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The NASA telescope NICER has recently measured x-ray emissions from the heaviest of the precisely
known two-solar mass neutron stars, PSR J0740+6620. Analysis of the data [Miller et al., Astrophys.
J. Lett. 918, L28 (2021); Riley et al., Astrophys. J. Lett. 918, L27 (2021)] suggests that PSR
J0740+6620 has a radius in the range of Roo ~ (11.4 — 16.1) km at the 68% credibility level. In this
article, we study the implications of this analysis for the sound speed in the high-density inner cores
by using recent chiral effective field theory (xEFT) calculations of the equation of state at next-to-
next-to-next-to-leading order to describe outer regions of the star at modest density. We find that the
lower bound on the maximum speed of sound in the inner core, min{cgﬁmax}, increases rapidly with
the radius of massive neutron stars. If YEFT remains an efficient expansion for nuclear interactions up
to about twice the nuclear saturation density, R2.0 > 13 km requires min{cf,max} > 0.562 and 0.442

at the 68% and 95% credibility level, respectively.

I. INTRODUCTION

The dedicated NASA x-ray telescope Neutron Star In-
terior Composition ExploreR (NICER) has recently mea-
sured soft x-ray emissions from hotspots on the surface
of the millisecond pulsar PSR J0740+6620—the heavi-
est of the precisely known two-solar mass neutron stars,
M =2.08+£0.07Mg [1, 2]. Independent analyses of the
NICER and XMM-Newton data combined suggest that
PSR J0740+6620 also has a large radius in the range of ~
(11.4—16.1) km at the 68% credibility level. Specifically,
the Maryland-Illinois group inferred (12.2 —16.1) km [3],
while the x-ray Pulse Simulation and Inference (XPSI)
group obtained with (11.4—13.7) km [4] statistically con-
sistent but somewhat smaller radii." These analyses in-
dicate for the first time, despite their significant uncer-
tainties, that radii of massive neutron stars can be large.
Specifically, they motivate a scenario with Rs g > R4,
where Rs o and Rq 4 are the radii of a neutron star with
its mass M = 2.0 Mg and 1.4 Mg, respectively. A large
R = 13 km would have profound implications for the
properties of the dense matter equation of state (EOS) in
neutron star cores as well as the composition and phases
of dense quantum chromodynamics (QCD) at low tem-
peratures. In this article, we explore some of these impli-
cations for the sound speed of large and massive neutron
stars.

Astronomical observations can provide important con-
straints on the EOS since neutron star properties such
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1 The XPSI group [4] used a larger calibration uncertainty compared
to the Maryland-Illinois group [3] which permits lower inferred radii,
and also a hard upper limit (inferred from theoretical nuclear models)
such that the prior support is zero for radii greater than 16 km.

as masses, radii, and tidal deformabilities are sensitive to
the EOS in the (baryon) density regime ng = (2—4) ngat.
Here, ngy = 0.16fm ™2 denotes the canonical value for
the empirical nuclear saturation density, a typical den-
sity in heavy atomic nuclei. In particular, radio observa-
tions have provided precise mass measurements of three
neutron stars with masses ~ 2Mg [1, 2, 5, 6]. Such
high masses require high matter pressures in the neutron
star core, disfavoring strong first-order phase transitions
in this density range. Further, the first direct gravita-
tional wave (GW) detection from the binary neutron star
merger GW170817 provided stringent constraints on the
tidal deformability of neutron stars with canonical masses
~ 1.4Mg [7-9]. The firm upper bound on the tidal de-
formability inferred from GW170817 has indicated a rel-
atively small radius < 13.4km [7, 10-12] for =~ 1.4 Mg
stars, suggesting that the pressure of matter at the den-
sities encountered in the outer core is low. Analysis of
x-ray observations of surface thermal emissions from qui-
escent neutron stars in low-mass x-ray binaries (LMXBs)
also favor small radii in the range (10—12) km [13, 14], al-
though the systematic uncertainties are still large [15, 16].
When combined, radio and GW observations favor a
rapid transition from low to high pressures toward the
inner core. In natural units this corresponds to sound
speeds cs > 1/1/3 because ¢2 = 9P(e)/0¢ is the deriva-
tive of the pressure P(e) with respect to the energy den-
sity e including rest mass contributions [17, 18].

The purpose of this article is to determine the mini-
mum sound speed in the neutron star core required to
support radii in the range of Ry ~ (11.4 —16.1) km. To
this end, we use recent microscopic EOS constraints [19-
22] derived from chiral Effective Field Theory (xyEFT)
up to next-to-next-to-next-to-leading order (N3*LO) with
correlated YEFT truncation errors [23] quantified. These
errors, which arise due to truncating the yEFT expansion
at a finite order in practice, are important to quantify as
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they can be significant for ng > nga, even at N3LO in the
XEFT expansion (see, e.g., Ref. [24] for a recent review
article).

