PHYSICAL REVIEW D 111, 083017 (2025)

Probing fundamental physics using compact astrophysical objects
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It is well known that alternative theories to the Standard Model allow—and sometimes require—
fundamental constants, such as the fine-structure constant, a, to vary in spacetime. We demonstrate that one
way to investigate these variations is through the mass-radius relation of compact astrophysical objects,
which is inherently affected by a variations. We start by considering the model of a polytropic white dwarf,
which we perturb by adding the « variations for a generic class of Grand Unified Theories. We then extend
our analysis to neutron stars, building upon the polytropic approach to consider more realistic equations of
state, discussing the impact of such variations on mass-radius measurements in neutron stars. We present
some constraints on these models based on current data and also outline how future observations might
distinguish between extensions of the Standard Model.
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I. INTRODUCTION

The quest to understand the fundamental laws of physics
has driven scientific inquiry for centuries. From the
classical mechanics of Newton to the quantum mechanics
and relativity of the 20th century, physicists have continu-
ally sought to unify and explain the physical mechanisms
and forces governing the Universe. A wide and fast-
growing range of observational data have so far validated
the Standard Model of particle physics and that of cosmol-
ogy, but in parallel, there is growing evidence that this
standard model is incomplete—or, pragmatically, a simple
convenient approximation to a more fundamental one. One
of the most ambitious goals in this attempt is the formu-
lation of Grand Unified Theories (GUTs), which aim to
merge the electromagnetic, weak, and strong nuclear forces
into a single framework [1]. Despite advances in theoretical
physics, experimental verification of GUT predictions is
still limited [2].
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Among the testable consequences of the GUT class of
models are spacetime variations of nature’s fundamental
constants (such as the fine-structure constant, ). Recent
observational developments—see Refs. [3,4] for detailed
reviews—have significantly improved the precision and
accuracy of these searches, making them a competitive
probe of fundamental cosmology. Compact objects such as
white dwarfs and neutron stars serve as natural laboratories
for probing these deep questions [5,6], and in particular
they are sensitive to such variations. For example, con-
straints on both a and the proton-to-electron mass ratio y
have been obtained on the surface of white dwarfs [7,8],
which enables constraints on environmental dependencies
in these models [9].

Another example, which is the focus of the present work,
is the mass-radius relation of white dwarfs and neutron
stars. This encodes much of the underlying physics of
these objects and is therefore expected to be affected in
extensions of the standard models of cosmology and/or
particle physics. For the simpler case of white dwarfs, this
relation has already been considered as a test of modified
gravity scenarios [10] and also, under a polytropic approxi-
mation, as a test of unification scenarios [11]. In what
follows, we update and extend the earlier analyses, both by
including neutron stars and by going beyond the polytropic
approximation.

The structure of the rest of this work is as follows. We
start in Sec. Il by presenting a brief overview of the relevant
theoretical background behind varying couplings and uni-
fication (for which we consider three representative GUT
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class models) as well as the properties of compact objects.
In Sec. III, we investigate a polytropic white dwarf, both to
provide a simple illustration of our formalism and to gain
some intuition on the impact of these models on the mass-
radius relation. We then move to the case of neutron stars in
Sec. 1V, for which we build upon the polytropic approxi-
mation to explore more realistic choices of the equation
of state (EoS), specifically considering three representative
examples. Finally, we present our conclusions in Sec. V.

II. THEORETICAL BACKGROUND

There is a plethora of astrophysical evidence—including
indications for dark matter, neutrino masses, inflation,
and the size of the baryon asymmetry in the Universe—
supporting the view that some still undiscovered physics
beyond the current model is relevant for the evolution of the
Universe. On the theory side, one can consider extensions
or even alternative models to the standard one, at least for
the phenomenological purpose of ascertaining the degree
to which fundamental laws and symmetries, such as the
Einstein Equivalence Principle or Lorentz invariance, are
allowed to be violated by terrestrial experiments and
astrophysical observations.

