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We present a search for gravitational waves from inspiraling, planetary-mass ultra-compact bi-
naries using data from the first part of the fourth observing run of LIGO, Virgo and KAGRA.
Finding no evidence of such systems, we determine the maximum distance reach for such objects
and their merger rate densities, independently of how they could have formed. Then, we identify
classes of primordial black-hole mass distributions for which these rate limits can be translated into
relevant constraints on the mass distribution of primordial black holes, assuming that they compose
all of dark matter, in the mass range [107% 1073 M. Our constraints are consistent with existing
microlensing results in the planetary-mass range, and provide a complementary probe to sub-solar

mass objects.

I. INTRODUCTION

Black holes can form in the Universe from the core col-
lapse of stars, or the merging of neutron stars or black
holes. Since 2015, numerous gravitational-wave (GW)
observations has allowed us to probe these formation
channels and has revealed unexpected features [THI2],
such as low effective spins, black holes in the low-mass
gap ([3,5] M) [13], in the pair-instability mass gap [14]
or with very unequal mass ratios [I5, [16]. Though a
fraction of these could come from primordial black holes
(PBHs), formed through the gravitational collapse of in-
homogeneities in the early Universe [I7H21], uncertainties
in the astrophysical and primordial formation scenarios
and rates are too large to be able to disentangle the two
populations.

A relatively unambiguous way to discover a PBH would
be to detect a sub-solar mass black hole. Matched filter-
ing has been used to search for PBHs between [0.1, 1] Mg,
which has resulted in upper limits on the abundance of
PBHs in the Universe [22H28]. Probing below 0.1 Mg,
however, has been challenging for matched filtering be-
cause longer signal durations — O(hours — days) versus
O(100 s)- lead to an insurmountable number of tem-
plates to analyze. These difficulties have motivated
the development of time-frequency domain methods to
probe PBHs with masses between [1077,1072] M, [29-
34), which have been used [35] to obtain the GW con-
straints on planetary-mass PBHs using data from the
third observing run of LIGO, Virgo and KAGRA [36-
38]. Another possibility is to search for the continu ous,
almost monochromatic GW signal from the early inspiral
of planetary-mass PBH binaries within our galaxy [39-
a1].

In this letter, we use data of the first part of the fourth
observing run of LIGO, Virgo and KAGRA to search for
GWs from inspiraling PBH binaries. This work advances
beyond previous studies not only through the use of new
data, but also by identifying some relevant classes of PBH
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mass functions for which we obtain a significant con-
straint on the fraction of dark matter (DM) these PBHs
could compose. Additionally, we consider the impact of
binary eccentricity on our constraints.

II. THE SIGNAL

Inspiraling compact objects will lose orbital energy via
GW emission, causing their orbit to shrink over time.
When the objects are far from merger, we can write how
quickly the GW frequency changes over time, i.e. the
spin-up f, as [42):
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where M = % is the chirp mass of the sys-

tem composed of objects with component masses my, ms,
k oc M5/3 is a proportionality constant, fow is the GW
frequency, c is the speed of light, and G is Newton’s grav-
itational constant. We can then integrate Eq. over
time to obtain how the GW frequency changes with time
t:

fow(t) = fo |1 — %kfg/g(t—to) ; (2)

where tg is a reference time for the GW frequency
fo-  Eq. contains only the leading-order term in
the post-Newtonian (PN) expansion. However, the
impact of higher-order PN corrections on the sig-
nal’s time—frequency evolution is negligible for the non-
spinning, widely separated binaries considered here. We
discuss how this approximation affects our upper limits

in Section [Vl
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The amplitude ho(t) of the GW signal also evolves with
time [42]:
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where d is the luminosity distance to the source.

To determine how long the inspiraling systems consid-
ered in this paper will emit GWs, we can invert Eq. to
obtain the time to coalescence t.oa and let fow(t) — oo:
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We term these intermediate-duration signals lasting
hours-days “transient continuous waves”ﬂ whose chirp
masses would range from O(107° — 1072) M. Systems
whose chirp masses are less than 107> M, could spend
years in the LIGO-Virgo-KAGRA frequency band, and
are termed “continuous waves” — analogous to canoni-
cal GW emission from nonaxisymmetric rotating neutron
stars [44] — and were also searched for in this dataset [45].

III. THE SEARCH
A. Data

We consider data from the first part of the fourth ob-
serving run of the LIGO Livingston (L1) and Hanford
(H1) detectors, called O4aﬂ This observing run is more
sensitive than previous ones across the full frequency
band, but particularly at high frequencies [47H49]. Data
were collected between 24 May 2023 15:00:00 UTC and
16 January 2024 16:00:00 UTC, with L1 and H1 online
for 69% and 67.5% of that time, respectively. The data
are calibrated [50H52] such that, at worst, amplitude and
phase uncertainties at 1o are 10% and 10 degrees, respec-
tively. We used data from times at which the interferom-
eters were in “science mode” [53]. Virgo did not operate
during O4a, while KAGRA observed for one month.

The data structures that we used as the input to this
search are called short fast Fourier transform databases
[54], which contain frequency-domain representations of

I This term was coined originally in the context of signals arising
after pulsar glitches [43].

