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Neutron stars explore matter at the highest densities in the universe such that their inner cores
might undergo a phase transition from hadronic to exotic phases, e.g., quark matter. Such a tran-
sition could be associated with non-trivial structures in the density behavior of the speed of sound
such as jumps and sharp peaks. Here, we employ a physics-agnostic approach to model the density
dependence of the speed of sound in neutron stars and study to what extent the existence of non-
trivial structures can be inferred from existing astrophysical observations of neutron stars. For this,
we exhaustively study different equations of state, including as well those with explicit first-order
phase transitions. We obtain a large number of different EoSs which reproduce the same astrophys-
ical observations and obey the same physical constraints such as mechanical stability and causality.
Among them, some have non-trivial structures in the sound speed while others do not. We conclude
that astrophysical information to date do mot require the existence of a phase transition to quark

matter in the density range explored in the core of neutron stars.

I. INTRODUCTION

Recent multimessenger observations of Neutron stars
(NSs), i.e., radio [1-4], X-ray [5-8], gravitational-wave
(GW) observations [9, 10], and their electromagnetic
(EM) counterparts [11, 12], have provided valuable new
insights into the equation of state (EoS) of dense mat-
ter [7, 13-20]. Nevertheless, the composition of mat-
ter at several times nuclear saturation density (ns. =
0.16 fm ™) remains largely unknown [21] but might be
elucidated by future multimessenger data.

While NS matter at densities n /= ng, is composed pri-
marily of nucleons, a change in the degrees of freedom to
exotic forms of matter, such as quark matter, might occur
at larger densities inside NSs [22-24]. Such a change is
expected to likely manifest itself in terms of non-trivial
structures in the sound-speed profile [25, 26]. For ex-
ample, an abrupt First-Order Phase Transition (FOPT)
creates a discontinuous drop in the sound speed as a func-
tion of density [27, 28]. Alternatively, a softening of the
EoS indicated by the sound speed approaching the con-
formal limit, ¢, — 1/4/3, might be indicative of the onset
of weakly coupled quark matter [29, 30]. In stark con-
trast to such softening phase transitions, a transition to
quarkyonic matter could stiffen the EoS, leading to a
sharp peak in the sound speed profile [31-37].

Recently, studies investigated non-trivial structures in
the EoS above saturation density, such as bumps in the
sound speed [25, 26] or a kink in the EoS [38]. The au-
thors of Ref. [38], using a general extension scheme in the
speed of sound along with several theoretical and exper-
imental constraints, claimed to have found evidence for
a phase transition to quark matter in the heaviest NSs
due to the presence of a kink in the envelope of all EoS
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models. On the other hand, the authors of Ref. [25] ex-
plicitly considered non-trivial structures in the speed of
sound such as kinks, dips and peaks. This allowed the
authors to construct NSs the masses of which are con-
sistent even with the mass of the secondary component
of GW190814 [39]. They concluded that such non-trivial
structures are likely present at densities probed in very
massive NSs (=~ 2.5Mg). Note, however, that the sec-
ondary component in GW190814 was likely not a neutron
star [40, 41].

Here, we re-investigate if non-trivial structures in the
speed of sound can be inferred from present astrophysical
data. For concreteness, we define a non-trivial structure
to be either a non-monotonous dependence of the sound
speed on the energy density or a tendency of the sound
speed towards the conformal limit 1/4/3 in maximally
massive stars. We use a systematic approach to model
the EoS in the speed of sound vs. density plane, em-
ploying a piece-wise linear model for the speed of sound
which is a modified version of the scheme of Ref. [42] and
similar to Ref. [38] but with a larger number of model
parameters, see Sec. II for details. We then group differ-
ent EoS realizations according to the slope in the speed
of sound, the appearance of non-trivial structures, or
explicit FOPT, and analyze the effect of astrophysical
NS observations in Sec III. We compare our results with
those presented in the literature and comment on the ev-
idence for phase transitions linked to astrophysical data.
Our conclusions are given in Sec. I'V.

