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Approximately universal I-Love-(c2) relations for the average neutron star stiffness
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The accurate observations of neutron stars have deepened our knowledge of both general relativity and
the properties of nuclear physics at large densities. Relating observations to the microphysics that govern
these stars can sometimes be aided by approximate universal relations. One such relation connects the ratio
of the central pressure to the central energy density and the compactness of the star, and it has been found to
be insensitive to realistic models for the equation of state to a ~10% level. In this paper, we clarify the
meaning of the microscopic quantity appearing in this relation, which is reinterpreted as the average of the
speed of sound squared in the interior of a star, {c2). The physical origin of the quasiuniversality of
the (c?) — C relation is then investigated. Using post-Minkowskian expansions, we find it to be linked to
the Newtonian limit of the structure equations and the fact that the equations of state that describe neutron
stars are relatively stiff. The same post-Minkowskian approach is also applied to the relations between {(c2),
the moment of inertia, and the tidal deformability of a neutron star, in which cases the same degree of
universality is found across post-Minkowskian orders.
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I. INTRODUCTION

Neutron stars (NSs) are highly compact astrophysical
objects, in which matter exists at extremely dense levels,
with their maximum density possibly reaching up to ~10
times the saturation density pg, = 2.7 x 10'* g/cm?. This
unique environment renders a NS an ideal laboratory for
fundamental physics, encompassing tests of general rela-
tivity (GR) and investigations into the equation of state
(EOS) of supranuclear matter. To realize this potential,
accurate measurements of NS observables are needed.
Recent gravitational wave (GW) detections of binary NS
mergers [1,2], radio observations of pulsars [3-5], and
pulse-profiling of x-ray data from the Neutron-Star-Interior
Composition Explorer (NICER) [6-9], are beginning to
provide the first accurate measurements of NS radii,
masses, and tidal deformabilities. Next-generation GW
observatories such as the Einstein Telescope [10] and
the Cosmic Explorer [11], as well as future x-ray missions,
will allow an increase in abundance and precision of such
measurements.

An important tool for the interpretation of NS observa-
tional data and its linkage to the microphysics governing
the interior of these stars lies in approximate universal
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relations, i.e., EOS-insensitive relations between NS prop-
erties. One example is the I-Love-Q relations [12], which
connect (a dimensionless version of) the moment of
inertia, tidal deformability, and quadrupole moment to
each other, and can be used to break degeneracies in GW
parameter estimation. Another example is the binary Love
relations [13,14], which connect (a dimensionless version
of) the tidal deformabilities of two NSs in a binary to each
other and can enable the measurement of individual tidal
deformabilities from GW data. For a review of approxi-
mate universal relations, we refer the reader to Ref. [15].

Approximate universal relations between macroscopic
observables and hydrodynamic quantities are also known to
exist. One example is the relation between the pressure at
densities (1-2)p, and the radius and tidal deformability of
a NS with a mass of (1-1.4)My [16,17], which has been
used to constrain the EOS space at these densities using
observational data [18,19]. In a recent study [20], a novel
approximate universal relation of this type was established.
This relation links the ratio between the central pressure
and the central energy density, denoted as p./e., to the
compactness C, dimensionless moment of inertia 1, and
dimensionless tidal deformability A. This relation was
shown to hold for a large range of realistic and parametrized
EOSs commonly used to describe NSs, and is illustrated in
Fig. 1 for a set of tabulated EOSs. Through these relations,
a measure of C, A, or I would therefore yield an inference

of pc/ec"
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FIG. 1. Relation between the average speed of sound squared (or, equivalently, the ratio of central pressure to central energy density,

(c2) = p./e.) and the compactness (C), tidal deformability (A), and dimensionless moment of inertia (7) of NSs obeying a set of
realistic EOSs (KDEOv [21-23], KDEOv1 [21-23], Rs [21,22,24], SK255 [21-23], SK272 [21-23], SKI2-6 [25], SkMp [21,22,26],
SkOp [25], SLY2 [27], SLY230a [21,22,27], and SLY9 [21,22,27], with tables obtained from the CompOSE repository). Curves for an

incompressible fluid and the Tolman VII solution are also shown.

The perhaps surprising insensitivity of this relation to the
choice of EOS, despite it connecting hydrodynamic quan-
tities (p./€e.) to macroscopic observables, raises questions
about the underlying reasons for its existence. Previous
research, e.g., [12,28-30], has been dedicated to identifying
the causes of the emergence of EOS-insensitive relations
in NSs, particularly regarding the I-Love-Q one. In these
studies, several aspects of the approximate universal
relation were analyzed, such as analytic approximations
for the observables, the contributions of different segments
of the NS interior and EOS to the approximate universality,
and which assumptions are more relevant to the insensi-
tivity, among others. Inspired by the strategies adopted in
these works, we here study the physical origins of the
quasiuniversality of the p./e.—C/A/I relation presented
in [20].

We begin by establishing that the ratio p./e. can be
identified with the averaged speed of sound squared inside
a NS, (c2), where the average is understood to be taken
across the range of energy densities present inside the star.
This reinforces the interpretation of this quantity as a
measure of the mean NS stiffness. Next, we study the
approximately universal (c2) — C/A/I relations analyti-
cally, both in the Newtonian limit and in post-Minkowskian
expansions. In the Newtonian limit, we find that the same
relation, (c2) = C/2, applies for various EOSs (i.e., an
incompressible fluid, an n = 1 polytrope, and a Tolman VII
density profile [31]), which, despite their simplicity, are
relevant to the description of NSs. We interpolate between
these models by considering two one-parameter families of
EOSs, namely, a family of polytropes and a family of
generalized Tolman VII profiles, the latter of which we
introduce in this paper. We show that, in the Newtonian
limit, the (c2) — C relation is remarkably flat over the range
of model parameters most relevant to the description of
NSs, with an EOS dependence of only ~3% and ~6% for

polytropic EOSs and the generalized Tolman VII model,
respectively (cf. Fig. 4 in Sec. Il B 1).

We confirm and extend the above conclusions by
considering NSs in the post-Minkowskian expansion,
expressing solutions as power series in the NS compact-
ness. We find that the (c2) — C relation becomes increas-
ingly sensitive to the EOS as one includes higher powers
of compactness (i.e., higher order GR contributions). The
EOS dependence increases to ~9% for both the polytrope
family and the generalized Tolman VII family, when
considering up to third-order contributions in compact-
ness for all stable NSs with these EOSs (cf. Figs. 5 and 6
in Sec. HIC1). We assess to which point these semi-
analytic results for simple, one-parameter families of
EOSs can be informative of realistic EOSs. We conclude
this is true as long as the star is sufficiently compact
(C=0.1).

With an understanding of the (¢2) — C relation under our
belts, we consider the I-Love-(c?) relation. We conduct a
similar study in the Newtonian limit and through post-
Minkowskian expansions. Unlike in the {c2) — C case, we
find that the I-Love-(c?) relation presents the same degree
of universality in the Newtonian limit (cf. Figs. 9 and 10 in
Sec. IVA 2) and in the presence of increasing GR con-
tributions (cf. Figs. 11 and 12 in Sec. IV B). For example,
we find that the sensitivity of the I-Love-(c?) relation to
variations of the generalized Tolman VII family remains at
the ~10%—-11% level to all orders in compactness.

The remainder of this paper presents the details that
support the conclusions summarized above and it is
organized as follows. In Sec. II, we elucidate the physical
significance of p./e. as the average speed of sound
squared. In Secs. III and IV, we delve into the origins of
the (c?) — C relation and I-Love-(c?) relations, corre-
spondingly, following a post-Minkowksian approach.
Section V summarizes our conclusions.
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IL p./e. AS A MEASURE OF THE
AVERAGE NS STIFFNESS

Let us begin by providing a new interpretation for the
ratio p./e. between the central pressure and central energy
density. As argued in [20], this ratio can be physically
interpreted as a measure of the mean stiffness of nuclear
matter inside a NS, indicative of the global growth of
pressure with respect to the energy density. Indeed, let us
assume that the energy density is zero when the pressure is
null, i.e., ¢(p = 0) =0, so that then

Pe 1 e”dp 1 Ce 2 2
EaC— L de = de=: . 1
" / e / Gde=(c3). (1)

The quantity (c2) is the dimensionless speed of sound
squared averaged over the range of energy densities present
inside the NS. This expression reinforces the interpretation
provided in [20] since the speed of sound is a typical
indicator of the stiffness of an EOS.

A visual representation of this average is shown in Fig. 2,
where we present the function ¢2(e) for two representative
EOSs. The filled circles in this figure indicate the central
energy density and the maximum speed of sound inside a
star with C = 0.2. The speed of sound squared, averaged
over the energy density, is then nothing but the “area under
the curve” (i.e., the shaded regions) divided by the central
energy density (because the energy density at the surface
1S zero).