Scalar fields are arguably the best-motivated conceptual
extension to the standard cosmological paradigm, and they
are essential components of many classes of theories, due to
their simplicity combined with their effectiveness. They can
preserve Lorentz invariance while simultaneously taking a
vacuum expectation value, which is not possible for other
types of fields. Importantly, they have been experimentally
proven to exist; the discovery of the Higgs particle [12,13]
contributed to their popularity among theorists.

Among the generic measurable effects of dynamical
scalar fields are spacetime variations of nature’s funda-
mental constants. It is commonly known that dimensionless
couplings run with energy [2], but in many extensions of
the Standard Model, including those where scalar fields
couple to the rest of the Lagrangian (specifically, to its
electromagnetic sector), such couplings also roll in time
[14] and ramble in space [15]. Constraining these variations
is a powerful probe of fundamental cosmology [3,4]. The
present work considers possible variations of the fine-
structure constant, defined as

2 ) - 2 = m

with a; being the local present-day value of @ and X
generically denoting another spacetime location. If one is
considering possible time dependencies, this would be
redshift, but in the present work, this will denote the value
in the compact objects under study.

The details of the expected a variations depend on the
models being considered. We consider a broad class of
GUTs [16] where the weak scale is determined by

dimensional transmutation, relative variations of all the
Yukawa couplings are the same, and the variation of the
couplings is driven by a dilaton-type scalar field [17].
In addition to the previously mentioned related work on
white dwarfs [11], this class of models has also been
assumed in other theoretical studies of solar-type stars [ 18],
Population III stars [19], and (with some simplifications)
neutron stars [20].

These models are phenomenologically useful because
they enable a self-consistent description of variations in all
relevant model parameters which can be described in terms
of only three of them: « itself and two other dimensionless
parameters, denoted R and S and defined as

AA

A
e R 70[ + (electroweak terms) (2)

(3)

where A, v, and h; are the QCD scale, Higgs vacuum
expectation value, and Yukawa couplings, respectively.
The parameters R and S are related to the energy scale
at which unification is assumed to occur, with the first
being related to QCD sector and the second being related to
electroweak physics. Of particular relevance for what
follows is the fact that in this model class a change in «
will impact particle masses. For the electron mass, this
immediately follows from the change in the Higgs vacuum
expectation value and the Yukawa couplings (bearing in

mind that m, = h,v/+/2). For composite particles such as
nucleons, an analogous but lengthier argument follows, or,
more phenomenologically, one may recall that that the
masses of the proton and neutron include electromagnetic
correction terms (which depend on the value of @) [21].

Phenomenologically, each choice of a pair of values for
(R, S) corresponds to one such model in this class. In our
analysis, we use three specific GUTs models, intended as
representatives of the wider (R, S) parameter space. These
are as follows:

(i) The unification model, with (R = 36, S = 160), has
arguably the most typical parameter values in this
model class [16].

(ii) The dilaton model, with (R = 109.4, S = 0), draws
inspiration from string-theory type scalar fields [22].

(iii) In the UV-cutoff model, with (R=-183,5=22.5),
one assumes that this cutoff is cosmologically
varying [23].

Compact objects are formed through the gravitational
collapse of progenitor stars during their final evolutionary
stages. Stars of up to about 9M 5 become carbon-, oxygen-
and sometimes helium-rich white dwarfs, while more
massive ones collapse into neutron stars [24]. Being former
cores of stars, white dwarfs and especially neutron stars are
extremely dense. They are small in size (about the size of
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the Earth and an asteroid respectively) but have masses
comparable to that of (or bigger than) the Sun. Since
thermonuclear reactions are absent from their interiors,
they rely on degeneracy pressure to support themselves
against gravity. Degeneracy pressure for a nonrelativistic
electron gas is defined as P, = (372)*3nn/(5m,),
whereas for the relativistic gas, we alter the coefficients
so that the dependence on the number density is P, « ni/ .
We can model their dynamics and derive the mass-radius
relation from the Tolman-Oppenheimer-Volkoff (TOV)
equations [5,25,26]

dp _ Gp(r)M(r) [Hp(r)] [Hz’ff;g)}

W = 4o, )

together with an EoS. The only analytic mass-radius

relation is that of a polytrope p = Ke'r', where K is the
polytropic coefficient and n is the polytropic index,