This remaining article is organized as follows. We dis-
cuss in Sec. I the importance of theoretical calculations
and experimental constraints on the nuclear matter EOS
in the density region of (1 — 2) ng,t. Section III assesses
how the current uncertainties in microscopic EOS calcu-
lations up to ~ 2ng, impact the interpretation of neu-
tron star observations about the sound speeds of high-
density matter. In Sec. IV, we conclude by discussing
the implications of high sound speeds and large neutron
star radii for dense matter physics and multi-messenger
astronomy. We use natural units in which A =c¢ = 1.

II. EQUATION OF STATE OF THE OUTER
CORE

In a recent article [25], we showed how upper and lower
bounds on the neutron star radius of any mass can be de-
rived from microscopic EOS calculations up to some den-
sity n.; typically, ne < 2.0ng,t. Matching these micro-
scopic calculations at ng = n. to a maximally stiff EOS
characterized by a constant sound speed c?)mateh < 1 for
ng 2 n. allows one to obtain robust upper and lower
bounds on the neutron star radius. If the pressure and
energy density are matched continuously at ng = n,
the maximum radius associated with that EOS can be
inferred; whereas matching with a maximal finite dis-
continuity in the energy density specified by an assumed
lower bound on My« determines the minimum radius.
Here, we extend this work to provide a lower bound on
the maximum speed of sound, min{c2 .}, reached in
PSR J0740+6620’s core for a given radius Ry g in the
range of the recent NICER measurement.

Following the strategy discussed in Ref. [25], we con-
struct the neutron star EOS from low to high densities by
matching EOSs defined in three different density regions.
At low densities, ng < 0.5ngat, we use the standard
crust EOS derived by Baym, Pethick, and Sutherland [32]
and Negele & Vautherin [31]. At intermediate densities,
0.5ngat < M < N, We interpolate microscopic calcula-
tions of the EOS in pure neutron matter (PNM) and sym-
metric nuclear matter (SNM) to beta-equilibrated mat-
ter, i.e., neutron star matter (NSM), using the standard
quadratic expansion of the EOS’s isospin dependence.
Explicit calculations of isospin asymmetric matter based
on xEFT nucleon-nucleon (NN) and three-nucleon (3N)
interactions have shown that the standard quadratic ex-
pansion is a reasonable approximation [33-38]. We refer
to this region as the outer core.

Specifically, in the outer core, we consider the micro-
scopic constraints on the zero-temperature EOS in PNM
and SNM obtained in Refs. [19-21] by high-order many-
body perturbation theory (MBPT) calculations. These
many-body calculations with nonlocal NN and 3N inter-
actions at the same order in the yEFT expansion have

w
[en)

—_
o

Lonardoni et al. (QMC)

T

XEFT (N’LO) l F
B Crust EOS (NV) g
[ NRAPR N /
& o0f / A
= SKAPR Va4
= I _l_ ]
= APR E
~ T 4 ]
% [ Legred et al. (theory agnostic) ]
EF ;
~ T ]

5
0 T T T | i PR SN T AN T TN T T [N T TN T S N N S
0.05 0.10 0.15 0.20 0.25 0.30
Baryon Density ng [fm_g}
FIG. 1. The pressure P as a function of the baryon density ng

in neutron star matter. The uncertainty bands (dark: 1o, light:
20) were derived in Ref. [25] using the N®LO results obtained
in Refs. [21, 22| for the interaction with the momentum cutoff
500 MeV [‘GP-B (500 MeV)”]. The error bars show the micro-
scopic constraints from Hebeler et al. [26] (based on lower-order
MBPT calculations) and Lonardoni et al. [27] (based on QMC
calculations) as well as the theory-agnostic constraints from
neutron star observation by Legred et al. [28]. The green, blue,
and purple lines depict the phenomenological EOSs NRAPR,
SkAPR, and APR in beta equilibrium [29, 30], respectively.
Note that the APR EOS involves a first-order transition into a
pion condensate around 1.3 ng.¢. At ng < 0.08 fm_‘n’7 we also
show the crust EOS by Negele & Vautherin [31] (NV, red line).

