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A sub-fraction of dark matter or new particles trapped inside celestial objects can significantly
alter their macroscopic properties. We investigate the new physics imprint on celestial objects by
using a generic framework to solve the Tolman-Oppenheimer-Volkoff (TOV) equations for up to
two fluids. We test the impact of populations of new particles on celestial objects, including the
sensitivity to self-interaction sizes, new particle mass, and net population mass. Applying our setup
to neutron stars and boson stars, we find rich phenomenology for a range of these parameters,
including the creation of extended atmospheres. These atmospheres are detectable by their impact
on the tidal love number, which can be measured at upcoming gravitational wave experiments such
as Advanced LIGO, the Einstein Telescope, and LISA. We release our calculation framework as
a publicly available code at this URL, allowing the TOV equations to be generically solved for
arbitrary new physics models in novel and admixed celestial objects.

I. INTRODUCTION

Celestial objects are excellent new physics detectors.
Their deep gravitational wells offer an opportunity to
capture dark matter (DM) or other new particles, if the
new particles lose enough energy through scattering with
the Standard Model (SM) celestial matter. Such cap-
tured populations lead to an array of exciting signatures.
If the captured particles annihilate and the products are
absorbed, the celestial object can have an increased tem-
perature [1–27]. If the products escape, SM particles
such as gamma-rays, electrons, and neutrinos can be de-
tected directly [28–37]. If the new particles do not anni-
hilate away, a large population can remain undepleted in-
side the celestial object and have dramatic consequences.
One example is that a black hole may form at their
heart due to overdensities, and they may consequently
implode [4, 38–50].

The first detection of gravitational waves in 2017 by
LIGO/VIRGO has presented an opportunity to study ce-
lestial objects in a new band of the multi-wavelength sky.
This opens up exciting new prospects to use this probe
to search for new particle interactions. One testable sce-
nario is that new long-range interactions between SM
particles or DM in binary stellar systems can affect their
inspiral, causing waveform corrections [51, 52]. Alter-
natively, if sufficiently large amounts of new particles are
trapped, this may affect the macroscopic properties of the
celestial body, such as its mass and radius, due a softened
equation of state (EOS). This leads to two key physical
observables. First, a reduction in the stellar mass, which
can be compared with the heaviest known objects, to
set a constraint [53–59]. Second, a tidal deformability,
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quantified by a "Love number", which is detectable in
gravitational waves through a phase shift [60, 61].

Observing any macroscopic change in the celestial ob-
ject’s properties, through a gravitational wave signal
or otherwise, generally requires a large abundance of
trapped DM. This DM can be implanted into the object
at its birth, for example neutron stars may retain new
populations produced in their origin supernova [60, 62].
It is also possible that new particle compact objects or
clumps can accrete baryonic matter, leading to a large
additional core in celestial objects [63]. Capture also may
occur from a dark companion star [63].

The goal of this work is to study the sensitivity of the
properties of celestial objects to new physics parameters,
including DM or new particle self-interactions. We will
remain agnostic to the precise new particle production or
trapping mechanism, and instead focus on the new phe-
nomenology and distribution of these particles around
objects, and prospects for detecting these features. To do
this, we solve the Tolman-Oppenheimer-Volkoff (TOV)
equations for up to two fluids. We investigate resultant
phenomenology, including dark atmospheres, which can
have large extent outside of the celestial object’s radius.
These dark atmospheres can impact binary star systems,
as the internal degrees of freedom of the bodies can ap-
preciably influence their inspiral. This allows for a direct
probe of the celestial body EOS, which can be measured
at upcoming gravitational wave experiments such as the
Einstein Telescope [64], Advanced LIGO/Virgo/KAGRA
or LISA [65]. As an important component of this work,
we release our calculation framework as a publicly avail-
able code, allowing the TOV equations to be generically
solved for arbitrary new physics models and a range of
(admixed) celestial objects.

This paper is organized as follows. We begin by de-
tailing equations of state in Section II, and demonstrate
the new physics profiles and stability for boson stars and
admixed neutron stars in Section III. We then study the
sensitivity of upcoming gravitational wave experiments
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to admixed neutron star and boson star observables such
as the tidal love number in Section IV. We briefly review
and discuss some example applications of these results
in Section V, and conclude and summarize our results in
Section VI.