M = 4gc2nt2)/(n=1) M n/(n-1)
4nG

« 52'1—3)/(‘—")§%|9/(§1)‘R(3—n)/(1—n)’ (6)

where &; corresponds to the first zero of the dimensionless
density 6 [27].

Our goal is to study the impact of nonstandard values of
a on the mass-radius relation for compact objects (and how
sensitive this relation is to these values), using as examples
the three phenomenological models introduced above.
For simplicity, we will assume that the value of a, although
different from the local one, is constant in each compact
object—in other words, it does not vary as a function of the
object’s radius, which would be a further environmental
dependence. A brief discussion of that scenario can be
found in the Appendix of Ref. [11].

III. POLYTROPIC WHITE DWARFS

Our study of the impact of varying fundamental con-
stants on the mass-radius relation follows a perturbative
approach, since any such variations are anticipated to
be small. The first step in our analysis is to substitute
the particle masses with their respective dimensionless
couplings

Gm?
o =—; 7
== ™)
we make the metrological choice that particle masses
vary, while Newton’s gravitational constant does not.

(The alternative would be to allow the Planck mass—
and therefore G—to vary, with particle masses kept con-
stant, which would be physically equivalent to our choice.)
As a result, mass variations for electrons and nucleons can
be written as [11,16]

Aa Am Aa
£=2 C=(1+4+9)— 8
o m, (1+ )a (8)
A A A
2OV _ 2N _900.8R 4+ 0.2(1 + 8)] 2. (9)
ay my (04

These perturbations need to be included in the TOV
equations (4) and (5) as well as the mass-radius relation
[Eq. (6)]. To accomplish this, we shift to Planck units (which
we will denote with * indices), since they remain unchanged,
and substitute masses with couplings using Eq. (7).

Starting with the mass-radius relation, we note that only
K has a particle mass dependency. In the nonrelativistic
case, this becomes

MR, = Qwrae Pay”®, (10)

where QOng is a dimensionless constant which we do not
explicitly need. Then, we Taylor expand for both couplings
to add perturbations

(M*<a>> VR (11)

M*,O R*,O

where the zero subscript indicates the standard quantity and
x is the perturbation dependent on the (R, S, Aa/a) model

x:ER—&—%(l—kS)}%. (12)

Similarly in the relativistic case, we find

M*:QRGXII (13)
and therefore
M, (a)
=1- 14
M., y (14)
with
8 2 Aa
= [=R+-=(14+8)| —. 15
v=|sRe3049)] % (15)

Applying the same methodology to the nonrelativistic
TOV equations, we find

dp., m, pi° 3/10 172 3
%:—OIr—zae aN |:1 +§x] (16)
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dm, 2 3/5 3/10 1/2 3
= ¥ e 1 17
ar, = 0P 54 (17)

while for the relativistic case (without corrections),
we have

dp* m*Pi/ 1/2 1
—_— == 1 1
drs 03 % + 2y ( 8)
dm 1
£ Our 2 1/4 1/2 1 1

where x, y are exactly the previously defined parameters,
while the O; are again dimensionless numerical constants.
It is also important to note that the above perturbations do
not affect the zero-order terms (the general form of the
equations), so we can always revert the equations back to
the original units and add the corrections. It follows that
there is a clear and comparatively simple procedure for
including these dimensionless corrections in previously
developed numerical codes.

