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Evidence for quark-matter cores in massive

neutron stars

Eemeli Annala®?, Tyler Gorda®2, Aleksi Kurkela

The theory governing the strong nuclear force—quantum
chromodynamics—predicts that at sufficiently high energy
densities, hadronic nuclear matter undergoes a decon-
finement transition to a new phase of quarks and gluons'.
Although this has been observed in ultrarelativistic heavy-ion
collisions??, it is currently an open question whether quark
matter exists inside neutron stars®. By combining astrophysi-
cal observations and theoretical ab initio calculations in a
model-independent way, we find that the inferred properties
of matter in the cores of neutron stars with mass correspond-
ing to 1.4 solar masses (M,) are compatible with nuclear
model calculations. However, the matter in the interior of
maximally massive stable neutron stars exhibits characteris-
tics of the deconfined phase, which we interpret as evidence
for the presence of quark-matter cores. For the heaviest reli-
ably observed neutron stars®¢ with mass M~ 2M, the pres-
ence of quark matter is found to be linked to the behaviour
of the speed of sound c, in strongly interacting matter. If the
conformal bound c2 < 1/3(ref.”) is not strongly violated, mas-
sive neutron stars are predicted to have sizable quark-matter
cores. This finding has important implications for the phe-
nomenology of neutron stars and affects the dynamics
of neutron star mergers with at least one sufficiently
massive participant.

Observations of neutron stars (NSs) inform us about the prop-
erties of matter inside their cores in an indirect way. Translating
them to statements about NS matter requires the modelling
of strongly interacting matter all the way from the crust to the
highest densities reached inside the stars. The lack of accurate
first-principles predictions at densities beyond the nuclear mat-
ter saturation (baryon number) density #,~0.16 fm~ has so far
prevented determination of the phase of matter inside NS cores,
and it is unlikely that the question will be answered based on
gravitational wave (GW) data alone, at least in the near future®.
Nevertheless, recent observations are beginning to offer empirical
constraints so strong that a model-independent approach to the
problem has become feasible.

The equation of state (EoS) of NS matter (the relation p(e)
between the pressure and energy density of beta-equilibrated mat-
ter interacting under quantum chromodynamics (QCD) at temper-
ature T=0) is known in two opposing limits. From the well-studied
NS crust region’ to the density nqy=1.1n, where matter resides
in the hadronic-matter phase, modern nuclear-theory machinery,
such as chiral effective field theory (CET), provides the EoS to good
precision, currently better than +24% (refs. '®'"). In the opposite
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limit of very high densities, perturbative-QCD (pQCD) techniques,
rooted in high-energy particle phenomenology and built on decon-
fined quark and gluon degrees of freedom'>", become accurate,
providing the quark-matter EoS to the same accuracy at densities
n240m,=nyqcp-

In the above two limits, QCD matter is known to exhibit mark-
edly different properties. High-density quark matter is approxi-
mately scale-invariant, or conformal, whereas in hadronic matter
the number of degrees of freedom is much smaller and scale invari-
ance is also violated by the breaking of chiral symmetry. These
qualitative differences are reflected in the values taken by differ-
ent physical quantities. The speed of sound takes the constant
value ¢ = 1/3 in exactly conformal matter and slowly approaches
this number from below in high-density quark matter'?. By con-
trast, in hadronic matter, the quantity varies considerably: below
saturation density, CET calculations indicate ¢Z < 1/3, while at
higher densities most hadronic models predict max(c?)20.5. The
polytropic index y = d(Inp)/d(In¢€), on the other hand, has the
value y=1 in conformal matter, while both CET calculations and
hadronic models generically predict y~2.5 around and above
saturation density. Finally, the number of degrees of freedom is
reflected in the pressure normalized by that of free quark matter
(the Fermi-Dirac (FD) limit), p/py, (ref. '?). This quantity obtains
values of order 0.1 in CET calculations and hadronic models,
while pQCD predictions typically fall inside the range [0.5, 0.8]
around 1 =1n,qcp.