II. EQUATIONS OF STATE AND
MACROSCOPIC PARAMETERS

We detail our equations of state (EOS) and framework
to solve the TOV equations for up to two fluids, which
we will later apply to a new particle population inside
either neutron stars, or a pure boson star.

A. The TOV Equations

Macroscopic parameters such as the mass and radius
of a neutron star can be found by solving the TOV equa-
tions, of the form (in natural units),

P ′ = −
GN (mρ)

(
P
ρ + 1

)(
4πr3P
m + 1

)
r2
(

1− GN (2m)
r

) , (1)

where P is the pressure, ρ is the density, r is the radius,
m is the mass, and the prime denotes a derivative with
respect to the given parameter. We will also allow for an
admixture of two different forms of matter which interact
gravitationally. In this case, the set of coupled TOV
equations is given by [66, 67]

P ′1 = −
GN (mρ1)

(
P1

ρ1
+ 1
)(

4πr3(P2+P1)
m + 1

)
r2
(

1− GN (2m)
r

) ,

P ′2 = −
GN (mρ2)

(
P2

ρ2
+ 1
)(

4πr3(P2+P1)
m + 1

)
r2
(

1− GN (2m)
r

) ,

m′ = 4πr2(ρ2 + ρ1),

(2)

where indices 1 and 2 refer to the two different fluids.
These two fluids for example could consist of firstly a
nuclear matter component, and the second component
a fermionic field belonging to a hidden sector. We now
describe the various EOS we will use in this work.

B. Equations of State

1. Nuclear EOS

Various models have been proposed to describe nuclear
matter properties in dense environments, in particular
at super-nuclear densities n > n0 ∼ 0.16 fm−3. Such
descriptions are either based on a Hamiltonian (the po-
tential models), or on a Lagrangian (the field-theoretical
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FIG. 1: Density profile ρ as a function of radius r for a
neutron star composed of nuclear matter (NM) with a
DM or new particle with mass 1 GeV which makes up

5% of the neutron star mass, a self-interaction mediator
with mass 1 keV, a central density of

ρc = 2.3× 1018 kg m−3, and a range of self couplings g.

models). Here we will adopt the Brussels-Montreal func-
tional BSk22 [68] (see Ref. [69] for BSk19-21), a nuclear
EOS with parameters determined primarily by fitting to
the measured masses of atomic nuclei having Z, N ≥ 8
from the 2012 Atomic Mass Evaluation [70]. BSk22 is rel-
atively stiff, and able to produce heavy neutron stars as
consistent with observations. Note that this EOS is sim-
ply a benchmark serving the purpose of demonstrating
the impact of new physics, it has own sets of constraints,
and other EOS may be favored further in future (see e.g.
Ref. [71]).

2. Fermions with Yukawa Interactions

To study the effects of new particles, we will consider
fermionic matter with an equation of state given by [72,
73]

ρ =
m4
χ

8π2

(
x
√

1 + x2(1 + 2x2)− ln
(
x+

√
1 + x2

))
+

g2x6m6
χ

2(3π2)2m2
φ

P =
m4
χ

8π2

(
x
√

1 + x2
(

2

3
x2 − 1

)
+ ln

(
x+

√
1 + x2

))
+

g2x6m6
χ

2(3π2)2m2
φ

(3)

where we work in natural units ~ = c = 1, and where
x = p/mχ. Here g is the coupling between the fermion
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FIG. 2: Mass-radius stability curves for neutron stars
which are 5% DM by mass, containing DM with varying

values of the gauge coupling g. The DM has
mχ = 1 GeV and mφ = 1 keV.

and the mediator φ, mφ is the mediator mass, and mχ is
the particle mass. The last terms in Eq. (3) correspond
to the contribution from self-interactions. Note that this
EOS is consistent for the repulsive self-interactions as
we consider, however can be inconsistent for relativistic
fermions in the case of attractive self-interactions, me-
diated by scalars [58, 74]. Furthermore, as we focus on
repsulive interactions, we do not expect a BCS phase or
BEC to form, but in the case of attractive interactions
these would lead to a different EOS and interesting com-
plementary effects [75].

3. Bosons with Repulsive Self-Interactions

The Bose-Einstein Condensate EOS is given by [76]

P =

√
πσ

m3
ρ2, (4)

where P is the pressure, ρ is the density, m is the new
particle mass and σ its repulsive self-interaction cross sec-
tion. We will use this EOS to describe hypothetical boson
stars, which are effectively astrophysical Bose-Einstein
condensates.