improved previous state-of-the-art MBPT results [39-
41], allow for estimating EFT truncation errors up to
N3LO, and were recently used in the first statistical anal-
ysis of correlated EFT truncation errors in nuclear mat-
ter [21, 22]. Further, the underlying N?2LO and N3LO
interactions exhibit reasonable nuclear saturation prop-
erties in SNM [as the leading short-range 3N forces were
adjusted to the empirical saturation point] and predict
the nuclear symmetry energy evaluated at ng,; and its
slope parameter in excellent agreement with experimen-
tal constraints (see Figure 2 in Ref. [21]). Similar to other
xEFT calculations, the slope parameter is predicted sig-
nificantly lower than the mean value of the recent PREX—
II-informed constraint obtained from covariant energy
density functionals [42], L = (106 £+ 37) MeV. However,
the microscopic EOS used here is consistent at the 68%
level with the PREX-II-informed constraint due to the
large experimental uncertainties. It should also be noted
that the PREX-II measurement of the 2°®Pb neutron
skin is in tension with constraints from the 2°8Pb dipole
polarizability, which has not yet been reconciled [43, 44].

Figure 1 shows the resulting pressure P(ng) at N3LO
in neutron star matter as a function of the baryon den-
sity ng. The mean value is depicted by the orange solid



T

12k XEFT (N°LO) ]
N E N3LO-cen E
__g 10__ ............ NSLOil(T —_
g0 ]
5081 N
n r 4
- [ ]
3 [ ]
Q_‘O‘G_— 7
m - .
'g L i
2 04F 0.30 s
n 3 0.30  Frrrrr

0.2_— .

00- s B SR S R SR S T R S R RS

' 1 2 3 4 5

Baryon Density ng [Nga:]

FIG. 2. Sound speed profiles cZ(ng) for N>LO-NSM EOSs

at low densities (Fig. 1), and for matched EOSs with different
values of cimatch at higher densities ng > n. corresponding to
R0 = 13km in Fig. 3 (solid for the central value and dashed
for +10 uncertainties); see also Table I.

line, while the dark (light) orange shaded regions corre-
spond to the 1o (20) confidence interval. For compar-
ison, we also show the pressures predicted by the phe-
nomenological EOSs NRAPR (green line), SKAPR (blue
line), and APR (purple line), as well as microscopic con-
straints obtained from MBPT [26] (orange error bar)
and Quantum Monte Carlo (QMC) calculations (green
error bars) [27]. The microscopic calculations used in
this work tend to predict somewhat stiffer EOSs com-
pared to other recent microscopic calculations, but still
lie on the softer side of the theory-agnostic constraints
by Legred et al. [28] (red error bars). For instance,
in PNM at N2LO, the EOS considered here predicts
P(27n4at) ~ (20.6 & 6.6) MeV fm ™2 at the 1o confidence
level, while state-of-the-art QMC calculations based on a
different set of local YEFT NN and 3N interactions ob-
tained P(2ng.) ~ (15.1 & 4.7) MeV fm > (see Table 2
in Ref. [18]). The overall trend that the microscopic
calculations used in this work tend to predict some-
what stiffer EOSs is still present at N3LO, although
less pronounced, where the MBPT calculations predict
P(2n4a) ~ (18.5 & 5.2) MeV fm ™ in PNM.

III. SPEED OF SOUND IN THE INNER CORE

A. Limits on the high-density speed of sound from
Mmax and Rz considerations

At higher densities, ng > n., we parametrize the inner
core using a maximally stiff EOS with a constant sound
speed c2 < 1, which is stiffer than all other EOSs
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FIG. 3. The top panel shows the joint probability distribu-

tion (on an arbitrary scale) for the radius of PSR J0740-+6620
as inferred from NICER and XMM-Newton data [3]. The me-
dian at Rp.o = 13.713km (dashed vertical line) and mode at
Ry = 12.850km (dotted vertical line) are shown, and the
68% confidence interval centered around the median is depicted
by the dark blue shading, Rz = (12.209 — 16.326) km. See
also Figure 1 and Table 3 in Ref. [3]. The bottom panel:
Rzofc?,match plot for N3LO + 1o EOSs in Fig. 1 up to cho-
sen matching densities in the range n. = (1 — 2) nsat, assum-
ing there is no additional softening induced by a first-order
phase transition at such low densities. The gray-shaded re-
gion is excluded by the binary tidal deformability constraint
A1.186 < 720 from GW170817 at the 90% credibility level [45]
for the N®LO-cen EOS. The blue asterisk represents intersec-
tion between the GW170817 boundary and the n. = 1.6 nsat
curve for N3LO—cen, which corresponds to the maximum Rz o
consistent with GW constraint if N®LO-cen EOS is valid up to
ne = 1.6 ngat (see discussion in Sec. IIIB). The two horizontal
dotted lines indicate ¢ = 0.5 and 0.8, respectively.

that have their maximum c¢? below cimatch, and when
matched smoothly to the outer core, it leads to both
the largest neutron star radii and the highest M.« (see

Ref. [25] for details). Consequently, c? represents

s,match
the smallest possible cimax for any realistic high-density
EOSs to achieve a specific value of neutron star radius
and/or M ax.

