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Executive Summary

Since the release of the 2015 Long Range Plan in Nuclear Physics, major events
have occurred that reshaped our understanding of quantum chromodynamics (QCD)
and nuclear matter at large densities, in and out of equilibrium. The US nuclear
community has an opportunity to capitalize on advances in astrophysical observa-

tions and nuclear experiments and engage in an interdisciplinary effort in the theory



of dense baryonic matter that connects low- and high-energy nuclear physics, astro-

physics, gravitational waves physics, and data science.

e Now is the time to pursue dense matter studies: Over the past decade we

have seen the first detection of a gravitational wave signal from a binary neutron
star merger, together with its electromagnetic counterparts [1], and the radius mea-
surement of a two-solar-mass neutron star [2H4] from NASA’s NICER mission. New
experimental results possibly indicative of a QCD critical point [5H9] from heavy
ion collisions at STAR and HADES and new inference of the neutron-skin thickness
has led to (although with significant uncertainties) the extraction of the slope of the
symmetry energy, from PREX-II [I0] and CREX data [II]. These results cover a
wide range of scales, from single nuclei to neutron stars, and physical probes, from
gravitational waves to high-energy particles, and call for an interdisciplinary effort to
unravel the properties of strongly interacting matter. Soon we expect to see new ex-
perimental information on neutron-rich atomic nuclei and the equation of state EOS
(including new kinds of neutron skin thickness measurements using mirror nuclei [12])
from FRIB, as well as from heavy-ion collisions at RHIC, SPS, and FAIR, the possi-
ble detection of multiple neutron star mergers per year by the LIGO-Virgo-KAGRA
detectors with electromagnetic counterparts [I3] [14], and new data by the NICER
mission for PSR J0437. Interpreting this new experimental and observational data
fully will require significant coordinated efforts in dense matter theory beyond current

levels and improved coordination among theorists, experimentalists, and observers.

Interpreting Beam Energy Scan II data: Results from phase II of the RHIC
Beam Energy Scan program (BESII) are anticipated over the coming year or two,
since data-taking concluded in 2021. A central goal of BESII is to measure the beam
energy dependence of fluctuation observables and identify a possible critical point in
the QCD phase diagram, addressing one of the big open questions in the field [15].
Significant theoretical efforts are needed to reliably interpret the results. This includes
tools to study the non-equilibrium evolution of non-Gaussian fluctuations, inclusion of
strangeness neutrality and electric charge diffusion in hydrodynamic models, and an

EOS and dynamic tools to study the meta-stable regime. All of these tools, together



with the already developed Beam Energy Scan Theory (BEST) Collaboration [16]
framework, have to be integrated in a Bayesian analysis framework. Only then will
the BESII data allow us to either confirm the discovery of a critical point in the phase
diagram and pinpoint its location, or place constraints on the location of any critical
point by excluding its presence in the regime explored in BESII. Either outcome is
important for understanding the QCD phase diagram. A critical point discovery
would imply that the transition at high baryon density, np, is discontinuous and

would motivate a program for exploring consequences of a coexistence region.

Uncertainty quantification in chiral effective field theory: At low to moder-
ate np and temperatures 7', the dense-matter EOS can be computed using nuclear
many-body methods that use as input nuclear interactions derived from chiral ef-
fective field theory (xEFT) [I7, [I8]. These microscopic calculations of dense mat-
ter have become more sophisticated, with different computational methods agreeing
to good accuracy [19H27]. Present theoretical uncertainties are dominated by the
nuclear interactions employed in these calculations. YEFT enables us to estimate
these uncertainties as it is based on a systematic momentum expansion. The use
of Bayesian tools has enabled tremendous progress in the rigorous quantification of
EFT uncertainties over the past 7 years [28-35]. However, there remain several prob-
lems pertinent to the theory of dense QCD matter where model uncertainties need
to be assessed. Further methodological developments and software tools are needed
to achieve this goal [36]. Several studies have indicated that YEFT calculations of
neutron-rich dense matter might be valid up to twice the nuclear saturation density
(nsat = 0.16 fm=3) [33, 34, [37], but it is still unclear where and how YEFT breaks
down. For studies of neutron-star mergers, it is crucial to access dense matter at finite
temperatures [3840]. Finite temperatures and the addition of protons might influ-
ence the breakdown of the theory in dense matter. The possibility of a large neutron
skin in 208Pb [41] might lead to tension with YEFT calculations [42] should future
experiments confirm its central value [10] with improved precision [43]. However,
the relatively small neutron skin in **Ca inferred by the CREX measurements [11] is

more in line with YEFT calculations [44]. Grounding the EOS at low np in reliable



nuclear-theory calculations, including lattice QCD [45], is extremely important, given

the upcoming data from observations and experiments.

Connecting laboratory experiments to astrophysics: With the upcoming BE-
SIT data, low-energy FRIB data, observational data of neutron stars and their merg-
ers, the advances of lattice QCD, perturbative QCD (pQCD), and xEFT, and previ-
ous knowledge of the liquid-gas phase transition, we will have disconnected regions in
the QCD phase diagram that will need to be connected through effective models. In
equilibrium, multidimensional EOS, in terms of T" and different chemical potentials
1, must be flexible enough to allow studies of parameter space to quantify uncer-
tainties and reproduce all known constraints. They will need to provide particle
composition, necessary for calculations of in and out of equilibrium properties, such
as strangeness production, neutrino emissivity, and bulk viscosity. Additionally, dy-
namical models are needed to make direct connection to experimental heavy-ion data
and post-merger signals that will require stable and causal equations of motion that
can handle multiple conserved charges, microscopic models of transport coefficients,
state-of-the-art hadronic transport codes, and proper handling of neutrino interac-
tions. These challenges require interdisciplinary collaborations to share knowledge
and develop open-source tools that can be applied within and across the different

communities.

Leveraging novel simulation and computation technologies: Hamiltonian
simulations performed on quantum simulators and computers has the promise of en-
abling efficient first-principles simulation of dense matter, in and out of equilibrium,
by avoiding the sign problem in current Monte Carlo based methods. Quantum in-
formation tools provide novel probes of quantum state of matter, phases and phase
transitions, and equilibration and thermalization processes. Over the next decade, the
community will identify computational problems that can benefit from quantum ad-
vantage, develop efficient algorithms to access them in a quantum-simulating devise,
and engage in implementation and co-design efforts involving quantum technologists
to gain a deeper understanding of gauge-theory dynamics even on near-term noisy

quantum simulators and computers.
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FIG. 1. QCD phase diagram with the latest interpretation of experimental data and dynamical
simulations of regions probed by various systems. The zero baryon chemical potential axis follows
the trajectory of the early universe and coincides with the Large Hadron Collider (LHC). RHIC,
through the STAR BESII and fixed target (FXT) programs, explores the brown shaded region
as inferred from relativistic viscous hydrodynamic simulations [46] for \/snyy = 3, 7.7, 27 GeV.
Estimates for neutron star mergers comes from numerical relativity simulations [47] and the T' = 0
neutron star range comes from various EOS estimates. Net-proton, K, 7 data from STAR were used
to extract T, up of light particles at freeze-out (red) and net-K, A for strange particles (blue) from
[48]. Dilepton measurements of temperatures within the quark-gluon plasma phase from STAR,
NAG60 [49], and HADES [6] are shown in green. Thermal model fits to HADES particle yields
provide a freeze-out estimate for \/syn = 2.4 GeV [50] (some ambiguity still exists [51]), shown in
maroon. The nuclear liquid-gas phase transition is based on experimental data from [52] and the
wp estimate from [53]. The chiral transition (light red) comes from lattice QCD calculations [54].
The possible QCD critical point and the associated 1st-order phase transition line are not shown

due to uncertainty, which STAR BESII and FXT aim to reduce.

I. OVERVIEW

Understanding the behavior of dense baryonic matter is one of the central problems in

nuclear physics. Dense matter in this context is any nuclear system that contains a net
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excess of quarks over anti-quarks, either in the form of neutrons and protons, as baryonic
resonances, or as quark matter. Nuclear physicists address fundamental questions about the
properties of dense matter. How does dense matter respond to compression and heating, that
is, what is the EOS? Does it undergo phase transformations, possibly to states which exhibit
macroscopic order, such as superfluidity, superconductivity, or crystalline phases? How does
dense baryonic matter emit radiation, in the form of light, neutrinos, or gravitational waves?

How does it conduct heat or electric current?

Information about dense matter comes from an unusually broad array of sources, ranging
from astrophysical objects such as neutron stars and neutron star mergers, to laboratory ex-
periments involving collisions of heavy ions, or electro-weak probes of nuclei. Theorists work-
ing on dense matter employ effective theories of nuclear forces, perturbative QCD (pQCD)
calculations, numerical calculations in lattice QCD, and microscopic approaches such as ki-
netic theory and (general) relativistic fluid dynamics. They work with data scientists and

experts in machine learning.