2 We used the channel GDS-CALIB_STRAIN_CLEAN_AR with
CAT1 vetoes [46].
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the data every ~ 17 minutes that are cleaned of short
time-domain disturbances (“glitches”) [54]. Because we
require the fast Fourier transform length Tppr < 17 min-
utes, we inverse Fourier transform the data to the time
domain and create new time-frequency representations of
the data with the desired Trp.
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B. Method

Standard searches for compact binary coalescences use
matched filtering to coherently match signal waveforms
to GW data. Such analyses work well for short-duration
signals, but for the long-duration signals present here,
matched filtering would be computationally infeasible;
thus, we employ a semi-coherent approach. We break
the data into coherent chunks of length Tgpr, and sum
the power across different FFTs incoherently. Such semi-
coherent searches require a choice of Tppr that ensures
that the GW frequency is monochromatic during each
FFT. Practically, Trpr is a function of M, fow and the
signal duration Tpyr, as described in Section [[ILC}

Here, we use the Generalized frequency-Hough to
search for GWs from inspiraling compact objects [29]
33, b3, [B6). For a given power-law model of the time-
frequency evolution of the signal (Eq. ), the General-
ized frequency-Hough operates on a time-frequency rep-
resentation of the data called the peakmap (PM), a col-
lection of ones and zeros that indicates the particular
frequencies whose power is a local maximum and greater
than a chosen threshold. This method performs a trans-
formation from the ¢t — fow plane of each detector sepa-
rately to the fy — M plane of the source. In doing this
transformation, we sum over different possible tracks in
the time-frequency plane to accumulate the “peaks” (the
ones) corresponding to specific chirp masses and coales-
cence times. The number of unique tracks to search over
depends on our analyses parameters — Trpr, TPy — and
faw.

In contrast to previous searches, we use an implemen-
tation of the Generalized frequency-Hough that is approx-
imately an order of magnitude faster than previous ver-
sions [57], permitting us to perform an extensive follow-
up campaign of significant time-frequency tracks.

C. Parameter space construction

We perform the search in a number of “configurations”,
where each configuration corresponds to a particular fre-
quency band [fmin, fmax|, TFFT, & peakmap duration Tpy
and a chirp mass range [Mnin, Mmax|. These parameters
are chosen to maximize the sensitivity, i.e. the distance
reach Eq. , towards systems with chirp masses be-
tween [Min, Mmax] by considering the changing noise
power spectral density of the interferometers, the varying
amplitude of the signal over time, and the steep increase
in f over time, which results in a decrease of the analy-



sis coherence time if we wish to confine the signal power
to one frequency bin during Tgrr. By looping over all
possible chirp masses and GW frequencies, we can em-
pirically determine these parameters by calculating the
distance reach, and grouping nearby points in the param-
eter space to be searched for in a single peakmap with
the criterion that no more than 10% sensitivity is lost
with respect to creating separate peakmaps for each of
those nearby points. To limit the computational cost of
the search, we require that the chosen parameters would
lead to detectable signals at least 0.1 kpc from us, and
the Doppler shift induced by the relative motion of the
Earth and source is confined to one frequency bin for the
signal duration.

At the end of this process, we obtain 685 unique config-
urations with Trpr € [2,13] s and Tpy € [2.3 h,6.75 d]
covering systems with M € [107°,1072] M.

D. Results

We perform the Generalized frequency-Hough on each
peakmap in each configuration per detector separately,
across the whole observing run Typs ~ 8 months. Can-
didates returned from each detector with similar chirp
masses and coalescence times are considered “significant”
and “in coincidence” if (1) their parameters do not differ
by more than three bins in the two-dimensional fy — M
parameter space, (2) their detection statistics, called the
“critical ratio” (C'R), are comparable (within 20% of each
other), (3) their average CR exceeds a threshold of ~ 7
determined by the trials factor and assuming Gaussian
noise, and (4) their time-frequency tracks do not overlap
by more than 30% with a known noise line [46}, 58].

Approximately 5 x 10° candidates passed these four
tests and were subject to a follow-up procedure in which
the original time-series data were demodulated based on
the expected phase evolution of the signal, obtained by
integrating Eq. (2). Such a demodulation will ideally
ensure the signal remains monochromatic during its du-
ration, thus permitting us to use a longer coherence time.

We then compute a new time-frequency peakmap af-
ter doubling Trpr, and apply the frequency-Hough [59],
which searches over residual fGW that may occur for
imperfect corrections.  Similarly to the Generalized
frequency-Hough, the frequency-Hough maps points in
the t — faw plane of the detector to lines in the fy— faw
plane of the source. We require that the new C'R exceeds
the previously found C'R, which would occur for a real
GW signal because the coherence time increased.

The parameters returned by the frequency-Hough are
then used to correct the peakmap for any residual mod-
ulations, which would lead to a monochromatic signal;
then, the peakmap is projected onto the frequency axis.
Nineteen candidates survived one doubling of Trpr until
the peakmap projection, after which all were vetoed. See
Appendix [A] for more details regarding the final stages of
the search and the threshold selection.

IV. UPPER LIMITS
A. Computing expected distance reach

The procedure for semi-analytically computing upper
limits on the search’s distance reach is described else-
where [33] and was used in [35], so we highlight only the
important aspects here and provide more details in Ap-
pendix [B] Although all coincident candidates have been
vetoed, we can still use their CR values as thresholds
to estimate the distance from which a real signal could
have originated in order to not produce a CR larger than
that observed in H1 and L1. If a GW arising from a
source a certain distance away can pass these thresholds
at least 95% of the time, we can set an upper limit on
the distance reach for sources similar to that particular
candidate dy,ax 959 at which 95% of injections would be
detected, i.e. at a particular time, frequency range, and
chirp mass. We can compute dpax 95% in two ways: (1)
by requiring that an injected GW signal in the data be
recovered with a C'R larger than that returned in both
H1 and L1 95% of the time, or (2) by analytically calcu-
lating the distance reach as a function of the coincident
candidates returned in the search. We choose to do the
latter, but verify that both approaches produce consis-
tent diax,05% upper limits — see Appendix [B}

For each of the coincident candidates in each configura-
tion before thresholding the detection statistic, we com-
pute dmax 05%- 10 be conservative, we use the maximum
detection statistic of coincident candidates returned in
H1 and L1, and apply the Feldman-Cousins procedure to
t [60], effectively increasing the C'R, thus reducing the
distance reach.