In the intermediate density range, #1cpr <n<,qcp, Where NS
cores lie, a robust model-independent approach is to introduce a set
of basis functions to interpolate the EoS, thus creating an ensemble
of all viable NS-matter EoSs'-"". To remove possible bias origi-
nating from the choice of basis functions, we have used multiple
interpolation methods, finding consistent EoS and NS mass-radius
(MR) regions, as reviewed in the Methods (and shown in Extended
Data Fig. 1). Given this agreement, in the following we present
results from a new ‘speed-of-sound’ interpolation method we have
developed here, which has the added benefit of keeping track of
the stiffness of the EoS and allows for arbitrarily strong crossover
transitions, tantamount to discontinuous first-order transitions. We
impose the following two robust astrophysical constraints on the
EoS: the requirement of supporting a 1.97M, NS (refs. >¢) and that
the tidal deformability A for a 1.4M,, star obeys 70 < A(1.4M,,) < 580
(refs. '®"). In total, we analysed ~570,000 EoSs (displayed in
Fig. 1), to which we apply a mild smoothness condition in some
individual analyses, as discussed in the Methods (and shown in
Extended Data Fig. 2).
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Fig. 1| Range of allowed NS-matter EoSs. The bands have been generated
by superimposing large numbers of individual EoSs generated with the
speed-of-sound interpolation method introduced in this paper. The colour
coding refers to the maximal value that the speed of sound squared cg
reaches at any density. For comparison, the black lines stand for the
different hadronic EoSs we have obtained from refs. >2%?', Finally, the light
blue regions correspond to the CET and pQCD EoSs of refs. '*'*, and the
rough location of the deconfinement transition in hot quark-gluon plasma,
€qr 1S indicated for illustrative purposes.

Having the ensemble of interpolated EoSs at our disposal, we
can determine the allowed behaviours of different physical quan-
tities. Figure 2a presents a three-dimensional (3D) rendering in
which a representative sample of our EoSs is represented by thin
black lines, all starting from a region characterized by the CET
EoS and ending in a pQCD one. For comparison, we also include a
large set of nuclear matter EoSs (thick black lines), corresponding
to the hadronic EoSs of Fig. 1, obtained from refs. *°*!, of which
we have discarded those incompatible with our observational con-
straints. The interpolated EoSs follow a non-trivial trajectory: at
low densities, they follow a trend set by the nuclear EoSs but later
deviate from it, signalling a change in the underlying physics. This
transition corresponds to the change of (the logarithmic) slope of
p(e) visible around e,~400—700 MeV fm~? in Fig. 1, which roughly
coincides with the energy density inside free nucleons and with the
location of the deconfinement transition at high temperatures*.
At even higher densities, the interpolated EoSs approach the pQCD
predictions for ¢2, p/py, and y (ref. 1%).

On each of the EoS lines in Fig. 2a, the density reached in the
centres of 1.4M, NSs is marked with solid blue (interpolated
EoSs) or empty cyan (nuclear EoSs) diamonds. The significant
overlap between the two distributions shows that the material
properties inside 1.4M,, stars are consistent with a description in
terms of hadronic degrees of freedom. However, the same is not
true for the majority of maximally massive stars (filled red and
empty magenta circles), for which the two families of points are
clearly separated in Fig. 2 (see Fig. 2b,c for two 2D projections of
the 3D plot). This discrepancy shows that the material properties
in the centres of the largest NSs are not consistent with the pres-
ence of hadronic matter except for a small number of EoSs with
very large values of c2. As demonstrated in Extended Data Fig. 3,
the vast majority of these points lie to the right of the kink on the
EoS band, confirming the likely existence of quark cores inside
the M.« stars.