III. CELESTIAL OBJECT PROFILES AND
STABILITY

The presence of additional degrees of freedom in a ce-
lestial object can alter its physical properties. Remaining
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FIG. 3: Mass - radius stability curve for a DM admixed
neutron star with g = 10−5 coupling and particle mass
mχ = 1 GeV. Curves are plotted at several different

DM mass fractions as labeled.

agnostic to the new physics production mechanism, we
now examine the distributions of new physics or dark
matter within two benchmark examples: an admixed
neutron star, and a hypothetical pure boson star.

Figure 1 shows an example of a neutron star profile
with a mass subfraction of new fermionic matter, assum-
ing the BSk22 nuclear EOS and fermionic EOS described
above. Here we show as a benchmark example neutron
star containing a dark matter or new particle with mass 1
GeV which makes up 5% of the neutron star by mass, and
has self-interactions via a light mediating particle, taken
as an example benchmark of mass 1 keV. We see that for
increasing repulsive self-interaction, the dark matter has
an increasingly puffy configuration, extending well out-
side the sphere of nuclear matter. On the other hand, no
or little self-interaction leaves the dark matter settled in
the core of the neutron star. These features are consistent
with those found in earlier works, see e.g. Refs. [60, 77].

These new features have important implications for the
stability of the neutron star, as its macroscopic features
such as mass and radius are clearly altered. Generally,
these additional degrees of freedom will soften the EOS,
leading to lighter mass neutron stars than would other-
wise be expected. Therefore, such changes can be com-
pared with the observation of the heaviest neutron star,
the pulsar PSR J0740+6620 at 2.14+0.10

−0.09 M� [78], and
potential constraints can be set on the abundance and
properties of new physics in these objects.

Figure 2 and shows a range of expected mass-radius
stability curves, which we obtain by solving the TOV
equations detailed above. Here we take the same new
physics benchmark parameters as Fig. 1, although in-
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FIG. 4: Mass - radius stability curves for boson stars
with different ratios involving the self-interaction cross

section and mass
√
σ/m3, as labelled.

clude even smaller self-couplings to demonstrate the ex-
pected stability behaviour. Consistent with Fig. 1 we see
that increasing the repulsive self-interaction increases the
total size of the neutron star. Fig. 3 shows the scenario
where instead the size of the new population is varied;
increasing the population size decreases the maximum
radius of the neutron star. For both cases, we show that
a range of these self-interactions are compatible with the
heaviest known neutron star.

An important consideration for Figs. 2 and 3 is the
definition of the radius of neutron star. The presence of
the new physics sub-component allows the neutron star
to have an extended atmosphere, and so the "radius" is
not well-defined, especially in the scenario where the self-
interactions are large and the atmosphere is particularly
pronounced. Gravitational wave experiments do not dis-
tinguish between different types of matter, and the tidal
effects depend on the compactness of the object. We de-
fine the radius as that which encloses 99.99 percent of
the total amount of matter in the neutron star, and find
this converges sufficiently well.

Figure 4 shows our mass-radius stability curves for a
simpler system; boson stars with varying ratios of repul-
sive self-interactions and mediator masses, with an EOS
given by Eq. (4). As the boson star is purely new par-
ticles (and only is one fluid), its total size is completely
dependent on the self-interaction size and particle mass,
and can therefore take a significant range of masses and
radii. Compared to the neutron star scenario, where the
existence of the heaviest neutron star constrains the mass
of the object, the boson star mass instead will be con-
strained by microlensing especially if it becomes too mas-
sive, see for example Ref. [79]. In addition, the boson star

cannot be arbitrarily massive; if it is held up only by its
self-interactions with coupling λ, then its maximum mass
is given by [80]

Mmax ≈
√
λ

(
100 MeV

mχ

)2

M�. (5)

We focus on boson stars with radii < 103 km such that
the merger frequency falls within the detection window
of ground-based interferometer experiments. For such
boson stars, tidal forces will affect the binary inspiral in
a way approximately similar to NS [81].

IV. GRAVITATIONAL WAVE CONSTRAINTS
ON CELESTIAL OBJECTS

As we saw in the previous section, a range of masses
and self-couplings can lead to a new particle atmosphere
extended well outside of nuclear matter of a neutron star.
For simpler systems such as boson stars, we saw that
their radius was also completely dependent on the self-
coupling size and particle mass. We now consider the
opportunities to probe these macroscopic parameters us-
ing gravitational waves.