We solve the Tolman—Oppenheimer—Volkoff (TOV)
equations [46, 47| of hydrostatic equilibrium for non-
rotating neutron stars for a set of EOSs with different

(€2 aten e) to map the minimum speed of sound in the

core min{c? ..} = ¢Z i (R2.0,7) needed to support

a neutron star with a given radius R o for matching den-
sity m.. Since rotational effects alter the equatorial ra-



TABLE 1. Required stiffening condition (increase in ¢2) at high densities above n. for YEFT-NSM EOSs (N*LO-cen and +10) to
reach Ra.0 = 13km (see Fig. 3); for the full sound speed profiles, see Fig. 2.

R0 =13km [€2 matens €2 (nB = ne), Aci(ns = ne)]
Ne/Nsat —1o N3LO-cen +1o
2.0 acausal® [0.809, 0.124, 0.685] [0.562, 0.173, 0.389]
1.8 [0.589, 0.084, 0.505] [0.487, 0.122, 0.365] [0.413, 0.158, 0.255]
1.6 [0.398, 0.083, 0.315] [0.364, 0.110, 0.254] [0.335, 0.137, 0.198]
1.4" [0.314, 0.073, 0.241] [0.296, 0.092, 0.204] [0.283, 0.111, 0.172]

a for the N3LO-1¢0 EOS, the maximum Rs ¢ is 12.88km (by setting c? =1).
s,match

b incompatible with GW170817 in the absence of a phase transition.

dius only when the neutron star spin frequency v ~ vk,

where vk &~ 1076 Hz (Rg,0/12 km)_g'/2 is the Keplerian
frequency [48, 49], we neglect the effect of rotation on
neutron star structure given that the observed spin fre-
quency of PSR J0740+6620 v = 346.5 Hz is small.
Figure 3 shows our central results for YEFT-NSM EOS
at N3LO with +10 uncertainties (Fig. 1), supplemented
with the radius measurement of PSR J0740-+6620 re-
ported by Miller et al. [3] in the top panel. > As exam-
ples, select combinations of n. and cz)mamh that lead to
Ry = 13km are given in Fig. 2 and Table I, and results
for YEFT-N3LO #20 are shown in Fig. 4. We choose the
different matching densities in the range n. = (1 —2) ng,y
optimized for large values of Ry g (n. > 2.0 ng,y gives rise
to even smaller Rp ).
We find that min{cZ . } rises more rapidly with Rs ¢
if the matching density n. is fixed at a higher value. As-
suming the central YEFT-N3LO EOS (denoted as N3LO-
cen hereafter) is valid up to n. = 2.0 ngy (1.8 ngat), rep-
resented by the two leftmost solid red curves in Fig. 3, an
increase in Ro o from 12.6km to 13.1km would require
min{c2 ..} to increase from ~ 0.5 (0.39) to ~ 1.0 (0.53).
In consequence, for large values of Rs ( the required in-
crease in ¢2 (i.e., the rapid stiffening of the EOS) over
the density range close to n. is substantial. This is evi-
dent from Fig. 2 and Table I, where we demonstrate the
variance in ¢2 for EOSs that correspond to Ry g = 13km.
Although the situation is ameliorated for the stiffer +1o
EOS and for smaller values of n., magnitudes of the jump
Ac? indicate that above n, an unusual stiffening in the
EOS compared to what YEFT predicts towards high den-
sity is necessary, in particular given the fact that c? rises

2 We show the radius distribution function from Miller et al. [3] because
it is based on a more agnostic prior (allowing neutron star radii >
16 km) than the one in Ref. [4]. This choice does not affect our

calculations or the derived lower bounds on ¢Z ...

s

at a much smaller rate when approaching ~ 2ng,; from
below.

For a given n., the stiffer +10 and 420 EOSs (green
dashed curves in Figs. 3 and 4) result in smaller values
of min{c2 ..}, and therefore provide conservative es-
timates about the lower bound on the maximum core
speed of sound. Considering the stiffest EOS compati-
ble with YEFT-N3LO at the 20 level (see the right panel
in Fig. 4), the largest possible R limited by causality
is then &~ 13.53km (13.87km) for n. = 2.0 ngat (1.8 ngat)
(where the green dashed curves intersect with the upper
y-axis), and a measurement of Ry > 13km indicates
min{c? ..} > 0.42(0.35), which violates the conformal
bound ¢2 < 1/3[11, 17, 18, 50]. Note that at this stage we
have not yet taken into account tidal deformability con-
straints from GW170817 [45] (represented by the gray re-
gions that are excluded) which dominate the upper limit
on the stiffness or pressure of EOS at intermediate den-
sities (2 — 3) nsat [11, 28].

