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The compelling evidence for the detection of the stochastic gravitational wave background by
NANOGrav imposes constraints on the mass of compact cores of ultra-light dark matter, also known
as “solitons”, surrounding supermassive black holes found at the centers of large galaxies. The strong
dynamical friction between the rotating black holes and the solitons competes with gravitational emission,
resulting in a suppression of the characteristic strain in the nHz frequency range. Our findings robustly rule

out ultralight dark matter particles with masses ranging from 1.3 x 107! eV to 1.4 x 1072° &V condensing

into solitons around supermassive black holes.
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I. INTRODUCTION

The detection of the stochastic gravitational wave back-
ground (SGWB) by pulsar timing array (PTA) observations
would be monumental because it could provide direct
evidence of the existence of supermassive black hole
(SMBH) binaries and further confirm the predictions of
general relativity. The major PTA Collaborations currently
looking for SGWB are: the European Pulsar Timing Array
(EPTA) [1,2], the Parkes Pulsar Timing Array (PPTA) [3-5],
NANOGrav [6], the MeerKAT Pulsar Timing Array [7], the
Indian Pulsar Timing Array (InPTA) [8], the Chinese Pulsar
Timing Array (CPTA) [9], and the International Pulsar
timing array(IPTA) that combines the data from several
PTA experiments [10]. On a more specific level, PTAs use
the precise timing measurements of highly stable millisec-
ond pulsars to detect modulations in the propagation of light
caused by gravitational waves (GWs). Such modulations are
correlated with the angular separation of the pulsars as noted
by Hellings and Down [11] and have recently been con-
firmed by the NANOGrav Collaboration [6].

The measured SGWB is approximately consistent with
the gravitational wave background (GWB) produced by
inspiralling SMBH binaries. Importantly, SMBHs with
masses ranging from 10°Mg to 10'°M reside at the
centers of galaxies. Throughout the hierarchical process
of structure coalescing, these galaxies might merge
and give rise to SMBH binaries, at the late stages of the
merger event [12,13]. Eventually, towards the end of their
evolution, SMBH binaries produce gravitational waves in
the nHz frequency band that is detected by PTAs. If the
SMBH binary evolution is driven solely by the loss of
orbital energy to gravitational waves, then the SGWB is
described by a characteristic strain h. with power-law
behavior in frequency h.(f) « f2/3 [14], although a

2470-0010/2024/109(10)/103030(12)

103030-1

realistic modeling of the astrophysical environment sur-
rounding the binaries predicts slightly more attenuated
power-laws [6]. Moreover, potential systematic effects in
pulsar noise modeling could lead to alterations in the
spectrum (see e.g. [3]).

On top of the purely astrophysical effects, the modifi-
cation to the standard power-law index induced by
new physics around the binaries can be foreseen. The
NANOGrav Collaboration has considered several beyond
the standard model scenarios that can source or contribute
to the SGWB [15]. For example, cosmological sources like
inflation and primordial fluctuations [16—47], cosmic
strings [48—58], first-order phase transitions [59-74], topo-
logical defects [75-87], and “audible” axions [88,89] can
improve the fit to the observed data, although this mainly
stems from insufficient statistics. Another interesting pos-
sibility among the new physics scenarios that may be
involved in the production of a SGWB is provided by the
dynamical friction of the rotating BHs in a dense dark
matter (DM) environment (see [90] for a preliminary
study), if this dominates over the one induced by baryons.

In this paper we demonstrate that the measurement of a
SGWB in the nHz frequency range provides a unique
opportunity to probe some properties of ultralight dark
matter (ULDM). ULDM is an appealing alternative to cold
DM because in the mass window 10722eV <m <10~ eV
it has a de Broglie wavelength of the order of few kpc and
therefore exhibits a wavelike behavior at small galactic
scales. The wavelike nature of ULDM particles introduces
quantum pressure effects that can counteract gravitational
collapse and prevent the formation of cuspy density profiles
alleviating some of small-scale puzzles facing the cold
DM paradigm [91-93]. Furthermore, ULDM particles are
expected to condense into a dense core, generally known as
a“soliton” (see e.g. [93,94]). The problem of a massive
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scalar field, minimally coupled in the strong gravity regime
of a black hole (BH) (including the phenomenon of
superradiance [95]), has been extensively studied in the
literature (see, for example, [96]). Other papers [93,97]
have explored the interaction between BH and ULDM
on galactic scales, using the Newtonian approximation.
Similarly to [97], our approach focuses on the intermediate
regime, where a Newtonian analysis is applicable, but the
dynamics are predominantly governed by the SMBH.

