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Probing light scalars with not quite black holes
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The rapid progress in gravitational wave astronomy has provided an opportunity for investigating the
presence of long-range scalar forces that exclusively manifest around astrophysical black holes. In this
paper, we explore a new possibility in this context, particularly in connection to the hypothesis that
astrophysical black holes might be horizonless ultracompact objects (UCOs). In the absence of horizons,
UCOs could feature unique interiors with extreme environments. This could help generate nontrivial scalar
profiles and significant scalar charges. For demonstration, we consider 2-2-holes in quadratic gravity as a
concrete example of UCOs. These objects can be formed by ordinary gases and closely resemble black
holes externally. However, they have distinct interiors characterized by high curvatures and substantial
redshift. In particular, the gases inside could reach extremely high temperatures or densities, making them
an ideal object for investigating the generation of scalar profiles by UCOs. Within a minimal model of the
scalar field, we find that this unique environment enables the generation of a substantial scalar charge for
astrophysical 2-2-holes, which is challenging for other stellar objects. The predicted scalar charge-to-mass
ratio of 2-2-holes remains nearly constant across a wide range of masses, offering different predictions for
gravitational wave observations compared to other mechanisms.
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I. INTRODUCTION

Light scalar fields are commonly predicted in theories
that go beyond the Standard Model (SM) of particle
physics, as well as in various extensions of general
relativity (GR). In some instances, these scalar fields could
potentially mediate additional long-range forces, thereby
violating the weak equivalence principle in GR. For
decades, extensive efforts have been made to search for
such long-range forces through laboratory experiments
[I-4] and astronomical observations of celestial objects
[5-9]. These investigations have yielded null search results,
thus imposing stringent constraints on the strength of
potential new forces across a broad range of distances,
spanning from the order of A.U. down to the micron scale
(see Refs. [10,11] for reviews).

The recent advancements in gravitational wave astro-
nomy have provided new avenues for investigating the
additional long-range forces. This is particularly important
to search for scalar forces that manifest exclusively in the
strong gravity regime. One generic mechanism underlying
this phenomenon is the variation in the expectation value of
the scalar field within compact objects compared to that in
the weak gravity regime. As a result, a nontrivial scalar
profile emerges in the strong gravity regime, leading to a
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nonzero scalar charge for an external observer situated at a
far distance. Specific theoretical realizations of this concept
have been actively studied in literature. One realization
involves spontaneous scalarization in certain scalar-tensor
theories of modified gravity [12]. In this scenario, the
nonminimal coupling of the scalar field to matter or
spacetime curvature can lead to the formation of scalarized
neutron stars [12,13] or scalarized black holes [13-18],
depending on specific details (see Ref. [19] for a review and
further references on spontaneous scalarization). The sec-
ond case considers the influence of finite density effects
on QCD axions, which can give rise to scalarized neutron
stars [20,21]. Other mechanisms include violations of a
specific set of energy conditions [22-25] or the allowance
for a time-dependent scalar field [26-28]. From an obser-
vational standpoint, the cases predicting scalarized neutron
stars face stronger constraints due to precise electro-
magnetic observations of pulsar binaries and the recent
gravitational wave observation of neutron star binary
inspirals by the LIGO-Virgo-KAGRA (LVK) collaboration
[12,29-34]. Conversely, the increasing number of detected
binary black hole mergers by the LVK and further obser-
vations involving supermassive black holes would play a
crucial role in exploring nontrivial scalar profiles that
exclusively manifest around black holes.

In this paper, we propose a new possibility concerning
the sourcing of light scalar fields by astronomical black
holes, specifically if these black holes are horizonless
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ultracompact objects (UCOs). This hypothesis of UCOs
has recently garnered increased attention due to the
potential for direct mapping of the immediate vicinity
around black hole horizons through gravitational wave
observations and the potential significance of near-horizon
corrections in addressing associated theoretical challenges
(see Ref. [35] for a review on UCOs). An intriguing
candidate for UCOs is the 2-2-holes [36,37], representing
a new family of solutions in quadratic gravity that may
serve as the end point of gravitational collapse in the theory.
These objects closely resemble black hole in their exterior,
but possess a distinctive interior characterized by extremely
high curvatures and a significant redshift. Depending on the
specific models, the matter source residing within the deep
gravitational potential of 2-2-hole interiors can possess
an exceptionally high temperature or density [38—41].
This unique environment provides a promising opportunity
to generate nontrivial scalar profiles of astrophysical black
holes for a minimal model of the scalar field that features
standard kinetic terms, minimal gravitational coupling,
and is consistent with the necessary energy condition.
This enables us to probe physics at extremely high energy
levels that are typically inaccessible. Furthermore, it offers
an alternative perspective on the potential violation of the
no-scalar-hair theorems for astrophysical black holes
[42,43] (see Ref. [44] for a review on the no-scalar-hair
theorems). From an observational standpoint, the distinc-
tive scaling behavior of the novel 2-2-hole interior may
yield different phenomenological implications compared to
other mechanisms.

This paper is organized as follows. In Sec. II, we delve
into the influence of environmental effects on the scalar
potential for a minimal model, specifically focusing on
high temperature corrections and high density corrections.
In Sec. III, we investigate the nontrivial scalar profile for
stellar objects in the test field limit using the minimal
model. We start by examining ordinary stellar objects and
then shift our focus to 2-2-holes, exploring the implications
of their differing characteristics in this specific context. In
Sec. IV, we discuss the potential observational implications
for scalarized 2-2-holes through gravitational wave obser-
vations. We conclude in Sec. V. The Appendix discusses
the backreaction of the scalar field and the connection to
no-scalar-hair theorems.

II. SCALAR POTENTIAL WITH
ENVIRONMENTAL EFFECTS

In a dense and hot environment, the effective Lagrangian
for a real scalar ¢p with standard kinetic terms and minimal
gravitational coupling can be expressed as

qu:—%aﬂgba,,qs—v(qﬁ), V(@)=Vo(d)+Vr(d)+V,(4).
(1)

where V(¢) denotes the scalar potential in the vacuum.
The environmental effects are captured by V;(¢) and
V,(¢), which account for the finite temperature and density
corrections, respectively. These corrections are expected to
become significant within stellar objects, altering the
expected value of the scalar field and resulting in a
nontrivial scalar profile that can be observed from the
exterior of the stellar objects.

For illustrative purposes, we adopt a minimal model of
the scalar field ¢ in this paper, utilizing the commonly used
double-well potential,

2
my

%¢47 (2)

1 A 1
Vo(¢) = =50 + 30t == mid? +

where ¢pg = \/u?/2 > 0 and mj = 2u* denote the vacuum

expectation value (VEV) and the scalar mass.! This form of
potential has also been encompassed in the improved no-
scalar-hair theorems from Bekenstein [43]. Therefore, this
minimal case is sufficient to demonstrate how the no-scalar-
hair theorems are violated in the context of not quite black
holes. Moreover, in addition to the self-interaction, we also
consider Yukawa coupling of ¢ to a Dirac fermion y ¢, with

Ly =wslig—mso)yr— gprdwswy. (3)

The fermion mass in the vacuum 1is given by
my = myo+ gyrpo, Where my, denotes the bare mass.

As we will discuss in detail later, when finite temperature
or density corrections are significant, they can be effec-
tively approximated by either a linear correction term or a
quadratic correction term. The full potential can then be
generally parametrized as

1
V(g) ~Vold) + Fp + 5 G

m2
87;(2) a8 (4)

zF(p—‘ll(mé -2G)¢* +
where F' and G represent the coefficients for linear and
quadratic terms, respectively. For convenience, they are
referred to as the F-term and G-term cases, respectively. In
the scalar field equation of motion (EOM), the linear term
introduces an effective force and the quadratic term leads to
corrections to the effective mass.