Our conclusion that a high sound speed is required
in PSR J0740+6620’s inner core, if neutron star radii
2 13 km are realistic, is a direct consequence of the mod-
est pressures predicted at ng ~ (1 — 2) ng,. This is not
unique to the EOS used here. As indicated in Fig. 1,
most microscopic calculations to-date find similar soft
neutron-rich matter EOSs. Within the uncertainties, the
pressures in neutron-star matter predicted by yEFT cal-
culations are not increasing rapidly enough at ~ 2ng,y.
But the microscopic EOS used in this work is stiffer
than other EOS constraints from xYEFT. Hence, our con-
straints on the minimum core sound speed (at N3LO)
are conservative, as other microscopic calculations would
predict a higher lower bound.

There also exists a generic lower bound on min{c? .. }
determined by requiring that the maximum mass of neu-
tron stars is at least ~ 2 M, as indicated in Figs. 3 and 4
by the black solid boundaries where all colored curves
end. Here, we choose My,x = 2.0Mg and 2.2Mg to
display the trend. A smaller M,., is accompanied by a
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FIG. 4. Similar to Fig. 3 but for the N*LO =+ 20 EOSs applied at low densities 1 — 2 n¢a;. Examples of the revised Rg‘ofcimatch
relation (and the min{cimax} determined thereafter) permitting phase transitions Aen > 0 include the blue dotted curve in
panel (a) for n. = 1.4nsa¢ with N3LO-20, and the blue dashed curve in panel (b) for ne = 2.0 ngar with N3LO +20. The blue
asterisks indicate where the strength of the phase transition decreases to zero, i.e., no finite discontinuities in the EOS, and the
revised n. curve (blue dotted and blue dashed) is smoothly joined to the part of the original n. curve that lies outside the gray

region (green dotted and green dashed).

smaller R o, and for any assumed lower bound on M.y,
the corresponding lower bound on min{cimax} increases
when n, increases, moving from the right to the left along
the black solid boundaries.

B. Accommodating GW170817 constraints and the
role of phase transitions

In this section, we focus on the compatibility between
small tidal deformability constraints from GW170817
and possible (large) radius constraints on massive neu-
tron stars. Using the standard PhenomPNRT model, the
binary chirp mass M = 1.186+0.001 M and the binary
tidal deformability ]\1_186 < 720 (90% credibility level)
of GW170817 were obtained by gravitational waveform
fitting [45, 51]. We briefly describe how the upper bound
on A translates into constraints on the high-density EOS
parameters and effectively the inferred Ro . We also in-
vestigate the modification to the minimally required core
sound speed min{c? .. } when GW170817 is taken into
account, with or without sharp phase transitions, i.e., fi-
nite discontinuities in the energy density Ae in the EOS.

Figure 3 shows the gray-shaded region on the Ry g—
¢2 aten Plane, which is excluded by GW170817 (Ay.156 <
720, N3LO-cen EOS), assuming that no phase transition
occurs at ng = (1 — 2) ngat. It is clear that low matching
densities n. < 1.5ng, disagree with the GW data; for a

~

given n., the largest possible Ry ¢ consistent with small

tidal deformabilities observed is therefore determined by
the intersection between the GW170817 boundary and
the corresponding n. contour. For n. = 1.6 ng,t, this
value is Ry g = 13.24km (blue asterisk) alongside a high
speed of sound in the core cimatch ~ 0.404. Tracking the
GW170817 boundary upwards, both n. and Rs grow

. . . 2
gradually with a steep increase in ¢ | .icn-

If the low-density EOS is softer, it is relatively simple
to meet the GW170817 constraints, which allows more
space for matching at smaller n.; see the gray region
in Fig. 4 (a) for the N®LO-20 EOS compared to that
in Fig. 3. On the other hand, for the stiffest N3LO +20
EOS, the tension with the GW170817 constraints is more
severe and matching densities < 2.0ng,¢ are almost en-
tirely ruled out (see Fig. 4 (b)).

We turn now to the discussion of incorporating effects
from sharp phase transitions. For instance in Fig. 4 (a),
the original n, = 1.4 ng, curve (green dotted lines) with-
out additional softening in the EOS mostly lies inside
the gray region (except the short piece below the blue
asterisk), which is incompatible with GW170817, i.e., vi-
olating At 1ss < 720, and such small values of n. should
be considered nearly excluded. However, by introducing
a finite density discontinuity Aey, at ng = n., smaller
tidal deformabilities at masses relevant to GW170817 be-
come feasible, and the resulting Ci,match*RZO relation for
ne = 1.4ng,; (that allows a phase transition) determined
by the limiting case /~X1,186 = 720 is shifted toward the
left (blue dotted lines), compared to the previous curve
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that lies inside the gray excluded region (green dotted
lines). Interestingly, this updated n. = 1l.4dng,; curve
(blue dotted line) closely tracks the original GW170817
boundary, the edge of the gray region, which assumes no
phase transition for all n.’s.