Finally, considering the relativistic corrections in the
equation of hydrostatic equilibrium [Egs. (4) and (9)], it
becomes clear that only the first term has an a dependency.
As aresult, it is perturbed as follows for the nonrelativistic
case,

2/5
p Op: 3
1+_ﬁ1+7[1__x], 20
e T amgE ]S 20
while for the relativistic case, we get
Opl/4 1
1+ > 1+ — 1/2 I—Ey. (21)

We can now illustrate the effects of a variation of
a on white dwarfs. We start by assuming a variation
Aa/a = £1073, which is small enough to act as a
perturbation while still having noticeable effects. We
allow for both positive and negative variations, to check
whether the perturbed models are symmetrical with
respect to the unperturbed white dwarf. Figure 1 com-
pares these results for the three GUT models being
considered.

In the unification model (cf. the top panels in the figure),
both plots agree on the fact that a negative Aa/a increases
the mass and radius of the star, while a positive variation
causes the opposite effect. This can be understood since the
strength of the electron degeneracy pressure, which is
related to a as

P,(a) 1 Aa
=1-=(1+S)—, 22
1+ 22)

will increase for negative a variations as long as S is non-
negative (which is the case for all the models we consider
and physically expected to be the case in general).
Additionally, the (R,S) values affect the QCD scale
(and therefore the proton and neutron masses) and the
electroweak interaction respectively. In the unification
model, this effect on the electron degeneracy pressure
goes in the same direction as the one from the change in
the QCD scale, due to a positive R; a negative/positive
Aa/a reduces/increases the individual nucleon masses,
respectively, and therefore the corresponding gravitational
field. The final result is that for positive Aa/a the star
must therefore have a smaller mass to remain in equilib-
rium. For the relativistic case, it is important to note that
the Chandrasekhar limit is also shifted to lower or higher
masses, respectively, depending on the sign of the «
variation. It is also clear that the perturbed cases in the
relativistic model are not symmetric to the unperturbed
case. This occurs due to the perturbation added to one of
the correction terms in the hydrostatic equilibrium equa-
tion [cf. Eq. (4)].

A similar behavior can be seen in the dilaton model case
(cf. the figure’s middle panels). This time, the larger positive
R value causes larger shifts from the unperturbed case.
In this model, for a negative a variation, we observe a
Chandrasekhar limit at about 1.5M, significantly larger
than the mass of ZTF J1901 + 1458, the most massive white
dwarf ever detected (1.327 — 1.365M ) [28]. This suggests
that the dilaton model with a negative variation of « is more
tightly constrained than the corresponding unification
model, although this is compounded by the astrophysical
uncertainties regarding how common the formation of white
dwarfs close to the theoretical Chandrasekhar limit is and
how long these survive once formed.

The UV-cutoff models presents us with entirely different
results (cf. the figure’s bottom panels). The overall trends of
the previous models are now reversed, with the positive a
variation resulting in an increase in mass and radius. This is
due to the negative R value in this model, which reduces the
QCD scale. While for a positive Aa/a electron degeneracy
pressure is reduced as before, this effect is counteracted and
overwhelmed by the QCD-induced decrease in the nucleon
masses. Therefore, the comparison between the models
highlights the tradeoff between the impacts of a varying a
on electrons and nucleons.

A more detailed exploration of the Chandrasekhar mass
limit is shown in Fig. 2, where we now allow the value of
Aa/a to be a free parameter. As a consistency check, when
Aa/a equals 1073, we recover the previously reported
results. As we increase the absolute value of the a
variations, the first-order term in Egs. (18), (19), and (21)
starts becoming comparable to or even larger than the
zeroth-order term. This leads to a nonsymmetric behavior
of the mass limit with respect to the unperturbed one, and
indeed to a nonmonotonic one; for a combination of (R, S)
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FIG. 1.