To make the above observations somewhat more quantitative,
it would clearly be valuable to establish a connection between the
physical phase of QCD matter and its EoS. To this end, we note that

NATURE PHYSICS

our results from Fig. 2 and the distinct values the polytropic index
obtains in nuclear and quark matter calculations both suggest using
the values of y as a good approximate criterion. Given that y=1.75
is both the average between its pQCD and CET limits and very close
to the minimal value the quantity obtains in viable hadronic mod-
els (see Fig. 2 and our discussion in the Methods), we are led to
choose the following criterion for separating hadronic from quark
matter: given an interpolated EoS, the smallest density from which
7 is continuously less than 1.75 to asymptotic densities is identified
with the onset of quark matter. We emphasize, however, that this is
only an approximate rule to guide our analysis, and not a robust or
rigorous result.

As a first application of the above criterion, for NSs with
M=1.4M, we find that the central polytropic index always satis-
fies y 2 2, implying that the stars are composed of hadronic mat-
ter as expected. In contrast, maximally massive stars have y values
much closer to unity, indicating that they typically contain quark
matter. In Fig. 3, we display the sizes of quark cores in the latter NSs.
The core has a significant extent, Mcore > 0.25M, for all those EoSs
that satisfy ¢ <0.5. However, for extreme EoSs in which the speed
of sound almost reaches that of light, the core may be significantly
smaller or even absent. Note that this is consistent with the fuller
picture given by Fig. 2, mentioned above.

If the maximal value of ¢? exceeds 0.7, we find a small class of
EoSs where even maximally massive stars do not contain quark
cores according to our criterion. We find that each of these EoSs
exhibits an interval in ¢ where y<0.5, which destabilizes the star.
This corresponds to a rapid change in the EoS, and is practically
indistinguishable from a first-order phase transition. The minimal
latent heat (that is, the extent of the interval with y<0.5) required
for the destabilization is (A€),>130MeV{im™, corresponding
to a relative discontinuity of (Ae), /e > 0.2 at the beginning of the
transition. We thus find that for all stable NSs to be composed of
hadronic matter alone, the EoS must both significantly violate the
conformal limit and feature a sufficiently strong phase transition.
Finally, two-solar-mass stars contain a quark core for all EoSs that
satisfy c2 < 0.4, irrespective of the properties of the phase transition;
for subconformal EoSs, featuring ¢2 < 1/3 at all densities, the radius
of the core R~6.5km is roughly half of the entire star’s radius.
By contrast, if the EoS supports substantially higher maximal
masses M >2.25M, quark cores are absent in 2M, stars
(Extended Data Fig. 4).

In conclusion, our model-independent analysis has demon-
strated that the existence of quark cores in massive NSs should
be considered the standard scenario, not an exotic alternative.
For all stars to be made up of hadronic matter, the EoS of dense
QCD matter must be truly extreme. This view is also consistent
with recent NS radius measurements, which are compatible with
the larger radii predicted by the less extreme EoSs (see discus-
sion in the Methods and Extended Data Fig. 5). Note, however,
that our analysis does not preclude the possibility of massive,
purely hadronic stars, even with less extreme EoSs, as quark
cores may appear only at very high masses, even beyond 2M,,.
Nuclear-matter EoSs that predict purely hadronic 2M,, stars (for
example, refs. %) may therefore be compatible with our results
until very high densities.

The existence of quark cores in at least some NSs and the
fact that the nucleation of quark matter begins so close to the
maximum-mass limit may have very interesting observable conse-
quences. In NS mergers, the core may lead to shock waves reflect-
ing from the quark-hadron interface inside hypermassive NSs. This
may be particularly amplified if the conformal limit is strongly vio-
lated in hadronic matter, leading to large differences in the speeds
of sound between the phases. In addition, the onset of the transition
may give rise to dissipation during the merger in the form of a large
effective bulk viscosity that may lead to an enhanced damping of the
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Fig. 2 | Characterization and microscopic interpretation of the equations of state. a, A 3D rendering of trajectories of a representative subset of
interpolated (thin black lines) and hadronic (thick black lines) EoSs in a space spanned by the polytropic index y, the pressure ratio p/p;, and the squared
speed of sound c2. The solid blue and empty cyan diamonds mark the centres of 1.4M NSs, and the solid red and empty magenta circles denote the
same for Mmax stars. The thick light blue line denotes the region of the 3D space spanned by the high-density pQCD EoS, and the region occupied by
low-density matter is indicated by the label ‘Nucl'. b,¢c, Projection of the 3D image to the p/pp-y (b) and cg—y (c) planes. In ¢, the light blue star indicates
the high-density conformal pQCD limit. An animation of the figure is available as Supplementary Video 1.