To further explore modifications that sharp phase tran-
sitions at different matching densities brought about to
the GW170817 boundary, we display in Fig. 5 the associ-
ated curves for which n. < 1.6 ng (panel (a), N3LO-20
EOS) and n, < 2.0 gy (panel (b), N3LO +20 EOS), re-
spectively. We find that smaller n. allows slightly larger
Ry ¢ with the revised boundary moving toward the right
on the R2.O*C§,match plane. It is obvious that a finite den-
sity discontinuity Aey, at the phase transition is effective
in accommodating GW170817 owing to the preferable
softening, but, correspondingly, the necessity for increas-
ing cimax at higher densities is inevitably strengthened,
leading to sizeable corrections to the min{c? .} indi-
cated from the previous green curves inside the gray re-
gions of Fig. 4 (which assumed no phase transition).

In essence, introducing sharp phase transitions in the
EOS between ng = (1 — 2) ng,t has three principal out-
comes: 1) it is now possible for small matching densities
ne S 1.4 — 1.6ng,t to be compatible with GW170817
provided that the corresponding discontinuity in energy
density is sufficiently large; ii) depending on the specified
value of n., the binary tidal deformability upper bound
Ai1s¢ = 720 now translates into different GW170817
boundaries (see Fig. 5) on the RZ-Ofcg,match plane; iii) the

lower bound on the core speed of sound min{cZ .. } (to
satisfy large M. and/or large Rs ) increases due to
the added softening of EOS at low densities.

Our results indicate that to satisfy both small tidal de-
formabilities of GW170817 and Ry o > 13 km, the conser-
vative lower bounds [see Fig. 5 (b)] on the minimum core
speed of sound should be min{c? > 0.442(0.411)

s.max}
and RY8* ~ 13.35km (13.46km), if YEFT-N3LO is as-
sumed valid up to n. = 2.0 gt (1.8 ngat). In contrast,
the values previously inferred without taking into account
GW170817 constraints were min{cZ ..} > 0.42(0.35)
and RY§* ~ 13.53km (13.87km), respectively (see dis-
cussion in Sec. IITA and Fig. 4 (b)). Similarly, for a
smaller lower bound Ry o > 12.5km, Fig. 5 (b) tells that
min{c2 ..} > 0.348(0.333) for n. = 2.0 ngat (1.8 ngat).

It is worth noting that, although there is still a chance
for the conformal limit min{c? ..} < 1/3 to be com-
patible with M. > 2.0 Mg and GW170817 (the small
triangle region in Fig. 5 (a) and (b) encompassed by
the rightmost blue curve, bottom black solid curve, and
bottom horizontal dotted line), the permitted range of
Rs o is quite narrow, i.e., Ry = (11.55 — 13.00) km for
XEFT-N3LO at the 20 confidence level. Moreover, a
slight increase in Mpy.x 2 2.1 Mg would suffice to ex-
clude min{c3 .. } < 1/3 [25].

Figure 6 (b) shows the absolute upper bounds on Rs g
imposed by causality and GW170817 with varying n..
We find that R5'§* is relatively insensitive to n., except
for the stiffest N3°LO +20 EOS. The inset depicts the
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FIG. 6. Panel (a): R2.0 and Mmax contours on the (cimamh, ne) plane, obtained without a phase transition in the density interval
np = (1 — 2) Nsar. For each value of Mmax, the central solid curves represent results with N®LO-cen; dashed lines indicate 1o
bounds. For Rz contours, only results with N®LO-cen are shown (red solid lines). The gray-shaded region is excluded by the
binary tidal deformability constraint /11‘186 < 720 from GW170817 at the 90% credibility level [45] if N3LO-cen is assumed,;
the (cyan) dot-dashed lines refer to constraints with the +1o uncertainties. The thin dotted line indicates an even lower upper
bound with N3LO-cen and Al,lsﬁ < 600. Panel (b): maximally allowed value of Ry that is compatible with 1~\1,186 < 720 by
matching to the causal EOS with a density discontinuity Aem/em > 0 (shown in the inset) at ne = (1 — 2) nsat, below which the
N3LO-cen and £20 EOSs are used. The value of RS associated with the highest n. on each curve, represented by the open
diamonds, corresponds to the intersection points between the upper y-axis and the boundary of the gray region in Figs. 3 and 4.
Note, however, that these extremely large R2.o are also indicative of very high maximum masses = 2.8 Mg (see panel (a) for an

estimate), above the secondary component mass of GW190814 [52].