The ULDM soliton could be detected given detailed
knowledge of the late stages of the SMBH binaries merger
event. Indeed, as the separation of the SMBH binaries falls
below the soliton radius, both BHs will experience a wind
of ULDM particles. This phenomenon, known as dynami-
cal friction, introduces a new energy-loss mechanism that
can compete with gravitational wave emission in the nHz
range. Therefore, the evolution of SMBH binaries is
modified in the presence of solitons. In the end, the current
PTA data are able to constrain such a modification in the
spectral shape of the SGWB, setting limits on the ULDM
particle and soliton masses.

This paper is organized as follows. Section II sets the
stage for our investigation, introducing basic properties of
the ULDM soliton, explaining with ballpark numbers how
a dense core of ULDM particles can dramatically affect the
emission of GWs in the nHz frequency range. In addition,
we also discuss the issue of the depletion of the soliton and
which constraints DM numerical simulations put on the
mass of the soliton. In Sec. III we delve into the calcu-
lations of the characteristic strain while considering the
impact of dynamical friction originating from ULDM
particles. In Sec. IV we present our results in light of
the recent NANOGrav dataset and the comparison with
existing bounds. In Sec. V we draw our conclusions.

II. ULTRALIGHT DARK MATTER

A. The soliton shape

The phenomenology of ULDM gives rise to a dense
macroscopic core in the galactic center, called a soliton. The
soliton corresponds to a quasistationary minimum energy
solution of the equations of motion of the bosonic ultralight
real scalar field ¢ with mass m, minimally coupled to gravity
[93,94]. Here we are interested in the soliton solution in the
presence of a SMBH. Following [94], we decompose ¢ as

e—im(1+y)t

f/)(r»f):ﬁ

x(r) +c.c., (1)

where Gy is the Newton’s constant and y is an eigenvalue of
the problem.

Working in the nonrelativistic regime and assuming
spherical symmetry, the Klein-Gordon and Poisson equa-
tions are reduced to

A
2(ry) = 2r<m2¢> _am_ m2y>)(,
r
R(r0) = @

where A = GyM.m, M. is the BH mass and ® is the
Newtonian gravitational potential. In the ULDM mass
range considered in our analysis and with respect to the
SMBH peak mass favored by the NANOGrav data [6], the
parameter A is significantly less than one, and as a result,
the Newtonian approximation is well-justified. Within this
regime, relativistic phenomenon are negligible.

Solving the equations above numerically is not particu-
larly difficult and one can find a careful treatment in
[93,94,98,99]. In this study, we focus on the regime where
the soliton profile is primarily dominated by the BH
gravity; there the soliton-BH mass ratio ¢ = M,/ M. <
0.2 as one can infer from Fig. 7 of [94]. This is because
self-gravitating solitons with a mass equal to or greater than
that of the SMBH significantly affect the rotational curves
of the host galaxy [97]. More specifically, the density is
given by

2 2
p(r;A) ~ i 146—2Amr = m 8A4e—2Amr’ (3)
ToN TON

where / is a continuous positive parameter choosen as the
value of the field at the origin [94].

As a consequence, an estimate for the soliton core
density py = p(r =0) is

polMopc™] =5 x 10%eM2[108M o|m®[1072! eV], (4)

where M.[108M ] and m[1072! eV] are the BH and point
particle masses in units of 108M and 1072! eV, respec-
tively. Similarly, the soliton radius’ is independent on the

soliton mass and can be estimated from Eq. (3) as
Fsol ~ (In2)/2Am, which leads to

2.9
108M)m2[1072! eV]’

(5)

Tsol [pC] = M.[

Figure 1 shows the soliton density as a function of
the distance from the central SMBH considering m =
5x 1072 eV and a soliton-BH mass ratio & = 1073,
The blue lines are obtained by considering respectively
M. =10""M (dashed line), M. = 1033 M (solid line)
and M. = 109'5MO (dotted line). For reference we also
report in green the density of the surrounding SMBH
environment composed by stars, ordinary DM and gas
[100]. For a given value of the SMBH mass, the gray
shaded areas indicate the region of the parameter space