ringdown. Importantly, both of these have the potential to lead to
observable effects in GW signals from NS mergers and the associ-
ated electromagnetic counterparts.

Finally, our results are systematically improvable with more
observations. For example, there are several candidates for NSs
with very large masses (see, for example, ref. *°). If even one of these
stars turns out to have a mass significantly larger than 2M, this
would impose strong new constraints on the EoS and for example
imply that the conformal bound must be broken. Similarly, with
many binary-NS merger observations currently recorded by LIGO/
Virgo, the current limits on tidal deformability will inevitably
become tighter, enabling additional improvements to our analysis.
With these advances and the road map laid out in our work, further
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significant progress in understanding the nature of ultra-dense mat-
ter inside NSs can be expected in the near future.
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Methods

New speed-of-sound interpolation. The starting point of the new interpolation
method is to consider the squared speed of sound ¢? as a function of the baryon
chemical potential y, and use this quantity to construct all other thermodynamic
functions, in particular the pressure p(u). In practice, the speed of sound is first
integrated from the CET matching point n1¢;; = 1.1n, to higher densities to give the

baryon density
" dy'
n = NCET €X —_— 1
(1) = e p[ /. ”,Cg(ﬂ,)} )

where pic;r is the baryon chemical potential corresponding to the density n1¢gy, that

i8S, Ncgr = nficer). This result is then further integrated to arrive at the pressure:

;

" , W dy”
plu) = Pcer + Ncer /MET dy’ exp ~//4<:ET W

where pegr =p(Ucer)-

The above relations must be solved numerically in general, but in the following
simple case that we have implemented in our analysis, they may be dealt with
analytically. Namely, we first take the sequence of N, pairs

(i 2D} (3)

—
3%)
N

with = Heen pin, = 2.6GeV and p,_, <p; <., for all other i. We then construct
a ¢ curve as a piecewise-linear function connecting these points; that is, for each
i=1,...,N,—1land for u € [u; p;, ]

W)+ (n— Mx‘)cim
Hiv1 — Hi

(ﬂx+l

(4)

e (n)

At the matching points y, and uy , we require p and 2 to match the corresponding
values given by the CET and pQCD EoSs, respectively. In addition, we take 7 to be
continuous at each matching point, but note that our construction allows for EoSs

that mimic discontinuous first-order transitions arbitrarily closely.

For a given N,, we have N, —2 independent matching chemical potentials y;
and N, -2 independent speed-of-sound points cf_’,., from which one of both is
determined through matching to the high-density EoS, leaving 2N, — 6 parameters
for given low- and high-density EoSs. If we instead write this in terms of the
number of interpolating segments N=N, — 1, then the result becomes 2N — 4. This
is one free parameter fewer than the number of free parameters needed to define a
polytropic EoS composed of the same number of segments'®.

The above procedure is used to construct individual EoSs by choosing N=3,
4, 5 and then randomly picking values for the matching points ,, speeds of sound
¢,; and the pQCD parameter X, (ref. **). The parameter values are taken from
uniform distributions y; € [ucer 2.6 GeV], ¢; € (0, 1) )» Xpacp € [1, 4], in addition
to which we choose roughly the same number of the ‘hard’ or ‘soft’ nuclear EoSs
of ref. '*. Finally, we vary the extreme EoSs in the e~p plane within each ¢ band
plotted in our paper, to ensure that we satisfactorily probe the size of these regions.
This leads to the ensemble studied above, which consists of ~570,000 individual
EoSs. Roughly 160,000 of these fulfil the astrophysical constraints described in the
main text, while ~70,000 of the allowed EoSs contain at least one first-order phase
transition. We have carefully made sure that these ensemble sizes are sufficiently
high that our results are stable with respect to increasing the number of EoSs.