In each configuration, we compute the mean and stan-
dard deviation of the distance reaches over different de-
tector times and frequencies, which accounts for the vary-
ing power spectral density. Among all configurations, we
take the maximum distance reach at each chirp mass. We
also require that the time-frequency track of each candi-
date within Tpy; differs by no more than one frequency
bin from the time-frequency track that the signal would
follow at 3.5PN:
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where f55pN(t) is given by Eq. 5.258 in [42]. This cri-
terion has a bigger impact on the allowed candidates to
contribute to the upper limits for asymmetric mass-ratio
systems, since the mass ratio enters at 1PN.

Our search is sensitive to ultra-compact objects inspi-
raling for which M € [107°,1072] M, and whose time-
frequency evolution follow Eq. . Thus, we provide
in Fig. [I] constraints on the distance reach dpax 959 for
equal-mass systems that are independent of the nature of

the compact objects and of the binary formation model.
From Eq. 1j a power-law behavior of dyax 95% MB/4



is expected. Fitting the curve, we find a power-law index
of 1.24, within 1% from the theoretical value.

The procedure used to calculate dy,.x 95% has been val-
idated through injection studies in both O3 [33] and O4a
(see Appendix , in which we have tested performance
across different times and frequency bands at fixed chirp
mass. Its robustness to variations in curvature within
the time—frequency plane is further supported by previ-
ous injection campaigns targeting rapidly spinning down
isolated neutron stars in O2 [55], [61]. In those studies,
the algorithm tracked signals following distinct power-
law time—frequency evolutions with sensitivities consis-
tent with Eq. . Together, these results demonstrate
that the Generalized frequency-Hough performs reliably
across a broad range of chirping signals.
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FIG. 1. Model-independent distance reach constraints
for equal-mass inspiraling compact objects. We show
the distance reach at which 95% of signals would be re-
covered for equal-mass systems. The green shaded region
denotes one standard deviation uncertainty on the distance
reach, while the gray-shaded region indicates excluded dis-
tances. These constraints follow the expected power-law of
Aimax,95% X M/

B. Computing upper limits on merger rate density

We set upper limits on the merger rate density in a
different way than what is done to obtain dy,ax 95%. This
is because dpax 95% is calculated based on the returned
coincident candidates in the search. We set upper limits
on rate density not via dy,ax 959 to account for the dif-
ferences between our analysis and those in matched-filter
sub-solar mass searches [22H28].

We note that, in standard sub-solar mass searches [22}-
28], the loudest event across the whole parameter space
is used to set upper limits on rate density, which follows
the formalism in [62H64]. These are globally conservative
upper limits.

However, our search differs because the detection
statistic (the C'R) is updated throughout the follow-up
procedure. Additionally, the coincident candidates have
all been shown to be due to noise disturbances in the
follow-up (see Appendix[A]and Fig. |§| for details on these
CRs.) In essence, the threshold that we set on our statis-
tic, CRiny = 7, sets the sensitivity floor of the search: sig-
nals with CR > C Ry, enter the follow-up stage and can
be detected; signals with CR < C' Ry, are lost. Thus, we
can compute the upper limits on rate density by noting
that the probability density function of a certain value
of the CR, given that it originates from a signal at a
distance r away, is

—— ¢~ (CR=(D/)*)*/2, (6)

p(CR|r) =
21

where D is the collection of prefactors that denote the
distance away we could detect a signal as a function of
the chirp mass, the frequencies covered by the signal and
our analysis parameters Trpr, Tobs:
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See Appendix [B] for the full equation and its validation
against injections. .S, is the noise power spectral density
of the H1 or L1, N = T,ps/TrFT, and pg and p; are given

in Egs. (B2) and (B4]). The integral of Eq. @ gives the
efficiency €(r):
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Then, the co-moving spacetime volume (VT') can be ap-
proximated using Laplace’s method (see Appendix |C| for
more details) :

[ee]
(VT) = Tops / 4712 €(r) dr
0
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Assuming that the event rate for inspiraling ultra-
compact objects is Poissonian, consistent with other
searches [23, 24] 27], we can then calculate the upper
limits on the rate density at a chosen confidence level
a=0.9:

2.303

T (10)

Roow =



We show our upper limits on Rggy in Fig. [2] for equal-
mass and asymmetric mass-ratio systems. The rate den-
sity follows a power law of approximately R oc D™3 o
M~15/4 From fitting the curve, we find the power-law
index to be —3.66, a 2% difference.

C. Model-dependent constraints on PBHs

Translating these constraints into limits on the PBH
abundance is subtle and highly model-dependent. In-
deed, several binary formation channels have been pro-
posed and each of them depend on the PBH mass distri-
bution and subject to multiple astrophysical uncertain-
ties. Following state-of-the art rate prescriptions [65],
early-universe two-body binaries are typically the dom-
inant binary formation channel for the masses and DM
fraction relevant for this work. Their merger rate densi-
ties RS are given by
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where we define an effective parameter f as:
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where f(Inm) is the PBH mass probability density func-
tion, normalized such that [ f(lnm)dlnm = 1. fppu
is the total fraction of DM made of PBHs and f,, is a
merger rate suppression factor (= 1 if no suppression)
that accounts for the various mechanisms affecting the
binary orbital properties throughout the history of the
Universe [66], changing their merger time or destroying
the Constraining f eliminates the dominant sources
of uncertainty, namely those arising from the suppres-
sion factor and the mass distribution. In the following,
we will identify conditions on the mass distributions for
which the suppression is minimal, which is required to
lead to relevant constraints.

Compared to standard compact binary coalescence
searches, the distance is limited to our galactic environ-
ment. One therefore has to translate cosmological merger
rates into galactic rates, taking into account the galac-
tic DM density profile. If the galactic DM density was
the one at the Sun’s location, ppy ~ 106 Mg Mpe™®
[67], the merger rates would be enhanced to R = 3.3 x
10°R¢%, [29]. However, with Oda data, we can probe
source distances comparable to the distance to the Galac-
tic Center from Earth. We therefore have modified the
rates by a factor F'(d) that accounts for the integrated

3 The fraction of PBHs that originally form in binaries versus as
isolated systems is accounted for in the derivation of Eq. (11.