'We define the soliton radius as the distance by which the
density is half of the soliton central density.
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FIG. 1. Soliton density as a function of the distance from the
SMBH center keeping fixed m = 5 x 107! eV and £ = 1073.
The blue lines refer to different choices of the SMBH mass,
while the green line represents the typical density of the
surrounding SMBH environment. The gray shaded areas
indicate the region of the parameter space where the energy
losses due to ULDM dynamical friction are subdominant with
respect to the ones in GWs. The red stars denote the critical
radius above which the energy losses due to dynamical friction
dominate if smaller than rg.

where the energy losses due to ULDM dynamical friction
are subdominant with respect to the ones in GWs. As one
can see, below a few pc the density around the SMBH is
totally dominated by the ULDM soliton. As a consequence,
unlike the standard cold DM picture, the effects induced by
the matter surrounding the binary plays a negligible role
and the main impact on the GW emission is fully controlled
by the soliton core through ULDM dynamical friction as
we will discuss in more details in Sec. II D.

B. How much mass into the soliton

For DM-only numerical simulations, the mass of the
soliton M, is related to the galactic halo mass
M,,[10'2M ] in units of 10'2M, via the relation [101,102],

1.4 x 108

mMi[loleoL (6)

MNS[MQJZ

sol

which is equivalent to state that the kinetic energy per
particle of ULDM is the same in the host galactic halo and
in the central soliton core. We will use Eq. (6) as an upper
bound with which the NANOGrav constraint in the (m, €)
plane can be superimposed. In this case, it is indeed
plausible that the soliton may form early and precede
the formation of the SMBH. Hence, there is no reason to
expect that SMBH formation would quench the soliton

yielding a mass that agrees with the numerical simulation
in Eq. (6).

Nevertheless, it is worth stressing that the N-body
simulations obtain the result in Eq. (6) with two important
caveats: (i) they are performed by fixing m = 107> eV
and My = (10° =5 x 10'")M; (ii) they do not take into
account the possibility that the SMBH preceded the
formation of the soliton. As a consequence it is important
to provide an estimate on M, in the limit where the soliton
profile is completely controlled by the SMBH-gravity.
Following Ref. [94], we start from the theoretical prediction
of the mass of a self-gravitated soliton (A — 0) given by
MNS =2.061/Gym (see Appendix of [94]) and we com-
pare it to Eq. (6) to extract a physical insight of the
parameter A in terms of m and M),. Then, by integrating
Eq. (3) and assuming that the parameter 4 is of the same
order of the one for a self-gravitating soliton, M, in the
SMBH dominance is

5.4 % 10°
m*[1072! eVIM3[108M )]

MEH(M ] = M[102M).  (7)

sol

This estimate is smaller than the one in Eq. (6) since the
soliton formation is halted by the dynamical heating due to
the SMBH when A2 /2 is larger than the kinetic energy per
particle of ULDM in the host galactic halo. Hence, we will
use Eq. (7) as a lower bound with which the NANOGrav
constraint in the (m, ) plane can be superimposed.

C. Absorption of soliton by SMBH

A solitonic core around a BH can be depleted in the BH
dominant case. The computation of the soliton lifetime
has been considered by many authors [93,94,103—-105]. In
particular, Ref. [103] gives an estimate of the absorption
time by considering the soliton as a quasibound solution of
the Klein-Gordon equation in a Schwarzschild background
and focuses on zero-angular momentum states only, / = 0.
In this regime, the absorption time reads,

Tabs [GyT] = 5.6 X 10° M3 [103Mo]m=[1072! eV].  (8)

Notice that the absorption time is extremely sensitive to the
BH and ULDM particle masses but it is independent on the
mass of the soliton. However, we stress that Eq. (8) does not
take into account the effects of the gravitational back-
reaction of the surrounding ULDM halo and the possible
recondensation of the soliton. These effects may become
relevant when the halo is much more massive than the
central SMBH and can substantially alter the absorption
time. For example, the problem related to the gravitational
backreaction issue has been partially tackled by Ref. [103]
for very specific cases, which however, do not include the
regime of our analysis. A careful study of the characteristic
absorption time in a realistic astrophysical environment may
give more robust estimates on the depletion of the soliton.
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For this reason, we only consider Eq. (8) as a benchmark
timescale keeping in mind that possible stabilizing effects
could make the soliton cores even longer-lived.