Since the last long-range plan [55], there have been several important developments,
including new multi-messenger observations of neutron star mergers, X-ray observations of
neutron star radii, radio pulsar timing observations of potentially ultraheavy neutron stars in
excess of 2M ), parity-violating electron scattering measurements of the neutron skin thick-
nesses of Ca*® and Pb?*®, and the completion of the analysis of data from phase I of RHIC’s
Beam Energy Scan and the taking of data from its phase II. Constraints on neutron star
masses and radii will dramatically improve in the foreseeable future, and many additional
mass measurements are on the horizon. New kinds of neutron star radius measurements,
such as from measurements of moments of inertia, are possible. Also, data from BES II will
become available, and a future CBM program at GSI will provide very high luminosity data
in the energy range studied by the STAR fixed target program [56]. The interpretation of
these observational and experimental results relies on advances in nuclear theory. There is
a unique opportunity to join together different sub-fields of nuclear theory (low and high
energy) and external fields, such as astrophysics and gravitational wave physics, to study
dense matter at large ng, beginning below ng,; and ranging up to many times nyy. In the
following sections, we review the status of nuclear theory across heavy-ions, lattice QCD,
nuclear astrophysics, and gravitational waves (as it pertains to neutron stars) and discuss

the outlook and challenges for the next 10 years.
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II. EOS AT LARGE DENSITIES

The sign problem prevents direct first principles lattice QCD calculations of the QCD
EOS at pup # 0 [57]. Theorists continue to explore ideas, such as the complex Langevin
method [58], or relatively new ideas such as path integrals on Lefschetz thimbles [59], etc.
to overcome the sign problem. Functional methods offer the possibility to study QCD
directly at finite np in the continuum, making recent progress on the description of the phase
diagram [60HG3]. It is difficult to predict future advances, but a new opportunity is provided
by progress in quantum information science and the availability of noisy, intermediate scale
quantum computers and quantum simulators [64H67]. This will enable exploratory studies
of the Hamiltonian evolution of systems with non-zero quark density, see Sec. [VI] for further

discussions.

In the meantime, expansion schemes can reach out to finite ng, where the series co-
efficients can be computed without a sign problem. Notably these schemes are sensitive
to thermodynamic singularities of the EOS in the complex pp plane, whose locations are
sensitive to whether there is a critical point in the phase diagram [68]. In principle, they
encode information about the possible phase transitions (crossover, first order, etc.) in the
phase diagram. The nature of the corresponding phase transitions, whether they are a cross-
over or a first-order that ends at a critical point, is of great interest to the nuclear physics
community because this may have observable signatures in heavy-ion collisions and neutron
star mergers. In practice, only a limited number of terms are available in such expansions
[69-71]. However, combined with the universal nature of the complex singularities [72H74],
these expansion schemes can still be used to extract valuable information regarding the con-
jectured critical point and the critical contribution to the EOS in its vicinity [69, [75] [76].
Beyond the range covered by the existing expansion schemes, effective models are required
to extend the np coverage. At very low T but around 1 — 2 n,, it is also possible to
calculate the EOS using yEFT, that is relevant for neutron stars, and at extremely large
T or np one should approach pQCD calculations [77]. However, these points in the phase
diagram need to be connected through effective theories. Entirely new phases of matter
may exist that we have yet to discover such as quarkyonic matter, color superconducting
states or condensates of pions or kaons. The EOS provides a starting point to discover these

new stages of matter and phase transitions, but much is not yet understood and significant
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theoretical development is needed over the next decade to make advances in the future.
The EOS describes the properties of dense matter in equilibrium. However, the systems
that probe this dense matter are initiated (heavy ion collisions) or driven (neutron star
mergers; heavy ion collisions that pass near a critical point or through a first order transition)
sufficiently far out-of-equilibrium that an understanding of matter in equilibrium (the EOS)
is only a starting point for understanding the physics. Subsequent sections we shall describe
progress and opportunities in describing the relevant out-of-equilibrium dynamics for heavy
ion collisions and neutron star mergers, including both modeling of far-from-equilibrium
dynamical evolution and transport coefficients that describe how a perturbed system returns
to equilibrium. These transport coefficients should have the same degrees-of-freedom as the
EOS. For instance, in heavy-ion collisions that probe QCD time scales (too short lived
to experience weak decays), the transport coefficients should be calculated directly from
QCD. That is currently not possible (although quantum computing algorithms promise an
interesting future possibility), so various effective models are employed instead. In neutron
star mergers, where time-scales are twenty orders of magnitude longer, the relevant out-of-
equilibrium effects are governed by (slow) weak interactions that seek to maintain chemical

equilibrium and that yield a significant bulk viscosity when they cannot.

A. Lattice QCD

The challenge for hot and dense lattice QCD in the near future is to extend the coverage
of the phase diagram to large pp, reaching towards the neutron star mergers. The EOS
of QCD at up = 0 for a system of 2+1 flavors has been known from first principles to
a few percent for nearly a decade [T8-80], which exhibits a smooth crossover at T' ~ 156
MeV [81] with the thermodynamics of the high-T" phase being well described by resummed
pQCD calculations [82H85]. Extracting the EOS (and other properties) of QCD at finite
pwp from regular Monte Carlo simulations is complicated due to the sign problem. Several
indirect methods have been proposed to study QCD matter at small ug. A conceptually
straightforward method is Taylor expansion, where high statistics simulations at ug = 0 are
used to extract up-derivatives [86H88]. An alternative extrapolation method uses analytic
continuation from imaginary pp [89-05]. Reweighting of the configurations to finite up was

also discussed [96H99], in combination with density of state methods [100} [I0T] or canonical
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ensembles [T02H104].

A recently introduced [105] and tested [106] reweighting scheme shifts the starting point of
the extrapolation to an ensemble much closer to the finite-u g system than those used at ug =
0 in the original works. This significantly reduces the overlap problem and mitigates the
sign problem. Because this method is computationally very demanding and, it is currently
limited to very small lattices. Direct methods, such as the complex Langevin equation,
promise access to high ng at a lower cost. Gauge cooling [107] allowed the generalization
to dynamical QCD [108], and the EOS was addressed [109]. A more effective dynamical
stabilization method was suggested [I10] that enabled low-T', high up simulations [111],
pointing to the maturity of this technique to be used soon at physical conditions.

A full study of the phase diagram can only be pursued using different techniques in their
respective region of validity. Overlapping regions allow for cross-checks, which are crucial to
high-pp simulations. Another key future challenge involves obtaining the full 4D nature of
the QCD phase diagram. One requires T, up, (s, g in order to explore strangeness and
electric charge fluctuations that occur in event-by-event fluctuations of the initial conditions

in heavy-ion collisions (also due to gluon splittings into quark anti-quark pairs).

B. Many-body theory and chiral effective field theory

Many-body theory has made significant advances in predicting the nuclear EOS with
quantified uncertainties based on microscopic two- and three-nucleon interactions consis-
tently derived from yEFT [23], 26, 1T2H114]. Nuclear observables can be computed using
different many-body frameworks to estimate method uncertainties, while systematic order-
by-order calculations have enabled us to estimate the uncertainties due to truncating the
chiral expansion at a finite order (so-called EFT truncation errors). Quantifying and propa-
gating these theoretical uncertainties is crucial for meaningful comparisons between compet-
ing nuclear theory predictions and/or constraints from nuclear experiments and neutron-star
observations. Bayesian methods facilitate such comparisons in a statistically rigorous way
to take full advantage of the rich empirical constraints on the nuclear EOS anticipated in
the next 15 years. Tremendous progress has been made in the past few years in predicting
properties of nuclei and calculating the nuclear matter EOS using Quantum Monte Carlo

(QMC) methods [I15, [116]. Those nonperturbative methods, e.g. the auxiliary field Diffu-
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sion Monte Carlo (AFDMC), are based on imaginary-time propagation of a many-body wave

function, and are used to extract ground-state properties of many-body nuclear system.

Recent QMC calculations take as input nuclear interactions derived within xyEFT [17,
117]. The latter provides a way to systematically construct nuclear interactions by choosing
the relevant effective degrees of freedom, like nucleons (N’s), 7’s, or A’s. All two-nucleon and
multi-nucleon interaction terms are expanded in powers of nuclear momenta over a break-
down scale. At each order in the EFT expansion, several diagrams enter the description of
the interaction. For example, at leading-order (LO) only the one-m exchange between two
nucleons as well as a momentum-independent contact interaction contribute. At next-to-
leading-order (NLO), two-7 exchanges are included as well as momentum-dependent contact
interactions, and similarly, more involved terms appear at higher orders. The various cou-
pling constants are determined from fits to experimental data, e.g, the 7-N couplings are
fit to m-N scattering and low energy constants describing short-range interactions are fit to
scattering data. The advantage of interactions obtained within yEFT is that many-body in-
teractions, like three-N forces, are naturally emerging within the chiral expansion. Another
important feature of YEFT is that theoretical uncertainties from the truncation of the expan-
sion can be estimated. Several techniques have been introduced to estimate these systematic
(or theoretical) uncertainties [33, 118]. QMC calculations based on xYEFT Hamiltonians of
binding energies, radii, and electroweak transitions of nuclei up to A = 16 [119HI25] are
in very good agreement with experimental data [126H129]. QMC methods were also used
to calculate the EOS of matter up to ~ 2 ng, [24, 27, 37, 130]. The calculated EOS in-
clude estimates of systematic truncation uncertainties, and are commonly used to constrain

properties of neutron stars [37), T31], 132].