Finally, we note that while the interpolation method described above is
genuinely new, a number of related articles have recently appeared in which the NS
matter EoS has been constructed starting from the speed of sound**-*. Although
most of these works introduce a non-trivial ansatz function for the quantity,
thus being more restrictive than our approach, in ref. *’ the speed of sound is
allowed to behave in a more general way. The main difference between the EoS
bands constructed in this reference and our current work originates from our
high-density pQCD constraint, which effectively forces the EoS to be softer
at high densities.

Comparison of different interpolations. To quantify the potential bias introduced
into our results by the selection of the speed-of-sound interpolation method, we
compare our EoS and MR ensembles to ones obtained with the following two
schemes:

«  apiecewise polytropic interpolation of the pressure as a function of baryon
density, p;(n) = k;n'i

«  aspectral interpolation of the adiabatic index I'(p) =
Chebyshev polynomials

e(p)+p
P

-1
[gﬂ in terms of
Both of these interpolation methods have been abundantly discussed in the
literature'*-'71%116,

We construct the EoS bands corresponding to each of the three interpolation
methods, implementing the astrophysical constraints listed in the main text. To make
the EoS families comparable to each other, we not only make sure that the ensembles
are of roughly similar size, but in addition choose the numbers of free parameters in
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the EoSs to be approximately equal. For the piecewise polytropic interpolation,
we allow up to four independent segments'® (amounting to five free parameters),
while for the spectral interpolation proposed by Lindblom* we use Chebyshev
polynomials of degree five (four free parameters). Finally, for the speed-of-sound
interpolation, we use up to five independent segments (six free parameters) in this
comparison. In each case, we randomly generate large ensembles of interpolation
functions, ensure that the resulting EoSs are causal and thermodynamically
consistent, and finally discard those EoSs that are in disagreement with the
observational constraints introduced in the main text. Again, we add no explicit
first-order transitions to the EoSs, but allow continuous transitions that are
arbitrarily strong, thus closely mimicking discontinuous phase transitions.

Our conclusion from the comparison of the constructed EoSs (Extended
Data Fig. 1a) is that the speed-of-sound and polytropic interpolations produce
nearly identical results, while the spectral interpolation leads to a somewhat more
constrained band. This is not surprising; the spectral method does not build on
piecewise-defined interpolating functions, so the resulting EoSs are smooth by
construction and unable to describe very sharp and rapid changes in the EoSs.

The families of MR curves obtained by integrating the Tolman-Oppenheimer—
Volkoff equations using the above three ensembles of EoSs also largely indicate
agreement between the methods (Extended Data Fig. 1b). The minimal and
maximal radii for a fixed mass agree well among the different interpolations, with
the spectral interpolation occupying a slightly more restricted area for low-mass
stars with M < 1.2M,,. The agreement between different interpolations also
persists as a function of tidal deformability: constraining A(1.4M,,) according
to 70 <A(1.4M,) <580 (ref. ), we find that the different interpolations still
give similar maximal radii as functions of the NS mass as long as M > 1.4M,,. In
particular, the maximal radii at M=1.4M,, are in excellent quantitative agreement
among the different interpolation methods, as is expected from the previously
observed tight correlation between NS radii and tidal deformabilities'®. Considering
stars with smaller masses, we observe that the speed-of-sound and piecewise
polytropic interpolations allow EoSs that are extremely hard at low densities,
leading to large radii R~ 14km for M= M, but rapidly soften at larger densities,
such that for M=1.4M,, the radii are smaller and consistent with the upper limits
for tidal deformability. Again, because the spectral method leads to smoother
interpolations, it is natural that it does not allow these rapidly changing EoSs.