corresponding phase transition strengths Aey, /en, at dif-
ferent matching densities, where &, is the energy density
in the xEFT EOS at ng = n.. Values of Ry§* reached at
the highest n. (and simultaneously the smallest Aep, /ey)
are denoted by the open diamonds, which also correspond
to where the upper y-axis intersects with the boundary
of the gray regions in Figs. 3 and 4. It is reasonably justi-
fied to claim that regardless of the presence or absence of
unusual softening in the EOS at low densities (1 —2) ngat,
the largest achievable radius for a ~ 2 Mg neutron star
is R3'§* ~ 13.7km, limited by causality and GW170817.
Note that this is close to the central value reported in
Ref. [3] (see also the top panel in Fig. 3); should future
observations confirm Rs g greater than 13.7 km, it would
strongly favor a transition at subsaturation density to an
EOS that is significantly stiffer than predicted by yEFT
calculations.

We also display in Fig. 6 (a) how both Max and Rg.o
depend on n. (chosen to lie within 1 —2ng,;) and cg’mamh
at high densities, assuming the validity of YEFT-N3LO
up to n. and Ae,, = 0. Because finite Ae,, would only
reduce both M., and Rs o, the values of cg,match indi-
cated from Fig. 6 (a) by imposing lower bounds on M, .x

or Ry serve as conservative estimates for min{cg’max}.

We find that min{c2 ..} is in general more sensitive to
Rs o than to M,.x: an increase in Rs g from 13.0 km to
13.5 km is more constraining than an increase in M.y
from 2.0 Mg to 2.3 Mg, pushing min{c? ..}, e.g., from
~ 0.46 to ~ 0.80 in the former case compared to ~ 0.33
to &~ 0.45 in the latter case for n. = 1.75 ng,;. We empha-
size that M.y contours (and Rs ¢ contours) in Fig. 6 (a)
should be viewed as lower bounds only, and no phase
transitions were assumed because otherwise the required
min{c? ..} are always higher.

Despite different inference methods used, recent works
applying NICER measurements of PSR J0740+6620 to
extract neutron star properties and EOS constraints ob-
tained results that are broadly consistent [28, 53-55].
The N3LO +20 EOS in the outer core used in this work is
relatively stiff at ng 2 ngae compared to the YEFT mod-
els applied in Ref. [53, 54| (see also Fig. 6 in Ref. [53] for
a comparison), and its pressure coincides with the mean
value inferred from theory-agnostic study in Ref. [28] at
2 ngat as shown in Fig. 1. Hence, we expect our estimates
on min{cZ ..} to be conservative. Given the still large
uncertainties involved, the consensus is that current com-
bined data from GW, x-ray, and radio observations are
not yet informative enough to identify or rule out micro-



scopic models that exhibit first-order or crossover transi-
tions into exotic matter at densities relevant for neutron
stars (for different phase transition scenarios explored,
see, e.g., Refs. [56-62]). We investigated in detail the en-
hancement in min{cZ ..} to reach large Ry o when the
EOS undergoes a finite discontinuity Ae,, at low densi-
ties, limited by the small tidal deformabilities measured
in GW170817. The possibility of phase transitions in the
density interval (1 —2) ng,s is of particular interest for ex-
perimental probes such as low-to-intermediate heavy-ion
collisions [63], as existing analyses of these experiments
have largely been done with nucleonic degrees of freedom
only.

Earlier work has revealed that multi-messenger obser-
vations of GW170817 provided additional constraints on
the NS maximum mass Mpae S 2.3Mg [64-68]. Fu-
ture GW analyses of binary neutron star and black hole-
neutron star mergers hold the promise of deriving a more
definite upper bound on M., if their concomitant elec-
tromagnetic (EM) signals are to be detected. Neverthe-
less, a lower value for My,,x between 2.0 — 2.3 Mg, does
not improve the lower bound on the sound speed because
a phase transition at supranuclear density can easily ac-
commodate it.

IV. SUMMARY AND OUTLOOK

In this article, we have addressed how nuclear physics
constraints on the EOS of matter at the moderate den-
sities encountered in the neutron star outer core can be
combined with recent NICER observations to provide a
lower bound on the maximum speed of sound in dense
QCD. We employed recent YEFT calculations of the nu-
clear EOS up to N3LO with EFT truncation errors quan-
tified to explore the implications of the large inferred ra-
dius of PSR J0740-+6620—the heaviest of the precisely
measured two-solar mass neutron stars. We found that
the minimum required value for the highest sound speed
reached in the inner core increases rapidly with the radius
of massive neutron stars.