The past decade has seen a renaissance for many-body perturbation theory (MBPT) cal-
culations in nuclear physics [26], [133]. The similarity renormalization group [134] has enabled
us to systematically lower the resolution scale of chiral interactions, making them softer to
accelerate the MBPT convergence. Furthermore, recent advances in automatic diagram
generation [135] combined with automatic code generation [136] and high-performance com-
puting have led to a fully automated approach to MBPT calculations in nuclear physics [26],
in which chiral two- and multi-nucleon forces can be included to high orders in the chiral and
MBPT expansions. MBPT has been demonstrated to be a computationally efficient and ver-

satile tool for studying the nuclear EOS as a function of ng, isospin asymmetry, and 7" [40]
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and their implications for the neutron star structure [26]. In particular, MBPT allows us
to compute neutron-star (i.e., S-equilibrated) matter directly rather than by interpolation,
providing important insights into isospin asymmetry expansions of the low-density nuclear
EOS [38, 137-141]. But MBPT’s versatility goes well beyond the nuclear EOS and includes
MBPT calculations of the linear response and transport coefficients that could fuel more
accurate numerical simulations of supernovae and neutron-star mergers [142]. Global opti-
cal potentials with quantified uncertainties have been derived from MBPT calculations of
infinite matter based on chiral NN and 3N interactions [143], [144]. These microscopic optical
potentials will play a crucial role in the FRIB era to interpret nuclear reaction experiments
to constrain the nuclear EOS and beyond [145].

High-quality astrophysical simulations of neutron-star mergers are key to extracting vi-
tal information from multimessenger observations and require robust input for the EOS and
neutrino opacities with quantified theoretical uncertainties. Future yEFT-based calculations
will have to be devoted to further improving the nuclear Hamiltonians to reduce the uncer-
tainties. The constrained EOS around nuclear densities will be crucial to understand the
“low-ng” limit of dense QCD. Such calculations are needed at finite 7" as well as arbitrary
neutron-proton asymmetries. yEFT is valid for nucleon momenta below ~ 500 — 600 MeV,
roughly translating into densities below ~ 2 n,, [33, [B7], but the exact breakdown density
and the way YEFT breaks down in dense matter is unknown. In addition, the convergence
pattern of the nuclear EOS at finite proton fractions and 7" needs to be investigated more
closely with rigorous statistical analysis. These questions will need to be answered to make

reliable connections to laboratory experiments and astrophysical observations.

C. pQCD

Due to the asymptotic freedom of QCD, various quantities including the EOS can be
calculated directly from the Lagrangian of QCD at extremely high np and/or T using
resummed perturbation theory. The first results for the EOS came more than four decades
ago for massless quarks [I46HI50] and then including strange quark mass [I51THI54]. In the
past years there has been significant activity to improve the perturbative calculations of the
EOS, generalizing the Next-to-Next-to-Leading-Order (N2LO) calculations [154] to cover all
np and T [155], including the effects arising from the strange quark mass [I56]. Partial
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N3LO results at 7' = 0 and zero quark masses have been obtained [I57, [158]. Resummation
schemes that go beyond strict weak coupling expansion have been explored [I59HI61]

At low T, the current state-of-the-art results become quantitatively reliable at np 2
40 ngqy [162]. While these densities are well above ng reached in stable neutron stars, it has
been recently demonstrated that the knowledge of this high-np limit constrains the EoS at
neutron-star densities [77,[162]. These constraints arise from the requirement that the low-ng
EoS be connected to the high-density limit such that the EoS is mechanically stable, causal,
and thermodynamically consistent at all ng. Further improvements of the perturbative
results, in particular the completion of the N3LO computation, will offer even stronger
constraints to the EOS at neutron-star densities. The impact of these constraints due to the
nontrivial interplay between perturbative constraints and astrophysical observations have
been discussed recently [162-166], and the pQCD input might lead to softening of the EoS

at the highest ng reached in neutron stars.

D. Effective models

Beyond the current reach of YEFT and other ab-initio theories, effective models provide
an alternative way to acquire insight about the QCD EOS at large ng and finite 7. A subset
of these models begin with lattice QCD results and reconstruct an EOS with additional
physics added at large . An example of this, is [I67] where they constructed an EOS that
respects what is known from lattice QCD at ug = 0 and at the same time has a critical point
in the appropriate 3D Ising model university class placed at a point in the (7, ug) phase
diagram of your choosing, and with the mapping of the axes of the universal Ising model into
the QCD phase diagram also of your choosing. This construction has also been extended to
incorporate the constraint of strangeness neutrality [168]. This constructed EoS can then
be used in heavy-ion dynamical simulations [16, 169, 170], with the goal of incorporating
calculations of the critical fluctuations near a critical point in such hydrodynamic modeling.
By so doing, the resulting fluctuations of observed particle multiplicities can be computed
and compared to measurements anticipated from phase II of the RHIC BES program. Thus,
constraints can be placed on the choices made in constructing the EoS, including in particular
the location of a possible critical point in the QCD phase diagram. Given the presence of

multiple baryon number, electric charge, and strangeness (BSQ) conserved charges in heavy-
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ion collisions, this framework for incorporating a critical point must also be developed to
include the electric charge and strangeness chemical potentials, pg and pg.

Holographic models tuned to fit lattice QCD results at ng = 0 have been useful to
investigate the equilibrium and transport properties of strongly-coupled matter near the
critical point [I7IHI74]. Relativistic mean field models can be applied to any energy regime,
as long as they contain the appropriate degrees of freedom, namely a variety of baryons,
mesons, and deconfined quarks [I75], 176]. Effective models provide particle population and
can incorporate various strangeness and isospin densities. Modern Bayesian tools enable
us to determine uncertainties in, and correlations between, model parameters. This infor-
mation can be straightforwardly propagated to model predictions thereby quantifying the
uncertainty within a particular model. Quantifying the uncertainty of a particular model
is a harder problem, although Bayesian Model Mixing [36], 177] shows promise for assessing
and controlling it. Effective models can be constrained by lattice QCD, pQCD, and yEFT
and be fitted to reproduce nuclear saturation properties, heavy-ion collision data, and neu-
tron star observational data. To make meaningful comparisons between heavy-ion collisions
and neutron star mergers, which overlap in properties such as entropy per baryon and npg
[178], they need to contain chiral symmetry restoration and an appropriate treatment for in
medium masses of mesons. One unresolved complication is that the condensation of mesons
needs to be properly accounted for in the case of mergers.

Developments will be driven by upcoming data and new data analyses. Once we have a
realistic continuous description connecting the QCD phase diagram, developments in e.g. as-
trophysics will immediately reflect on constraints for matter created in heavy-ion collisions
and vice-versa. In particular, the confirmation of the QC critical point would focus astro-
physics efforts onto looking for signals of quark deconfinement in neutron stars [I79HI8T],

their births [I82] I83], and their mergers [47, [184].

E. Transport coefficients

In the finite 7" and small ng regime probed by high-energy heavy-ion collisions, one can
already calculate the EOS directly from lattice QCD calculations. There, the primary uncer-
tainty lies in both the correct description of the initial state and the transport coefficients

needed for relativistic viscous hydrodynamic simulations. To overcome this issue, groups
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perform large scale Bayesian analyses at up = 0 [I85] to extract these properties and these
transport coefficients can in turn be used to make predictions for future runs. However, at
large np this is no longer possible because not only are the initial conditions and transport
coefficients not yet known, but also the EOS is unknown. Furthermore, the transport coef-
ficients are sensitive to phase transitions [I74], [I86] and vary as functions of {7, ug, ps, po}
[187, [188] and, therefore, also require multidimensional tables, just like the EOS. Microscopic
models and effective theories are required to determine reasonable functional forms of these
transport coefficients to guide future statistical studies. This picture is further complicated
by the BSQ diffusion matrix that is relevant at large ng [I89] and second-order transport
coefficients that provide stability to far-from-equilibrium systems and couple various dissipa-
tive currents [I90], but we have very little knowledge about their values at finite ng. Thus,
significant theoretical development is required before a full scale Bayesian analysis can be
performed at these ng. Potentially new data science techniques will be necessary because
of the much larger scale of free parameters at large npg.

Analogously, similar challenges exist for neutron star mergers [I91HI93]. In that case,
finite T effects are not negligible, at which point weak interactions become important. While
these can be computed as effective reaction rates [194], their corresponding impact on the
hydrodynamic system can be understood in terms of transport coefficients. These must be
determined taking into account a variety of out-of-equilibrium processes, which depend on
the specific phase and particle content of the matter which, in turn, vary with ng. Current
calculations have been limited to very simple forms of npeu matter [I95H199] and hyperons
[200], with uncertainties concerning the relevant thermodynamic conditions in the neutrino

trapped regime [201), 202].