DM density profile centered on the sun location at 8.2
kpc from the galactic center, as described in Appendix[D]
Thus, we rewrite Eq. in both the equal-mass case

M -32/37
R =1.04 x 1076 kpc_?’yr*lF(d) (PBH) Fo3/37
Mg
(13)

where Mppy = 2'/° M, and the asymmetric mass-ratio
case

R =5.28 x 107 kpe 2yr~*

my \ B2 g\ T
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In Fig. |3| we show the constraints on f in the asym-
metric mass-ratio case inferred from Fig. (we do not
find relevant constraints in the equal-mass case).

D. Constraining fpeu from f

Though we constrain the effective parameter f down to
about 0.2 in a portion of the parameter space for asym-
metric mass-ratio binaries, in order to derive a meaning-
ful limit on fppy, given Eq. , we need to find regimes
in which fsup 2 0.04 or even close to unity. We identify
below some general conditions on the mass distribution
for which this is satisfied for asymmetric mass-ratio bi-
naries, and provide further details in Appendix for
equal-mass systems, which remain unconstrained in this

analysis.
For asymmetric mass-ratio binaries, we can constrain
53/37 . s N
fPB/H (Inms), under some sufficient conditions: (i) if

there is a peak in the distribution at the mass m;, such
that f(Inmq)Alnm; ~ 1 and the mean PBH mass is
(m) &~ mq, and (ii) if there is at least a small DM frac-
tion in heavy black holes, enough to seed PBH clusters,
such that the binary is unlikely to be perturbed by other
PBHs. In this case, we obtain fs,, ~ 0.5 and can con-
strain f(Inmsg) in the range 1076 < mgy /My < 1074, if
mq is at the solar mass scale, as expected in the mo-
tivated class of mass functions imprinted by the QCD
epoch [68]. The most stringent limit on f(Inms) is when
one assumes fppy = 1, but one should note that this
would be in conflict with existing limits. We show these
limits on f(lnmsg) assuming fppg = 1 in Fig. 4] which
can be compared to existing experiments.

V. CONCLUSIONS

We have performed a search for planetary-mass, ultra-
compact objects using data from the first part of the
LIGO, Virgo and KAGRA fourth observing run. Though
we did not find any significant events, we placed up-
per limits on both the distance reach and merger rate
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FIG. 2. Model-independent constraints on rate density at the 90% confidence-level for equal-mass (left) and
asymmetric mass-ratio inspiraling compact objects (right). These constraints are derived following the procedure
outlined in Section [[V Bl and obey the expected power law of R oc M~15/4,
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FIG. 3. Model-dependent constraints on asymmetric
mass-ratio inspiraling PBHs. We interpret the rate den-
sities in Fig. as arising from PBHs, and constrain the
effective parameter f as a function of asymmetric mass-ratio
PBHs using Eq. . We restrict the plot only to masses for
which f < 1, and note that we were unable to constrain f < 1
for equal-mass systems.

density of equal-mass and asymmetric mass-ratio ultra-
compact binaries. Moreover, for certain classes of for-
mation models, we constrain the fraction of DM that
PBHs could compose for asymmetric mass-ratio sys-
tems. Our work complements matched filtering searches
for sub-solar mass PBH binaries by considering lower-
mass regimes that would require too much computational
power to analyze with matched filtering. Our results
provide a complementary way to probe planetary-mass

PBH binaries that could form in clusters. In Fig. [d we
show how our bounds on f(Inms) compare to other ob-
servations, assuming fppy = 1. We also find that our
constraints are valid for systems with eccentricities as
high as 0.84 (see Appendix [E| for more details). Note
that each method has its own systematics and assump-
tions, and it may happen that microlensing constraints
weaken due to a better understanding of the galactic ro-
tation curves [80], which strengthens the argument that
we need multiple probes of PBHs in this mass regime.
Moreover, we note that PBH physics is an evolving field:
while we consider particular mass functions and condi-
tions to arrive at Fig. [} we emphasize that these limits
could change with time, and that different assumptions
could lead to different constraints. Hence, we release
the rate density constraints directly to allow readers to
choose their own ways of interpreting our results, along
with codes to generate these plots [506] [8THR3].

As we look forward to future ground- and space-based
GW interferometers that will probe even lower frequen-
cies than accessible now, the impact of eccentricity on
the inspiral signal will become even more significant.
Waveforms to handle eccentricity [84-H93] and DM effects
[04HI00] in matched filtering analyses are currently un-
der development, but these effects will not impact semi-
coherent analyses, such as the Generalized frequency-
Hough, as much. Our analysis thus allows us to be sen-
sitive to a range of rich physics while maintaining com-
putational efficacy.
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FIG. 4. Constraints on PBHs from this search, in red, and other GW and electromagnetic analyses. Our
limits on the mass function f(msz) (shorthand for f(Inms)) are valid for mass distributions respecting the conditions mentioned
in the text for asymmetric mass ratio binaries, assuming fpgn = 1. No curve is shown for equal-mass systems, as f<1lis
not constrained. We assume f(Inmi)Alnmi ~ 1 and use the corresponding values of f in Fig. I at m1 = 2.5 My to obtain
the red line on this plot. We emphasize that these constraints are valid only for the classes of mass functions discussed in
Section [[VD] If one wishes to produce our constraints for different choices of fppn, the red curve will be scaled upwards by

;1351?—’1/ 37 Constraints from other probes (microlensing and GWs) are also presented for comparison on fpgu, and are implicitly
valid for monochromatic mass functions and subject to astrophysical uncertainties. Purple curves correspond to constraints
from previous GW searches [22] 23] 28, [69H73], while dashed blue curves indicate microlensing constraints [74H77] that could
weaken significantly due to PBH clustering [78 [79]. Our constraints on the mass function in red should be referenced to the

red left y—axis, while all other constraints are directly on fppu and should be referenced to the right y—axis.