D. Dynamical friction

Another feature of ULDM that is relevant for our study
on the GW emission is dynamical friction. This contribu-
tion is computed by taking into account the gravitational
feedback on a test mass m, (in our relevant case the BH,
m¢ = M.) moving in a background of ULDM particles
with density p [93,106—110]. In particular, Ref. [93] derives
dynamical friction in the test mass rest frame. In this way,
the problem can be traced back to Coulomb scattering and
the application of Gauss’s theorem on a sphere of radius r
centered on the test object leads to the following classical
friction force:

4nGEm?

br = 5 Cy (). )
Here, v is the velocity of ULDM particles approaching the
test mass, and Cy(A) = log(2A) — 1 4 (1/A)log(2A) is a
function of the cutoff A = v?r/(Gymg) which originates
from the infrared divergence of the Coulomb scattering.
In the following r is taken to be the binary separation as
elaborated further in Sec. IIL

It is worth mentioning that Eq. (9) was originally derived
for an object moving in a straight line, and we are here
extending its application to an object in circular orbit (see
[111,112] for analysis of circular motion). Furthermore,
we emphasize that in our analysis, the ULDM is non-
relativistic and far from the strong gravity regime (A < 1).
Consequently, the ULDM gravitational impact parameter is
comparable to or larger than its de Broglie wavelength. In
this limit, the classical expression for dynamical friction is
well-justified.

III. GW SPECTRUM

In this section, we study the GW frequency spectrum
emitted by the merging of SMBH binaries in the presence
of ULDM friction. In the case of light BH binaries, it is not
immediately clear if complete merging can occur due to
quantum fluctuations stored in the ULDM halos of their
host galaxies. These fluctuations might hinder the inspiral-
ing process, as first pointed out in [93] and more recently
in [113]. These studies provide an expression for the
stalling radius rg,; within the framework of self-gravitating
ULDM. However, while this consideration may also apply
in scenarios where the soliton profile is dominated by the
SMBH gravity,2 the mergers analyzed in our work involve

A similar extrapolation from the self-gravitating ULDM
regime to BH dominance was undertaken in Sec. II B to estimate
the soliton mass, assuming consistency of the parameter 4 across
both regimes.

such massive objects (M. bigger than 10’ M) that stalling
is unlikely to occur (see Fig. 4 of [113]).

We conveniently describe the frequency spectrum of
GWs in terms of the characteristic strain 4.. This is
parametrized as a power-law and is related to the GW
density Qgw as

3H2 £ 2
) = s Qo) = v (12 )' . (10)

where H|, is the present value of the Hubble parameter, f is
the observed GW frequency while Agw and f are the GW
amplitude and power index respectively. For “pure” GW
emission from SMBH binaries, fgw = —2/3.

At the practical level, the strain £, is computed by taking
into account the whole SMBH binary density population
convoluted with the emitted energy in GW of the single
merger event [14],

3H% /dZdX dns fS dEGW

R2(f) = '
L(f) 2”2pcf2 dZdX1+Z dfs X

(11)

Here, z denotes the redshift, n, is the comoving number
density of the sources, f; = f(1 + z) is the frequency in
the frame of the source and p.. is the critical density of the
Universe. The variable X denotes collectively the param-
eters that characterize the single binary source, such as the
two BH masses. The emitted GW energy per unit frequency
dEGw/df, can be easily computed from classical mechan-
ics considerations. In the limit where the soliton solution is
dominated by the BH gravity, the mass of the soliton is
negligible compared to the ones of the BHs in the binary.
Hence, following [114] and taking into account the energy
losses due to the ULDM dynamical friction and the
emission of GWs we get,

WGW

dEgw H
Wow + Whor '

, 1
df - 3 [ﬂGN(M’,l + M',Z)]§f~"3

(12)

where M. ; and M., are the masses of the two SMBHs in
the binary, u = M. M., /(M. + M.,) is the reduced mass
of the system, and Wgyw and Wpp are the dissipated power
in GW emission and ULDM friction, respectively.

The first contribution is given by (see e.g. Ref. [115])

32
Weow = =5 Gl abr?, (13)
where the orbital angular velocity of the system w = zf, is
related to the binary separation r through the standard

Kepler’s law o = \/GN(M.J + M.,)/r.