Another difference between the interpolation schemes is that the polytropic
interpolation does not allow for as massive stars as the other two. We attribute
this to the fact that to achieve very large maximal masses, the EoS needs to stay
very stiff, c,~ 1, throughout an extensive density window, which is difficult to
realize with polytropic interpolation functions. This difference between different
interpolations is somewhat ameliorated when upper limits are placed on the tidal
deformability.

Polytropic index and its relation to the phase of QCD matter. As stated in the
main text, our criterion for identifying the phase of QCD matter in NS cores is
based on analysing the behaviour of the polytropic index y = d(Inp)/d(Ine),
that is, the slope of the EoS in Fig. 1 and Extended Data Figs. 1a, 2 and 3. Here,
we comment on the physics behind this statement, and explain our choice to
identify the presence of quark matter using as the quantitative criterion y <1.75
continuously up to asymptotic densities.

Matter that exhibits exact conformal symmetry, that is, it does not possess
intrinsic mass scales, is characterized by y =1, independent of the strength of the
coupling. This is so because, in the absence of any dimensionful parameters, the
energy density and pressure must be proportional to each other, leading to y=1.
This symmetry can also be shown to lead to a speed of sound squared of ¢Z = 1/3
for the system.

In low- and moderate-density QCD matter, it is well known that the ground
state does not exhibit the approximate chiral symmetry of the underlying
Lagrangian (see, for example, ref. ¥’ for details). This spontaneous breaking of the
symmetry leads to the emergence of the fundamental scales of nuclear matter, such
as hadron masses, and scale-dependent interactions. These mass scales lead to a
highly non-conformal behaviour for the EoS, which is reflected in the polytropic
index taking large values, typically in excess of 2, in viable models of high-density
nuclear matter.

Collections of y values predicted by different nuclear physics models are
available through the related adiabatic index I = <2 y, tabulated for example in
table IIT of ref. ** and plotted in fig. 5.9 of ref. *. A closer inspection of the wide
class of EoSs we have gathered from refs. »**' shows that, although there are a
number of EoSs for which the polytropic index reaches values of order 1.5 or
below, all of these are in conflict with the recent LIGO/Virgo tidal deformability
bound—a constraint that in particular rules out typical hyperonic EoSs. For the
viable hadronic EoSs we have analysed, y stays around or above 1.75 in all cases
except for MPA1, for which the parameter can drop to ~1.6 at very high densities.
This EoS, however, exhibits a speed of sound squared extremely close to unity
exactly when y falls below 2. In addition to casting doubt on its reliability, this fact
highlights the lack of overlap between its high-density behaviour and that of our
family of interpolated EoSs.

In high-density quark matter, on the other hand, the underlying approximate
chiral symmetry of QCD is restored and, as a result, the system exhibits
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approximate conformal symmetry. Minor violations of conformal behaviour
arise from the masses of the up, down and strange quarks; these are, however,
very small compared to the nucleon masses. Moreover, the interactions between
quarks and gluons also lead to a mild breaking of conformal symmetry in the
quark-matter phase, manifesting as a logarithmic dependence of the strong
coupling constant on the baryon chemical potential. To a good accuracy, however,
quark matter always behaves as an ultrarelativistic gas of interacting quarks and
gluons, which becomes even more pronounced in the controlled, perturbative
high-density region of the QCD phase diagram, where the polytropic index y
quickly approaches unity.

In the most non-trivial density range near the deconfinement transition,
QCD matter evolves from the highly non-conformal hadronic behaviour to
one characteristic of quark matter. This transition may take place either as a
discontinuous jump in energy density, in which case the value y=1.75 may never
be reached, or in a smooth crossover manner, whereby a crisp phase identification
may not always be feasible (then there may even exist an overlap region where
the system can be described both in terms of nuclear and quark degrees of
freedom). In either case, our results indicate that the cores of typical pulsars and
maximal-mass NSs very probably do not reside here, but rather safely belong to the
nuclear and quark matter regimes, respectively. This is reflected in the fact that our
qualitative conclusions are not sensitive to the exact choice of the critical polytropic
index as long as it resides between the hadronic and quark matter regimes. Indeed,
only our detailed numerical conclusions would be somewhat modified should we
vary the number y=1.75 in a moderate way.