Appendix A: Details on final steps of the search

We select the top 1% of candidates in every Hough map
that is created. Each candidate is defined to have the fol-
lowing parameters (1) the signal frequency at a reference
time, (2) the chirp mass, and (3) the detection statis-
tic. The analysis of each detector’s data is performed
separately, meaning that we can look for coincident can-
didates, i.e. candidates with similar enough parameters
present at the same times in both detectors. We define
“close enough” to be three bins away:

ko — krro \ 20.LHO — Z0.LLO \
dist = 1/ ( “LHO_TLLO ZoLHO — Z0,L1O
" ( ok ) " ( 520 )

(A1)
where 6k and dz¢ are the bin sizes in each of the coordi-
nates in the Hough map. Note that we create the Hough

maps in the transformed coordinates z = 1/ f3/3 and k,
not fo and M — see [55] for details on this transforma-
tion. dk varies as a function of Tppr, & (M) and fo,
while §z¢ depends solely on fy and Trpr [65].

At this stage, we apply a threshold on the critical ra-
tio, C Ryny 2 7, that ensures that we only consider can-
didates with a false alarm probability of 1% (accounting
for the trials factor) in Gaussian noise. The data are
not Gaussian, which means that we tend to keep large
noise disturbances as well as potential signals. If we were
to have estimated a background for the C'R using time-
slides or another method traditionally used in compact
binary searches, we would have obtained a higher thresh-
old than C' R, ~ 7 due to the presence of non-Gaussian
noise disturbances. Thus, our threshold is conservative.

The number of coincident candidates that surpass
these tests is ~ 5 x 10°. Each of these candidates is
subject to a follow-up procedure: the data are demod-



ulated based on the candidate parameters, which would
lead to a perfectly monochromatic signal if the demod-
ulation was done correctly. The search is then re-run,
which a new Trpr equal to twice the original one. All
candidates are vetoed in this procedure, since they do
not produce C'Rs that exceed those from the first stage
of the search, as would be expected for a monochromatic
signal with increased TrpT length.

Appendix B: Obtaining distance reach upper limits

We describe how we set upper limits on the model-
independent distance reached as a function of chirp mass.
To do so, we employ a semi-analytic/ data-driven proce-
dure outlined in [33], which uses as input results from
our search (detection statistics and detector power spec-
tral density), and an equation for theoretical sensitivity
estimate of our method, as a way to obtain upper limits
on the maximum distance away that we could have seen
a source as a function of chirp mass, i.e. Fig. [l Such a
procedure was designed to avoid extensive injection cam-
paigns to set upper limits and instead use that computing
power to follow-up interesting candidates.

Even though each configuration is labeled by a par-
ticular chirp mass and starting frequency (M/,f; ;), the
peakmaps and Hough maps generated can actually probe
many different chirp masses and starting frequencies. Let
us label the space of chirp masses as Mj,. Within a given
Hough map (say j) for a particular configuration (say
1), all instances of M, (with any starting frequency f;)
are assigned a critical ratio (CR! ? g ;) per interferometer
IFO. We then compute the distance reach using Eq.
for each detector separately with the following:

5/3 2/3
o = 141 (GM> (f) TFFITZ
c? ¢ Tpm'/
4/3
Z GW,z
( Sn fGW 1))

1/2
(CR . \/ﬁerfc_l(ZI‘)>
where I' = 0.95 is the fraction of detectable signals in
repeated experiments, N = Tops/Trpr is the number of
FFTs used to make the peakmap, and pg is the probability
of selecting a peak above 6;,, = 2.5, the threshold on
equalized power in the peakmap:

—1/2

(B1)

1
po = e_gthr _ 6_29thr + 76_39H“. <B2)

and

1 1 1
p1 = Oinr <2e_0thr _ 56_20““' + 66—39nm> (B3)

1 1
+ 16726““ _ 66*39&”. (B4)

relates to the probability of selecting a peak above the
threshold 6y, in the presence of a weak monochromatic
signal [I0I]. We note that this equation is strictly valid
for signals lasting at least one sidereal day. However,
since it is evaluated millions of times for coincident candi-
dates occurring at random times in the run, the ensemble
of evaluations effectively samples all sidereal phases.

In Eq. , we must input a value for the CR
that accounts for the fact that this equation was de-
rived in the case of Gaussian noise, but our analy-
sis was done in real noise. We first take the maxi-
mum of the two C'Rs returned from each interferome-
ter: CR; ;1 z=maX1Fo(CR7Iigyl)- This is a conservative

choice, since it reduces dl .
average or minimum CR.

Then, we employ the Feldman-Cousins (FC) [60] ap-
proach, in which we assume that the C R follows a Gaus-
sian distribution, and map the measured CR;;,; to
a positive-definite value using the upper value of Tab.
10 in [60] at 95% confidence. Here, we input CR; ;1
into the Feldman-Cousins procedure. In other words,
CRyc,ijki = FC(CR; ;) in Eq. , which serves
to reduce the distance reach with respect to if we had
used just the maximum CR of the coincident candidates.
Thus, the meaning of the upper limit is as follows: a
real signal would need to have a critical ratio larger than
that used in Eq. in order to be detectable in 95%
of repeatable experiments, at a particular reference time,
chirp mass and frequency.

Let _us call the result of inputting C'Rpc,jx,; into
Eq. d{,j,w' For each combination of ¢, j, k, [ — which
corresponds to each coincident candidate we have in the
search, before applying any threshold or follow-ups —,
we compute a distance reach at which 95% of signals in
a repeated number of experiments would be recovered,
d?g%‘; ;» which represents, in repeated experiments, the
distance at which 95% of signals with a given chirp mass
at a given time during the run would have been detected.