For an intuitive understanding, it is helpful to consider
the scalar field EOM as an equation that governs the time
evolution of a particle along a single spatial direction in
classical mechanics, where —V(¢) becomes the effective

'Here, the vacuum is chosen as the minimum at ¢ = ¢y > 0.
In case the other minimum —¢, is chosen, the subsequent
discussion for the F-term case would remain the same if we
flip the signs of F, g,¢, and d¢ accordingly.
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Schematic illustration of two different ways for obtaining a nontrivial scalar profile with environmental effects. In both panels,

the red and blue curves represent the potential with and without the environmental corrections. The open circle denotes the boundary
value of ¢ at r = 0, and the vertical dashed line represents the VEV that ¢ asymptotically approaches at spatial infinity. Left: the G-term
case (quadratic correction) with G 2 mi /2, where the scalar field moves to ¢, from the left. Right: the F-term case (linear correction)

with F' < 0, where the scalar field moves to ¢, from the right.

potential for the particle. A nontrivial scalar profile can be
expected if a new maximum of —V/(¢) higher than the one
at vacuum is developed in the stellar interior due to
environmental effects. In particular, the resulting scalar
profile corresponds to the particle starting to fall off slightly
away from the new maximum at the initial time and
stopping right at the vacuum at infinity due to friction.
Figure 1 provides a schematic illustration of the effective
potential for the particle. In the G-term case, a new
maximum of —V(¢) can be obtained at ¢ =0 if the
quadratic term flips the sign with G 2 mg, /2. A nontrivial
scalar profile would then develop, with ¢ evolving from
some value slightly above zero to the VEV from the left. In
the F-term case, a new maximum, higher than that at the
VEY, develops at ¢ > ¢, and smoothly moves away from
¢, for a negative F. This is in contrast to the other case,
where G has to exceed a certain threshold value to enable
the existence of the new maximum. A nontrivial scalar
profile develops for this case, with ¢ evolving from some
value slightly below the new maximum to the VEV from
the right. It is worth noting that in both scenarios, the scalar
field EOMs are nonlinear, thereby precluding their analysis
as eigenvalue problems. This contrasts with the analysis of
scalarized black holes within the context of quadratic
scalar-Gauss-Bonnet gravity in Ref. [13], where the
EOM is linear and a nontrivial scalar profile emerges only
for discrete values of the associated coupling parameter.
Next, we will derive the explicit forms of F and G
from the environmental effects. For the finite-temperature
|

effects, we consider one-loop corrections,

V(. T) = Ig(my (@), T) +4lp(mp($).T),  (5)

where the contribution from the bosonic and fermionic
degrees of freedom are given by [45]

IB,F<mi(¢)’T)

T4
=+—
2%2 0

oodyyzln[lﬂFeXp<— y2+@>], (6)

where the + (=) and — (+) sign at the front (in the
integrand) are for bosons (fermions). m;(¢) denotes the
field dependent mass, with mj(¢p) = —3m3 +3mj¢* /b5
and mg(¢p) = my o + gyrpo. Note that we ignore the con-
tribution from the resummed thermal daisy loops for the
bosonic Matsubara zero modes in Eq. (5), i.e.
JB(’”(/)(¢)? H(/H T) = 1;_7; T[m;(qﬁ) - (mé(gb) + H(/))3/2]’
where IT; T2 is the thermal mass [46,47]. In cases where
Vr is non-negligible, i.e., in the high-temperature expan-
sion, we have confirmed that the contribution of Jp is
significantly smaller than that of other terms.

Although the close form of V (¢, T) in Eq. (5) is absent,
there are good approximations at both high and low
temperature limits. In the high temperature limit, i.e.,
T > m;(¢), we find [47]

2 2
_ T o i 2 2 3 4 _7” 4 i 2 2 4
Vi T) = V(@) ~ 2T+ 2o m ()T = ma( )T + Om()) = 1= T + L mE()T? + O(m()
Nl 2 l 2 r gﬁ,sz 2
~ 6g¢fT mf,()gb 4m¢ (1 4¢% 3m§$ ¢ + . (7)
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In the last line, we keep the field-dependent terms only at
the leading order of the high temperature expansion. The
corresponding F and G in Eq. (4) are then given by

1 1m3 1
Fr=—gyT"mry.  Gp=--2T°
r = g9prt " Ms0 TR +

Note that F7 is linear in g, ¢, whereas the contribution in G
is quadratic in the coupling. In the low temperature limit,

ie., T <mi(¢p), the finite-temperature corrections are
exponentially suppressed and have negligible effects.

2 T2
gg(pr- (8)

_ _L kr 3 mf(¢)
s = (2”)3A o pr+m

Next, we consider the finite density effects by assuming
zero temperature. If the cold Fermi gas of v, is part of the
matter source for the stellar object, the Yukawa coupling
term in Eq. (3) gives rise to the finite-density correction,

V,(4) = 94 / @) dob 9)

where (s ;) denotes the field dependent number density
of the Fermi gas, with

()

k
= Ziﬂ'sz(qs) (kF\/m - m%(gb)tanh—l ﬁ)
F

s ki + O(k),

where kr denotes the Fermi momentum at zero temper-
ature. In the last line, we consider the high and low density
limits to simplify the discussion. In the high density limit,
ie., kp>mg(¢), we obtain V,(¢)~355kig,e(myso+
% 9yr®)¢ at the leading order. In this case, the correspond-
ing F and G are given by

1

5 2krgy, (highkr). (1)

1
~ 2 ~
Fp~2ﬂ2kFg¢fmf‘0, GPN

In the low density limit, ie., kp < ms(¢$), we obtain
V,(9) m# ng%gb at the leading order. Consequently,
only the effective force term is present, resulting in

1

where n ¥ denotes the number densities of fermions.

III. NONTRIVIAL SCALAR PROFILES FOR
STELLAR OBJECTS

In this paper, we focus on the test field limit for the scalar
and ignore its backreaction on the background spacetime
(see the Appendix for a more detailed discussion of the
backreaction of the scalar field). Additionally, we confine
our discussion to a static, spherically symmetric and
asymptotically flat spacetime, characterized by the follow-
ing line element:

m3(¢)

(10)

ds? = —B(r)df* + A(r)dr? + r?d6* + r*sin®> 6dg?*.  (13)

The equation of motion (EOM) for the test field, i.e. Klein-
Gordon equation in the curved spacetime, is then given by

ey <g 0,B _a,A> @_Aav(qb) —0. (14)

dr? r 2B 2A) dr op

Here, V(¢) represents the full scalar potential in Eq. (4)
with finite temperature or density corrections, and 7 and kp
in Egs. (8), (11), and (12) denote the proper temperature
and Fermi momentum in the local inertia frame of the
curved background. The scalar profile has to satisfy the
appropriate boundary conditions at the origin and infinity,
specifically d¢/dr|,_y =0 and ¢(r - ) = 0.

In the following discussion, we compute the scalar
profiles in ordinary stellar objects with hot and dense
environments, as well as a candidate of not quite black
holes with extremely high temperature and density in their
high-curvature interior. The distinct behavior of metric
functions and the matter sources in their interiors yield
quite different predictions for the scalar charge. However,
in the test field limit, the exteriors for all of these cases are
well approximated by the vacuum solution. Therefore, let
us first simplify the scalar field EOM at the exterior before
discussing the interior for different cases.

It is useful to express the EOM in terms of dimensionless
quantities. Specifically, we can rewrite the scalar field and
metric as functions of the dimensionless radius 7 = r/R,
where R is the radius of the object. The exterior spacetime
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can be then described by the rescaled metric below for any
value of the total mass M:

C\ -1

A(F)=A(r)~ (1 —;) , (15)
where C = ry/R <1 represents the dimensionless com-
pactness, with ry; = 2M¢?3, being the horizon radius and
¢p being the Planck length. We can further normalize the
scalar field by the VEV ¢, and define the rescaled scalar
field ¢ = ¢p/o. Then, with V(¢) = V() in Eq. (14), the
scalar field EOM at the exterior is simplified as

e (2 0B 0:A\dp - _ [ 1 1
a2 <_ >——A(r) —>me+5me’| =0.

¥ 2B 2A)dr 2 2

(16)

where = m,R. At large distances, the metrics approach
unity and the scalar field approaches the VEV. The equation
in this limit then simplifies as 026¢ + 20;5¢ — 1n*6¢p = 0,
where 6¢(7) = @(7) — 1 denotes the difference in the
normalized field values with the VEV. The solution takes
the Yukawa form with

VIR S
o (7) ~ 177 oR e, (17)
where < 1 ensures the mediation of a long-range force at
the exterior. The scalar charge Q can be obtained by
matching Eq. (17) to the numerical solutions at a suffi-
ciently large distance. To compare the strength of the scalar
force to that of gravity, it is useful to define a dimensionless
scalar charge-to-mass ratio as follows:

0o
VAreEM

(18)

A. Ordinary stellar objects

For illustrative purposes, we consider the Sun (as a
typical main sequence star), white dwarfs (WDs), and
neutron stars (NSs) as examples of ordinary stellar objects
that are either hot or dense. We approximate these objects
as constant density stars as a good leading-order approxi-
mation to the more realistic solutions. The properties of
these stellar objects are summarized in Table I.

The interior metrics of a constant density star at 7 < 1
can be solved exactly, with the rescaled counterparts as
follows:

3(7)25(3\/14—\/1—02)2, AF)=(1-CP)".
(19)

TABLE I. Physical properties of representative stellar objects
[48-50]. M is the total stellar mass in the unit of solar mass M. R
is the radius. T denotes the average temperature. ny and n,
denote the average number densities of nucleons and electrons,
which are comparable in magnitude due to the charge neutrality
condition. For NSs, 7' denotes the highest temperature reached in
a newly formed NS or a binary merger of NSs.