White dwarf mass-radius relation for the unification, dilaton, and UV cutoff models (top, middle, and bottom panels,

respectively) in the nonrelativistic (left) and relativistic (right) case for positive and negative variations of « as well as the standard value.
Notice that the relativistic plot indicates the model’s value for Chandrasekhar limit.

values and sign of a variations such that the Chandrasekhar
mass is larger than the standard value in the limit of small
variations, this mass always increases monotonically as the
magnitude of the « variation increases. On the other hand,
for parameter combinations such that small variations make
the Chandrasekhar mass smaller than the standard value,
this trend is eventually reversed as the magnitude of the
variation increases, and for sufficiently large variations, the
modified Chandrasekhar mass also increases. Specifically,
the approximate ranges of a variations leading to values of
the Chandrasekhar mass lower than the standard one in
each of our three models are

A
0<2%<0.0045  unification (23)
[04
A
0<2%<00032 dilaton (24)
(04
Aa
-0.0020<— <0 UV cutoff. (25)
(04

This shows that observational limits on white dwarf masses
will lead to different constraints on the various models in
this class.
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FIG. 2. The Chandrasekhar mass limit as a function of the absolute value of the « variation for the three GUT models. Red, blue, and
green colors denote the unification, dilaton, and UV-cutoff models, respectively, while solid and dashed lines refer to positive and
negative variations of a, respectively. Numerical limitations, including the perturbations becoming comparable to the zeroth-order term,
lead to different ranges of a values which can be integrated for each GUT model. The right-side panel is a zoom-in of the bottom left
corner of the left-side panel, and the black dotted line shows the unperturbed Chandrasekhar limit.

IV. NEUTRON STARS

We can now extend the analysis of the previous section
to neutron stars. In this case, apart from the standard
analytical equations that describe the interior of a compact
object, there are more accurate EoS in the form of
numerical tables. Given that the pressure gradient in a
neutron star is significant, we should account for phase
transitions as well as relativistic or hyper-relativistic phe-
nomena near the center of the star. This can be accom-
plished using numerical EoS.

Here, we initially work with the SLy4 model [29,30],
acquired from the CompOSE database [31-33]. SLy4 is a
stiff EoS that assumes degenerate matter comprised of
nucleons and electrons. It is based on Skyrme-type inter-
actions and predicts small neutron star radii. As a test of
the sensitivity of our results to this EoS assumption, we
explore two additional examples, which span most of the
realistic EoS parametric space, FSU2R [34-37] and DD2
[34,37,38]. FSU2R is a refined version of the FSU2 EoS,
focusing on neutron-rich matter. It incorporates adjust-
ments for nuclear symmetry energy, resulting in an inter-
mediate stiffness, and predicts compact neutron star radii
while supporting high maximum masses. DD2 provides
moderate pressure at high densities, leading to larger radii

than SLy4. It is also well aligned with nuclear physics
data and astrophysical constraints, supporting massive stars
above 2M, [34-41]. A brief comparison of the three EoS
can be seen in Table 1.

As shown in the previous section, the mass-radius
relation in the nonrelativistic and relativistic limits is the
following:

1/3
R (26)
a.’ “ay
1
M, x—. (27)
an

Since we are assuming that perturbations due to varying o
are small, we can phenomenologically interpolate between
the two cases. This will enable us to introduce an effective
(pressure-dependent) polytropic index. Our EoS can sim-
ilarly be parametrized through an effective index (to be
further discussed below), allowing us to still apply the
methodology of the previous section. We must emphasize,
however, that we are not assuming that the neutron star
is described by a polytope. This more general relation has
the form

TABLE 1. Comparison of the SLy4, DD2, and FSU2R equations of state for neutron stars (L refers to the
symmetry energy slope parameter). [39-41].

Model Radius (1.4 M) Max mass (M) L (MeV) Use case

SLy4 11.7 km 2.05 45 Compact stars; soft EoS
FSU2R 12.4 km 2.1-2.3 47 Balanced; neutron-rich matter
DD2 13.2 km 242 55-60 Heavy stars; stiffer EoS
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1

a£3—n)/2a1(\}+n)/2 :

MR (28)

The dependence of the various terms on n is determined
by the need to have a dimensionally correct relation and
recovering the two limits; the proportionality factor will
depend on the equation of state, which we will discuss below.
It follows that in our formalism the perturbed case should be

(o) (R5) " ome @

where

17 -3n
10

(1 —S)} Y

z= E (n+ 1R+
from which we can indeed recover the two previous limits.
We emphasize that this approach is purely phenomenologi-
cal, meaning that the effective polytropic index n does not
necessarily have a straightforward physical meaning. Still,
this is not significantly different from having an EoS
provided as a numerical table. Alternative (but still purely
phenomenological) approaches to this issue have been
considered in Refs. [42-46]. In what follows, we explore
the implications of these choices for the mass-radius relation
as a whole.