Analysis of EoS smoothness. In addition to reaching large speeds of sound, one
way in which some of the EoSs generated by the speed-of-sound interpolation
method can be classified as extreme is that the piecewise nature of the interpolation
functions allows for very quick changes in the material properties of the matter

in arbitrarily small density windows. Although such versatility is, in principle, a
desirable feature of the interpolator, these structures are not very likely to appear
in nature, and in addition bring unnecessary complications to the polytropic-index
analysis performed in the main text. To quantify the level of local structure in our
EoSs, we classify them according to the smallest (logarithmic) energy-density
interval where structures appear. In practice, this is implemented by demanding
that the energy densities at two successive inflection points, ¢; and ¢, ,, where

the speed of sound changes its behaviour, satisfy (e;11 — €;)/€; > Alne with a

given constant Aln e > 0. Note that imposing this constraint does not exclude
discontinuous first-order phase transitions or rapid crossovers.

As demonstrated in Extended Data Fig. 2, we find that placing minor
smoothness limits (Aln <1) affects the allowed EoS region mainly around the
matching points, where the EoS is best known, but does not have a significant
effect at intermediate densities. However, somewhat larger values (Aln ex1) begin
to significantly constrain the allowed region at all densities. This shows that the
EoSs that make up the boundaries of the EoS band must exhibit both very large
speeds of sounds as well as rapid changes in material properties.

For our analysis of the central values of y in stars of different masses, we
have used Aln e > 0.5, which has a minor effect on the global characteristics of
the EoS family. In particular, this cut has a minor effect on the MR relation for
stars above 1.4M,, shifting the extremes of the allowed radius for a given mass by
~0.3km at most. Moreover, we note that, for completeness, we have also allowed
the first inflection point to approach n¢g; without limit, finding that all the results
presented in the main text remain unchanged.

Comparison with recent mass and radius constraints. Our ensemble of

EoSs can also be transformed to the M-R plane to compare its behaviour to
recent radius observations of NSs. In Extended Data Fig. 5, we overlay a few
representative X-ray MR measurements on top of our family of MR curves,
obtained from the EoS ensemble of Fig. 1. We show examples of measurements
obtained with three different methods: direct atmosphere-model fits to the
time-evolving X-ray burst spectra (corresponding to the low-mass X-ray binary
(LMXB) system 4U 1702-429 (yellow curve))*, cooling-tail method fits to X-ray
burst observations (LMXBs 4U 1724-307 (light brown) and SAX J1810.8-2609
(cyan))’ and quiescent LMXB spectra fits to sources with reliable distance
measurements (NGC 6304 (dark brown), NGC 6397 (green), M13 (purple),
M28 (orange), M30 (black), @ Cen (magenta), 47 Tuc X5 (blue) and 47 Tuc X7
(red))*~7". For the quiescent LMXB measurements we use public data from

refs. *>7. We assume, for simplicity, no hot spots. The corresponding atmospheres
are assumed to be composed of either hydrogen (dotted lines) or helium (dashed
lines), depending on the source.

In general, this kind of qualitative comparison remains largely inconclusive
and warrants a further quantitative treatment taking into account the full interplay
between different measurements and their uncertainties. That being said, we note
that the measurements are consistent with the lower ¢ values as the measured
radii are typically around R~ 12 km. This is especially true for the most precise
MR measurement concerning the NS in 4U 1702—429, which is fully compatible
with the subconformal-EoS region, where ¢? <1/3. We emphasize that this
particular selection of measurements presented in Extended Data Fig. 5 is by no
means meant to be exhaustive. A more detailed self-consistent Bayesian treatment
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of the problem with all the available measurements present in the literature is left
for future work.