The approximate universality between (c¢?) and C is then
connected to the fact that two NSs with different EOSs but
the same compactness will typically have different central
energy densities. As we can see from Fig. 2, as one
considers an EOS with a smaller stiffness, one naturally
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FIG. 2. Speed of sound as a function of the energy density
for two EOSs with varying stiffness, KDEOv [21,22,32] and
SLY?2 [21,22,27] The filled circles indicate the central energy
density and the speed of sound squared that corresponds to a NS
with compactness C = 0.2 for each EOS.

decreases the rate at which the speed of sound increases as a
function of energy density in the NS interior. This,
then, implies that, to obtain the same compactness as a
NS with a stiffer EOS, the central energy density must be
higher. This naturally increases the area under the ¢ — ¢
curve, in such a way that the ratio of this new area to the
new central energy density is roughly unchanged. Beyond
these qualitative considerations, in the remainder of this
paper, we analyze the (c2) — C/A/I relations in a post-
Minkowksian framework.

IIL (c2) - C RELATION

To explore the underlying causes behind the quasiuni-
versality of the (c2) — C relation, in this section, we first
assess its presence within analytic solutions for the TOV
equation [31,33], namely, the incompressible, Tolman VII
and Buchdahl solutions. The common Newtonian limit of
the (c2) — C relation in those cases motivates us to follow
this up with a study of that relation for two one-parameter
families of EOSs: polytropes and a generalized version of
the Tolman VII EOS, first in the Newtonian limit and then
within a post-Minkowskian framework. Finally, we con-
trast these simple models with realistic EOSs and discuss in
which regime the results obtained for the former can be
informative of the latter.

A. Exact solutions in GR

While several known analytic solutions to the TOV
equations exist, not all of them yield relevant descriptions
for NSs. Here, as in [16], we shall present the (c2) — C
relation for three exact solutions of the TOV equations: the
incompressible fluid, a Tolman VII fluid, and a Buchdahl
fluid. For concreteness, and to further establish notation,
we review the TOV equations in GR in Appendix A 1.
Detailed formulas for the models we consider can be found
in Appendix A 3.

1. Incompressible fluid

We first examine the incompressible case, which describes
a fluid with constant density. The EOS is given by

e(p) = €, = constant, (2)
which leads to the simple analytic relation’ (cf. Appendix A 3)

<2>_&_1—\/1—2C 3
S e T3 /icac-1

1Although an incompressible fluid does not satisfy the con-
dition ¢(p = 0) =0 required for Eq. (1) to hold, and has a
diverging speed of sound, throughout the paper we adhere to the
definition (c2) = p_/e,.
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This can be expanded for small values of compactness to find

()~ g + 4+ 0(CY). @)

Relation (3) presents some interesting, albeit well-known
behavior. First, the averaged speed of sound diverges when
C — 4/9, which corresponds to the Buchdahl limit, i.e., an
equilibrium sequence of incompressible solutions to the
TOV equations ceases to exist at this value of compactness.
Second, the average speed of sound squared exceeds unity
when C > 3/8. For extremely nonrelativistic stars, the
average speed of sound tends to zero, and, for weakly
gravitating stars, it scales with compactness. The radius of
convergence of the post-Minkowskian expansion (4) is
simply the Buchdahl limit, as one can confirm by inspec-
tion or through the ratio test.

2. Tolman VII fluid

The Tolman VII solution, introduced in [31], is charac-
terized by the density profile

e(r) = . [1 - <£>z] (5)

Again, the averaged speed of sound squared can be
computed analytically,

o1 2¢/3tan ¢,
(€3) —B<T—5>7 (6)

where ¢p. = ¢.(C) is given by Eq. (A17). This expression
can be Taylor expanded in small C to obtain

C 133C?
2 ~
()~ 5+ 50

+0(C?). (7)

From Eq. (6) we see that the central pressure and,
consequently, the averaged squared speed of sound
becomes infinite when the compactness reaches the point
where ¢.(C) = n/2, which corresponds to C =~ 0.386. This
value of the compactness is lower than the Buchdahl limit
of incompressible fluids, and it defines the end of the
equilibrium branch of the Tolman VII solution. However,
before diverging, (c2) reaches and subsequently exceeds
unity at C =~ 0.335, which sets the limit beyond which
the fluid becomes superluminal, on average. The Taylor
series (7) for this analytic relation converges for C < 0.386,
as one can check with the ratio test, which coincides with
the value beyond which the central pressure diverges.

3. Buchdahl fluid
The Buchdahl EOS [34] is given by

e(p) = 12(p.p)"/* = 5p. (8)

where p, is a constant. This equation of state reduces, in the
Newtonian limit, to a n = 1 polytrope, p « €.
As shown in Appendix A 3, the averaged speed of sound

squared can be cast in this case as

C
2\ , 9
and for small values of compactness:
, C 5C* 5
<CS>%E+T+O(C ) (10)

From Eq. (9) one sees that (c2) diverges when C = 2/5.
Contrary to the previous cases, this is not due to the
divergence of the central pressure [which is given by the
regular expression (A24)], but to the fact that the central
energy density becomes null when C = 2/5. This will be
the limiting factor that marks the end of the equilibrium
sequence for the Buchdahl solution. Before that value,
when C =1/3, the average squared speed of sound
becomes greater than 1, and the fluid becomes super-
luminal, on average. The expansion for low compactness
values, Eq. (10), has a convergence radius of C = 2/5, as
expected from the analytic expression, and as can also be
found via the ratio test.

As a final remark, notice that, for the Buchdahl solution,
the relation between (c2) and C, given in Eq. (9), is exactly
the ratio of two linear polynomials, which succinctly
captures both the (¢2) — C/2 limit as C — 0 and the pole
at C = 2/5. This same structure, but suitably generalized,
could provide useful fitting formulas for the case of
realistic EOSs.

4. Comparing solutions

From the different (c2) — C analytic relations found
above, perhaps the most noteworthy feature is their common
Newtonian limit. The Taylor expansions of the analytic
expressions shown above imply that (c2) = C/2 + O(C?),
and the coefficient of the C? term is of order unity. This
observation leads us to speculate that the emergence of
universality in this limit may be attributed to the predomi-
nance of Newtonian effects over relativistic effects, at least
for EOSs close to those considered here. To further explore
this point, in the next subsection, we study the (c?) — C
relation in the Newtonian limit for two families of one-
parameter EOSs, which interpolate between the models
considered in this subsection. We will later perform a post-
Minkowskian expansion to elucidate the role of GR in the
quasiuniversality.
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B. One-parameter families of EOSs:
Newtonian limit

Given the common Newtonian limit of the averaged
speed of sound squared, regardless of the EOS considered
above, it is of interest to study the Newtonian limit directly
for other EOSs. By “Newtonian limit,” we here mean the
leading-order expansion of the equations of structure when
¢ — oo, or equivalently, when G — 0 (see Appendix A 2).
Naturally, it is impractical to fully cover the space of EOS,
as an infinite number of parameters would be needed.
Instead, in what follows we present the (c2) — C relation
for two one-parameter families of EOS, namely, a poly-
tropic EOS and a generalized version of the Tolman VII
solution. As pictorially illustrated in Fig. 3, these families
interpolate between (the Newtonian limit) of the models
considered in Sec. III A. By varying the EOS parameters
that characterize them, one can get a handle on whether the
universal Newtonian limit found for the three models in
Sec. III A is preserved or not across (certain paths in) the
EOS space.

1. Polytropic EOSs
A polytropic EOS is defined as

p=Kp'*, (11)
where K is the polytropic constant, and 7 is the polytropic

index. For Newtonian polytropes, it is customary to define
the dimensionless variables

E=r/ro.  p™ =m/m)"", (12)
incompressible
KIQO’QBS /\
5 %
/. < »
= EOS space 9
n—0 v ; N k—o00
S Ky
.S) n—=1 v k=2
IOg(P) r/R

FIG. 3. Tllustration of the two one-parameter families to be
considered along this work, namely, polytropes with n € [0, 1]
and a generalized Tolman VII model which interpolates between
the original Tolman VII solution (k = 2) and an incompressible
density profile (k — o).

where

(n+1)p (N.P)
1= e <, my " =dnp.ry (13)
are given in terms of the central rest mass density
pe.=p(r=0) and the superscript (N,P) stands for
“Newtonian polytrope.” The stellar radius is then given
by R = ry&; and is determined by finding the value of

the dimensionless variable & at which p(&=¢&;) =0.