Sun WDs NSs
M (M) 1 0.5-1.4 1.4-25
R (km) 7 x 103 104 10-15
T (keV) ~0.1 ~1072 <10°
ny. (MeV?) ~1073 ~1073 ~10°

Referring to Table I, we find that the compactness C is
approximately 0.3, 1073, and 107> for NSs, WDs, and the
Sun, respectively. By substituting the approximated form of
V(¢) from Eq. (4) into Eq. (14), the EOM for the rescaled
scalar field in the interior, i.e., 7 < 1, is simplified as

¢ (2 0:B 0;A\dg
dr? (? 2B 2A> dr
-a0)|F+ (G- )o+ 70| 0. o)
where F = FR?/¢, and G = GR? denote the correspond-
ing dimensionless quantities. This equation can be directly
matched to the exterior EOM given in Eq. (16) at 7 = 1.
For a stellar object with a specific value of F or G, the
nontrivial scalar profile can be numerically solved using the
shooting method. By imposing the boundary condition
de/dr|;_, = 0 at the origin, the scalar field value at the
origin, i.e., dpg=@(F =0) —1, can be determined by
requiring the solution to decay asymptotically at infinity,
i.e., p(F — o0) = 0. This also determines the field value at
the boundary, i.e., 5¢p; = @(7 = 1) — 1, as a function of G
or F. For later discussion, we define the deviation of the
rescaled scalar field from the VEV as follows:

5g(r) = @(r) - 1. (21)

Since the radius R of ordinary stellar objects is much
larger than ry, the scalar charge can be obtained by
matching the weak gravity expansion in Eq. (17) with the
numerical solution at 7 = 1. This yields Q = 4zdp;¢yR,
and the value of the scalar charge-to-mass ratio y is
determined from Eq. (18), i.e.,

y mdy/aCap, 20 (22)
m

pl

which relies on the properties of the scalar field as well as
the stellar objects.
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FIG. 2. Finite temperature effects induced by the scalar self-interaction in ordinary stellar objects. Left: the rescaled scalar profile
8¢ (7) as a function of the rescaled radius 7 = r/R for several benchmark values of the dimensionless coefficient G;. Right: the rescaled
scalar field values |8¢,| and |5¢,| as functions of G, when the condition G = #?/2 is satisfied.

Now, we will discuss the environment effects inside
ordinary stellar objects for various cases. Let us first
consider the finite temperature effects induced by the
self-interaction of the scalar field. Referring to Table I,
we observe that the scalar mass allowing for a long-range
force (n < 1) for the three stellar objects is significantly
smaller than the average temperature 7. Therefore, we can
consider the high temperature limit, where the corrections
manifest as the G term in Eq. (8). Its dimensionless
counterpart is given by

’72 TZ
T=1g el (23)
As demonstrated in Fig. 1 and explained below Eq. (4), a
change in sign for the quadratic term, i.e., Gy = 5?/2, is
required to ensure a nontrivial scalar profile for this case.
This sets an upper bound on ¢, given by ¢y < 2T. Once
this condition is met, we can solve for the scalar profile for
a given value of G, where there is a one-to-one mapping
between G and the negative field values of 5¢, and d¢,.

The left panel of Fig. 2 shows the rescaled scalar profiles
for several benchmark values of the dimensionless coef-
ficient G, as obtained from numerical solutions. The field
value exhibits mild variation within the stellar objects and
follows a 1/r decay outside, before the onset of mass
suppression. The right panel shows [6¢y| and |6¢,| as
functions of Gy. As illustrated in the inset, a nontrivial
scalar profile exists only when the corrections surpass a
certain threshold, namely Gy = 0.1 for this case. This is
similar to that observed for the QCD axion within neutron
stars [20], where the exact threshold value varies depending
on the shape of scalar potential. Above the threshold, the
magnitude of |5¢| increases linearly with G for small G
and approaches unity in the limit of large Gy, correspond-
ing to the boundary value moving asymptotically to the
new maximum of —V/(¢) at ¢p = 0. The magnitude of |5¢ |

remains slightly smaller than that of |5¢g|, with their
difference diminishing as G increases.

Figure 3 presents the contours of the scalar charge-to-
mass ratio |y| given in Eq. (22) for the Sun in the plane of
scalar mass and the VEV. The absolute value of y is
strongly suppressed, with |y| < 107", due to the upper
bound on ¢, set by T. Similar results are obtained for WDs
and NSs, indicating that the finite temperature effects with
only the scalar self-interaction are completely negligible.

Next, we consider the Yukawa couplings of the scalar
field to either electrons or nucleons. Because of the strong
constraints on these couplings, the scalar field couples
weakly to the SM fermions and makes a negligible
contribution to their mass. Referring to Table I, we find
that all three examples fall within the low temperature or
density limits, i.e., m,, my > T or my > nll\,/3. Therefore,
the dominant corrections come from the finite density
effects, characterized by the F term in Eq. (12). Its
dimensionless counterpart is given by

-25f - - - -
L B
-3.0f ¢0>2TS ]
3
s -35
> —
< -20 [0l
S _40f / —
=)
ie]
-45
my>1/ry o]
-5.0k . . , M
-18 -17 -16 -15 -14
logyo(mgyleV)
FIG. 3. Contours of the scalar charge-to-mass ratio |y| for the

Sun on the scalar mass m 4 and VEV ¢, plane. The horizontal line
denotes the upper bound ¢, < 27. The vertical line denotes the
condition of a long-range force, i.e., 7 < 1.
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FIG. 4. Finite density effects induced by the Yukawa couplings to the SM fermions in ordinary stellar objects. Left: the rescaled scalar
profile 5¢(7) as a function of the rescaled radius 7 for several benchmark values of the dimensionless coefficient F,. Right: the rescaled

scalar field values 8¢, and ¢, as functions of |F,|.

- I’lfR2

As shown in Fig. 1 and explained below Eq. (4), a
nontrivial scalar profile can be found when F), is negative,
Le. gy <0, with the corresponding 5¢, and 6¢; being
positive.

The left panel of Fig. 4 shows the rescaled scalar profiles
for several benchmark values of the dimensionless F - The
right panel presents the numerical solutions for d¢, and 5¢,
as functions of |F,|. Unlike the G-term case, we note the
absence of a threshold required for the existence of non-
trivial scalar profiles, as demonstrated in the inset.
Moreover, both 8¢, and ¢, continue to increase as |F ol
becomes large. This is due to the new maximum of —V(¢),
as shown in Fig. 1, which consistently shifts to larger values
with increasing |F ,|, theoretically allowing for a larger
value of the scalar charge. The ratio 6¢,/d¢; has a smaller
value compared to the G-term case, and it decreases slowly
as |F,| increases.

Figure 5 displays the contours of y for WDs in the plane
of scalar VEV and the Yukawa couplings to either electrons
or nucleons. Because n, and ny are of the same magnitude
due to charge neutrality, we assume 7, = ny here, and the
results for g4, and g,y are the same. When ¢, is sufficiently
large, |F,| is small, and 8¢, increases linearly with its
magnitude. Thus, the contour of y becomes independent of
o, with y ~2,/aC~' g, sn;R*/my. However, for small ¢,
and large |F,|, the increase in 6@, with |F,| becomes
slower, leading to a growth in y as ¢, increases. Among the
two cases considered, a larger y can be obtained if the scalar
field couples to electrons, due to the weaker limits on g,,.
Specifically, we obtain y < 107!2 for this case, which is
considerably larger than the value obtained from the finite
temperature effects. The value of y is smaller for either the
Sun or NSs due to their smaller density or smaller size of
the objects.

Therefore, in the case of the minimal model of the scalar
field considered in Sec. II, the environmental effects found
in typical ordinary stellar objects are unable to generate a
significant scalar charge. Specifically, considering the
various constraints, the maximum achievable absolute
value of the scalar charge-to-mass ratio y cannot exceed
102, which naturally evades the stringent constraints from
the fifth-force searches in laboratories or in astronomical
observations. To probe the light scalar field for the minimal
model, it is therefore necessary to explore more extreme
environments, as we will discuss in the following
subsection.

B. Not quite black holes: 2-2-holes

An intriguing candidate for UCOs is 2-2-holes [36,37],
which represent a novel class of solutions of the classical
action described below:

20F
15}
< —20
2 10} [:I
§ 12
= ]
o Of
o
of [ 9 Ll o ;
-5t L A L L ) L
-30 -25 -20 -15 -10 -5 0
l0940(194f])
FIG. 5. Contours of the scalar charge-to-mass ratio y for the

WDs on the scalar field VEV ¢, and the Yukawa coupling g,/
(f = e, N) plane. The blue and red vertical lines denote upper
limits on gyy [S51] and g, [52], respectively.
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FIG. 6. Properties of 2-2-holes sourced by a photon gas or cold Fermi gas. Left: the metric A (red) and B (blue) as functions of the
rescaled radius 7 = r/ry. The black dotted lines denote the Schwarzchild solution. Right: the proper temperature 7 for the photon gas
(red) and the proper Fermi momentum k. for the cold Fermi gas with mass n1,(A,£p,) 1/2 = 1 (blue) as functions of 7. The vertical gray
line denotes the radius rr where ky drops quickly to zero. In both panels, the dashed and solid lines denote solutions with r;; /4, = 10

and 100, respectively.