The Wpg contribution in Eq. (12) is on the other hand
obtained from Eq. (9) in the binary rest frame; namely, by
replacing my — u and v with the relative velocity v
between the approaching SMBH and the ULDM particles

103030-4



BOUNDS ON ULTRALIGHT DARK MATTER FROM NANOGRAV

PHYS. REV. D 109, 103030 (2024)

into the soliton. In the limit where the BH gravity
dominates, the velocity of the ULDM particles is equal
to A which has to be compared with the orbital velocity wr
of the SMBH. In the nHz frequency range and for
m =~ 10721 eV the velocity of the SMBH with mass smaller
than ~10°3 M is always larger than A and therefore
Vpel = v in the majority of the parameter space considered
in our analysis. With this assumption,

AnG’p

Whor = Fpptg = Ccl(;\)v (14)

r

with p given by Eq. (3) and the cutoff A is obtained by
using Kepler’s law; A = M. | /M.,(1 + M.,/M.,)*. From
now on we assume M, | = M. > M., and rewrite the main
quantities in terms of the ratio g. = M.,/M.; < 1.

It is now interesting to compare the dissipative powers
Weew and Wi to give an estimate of the critical frequency
where depletion of the GW signal due to dynamical friction
is expected. The gray shaded areas in Fig. 1 show the region
in the (r,p) plane where the energy losses due to ULDM
dynamical friction are subdominant with respect to the ones
in GWs. On a more specific level, if the critical radius
individuated by the interception between the blue lines and
the corresponding boundary of the gray regions is smaller
than rg,, the energy losses due to dynamical friction
completely change the behavior of the standard SGWB.
A rough estimate of the critical radius is obtained by
imposing Wpp/Wgw = | and p = py. One gets

4(1 + q.)’ 1
rC:“6( +€) 2 E (15)
25C%(A) \Gym'*M.e

which barely depends on M. and e. For example, consid-
ering the benchmarks in Fig. 1, the critical radius is of the
order of 1072 pc (denoted as red stars in the figure) which
corresponds to a critical frequency around a few nHz. For a
soliton surrounding a 10>3My BH, r, < r. and therefore
we do not expect any contribution from dynamical friction.
For the other two benchmarks, ry,; > r. and therefore a
relevant depletion of the GW signal in the nHz frequency
band is foreseen. This will give us a unique opportunity to
probe the effects of ULDM condensation around SMBHs
by using current PTAs experiments.

Inserting the loss powers Wgw and Wpg in Eq. (12), the
frequency spectrum explicitly writes as

dEqw  q.(nGuM2}  MifT

dfs  3(1+4q.) 1+(§4)%e—(’%ﬁ)’

(16)

Wi

Here, f. and f, are respectively the frequencies associated
with r, and ry, by using the standard Kepler’s law, while

the exponential dependence arises from the soliton
density in Eq. (3). As one can see, in the absence of

Whpr the standard power-law dEgw /df, o fs_l/ 3 is recov-
ered. In the presence of dynamical friction two possible
situations arise:

(1) f. < fe: In this case the frequency spectrum
recovers the standard power-law behavior. This is
basically due to the fact that rg, is smaller than r,
and therefore the dynamical friction of ULDM is
always negligible regardless of the value of f. The
benchmark denoted as the blue dotted line in Fig. 1
represents this scenario well.

(11) fe < fo: In this case the frequency spectrum can
substantially deviate from the standard behavior if f
falls in between f, and f.. In such frequency band
the exponential in Eq. (16) is basically 1 while

fo/fs > 1. Hence, dEgw/df, « £1/* which exhib-
its a completely different frequency dependence
with respect to the standard SGWB from SMBHs
mergers. For frequencies either larger than f. or
smaller than f, the standard behavior is recovered
since either f./f, or the exponential in the denom-
inator of Eq. (16) are negligible.

Having at our disposal the GW energy for a single
source, we have to combine the signal with the whole
SMBH population in order to compute the strain in
Eq. (11). As mentioned before, this can be done by
expressing the quantity dn,/dzdX in terms of the relevant
BH parameters. However, it is much more convenient
to work with the parameters of the single galaxy that host
the two mergers, since these are directly measured. In
particular, defining g, = M, ,/M,; <1 and M, =M, ;
as the heaviest galaxy stellar mass of the merging pair,
one gets

3H? dn
W (f) = —"2- [ dzdg,dM, ————
<(f) 27752,0cf2/ 2dq A 5 dzdq,dM,
% fs dEGW . (17)
Itz dfs [y, m,

Further details about the computation of the differ-
ential density population of SMBHs are given in the
Appendix.