Similarly, the stellar mass is given by M = m,, MEN )

u =y = g)).
With this in hand, we can now compute the averaged
speed of sound squared. From Eq. (13) it follows that

, where

S 1)L = 1)), (14)

roc peC

so that the stellar compactness is linearly related to (c?) via

(&) =c

(n+ 1)’ﬁ ) (15)
& |

In this expression, it is evident that both (n 4 1) and

ugN’m /&, are highly dependent of the EOS parameter n.
Consequently, any universality must arise from the combi-
nation of both terms.

The polytropic index values that suitably approximate
the behavior of realistic EOSs for NSs are limited to
n €0, 1]. For the boundaries, n = 0 (the incompressible
limit) and n = 1 (the Newtonian limit of a Buchdahl fluid),
the equations of hydrostatic equilibrium can be analytically
solved to find

2 3
n=0— pla=p(1-5). W -5

6 3’
g=v6, " =26 (16)
siné 2 (~N.P) .
n=1— p(£)=p. — ) (§) =sing—&cosé,
& =m, ﬂ(lN’P):ﬂ. (17)

Thus, one sees that in both cases
(n=0or1). (18)

In fact, by solving the Lane-Emden equation (i.e., the
Newtonian version of the TOV equation in the reduced
variables defined above) numerically for values of
n€[0,1], we find that the maximum fractional difference
in (c2)/C with respect to a fiducial EOS with n = 0.5 (the
EOS median) is ~3%. This can be seen in Fig. 4, where we
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FIG. 4. Ratio between the average speed of sound squared and
the compactness for two one-parameter families of solutions to
the Newtonian equations of structure, the polytropic EOS (in
pink) and the generalized Tolman VII solution (in dashed cyan).
We use the polytropic index n to parametrize the former, and for
the latter, we use the quantity 2/k, which reduces to the
incompressible case when 2/k = 0 and to the Tolman VII case
when 2/k = 1.

show the ratio (c?)/C for the extended interval n € [0, 2].
This ratio is notably flat for n €0, 1], with a stationary
point at n ~ 0.454, but rapidly increases for higher values
of n, eventually diverging as n — 5. It thus becomes clear
that the universality of the (c?) —C relation in the
Newtonian limit is restricted to relatively stiff EOS (i.e.,

to relatively low values of n).

2. Generalized Tolman VII EOS

Let us now consider fixing the density profile through a
generalized Tolman VII EOS, which we define as

p@)zpcb-—<;>1. (19)

The constant & must here satisfy k> 1 to ensure that
dp/dr|,_y = 0. When k = 2, the above profile reduces to
the Newtonian version of the Tolman VII profile shown in
Eq. (5), which is thought to be a reliable approximation for
the density profile inside NSs. As k — oo, we recover the
flat profile characteristic of an incompressible fluid [see
Eq. (2)]. Therefore, Eq. (19) provides an interesting way of
“interpolating” between the Tolman VII and the incom-
pressible fluid profiles, which allows for the analytic
analysis to be developed further.
Let us define the dimensionless variables

m
r=r/R = (20)
0

where R is the stellar radius, and the superscript (N, T)
indicates the Newtonian generalized Tolman VII solution,
where we set

m{™") = 4np RO, (21)

Then, for arbitrary values of k, the equation of hydrostatic
equilibrium and the equation for the enclosed mass can be
solved analytically to find

ﬂ X2 xkt+2 (k + 6)
@§(€_3&+2ﬂk+$

x2k+2
+2(k+1)(k+3)>]’ (22)

p(x) = pc[l -

W) = 5 23)

where anticipating the notation we will use in our post-
Minkowskian calculations, we have defined # = Gm,/Rc>.

With this in hand, we can now compute the average
speed of sound squared. From the fact that p(x = 1) =0,
and considering that

GM 1 1
= o =MD =5 p5) G

one finds the simple relation

C

1 3 \-!
N=(24-—-——"—1 C, 25
from where we see that
) C
(c5) = 5 for k =2 and k — oo. (26)

For k€ [2, o) in Eq. (25), the maximum fractional differ-
ence in (c2)/C with respect to the EOS median is ~6%,
which characterizes the dependence of the relation with
respect to k in such interval. Here and below, when referring
to the generalized Tolman VII model, the median is defined
using a uniform probability distribution in the variable
q=2/kel0,1], i.e., it refers to a fiducial model with
g = 0.5 (k = 4). The ratio (c?)/C is shown in Fig. 4 for
the full range k € (1, 00). Similarly to the polytropic case,
(¢2)/Cisrelatively flat over the range k € [2, 00), displaying
a stationary point between the incompressible and the
Tolman VII solutions, when k =2(1 ++/3)~5.46, or
equivalently, g ~ 0.37.

C. One-parameter families of EOSs:
Post-Minkowskian expansion

In the previous subsections, we observed that the
emergence of the quasiuniversality of the (c?) — C relation
is rooted in the Newtonian limit and restricted to relatively
stiff EOSs. Furthermore, upon examining the exact sol-
utions in GR, we noted that the contribution of higher-order

024011-6



APPROXIMATELY UNIVERSAL I-LOVE-(c?

) RELATIONS FOR ...

PHYS. REV. D 110, 024011 (2024)

terms becomes increasingly dependent on the EOS. To
more precisely quantify the impact of GR on this depend-
ence, we perform a post-Minkowskian expansion for the
aforementioned one-parameter families of EOSs, which
allows us to systematically study and analyze such effects
semianalytically.

1. Polytropic EOSs

The relativistic generalization of the polytropic family of
EOS is
p(p) = Kp'ts,  with €= pc? + np. (27)
We will once more use the dimensionless quantities defined
in Eq. (12), & and u) here, where the superscript (P)
indicates that we are referring to the polytropic EOS.
Additionally, we wuse the definitions p= p/p,,
p=p/pe, and € = ¢/(p.c?), where the subscript ¢ stands
for the central value of a particular variable. The relativistic
structure equations can then be written as

du'?) dp

_ e _ (e+op) (") +08p)
@& =

E(1-2(n+1)ouP /&)
(28)

—(n+1)

The dimensionless parameter ¢ = p./(p.c?
the average speed of sound squared via

) is related to

o

o Pec
{es) = 1 +no’

At npe

(29)

In the Newtonian limit, we have that 6 < 1, and therefore
(c?) ~ 6 < 1 which then implies that all three quantities
((c?), o, and C) are natural expansion parameters in the
post-Minkowskian approximation.

By considering ¢ as the small parameter, we can search
for power series solutions of the form

N

= ZMES) (&)o' + O(aN ), (30)
i=0

=Y ppEe + 0. (31)
i=0

Additionally, the dimensionless radius of the star and
dimensionless mass of the star can also be expanded in
the form

N

)=>_ullel. (32)

i=0

N
= E 51,[613 /’ll
i=0

and can be obtained by solving the resulting equations
perturbatively (see Appendix B for details).

The averaged speed of sound squared as a function of the
compactness can now be found as follows. The compact-
ness is obtained by evaluating

C=(n+1)o-. (33)

as a power series in o. This series can be rewritten in terms
of {(c2), and can subsequently be inverted into a power
series in C. For example, for an n = 1 polytrope, the next-
to-leading-order term in the (c2) — C relation can be
obtained analytically, and the subsequent terms can be
obtained numerically, namely

5 c C? .
(¢}~ 16 [8 4+ 9Ci(x) — 9Ci(37) + 91n 3]
+ 2.97(73 +0(CY)
~ g + 1.15C? +2.97C% + O(C*). (34)

Observe that, similarly to the analytic solutions, the
coefficient of the C? term is of order unity.

The post-Minkowskian expansion of the averaged
speed of sound with n €0, 1] is shown in Fig. 5, which
demonstrates the effects of higher-order terms on the
(€2) — C relation. A significant observation derived from
this plot is that incorporating the C? and C? terms results in
an increased sensitivity to the EOS in the (¢2) — C relation.
For a fiducial compactness of C = 0.2, the maximal frac-
tional deviation with respect to the EOS median, for
polytropes with ne€|0,1], raises from ~3% at O(C)
(Newtonian limit) to ~7% at O(C?), ~9% at O(C?),
and ~17% in full GR. This observation is consistent with
the notion that the insensitivity to the EOS (for n € [0, 1]),
which stems from the Newtonian limit, deteriorates (i.e.,

oC o(C? O(C?
(< (C9) ( 035
04; eeeeen Exact 0.30
0.3 0.25
s 0.20
TO2f ] 015"
01 0.10
0.05
0:0 0.25 0.50 0.75 0.25 0. 50 0.75 0.25 0. 50 0.75
n
FIG. 5. The variation of (c?) in relation to the post-

Minkowskian expansion for the polytropic equation of state,
considering values of ne€l0,1] along the bottom axis and
representing different compactness levels with distinct colors.
The expansion analysis starts from the first-order term and
progressively incorporates higher-order contributions, up to the
third order, proceeding from left to right. The black dotted line
indicates the numerical solution in full GR for a NS with C = 0.2
for varying values of n.
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the (c2) — C relation becomes more sensitive to the EOS)
as GR contributions are included.