1

SCQG = E d4x,/—g(ml%1R - aCMWﬁC"Wﬂ +ﬁR2),

(25)
where R is the Ricci scalar and C,,,, is the Weyl tensor.
Here, mp, denotes the Planck mass and a, = 1 are
dimensionless couplings associated with the quadratic
curvature terms. Instead of being viewed as a truncation
of the effective field theory for gravity at low energy,
Eq. (25) is considered a classical approximation of the
renormalizable and asymptotically free quantum quadratic
gravity [53]. Specifically, it is dominated by the quadratic
curvature terms at high energy, while reducing to GR at low
energy. This framework allows for the description of
solutions encompassing both low and high curvature
regimes [37].

The existence of 2-2-holes critically depends on the
Weyl term C**#°C,,,,,. In the presence of a compact matter
source, such as a photon gas or cold Fermi gas, it has been
found that horizonless 2-2-hole solutions exist with an
arbitrary mass M above the minimal value M, ~ ml%lﬂz
[39,40]. Here, the parameter A, ~ +/afp represents the
Compton wavelength of the new spin-2 mode associated
with the Weyl term.” In quadratic gravity, 2-2-holes appear
to be a more general class of solutions than black hole
solutions. Therefore, it is highly likely that 2-2-holes serve
as the end points of gravitational collapse in this
theory [37].

A typical 2-2-hole with a mass M > M, displays
distinctive behaviors [39,40], as illustrated in Fig. 6.
Beyond the would-be horizon at ry, the matter density

*The Weyl term brings in the problematic spin-2 ghost with
mass m, = 1/4, in the classical theory. However, the fate of the
ghost remains under debate at the quantum level. See Ref. [54] for
a review on quadratic gravity and references therein.

becomes negligible, and the 2-2-hole metrics closely
resemble those of a black hole with the same mass, i.e.,

s~ (%) 26)

due to the dominance of the Finstein term. There exists a
narrow transition region at r~ rgz, where the metric
functions begin to significantly deviate from the black
hole solutions at a small distance just outside ry. In this
region, the quadratic curvature terms in Eq. (25) start to
compete with the Einstein term, making the derivation of an
analytical solution challenging. At r < ry, the quadratic
curvature terms become dominant, leading to an extremely
high curvature region in the interior. As the distance r
decreases, the metrics A(r) and B(r) approach zero
following a r*> dependence, indicating the presence of a
timelike singularity at the origin. In the small r region, the
metric functions can be closely approximated by series
expansion, with [39]

A(r) ~

27
A(r)~ayr? {1 +4y/ aymi +?a2m§1r4 +O(r6)] ,
15
B(r)=b,r? {1 +34/ aym +7a2m1%1r4 +(’)(r6)] . (27)

where a, has a one-to-one mapping to the mass M, and b,
is determined by the normalization of B(r) at spatial
infinity.

A small value of B(r) in the interior also indicates a deep
gravitational potential. By applying the momentum con-
servation law to the stress tensor, the gases satisfy the
generalized versions of Tolman’s law, namely T2(r)B(r)
and (k% (r) + m%)B(r) remain constants for the photon gas

and cold Fermi gas, respectively [39,40]. Consequently, as
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one approaches the origin of the 2-2-hole, the gas would
exhibit either high temperature or density, attributed to the
decreasing B(r). This creates an extreme environment
capable of sourcing weakly coupled scalar fields and
may provide access to new physics that would otherwise
remain inaccessible. Specifically, the photon gas and cold
Fermi gas exhibit similar behavior in the deep interior,
characterized by exceptionally high temperature or Fermi
momentum, with T(r),kg(r) < 1/r. The difference
becomes evident at larger radii. The Fermi momentum
kr rapidly decreases to zero within the interior at rr, when
it becomes comparable to the mass m,. In contrast, the
temperature 7 for the photon gas extends to the would-be
horizon and decreases significantly only in the exterior.

In investigating the nontrivial scalar profile created by
astrophysical 2-2-holes, where ry is significantly larger
than 4,, it is advantageous to make certain approximations
to the numerical 2-2-hole solutions. As the mass M
increases, a 2-2-hole progressively resembles a black hole
from the exterior. Consequently, it is a reasonable approxi-
mation to utilize the EOM in Eq. (16) for the exterior, along
with Eq. (15) and R = ry. On the other hand, the metrics
and matter properties in the interior exhibit a novel scaling
behavior with M (or rp) due to the dominance of quadratic
curvature terms, particularly in the limit of M > M ;.
Specifically, at the leading order of high curvature expan-
sion, the solutions can be fully characterized by the
following dimensionless quantities [39,40], which are
functions of the rescaled radius 7 = r/ry,

i

(F)=T(r)\/alpr.  kp(F)=kp(r)\/Aalp. (28)

A simplified scalar EOM for the normalized field ¢(r) in
the 2-2-hole interior is then obtained by substituting the full
potential V(¢) from Eq. (4) and the scaling behavior from
Eq. (28) into Eq. (14),

d>¢p (2 0.B 0;A\dgp
dr? P 2B 24 ) dr

LA [F n (c‘; - %@)qo + éczqﬁ] =0, (29)

where F' = FA3/¢o, G = GA3, and { = myly <. In con-
trast to ordinary stellar objects, the dimensionless quantities
in the 2-2-hole interior scale with the intrinsic length scale
A, of quadratic gravity, rather than the physical size of the
object. This leads to distinct predictions regarding the
scalar charge, as we will explore below.

Another point we would like to highlight for solving
scalar profiles for 2-2-holes is the appropriate choice of
boundary condition for the scalar field at the origin. This
point is characterized by a timelike curvature singularity, in

contrast to the regular spacetime associated with ordinary
stellar objects. Although the singularity at the origin might
lead to geodesic incompleteness, it does not necessarily
indicate a genuine physical ambiguity. More explicitly,
from the perspective of relativistic classical field theories,
the field dynamics on a singular and so-called inextendible
spacetime can be defined by adopting the mathe-
matical framework proposed by Wald [55]. Intuitively, this
approach involves disregarding solutions with diverging
energy as r approaches the origin. If among the two linearly
independent solutions, ¢, (7) and ¢,(7), a unique solution
remains, the classical wave equation is considered well
defined, and the singularity introduces no ambiguity. For
more comprehensive details, please refer to Sec. III C in
Ref. [37]. This scenario is indeed applicable to 2-2-holes.
With A(r), B(r) « r? in the small r limit, we find ¢, (F) «
7 and ¢,(F) « 7~'. Only ¢;(7) has finite energy, thus
necessitating a Neumann boundary condition for the scalar
field at the origin. That is, dg,(F)/dF|;—, = 0.

As M increases, the boundaries of both the interior and
exterior scaling regions shift toward ry. This results in a
transition region with a decreasing radial size but more
significant spatial variations. Obtaining the exact solution
of the transition region is challenging due to the limitations
of numerical accuracy. Therefore, for our numerical
study of the scalar profiles in this work, we choose to
disregard the contribution from the narrow transition region
around ry. Instead, we directly match the rescaled EOM in
Eq. (29) for the interior to that in Eq. (16) for the exterior at
7 ~ 1. From our numerical solutions with r5 /4, < O(100),
we have verified that the contribution from the transition
region is indeed negligible for our order of magnitude
estimation of the scalar charges of 2-2-holes. Under this
approximation, the rescaled scalar profile ¢(7) becomes
independent of the 2-2-hole size. The scalar charge is again
obtained by matching the numerical solution to the weak
gravity expansion in Eq. (17) at some 7, > 1. This yields
the scalar charge Q =~ 76¢¢yry, and the scalar charge-to-
mass ratio

y & /nC"6¢, %. (30)

In comparison to Eq. (22), where the weak gravity
expansion is applicable at the surface of ordinary stellar
objects, the magnitude of y for 2-2-holes is suppressed by
approximately a factor of 4 due to the significant redshift
around ry.