From the TOV equations, the EoS is encoded in the
parameter K, whose behavior we also need to parametrize.
This can be done by demanding that it always has the
correct physical dimensions, namely, m'/"s*" /(kg)'/", in
addition to the two limits, leading to the unique consistent
option

h3/n

K . 31
& m;1+3/nmllv+1/ncs/n (31)

Then, the TOV equations become

n
T+n —r
dp* o O m*p*ﬂ &

=05 e Ta*(1+4) (32)
d % _n_ _3-n_
d”’: = Ogr2pL7a "y} (1 + A), (33)

where again the O; are numerical constants whose values
are not explicitly needed for what follows, and

4 17 - 3n Aa
A= |-R+———(14+8)| —; 34
5 +10(1—|—n)( +95) a (34)

one immediately notices that z = (1 + n)A. Finally, for
the first of the relativistic corrections in the TOV equation,
we have

n

0 L‘Fﬂ
2o
€

a2(1+n)a11\,/2

(1-A), (35)

where O is again a numerical constant that varies for
different n values. It is important to emphasize that
now the perturbation terms [Eqgs. (30) and (34)] are not
only dependent on the GUT model and the a variation;
there is an additional dependency on the effective poly-
tropic index.

The main issue with numerical EoS in our analysis is
that, so far, we have only perturbed the model using
analytical EoS expressions. More specifically, Eqgs. (32)
and (33) effectively assume the use of a polytrope, or at
least some EoS parametrized as a polytrope. Consequently,
in order to be able to use an EoS provided as a numerical
table, we need to approximate it in a way that is consistent
with the previously discussed perturbed TOV equations. To
this end, we use the following methodology:

(i) First, we discretize the EoS (p, €) parametric space

into equally spaced steps.

(i) We fit a polytrope into every one of these steps and
run tests with several choices of discretization steps
to recover the option that best fits the CompOSE
data for the SLy4 EoS. We have checked that, as
expected, a smaller step produces a better fit.

(iii) Our numerical EoS (pressure and energy density
data) is transformed into a (n;, K;) table, where
the n;, K; are the polytropic index and polytropic
coefficient for step i, respectively. As a result, we
have approximated our EoS using piecewise poly-
topic parameters, which can be used to solve the
TOV equations. It is important to note that the
(n;, K;) are merely phenomenological parameters,
that is, they do not hold any physical meaning about
the properties of matter. As a result, n values outside
the relativistic and nonrelativistic limits are in
principle allowed.

(iv) In previous sections, we used built-in Python solvers
for the TOV problem. But now, since the polytrope
changes for each step, as we move from the center
of the star outward, we require an algorithm that
allows for changing numerical integration parameter
values with every step. As a result, we developed an
algorithm from first principles based on the fourth-
order Runge-Kutta method to have full control over
the equations that are integrated.

These steps enable the extension of our exploration of the
white dwarf mass-radius relation, reported in the previous
section, to neutron stars with numerical EoS.

We follow the same procedure as in the white dwarf
model, investigating three different GUT cases. We use the
above methodology to produce results for numerical EoS,
assuming positive and negative perturbations of «a of the
order of 1073
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depicted in dark and light blue, respectively.