F. New phases of matter

There are many reasons to believe that the phase structure of dense QCD is rich. Beyond
a couple of times ng,;, new degrees of freedom (other than nucleons) are expected to pop-
ulate dense matter. These are hyperons, spin 3/2 resonances, negative parity states, and a
myriad of mesons. Their appearance softens the EOS, by opening new fermionic channels
or by condensing bosons. There may also be a hadronic phase with restored chiral sym-

metry, quarkyonic matter, with mesons, baryons, and glueballs [203H207]. Eventually, at
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larger ng and T', hadrons start to overlap, and a description based on quarks and gluons is
necessary [208]. We anticipate a regime of color superconducting quark matter phases [209]
at extremely high ng, which itself is predicted to have several phases at various locations
on the phase diagram. These phases may be inhomogeneous [205H207, 210H213] and many
of them superfluids [214-H216], including the CFL phase [209) 217, 218], which is favored at
the highest up’s. Among the color superconducting phases, there may be some that are
crystalline [219-H221] and some in which chiral symmetry is broken [217, 222].

In quark matter phases it is expected that the EoS becomes approximately conformal
leading to a characteristic softening [223, 224] that may be used as an indicator of the
active degrees of freedom and the phase of the dense matter. It has been shown (through
nuclear-gravity collaborations) that these exotic phases produce signatures related to the
characteristic bump in the speed of sound ¢? (as a function of ng) of dense matter or a first-
order phase transition, that could be observed in the near future in neutron stars mergers
[225] from the binary love relation. If these phases of matter could be accessed by heavy-ion
collisions there are likely other unique signatures that have yet to be explored. Further study
and collaborations with gravitational wave physicists and astrophysicists will be necessary

to find new observable signatures in multi-messenger astrophysics.

III. HEAVY-ION COLLISIONS

A central goal of the RHIC BES program is the discovery of a possible critical point or a
first-order phase transition in the QCD phase diagram. Such a discovery would be of central
importance to our understanding of QCD, as it would represent the first clear distinction
between quark-gluon and hadronic matter. Matter produced at the top RHIC beam energies
(V/snw) is characterized by a very low pp < 25 MeV, and can be well described by the
standard model of heavy-ion collisions: event-by-event initial conditions, relativistic viscous
hydrodynamics, and hadronic interactions [I85], 226-229]. At lower /sy, more of the initial
baryons of the colliding nuclei are stopped, and higher pp are reached. For these /sy,
significant upgrades must be made to high-energy heavy-ion collision simulations to handle
baryon stopping, large ng, new transport coefficients, etc. Fundamental questions exist on
the boundaries of applicability of hydrodynamics vs. hadron transport around extremely

far-from-equilibrium, short-lived, droplets of QGP.
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Phases I and II of the RHIC BES explore matter up to ug ~ 750 MeV. While data from
BES I have been analyzed, data from BES II, which will add significantly more statistics at
low /sy, have not been published yet. The main observables that have been explored are
fluctuations of particle multiplicities [230H236], which are predicted to show an enhancement
in the critical region. Data from BES I provide intriguing hints of non-monotonic behavior in
higher order cumulants of the net-proton distribution as a function of the beam energy [7].
There are also indications for an excess of the variance of the proton number relative to
the non-critical baseline in the regime /s ¢ < 20 GeV if the expected effects of baryon
conservation and repulsive interactions are taken into account [237]. Data from BES II, as
well as a suitable theoretical analysis framework, will be required to draw firm conclusions. A
central challenge, and, hence, a central element of the theoretical analysis framework, arises
from the fact that, because of critical slowing down, the fluctuations that develop in a heavy
ion collision that passes near a QCD critical point do not have the time to grow as they would
in thermal equilibrium [238]. This means that calculations of these fluctuations (see below)
done for the purpose of estimating the magnitude of fluctuations in particle multiplicities to
be measured in BES II must be done out-of-equilibrium, and must be done self-consistently
with the hydrodynamic calculation of the expansion and cooling of the droplet of QGP. Even
if it were possible to extrapolate lattice calculations of equilibrium susceptibilities to the upg
of interest, this would not suffice: if BES II collisions pass near a critical point, because of
critical slowing down the measurements of fluctuation observables will need to be compared
to dynamical calculations of critical fluctuations that are far-from-equilibrium. Finally, we

note that future STAR BES II results will be significantly extended by CBM at FAIR [56].

Independent of the possible existence of a critical point, heavy-ion collisions data at low
Vv/snny will shed light on other properties of dense QCD matter, with far-reaching conse-
quences. While collisions at very high /syxy explore a regime similar to that in the early
universe, characterized by high T" and low pp, collisions at low /sy y create systems closely
resembling those encountered in neutron star mergers [0], with low 7" and high pp. This
opens up the possibility of new connections between nuclear and astrophysics. Can we con-
strain the EOS beyond the regime accessible by lattice QCD? Can heavy-ion collisions be
used to determine the EOS in the regime probed by neutron star mergers? How does the
EOS evolve from the small-up regime, characterized by a reduction of ¢? in the crossover

region, to the high up regime, where neutron star data indicate a rapid rise in ¢2? What
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are the degrees of freedom responsible for this behavior? How do the strong interactions
depend on density? Does the QGP still look like a nearly perfect fluid at large pp? Studies
of these questions will spur fruitful interdisciplinary work that will advance fluid dynamic

and transport theories in both astrophysics and heavy-ions.

A. Relativistic viscous fluid dynamics

The fluid dynamic framework at high-energies is significantly simplier than what is re-
quired at low energies (and as such, many high-energy hydrodynamic codes are not fully
prepared to be ran at low energies yet). Extending fluid dynamics to low /syy, with
possible critical fluctuations or a metastable region, involves a number of challenges.

First, given the role of higher order cumulants as an experimental signature of the crit-
ical point, it is important to include the evolution of non-Gaussian cumulants of the order
parameter. A framework for computing the Gaussian component of critical fluctuations
self-consistently with hydrodynamics, called HYDRO+ [239], has been developed and used
to model heavy ion collisions near a critical point [240 241], and in Ref. [242] these out-of-
equilibrium fluctuations described in concert with the hydrodynamic evolution of the droplet
of matter produced in a heavy ion collision have been “particlized”, namely converted into
cumulants of proton multiplicities that can subsequently be measured. Generalization to
non-critical fluctuations in relativistic fluids has also been introduced for Gaussian fluctua-
tions [243], 244]. A similar framework for non-Gaussian fluctuations will be crucial for direct
comparison of hydrodynamic models that incorporate a critical point with BES II data. An
important first step towards this goal has been reported in [245]. Relativistic viscous fluid
dynamics frameworks also need to be extended to incorporate the metastable regime since
fluid elements may pass across the first-order phase transition. This will require deriving the
equations of motion that can handle a mestable regime (e.g. incorporating chiral symmetery
restoration), demonstrating that they are stable [190], and ensuring that the hydrodynamic
codes can handle numerical challenges passing across a first-order line.

Second, at finite up the fluid dynamic description has to incorporate the dynamics of all
(BSQ) conserved charges. This implies hydrodynamics codes must be compatible with 4D
EOS tables [246] 247], transport coefficients that vary in a 4D space which may have sharp

features due to phase transitions, and equations of motion that contain the full matrix of
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diffusion coefficients (with all appropriate coupling terms to other dissipative currents).

Third, initial conditions have been updated to incorporate baryon stopping [248] or gluon
splittings into BSQ densities [249] 250], but a single model that incorporates both does not
yet exist. Because the EOS varies with electric charge, isopin effects should also be studied
in these initial conditions, which may be non-trivial depending on the type of nuclei (e.g.,
nuclei with neutron skin). Out-of-equilibrium effects (i.e., the full 7" and J* for each
conserved charge) should also be considered, which is possible within transport models such
as SMASH [251], but has not yet been considered in alternative approaches.

Fourth, fundamental questions still remain on the proper way to convert the fluid-like
QGP into particles. The typical approach is to use a Cooper-Frye approach that constructs
a distribution function f = f.,+0f, where f., is the equilibrium contribution and ¢ f contri-
butions appear for each dissipative current (assumed to be small comparatively). Due to the
role the shear and bulk viscosities,  and (, and diffusion play at large g, one may reach a
regime where df > f., and this approach must be revisited [252H256]. Additionally, even if
the correct distribution function is known, one must ensure that BSQ charges are conserved
in a single event [257), 258]. Finally, with the measurement of global A polarization by the
STAR collaboration [259], the development of consistent theories of spin hydrodynamics
that can be used in simulations has become an important problem in the field. Despite the
intense interest displayed by the community (see, for instance, [260H265]), many questions
still remain concerning the formulation of consistent (causal and stable) theories of viscous
spin hydrodynamics and their implementation in heavy-ion simulations.

This list indisputably goes beyond what can be achieved by individual investigators.
A collaborative approach to tackling these challenges was initiated by the BEST Collabora-
tion. The BEST Collaboration achieved significant progress reported in [16], but the work
still remains to be done to enable quantitative comparison to heavy-ion collision experiments
and to locate the critical point. Further efforts are also needed to make direct connections

to the physics of the neutron star mergers.