Note that the approximated value of y in Eq. (30) is
independent of M, making it universal for 2-2-holes of all
masses M > M ;,. This is in contrast to the behavior
observed in ordinary stellar objects discussed in Sec. III A,
as well as in cases of spontaneous scalarization in scalar-
tensor theories. In the latter, it has been argued that smaller
black holes will be more strongly charged due to their
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FIG.7. Finite temperature effects induced by the scalar self-interaction for 2-2-holes. Left: the rescaled scalar profile |5¢| as a function
of the rescaled radial coordinate 7 = r/ry for several benchmark values of the dimensionless coefficient G;. Right: rescaled scalar field

values |6¢y| and |6¢;| as functions of Gr.

larger curvature near the horizon [56]. If we take into
account the contribution from the transition region, we may
expect a y with a mild dependence on M. Moreover, while
the gas profiles are influenced by the particle mass, the
scalar charges of 2-2-holes exhibit very little dependence
on the mass, indicating that the scalar properties are
primarily determined by the high curvature region in deep
interior.

Now, let us consider several examples to illustrate the
environmental effects within the framework of 2-2-holes.
We first examine the finite temperature effects arising from
scalar self-interaction. For a 2-2-hole sourced by a photon
gas, the temperature grows large in the interior for
decreasing r. Consequently, we can take the high temper-
ature limit and the corrections take the form of a G term.
The corresponding dimensionless counterpart can be
expressed as

3 2

2
Gy (7) = %%g (1) = %2%%5 () =620, (1)

where T'(7) is the rescaled proper temperature as shown in
Fig. 6, and Gy = 2,m /(8¢)5) represents the r-independent
dimensionless coefficient. The condition for the sign flip of
the quadratic term is given by ¢y < T(F)mp/\/Ao. As T(F)
continues to increase for smaller values of 7, for any given
value of ¢, there will always be a radius below which this
condition is satisfied. This implies that, unlike ordinary
stellar objects where the magnitude of T is limited within
the stars, this condition can be easily fulfilled within the
interior of 2-2-holes.

In the regime where G (7) > {?/2, there is a one-to-one
mapping between Gy and d¢, (6¢,) for the numerical
solutions. The left panel of Fig. 7 shows the rescaled scalar
profiles for several benchmark values of the dimensionless
Gr. The right panel illustrates the behavior of |6¢p]
and |6¢,| as functions of G;. Despite the differences in

the 7-dependent terms, such as A(¥) and T(7), the
general behavior of the scalar profiles for 2-2-holes in
Fig. 7 is similar to that for ordinary stellar objects shown
in Fig. 2. However, due to the scaling behavior transition in
2-2-holes, |6¢(F)| experiences a more pronounced
drop around 7~ 1, resulting in a greater suppression of
|6¢1| compared to |5¢,| for 2-2-holes. Also, the threshold
value of Gy required for the existence of a nontrivial
scalar profile is different, namely Gy = 1 for the same
model.

The contours of y in Fig. 8 exhibit a similar shape as that
in Fig. 3. The difference in magnitude between the two

cases is determined by the ratio G;/Gr~ \/4,/(TR)?,
which reflects their different scaling behaviors. For 2-2-
holes, the radial size of the interior shrinks to the order of 4,
due to high curvature effects, limiting the temperature and

radius product to \//_1— , which is significantly smaller than

20F

15}
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l0g4(Po/GeV)

10 20 30
10g,o( Y A2 myleV)

FIG. 8. Contours of the scalar charge-to-mass ratio |y| on the
plane of the scalar VEV ¢, and the combination /_12m¢. The
vertical line denotes the upper bound due to the requirement 4, <
ry and 7 < 1 for primordial 2-2-holes with M ~ 10~1°M .
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FIG. 9. Finite temperature and density effects induced by the Yukawa couplings to fermions for 2-2-holes. Left: the rescaled scalar
profile [6¢| as a function of 7 = r/ry for several benchmark values of the dimensionless coefficient | F,|. Right: rescaled scalar field

values 6, and 8¢, as functions of |Fy ,|.

the product TR ~ 10" for the Sun. Furthermore, with 1, <
ry and n < 1, there is an upper bound on the horizontal

axis, specifically /Zym, < \/Zo/ry < 10° eV\/Mo/M.
As a result, the magnitude of y for astrophysical 2-2-holes
with M Z M is even more strongly suppressed compared
to the Sun. However, for primordial 2-2-holes with
M < Mg, alarger |y| can be achieved due to the increasing
allowed range of my, corresponding to a larger self-
interaction coupling.

Now let us consider the case with Yukawa coupling to
fermions. Unlike ordinary stellar objects, we are not
restricted to the SM fermions. In the high-temperature or
high-density environment within the interior of 2-2-holes,
beyond the SM heavy fermions could exist due to either
primordial production in the early universe and subsequent
evolution, or production resulting from high-energy
particle collisions in the interior. These fermions would
then play a significant role in sourcing the scalar field. By
taking the high temperature or density limit, specifically
T > my or kp > my, we find that both effects are encoded
by the F term. From Egs. (8) and (11), we find the
dimensionless counterparts as

= oy YprMr0 s 2o, e
Fi(7) =54 2T 0) = 1T (7)

2wy — Jof Mf05 72 oy o 72 (2
Fp<r) :2—7[2E/12k%(r) :]:pk%-(r),

(32)
where F, = 3F/n* = gypmyoda/ (2n* ) represent the
dimensionless coefficients.

Figure 9 illustrates the numerical results for this case.
The scalar field again experiences a more pronounced
decrease at 7 ~ 1 as in Fig. 7, due to the special feature of
2-2-holes. The difference between cold Fermi gas and
photon gas around 7 close to 1 has a small impact on the
profile. Similar to Fig. 4, we observe that d¢, and ¢, are
linear in the magnitude | 77 ,| for small values and continue

to increase with |77 ,| for large values. The ratio 8¢, /6¢,
is approximately half of that in Fig. 4, related to the notable
decrease in the scalar profile at 7 ~ 1.

The contour of y in Fig. 10 shows a mild dependence on
¢o and becomes completely independent of ¢ in the limit
of small | F |, with y % 0.01|g,¢|m o2/ mpy. To achieve a
value of y on the order of 1, the combination | g(/,f|mf,0/_12
needs to reach 10> GeV. Considering that |g,| < 1, this
implies 4, > 10'2(10'° GeV/my,). Namely, for m; g~
10" GeV and |ggs| ~107%, a value of y~1 can be
achieved with 4, > 10'2, corresponding to a minimum
2-2-hole mass of M, > 107 g.*

In comparison to the case with only self-interaction, the
scalar mass is not directly involved in determining the
scalar charge. Furthermore, the presence of a potentially
large mass for the new heavy fermion and the absence of
experimental constraints on g, allow for more freedom in
achieving a large scalar charge, which compensates for the
small radial size of the 2-2-hole interior. Thus, astrophysi-
cal 2-2-holes (M Z M) with nontrivial scalar profiles
could indeed have observational effects on ongoing and
planned gravitational wave experiments. It is important to
note that the above estimate assumes that the heavy fermion
constitutes all of the gas sourcing the 2-2-holes, while in
reality the source should also include the SM fermions.
Given the wide range of allowed parameter space shown in
Fig. 9, it is evident that even a small fraction of heavy
fermions is sufficient to achieve a significant charge.

Therefore, the potential existence of 2-2-holes opens up
a new possibility for generating nontrivial light scalar
profiles in the strong gravity regime. The deep gravitational
potential within the interior of these holes leads to
extremely high temperatures or densities of the gas,

*For  reference, when considering 4, ~ 102 and
ms o~ 10" GeV, we observe m(A,¢p)"/* ~ 1, corresponding
exactly to the benchmark value in Fig. 6.
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FIG. 10. Contours of the scalar charge-to-mass ratio y on the
plane of the scalar VEV ¢ and the combination [g|m ;1.

resulting in a significantly modified scalar potential.
However, the high curvature effects in the interior cause
a reduction in the effective radial size of the object, leading
to an additional suppression of the scalar charge compared
to cases in GR. By combining these two effects, we find
that a magnitude of y ~ 1 can be universally achieved for
2-2-holes of all masses M > M, if the scalar field
couples to some new heavy fermions, taking advantage
of the exceptionally hot and dense environment provided
by their interiors.

IV. GRAVITATIONAL WAVE OBSERVATIONS OF
SCALARIZED 2-2-HOLES

The possibility that astrophysical 2-2-holes could have a
significant scalar charge in the minimal model raises an
interesting question about the observational consequences
of scalarized 2-2-holes. As our exploration in this paper is
limited to the test field limit, we are unable to study
constraints arising from changes in the background space-
time due to the backreaction of the scalar profile.
Nevertheless, we anticipate that the electromagnetic obser-
vations of Sgr A* from Event Horizon Telescope have the
potential to exclude the presence of scalar charge with a
charge-to-mass ratio y*> < (0(0.1), as indicated by studies in
various scenarios in Ref. [57]. Thus, our subsequent
discussion will focus on probing binary systems involving
either one or two scalarized 2-2-holes with a smaller y using
gravitational wave observations. Additionally, we only
consider the inspiral stage, where the two objects are far
apart, i.e., r > ry. In this regime, the potential back-
reaction from the scalar field is also negligible.