2. Generalized Tolman VII

Let us now consider the case of the generalized Tolman
VII density profile, defined in the relativistic regime as

e(r) = . [1 - <;) k], (35)

where k > 1. This family of solutions interpolates between
the Tolman VII solution, for k = 2, and the incompressible
case, that once again corresponds to k — oo. Taking the
Newtonian limit, € = pc?, one recovers the results pre-
sented in Sec. III B2. As done before, we define the
dimensionless quantities in Eq. (20), but replacing
Eq. (21) by

méT) =4ze R3. (36)

We use the same definition of g, with p = p/p,. and
€ = e/e.. The equation for the enclosed mass can be
directly integrated and results in

)= -2
PO =5y (37)

where the superscript (7') indicates the generalized Tolman

VII solution and where once again the compactness and the
parameter 3 are linearly related by

GM 1 1

=m0 =p(3- ) (9

The dimensionless pressure then obeys the differential
equation

dp _ p (e+(c})p)(u"
dx — (c})

2\, 35
5 —;— <cs>x p) . (39)
(1 =2pu") /x)
Let us now choose stellar compactness as our small post-

Minkowskian expansion parameter to obtain power series
approximations to the solution for the pressure:

N N
p(x:C) :Zpi(x)ci, :Zdi+lci+1’ (40)
i=0 i=0

where we write the relevant boundary condition as
p(0;C) = 1, while the requirement that p(1; C) = 0 deter-
mines the coefficients in the expansion of (c¢2)(C). For the
generalized Tolman VII models, the structure equations can
be solved analytically, order by order, for any k and up to
high values of N. Here we show such analytic solution up to
order C? for generic values of k:

o) OC? oOCc?
0.4f oo Exact 0.30
0.25
’ 0.20
S . 0.15°

0.10
' 0.05

: 0.250.50 0.75 0.250.500.75 0.250.50 0.75

2/k 2/k 2/k

FIG. 6. The variation of (c?) in relation to the post-
Minkowskian expansion for the generalized Tolman VII solution,
considering values of k€[2,00) along the bottom axis and
representing different compactness levels with distinct colors.
The expansion analysis starts from the first-order term and
progressively incorporates higher-order contributions, up to the
third order, proceeding from left to right. The black dotted line
indicates the numerical solution in full GR for a NS with C = 0.2
for varying values of k.

1+2(3)
(EEA)IeEac)
LITEEIROHRER
S+ Q6 80 + 40
GRS O JRES JOEE T
2 (4 () 150 +90)

+0O(CY). (41)

(c5) = c

The influence of higher-order post-Minkowskian terms
(i.e., higher order in C terms) on the EOS dependence of the
{c2) — C relation is shown in Fig. 6. Introducing the C? and
C? terms leads to an increased variability in the (c¢2) — C
relation. This observation again, as in the polytropic case,
aligns with the notion that the insensitivity to the EOS (for
generalized Tolman VII models), which originates in the
Newtonian limit, diminishes as GR contributions are added.
For a fiducial compactness of C =0.2, the maximum
fractional deviation of (c2) with respect to the EOS median,
for ¢ =2/ke0,1], increases from ~6% at O(C)
(Newtonian limit) to ~8% at O(C?), ~9% at O(C?),
and ~13% in full GR.

D. Comparison to realistic EOSs

To conclude this section, let us assess how useful the
results obtained above (for simple, one-parameter families
of EOSs) can be for understanding the (c¢2) — C relation
when using realistic EOSs. To address this question, we
consider a set of 15 tabulated EOSs, which is the same as
that employed in Fig. 1. In particular, we consider the
KDEOv, KDEOv1, Rs, SK255, SK272, SKI2-6, SkMp,
SkOp, SLY2, SLY230a, and SLY9 EOSs, with tables
obtained from the CompOSE repository.
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Realistic EOSs encode the rich behavior of nuclear
matter from the outer crust to the inner core. The adiabatic
index, T' = d(log p)/d(logp), predicted by these EOSs
typically spans a large interval, starting from ~1.33 at the
outer crust, decreasing after neutron drip, and then increas-
ing considerably (typically above 3) after the crust-core
interface [35]. Naturally, a single polytrope is not capable
of capturing the full behavior of the nuclear EOS, nor is the
density profile fully described by a simple analytic function
as in Eq. (35). Still, it will be useful to construct effective
polytropic and generalized Tolman VII models to NSs
described by our set of realistic EOSs, in order to verify to
which extent (or in which domain) our results for the
former models can be used to build intuition for the latter.

From the many possible definitions of an effective
polytropic index of an EOS inside a NS, we select the
simplest one, consisting of

1
Mett T(p) -1’ (42)
and thus, n.y is fully determined by the adiabatic index at
the center of the star. Additionally, we define an effective
generalized-Tolman-VII exponent, k., by fitting an
expression of the form of Eq. (35) to the energy-density
profile of a given NS. To assess the adequacy of these
effective descriptions, we introduce the following error

measure:
fEE -

where A denotes the difference between the quantities
predicted by the effective model (the polytropic or gener-
alized Tolman VII mimickers) and the original tabulated
EOSs, which is then divided by the quantity predicted by
the original EOS.

Figure 7 shows the effective indices qeir = {nefr, 2/ kefr }
as a function of the stellar compactness, for our set of
tabulated EOSs, while the bottom panel shows the error £
as defined in Eq. (43). In the range of compactness
considered here, n. € (0,1) for a polytropic description
of the EOS, but it fails to reasonably describe the NS
properties for C < 0.1, as the error E rapidly increases.
Physically, this is due to the fact that the effective polytrope
underestimates the stellar radius for low compactness NS,
for which the crust occupies a larger portion of the stellar
volume. This can be visualized in Fig. 8, where the energy
density profile is represented for very low (C = 0.05),
medium (C = 0.2), and high-compactness (C = 0.28) NSs.

Analogously, an effective generalized Tolman VII model
also fails to describe low compactness stars, with kg
eventually dropping below 1, which is physically unac-
ceptable. By construction, these models preserve the radius
of the star but may fail to reasonably predict its mass

2.00 —-= Polytrope (gefr=rnef)

=== Generalized TVII (g5 =2/k.p)

0.0

0.05 0.10 0.15 0.0 025 030

FIG. 7. Effective indices and error norm as a function of the
stellar compactness. The top panel shows the effective polytropic
index ¢, = ne (solid lines) and the effective generalized
Tolman VII exponent g.; = ks (dashed lines) for fits to NSs
described by a set of 15 tabulated EOSs. The bottom panel shows
the error measure, as defined in Eq. (43).

(cf. Fig. 8), giving rise to large errors for small values of C.
For C =z 0.1, E < 0.1 and our results for these simple one-
parameter families of EOSs can be extended to interpret the
case of realistic EOSs.

IV. I-LOVE-(c2)

Alongside the near EOS-insensitive relation between
(c?) and C, Ref. [20] presented a similar relation between
the average speed of sound squared and both the dimen-
sionless moment of inertia / and the dimensionless tidal
deformability A, which is insensitive to the EOS at the
~10% level for realistic EOSs. Having explored the origins

C=0.05 C=0.2 C=0.28

100 = —

»&.’;‘ ~ .

.\ e \
0.75 “\ \
€050 Y
0.25 ) —— Tabulated
' R IR Tolman
0.00 \_ Polytropic
0.0 0.1 0.0 0.1 0.0 0.1

rkm] rlkm] rkm]

FIG. 8. Energy density profiles for a low (left panel), medium
(middle panel), and a high-compactness (right panel) NS. In each
panel, the radial profile is shown for the tabulated (SLY9) EOS,
the effective polytrope, and the effective generalized Tolman VII

model, as defined in the main text.
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of the quasiuniversality of the (c2) —C relation, and
arguing that, for relevant models that describe the NS
interior, this quasiuniversality emerges from the Newtonian
limit and subsequently decays with increasing contribu-
tions of GR, we will now investigate the (c2)—1T/A
relations. Because of the lack of analytic solutions in
GR for both these quantities, we start by analyzing the
relations in the Newtonian regime and proceed to study
their corresponding post-Minkowskian corrections.