Data availability

Source data are available for this paper. For three tabulated sample EoSs and the
boundary regions for the p(¢) (Fig. 1) and MR regions (Extended Data Fig. 5), see
the Supplementary Information and Source Data files. The authors will provide
more EoS tables upon request.

Code availability
The code used to construct the interpolated EoSs is available from the authors
upon request.
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Extended Data Fig. 1| A comparison of the three interpolation methods considered. Ranges of allowed equations of state (a), and the corresponding
neutron star mass-radius relations (b), are displayed as obtained with the speed-of-sound (green region), piecewise polytropic (black dotted lines), and
spectral (orange dashed lines) interpolation methods. In panel b, we show also equations of state that fail to reproduce 2M stars (cyan region) and those
that lead to tidal deformabilities outside the range determined by the gravitational-wave event GW170817" (purple region).
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Extended Data Fig. 2 | Limiting the amount of fine structure in the equations of state. We display equation-of-state bands subjected to the additional
constraint of setting a lower limit for the logarithmic segment size in energy density, A Ine. In our analysis of the polytropic-index distributions, we have
applied the lower limit A Ine>0.5, which affects the EoS band mainly near the low- and high-density limits.
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Extended Data Fig. 3 | The central densities of neutron stars of different masses. The central densities and pressures of different stars are displayed
on top of a background showing the ranges of possible neutron star matter equations of state. Maximally massive stars (red dots), 2M, stars (orange
squares), and 1.44M, stars (blue diamonds) are shown on top of each other. The color coding of the background refers to the maximal value that the
speed of sound squared c2 reaches at any density.

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

NATURE PHYSICS LETTERS

2.30 ; ; ; ; ;
2.25¢ max(c?) <
2.20} . 1.0
§® 2.15} : ] 0.8
] ]
2.05} ] l
[ 1 0.4
2.00f .
i
1.95 1 1 1 1 Il Il 1 1

Radius (km) of quark core in 2Mgstar
Extended Data Fig. 4 | The size of the quark core in two-solar-mass neutron stars. The extent of the quark-matter cores in 2M, neutron stars as a

function of the maximal mass Max for each equation of state. The color coding of the points refers to the maximal value that the speed of sound squared
c§ reaches at any density for the corresponding equations of state.

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

LETTERS NATURE PHYSICS
3.0 —

me————==  max(c?) <

2.5F i

o
-

7 o
-

Py
Clae

~~~~~ T 1.0

~~~~~~ 0.8

0.6

0.4

1/3

|
9 10 11 12 13 14
Radius (km)

Extended Data Fig. 5 | Comparison of mass-radius predictions to recent observations. \We compare the MR curves obtained with our interpolated
equations of state to several recent simultaneous MR measurements. X-ray burst constraints are indicated by solid lines and quiescent low-mass X-ray
binary system measurements by dotted (hydrogen atmosphere) or dashed (helium atmosphere) lines. We show examples of measurements obtained
with three different methods: direct atmosphere-model fits to the time-evolving X-ray burst spectra (corresponding to the low-mass X-ray binary [LMXB]
system 4U 1702-429 [yellow curve])*°, cooling-tail method fits to X-ray burst observations (LMXBs 4U 1724—307 [light brown] and SAX J1810.8—2609
[cyan])®’, and quiescent LMXB spectra fits to sources with reliable distance measurements (NGC 6304 [dark brown], NGC 6397 [green], M13 [purple],
M28 [orange], M30 [black], @Cen [magental, 47 Tuc X5 [bluel, and 47 Tuc X7 [red])*->". For the quiescent LMXB measurements we use public data
from refs. ¥ We assume, for simplicity, no hot spots. The color coding of the regions refers to the maximal value that the speed of sound squared c?
reaches at any density for the corresponding equations of state.
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