A. Tidal Love Number Computation

The altered radii and atmospheres of celestial objects
due to new physics may be probed via tidal interactions.
These interactions imprint on the gravitational wave sig-
nal of binary neutron star mergers or more hypothetical
boson star mergers, in the form of a phase shift, which is
given by [84]

δΨ = −117

256
v5
M

µ
Λ̃ , (6)

where µ is the reduced mass, v = (πMf)1/3 the orbital
velocity, M the mass, and

Λ̃ =
16

13

(M1 + 12M2)M4
1 Λ1 + (12M1 +M2)M4

2 Λ2

(M1 +M2)5
, (7)

is the dimensionless measure of the tidal deformablitity
in the stellar merger. Here M1,2 and Λ1,2 are the masses
and tidal deformabilities of admixed stars. For one com-
ponent stars (such as boson stars), there is of course only
one contribution.

The dimensionful tidal parameter quadrupole is de-
fined as

λ =
2

3
k2

(
GM

R

)−5
, (8)

where k2 is the l = 2 tidal Love number. We use the
calculation of k2 is as performed in Ref. [85], where it is
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FIG. 5: Tidal deformability-mass stability curves for varying parameters, compared with the 90% confidence upper
bounds on Λ for GW170817 [82] (blue box) and GW190425 [83] (two red boxes for the primary and secondary
components) and the 90% confidence on the masses of the observed neutron stars Top Left: Impact of varied

coupling as labeled, assuming 5% DM by mass, mχ = 1 GeV, mφ = 1 keV. Top Right: Impact of varied DM mass
as labeled, assuming a 1% DM mass fraction with g = 0 coupling, and mφ = 1 keV. Bottom: Impact of varying the

DM mass fraction inside the NS, with mass fractions as labeled, and assuming g = 10−5 coupling, particle mass
mχ = 200 MeV, and mediator mass mφ = 1 keV.

shown that

k2 =
8C5

5
(1− 2C)2 (2(1− C) + (2C − 1)yR)×{

4C3
(
13− 11yR + 2C2(1 + yR) + C(−2 + 3yR)

)
+ 2C (6− 3yR + 3C(5yR − 8)) + 3(1− 2C)2

× (2 + 2C(yR − 1)− yR) ln(1− 2C)

}−1
, (9)

where C is the celestial-body compactness, defined as the
mass/radius ratio of the celestial body. The parameter
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yR above is defined as yR = y(R), found by solving

dy(r)

dr
=− y(r)2

r
− y(r)grr(r)

r

(
1 + 4πr2(p(r)− ε(r))

)
− 4πr

(
9p(r) + 5ε(r) +

dε

dp
(p(r) + ε(r))

)
grr(r)

+ r

(
6grr(r)

r2
+

(
d ln gtt(r)

dr

)2
)
, (10)

where grr(r) and gtt(r) are the radial and temporal com-
ponents of the unperturbed Schwarzschild metric, and
p(r) and ε(r) are determined by solving the coupled TOV
equations, which are described in the previous section.
Note also that the crust of the NS can impact the tidal
deformability [86, 87].

Note that the tidal deformability parameter Λ appear-
ing in waveform models is not always the same as that
found in theoretical calculations. Simpler, yet ambigu-
ous, estimates for Λ are required due to difficulties in
calculating the fifth-order post-Newtonian dynamics; see
Ref. [88] for discussion.

B. Admixed Neutron Star Sensitivity

Figure 5 shows the tidal deformability and mass stabil-
ity curves for admixed neutron stars, with a range of pa-
rameters, compared with the detected gravitational wave
events GW170817 and GW190425 (interpreting the lat-
ter as a BNS inspiral; for an alternative interpretation,
see [89]). It has also been pointed out that it may be pos-
sible to set a lower bound on the tidal deformability, by
combining the electromagnetic counterpart of GW170817
as expected from kilonova models with numerical relativ-
ity results [90]. We do not show this tentative bound in
our figure, though it would correspond to Λ & 400.

In the top-left panel we show the impact of varying the
self-interaction couplings through the range 0 − 10−3.6,
for a fixed new particle mass of 1 GeV, and a total new
particle mass of 5% of the neutron star mass. We see that
this measurement is very sensitive to the self-interaction
coupling; it must be smaller than about 10−4 at this mass
fraction to not be excluded. This is consistent with the
results found in Ref. [60].