Before we begin, let us define the dimensionless quan-
tities that shall be used throughout this section. The
dimensionless moment of inertia and the dimensionless
tidal deformability are respectively defined as

Al 2k,
np A=ics (44)

I= ,
3¢5

where [ is the moment of inertia and k, is the / = 2 tidal
Love number.

A. Newtonian limit

To delve into the question of the role of the Newtonian
limit in the (c2) —I/A relations, we study them in this
limit and compare any universality, to that present in the
(¢2) — C relation, or lack thereof.

The moment of inertia in the Newtonian regime, which
we shall name I™)| is defined as

I :8_” K

rp(r)dr. (45)

3 Jo
The tidal deformability is found through the perturbation of
a nonrotating equilibrium state. If a static quadrupolar tidal
field perturbs such state, the Eulerian change h,(r) to the
gravitational potential can be found through the Newtonian
limit of Eq. (15) in [36]:

Ehy  2dny [6 dp
dr*  rdr

and noticing that regularity at » = 0 implies that &, (r) ~ r?
as r — 0. Defining y = Rh5(R)/hy(R), the Newtonian
[ = 2 Love number can be computed from

1/2-y
N =~ (222 47

which is then related to the dimensionless tidal deform-
ability via Eq. (44).

1. Polytropic EOSs

Let us first return to polytropic EOSs, defined in the
Newtonian limit in Eq. (11). For the analytic solutions
presented for polytropes in Sec. III B, when n =0 and

n =1, we obtain analytic solutions for the moment of
inertia:

] 21
n=0— 1<N’P>:§E, (48)
} 2 4\ 1

which can then be related to the averaged speed of sound
squared via

5 1 1 \1/2 s
n=0— <CS>—ﬁ j(N_P) s (0)

5 1 1/2

Unlike the case of the (c?) — C relation, there is no
common limit of the (c¢2) — T relation between the incom-
pressible model and the n = 1 polytrope. For polytropes
with n €0, 1], the quantity (IV-"))1/2(¢2) displays a frac-
tional difference with respect to the EOS median of (at
most) ~14%. This quantity is shown in Fig. 9 as a function
of ne€|0,1].

Such EOS dependence is also present in the relation
between the dimensionless tidal deformability and the
average speed of sound squared. When n =0 and n =1
we find that

n=0— AWP = 2%5 (52)
15-721
_ N.P) _
n=1— Al )_75, (53)
'\- SN — ' Polytrope (q'= n)
‘\ \\\ — = Generalized TVII (g=2/k)
. ~
o 030 \. e
3 N, N
~ \ \\
2028 N S
~ \. \\
. N
~
026/ ‘~.
~
0.00 0.25 0.50 0.75 1.00
q

FIG. 9. (c2)1'/? as a function of g = n for a polytropic EOS
model (dot-dashed pink) and 2/k for a generalized Tolman VII
model (dashed cyan). Observe that for ¢ €0, 1], the quantity
(c2)T'/? varies little, thus exhibiting an approximate EOS
universality.
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and thus

(c?) = 0.44(AN-PH71/5 (54)

n=0-—

n=1-— (c2)~035ANP)1/5 (55)
For polytropes with n € [0, 1], the quantity (c2)(AN-7)1/3
displays a fractional difference with respect to the EOS
median of (at most) ~14%. This quantity is shown in Fig. 9
as a function of n €0, 1].

2. Generalized Tolman VII

Let us now examine the (c2) — I/A relations using the
generalized Tolman VII profile. The relevant EOS expres-
sion and equilibrium equations pertaining to this solution
were discussed in Sec. III B 2.

By substituting the density profile, p(r), presented in
Eq. (19), into the integral shown in Eq. (45), we find that

- 81 [R r\x 8 1 1
I(N.T):_/ 4 1= = d :_RS ——,
3 ), e R) | T3 P\57kys
(56)

where the superscript (N,7T) indicates we are in the
Newtonian regime and using the generalized Tolman VII
solution. By referring to Eq. (24), we can establish the
relation 47p.R*> = 3C(k + 3)/k. Substituting this relation
into Eq. (56) yields

- 2 3\ /1 1
JINT) — Z (142 (= ——
c2< +k><5 k+5>

 K(k43)(k+4)? 1
~10(k + 5) (k% + 3k +2)2 (c2)?’

(57)

where we have used the (c2) — C relation for the gener-

alized Tolman VII solution in the Newtonian limit. With
this expression, we obtain the following limits when k = 2
and k — oo:

- 1 1
k=2 — 1<N’T>:14< 2>2—><c§>zo.27(1<zvr>)—z,
CS
(58)
k=00 — IV = 10<12>2_> (c2)~032(TW1)) 2,
CS
(59)

As expected, when k — oo, which corresponds to the
incompressible case, one obtains the same limit as that
found using the polytropic EOS when n = 0. Also,
similarly to that case, there is no common limit between
the incompressible case and the Tolman VII profile. For

g =2/ke0,1], the quantity (c?)(I™7))"2 displays a

maximum fractional difference with respect to the EOS
median of ~10%. This quantity is shown in Fig. 9 as a
function of g.

For the tidal deformability, we find that

1

k=2— AN %0.22—— (c2) #0.37(AND) ™
C

(60)

ko oo— AND Z_L
20°

1

— (c?) ~ 0.44(AWD)) 5,
(61)

For ¢ = 2/k € [0, 1], the quantity (c2)(A™-T)!/3 displays a
maximum fractional difference with respect to the EOS
median of ~10%. This quantity is also shown in Fig. [0 asa
function of g¢.

3. Comparing solutions

The (c2) — I/A relations present a stronger dependence
on the EOS than the (c?) — C relation, at least in the
Newtonian regime. The variation in the (c2) —I/A rela-
tions is depicted in Figs. 9 and 10, respectively, with an
EOS sensitivity of ~14% for a polytropic EOS with
nel0,1] and ~10% for the generalized Tolman VII
solution with ¢ =2/k€][0,1]. To put these numbers in
perspective, we can compare them to the EOS sensitivity of
the (Newtonian) (c?) — C relation, 3% for polytropes and
6% for the generalized Tolman VII solution.

The parallels between the (c2) — I and (c?) — A relations
are noteworthy, although unsurprising, as these observables
are well known for having a strong universal relation both
in GR and in the Newtonian limit [12]. Given the known
quasiuniversal relations /-Love-C in GR [37,38], one might

p— .
N\ T~

~
.
N\, S

<
~
\§)

()
=)
S
7
/
/
/
/
/

o
35
153
4
/
/

=== Polytrope (g =n) ~
== == Generalized TVII (¢ =2/k) ..

000 025 050 075  1.00
q

o
N
(@)}

FIG. 10. (c2) A!/> for two types of solutions to the Newtonian
equations of structure, the polytropic EOS (in pink) and the
generalized Tolman VII solution (in dashed cyan). We use the
polytropic index n for the former, varying it in the interval that is
relevant for NSs, and for the latter, we use the quantity 2/k that
varies between the incompressible case, when 2/k =0, and
Tolman VII, when 2/k = 1.
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wonder whether the influence of incorporating GR correc-
tions, as observed in the (c¢2) — C relation, will similarly
manifest in the moment of inertia and tidal deformability.
We tackle this question next.

B. Post-Minkowskian expansion

To assess whether increasing GR contributions will lead to
areduction in the universality for both (c2) — I/A relations,
we perform a post-Minkowskian expansion. This enables us
to derive GR contributions in an order-by-order manner,
facilitating a more precise assessment of the impact of each
contribution. In this section, this will be done for the
generalized Tolman VII models alone, defined in Eq. (35).

The relativistic moment of inertia can be derived under the
context of slow rotation, as originally outlined by Hartle [39]:

87R> [1
1= / dxx4@eu‘”)/2@. (62)
3 0 c
Here, g, = —¢” and g,, = ¢* are metric coefficients describ-

ing the unperturbed (i.e., nonrotating) spacetime, while
gy = —Q(1 = @)r*sin”* @ describes the perturbation due
to rotation (to first order in the angular velocity ). The
function @(x), with x = r/R, obeys

Ld ([, do)
G Ve
Pax \Max

with j=e~(+9/2 along with the boundary conditions
d/dx|,_ o = 0 and lim,_ @(x) = 1.

The function A(x), for the generalized Tolman VII
models, can be directly derived from Eq. (37) as A(x) =
—log(1 — pu/x). For the metric potentials v and @, we
employ a power series approximation analogous to Eq. (40):

-—a =0, (63)

N N

v(x:0)=> y(x)C. @(x:C)=> a(x)C'. (64)
i=0 i=0

We can now solve Eq. (63) and the corresponding equation

for v,

2 —_

dv ___2ct) dp. )
dx €+ (c2)p dx

analytically, order by order in C, which allows the relativistic
moment of inertia (62) to be computed in successive post-
Minkowskian approximations. In the Newtonian limit (i.e.,
when N = 0), we recover Eq. (57) for the dimensionless
quantity 7.