B. Hadronic transport

Hadronic transport simulations have been used extensively to study heavy-ion collisions at

very low to intermediate beam energies (/5 ~ 1.9 GeV to /5., ~ 8.0 GeV), where the far-



23

from-equilibrium dynamics of the system questions suitability of fluid dynamical approaches.
In addition to providing a means of studying non-equilibrium evolution, hadronic transport
naturally includes baryon, strangeness, and charge diffusion, as well as describes effects due
to the interplay between the evolving collision zone and the spectators, which are crucial for
a correct description of, e.g., flow observables.

By comparing the simulations with experimental data, hadronic transport can be used
to extract the EOS and in-medium properties of nuclear matter at finite 7" and large ng.
The single-nucleon mean-field potential, including its density-, isospin-, and momentum-
dependence, can be extracted by comparisons of several observables, including the directed
and elliptical flow. In particular, the difference between proton and neutron flows and the
spectrum ratio of energetic neutrons over protons can be used to constrain the symmetry
energy at both sub- and suprasaturation densities [266H272] (see also Sec. [V A)). Meson
yields in inelastic nucleon-nucleon reactions during heavy-ion collisions can also provide
information about the isospin dependence of the EOS and regions of the phase diagram
probed in the collisions [268], 273}-277].

While hadronic transport studies have been successful in gaining understanding of the
dynamics of heavy-ion collisions, precise quantitative statements about the dense nuclear
matter EOS are not yet possible. Significant differences exist between EOS extracted using
various theoretical fits to heavy-ion data [278-280], and there is a considerable tension
between analyses that imply a soft EOS of symmetric nuclear matter at ng ~ 3-4 ngu
[280), 281] and neutron star studies that point towards a very stiff asymmetric EOS in the
same ng range [37, 282H285]. Further development is needed to resolve these issues.

Improvements may include maximally flexible parametrizations of nucleon interactions
that would enable description of multiple non-trivial features of the EOS, such as, e.g., a
phase transition at high 7" and high np or a particular behavior of ¢? as a function of ng. Such
a flexible parametrization of the symmetric EOS based on relativistically covariant vector-
type interactions was recently developed [281] 286]. However, similarly versatile isospin-
dependent and momentum-dependent EOS with the corresponding single-nucleon potential
is still needed. Improvements may include, e.g., generalizing parametrizations [287] based on
Gogny-like energy density functionals (which encapsulate main features of experimentally
measured nucleon-nucleon short-range correlations and optical potentials at ng, [288] 289])

or using parametrizations based on scalar-type interactions [290]. The incorporation of
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mesonic degrees of freedom among species explicitly affected by mean-field potentials may
also lead to more realistic simulations. Recent increases in available computational power
have rendered these possible code refinements accessible in realistic implementations.

In parallel to these possible advances, an effort should be made to reduce theoretical
uncertainties coming from model assumptions and details of implementation. This could
be achieved through systematic comparisons between different hadronic transport codes.
Such studies could be done within or modeled after the work of the Transport Model Eval-
uation Project Collaboration, which to date provided several benchmark results as well as

recommendations for improvements (see [291] for a review).

C. Far-from-equilibrium relativistic fluids

Large deviations from equilibrium are found in ultrarelativistic heavy-ion collisions, es-
pecially at the early stages of the evolution [292] 293]. Recent experimental findings in small
systems such as p+A collisions indicate potential fluid-like behavior (akin to A+A systems),
and motivated a deep investigation towards the foundations of hydrodynamic behavior [294].
This has lead to new insights into what constitutes relativistic hydrodynamics and its possi-
ble extension to the far-from-equilibrium regime [255| 295H298]. Analogously, developments
in the far-from-equilibrium regime have also been made in strong coupling [299H308], and
kinetic theory [307, [B09H325]. Theoretical developments include (but are not limited to) hy-
drodynamic attractors [315], [323] 326H328], anisotropic hydrodynamics [255] 295, 296], the
formulation of new causal and stable (general-)relativistic viscous hydrodynamic theories
[329-334], and the proof that causality is a necessary condition for thermodynamic stability
in relativistic fluids [335]. Furthermore, the means by which rapid longitudinal expansion
can drive kinetic theory into the ground state of an effective Hamiltonian whose subsequent
adiabatic evolution later hydrodynamizes has been also been considered [330], B37]. Thus, it
may be possible to extend hydrodynamical treatments to the far-from-equilibrium conditions
that are generated in low-energy heavy-ion collisions.

In heavy-ion simulations when hydrodynamics is initialized, the system can be so far-from-
equilibrium that the standard 2nd-order hydrodynamic formulations [338], 339] can display
unphysical, acausal behavior in simulations [340], [341]. At the same time, the hydrodynamic

paradigm has been enormously successfully at predicting experimental observables at the
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percent level [342] B43] and describing a menagerie of observables [226], 227, 344]. Thus,
there is a tension between foundational physical principles and successful phenomenology.
Mastering the far-from-equilibrium regime of relativistic fluids is crucial not only for accurate
simulations, but also for understanding why hydrodynamics is applicable to the extremely

short-lived and very rapidly expanding systems formed in heavy-ion collisions.

Much less is known about the applicability of hydrodynamics at finite ng. Far-from-
equilibrium constraints, such as [345],346) for up = 0, are not known. Following [190], further
work on the causality and stability properties of hydrodynamics with multiple conserved
charges (with and without the inclusion of critical phenomena) is needed. Large deviations
from equilibrium may be expected in the vicinity of the QCD critical point depending on
the structure and properties of the critical region [347, [348]. The initial conditions may
also be far from equilibrium which may complicate comparisons to lattice QCD (since these
systems will not conserve entropy) as well as comparisons between events at similar beam
energy since the exact phase diagram trajectory the system takes is heavily dependent on
initial conditions [170} 349, 350]. Thus, the inclusion of out-of-equilibrium effects is necessary

for systematic comparisons between the matter formed in low energy heavy-ion collisions

(RHIC, HADES, and FAIR) and neutron star mergers.

D. Bayesian analyses

Bayesian analyses of LHC and highest-energy RHIC collisions have been proven capable of
constraining the EOS of baryon-free matter at high 7" [351]. For similar success in constrain-
ing the baryon- and isospin-dependence of the EOS, low /sy simulations must first reckon
with several practical and conceptual challenges. Once these upgrades are incorporated to
heavy-ion simulations, it will then be possible to apply a Bayesian analysis framework that
treats aspects of the EOS, transport coefficients and pre-equilibrium dynamics as free pa-
rameters to be determined by comparisons with experimental data. Additionally, one could
apply model selection techniques to determine if a specific \/syn can be best described
by hydrodynamic or hadron transport simulations [228]. In such an approach, the EOS
and transport coefficients could be extracted from experimental data, and possibly even

determine the location of the QCD critical point or first-order phase transition line.
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IV. NEUTRON STARS

Recent gravitational-wave, X-ray and radio observations have the potential to revolu-
tionize our understanding of nuclear physics at high ng and low 7. The advanced LIGO
and Virgo detectors have already observed the inspiral of a neutron star binary in 2017
(GW170817), another possible neutron star binary in 2019 (GW190425), and the possi-
ble merger of two neutron-star/black-hole binaries in 2020 (GW200105 and GW200115).
Measurements of the maximum mass (M;,q,), mass-radius (M — R) relation, and tidal de-
formability (A) of neutron stars can be used to infer the 7= 0 EOS at intermediate and

large ng. Current electromagnetic and gravitational constraints are shown in Fig.

During its fourth (O4) and fifth (O5) observing runs (to occur in 2023 and c. 2025), the
LIGO/Virgo/KAGRA detector network is expected to detect many tens of events including
neutron stars. In the third-generation (3G) era, circa late 2030s, Cosmic Explorer in the
United States [352], the Einstein Telescope in Europe [353] and NEMO in Australia [354]
are expected to observe 10s to 100,000s of neutron star events per year. Similarly, the
NICER telescope has announced radius constraints for 2 pulsars to date, and observations
will continue at the minimum of 3 more years, if not longer. These observations will not
only be numerous, but they will come with increased sensitivity, i.e., it will be possible
to pull new physics out of the data. While GW170817 could place an upper limit on the
tidal deformability A [355], the error bars were large. If the same event were detected in
O5 or in the 3G era, the A is expected to be measured ~ 6 times and ~ 30 times more
accurately [356], respectively. Quantum squeezing implemented during O3 and frequency-
dependent squeezing under implementation O4 will yield further improvements in the high-
frequency sensitivity of the detector. Such improvement in the 2 700 Hz sensitivity opens
up the possibility of detecting the gravitational waves emitted during and after the merger
of neutron stars (see Fig. . The merger phase has the potential of carrying information
about possible phase transitions at high ng or T' [47, [184]. It has been suggested that out-of-
equilibrium effects can also play a crucial role in the post-merger [192), 193 357], which could
lead to a whole new field of research and strong synergies with heavy-ion collisions. However,
simulations with out-of-equilibrium neutrino-radiation hydrodynamics suggest that out-of-

equilibrium effects are too small to be resolved in current simulations [202].
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FIG. 2. Left: Constraints at the 20 confidence level from LIGO/Virgo GW170817 [1], NICER
J0030, J0740 [2] 13, 358, B59]. Potential neutron stars candidates GW190814, J0952-0607, and
V723 Mon are included, but still under contentious debate. Figure adapted from [284]. Right:
Extraction of ¢2 vs. np from GW170817, J0030, J0740 data using three different functional forms
for the EOS where the upper and lower bounds of the posteriors are color coded in red for Gaussian

Processes, blue for spectral EOS, and black for polytropes. Figure from [3]

A. X-Ray observations

The radii of neutron stars, if measured with precision and reliability, provide data sensitive
to the EOS at a few times ng,. Early attempts at radius measurements relied on time-
integrated measures (such as the average flux and spectrum, supplemented by a distance
estimate to the measured neutron stars) and have been found to be susceptible to systematic
error. For example, data can be equally well-fit assuming hydrogen atmospheres or helium
atmospheres, but the inferred radii can differ by ~ 50%, many times the formal statistical
uncertainty [360}, 361]. In contrast, the X-ray data obtained using NASA’s NICER mission
times photons to better than 100 nanoseconds, such that it is possible to obtain spectra as a
function of rotational phase. This extra time dimension in the data renders radius estimates

much more robust against systematic errors.