We then take the median of all the distances over the
duration of the observing run, i.e. d?’i% = median(d?i‘y,‘;)
over each set of Tops/Tpym values, leading to one distance
reach per configuration per probed chirp mass. These
denote the different sensitivities of each configuration to
that particular chirp mass, some of which will be more
sensitive than others. Therefore, we take the maximum of
these distances for each chirp mass as the distance upper
limit, i.e. dpyax95% Kk = max(d?i%), which are shown in
Fig.[1

The upper limits in Fig. [I] are independent of any
population or formation model for planetary-mass ultra-
compact objects. They indicate that a system with a
given chirp mass could have been detected in 95% of re-
peatable experiments at a particular distance away from
us.

As shown in [29] B3], [40, [55], the use of Eq. pro-
duces consistent upper limits compared to those that
would be obtained by injecting simulated signals. We
also provide an injection study done in this dataset for

with respect to using the



a range of chirp masses in Fig. For each chirp mass,
we perform fifty injections over a range of distances away
from us, and determine the distance reach at which we
recovered at least 95% of injections above C Ry, = 7 in
both detectors. We compare our results to the theoret-
ical distance reach at 95% efficiency given by Eq. .
Note that Eq. represents population-averaged upper
limits; therefore, we must specialize this equation to the
specific sources we simulate in order to compare them
to the sensitivity obtained through injections. In par-
ticular, we account for the fact that we have simulated
fifty sources with (1) specific choices of inclination and
polarization angles, and sky position, and (2) durations
that are much less than a sidereal day, both of which
affect Eq. . This per-source factor C,, where s de-
notes the source number, must be divided out of Eq.
to specialize it to a particular source [I01], as discussed
previously in the appendices of [40] [T02):

2
C. — S(X,57’L[),COSL
s— A\ T g2
\/ S; ’

4
S(?K,(S,w,COSL = <(F+A+ + FXAX)2>CE,6,w,c03L ~ %

(B5)

where
(B6)

is the factor obtained normally in the derivation of
Eq. by averaging the induced strain over one side-
real day, sky position «, §, cosine of the inclination angle
cos ¢, and the polarization angle 1. Additionally, A4 and
Ay are the plus and cross polarizations of the GW, given
by:

1+ cos? ¢
= 5 ,
Ay = cost.

Ay

The factor S? is obtained at the specific parameters of
the source:

St = (F) AL + (F), A%, (BY)
where 1 has been averaged out, and the average over
time t is taken only over the duration of the source, and

F(t) (t) cos 2¢) + b(t) sin 24,

=a (B10)
Fy (t) = b(t) cos 2¢) — a(t) sin 24,

(B11)

are the time-varying beam pattern functions. The func-
tions a(t) and b(t) are given in [T03].

We calculate C = mean(Cy) as an average over the 50
source-specific factors Cs, and then divide Eq. by
C to plot the dark blue curve in Fig. Furthermore,
we shade the £1o around the dark blue curve, which
encapsulates the range of possible C, i.e. o = std(Cs).
Finally, the upper limits that we quote in Fig. [1| rely on
the application of the Feldman-Cousins procedure, so we

reevaluate the theoretical curve at C Rpc = FC(C Ry, =
7) = 8.96 for comparison. We see that the injections lie
comfortably within the shaded area and are consistent
with both the source-specific theoretical curve and the
Feldman-Cousins curve.

1024 +10 region
- source-specific ﬁ
—— Feldman-Cousins upper limit

B Injection results

10" 4

distance reach dgse, (kpc)

100 m

Source duration: 7000 s

Terr =25

1074 10-
chirp mass M (M)

FIG. 5. Comparison of upper limits on distance reach
calculated through injections and with the formula
given in Eq. (B1]). The blue line indicates the theoreti-
cal expectation for the distance reach at 95% confidence, ad-
justed by the source-specific factor C (see text for details).
The shaded region denotes the +10 uncertainty on the dis-
tance reach based on the range of source-specific Cs values.
The magenta points indicate the derived distance reach at
which 95% of injections are recovered in our simulations. The
green line indicates the upper limit that we would actually
quote based on the Feldman-Cousins procedure. Our results
show that the injection studies agree well with the theoretical
blue and green curves and fall well within the shaded region.
For each set of fifty injections, at each chirp mass, performed
at different distance reaches to derive these results, we ana-
lyze different frequency bands and different times across the
O4a dataset.

Appendix C: Obtaining rate density upper limits

For a fixed chirp mass and frequency range, the only
parameter that affects the efficiency of the search is the
GW amplitude — or, equivalently, the source distance —
from the interferometers, so the space-time volume (VT
to which we are sensitive can be written as

(VT) = Tope /0 " drr? e(r) d, (1)

r is an arbitrary distance and e(r) is the efficiency curve,
given by Eq. (8)). To compute (VT), we can use Laplace’s
method, which allows us to solve this integral analytically
by considering its asymptotic behavior. We define
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FIG. 6. The critical ratios of coincident candidates re-
turned in our search whose CR > CRyn, = 7. Candidates
with CR < CRyy, are not shown. CR is averaged from can-
didates returned in both H1 and L1, and corresponds to the
candidates that we followed up, all of which were vetoed. In
order to compute upper limits on distance reach, we use these
CRs in Eq. and apply the Feldman-Cousins procedure
[60] that effectively increases C'R to ensure 95% confidence-
level coverage. In other words, real GW signals would have
had to generate C'Rs above the ones in this figure at a given
chirp mass, time and frequency to have been detected by our
search 95% of the time.