The relation 7 — {c?) can be found using Eq. (41). As our
interest lies in the inverse relation, (c?) as a function of 1,
we perform a series expansion of the moment of inertia
corresponding to an expansion of (c2) about 0. Since in the

Newtonian limit we have that (c?) « 17/, we expand

04 (9([—1/2) (9(1—1) (9(1—3/2)
54
. 7.2
10.0
14
: Ry 2
37
. e — 80
—_ 270
10*
0.5 1.0 0.5 1.0 0.5 1.0
2/k 2/k 2/k

FIG. 11. The variation of (¢2) —T in relation to the post-
Minkowskian expansion for the generalized Tolman VII solution,
considering values of k€ [2,00) along the bottom axis and
representing different moment of inertia levels with distinct colors.
The expansion analysis starts from the first-order term and
progressively incorporates higher-order terms, up to the third
order, proceeding from left to right. The black dotted line indicates
the numerical solution in full GR for a NS with I = 10 for varying
values of k. The minimum value for the moment of inertia is
determined by the point where {c2) becomes greater than 1 for the
GR solution.

around I approaching infinity, or, equivalently, 7'/ — 0.
The resulting series converges for I7'/2 <0.49, or I > 4.2
(with the radius of convergence being roughly independent
of k). The effects of this expansion in powers of I~'/? on the
(c?) — I relation is depicted in Fig. 11, where we show
values of I for which (¢2) <1 in GR. Additionally, we
show the full GR curve for a NS with 7 = 10, which agrees
with results displayed in [40]. Observe that, as we consider
higher-order post-Minkowskian orders, (c?) approaches
the full GR value. We expect that the correct solution is
obtained when N — oo, for values of I7'/2 within the
radius of convergence of the series.

Importantly, we observe that the increasing post-
Minkowskian orders seem to have minimal effects on
the EOS dependence of the (c?) — I relation. For instance,
for the fiducial dimensionless moment of inertia 7 = 10,
and considering ¢ = 2/k € [0, 1], the quantity (c?) displays
a maximum fractional difference with respect to the EOS
median of 10% to 11% to all orders. Thus, the degree of
universality observed in the Newtonian limit remains
consistent as we move to higher post-Minkowskian orders.
This is to be compared to the effect of post-Minkowskian
corrections to the (¢2) — C relation, which tends to deterio-
rate the EOS quasiuniversality, as discussed earlier.

Now let us consider the tidal deformability. This quantity
is obtained from the generalization of Eq. (46) into

d*h, dh, (2 2Gm  4nG
el

dr2+dr r 2 A
6e*  4nGe’ e+p dv\?
Iy | =25 4 0 (5649 ()| =o,
[ (serorr 78) - (3)

(66)
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where h,(r) = —e™"5g,, represents the perturbation to the
(t,1) component of the metric, in terms of which all other
metric potentials can be obtained. The relativistic / = 2 Love
number can be computed from Eq. (50) of Ref. [41], recalling
that y = Rh,(R)/hy(R). Furthermore, we again define the
dimensionless tidal deformability through Eq. (44).

Despite h,(r) having an analytic solution in terms of
hypergeometric functions for the generalized Tolman VII
profiles in the Newtonian limit, exact analytic solutions
could not be found to higher post-Minkowskian orders.
Still, to access the impact of post-Minkowskian corrections,
we introduce the power series approximation

hy(x;C) = Z hz’i(x)C", (67)
i=0

where x = r/R and h,;(x) is calculated numerically.

The relation between the dimensionless tidal deform-
ability and (c?) can be found by rewriting C as a function of
(c2) using Eq. (41). As we are interested in (c2) as a
function of A, we perform a series expansion of the tidal
deformability in powers of (c2), as done previously for the
moment of inertia. Since in the Newtonian limit we have
that (c2) x A™'/>, we expand around A approaching
infinity, or, equivalently, A~'/> — 0. This expansion, up
to the third order, is displayed in Fig. 12, where we show
values of A for which (¢2?) < 1 in GR. Additionally, we
show the numerical solution for a NS with A = 100, which
agrees with measurements for a typical NS [2]. Observe
again that, as we include higher post-Minkowskian orders,
(c2) approaches the full GR result. We expect that the
correct solution is obtained when N — oo, for values of
A~'/> within the radius of convergence of the series
solution.

—1/5 =2/5 =3/5
s OA™") OA™) OA™") 0.45
0.81
1.56
: 3.34
P 82
< 24.5
: 100
108
5
0.0 05 T.0 05 .0 05 To =10
2k 2k 2k

FIG. 12. The variation of {(c¢Z) — A in relation to the post-
Minkowskian expansion for the generalized Tolman VII solution,
considering values of k€[2,00) along the bottom axis and
representing different tidal deformability levels with distinct
colors. The expansion analysis starts from the first-order term
and progressively incorporates higher-order terms, up to the third
order, proceeding from left to right. The black dotted lines
indicate the numerical solution in full GR for a NS with A = 100
for varying values of k.

Importantly, we observe that, for the values for which the
series is convergent, the increasing post-Minkowskian
orders seem again to have minimal effects on the EOS
dependence of the (c2) — A relation. For the fiducial tidal
deformability A = 100, and considering ¢ = 2/k€[0, 1],
the quantity (c?) displays a maximum fractional difference
with respect to the EOS median of 10% to 11% to all
orders. Thus, the degree of universality observed in the
Newtonian limit remains consistent as we move to higher
post-Minkowskian orders.

V. CONCLUSIONS

We have here explored the underlying physics respon-
sible for the approximately universal relations between the
ratio of the central pressure to the central energy density,
p./€., and dimensionless astrophysical observables,
namely, the compactness C, the tidal deformability A,
and the moment of inertia I of NSs [20]. The quantity p, /e,
was reinterpreted as the squared speed of sound averaged
over the range of energy densities present inside the star,
(c?). The averaged speed of sound squared has a natural
interpretation as a measure of the mean stiffness of the EOS
up to the central energy density of a given NS.

We first studied the (c2?) — C relation using analytic
solutions of the TOV equation for an incompressible fluid, a
Tolman VII profile, and the Buchdahl fluid. We found
that, albeit quite different from each other, these EOSs
led to (c?) — C relations with the same Newtonian limit,
{c?) = C/2. This prompted further study of the Newtonian
limit and its relativistic corrections, which we performed
for two one-parameter families of EOSs that interpolate
between the (Newtonian limit of the) models considered
previously: polytropic EOSs and a generalized Tolman VII
profile. For the range of parameters most relevant for the
description of NSs, the (c¢2) — C relation was shown to be
remarkably flat (with respect to EOS variation) in the
Newtonian limit. This insensitivity to the EOS then
deteriorated as relativistic corrections were included. For
instance, for polytropic EOSs with n € [0, 1], the maximal
fractional difference of the (c2) — C relation with respect to
the EOS median increased from 3% at O(C) (Newtonian
limit) to 9% at O(C?) and 17% in full GR.

When contrasting realistic EOSs to the one-parameter
families considered previously, we found that the latter
provides reasonable approximants to the former, as long as
the compactness of the NS is sufficiently large (C = 0.1).
Thus, the EOS insensitivity of the (c2) — C relation, for
realistic EOSs, can be linked to EOSs being relatively stiff
throughout a large portion of the NS for sufficiently large
values of the stellar compactness.

In contrast to the case of the (c3) — C relations, we found
that the approximate universality of the (c2) —I/A rela-
tions is not enhanced in the Newtonian limit. Indeed, for the
generalized Tolman VII profile with k € [2, o), we showed
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that the EOS dependence remains at the 10%—11% level to
all orders in compactness. This is also the case when using
realistic EOSs, as long as the NS is sufficiently compact.
Our work suggests a few avenues for future work. One
possibility would be to study potential approximately
universal relations between (c2) and the quadrupole and
higher-order multipole moments of rotating NSs. This could
be done by considering the slow-rotation expansion [39],
and constructing equilibrium sequences of stars with fixed
rotational periods. Such a study would also benefit from the
post-Minkowskian analysis we laid out in this work.
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APPENDIX A: EQUATIONS OF STRUCTURE
AND ANALYTICAL SOLUTIONS

1. General relativity

The relativistic equation of hydrostatic equilibrium is

dp G( )m—|—4ﬂr3p/c2
—_— = —— (€ — A
dr c? p r(r——ZGm)

2
res

(A1)

where m is the enclosed mass, p is the internal pressure, € is
the energy density, and r is the radial coordinate. The
enclosed mass satisfies the equation:

dm_
dr

4xr?