To date, NICER-based radius measurements have been published for two neutron stars

[2, 3, 358, 359]. A measurement for another high-signal neutron star is expected within the
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FIG. 3. Phases of the coalescence of binary neutron stars. During the inspiral phase (before
touching), the neutron stars are deformed due to their gravitational pull and one can extract the
tidal deformability A. The inspiral is the only phase currently measurable from gravitational waves.
The post-merger is the point where the neutron stars touch, finite T and Yy play a role, and the
gravitational waves from this phase may be measurable in O5 or 3G [362]. The remnant (the final

remaining object) is either a hypermassive neutron star or black hole. Figure taken from [363].

next several months, and measurements will also be reported for three additional neutron
stars with weaker signals. It is expected that by the end of the NICER mission it will at
least double the total exposure on each of these neutron stars, which will lead to an expected
reduction in the current ~ 1 — 2 km radius uncertainties by a factor of v/2, and possibly

more depending on the total exposure.

B. Inspiral of neutron stars

Ground-based detectors observe gravitational waves from the coalescence of two neutron
stars for minutes, depending on their low frequency sensitivity. Though the neutron star
structure does not affect the majority of the signal (modulo potential resonance effects), this
long inspiral can be used to measure the chirp mass of the system to astonishing relative
accuracy O(107%) [364]. The mass ratio of the system is less well measured and correlated
with the spin, making the precise determination of the individual masses challenging [365].
In the coming years, as more systems are observed, information about the population dis-

tribution of merging neutron star spins can help alleviate this degeneracy and obtain more
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constraining individual mass measurements. Regardless, from the chirp mass alone, it is in-
ferred that GW190425 was a compact binary whose primary had mass 2 1.7M,. If, indeed,
the primary was a neutron star, this would mark a novel kind of astrophysical system com-
pared to the known galactic binary neutron star systems [366] that have a mass distribution
characterized by M = 1.35 £ 0.1M, [367].

During the final tens of milliseconds, tidal interactions between the two coalescing neu-
tron stars result in a speed up of the inspiral, which manifests as a shift in the phase of
the waveform. The tidal deformability A quantifies this effect and it is a strong function
of the neutron star mass and radius, scaling as a high negative power of the stellar com-
pactness C'= GM/(c*R). Due to this scaling with compactness, tidal interactions between
massive neutron stars -such as GW190425- are undetectable at current sensitivity, and the
interpretation of some binaries is based purely on the inferred masses. Notable among them
is GW190814 [368], with a secondary mass at 2.6M, whose nature is an unsettled debate.
Improved sensitivity will allow us to probe potential tidal interactions of heavier binaries,
with third generation detectors able to reliably infer the nature of objects up to ~ 2M, from
the inspiral signal alone. At the same time, the improved sensitivity and the large number
of detections could result in binary tidal deformability measurements down to ~ 100 during
the fifth observing run and ~ 20 for next generation detectors [369].

Besides overall constraints on A (which can be translated to constraints on the radius
and combined/contrasted with other probes; e.g., [132, B70-370]), inspiral signals can probe
the entire A —m relation. As mentioned above, such constraints become intrinsically weaker
as m increases. However, ~ 100 events (expected circa the fifth observing run) will suffice
for the identification of (or a constraint on) a sudden softening in A — m at low ng/mass

scales around 1.4M©® [377, 378].

C. Potential ultraheavy neutron stars

In the last years, there have been potential observations of ultraheavy neutron stars
(M 2 2.1Myg). These compact objects would fall into the mass gap between the largest
well-measured neutron star masses and what is anticipated to be the lightest black hole
Mpin 2 3Mg,. As previously mentioned, GW190814 included a compact object of 2.6 M,

where only the mass alone could be confidently measured; the tidal deformability for such a
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heavy compact object, if it was a neutron star, would be well below A ~ 2 — 20 [284], 379],
which, in turn, is below the values of A = O(100) that can be extracted with current
detectors [350]. Not long after GW190814 was observed, the companion to the red giant
V723 Mon was estimated to have a mass of M > 2.91+0.08 M, [380], although astrophysical
and modeling systematics make this measurement less robust than the GW190814 one;
furthermore, the companion could be a black hole. In addition, several “black widow”
pulsars are known (so-named because their primaries may be consuming their sub-stellar
companions, leading to a high mass), the first known of which is PSR1957420 with an
estimated mass of 2.40 + 0.12M, [381]. In just the last months, a new black widow pulsar
PSR J0952-0607 was announced, having a mass of M = 2.35+0.17M, [382] and also having
the second fastest known spin rate (707 Hz) of any pulsar. Some of these ultraheavy neutron
star candidates are shown as gray bands in Fig. [2| because there is no known information
about their sizes. Physics inferred from these stars comes with several caveats, which makes
it difficult to determine today what an accurate minimum for the maximum mass of a
neutron star is. However, if even one of these objects were to be unambiguously confirmed
as an ultraheavy neutron star, it would have strong implications for the EOS [284], [379] [383].

In contrast, from the well-measured mass of GW170817 and inferences from its electro-
magnetic signature that it promptly (within a second) collapsed into a black hole, it has been
estimated that the neutron star maximum mass is no larger than 2.2—2.3M, (see [384-386] ).
Future mergers with accompanying electromagnetic signals and additional pulsar detections
will refine this estimate. Besides its importance to the properties of the neutron star EOS,
the neutron star maximum mass will help determine if future gravitational wave merger

detections involve neutron stars or black holes.

D. Merging neutron stars and multi-messenger signals

Different from the inspiral, where the orbiting neutron stars are essentially at T' ~ 0 MeV,
the collision of two neutron stars will probe the hot and dense phase of nuclear matter (e.g.,
[201], B87H391] ). Shock heating during merger will generate temperatures up to 7" ~ 50 MeV,
whereas the potentially metastable neutron star remnant will probe ng ~ 2 — 10n.y
[392, 393]. Despite the obvious difference in isospin, the conditions probed in the merger are

similar to those expected in low-energy heavy-ion collisions [I78] and see Fig. . Hyperons
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may be copiously present at those densities [394] 395], and the phase transition (at high ng
and T') to deconfined quark matter can occur [47, [184] 1393, 396H-399]. Accessing this infor-
mation via future gravitational waves and indirectly through electromagnetic counterparts

[400-402], would offer the tantalizing prospect of obtaining novel insights into dense matter.

Several ways of potentially leveraging this information have been suggested. The most
direct way of probing hot and dense matter would be via the high-frequency part of the
gravitational-wave signal, e.g., through next-generation gravitational-wave detectors such as
Cosmic Explorer [352], Einstein Telescope [353] or NEMO [354], see also,[403-407]. This
kilohertz signal is sourced by oscillations of the merger remnant, which has been shown to
be correlated with the underlying EOS [408-410]. Since they are sourced by the densest
part of the star they would offer a pristine probe of the conditions inside neutron stars,
which correlate with the EOS. [404, [411]. Finite-T" effects [387, B91], and especially exotic
degrees of freedom [47, [184], 1394 395] can lead to distinct shifts in the post-merger spectrum.
Neutron-rich matter ejected from the system will eventually undergo r-process nucleosyn-
thesis [412], powering electromagnetic afterglows [413]. Since the amount and composition
of this material are to some extent dependent on the underlying (finite-7") EOS, constraints
on the electromagnetic emission can provide additional constraints on the dense matter
phase [402, [414H416]. Such inferences are naturally prone to uncertainties in the numerical

modeling and underlying nuclear physics at low np (reaction rates, opacities, etc.).