If YEFT is an efficient expansion for nuclear interac-
tions at ng < 2ngat, a lower limit on Ry > 12.5km in-
dicates ¢ > 0.36 in the inner core, and this lower bound
is very sensitive to Ro . For Ro g = 13.1km, we found
that min{c? ..} = 1.0 when we used the central values
for the YEFT EOS (see Fig. 3), and min{cZ ..} = 0.5
for the stiffest EOS compatible with yEFT at the 20
level (see Fig. 4 (b)). Together with the predictions
of perturbative QCD at asymptotically high densities
(2 40 ngat ), this implies that the speed of sound must be
a non-monotonic function of density, with at least two ex-
trema [17, 69]. If YEFT constraints are used at densities
< 1.5ng,t only, it is possible to accommodate a scenario
in which the sound speed is a monotonic function of den-
sity. However, in this case, the sound speed must increase
very rapidly to its asymptotic value of ¢, = 1/4/3 within
the neutron star. More significantly, the results in Fig. 5

indicate that a monotonically increasing sound speed in
QCD implies that Mpax < 2.1 Mg and Rg g < 13 km.

Our conclusion that the large inferred radius of PSR
J0740+6620 favors high sound speed is further strength-
ened by several other calculations of the EOS, which are
based on phenomenological models of NN interactions
constrained by scattering data and simple models for 3N
interactions [70-72]. Generically, these models predict
smaller pressure as well as smaller speed of sound val-
ues at np < 2ngy compared to the stiffest EOS com-
patible with yEFT. A common feature shared by these
models and yEFT is the important role of repulsive 3N
forces. We find that, even in phenomenological models
with strong 3N forces, Ro.o > 13 km can only be accessed
if min{c2 ..} > 0.5.

For EOS calculations based on yEFT, it is important
to explore EFT truncation errors at high densities for
a wide range of potentials as well as the regulator de-
pendence further. In particular, a full Bayesian analy-
sis of the nuclear EOS in which also the uncertainties
from the low-energy couplings in the nuclear interactions
(in addition to the EFT truncation error) are quantified
is required. This will lead to the development of im-
proved order-by-order chiral NN and 3N potential up to
N3LO with uncertainties rigorously quantified. An im-
portant step toward this goal has recently been achieved
in Ref. [73], where a set of order-by-order chiral NN and
3N interactions with theoretical uncertainties fully quan-
tified has been constructed up to N?LO. Detailed com-
parison with the predictions of YEFT with A baryons
could also provide valuable insights [74-76].

Our findings underscore the need to improve con-
straints on the EOS of neutron-rich matter in the density
region np ~ (1 — 2) ng. It is fortuitous that both the-
ory and experiment can access these densities in the next
5 to 10 years. Efforts to test and constrain YEFT pre-
dictions at densities ng =~ nga¢ using neutron-rich nuclei
as probes, including improved measurements of neutron-
skin thicknesses and dipole polarizabilities would be valu-
able and are anticipated in the near-term future [77, 78|.
Heavy-ion experiments that study collisions of neutron-
rich nuclei at intermediate energy can provide guidance
for the behavior of the EOS in the density regime of
(1 — 2) ngat [63, 79-81]. For these reasons, the density
range ng = (1 — 2)ng,t is emerging to be the golden
window of neutron star physics, in which we can expect
significant advances across multiple disciplines soon.

When combined with improved astrophysical con-
straints on the radius of massive neutron stars, these de-
velopments can significantly tighten the lower bound on
the maximum speed of sound; especially if the inferred
radius is large. From Fig. 3, we infer that a stringent
lower bound on the radius Ry > 13km would require
that c? > 0.56 and the existence of a region where cz in-
creases dramatically with density. Such matter would be
quite distinct from neutron-rich matter in the outer core,
or weakly interacting quark matter. In contrast, if the
inferred radius is in the range of 11.5—12.5 km, the result-



ing bound on the minimum sound speed in the core would
be less restrictive and compatible with ¢2 < 1/3 [17, 18].

The difference between the extracted radii obtained
by the two independent analyses in Refs. [3, 4] suggests
that a theory-informed prior for the neutron star radii
can improve the precision of these analyses. In particu-
lar, we can anticipate that YEFT-based predictions for
viable neutron star radii as discussed in Ref. [25] will
usefully reduce the radius posterior uncertainties when
employed as priors for astrophysical modeling efforts. In
future work, these physically motivated priors could be
used in joint analyses of GW170817 and NICER data to
obtain more stringent constraints on the maximum speed
of sound in the core, the neutron star radius, and its tidal
deformability.
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