€
a2 (A2)
These two equations form a closed system once an EOS is
prescribed and their solution requires boundary conditions. As
usual, we impose regularity at the center of the star, enforcing
m(r = 0) = 0, while p(r = 0) = p., where p.. is the central
pressure. With these conditions, the radius of the star R is
defined as the radial coordinate at which the pressure vanishes,
p(r =R) = 0, while the stellar mass is the enclosed mass
evaluated at this radial coordinate M = m(r = R).

2. Newtonian limit

Using that in the Newtonian limit € = pc?, where p is the
rest mass density, Eqgs. (A1) and (A2) reduce to

dm _ ,Gm
ar P

dp m
P (A3)

dr p
Just as in the relativistic case, these equations must be

closed by choosing an EOS and prescribing boundary
conditions.

3. Analytical solutions to the TOV equations

In this section we derive expressions (3), (6), and (9) for
the (¢2) — C relation for an incompressible fluid, a Tolman
VII density profile, and the Buchdahl EOS, respectively.

a. Incompressible fluid

A constant-density profile
€ = €, = constant (A4)

results in the following analytic solutions to the TOV (Al)
and the enclosed mass (A2) equations:

€.(RV1-2C—VR*-2Cr?) ") 4 e,
= , m(r)=z-ar'—
VR?-2Cr*-3RV1-2C

p(r)

3 %’

(AS)

where the central energy density €. can be expressed in
terms of the stellar mass and radius by

3Mc?
=—". A6
€ 47R3 (46)
Evaluating p(r = 0), we obtain
1-+V1-2C
Pe =€ F——m> (A7)
3vl-2C—-1
which leads to the simple analytic relation
1-vV1-=-2C
() =t = =" (A8)
€ 3v1-2C-1

b. Tolman VII fluid
The Tolman VII solution [31] is characterized by the

density profile
7\ 2
=e|l1=-(=] [
== )]

To simplify the resulting analytic expressions presented
in [42], we introduce the dimensionless variable x = r/R.
The mass aspect function and pressure can be expressed as
follows:

dre. (X3 X
m) =G5 (375)

4

¢ [\/3Ce"1 tanqb—g(S -3x%)|,  (All)

- 47GR?

(A9)

(A10)

p(x)
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where €, can be expressed in terms of R and the stellar mass
M, or, alternatively, the compactness C, as

15Mc*  15¢*C
= = . Al2
“T 82k ~ 82GR (A12)
The functions A(x) and ¢(x) are given by
e =1 - Cx*(5-3x%), (A13)
2 e
— k-1 2/ Al4
¢(x) k 2 Og X 6 + 3C 4 ( )
where
C 1 1 1-2C
k = arct —— 41 — — . Al5
et 31 22¢) 1208 (6+\/ 3C ) (A1)

At the center of the star (x = 0), we have that A = 0 and

po-te(P2mbs) i
where
b. = $(0) :k—%log(l/\/f—sm). (A17)

All of the above allows us to easily calculate the
averaged speed of sound squared analytically, namely,

1 /2V/3tan¢
H=—[(——F—="-5). Al18
@ =5 (PP s)
c. Buchdahl fluid
The Buchdahl EOS [34] is given by
e(p) = 12(p.p)"/* = 5p, (A19)

where p. is a constant. With this EOS, one can find an
analytic solution to the TOV equation, which, as presented
in [16], is

p(r) = C—4A2u2(1 -2C)(1-C+u)™2,

G (A20)
where
r=r(1-C+u)(1-2C)7", (A21)
u = C(Ar)~'sinAr, (A22)
A? =2887p, G~ (1 -2C)7". (A23)

At the center of the star, r = ¥ = 0 and u = C; thus, the
central pressure can be expressed as

pe = 36p.C?, (A24)
and, from Eq. (8), the central energy density is
5C
€. = 72p*C(1 - 7) (A25)

With all of the above, we can now compute the averaged
speed of sound square as

(A26)

APPENDIX B: POST-MINKOWSKIAN
EXPANSION OF C - (c?) FOR
POLYTROPIC EOSS

Differently from the generalized Tolman VII density
profile, for which the post-Minkowskian expansion of the
{c2) — C relation can be found analytically, in the case of a
generic polytropic EOS, the (c2) — C relation must be
obtained numerically. In this appendix, we sketch the
numerical procedure and discuss certain subtleties that
render the straightforward computation of high post-
Minkowskian coefficients of that expansion numerically
challenging.

The compactness C is related to (c2) by

w" (o)
¢i1(o) '

where ¢ = (1/(c2) —n)~! [cf. Eq. (29)], which can be

expanded to any desired order. Here, ,u<1P) (o) = uP) (& (o)),
and the dimensionless stellar radius, & = ¢&;, is deter-
mined by

C=(n+1)o

(B1)

p(&i(0);0) = 0. (B2)
Inserting the Taylor expansion of Eq. (32) for &, (o) in the
above equation, we can solve the latter order by order in a
post-Minkowskian expansion. For example, at Newtonian
order, one obtains

Po(&10) =0, (B3)
which implicitly defines &, (. The coefficient & ; with i > 1
then depends on the respective pressure coefficient p;), as
well as on derivatives of the lower-order pressure coeffi-
cients (p( i) J < i), evaluated at &, . Explicitly, fori = 1, 2,
one has
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P(l)(fl,o)

S = _Pl(o) (51,0) ’

(B4)

P)(&10) +&11P(1)(610) +%f%,1pl(/0) (€10)
p/(o)(fl.o) .

fio=- (B5)

The numerical procedure then consists of the follow-
ing steps:
(i) numerically solving the Newtonian equations for
P(o) and ,ugg)), and extracting the value of &, such
that Eq. (B3) holds, as well as u\;
(ii) numerically solving the equations for p;), ,uES), for
i >1 up to the desired order in the fixed domain
£€0,¢& ), and computing the coefficients &, ; and
y(li.); and
(iii) computing the C — {c2) relation from the Taylor-
expanded version of Eq. (B1).

Now, it can be shown that, around & = & , the ith pressure
coefficient has the leading behavior p ;) o (& — &) In
the range of interest 0 < n < 1, Eq. (B4) presents a 0/0
indeterminacy, and must be computed by taking the limit of
that expression as £ — &, . This limit is expected to be finite
and is easily handled numerically. However, in the same
range 0 < n < 1, Eq. (B5) displays an apparent divergence in
the limit & — &, since the numerator goes as (£ — &, o)"!
and the denominator goes as (£ — &1 )". A careful analysis of
the differential equation for p(;) shows, however, that the
coefficient of the dominant term in the numerator of Eq. (B5),
ie., o« (=& )", vanishes exactly, so that the true lead-
ing-order behavior of both the numerator and denominator is
(E—¢&10)", yielding a finite value for the ratio in the limit
& — &1 p. A similar situation is expected for higher-order
coefficients (&, ;, i > 2). However, numerically the cancel-
lation of diverging terms described above is not guaranteed
due to the inevitable presence of numerical errors, and a
higher-precision calculation may be required.

[1] B.P. Abbott e al. (LIGO Scientific and Virgo Collabora-
tions), GW170817: Observation of gravitational waves from
a binary neutron star inspiral, Phys. Rev. Lett. 119, 161101
(2017).

[2] B.P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), GW170817: Measurements of neutron star radii and
equation of state, Phys. Rev. Lett. 121, 161101 (2018).

[3] M. Kramer et al., Tests of general relativity from timing the
double pulsar, Science 314, 97 (2006).

[4] J. M. Weisberg, D.J. Nice, and J. H. Taylor, Timing mea-
surements of the relativistic binary pulsar PSR B1913 + 16,
Astrophys. J. 722, 1030 (2010).

[5] E. Fonseca, I. H. Stairs, and S. E. Thorsett, A comprehen-
sive study of relativistic gravity using PSR B1534 + 12,
Astrophys. J. 787, 82 (2014).

[6] M. C. Miller et al., PSR JO030 + 0451 mass and radius from
NICER data and implications for the properties of neutron
star matter, Astrophys. J. Lett. 887, L.24 (2019).

[7]1 T.E. Riley et al., A NICER view of PSR J0030 + 0451:
Millisecond pulsar parameter estimation, Astrophys. J. Lett.
887, L21 (2019).

[8] M. C. Miller et al., The radius of PSR J0740 + 6620 from
NICER and XMM-Newton data, Astrophys. J. Lett. 918,
L28 (2021).