II. EQUATION OF STATE MODEL

At low densities, up to nuclear saturation density ng.s,
we fix our EoS to be given by the SLy4 energy-density
functional [43], a phenomenological force that is well cal-
ibrated to nuclear matter as well as finite nuclei prop-
erties, and commonly used in astrophysical applications.
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FIG. 1. Schematic representation of the employed EoS model showing two EoSs per group. Different colors indicate the EoS
group, and solid and dashed lines indicate the two EoSs in each group. Dotted lines depict the EoS beyond the central density
in the maximum-mass configuration, i.e., the unstable NS branch.

Beyond ng,t, for each EoS we create a non-uniform grid
in density between ngy; and 12ng,¢ by randomizing an
initial uniform grid with a spacing of ng.: at each grid
point, a density shift drawn from a uniform distribution
between —0.4ng,; and 0.4ng,; is added and defines the
set {n;}i=1,11. We then sample random values for ¢2(n;)
between 0 and ¢® with ¢ being the speed of light (we set
¢ = 1 in the following). Finally, we connect all points
¢2 ;(n;) using linear segments. The left panel in Fig. 1
illustrates our construction with a few examples.

We then sort the resulting EoSs into three groups
according to the maximal slope in the speed of sound
hax = max{|dc?/dn|}. Defining the slope at ng.; to be

max

oy = dc2 /dn(ngat) = 0.55 fm?®,

e group 1 contains EoSs whose maximal slope is less

than three times the slope at ngat, Chax < 3Chat

e group 2 contains all EoSs with 3¢.,, < ¢}, < 6,4,

max —

e and group 3 contains all EoSs with 6¢/,; < i <

9Ly -
These groups are, thus, mutually exclusive. The upper
limit in the maximal speed of sound for group 3 allows
us to disregard EoSs for which the sound speed strongly
oscillates with density, a case which is not observed in
any EoS models besides those which incorporate a FOPT.
We explicitly construct FOPTs later in the manuscript
and analyze their impact on our results. Note that c?
is piece-wise linear in density, see left panel in Fig. 1,
which implies that ¢’ is piece-wise constant. However,
our approach still allows for sufficient model freedom as
we use 11 segments and the maximum ¢’ over all segments
is used to partition the EoSs. We have generated 10,000
EoSs in each group and a sample of two EoSs per group
is shown in Fig. 1 to provide a schematic representation
of our EoS model.

It is interesting to analyze the properties of the few ex-
ample EoSs shown in Fig. 1. Group 3 (back lines) collects
some of the stiffest EoSs, allowing for large slopes of the

sound speed, and therefore, a fast increase of pressure.
However, one of the EoSs (dashed black line) undergoes
a softening at 2ng,; just before stiffening again at larger
densities. This low-density softening is particularly visi-
ble in the middle panel which shows the pressure as func-
tion of the energy density. Finally, the last panel shows
the corresponding mass-radius relations, where this par-
ticular EoS predicts the smallest radii for canonical mass
NSs. It, however, predicts larger radii for a 2Mg NS as
compared to the examples from other groups. This is
a consequence of the stiffening of the EoSs at densities
larger than about 3ng,;. Note that the other EoS from
Group 3 predicts the largest radii for all masses due to
the absence of such low-density softening. Hence, the dif-
ferentiation of the EoS in groups according to the slope
of the speed of sound can not directly be mapped to NS
radii, which is also obvious from the intersection of EoS
belonging to different groups in the mass-radius plane.
Instead, this differentiation is non-trivial because all NS
structure properties are integrated quantities.

In addition, the two EoSs of Group 3 exhibit a pro-
nounced peak in the sound speed, centered around =~
4dng.i. Investigating such non-trivial structures are the
main goal of this work. The EoSs in Groups 1 and 2, on
the other hand, have a more continuous behavior, with
less drastic bumps and kinks. Note, that individual EoS
in each group can exhibit both trivial or non-trivial be-
havior. Therefore, in the following, we will average over
EoSs in each group to assess their behavior.