The NANOGrav Collaboration has reported in Fig. 1
of [6] the experimental dataset of the GW strain in the
frequency band f ~ (2-30) nHz. In particular the data
point at f = 0.12 yr~! = 3.93 nHz provides the measure-
ment of the strain with the best accuracy. Hence, we will
quote such data as a reference point as follows and we will
just use it to derive the limit on ULDM as explained in more
details in Sec. IV.

Combining all the ingredients mentioned so far, the
differential GW strain squared dh?/dM. and the strain h,
are plotted in Fig. 2. The differential strain is crucial to
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FIG.2. Left panel: Differential GW strain squared as a function of M, computed keeping the frequency f = f fixed. Right panel: GW
strain as a function of f. The blue region refers to the NANOGrav frequency band, while the vertical dashed line indicates the frequency
f = f.Inall plots three benchmark values of the ULDM particles m are denoted as colored lines, while the benchmark BH-soliton mass
ratios ¢ are reported with different dashing. The pure GW strains which only come from SMBH mergers are instead shown in green.

understand which part of the SMBH population mostly
contributes to the GW spectrum and it is given by

dng(f) — dhg(f)dM,
dM.  dM, dM.’

(18)

where dM, /dM. can be obtained from Eq. (A2). It is
reported in the left panel of Fig. 2 keeping fix the frequency
to f. The right panel of Fig. 2 shows instead the GW strain
h. as a function of the frequency f. The blue region
individuates the NANOGrav frequency band, while the
vertical dashed line refers to the frequency f. In all plots
three benchmark values of the ULDM particles m are
denoted as colored lines, while the benchmark BH-soliton
mass ratios ¢ are reported with different dashing. The pure
GW strains which only come from SMBH mergers are
shown in green. As is apparent the strain /. recovers the
standard power-law behavior with fgw = —2/3, and, from
the differential strain, one can appreciate that the peak of
the signal remarkably matches the result in the literature,
M.~ 10%M [6] at f = f.

Coming back to the situation in which a solitonic core is
switched on, from the qualitative arguments given below
Eq. (16) we expect that for large enough m, the critical radius
exceeds the soliton core, so that we enter in the regime
of pure GW emission. This feature is well-represented by
the appearance of a turning point in the curve of the
differential strain, which starts to recover the standard
pure GW behavior. Conversely, to make the soliton core
comparable to the critical radius, smaller BH masses are

needed, Eq. (5), so that the turning point appears at smaller
BH masses when m increases. For example, in reference
to the solid black curve of the left panel, we need M., ~
2 x 10°M, in order to have r, ~ r,, while for the solid red
curve we need M.~ 8 x 108M. On the other hand, the
effects of very small ULDM masses are evident in the right
panel of Fig. 2. As a matter of fact, smaller masses shift
the deformation of the strain at lower frequencies since the
critical frequency f, scales as f, ~m?%/? [in virtue of
the Kepler’s law applied to Eq. (15)] and dramatically
decreases at smaller masses.

IV. RESULTS

In order to derive limits on the properties of ULDM
particles we compare the theoretical prediction of the GW
strain given in Sec. III with the experimental data by
keeping f = f fixed. This procedure allows us to set a
constraint in the (m,¢) plane by assessing the departure
from the pure GW emission. It is a conservative and robust
approach because any potential additional astrophysical
effects could only strengthen the constraints, albeit at the
expense of robustness. The purple shaded region in Fig. 3
denotes the parameter values for which the predicted strain
exceeds the error bar. As one can see, the NANOGrav
bound rules out BH-soliton mass ratios € < 0.2 in the range
of m between 1.3 x 1072! eV to 1.4 x 1072% eV. This can
be understood in terms of the soliton properties. Indeed,
from Eq. (5) one can easily read that the soliton radius
scales as m~2, while the critical distance in Eq. (15) scales
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FIG.3. The NANOGrav bound in the (m, €) plane. The scaling
relations suggested by DM-only numerical simulations and
SMBH dominance are shown as magenta lines with different
dashing (Solid: DM-only numerical simulations. Dotted: SMBH
dominance).