Below, we will first discuss the inspiral dynamics of the
binary system with scalar charges, and then briefly explore
potential observations for specific cases in the scenario
where all astrophysical black holes are 2-2-holes. For
demonstration purposes, we consider observational effects
for two types of systems: the stellar-mass binaries and

extreme mass-ratio inspirals (EMRIs), which involve
supermassive 2-2-holes at the center of galaxies. It is
important to note that the difference in the M dependence
of the scalar charge for 2-2-holes, compared to scalarized
black holes in scalar-tensor theories, has significant impli-
cations for observations.

The presence of scalar charges within a binary system is
anticipated to generate additional scalar forces or scalar
radiations. For simplicity, we focus on the inspiral stage
with a radius much larger than the innermost stable circular
orbit (ISCO) at rigco =~ 3ry, where the dynamics can be
adequately described at the leading-order Newtonian
approximation. In the center of mass frame, the dynamics
can be described as a one-body problem with the total
mass M = M| + M,, the reduced mass u = M M,/M,
and the relative coordinate r = r; — r,, where the reduced
mass is related to the mass ratio ¢ =M,/M, by
u/M = q/(1 + q)*. Here, we focus on circular orbits,
and the kinetic variables of interest are the orbital radius
r = |r| and the orbital frequency Q. For relatively small
scalar charge y < O(0.1) and large distance r 2 rigco, it
suffices to consider quasicircular orbits with slowly varying
r, namely, when Q < Q2. The total energy of the system is
then given by the sum of the kinetic energy and potential
energy from gravity and scalar force, i.e.,

1 3 Mu
Eorb = _ﬂFZQZ + Vorb7 Plr

) Vorb =

(14717,67"7).
(33)

The orbital frequency Q is related to r by the modified
Kepler relation, which is given by dV,./dr = urQ?,
namely,

M
@ =Ll e+ mn). (34)

In the massless limit, i.e., myr < 1, the modified Kepler
relation becomes Q2 ~ £3M(1 +y,7,)/r’, and the total
energy deduces to the simple form Euy, ~ —£3Mu(1 +
Y172)/(2r). It is then easy to verify that the assumption of
quasicircular orbits remains good for y; < O(0.1) and
r2 risco-”

Apart from gravitational waves radiation, the binary
system of scalarized objects can also emit scalar radiations
when Q 2 my. As the scalar radiation starts from dipole
radiation, we consider the spherical harmonic expansion up
to the quadrupole order, i.e., # = 2. The orbital evolution
can be then approximately determined by

“The condition Q< Q? requires that 6‘5—[2(r/ ry)~?
(l +}/1}/2)3/2(1 +%yl}’2) < 1. COHSidering that r Z rsco = 37'[.1,
this implies that y,y, < 2.8. Thus, the assumption of quasicir-
cular orbits is valid for y; < O(0.1).
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dE _ _
= —Pow PR -PET (9

with the radiated powers [58,59]
32
Pgw :?f%1ﬂ2r496»

2\ 3/2
ple=n) _ 1 (Q1M2—Q2M1)2r294<1_m¢> /’

SR " 1og M Q2

2 2
pr=2_ 4 (QIM%+Q2M%)2r4QG 1= 5/. (36)
SR 157 M* 4072

To further simplify the evolution equations, it is useful to

consider two concrete cases:

(i) Case A: a binary consisting of two scalarized
2-2-holes with approximately equal scalar charge-
to-mass ratios, i.e., y; =y, =7;

(i) Case B: a binary consisting of one scalarized 2-2-
hole with nonzero y and one ordinary stellar object
with negligible scalar charge.

For case A, the scalar dipole moment vanishes, and rescaled
evolution equations are simplified as

1

_ _ 1 _
By = =702 — — (1 + e
orb 2 27,( +ye )’
dE, 16 4~ 8 , .= 7”\?
ob — _HO - 200 (1= ), (37
d7 57 1577 < 4’ (37)

where 7F=r/ry, Q=Qry, and E_y = E.u/u,
7= (t/ry)(u/M). Note that 7 is defined slightly differently
here in order to incorporate the u or g dependence.
This illustrates that variations in ¢ only affect the rate
of evolution. The modified Kepler relation becomes
Q% = (1+ey*(1 +77))/(27). In such systems, the
scalar charge generates an additional Yukawa force as well
as an additional quadruple radiation. These effects are both
proportional to y2. For case B, there is no additional scalar
force, and the leading order corrections come from the
scalar dipole radiation. The rescaled evolution equations
then become

_ 1, 1
Eorb = 5 292 - E I

dE,, 16
i 5

_ 1 i 2\ 3
OO — PG (1 - %)2 (38)

with the standard Kepler relation Q% = 1/(27).

To solve for the orbital evolution, we first determine
Q(7) using the modified Kepler relation. We then solve for
7(7) by substituting Q(7) into Eqs. (37) and (38). In general,
the scalar corrections are considered negligible at suffi-
ciently large distances, where 77> 1 or > Q, and the
evolution can be described approximately by GR. On the

other hand, at sufficiently close distances, the zero mass
limit applies. To retain the explicit dependence on 7, the
orbital evolution must be solved numerically.

Analytical solutions can be obtained in the zero mass

limit, ie., n7< 1. For case A, we find dQ/di~
6(1+y2)3(1 —l—%}/z)s_ﬁ from Eq. (37), where the factors
1+ y? and 1 + } y* represent the corrections from the scalar
force and scalar radiation, respectively. Directly integrating
out this expression from 7 = (0, we obtain

_ s , y2\ 738
Qf) ~ 903—16(1+y2)5<1—|—€)t] . (39)

where Q= Q(7=0). For case B, we find dQ/di~
607 + 1703 from Eq. (38), where the 3 term represents
the dipole contribution. Because of its different Q depend-

ence, Q(7) can only be solved implicitly. Below, we present
the result in terms of a small y expansion,

(Q) m—(Qy" = Q%) =22 (Q)" = Q%) + O(r).

1
16

In general, starting from some initial value, the frequency
gradually increases with time and then quickly increases as
it approaches the ISCO. The evolution becomes faster with
larger 2.

Next, let us consider observations for specific systems.
First, we focus on stellar-mass binaries with a total mass M
ranging from O(10M) to O(100M,). Joint observations
of these binaries using both ground-based and space-based
detectors have been proposed as a powerful way to improve
the constraints on the scalar charges of black holes [60].
The key observable for such estimations is the coalescence
time 7.,,, which represents the time it takes for the binary
to merge within the LIGO band from an initial €, in the
millihertz band of space-based detectors. Assuming that the
binary can be observed with exceptional precision using
the latter, the merger time in the LIGO band can be
accurately predicted. This prediction can then be utilized
to constrain modifications of 7., due to the scalar charges.

For systems involving scalarized 2-2-holes, in the
massless limit, the rescaled coalescence time 7., can be
estimated for the two cases by setting 7(7..y)~0 in
Egs. (39) and (40). This yields

) ) (1 +y2)—§(1 +%y2)_1, Case A
tcoal ~ tcoal,GR _ 2 (41)
1 - 57207, Case B,

where 7., gr = %Qg 83 represents the prediction in GR.
In contrast to case A, the corrections for case B are

amplified by a factor of QO_ AN 1, due to the dominance
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FIG. 11. The coalescence time ratio as a function of = mry for different values of scalar charge-to-mass ratio y?. Left: case A,
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both panels, the initial frequency is set as Q) = 2 x 107,

of dipole radiation during the early inspiral stage. Figure 11
shows the coalescence time ratio as a function of scalar
mass parameter 7. For case A, the results tend towards the
massless limit described in Eq. (41) when 7 < 2Q.
Conversely, they approach the GR limit when 5 > 1/7,
where both the force and radiation effects are suppressed.
In the intermediate region, the scalar force is effective from
the beginning, while the radiation only becomes significant
at a later time. Comparing the two effects, the scalar force
has a larger contribution. Similarly, in case B, we observe a
convergence towards the massless limit outlined in Eq. (41)
and the GR limit when 7 < Q and 7 > Q, respectively. As
anticipated, for y> < 0(0.1), we observe more pronounced
changes in case B compared to case A.