The absence or presence of certain counterparts can provide more direct constraints on
the densest states of nuclear matter present in the most massive neutron stars. Rapidly
spinning neutron stars can support between 20 — 30 % higher masses than the maximum
mass, Mp.x of non-rotating neutron stars [417-420]. The merger of massive enough neutron
stars will eventually result in direct black hole formation [421]. This can be accompanied
with a reduction in available remnant baryon matter, leading to a potential suppression
of electromagnetic counterparts [422] 423]. The threshold binary mass, at which a merger
remnant would immediately collapse into a black hole, has been shown to be correlated
with Mpax and their compactness, offering an indirect probe of dense matter [424-430)].
Determining the outcome of a merger in terms of delayed black hole formation also promises

to lead to a number of constraints on the neutron star My, [384H386] 414], [431].



32

E. Beyond the standard model

Because neutron stars couple all four fundamental forces of nature (strong, weak, electro-
magnetism, and gravity), it is natural to question the influence of beyond standard model
(BSM) physics on neutron stars. A number of groups have been incorporating effects of dark
matter accumulating within neutron stars through dark matter capture [432H435] or consider
the potential of dark compact objects [436]. Another dark matter candidate, mirror matter,
is an exact copy of QCD but with heavy quark masses, which would lead to mirror neutron
stars (dark stars with much smaller mass/radii than standard model neutron stars) [437].
Other types of BSM model physics such as modified gravity [438] or by adding a QCD axion
to their EOS [439] have also been explored. If BSM particles couple to the standard model
(beyond merely gravitationally), then they can be efficiently produced inside of a neutron
star core [440} 441]. If the coupling between the BSM particle and the standard model is
sufficiently weak, then the neutron star will emit BSM particles, altering how it cools over

time [442] [443], and perhaps generating an additional electromagnetic signal [441], [444] [445].

Neutron star mergers have become a focus for discovering BSM physics [441] [446]. Large
quantities of accumulated dark matter (interacting purely gravitationally) have been shown
in numerical simulations to modify post-merger dynamics [447], 448]. Ultralight axions cou-
pled to standard model particles can modify the neutron star inspiral phase prior to merger
[449]. BSM particles that couple to nucleons can, as with neutron stars, be produced in
the merger remnant and either enhance transport inside the remnant or be emitted, cooling
down the remnant [450] 451] and possibly generating an additional electromagnetic signal
with their subsequent decay [452]. More precise the knowledge of the standard model EOS
greatly improves the chance for BSM physics to be found as well.

V. MERGING HEAVY-IONS AND NEUTRON STARS

With the arrival of better constraints from neutron stars and heavy-ions, groups are
beginning to attempt to make direct comparisons between both systems. However, major
theoretical roadblocks still remain for these comparisons that require large scale theoretical

effort. Below, we detail challenges to be tackled over the next decade.
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A. Connecting symmetric and asymmetric nuclear matter

One inherent difference between matter created in heavy-ion collisions and inside the core
of neutron stars, is their isospin content. Presently, heavy-ions collisions rely on stable nuclei
such that the proton number Z to nucleon number A from the initial state is approximately
Yo = Z/A ~ 0.5 ie. “symmetric nuclear matter”, where the fraction Yy = ng/ngp is
preserved throughout the evolution even though ng and np is distributed across a wide
range of hadrons (e.g. 7% or %) due to baryon number and electric charge conservation,
not just in protons and neutrons. The heaviest nuclei such as ***U may reach Yy ~ 0.38,
which brings Yy closer to neutron stars (but not quite as low).

In contrast, the process of neutronization that takes place in supernova explosions leaves
neutron star cores with a disproportionate amount of neutrons, which remains even after
merging events [393], and neutron stars are made of what is known as “asymmetric nuclear
matter”. The strongly interacting charge fraction Yy refers to not only the amount of
protons, but also hyperons and quarks. The charge fractionE] is significantly smaller, Yy <
0.2, but sometimes orders of magnitude smaller than that.

Nuclear symmetry energy, Es,,,, measures the energy cost to make nuclear systems more
neutron rich. It is approximately the energy difference between pure neutron matter Y — 0
and symmetric nuclear matter Yoy = 0.5. Many interesting issues regarding its physical ori-
gins (e.g., the spin-isospin dependence of three-body and tensor forces, as well as the resulting
strong isospin-dependence of nucleon-nucleon short-range correlations), ng dependence, as
well as impact on properties of nuclei, neutron stars and their collisions remain to be ad-
dressed (see [267]). One must rely on the symmetry energy expansion at n,, where only the
first two coefficients: the magnitude Ej,,,(nsq) and slope L(ng,), currently have significant
experimental and observational constraints (and L is still hotly debated, see Fig. 5 of [453]).
It may be possible to determine neutron skin thickness from high-energy heavy-ion colli-
sions [454] or measurements of mirror nuclei at GSI or FRIB [12], which, when compared to
neutron star A or radii measured in neutron star mergers [455H458], could add a new piece
to the puzzle. Moreover, heavy-ion reactions induced by high-energy rare isotopes [459] at
FAIR and the planned 400 MeV /nucleon upgrade of FRIB will provide new opportunities
to constrain more tightly the symmetry energy, especially around 2 n, [460, [461].

I Note, the net total charge in stars is, of course, zero but that is due to the additional contribution from

leptons, which is not included in Yg.
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Deeper questions remain because strange particles are not relevant at ng,; but appear at
higher ng. Therefore, a Taylor expansion scheme around n,,, may not correctly describe
their behavior [462] [463]. Quarks would be relevant at even higher ng and would require
an entirely new approach as well. Furthermore, a Taylor expansion would most likely break
down if a phase transition is approached and in that case it is unlikely that symmetry
energy expansion can correctly connect the EOS across all np. Note that the deconfinement
phase transition is sensitive to Y, especially because of the sensitivity of the hyperons [462].
Finally, if structure in ¢? as a function of np (such as a bump, as seen in the right panel of
Fig. [2]) is observationally verified from neutron stars in the near future, one would have to
understand its signature in heavy-ion collisions as well (or determine how a ¢? bump varies

with Yg). Thus, many questions still remain.

B. Signatures of phase transitions

If either the QCD critical point or a first-order phase transition into quarks is found, it
will be clear that a real phase transition exists between quarks and hadrons. Active searches
are underway for this transition in low energy heavy-ion collisions, neutron star mergers,
and for neutron stars (where the 7' = 0 limit is applicable). Signs of a phase transition
would present differently in each limit. In heavy-ion collisions, the signatures of the QCD
critical point and first-order phase transition were discussed already in Sec. [T} However, in
nuclear astrophysics very specific signatures may appear (and others may yet to be discovered
through further collaborations between nuclear and gravitational wave physicists). At T = 0
a first-order phase transition may lead to “mass twins” that appear as a second stable branch
in the mass-radius sequence. These are neutron stars with approximately the same mass
but distinguishable radii [I79-181]. A merger involving twin stars could produce unique
structure in the binary Love relations detectable in the near future by LIGO and Virgo
[225]. During the merger itself, finite 7" are reached and, therefore, numerical relativity
simulations that necessitate a multidimensional phase diagram are required. The signatures
of a first-order phase transition then would show up in the post-merger peak frequency that
will be possible to measure in O4 or beyond. There one could find the modification of the
gravitational wave form [47] and the peak frequency [184] of post merger signals

A word of caution is needed: we previously noted that in Sec.[V A]that heavy-ion collisions
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and neutron stars are not on the same axis of the QCD phase diagram due to their differences
in electric charge/isospin and strangeness [462]. Therefore, it is possible that the nature of
a phase transition may change between these two limits. In fact, for the liquid-gas phase
transition, while it is observable for symmetric nuclear matter, it may vanish for asymmetric
nuclear matter [464]. There is another possibility of a second critical point at low 7', such
that it would be probed by neutron star mergers [465]. That would imply that a first-order

phase transition may exist at finite 7" but it would not reach the 7' — 0 limit.

C. Statistical analyses

It is clear that there is enormous potential through cross-talk and collaboration between
the various communities Workingﬂ on dense QCD and nuclear matter. The logical next step
is to conduct joint statistical analyses to extract the EOS across various regions of the QCD
phase diagram, using nuclear experimental data, theoretical constraints from lattice QCD
and YEFT, and astrophysical constraints from NICER and gravitational wave detectors.

Such an endeavor would be far from a trivial task because upgrades are needed in nearly all
theoretical frameworks, as detailed in previous sections. However, uncertainty quantification
and data analysis presents its own challenges as well. On the data side alone, Bayesian
analysis [466), 467] may reveal information that was thought to be inaccessible, but useful
for theory, such as triple-differential distributions tied to the reaction plane at the energies
where the reaction-plane effects are still pronounced. At the interface between experiment
and theory, as a further example, to determine the EOS from data one must determine
reasonable functional forms of the EOS. Already in the simplest case of neutron stars at
T = 0 this has proven challenging because microscopic models of the EOS often contain
more structure than available methods like polytropes and spectral EOS are able to handle
[379]. New ideas are needed such as Gaussian processes [163], 468], neural networks [283, [469]
or other new methods not yet identified. Additionally, if one wants to consider data from
heavy-ion collisions or post-merger data then one also requires a multidimensional EOS in a
reasonable functional form, which presents an entirely new challenge. Furthermore, heavy-

ion collisions also require functional forms of the transport coefficients as well. Thus, a large

2 Across nuclear theory this is a regular challenge so a Computational Nuclear Physics and AI/ML Town

Hall was held to address these issues.
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scale statistical analysis to extract the dense matter EOS quickly becomes a problem that
is significantly too large for a single group to handle and requires expertise across a variety

of fields and large amounts of computational power.