In the top-right panel of Fig. 5, we instead show the
impact of varying the new particle mass on the tidal love
number, and fix the self-interaction coupling to be zero.
For a mass fraction of 1% and light mediator, new parti-
cles lighter than around 100 MeV can already be readily
tested with gravitational waves, even without any self-
interactions. Taken together with the top-left figure,
clearly adding self-interactions can lead to even stronger
constraints on the new particle sector.

In the bottom panel of Fig. 5, we investigate the sen-
sitivity to the total mass fraction of new particles. Here
we fix the self-coupling to be small (only 10−5), and show
a MeV-scale (200 MeV) DM/new particle mass. We ob-
serve that a range of mass fractions can be constrained by
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FIG. 6: Tidal deformability - mass stability curve for a
boson star with EOS given by Eq. (4) with different
ratios involving the self-interaction cross section and

mass
√
σ/m3, as labelled. The red boxes show

measurements on the primary and secondary objects in
the merger event GW190425 [83].

this measurement. When decreasing the DM mass below
the 200 MeV mass shown, we find increasing sensitivity
to smaller and smaller mass fractions, while increasing
the DM mass requires larger mass fractions to be con-
straining. Overall we find that to constrain a 5 percent
new particle/DM mass fraction or less, the DM particle
needs to be less than a few hundred MeV in mass with
our benchmark light mediator example. As this assumed
the small self-coupling of 10−5, taken together with the
other panels of Fig. 5, evidently this constraint increases
even further for larger self-coupling. Overall, across all
these panels, it is clear that hidden new particle sectors
are highly testable through NS merger events. Note that
our benchmark parameters are consistent with bounds
from the Bullet Cluster. A full comparison of the pa-
rameter space against Bullet Cluster bounds is shown in
Ref. [60].

Note that direct observations of NS masses and radii
from the NICER x-ray telescope provide complementary
access to the NS radius independent of tidal deformability
constraints from GW observation of binary neutron star
mergers, see Refs. [91–93].

C. Boson Star Sensitivity

Figure 6 shows the tidal love number and mass sta-
bility curves for a boson star, corresponding to the
setup in Fig. 4. We also show the gravitational wave
event GW190425 [83], which was not known to have had
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an electromagnetic counterpart. As such, it is possi-
ble that this event was a boson star merger, and can
be directly compared. Going forward, this means that
DM/new particles and self-interactions can be strongly
constrained through non-observation or limited observa-
tion of boson-star merger events [94]. Note that since the
boson star EOS only depends on the specific combination
σ/m3, constraints on the bosonic self-coupling can only
be drawn as a function of the bosonic mass.

V. EXAMPLE APPLICATIONS

In the case of boson stars, new particles can simply co-
alesce into one object, which then may be detectable as
we discussed in the previous section. For admixed neu-
tron stars, it is important to note that accumulation of
e.g. DM from the Galactic halo leads to negligible DM
mass fractions in neutron stars, and so other mechanisms
must be considered. In fact, there are a variety of pos-
sible scenarios to produce the large abundances required
to produce detectable gravitational wave signatures. For
completeness we now briefly review and discuss some
mechanisms which can produce large quantities of new
particles or dark matter inside these objects.

A. Production in Supernovae

At its birth during a supernova event, a neutron star
is very hot, and so can efficiently produce new particles.
If these particles are sufficiently light and weakly inter-
acting, they can escape the proto-neutron star (PNS),
but they must not exceed the luminosity carried away
by neutrinos from within the PNS to the outside of the
neutrinosphere [95]. For the well-studied SN1987A, ob-
servations constrain this luminosity to be approximately
less than 3× 1052 erg/s over 10 seconds. Converting this
luminosity to a new maximum particle mass, we find that
the new mass is Mχ . 0.15 M�, such that if all the new
particles produced in the PNS are trapped, this is ap-
proximately their largest population size. However, any
trapped population must not largely annihilate away to
have an appreciable effect on the neutron star. As such,
some of this mass may still be lost through the new par-
ticle trapping mechanism; we give two brief examples in
this subsection.