To provide a rough estimate, let us consider a
GW150914-like binary consisting of scalarized 2-2-holes.
This binary takes about five years to evolve from the LISA
band with a frequency of ~0.01 Hz to LIGO band at
~100 Hz. Assuming that 7., can be predicted up to 10 sec
through observations from LISA [60], the constraint on the
scalar charge-to-mass ratio can be obtained by imposing the
condition f.y — feoagr < 10 sec. The most stringent lim-
its are expected for mj < 1071 eV from Fig. 11, where the
scalar is effectively massless during the evolution from
LISA to LIGO. Utilizing the expressions for 7., in Eq. (41)
for the massless case, this condition yields a limit of y> <
1078 for case A and y> < 107 for case B, respectively. The
limit for case B is about 1 order better due to the enhanced
effect of scalar dipole radiation during the earlier inspiral

stage, where Qg B> 1. However, it is important to
consider the presence of degeneracies among the waveform
parameters. Reference [60] demonstrates that the limit on
y? could be 1 order worse for the case of dipole radiation
due to these degeneracies. Additionally, recent findings
indicate that the prediction of 7., may not be as accurate,
with an uncertainty of ~3 hours [61]. This would further
deteriorate the limit on y> by 3 orders of magnitude.

A conservative estimate for the limit in case B would then
be y*> <1073, In case A, the degeneracy among waveform
parameters could be stronger, resulting in a significantly
worse bound for 2. However, considering the possibility of
a mild dependence of y?> on the mass M due to the
contribution from the transition region of 2-2-holes, the
cancellation of dipole radiation may not be exact in case A.
This can potentially aid in breaking the degeneracy.
Furthermore, the possibility of enhancing the sensitivity
by incorporating space-based detectors in the decihertz
band has also been explored [62].

As the second example, we consider EMRIs containing a
supermassive scalarized 2-2-hole with mass ~(10*~107) M,
and a stellar mass object. The latter could either be an
ordinary stellar object with negligible charge or a scalarized
2-2-hole. Because of the small mass ratio g, the system
undergoes a slow evolution in the millihertz band of space-
based detectors over a span of months to years. This allows
for the accumulation of small phase differences, making it
possible to detect small deviations from GR. Specifically,
under the adiabatic approximation, the gravitational wave
phase of the dominant mode during the inspiral stages,
which is twice the orbital phase, can be expressed approx-
imately as

' 2 [e0 - [d\!
¢Gw(t)_/ 2Q(t’)dt’z—/ Q(— | d@. (42)
0 qJo dt

A useful measure for estimating the effects of a scalar field is
the accumulated dephasing between the cases with and
without a scalar profile. This dephasing is determined as the
difference in the gravitational wave phase for a given Q,
and 1, i.e.,

Adw (1) = pow.cr(t) — dow(1). (43)
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FIG. 12. The normalized dephasing y~>A¢ for an EMRI system with different total mass M and coalescence time .. Left: case A,
with the secondary mass M, ~ 10M . Right: case B, with the secondary mass M, ~ 1.4M, as for a typical NS. In both panels, the solid

and dashed lines represent 7., ~ 1 yr and 7., ~ 4 yr, respectively.

where dow ar (1) = 5, [Q 33 — Q(r)™5/3] denotes the GR
prediction.

In contrast to stellar mass-binaries, EMRIs evolve
extremely slow in the observational band. Hence, for the
majority of parameter space, we are either in the regime that
the suppression due to the mass is too strong or the regime
that the massless limit is good. To derive the most stringent
limits, we focus on the massless limit. By substituting
Egs. (37) and (38) into Eqgs. (42) and (43), we can obtain the
dephasing for the two cases under the small y> expansion:

2 rA=5/3 A
Adw(?) i’ (97 = 00075, Case A (44)
o lﬁ[ﬁ_7/3—§2(t)‘7/3] Case B
84 g 0 ’ .

Similarly, there is an additional factor of Qa 213 for case B
compared to case A. As the dephasing is proportional to 7>
in the small charge limit, we display in Fig. 12 the
numerical results of y~>Aggw(t) for EMRISs of different
mass M and ¢.,. For both cases, the dephasing grows more
rapidly with time for the smaller M case, as a larger cycle
number has been accumulated within the given timescale.
Case B shows a much stronger dependence on M due to the

additional €, 2/3 factor. In terms of the t.oa1 dependence, the
dephasing at a given ¢ is reduced for the EMRI with a
longer t..,,0r a smaller €, This aligns with the leading
order expansion of Eq. (44) in the small 7 limit, where

Adgw (1) fc_ja/lgf for case A and Aggw(r) « fc_ola/lgf for
case B. The contrast between the two coalescence time
cases is more pronounced for EMRIs with a smaller M.
As for a rough estimate, let us consider an EMRI with
a supermassive scalarized 2-2-hole of M ~ 10°M,,.
Assuming an average signal-to-noise ratio (SNR) of
detected events of approximately 30, a dephasing of
A¢pgw ~ 0.1 rad is considered to be detectable [63,64].
For an EMRI with 7., ~ 1 yr, corresponding to an

accumulation time of one year, the scalar charge would

be constrained to y> < 1077 for case A and y> < 107 for
case B from Fig. 12. Additionally, the rapid spin of the
supermassive 2-2-hole, caused by accretion, is expected to
significantly increase the orbital frequency overall, leading
to a reduction in the dephasing as predicted in Eq. (44).
This results in worse constraints compared to the non-
spinning case, i.e., y> < 6 x 1077 for case A and y*> < 107
for case B. Finally, the sensitivity will be significantly
compromised due to degeneracies with other waveform
parameters. For case B with y ~0.9 and M ~ 10°M, a
Fisher analysis has demonstrated that only 7% <0.03 is
expected at the 1o level after one year of observation on
LISA with SNR ~ 150 [65].

V. SUMMARY

In this paper, we investigate a novel method for gen-
erating long-range scalar forces that exclusively manifest
around astrophysical black holes. If all observed black
holes are horizonless and ultracompact 2-2-holes, which
are potential end points of gravitational collapse in quad-
ratic gravity, the hot or dense gases inside these UCOs
allow for the generation of nontrivial scalar profiles with a
significant charge through environmental effects. This is in
contrast to other scenarios, where either nonminimal
coupling to gravity or violation of energy conditions are
required.

For demonstration purposes, in this work, we focus on a
minimal model of the scalar field with a double-well scalar
potential and Yukawa interaction with fermions. In Sec. II,
we investigate the effects of finite temperature and density
on the scalar potential. We find that these corrections can be
effectively described by either a linear term or a quadratic
term, as shown in Eq. (4). This leads to two mechanisms for
generating nontrivial scalar profiles, as demonstrated in
Fig. 1. In Sec. III, we further examine the nontrivial scalar
profile and the predicted scalar charge in the test field limit,
for the minimal model in both ordinary stellar objects and
2-2-holes. We observe that the scalar charge of typical
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ordinary stellar objects is significantly suppressed in the
minimal model, making it difficult to probe using even the
high precision fifth-force measurements. In contrast, 2-2-
holes have the unique capability of sourcing light scalar
fields. The exceptionally high temperatures or densities of
the gases within their interior allow for the generation of a
significant scalar charge through environmental effects. As
depicted in Fig. 9, we demonstrate that a scalar-to-charge
mass ratio y of order 1 can be readily achieved if a
considerable fraction of new heavy fermions within the
2-2-hole interior couple to the scalar field.

In Sec. IV, we investigate the gravitational wave obser-
vations of scalarized 2-2-holes in the test field limit. The
unique scaling of 2-2-holes results in their scalar charge
scaling linearly with their mass, yielding a nearly constant
value of y across a wide range of masses. This is in contrast
to scalarized black holes in scalar-tensor theories, where
smaller black holes exhibit significantly larger charges
[56]. Consequently, a binary system consisting of two 2-2-
holes experiences an additional scalar force and emits
additional quadrupole scalar radiation, while a binary
involving one 2-2-hole and one ordinary stellar object is
primarily influenced by the dipole radiation. For the former
case, the value of y can be effectively constrained through
multiband gravitational wave observations of stellar-mass
binaries of 2-2-holes. In the latter case, y can be probed
through precise observations of EMRIs involving a super-
massive 2-2-hole with space-based detectors.

In this work, we investigate the nontrivial scalar
profile of 2-2-holes in the test field limit. As discussed
in more detail in the Appendix, the backreaction of the
scalar field might introduce more considerable effects in the
vacuum regime. Therefore, it would be intriguing to
explore the fully nonlinear solution of scalarized 2-2-holes.
Additionally, our current study has not accounted for the
contribution of the transition region around the would-be
horizon of 2-2-holes. Further research is warranted to
explore the role of this region, especially in the context
of the nonlinear solution, where an interplay between the
high curvature terms and scalar charge would be antici-
pated. Finally, the minimal model predicts a positive scalar
charge for 2-2-holes, whereas adopting a more complex
scalar potential could result in 2-2-holes with opposite
charges. This possibility could lead to a wider range of
observational implications for gravitational wave observa-
tions and warrants further investigation.
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APPENDIX: BACKREACTION OF SCALAR
FIELD AND NO-SCALAR-HAIR THEOREMS

In the main text, we have ignored the backreaction of the
scalar field on the metric. This approximation is valid for
ordinary stars, where the scalar charge is significantly
suppressed and the weak gravity expansion is applicable
just outside of the stars. However, this assumption needs to
be carefully evaluated for UCOs such as 2-2-holes. On one
hand, they may possess a substantial charge, potentially
resulting in a non-negligible scalar charge-to-mass ratio y
of approximately 1. On the other hand, it is known that the
test field approximation for the scalar field breaks down
near the horizon, regardless of how small the scalar charge
is [44]. In the Appendix, we will examine this approxi-
mation for 2-2-holes, which closely resemble black holes
just outside the would-be horizon at a small distance. We
will also discuss how the no-scalar-field theory is circum-
vented in this context.