Figure 3 shows the results for all combinations of the
three models and three EoS. Starting with the unification
case. we again find that negative perturbations raise the
mass and radius of the star, whereas positive variations have
the opposite effect. It is reasonable to recover similar results
to the polytropic white dwarf since neutron stars rely on the
gravity-degeneracy pressure equilibrium for stability.
Consequently, the GUT model and a variation will affect
the QCD scale and neutron degeneracy pressure, respec-
tively, leading to a shift in the equilibrium and the mass-
radius relation. In the dilaton and UV-cutoff models,
we observe larger deviations from the unperturbed case
for the same amount of « variation, for the reasons already
addressed in the previous section. We also confirm that the
effects of positive and negative « variations are reversed for
the UV cutoff model with respect to the others, due to the
negative R and relatively small S parameters therein.
Another expected result is the asymmetry of the perturbed
cases, which is more noticeable in the UV cutoff case but
exists in all due to the additional perturbation in the first
relativistic correction.

While the study of EoS and GUT presented here is not
exhaustive, given the large number or alternatives that
exist, the solutions discussed provide significant insight
on the possible combinations that are permitted once
combined with neutron star mass measurements. The most
massive neutron stars observed have the following
masses: 2.08 £ 0.07M for pulsar JO740 + 6620 [47]
and 2.01£0.04M, for pulsar J0348 + 0432 [48]. These
measurements can rule out EoS whose maximum masses
are below these values. Quite remarkably, though,
some EoS, such as the FSU2R that marginally reaches
the 2M  limit, have maximum masses that clearly exceed
this limit under a perturbation of Aa/a = —10"% and
dilaton and UV-cutoff models, thus making them likely
candidates for the equation of state of dense matter.
Similarly, the tendency of positive values Aa/a to push
toward smaller maximum masses suggests that such
combinations are unlikely unless EoS with very high
maximum masses are considered. A thorough exploration
of different EoS and perturbations of GUT in the light of
recent measurements of neutron star masses and radii,
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using a statistical approach, is worthy of and reserved for
future study.

V. CONCLUSIONS

Our work addressed the impact of the variation of
fundamental couplings on compact objects. We assumed
a broad class of GUT models in which dilaton-type scalar
fields driving a variations, and specifically considered three
representative examples of GUT models, describing details
of these expected variations. We explored the potential for
constraining this model class using observations of white
dwarfs and neutron stars.

For polytropic white dwarfs, we followed a perturbative
approach, modeling the impact of a variations as small
deviations from the unperturbed mass-radius relation.
Results show significant (potentially observable) deviations
from the unperturbed case for relative variations at the level
of %~ 1073 in the unification model, which gets more
pronounced with increasing R (which is the case of the
dilaton model) for reasonable S values. The UV-cutoff
model presents a reversed behavior, due to the negative R
dominating the leading-order perturbation term. Plots of
the Chandrasekhar mass in Fig. 2 show the GUT model-
dependent nature of constraints on the « variation.

We extended this methodology to neutron stars by
interpolating/extrapolating the white dwarf analytical sol-
utions, while also imposing numerical EoS choices and
adopting less confining computational methods. Neutron
star results agree with the ones acquired from the white
dwarf model, proving the robustness of our methodology.
Here, the specific choice of EoS is an additional source of
degeneracy (in the statistical sense of the word) between
various choices of model parameters. While we believe that
our choices of GUT models and EoS are representative
of the broad range of theoretical possibilities, they are

certainly not exhaustive, and a mode extensive exploration
is warranted, especially when it comes to the EoS.
Nevertheless, our analysis already shows that observational
determinations of the range of neutron star masses are
a promising route for joint constraints on the EoS and
GUT-based models.

In addition to the insights gained from compact astro-
physical objects, future work could benefit greatly from
combining mass-radius observations with atomic clock
measurements of the fine-structure constant. These inde-
pendent yet complementary methods could provide priors
on the (R,S) parameter space, breaking some of the
degeneracies among model parameters and thereby enhanc-
ing the robustness of our constraints. Overall, these studies
serve the purpose of deepening our understanding a’s role
in fundamental physics paradigms, and of possible exten-
sions of the Standard Model.
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