The density dependent sound speed can be used to ob-
tain the EoS. This is done by inverting the expression
c? = dp/de = (ndp)/(udn) to obtain the chemical po-
tential u, pressure p, and energy density € in the interval
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FIG. 2. Mass-radius curves for all EoSs that we employ in our work (gray). The samples are divided into three panels
corresponding to three EoS groups (see text). Note that for each group only 1000 random samples out of the total 10000 EoSs
are shown. We also show the observational constraints enforced in this work. EoSs that pass all observational constraints at
the 90% confidence level are shown in green. See text for more details.
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Finally, we solve the TOV equations for each EoS to de-
termine NS radii (R) and dimensionless tidal deforma-
bilities (A) as functions of masses (M), see for instance
Ref. [42] for more details.

In Fig. 2, we show the resulting mass-radius curves
for all three EoS groups together with the astrophysical
observations that we consider in this work:

e the NICER observations of millisecond pulsars
J0030+-0451 [5, 6] and J0740+6620 [7, §],

e the LIGO  gravitational-wave
GW170817 [9, 44],

observation

e and upper and lower limits on the maximum NS
mass, Mrov .

For NICER’s observation of J0740+6620, we have aver-
aged over the analyses of Ref. [7] and Ref. [8] and use
the contours representing the 90% CL. For the pulsar
J0030+0451, we use the analysis of Ref. [5] only. We do
not average over the results of Ref. [5] and Ref. [6] since
the two analyses are quite similar. Then, an EoS is ac-
cepted if it passes through the contours, and it is rejected
otherwise.

For GW170817, we have transformed the inferred re-
sult for the tidal deformability, A = 2224_'41%2 at 90% con-
fidence level (CL) [44], into a single constraint on the
radius for the mass m = 1.38 M. We have calculated an
upper bound on the radius at that mass by running over
all our EoSs compatible with GW170817 and by fixing
the mass ratio ¢ = my/mg = 1. This upper bound on

the radius at 1.38 M is 12.9 km and it is indicated by a
blue dot in the figure.

Finally, for Moy we impose the constraint
2Mg <Mrov < 2.6 Mg. The lower bound of 2 Mg is
chosen to account for heavy pulsar radio observations [1-
4]. The upper bound of 2.6 Mg is consistent with the
mass of the secondary object in the GW190814 event,
which is likely a black hole [39, 45].

We note that all observations are implemented by hard
cuts at the 90% CL, including the NICER results. This
approach is sufficient as we search for general trends of
the speed of sound. However, detailed inferences of the
EoS should use full posteriors for all astrophysical data.
The EoSs that satisfy all constraints at the 90% CL are
shown in green in Fig. 2.

We note that additional NS radii have been inferred
from X-ray observations [46]. These include measure-
ments of quiescent low-mass X-ray binaries [47] and
NSs which exhibit photospheric radius expansion X-ray
bursts [48], see Refs. [49, 50] for reviews. However, these
measurements contain sizeable systematic uncertainties
which prohibit a meaningful inclusion of these data in
our analysis. We therefore restrict ourselves only to the
previously mentioned data.

III. RESULTS

We present the results of our analysis based on 10,000
EoSs per group, which are constrained by astrophysical
data and physical constraints of causality and mechanical
stability. Our present uncertainty on the density depen-
dence of the EoS is explored.

A. Discussion of the EoS

The envelopes containing all EoSs that survive astro-
physical constraints are shown in Fig. 3. The filled con-
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FIG. 3. EoSs of this work that satisfy observational con-
straints. We show envelopes for EoSs without FOPT (red)
and EoSs with FOPT with different onset density ranges
(green and blue), see details in the text. The shaded bands
correspond to stable NS configurations, whereas the solid
lines show the EoSs extended beyond the maximally mas-
sive NS configurations. The black contour depicts the results
of Ref. [38], and the gray contour represents the perturbative
QCD constraint.