One scenario is that the particles and antiparticles
can be pair produced through radiation of a mediator,
with an energy splitting, such that a large fraction of
(anti)particles could be expelled while the particles with
opposite charge remain. This energy splitting could for
example result from an attractive (repulsive) interaction
between χ (χ̄) and nuclear matter mediated by φ; this
is the scenario proposed in Ref. [60]. This setup pro-
duces a nearly fully trapped new particle population, and
nearly full expelled anti-particle population, for example
parameters of gχ ∼ 1, gB ∼ 10−9.8, mχ ∼ 50 MeV, and

mφ ∼ 1 keV, which produces a total DM mass of approx-
imately ∼ 0.08M� (approximately half of the total pos-
sible mass). These large self-interaction sizes are clearly
testable as shown in Fig. 5.

An alternate scenario to consider is a particle model
which leads to a non-annihilating population of parti-
cles which are fully trapped, and not expelled. This can
be realized in the context of an inelastic model, with a
mass splitting between two particle states (this class of
models is often investigated in the context of "inelas-
tic dark matter" models). If the attractive force is too
weak, both the DM states may escape the PNS. If the at-
tractive force is sufficiently strong, all of the lighter and
heavier DM states are trapped in the PNS. In an interme-
diate regime, some of both the lighter and heavier DM
remains trapped and some escapes, with the difference
driven by their differing gravitational potentials, rather
than energy from charge potential in the example dis-
cussed above. When both states are trapped in the PNS,
it is possible that only the lighter state dominantly re-
mains, as the heavier state rapidly decays into the lighter
state. While the lighter state may annihilate to media-
tor pairs at tree level through a t-channel exchange of
the heavier new particle, for a maximally CP violating
model, such interactions may be forbidden. Lastly, while
elastic new particle annihilation can occur at loop-level,
this process may be very suppressed compared to the
tree-level inelastic process, if tiny χ-SM couplings are
considered. Note that as the decay of the heavier state
into the lighter state plus e.g. electrons can lead to en-
ergy being reprocessed into the SM sector, some addi-
tional mass may be lost; simulations may be required to
determine the precise abundances for such a setup. In
any case, such a scenario may provide another way to
achieve a large new particle abundance, for MeV-scale
new particles with large testable self-interactions as per
Fig. 5. Overall, we emphasize that simulations would be
required to determine precise new particle abundances,
and here we instead simply discuss some potential mech-
anisms.

B. Production in Neutron Decay

GeV-scale new particles may be trapped in neutron
stars after being produced via neutron decay. The Fermi
momentum of neutrons inside neutron stars is high, and
allows for potential new particle production with masses
less than approximately mn +O(pF /2mn). As discussed
in Ref. [62], this can produce a few percent levels of new
particles in neutron stars.

C. Formation from Dark Stars

A more hypothetical scenario is where the new parti-
cle or dark matter structure is formed independent of
the neutron star, and at a later stage become inter-
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twined with it. This may occur as dissipation within the
dark sector could lead to dark clumps, which may either
seed the formation of a star, or merge with a companion
star [63].

VI. SUMMARY AND CONCLUSIONS

The coming decade of gravitational wave astronomy
will open the door to compact object spectroscopy us-
ing their tidal interactions in binary mergers. In this
work, we have described a generic framework to solve
TOV equations for two fluids, applicable to arbitrary
celestial objects and varying new particle/DM popula-
tion sizes and properties. Our work is accompanied by a
publicly released Python code with which the tidal love
number for two arbitrary fluids with a given equation of
state and mass fraction can be calculated, available at
https://zenodo.org/record/7361819.Y4DebaLP3JE.

In this work, we have applied this framework to two sit-
uations of common interest: neutron stars admixed with
a dark fluid, and Bose-Einstein condensates from a bo-
son with a repulsive self-interaction. In the former case,
our results support and generalise the conclusions drawn
in Ref. [60] using GW170817: for a given mass fraction
of the dark fluid, strong constraints can be derived on
the hidden sector mass and gauge coupling. Future bi-
nary neutron star observations can be straightforwardly
compared to the predictions shown in Fig. 5.

For boson stars consisting on a single particle with re-
pulsive self-interactions, the tidal love number depends
on the mass of the boson and the self-interaction through
the combination

√
σ/m3, as shown in Fig. 6. As the

more recent GW190425 was not known to have had an
electromagnetic counterpart, we showed that new parti-
cles and self-interactions can also be strongly constrained
through the lack of boson-star merger events. The non-
observation (or limited observation) of boson star merg-
ers can also be interpreted as a constraint on the dark
matter mass fraction such objects can comprise, which is
explored in future work [94].
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