For a static and spherically symmetric spacetime, with
the line element in Eq. (13), the proper energy density and
pressure are given by p=-T:=-T,/B and
P=T.=T,, /A, respectively. According to Noether’s
theorem, the energy-momentum tensor of the scalar field
is given by

_ 2 8(/=5L)
V=g 69"

1
= 0”¢ap¢ - g;u/ |:2 g(l/}aa¢aﬁ¢ + V(¢):| ’ (Al)

Ty =

where £ =L, + L;. The proper energy density and
pressure for the scalar field are then expressed as

po=zar (o) +V )= i (%) +v(0)] 2

Fe :2A1(r) (aa(l:)z ~Vie)= [2;11(?) @?)2 47@] fg

(A2)

In the last equality, we express the density and pressure as
functions of the rescaled quantities, where the rescaled
scalar potential V() = Fo +1(2G - {*)¢? + 3 o*,
with F, G, and ¢ defined below the EOM Eq. (29). This
naturally defines a rescaled proper energy density and
pressure as
Py =Pph3/ 5. Py=Pyl3/d5. (A3)
To investigate the backreaction of the scalar field, let us
first consider the interior of the 2-2-hole, where the
approximation can be easily justified by comparing the
stress tensor of the scalar field and the matter source. Given
the similarity of the proper temperature of the photon gas
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and the proper Fermi momentum for the cold Fermi gas
deep inside 2-2-holes in Fig. 6, we use the cold Fermi gas
for demonstration here. At the leading order of high density
expansion, its proper energy density is given by

n* 4 74 m%’l
Pas :%NkF~O(10)kFg, (A4)

where N denotes the number of particle species. In the case
of a non-negligible Yukawa coupling between the scalar
and the Fermi gas, a significant scalar charge of 2-2-holes
can be achieved. Considering the massless case for
simplicity, the scalar potential in the deep interior, i.e.,
at r < rp where ry denotes the radius at which kg drops to
zeros as shown in Fig. 6, is given approximately by
V(o) ~ F ,k%(F)¢. The ratio between the proper energy
density of the scalar field and the Fermi gas can then be
expressed as

2 (0-0)% +2F A(7 72 (%
p_(/)N O(Ol) % ¢_g(ar¢) + f/) (r)kF(r)(p
Pgas mp,

Around the origin, ¢ approaches a constant, and we
have A « 7> and kp o 1/7. This leads to the inequality
0:p < A(P)k%:(F)p < A(F)k%(7), indicating that the
proper energy density of the scalar field is dominated by
the potential energy due to environmental effects and
remains much smaller than that of the Fermi gas. As r
increases, the gas density py,, quickly declines and drops
significantly at rp. The kinetic energy of the scalar then
starts to dominate and quickly surpasses pg,.

Figure 13 displays the proper energy density ratio as a
function of 7. For y> = 0.1 and ¢, = 0.1mp,, the contri-
bution of the scalar field is significantly smaller than that of
the Fermi gas at r < rp, and therefore its backreaction can

1 L
§
Q
>

R 0.001f

0.0 0.2 0.4 0.6 0.8
r/ry
FIG. 13. The proper energy density ratio of the scalar field and

the cold Fermi gas in the 2-2-hole interior at different yz. Here, we
choose ¢y = 0.1my, for demonstration. For the 7> =0.1, 0.01
and 0.001 cases, the dimensionless coefficient |F,| ~ 106, 23,
11, respectively.

be safely ignored. It is important to note that for the chosen
benchmark values of y* and ¢, the magnitude of |F |
remains small, where d¢; has a linear dependence as shown
in Fig. 9, and then the scalar charge y? is approximately
independent from ¢, in this regime. If we were to consider
a larger value of ¢, the corresponding |7 ,| would be
smaller, while y?> remains unchanged. Consequently, the
ratio p,/pg,s would scale as (¢o/ mp)?, as given by
Eq. (A5). To ensure the scalar field contribution is
negligible in most of the region within r < rg, it is then
safe to consider ¢, not much larger than 0.1myp,.

Next, we will discuss the backreaction of the scalar
field to the vacuum solution, where the contribution from
the matter sources is negligible. This is applicable to the
regime at r = rp, where rp is approximately O(0.1)rg,
depending on the specific value of the gas mass. In the
2-2-hole exterior (r 2 ry) where the metric is well approxi-
mated by the Schwarzschild metric, the solution of scalar
EOM in Eq. (16) in the massless limit is given by
@(7) o< In(1 — 1/7), which yields diverging p, and P,
when 7 approaches 1. This indicates the breakdown of
the test field approximation near the horizon for GR black
holes [44]. For 2-2-holes, we would like to argue that this
may not pose a significant issue, despite the fact that we
have not yet obtained the full nonlinear solution with the
scalar profile due to numerical challenges.

Based on the numerical solutions of 2-2-holes without
scalar charge, we observe that the quadratic curvature terms
begin to dominate over the Einstein term just outside the
would-be horizon. On the other hand, a full nonlinear
solution to the Einstein equations for a massless scalar
field, which was established long ago by Fisher [66] and
independently by Janis, Newman, and Winicour [67],
exhibits a genuine curvature singularity at the modified
horizon when the scalar charge is nonzero. The modified
horizon radius depends on the scalar charge and is always
greater than the Schwarzschild radius. When considering
scalarized 2-2-holes with backreaction, we anticipate that
the exterior will be described by the aforementioned
nonlinear solution outside of its modified horizon.
Subsequently, the high curvature terms would take over
and produce a different solution for the interior, similar to
the zero charge case. As a result, the original curvature
singularity at the horizon will be replaced by a high
curvature interior, which approaches a timelike singularity
at the origin. The latter has been argued to be a benign
timelike singularity in the zero scalar charge case [37].

Finally, let us discuss the circumvention of the no-scalar-
hair theorems for 2-2-holes in the test field limit, following
the improved proof of Bekenstein in Ref. [43]. The proof is
based on a careful analysis of the pressure of the scalar field
(i.e., T7 in Ref. [43]) and its radial derivative by utilizing the
conservation law of scalar field (i.e., V, 7% = 0)at r > ry.
For comparison, we display in Fig. 14 the rescaled proper
energy density, the pressure, and its radial derivative.
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FIG. 14.  Left: rescaled proper energy density p,, and pressure P¢ of the massless scalar field. Right: the radial derivative of the rescaled
pressure 0;P,. In both panels, a solid line indicates that the value of the quantity is positive, while a dashed line indicates that it is
negative. The lines are plotted using the 2-2-hole solution with ry /4, = 100. The two vertical dotted lines denote r = ry and ry from

left to right.

We can first focus on the exterior, i.e., r 2 ry, where
2-2-holes most closely resemble black holes. The main
distinction from Bekenstein’s argument is that P is positive
at r sufficiently near the horizon for 2-2-holes, while it is
negative for black holes. This difference can be attributed to a
boundary term o \/§P¢, which is zero at the horizon for
black holes assuming a finite P, and becomes significant as
P goes large when approaching the would-be horizon of 2-
2-holes. Therefore, it is possible to have Py, > O and 9,P, <
0 for all r Z ry, without resulting in a contradiction with the
conservation law as in the case of black holes.

However, as we delve into the interior of the 2-2-hole, P(/,
does become negative and 0,.P turns positive at r < rp. At
first glance, the latter seems to contradict the conservation
law of the scalar field. However, it is important to
remember that the scalar field interacts with the matter
source in this regime, and thus the conservation law applies

only to their combination. As shown in Fig. 13, the stress
tensor of the scalar field is negligibly small compared to
that of the matter source for y?> < O(1). Therefore, the
stress tensor of the matter source satisfies the conservation
law at the leading order, while the scalar field and small
perturbation of the matter source together obey the law at
the next-leading order. We have confirmed that V, T} is

indeed nonzero at r < rp from the numerical solutions,’
and thus the derivation in Ref. [43] based on VﬂT’;f =0
does not apply. This provides a concrete demonstration of
how the no-scalar-hair theorems can be avoided by UCOs
with a black hole-like exterior but a highly curved and

matter-enriched interior.

>In relation to the scalar field EOM in Eq. (14), the nonzero
value of V,T"" arises from the additional r dependence intro-
duced by T(rgj or kp(r) in either V() or V,(¢).
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