tours enclose EoSs on the stable NS branch, for which
the density is limited by nrtov, the central density of
the maximum-mass NS with M=Mrov, while the dashed
contours enclose the full EoS up to the maximum density
we considered (12ng,¢). So the dashed contours also con-
tain the extensions of the EoSs to the unstable branch.
Fig. 3 illustrates that when we show EoSs at densities
above ntoy, we also find a kink similar to the one dis-
cussed in Annala et al. [38] at exink & 700 MeV fm 3.
More precisely, we observe that some EoSs can be ar-
bitrarily soft above eyink, especially if this regime can-
not be observed for NSs at equilibrium. For these EoSs,
the softening could be enough to destabilize the star, see
also the discussion in Ref. [38]. At even larger densi-
ties, our EoS envelopes broaden compared to Ref. [38],
and include both softer and stiffer EoS. Note, that unlike
Ref. [38], we do not incorporate constraints from pQCD,
which explains why stiffer EoS are allowed in the unsta-
ble branch in our case. However, these differences have
no impact on stable NSs, which remain inside the contour
obtained in Ref. [38]. We also note that the constraining
power of pQCD calculations has been found to be model-
dependent: We have shown in a parallel work [51] that
pQCD calculations with their theoretical uncertainties,
when imposed as suggested in Ref. [52], do not further
constrain the EoS once astrophysical data is taken into
account but see Ref. [53] for a different conclusion.

In Fig. 3, we also show results for EoSs with an
explicit FOPT, built upon each original EoS. We de-
scribe FOPT in terms of three parameters: the tran-
sition energy density €;, the width of the transition

4

Ae, and a constant sound speed! in the high-density
phase beyond the phase transition, ¢Z, [22-24]. For
each EoS, random values are drawn from the uniform
ranges €, = [400,800] MeV fm ™3 Ae = [0.2,0.6]¢; and
2 = [1/3,1], and the EoSs are tested against astrophys-
ical constraints as before. We further separate the EoSs
into two subgroups: €, = [400,600] MeV fm ™ (FOPT-1)
and ¢; = [600,800] MeV fm™* (FOPT-2). For the group
with larger onset density, we again observe a kink in the
EoS envelope, while the other EoS group shows a smooth
behavior. The softening of the EoSs without FOPT ob-
served in Fig. 3 at €yjnx is somewhat similar to the soften-
ing of the FOPT EoSs with ¢, = [600,800] MeV fm 3. Tt
is, therefore, tempting to conclude that this softening is
a signal of a phase transition to exotic matter. In the fol-
lowing, we will investigate this point in detail by studying

the behaviour of the adiabatic index v = ‘;1122 L = (e/p)c2

and the sound speed c¢? for all EoSs shown in Fig. 3.

B. Discussion of the existence of phase transitions
as not trivial structure in the sound speed

In Fig. 4, we show sound speed distributions as func-
tions of energy density, for all EoSs fulfilling the obser-
vational constraints previously described. Regarding the
distributions, the solid lines correspond to the sample
mean of our EoS ensemble whereas the widths of the
bands indicate the 20 uncertainty, where o is the sample
standard deviation. The sample means and the stan-
dard deviations are computed at different points along
the x-axis (after a suitable binning) to give the bands.
Such an average over all EoSs in each group allows us to
study general EoS trends and look for non-trivial struc-
tures. Note that our analysis is restricted to the stable NS
branch, implying that our EoSs are terminated at nrov,
which corresponds to a different energy density for each
EoS. This decreases the number of EoSs in the band as
the energy density increases. The fraction of EoSs that
survive as a function of the energy density is shown in
the bottom row of Fig. 4. The energy densities at which
the bands are terminated are indicated by vertical brown
lines in the bottom panels.

We separate each EoS group into subgroups, shown
in different panels, according to the density where the
speed of sound reaches its maximum n._, . Note that
the energy density above which the number of EoSs
starts decreasing depends primarily on the subgroup.
This value is around ~ 800MeVfm ™ in panel (g),
around ~ 1000 MeV fm ™ in panel (h) and around ~
1100 MeV fm ™ in panel (i).