[9] T.E. Riley et al., A NICER view of the massive pulsar
PSR J0740 + 6620 informed by radio timing and XMM-
Newton spectroscopy, Astrophys. J. Lett. 918, L27
(2021).

[10] M. Maggiore et al., Science case for the Einstein Telescope,
J. Cosmol. Astropart. Phys. 03 (2020) 050.

[11] M. Evans et al, A horizon study for cosmic explorer:
Science, observatories, and community, arXiv:2109.09882.

[12] K. Yagi and N. Yunes, I-Love-Q relations in neutron stars
and their applications to astrophysics, gravitational waves
and fundamental physics, Phys. Rev. D 88, 023009 (2013).

[13] K. Yagi and N. Yunes, Binary Love relations, Classical
Quantum Gravity 33, 13LTO1 (2016).

[14] K. Yagi and N. Yunes, Approximate universal relations
among tidal parameters for neutron star binaries, Classical
Quantum Gravity 34, 015006 (2017).

[15] K. Yagi and N. Yunes, Approximate universal relations for
neutron stars and quark stars, Phys. Rep. 681, 1 (2017).

[16] J. M. Lattimer and M. Prakash, Neutron star structure and
the equation of state, Astrophys. J. 550, 426 (2001).

[17] Y. Lim and J. W. Holt, Neutron star tidal deformabilities
constrained by nuclear theory and experiment, Phys. Rev.
Lett. 121, 062701 (2018).

[18] J.M. Lattimer and A.W. Steiner, Constraints on the
symmetry energy using the mass-radius relation of neutron
stars, Eur. Phys. J. A 50, 40 (2014).

[19] C. Drischler, J. W. Holt, and C. Wellenhofer, Chiral effective
field theory and the high-density nuclear equation of state,
Annu. Rev. Nucl. Part. Sci. 71, 403 (2021).

[20] J. A. Saes and R. F. P. Mendes, Equation-of-state-insensitive
measure of neutron star stiffness, Phys. Rev. D 106, 043027
(2022).

[21] F. Gulminelli and A.R. Raduta, Unified treatment of
subsaturation stellar matter at zero and finite temperature,
Phys. Rev. C 92, 055803 (2015).

[22] P. Danielewicz and J. Lee, Symmetry energy I: Semi-infinite
matter, Nucl. Phys. A818, 36 (2009).

[23] B. K. Agrawal, S. Shlomo, and V. K. Au, Nuclear matter
incompressibility coefficient in relativistic and nonrelativ-
istic microscopic models, Phys. Rev. C 68, 031304 (2003).

024011-16


https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1126/science.1132305
https://doi.org/10.1088/0004-637X/722/2/1030
https://doi.org/10.1088/0004-637X/787/1/82
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.1088/1475-7516/2020/03/050
https://arXiv.org/abs/2109.09882
https://doi.org/10.1103/PhysRevD.88.023009
https://doi.org/10.1088/0264-9381/33/13/13LT01
https://doi.org/10.1088/0264-9381/33/13/13LT01
https://doi.org/10.1088/1361-6382/34/1/015006
https://doi.org/10.1088/1361-6382/34/1/015006
https://doi.org/10.1016/j.physrep.2017.03.002
https://doi.org/10.1086/319702
https://doi.org/10.1103/PhysRevLett.121.062701
https://doi.org/10.1103/PhysRevLett.121.062701
https://doi.org/10.1140/epja/i2014-14040-y
https://doi.org/10.1146/annurev-nucl-102419-041903
https://doi.org/10.1103/PhysRevD.106.043027
https://doi.org/10.1103/PhysRevD.106.043027
https://doi.org/10.1103/PhysRevC.92.055803
https://doi.org/10.1016/j.nuclphysa.2008.11.007
https://doi.org/10.1103/PhysRevC.68.031304

APPROXIMATELY UNIVERSAL I-LOVE-(c?) RELATIONS FOR ...

PHYS. REV. D 110, 024011 (2024)

[24] J. Friedrich and P. G. Reinhard, Skyrme-force parametriza-
tion: Least-squares fit to nuclear ground-state properties,
Phys. Rev. C 33, 335 (1986).

[25] P. G. Reinhard, D. J. Dean, W. Nazarewicz, J. Dobaczewski,
J. A. Maruhn, and M. R. Strayer, Shape coexistence and the
effective nucleon-nucleon interaction, Phys. Rev. C 60,
014316 (1999).

[26] L. Bennour, P.-H. Heenen, P. Bonche, J. Dobaczewski, and
H. Flocard, Charge distributions of Pb-208, Pb-206, and
T1-205 and the mean-field approximation, Phys. Rev. C 40,
2834 (1989).

[27] E. Chabanat, J. Meyer, P. Bonche, R. Schaeffer, and P.
Haensel, A Skyrme parametrization from subnuclear to
neutron star densities, Nucl. Phys. A627, 710 (1997).

[28] K. Yagi, L.C. Stein, G. Pappas, N. Yunes, and T.A.
Apostolatos, Why I-Love-Q: Explaining why universality
emerges in compact objects, Phys. Rev. D 90, 063010
(2014).

[29] Y.H. Sham, T.K. Chan, L.M. Lin, and P.T. Leung,
Unveiling the universality of I-Love-Q relations, Astrophys.
J. 798, 121 (2015).

[30] T. K. Chan, A. P. O. Chan, and P. T. Leung, Universality and
stationarity of the I-Love relation for self-bound stars, Phys.
Rev. D 93, 024033 (2016).

[31] R. C. Tolman, Static solutions of Einstein’s field equations
for spheres of fluid, Phys. Rev. 55, 364 (1939).

[32] B. K. Agrawal, S. Shlomo, and V. K. Au, Determination of
the parameters of a Skyrme type effective interaction using

the simulated annealing approach, Phys. Rev. C 72, 014310
(2005).

[33] J.R. Oppenheimer and G. M. Volkoff, On massive neutron
cores, Phys. Rev. 55, 374 (1939).

[34] H. A. Buchdahl, General-relativistic fluid spheres. III. A
static gaseous model, Astrophys. J. 147, 310 (1967).

[35] F. Douchin and P. Haensel, A unified equation of state of
dense matter and neutron star structure, Astron. Astrophys.
380, 151 (2001).

[36] T.Hinderer, Tidal Love numbers of neutron stars, Astrophys.
J. 677, 1216 (2008).

[37] T. Hinderer, B. D. Lackey, R. N. Lang, and J. S. Read, Tidal
deformability of neutron stars with realistic equations of
state and their gravitational wave signatures in binary
inspiral, Phys. Rev. D 81, 123016 (2010).

[38] S. Postnikov, M. Prakash, and J. M. Lattimer, Tidal Love
numbers of neutron and self-bound quark stars, Phys. Rev.
D 82, 024016 (2010).

[39] J. B. Hartle, Slowly rotating relativistic stars. 1. Equations of
structure, Astrophys. J. 150, 1005 (1967).

[40] H. O. Silva, A. M. Holgado, A. Cardenas-Avendaiio, and N.
Yunes, Astrophysical and theoretical physics implications
from multimessenger neutron star observations, Phys. Rev.
Lett. 126, 181101 (2021).

[41] T. Damour and A. Nagar, Relativistic tidal properties of
neutron stars, Phys. Rev. D 80, 084035 (2009).

[42] N. Jiang and K. Yagi, Analytic I-Love-C relations for
realistic neutron stars, Phys. Rev. D 101, 124006 (2020).

024011-17


https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.60.014316
https://doi.org/10.1103/PhysRevC.60.014316
https://doi.org/10.1103/PhysRevC.40.2834
https://doi.org/10.1103/PhysRevC.40.2834
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1103/PhysRevD.90.063010
https://doi.org/10.1103/PhysRevD.90.063010
https://doi.org/10.1088/0004-637X/798/2/121
https://doi.org/10.1088/0004-637X/798/2/121
https://doi.org/10.1103/PhysRevD.93.024033
https://doi.org/10.1103/PhysRevD.93.024033
https://doi.org/10.1103/PhysRev.55.364
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRev.55.374
https://doi.org/10.1086/149001
https://doi.org/10.1051/0004-6361:20011402
https://doi.org/10.1051/0004-6361:20011402
https://doi.org/10.1086/533487
https://doi.org/10.1086/533487
https://doi.org/10.1103/PhysRevD.81.123016
https://doi.org/10.1103/PhysRevD.82.024016
https://doi.org/10.1103/PhysRevD.82.024016
https://doi.org/10.1086/149400
https://doi.org/10.1103/PhysRevLett.126.181101
https://doi.org/10.1103/PhysRevLett.126.181101
https://doi.org/10.1103/PhysRevD.80.084035
https://doi.org/10.1103/PhysRevD.101.124006