D. Magnetic fields

As in other properties, such as ng and T', there can be overlap in values of extremely high
magnetic fields produced in heavy-ion collisions and inside young neutron stars or when they
merge. Magnetic fields with poloidal components of 10'® G [470] on the surface and 10'® G
[471], 472] inside have been found in magnetars, neutron stars in which the magnetic-field
decay powers the emission of high-energy electromagnetic radiation. The poloidal field was
shown to increase quadratically with the chemical potential [473], reaching around one order
of magnitude larger in the stellar center than on the surface. Nevertheless, values of 10'® G
are allowed by the virial theorem in the center of isolated stars [474, [475]. During the merger
of two neutron stars, a small scale turbulent dynamo operating at the shear layer between
the two merging stars can significantly amplify the magnetic field strength [476], potentially
in excess of 10717 G [477-479]. Due to the computational challenge of fully resolving this
effect numerically [480), 481], novel approaches to study this regime will be needed.

E. Chemical equilibration processes in neutron star mergers

Chemical equilibrium refers to the establishment of steady-state particle fractions, like
the proton fraction, strangeness fraction or lepton species fractions. In dense matter this is
usually achieved via weak interactionﬂ, e.g. Urca processes [483]. In neutron star mergers
(and in some oscillations of isolated neutron stars) rapid changes in T and npg [191], 201, [388)]
will drive fluid elements out of chemical equilibrium, and weak interactions will relax them
back to equilibrium on a timescale that can be comparable to that of the fluid low dynamics,
namely tens of milliseconds [191],[484]. This means that chemical equilibration may influence
the fluid dynamics enough to create signatures in the post-merger gravitational wave emis-

sion [193], 357]. However, quantifying the impact of these effects will require simulations that

3 When additional particle degrees of freedom enter the ground state, combined weak/strong and purely
strong interactions become important in chemical equilibration, for example in hyperonic matter [200]

and matter containing a thermal 7~ population [482].
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include sufficiently accurate rates for all the relevant chemical equilibration processes, and
for faster rates may require resolutions substantially higher than those currently employed
in production numerical relativity simulations [202].

One specific mechanism is bulk viscosity, which achieves a resonant maximum when the
chemical relaxation time is comparable to the fluid dynamical timescale. This provides a
connection [485] to similar phenomena present in heavy ion collisions (see Sec[[ITA]) where
bulk viscosity also peaks when the fluid dynamical and relaxation timescales become com-
parable [239 347]. In heavy ion collisions these are strong interaction timescales, but the
close analogy between the two scenarios motivates the further development of viscous fluid
dynamics [486H489] and out-of-equilibrium [490] 491] simulation techniques in general rela-
tivity. In heavy ion collisions, the fluid dynamical time-scales are of order several fm/c, and
critical slowing down near a critical point yields strong interaction dynamics on comparable
time-scales (which are slow by the standards of the strong interactions); in neutron star
mergers both the fluid dynamical time-scales and the time-scales for the weak-interaction
processes that control chemical equilibration are of order milliseconds. In both cases, because
the two relevant timescales are comparable to each other (even though they differ by twenty
orders of magnitude between one case and the other) non-equilibrium dynamics becomes
important and in both cases the bulk viscosity is enhanced as the relevant equilibration
processes lag behind the fluid evolution.

The rate of chemical equilibration will depend on basic properties of the dense matter
(making it a potential probe of exotic phases) and also on astrophysical conditions such
as the thermodynamic conditions probed in the merger [201], 390] and the degree to which
neutrinos are trapped [201}, 202]. Clarifying this point not only requires consistent neutrino
transport models [490-492], but also advances in nuclear theory, including the modeling of
more exotic matter like hyperonic or (color-superconducting) quark matter as well as the

interfaces and conversion between different phases of matter.

VI. EXPLORATORY DIRECTIONS: QUANTUM INFORMATION SCIENCE
FOR DENSE-MATTER THEORY

First-principles calculations of dense matter, in and out of equilibrium, using the method

of lattice QCD, has faced significant computational challenges to date, as mentioned before.
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The conventional lattice-QCD method relies on Monte Carlo sampling of quantum config-
urations contributing to QCD correlation functions, which is enabled by Wick rotating to
imaginary time. Introducing a quark chemical potential, and/or keeping the Minkowski sig-
nature of spacetime leads to an oscillatory sampling weight, hence a sign problem, which is
argued to be NP-hard [493]. An alternative approach is the Hamiltonian simulation of such
systems but the classical algorithms scale exponentially with the system size and are not
feasible. While for low-dimensional quantum many-body systems, including lattice gauge
theories, efficient Hamiltonian-simulation techniques such as tensor networks have been de-
veloped and successfully applied [494H496], such methods are generally limited when the
entanglement grows rapidly. Quantum simulators and quantum computers are the most
natural simulating platform for implementing Hamiltonian dynamics, and can perform the
real-time dynamics of matter efficiently, i.e., with resources that scale only polynomially in
the system size [497]. With rapid advances in quantum hardware, algorithms, and theory,
and significant investment by technology companies and the government sector in the U.S.
and worldwide in quantum information sciences, the era of quantum-enhanced computing
appears to be in reach. The next decade, therefore, marks a critical time for the nuclear-
physics community during which the computational problems that can benefit from quantum
advantage need to be identified, efficient algorithms to access them in a quantum-simulating
devise, in a digital or analog form, need to be devised, and co-design efforts involving quan-
tum technologists need to be formed to potentially impact the development of hardware, as

have been articulated in recent community whitepapers and reports [64-67].

When it comes to physics of dense matter, in and out of equilibrium, there are a number
of problems in which quantum simulation can provide a way forward. A direct simulation
of the collision of particles, as in lepton, hadron, and ion colliders, is possible in a quantum
computer. Quantum algorithms exist for evaluating the full S-matrix in a quantum field
theory [498], and for real-time evolution of gauge theories [499-503], but current resource
estimates are substantial and, hence, beyond the limits of current and near-future quantum
computers [504, [505]. An alternate path in the short term is to resort to the same effec-
tive theories currently in play in modeling scattering process, in which the amplitudes are
factorized into short-distance perturbative contributions and long-distance non-perturbative
matrix elements. A quantum computer can then provide the non-perturbative input into

the long-distance observables, such as parton distribution functions [506H510], hadronic ten-
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sor [500], transport coefficient [511], and jet and parton-shower functions [512-514], at a
lower computational cost compared to a quantum simulation involving the entire collision.
The evaluation of the low-order transport coefficients for use in relativistic hydrodynamics
is among quantities that may be accessed in shorter term, but the qubit and gate estimates
are still substantial for a proper QCD computation [503] 511]. Such simulations, for exam-
ple, need to include the non-trivial task of preparing initial hadronic states on a quantum
computer. Thermal states at arbitrary matter density can also be efficiently prepared in
a quantum computer using a variety of methods, and the phase diagram of quantum field

theories can, in principle, be explored [515, 516].

Quantum simulation, given its ability to track the dynamics of the system in real time,
can shed light on the approach to equilibrium in strongly-interacting systems [517, 518]. Tt
is argued that quantum entanglement, beyond just the interactions in the system, can be
the key in addressing the question of why the strongly-interacting matter thermalizes in
a remarkably short period of time, contrary to naive scaling arguments [519H522]. Hence,
it is interesting to explore the implications of the hypothesized eigenstate thermalization
hypothesis [523, 524] which aims to explain how systems which are initially prepared in
far-from-equilibrium pure states can evolve to a state which appears to be in thermal equi-
librium. The use of quantum computing is necessary in studying the real-time evolution
of entanglement in strongly interacting QCD matter. Furthermore, it is known that entan-
glement measures, such as entanglement spectrum [525H527], hold key insights about the
stages of equilibration and thermalization of a quantum many-body system. For example,
the distribution of level spacing in the entanglement spectrum is shown to reveal whether the
system thermalizes, and the evolution of entanglement-spectral gaps can provide a signature
of phase transitions [528-531]. Thermalization and other related questions in gauge theories
are starting to be explored using entanglement measures [531H535] but without quantum
simulators and quantum computers of significant capacity and capability, they cannot be
studied directly for QCD [536H539].

Finally, it is important for the QCD community to identify a set of near-term problems
that even a noisy intermediate-scale quantum computer can perform reliably, and provide
at least qualitative understanding of the salient features of gauge-theory dynamics out of
equilibrium. Quench experiments may reveal interesting out-of-equilibrium features of the

physical system [540, 541], including dynamical quantum phase transitions [542H545] that



40

are shown to be relevant in gauge theories as well [546-548]. These experiments are rela-
tively straightforward to set up given an easily preparable initial state [543], [549], and may,

therefore, be the first playground for studies of non-equilibrium physics of gauge theories.
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