) in the pressure -
is not consistent with the direct data, systematically underestimating »n;, below 150 MeV, and
systematically overestimating it above 150 MeV. This is due to a peak in p4(T') slightly above
the crossover temperature. Including the next term in the expansion, with the coefficient
pe(T), the Taylor method agrees with the direct data up to iz = 3 at T = 160 MeV and up
tofip ~ 1.2 at T = 170 MeV. Including the next-to-next-to-next-to-leading order term pg(7T),



the expansion agrees with the direct data at all studied temperatures up to iz = 3. In contrast,
the exponential resummation scheme shows bad convergence properties from ,aé ~ 4 for all
temperatures. While the N = 2 truncation of the scheme remains close to the direct results in
the entire range, the higher orders make the agreement better only below this value, but not
above. At large T, the method based on shifting 71, / ﬁiBL outperforms the method of shifting
i /fig. This is not surprising, as the Stefan-Boltzmann correction was introduced as a way to
improve the convergence properties of the scheme at high 7.

In summary, we can say that both the Taylor expansion to order {i,(NNNLO) and the
resummation based on shifting 71y / ﬁiBL to order A4 accurately describe the direct data for the
equation of state in the range 0 < iz < 3 - which includes the entire range of the RHIC Beam
Energy Scan. Note the faster convergence of the resummed expansion, as the calculation of
the coefficient A4 only requires the determination of the Taylor coefficients up to order ﬁg. On
the other hand, the shifting 71; /{1 method at order x4 has a slight systematic discrepancy with
the direct data at large 7', and exponential resummation shows bad convergence properties in
N above ,ﬁ% ~ 4.

3 Conclusion

We judged the reliability of different approximation schemes by comparing them with direct
non-zero chemical potential results in the range 0 < fip < 3. While this gives a practical an-
swer to the question of which approximation one can trust, a theoretical understanding of the
reasons would also be welcome. For the schemes defined purely in terms of thermodynamic
quantities, such as the Taylor expansion or the resummations based on shifting sigmoids,
this requires knowledge of the position of partition function (Lee-Yang) zeros in the complex
up plane [7, 12—-15]. The exponential resummation scheme, instead, is not defined in terms
of thermodynamic quantities, but comes rather from manipulating the integrand of the path
integral for the partition function. Understanding its convergence region might also require
better understanding of the nuances of the path integral, in addition to the thermodynamic
singularities. We speculate that the limited convergence region has to do with quark deter-
minant zeros. In fact, the effective action of the quarks in a fixed gauge field background is
approximated by a finite sum, with a radius of convergence determined by the determinant
zeros, which correspond to logarithmic divergences of the effective action. These are not
simply related to the Lee-Yang zeros of the partition function, and may provide stronger lim-
itations on the convergence of the expansion. An obvious challenge is to extend the range of
validity of the methods studied in this paper to lower T and higher fig, so that the transition
line [16-20], and the location of the conjectured critical endpoint [21-25] can be studied with
first principle lattice calculations. Of course, the continuum and infinite volume limits will
also have to be taken eventually.

4 Acknowledgements

The project was supported by the BMBF Grant No. 05P21PXFCA. This work was also sup-
ported by the Hungarian National Research, Development and Innovation Office, NKFIH
grant KKP126769. A.P. is supported by the J. Bolyai Research Scholarship of the Hun-
garian Academy of Sciences and by the UNKP-21-5 New National Excellence Program of
the Ministry for Innovation and Technology. The authors gratefully acknowledge the Gauss
Centre for Supercomputing e.V. (www.gauss-centre.eu) for funding this project by providing
computing time on the GCS Supercomputers Jureca/Juwels at Juelich Supercomputer Centre,
HAWK at Hochstleistungsrechenzentrum Stuttgart and SuperMUC at Leibniz Supercomput-
ing Centre. Further funding was received from the DFG under the Project No. 496127839.