as r, ~m~12/11_ As a consequence, for m > 10720 eV the
critical radius exceeds the soliton core. Hence, the GW
strain recovers the standard power-law behavior. As already
commented in Sec. III this happened at a BH mass
M.~8x 103M, when the red lines of the differential
strain in Fig. 2 dramatically change their behavior. On the
other hand, for m < 1072! eV, the critical radius increases,
the deformation of the GW strain is shifted at lower
frequency (as one can see in the right panel of Fig. 2)
and it goes outside the NANOGrav frequency band. The
best sensitivity to ULDM is provided at m ~7 x 1072 eV,
when £ ~3 x 1075,

In addition to the NANOGrav bound, we also compare
such limit with two classes of complementary constraints.
The former solely refer to the soliton properties and are
given as follows:

(1) The lifetime of the soliton in presence of SMBHs:
As discussed in Sec. II C, the depletion of the soliton
occurs in a characteristic time given by Eq. (8).
This must be compared to the age of the Universe
when the bulk of the merging events occurred
(z~0.3, [6,114]), corresponding to 7y = 10.3 Gyr.
By choosing the BH peak mass coming from
standard SGWB signal, M.~ 1033M, solitons
formed by the condensation of ULDM particles
with m > 1072! eV are absorbed. Nevertheless,
we recall that this limit is subject of large uncer-
tainties coming from two main reasons: (i) the
absorption time strongly depends on the BH and

point particle masses. In particular, since for slight
increases of m the BH peak mass in the left panel
of Fig. 2 significantly shifts at lower value, the
lifetime of the surrounding solitons can span
several orders of magnitude. For example, choos-
ing a peak mass of 2 x 10’M, (black solid line
in the left panel of Fig. 2) the bound on the
ULDM mass from soliton absorption becomes
m > 10720 eV; (ii) the computations which lead
to Eq. (8) do not account for the effects related to
the gravitational backreaction of the surrounding
ULDM halo and the possible recondensation of the
soliton. As a consequence we do not show this
limit for lack of robustness.

When considering other processes that could
potentially deplete the soliton, it is important to
mention the tidal deformation of the core induced
by the companion SMBH, as discussed in [116].
Nevertheless, these effects do not significantly
impact the parameter space of our analysis due
to the relatively small gravitational coupling con-
stant. Specifically, for values of A on the order of
1072, the tidal field introduced in Ref. [116] is
several orders of magnitude below the threshold
for weak tidal deformation.

(i) The mass of the soliton: It is interesting to compare
the observational constraints of Fig. 3 to theoretical
expectations for the soliton mass. In Sec. IIB we
have discussed the scaling relations for the soliton
mass given in Eq. (6) and Eq. (7) which represent
the result of numerical simulations and the naive
estimate obtained in the full SMBH dominance
respectively. In particular, we focus on masses
m > 107! eV and consider M, = 5 x 10"?M, and
M. =10%M, as reference values for the galactic
halos and SMBH peak masses. In Fig. 3 the scaling
relations suggested by DM-only numerical simula-
tions and SMBH dominance are shown as magenta
lines with different dashing (solid: DM-only numeri-
cal simulations, dotted: SMBH dominance).

The second class of complementary bounds is related to
the possibility that ultralight scalar fields fullfilled the total
DM abundance. In such scenario, the wavelike behavior
of ULDM can leave an imprint in the early Universe
affecting astrophysical observations. In particular, the most
relevant is given by the latest Lyman-a (Ly-a) limit which
rules out ULDM masses below 2 x 10720 eV [117-120].
Furthermore, a recent study on a group of ultrafaint dwarf
galaxies also reports a tension with ULDM lighter than
102! eV [121]. However, as briefly stressed above, we
have to keep in mind that the bound derived in [117] relies
on the assumption that DM is only composed by ULDM
particles. If ULDM only contributes to a subdominant
fraction of a bigger dark sector, the Ly-a constraint can be
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significantly weakened. Hence, we do not show such
limit in Fig. 3.

V. CONCLUSIONS AND OUTLOOK

In this paper, we have studied the possibility of using the
recent NANOGrav SGWB measurements in the nHz
frequency band to put constraints on ULDM.

These candidates, with typical masses in the
10722 eV < m < 10729 eV range, give rise to dense cores
in the galactic centers, called solitons, which affect the
merging of the SMBH binaries during the GW emission.
Indeed, we have shown that the dynamical friction of
the SMBHs with the solitons dominates over the effects
sourced by the surrounding environment (stellar scattering,
baryon dynamical friction and viscous drag [100]) and
dramatically reduces the kinetic energy of the rotating
SMBHSs, so that the characteristic GW strain A (f) is
softened with respect to the one of a binary system
dominated by pure GW emission.