1 While a constant sound speed is not required, we do not believe
that this approximation biases our results. The effects of density
dependent sound speed profiles beyond the FOPT will be studied
in a future work.
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As one can see in Fig. 4, while some subgroups con-
tain EoSs with clear peaks, astrophysical observations do
not require the FoS to have significant structures in the
speed of sound, in particular a decrease to c? ~ 1/3, see
Fig. 4(c). The more pronounced peaks in Fig. 4(a) are
reminiscent of the quarkyonic model [31-37] whereas the
broader peaks in Fig. 4(b) can potentially be interpreted
as weaker change of phases. We have found that the
peaks observed in Fig. 4 are well correlated with the up-
per limit on Mroy: by increasing this upper limit, the

peak is less pronounced and the sound speed cZ(n) can
remain high for large n. This is well explained by the
fact that a peak in the sound speed implies a softening
of the EoS for densities above the peak density.

Our findings reported in Fig. 4 are consistent with
those presented in Ref. [26], which concluded that ex-
isting astrophysical data does not necessarily enforce a
bump in ¢Z. On the other hand, our results are in tension
with the findings of Ref. [38] which chose a value of the
adiabatic index v = 1.75 to distinguish between hadronic
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and quark-matter models. In the bottom panels of Fig. 4,
we find that basically all v bands drop below v = 1.75
at higher densities, for groups 1-3. A straightforward
comparison of the top and bottom panels in Fig. 4 how-
ever shows that while v asymptotically approaches 1 in
all cases, the sound speeds exhibit no preferred asymp-
totic value that can be identified as the conformal quark
matter limit. We therefore stress that the reduction of
the adiabatic index below v ~ 1.75 is only a necessary
but not a sufficient condition for the appearance of quark
matter.

We conclude this first part of the analysis that our
careful modeling of the density dependence of the sound
speed has not provided any evidence for quark-matter
cores, as was claimed in Ref. [38]. While we do not expect
the inclusion of the pQCD EoS in our analysis to change
this conclusion, further work is warranted.

C. Discussion of the existence of explicit first order
phase transitions

We finally analyze the impact of explicitly including
a FOPT on the sound speed profiles. The results are
shown in Fig. 5, where we compare (panel (a)) EoSs with-
out FOPT but predicting a significant peak (as shown in
Fig. 4(a)) with EoSs undergoing a FOPT. The EoSs with
FOPTs are separated into two groups, FOPT-1 (panel
(b)) and FOPT-2 (panel (c)). The two FOPT cases are
distinguished by the energy density at which the phase
transition occurs: €, = [400,600] MeV fm ™~ for FOPT-1
and ¢; = [600,800] MeV fm ™ for FOPT-2.

When including a FOPT, we always observe the for-
mation of a clear peak in the speed of sound profile, lo-
cated at an energy density inside the region indicated
by the dashed brown lines, similar to what we observe
in Fig. 5(a). The region is [300 : 550] ([400 : 600])
MeV fm~3 for FOPT-1 (FOPT-2). This suggests that
if a FOPT occurs in dense matter in the parameter

ranges explored in FOPT-1 and FOPT-2, it is preceded
by a sharp increase in the sound speed above the con-
formal limit, reaching its maximum at approximately
400-500 MeV fm 3. However, we stress once again that

present astrophysical data does not necessarily imply
that the EoS undergoes a FOPT.

IV. CONCLUSIONS

We have used a framework based on a speed-of-sound
extension to address the question of phase transitions in
dense matter in a systematic way. We have classified
EoSs agreeing with present astrophysical data based on
the behaviour of their sound speed profiles. We were able
to identify EoSs with peaks in the sound-speed profiles,
resembling the behavior of quarkyonic matter, while for
others we have explicitly included a FOPT. However, our
analysis also revealed the presence of (sub)groups of EoSs
that have neither a clear peak nor an asymptotic ten-
dency to the conformal limit. This leads us to conclude
that present astrophysical data does not favour exotic
matter over the standard hadronic matter or a crossover
feature. Nevertheless, our analysis also shows that, in
the near future, new astrophysical data has the clear po-
tential to be decisive, one way or the other, regarding
the long-standing question of phase transitions in dense
matter. We believe that the tools developed in this work
— by classifying the type of sound-speed density depen-
dence in terms of simple properties — paves the way for
further research in this direction.
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