References

[1] S. Borsanyi, Z. Fodor, M. Giordano, J.N. Guenther, S.D. Katz, A. Pasztor, C.H. Wong,
Phys. Rev. D 107, L091503 (2023), 2208.05398
[2] 1. Montvay, G. Munster, Quantum fields on a lattice, Cambridge Monographs on Math-
ematical Physics (Cambridge University Press, 1997), ISBN 978-0-521-59917-7, 978-
0-511-87919-7
[3] A. Pasztor, Quark Matter Proceeding (2023)
[4] S.Borsanyi, Z. Fodor, J.N. Guenther, R. Kara, S.D. Katz, P. Parotto, A. Pasztor, C. Ratti,
K.K. Szabd, Phys. Rev. Lett. 126, 232001 (2021), 2102.06660
[5] S. Mondal, S. Mukherjee, P. Hegde, Phys. Rev. Lett. 128, 022001 (2022), 2106.03165
[6] S.Mitra, P. Hegde, C. Schmidt, Phys. Rev. D 106, 034504 (2022), 2205.08517
[7] D. Bollweg, J. Goswami, O. Kaczmarek, F. Karsch, S. Mukherjee, P. Petreczky,
C. Schmidt, P. Scior (HotQCD), Phys. Rev. D 105, 074511 (2022), 2202.09184
[8] S. Borsanyi, J.N. Guenther, R. Kara, Z. Fodor, P. Parotto, A. Pasztor, C. Ratti, K.K.
Szabo, Phys. Rev. D 105, 114504 (2022), 2202.05574
[9] M. Giordano, K. Kapas, S.D. Katz, D. Nogradi, A. Pasztor, JHEP 05, 088 (2020),
2004.10800
[10] S. Borsanyi, Z. Fodor, M. Giordano, S.D. Katz, D. Nogradi, A. Pasztor, C.H. Wong,
Phys. Rev. D 105, L051506 (2022), 2108.09213
[11] A. Hasenfratz, D. Toussaint, Nucl. Phys. B 371, 539 (1992)
[12] M. Giordano, A. Pésztor, Phys. Rev. D 99, 114510 (2019), 1904.01974
[13] M. Giordano, K. Kapas, S.D. Katz, D. Nogradi, A. Pasztor, Phys. Rev. D 101, 074511
(2020), [Erratum: Phys.Rev.D 104, 119901 (2021)], 1911.00043
[14] S. Mukherjee, F. Rennecke, V.V. Skokov, Phys. Rev. D 105, 014026 (2022),
2110.02241
[15] P. Dimopoulos, L. Dini, F. Di Renzo, J. Goswami, G. Nicotra, C. Schmidt, S. Singh,
K. Zambello, F. Ziesché, Phys. Rev. D 105, 034513 (2022), 2110.15933
[16] C. Bonati, M. D’Elia, F. Negro, F. Sanfilippo, K. Zambello, Phys. Rev. D 98, 054510
(2018), 1805.02960
[17] A. Bazavov et al. (HotQCD), Phys. Lett. B 795, 15 (2019), 1812.08235
[18] S.Borsanyi, Z. Fodor, J.N. Guenther, R. Kara, S.D. Katz, P. Parotto, A. Pasztor, C. Ratti,
K.K. Szabo, Phys. Rev. Lett. 125, 052001 (2020), 2002.02821
[19] A. Pasztor, Z. SzEp, G. Marko, Phys. Rev. D 103, 034511 (2021), 2010.00394
[20] N. Haque, M. Strickland, Phys. Rev. C 103, 031901 (2021), 2011.06938
[21] K. Fukushima, Phys. Rev. D 77, 114028 (2008), [Erratum: Phys.Rev.D 78, 039902
(2008)], 803.3318
[22] P. Kovics, Z. Szép, G. Wolf, Phys. Rev. D 93, 114014 (2016), 1601.05291
[23] P. Isserstedt, M. Buballa, C.S. Fischer, P.J. Gunkel, Phys. Rev. D 100, 074011 (2019),
1906.11644
[24] F. Gao, J.M. Pawlowski, Phys. Lett. B 820, 136584 (2021), 2010.13705
[25] J. Bernhardt, C.S. Fischer, P. Isserstedt, B.J. Schaefer, Phys. Rev. D 104, 074035 (2021),
2107.05504