On a more specific level, we have presented our main
results in Figs. 2 and 3. In Fig. 2 we showed the effect of the
soliton dynamical friction on the strain for different values
of ¢ = M,/ Mgy to enlighten the softening of the signal in
the nHz band. In addition to the full strain we also have
reported the differential strain with respect to the BH mass,
thus inspecting which part of the SMBH population
contributes the most to the GW signal. In the € = 0 limit
we have recovered a well-known result; SMBHs with
masses around 103 M, mostly contribute to the character-
istic strain at the benchmark frequency f = 3.93 nHz
On the other hand, the novel effect of the soliton is to
shift the peak of the strain at lower SMBH masses. This
feature is fundamental when considering the depletion of
the soliton due the SMBH, since low BH masses favor
absorption times that are comparable to the age of the
Universe. In Fig. 3 we discussed how the dynamical friction
sourced by the soliton affects the NANOGrav measure-
ments by showing which parameter values of the (m,¢)
plane modify the strain significantly at f. The excluded
region runs in the 1.3 x 107" eV <m <1.4x 1072 eV
range for 107 < e <0.2.

DM-only numerical simulations find a scaling relation
that predicts M, in terms of the host halo and ULDM
masses. The magenta solid line, which is derived from the
aforementioned naive extrapolation of the scaling relation,
is completely covered by the NANOGrav excluded region
for the whole ULDM mass range. Nevertheless, a number
of theoretical considerations discussed in Sec. II prompt
us to question the adequacy of this naive extrapolation of
the soliton-halo relation, as it could lead to a substantial
overestimation of the soliton mass. For this reason, we
have introduced a lower bound on M, represented by a
dotted magenta line. This lower bound takes into account
potential complications related to the formation of

SMBHs that might inhibit the development of solitons.
Despite these uncertainties, the NANOGrav constraint
remains sufficiently stringent, spanning multiple orders
of magnitude in the parameter space. As a result, even with
the theoretical caveats surrounding the determination of
soliton mass, our findings still yield a robust constraint on
ultralight dark matter with minimal coupling to gravity.
Upcoming PTA experiments, such as 1PTA30 [122], will
explore frequencies up to around @(100) nHz and study a
SMBH population down to masses of approximately
M. ~10°M [123]. This progress offers the potential to
constrain significantly longer-lived solitons formed from
the condensation of ULDM particles with larger masses
compared to those currently probed by NANOGrav.
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APPENDIX: DIFFERENTIAL DENSITY
POPULATION

The differential density population in Eq. (17) can be
conveniently expressed in terms of the galaxy-stellar mass
functions (GSMEF, V), the merger rate of the galaxies (7)
and a galaxy pair fraction (GPF, P) [124]

dl’ls :T(MGahZ)P(M*aq*,Z)g (Al)
dzdg,dM, M, logl0 ©(M,,q,,z)dz’

Here we have ¥ = dn,/dlog,(M, and P = dF/dq,, F
being the fraction of merging galaxy pairs. All these
quantities can be written by using analytical expressions
that involve a number of fitting parameters [124]. In our
analysis we employ the parameters provided in Ref. [6]
following the GWOnly + Uniform setup. Notice that the
factor dz/dz converts the rate with respect to time into a
rate with respect to redshift and it is given by standard
cosmology.

An important point concerns the so-called SMBH-Host
relation. Indeed, the emitted energy in GWs, Eq. (16), is
written in terms of the BH relevant parameters, while the
integral in Eq. (17) runs over the host galaxies parameters.
We can write Eq. (17) as a function of the host parameters
by using a one-to-one correspondence between the galactic
stellar bulge and the SMBH masses [125],

M. Mbule
1 M) tal € ) LN (0e,). (A2
0g10<Mo> HT O OglO(lO“Mo) N e") (42)

Here M. and My, denote the BH and the stellar bulge
masses respectively, while A is the normal distribution
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with mean 0 and standard deviation €,. As before, we take
the fiducial values of the p, @, and €, parameters from
Ref. [6]. Finally, log;oq. = a,log;yq, assuming that the
normal distribution in the SMBH-Host relation gives a

negligible contribution due to the small standard deviation
€,, as showed in [6] and My, is related to the galaxy
stellar mass as Mo = fuige - M, Where fie # 0.615 is

the bulge fraction [6].
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