CRu — (2)°

\/§ )

where D is given by Eq. @ and C Ry, = 7 is the thresh-
old on the critical ratio that we use to determine which
candidates to follow up, and expand linearly around
7« = D/+/CRypy, which is the point at which 2 = 0:

(C2)

X

dx

+ d?‘ (7"_7"*)7

r=r,

V2CRY?
= Tth(T —Ty)s (C3)

and thus

e(r) ~ %erfe <\@C]_;Rthr(r - r*)> . (C4)

To leading order, we can replace €(r) by a step function at
the transition point 7., where the inverse error function
erfc starts to rapidly decrease for values r > r,.

(VT) ~ Tobs/ 42 dr, (C5)
0

4 D 3
o Topeatt | e | . C6
> 37T<V0Rthr) ( )
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Suppose that we would like to check what the next-to-
leading correction would be, to ensure that it is small
with respect to what we quote in Eq. @D To do this,
we can change variables such that u = a(r — r,), where

2CR3/? . .
a= % and write the integral as

(VT) = Tobs47r/ e(r)r*dr
0

1 oo
~ Tobs4777 /
a

—ary

%erfc(u) (r* + %)2 du. (C7)

Splitting erfc(u) into a step-function piece and a correc-
tion piece:

%erfc(u) = H(~u) + s(u), (C8)

where
o0 = it 2w = ({55072 20
(C9)

and noting that s(u) has the following properties:

/OO s(u) du =0, /OO us(u)du:i,

— 0o — 0o

(C10)

we can calculate the next-to-leading-order piece of (VT):

1 /1 w2
A(VT) = 4nTops~ | = s(u) (r*+f) du. (C11)
a ) o2 a

Here, we have extended the lower bound from —ar, to
—o00 because the integral takes on the largest values
around r = r, Using Eq. (C10) and dropping the u?

term, we arrive at:

T

2a2’
3

AVT) = dnTops

= A7 Tops (C12)

7/2°

thr
Finally, we can express the leading- and next-to-leading-
order contributions as:

(VT)oe = (VT) + A(VT)

4( D )3[1—&— 34

>~ Tops=T | ——= — e +...

>3 \ VC R ACRZ
(C13)

Given that we use C Ry, = 7 in this paper, the next-
to-leading-order term is of O(1072) and can thus be ne-
glected, allowing us to safely set (VT), , = (VT).



From (VT), we can compute the rate density con-
straint by assuming that the event rate for inspiraling
planetary-mass ultra-compact objects follows a Poisso-
nian distribution, which is consistent with our expecta-
tions of how binary black hole objects inspiral and merge.
The rate density equation can be derived independently
of GW data analysis: we only need to consider inspirals
as a Poisson process with a mean number of expected
events of A = R (VT). In a Poisson process, the proba-
bility that we observe zero events N is:

P(N =0|\) =e? (C14)
To obtain an upper limit at a given confidence level «,
we simply need to set:

P(N=0\)=1-a=¢" (C15)

By setting a = 0.9 and solving for R, we obtain Eq. (10).

Appendix D: From cosmological to galactic rates

In this section, we describe the methodology to obtain
galactic merger rates as a function of the distance reach D
outputted by the search. The expected rate is obtained
from the cosmological merger rate densities, multiplied
by the probe volume %ﬂ'D?’ and by the ratio between the
averaged DM density in this volume and the cosmological
density. We use a standard Navarro-Frenk-White profile,

Po
— (D1)

with Ry = 21.5 kpc and py = 8 x 108 Mgkpe™>. Using
another type of profile, such as a Einasto profile, only
changes our results marginally. The enclosed DM mass
Mpnm(D) is obtained by integrating the profile centered
on the Sun’s location, at R = 8.2 kpc from the galactic
center, to get

™ D
MDM(D> = 27T/ / 7‘2
0 0

X p (\/r2 +R2 — 2Ry cos(¢)> sin(¢)drdg.  (D2)

p(r) =

We then compute the factor F(d) as the ratio between
the averaged density at distance d and the density at the
sun location. The obtained value of F(d) is shown in
Fig.[7l As expected, it is close to one for short distances
compared to the galaxy scale. It shows a slight peak
at d ~ 8 kpc that corresponds to the distance of the
galactic center where DM density is strongly enhanced.
But we note that the rate enhancement is small because
the search is sensitive to all directions of the sky and
not only the galactic center. At larger distances, F'(d)
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decreases and above 50 kpc, it decreases like 1/d? as ex-
pected given that the DM density decays and the to-
tal mass probed does not vary much. We then obtain a
constant rate value compatible with the one calculated
in [29], R &~ 2 x 1078 x RE'™ Gpe?,

CcOoSs

1004 =7y

1074 \

F(d)

10724 Ss

10-3 1

0 50 100 150 200 250 300
distance d (kpc)

FIG. 7. How the factor F(d) falls off as as a function
of distance from Earth. F(d) encodes the ratio of the
averaged DM density at a distance d compared to that at the
Sun’s position.

Appendix E: Evaluating robustness of constraints
1. Eccentricity

Our constraints have implicitly assumed that GWs
from inspiraling compact objects follow the time-
frequency evolution f355pn(t). It is, however, worth dis-
cussing whether additional physics could affect our abil-
ity to set upper limits on PBHs. We consider to what
extent binary eccentricity would alter our conclusions.
To do this, we require that the frequency shift induced
by eccentricity would be confined to one frequency bin
for the total signal duration. In other words, we can-
not distinguish between f55pn(t) and the signal time-
frequency evolution with eccentricity. The key quan-
tity here is the time-frequency track: eccentricity does
not cause frequency fluctuations throughout the signal’s
time-frequency track by more than one frequency bin. In
other words, if [41] [42]

fawg(e)Trrr < T ! (E1)

FFT

we would not miss eccentric systems. The function that
characterizes the eccentricity e is given by [42]:

gle) = (1 - 62)_7/2 (1 + 562 + 3;64) : (E2)

Plugging Eq. into Eq. (E1) and solving for g(e), we
obtain:



( 1s )2 <103M®>5/3 (100Hz>”/3
g(e) < 8000 .
TrrT M Jfow

(E3
Solving for the eccentricity is analytically unfeasible, so
we numerically compute the maximum eccentricity emax
to which each configuration is sensitive. Given that each
configuration covers a wide range of fow and M, we
calculate the median e,,x by sampling over the range of
faw, M each configuration could detect. We plot these
median ena in Fig. For comparison, a pessimistic
evaluation of Eq. using the maximum frequency and
chirp mass in each configuration results in a sensitivity
to binaries with maximum eccentricities of [0.33,0.72],
with a median of 0.46. On the other hand, an optimistic
evaluation using the minimum frequency and chirp mass
probed in each configuration would permit us to detect

binaries with eccentricities between [0.86,0.97], with a
median of 0.91.
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FIG. 8. The median maximum eccentricity that each
configuration in our search could probe. We show that,
for asymmetric mass-ratio systems, we can be sensitive to
eccentricities as high as 0.84, depending on the GW frequency
and chirp mass of the system.

2. Conditions on the PBH mass distribution

Calculating PBH merger rates is highly model-
dependent. In particular, the choice of the PBH mass
distribution can significantly affect the predicted sup-
pression of merger rates. This suppression mainly arises
from the disruption of binaries, either through early in-
teractions with intruding PBHs or via late encounters
with other PBHs within clusters formed by Poisson fluc-
tuations. Some sufficient conditions to avoid such a sup-
pression have been identified, and in this appendix we
provide a more detailed explanation for these conditions,
based on the current prescriptions for the merger rates.
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a. Farly perturbers

The first two conditions ensure that most binaries are
not gravitationally bound to their neighbors when form-
ing. Assuming fppu > om (where o3, is the variance
of matter density perturbations at the time the binary
forms), the suppression factor associated with the early
disruption of binaries by a nearby intruder can be ex-

pressed as [65] [66, 104]:

(dist) <m2>/<m>2>‘””4 A
fsup ~ 1.42 (N(y)+04 € p( N)a

(E4)
where N is the expected number of PBHs within the
binary’s sphere of influence at scale factor a, given by

M fpBH

N= (m) fPBH + Geq/a’

(E5)
with M denoting the total mass of the binary, (m) =
ppau/npeu the average PBH mass, and aeq the scale fac-
tor at matter-radiation equality. Since the number den-
sity of PBHs, npgy, scales inversely with mass, lighter
PBHs can significantly outnumber the PBHs from the
peak, even with a subdominant contribution to the total
PBH energy density, increasing N and driving the sup-
pression factor towards zero. Consequently, only mass
functions with a suppressed low-mass tail can survive
such heavy disruption. In these cases, for symmetric bi-
naries, one typically finds N ~ 2 yielding a suppression
factor of fsup ~ 0.2. For asymmetric binaries, M =~ m;
such that N ~ 1, which yield a suppression factor of
fsup = 0.5. These are the two cases we consider to pro-
duce Fig. [4

b. Late perturbers

One additional condition that must be fulfilled in all
scenarios is to avoid the rate suppression due to the inter-
actions of the binaries with PBHs inside clusters seeded
by Poisson fluctuations. The standard prescription, vali-
dated by numerical simulations for peaked distributions,
leads to a rate suppression factor today approximately
given by

7 ~ 0,01 (56)
when a significant DM fraction is made of PBHs, i.e. an
additional suppression by up to two orders of magnitude.
However, we can show that such a suppression can be
avoided for low-mass PBHs. From Ref. [65], binaries are
perturbed by encounters with PBHs of mass mg inside
clusters when the impact parameter is

b < [ms(my + ma + mg)]1/3 Ti/Q

i (my + mo) Yo,

(E7)



where r, is the separation and j, the angular momen-
tum of the binary, expected to merge today, for which
estimations are provided in Ref. [65],

71072 (Mt me I (Amama)¥3T 6 )ar
Jr . M, (my + my)6/37 /PBH
(E8)
and
1/4
ro = 2.13 x 10°m x {mlmz(]%+m2)} . (E9)

and where v,¢] is the relative velocity, of same order than
the virial velocity of the cluster. The corresponding inter-
action cross-section is then given by ¢ = 7b? and one can
then estimate, for each PBH mass mg with an abundance
characterized by f(lnms), the typical time it takes to
perturb the binary, tpe;y = 1/[n(mg)ovrel], where n(ms)
is the number density of perturbers of mass mg in the
cluster. For a wide mass distribution, one has to inte-
grate n(ms)ouye over the full distribution to get the total
perturbation rate. For simplicity, we only show here that
any value of ms gives rise to tpert > to, the age of the
Universe, with some conditions on the PBH clusters. But
in general, tpery depend on the typical clustering scale.
From Ref [65], this time was found to be typically much
smaller than the age of the Universe, leading to auto-
matic binary perturbations in clusters. Nevertheless, the
clustering process is complex and is also impacted by the
dynamical heating of small clusters and their dilution
in larger clusters. As explained in [105], if there exist
a mass range m in the distribution for which one has
f(m)m/Mg ~ O(1), then the smallest clusters will have
a radius of order 20 parsecs and a mass around 10° M,
that could be associated to ultra-faint dwarf galaxies, a
larger value of that combination being excluded by the
observations of these ultra-faint dwarfs. These clusters
would have virial velocities of order of a few km/s. We
have calculated the interaction time needed to perturb
binaries with component masses m; and mo as

tpert & 2.7 X 1010y x fp_g?{/luf(lnmg)fl
o (e ~fis ms 5 mi + ms it
M3 Mg Mg
-3 -3 5/2
o (Tt matms Ma Tel
Mg Mg pc ’

(E10)

where M, and r. are the cluster mass and radius, re-
spectively. Taking f(lnms) = 1, for the typical above-
mentioned clusters and the relevant masses and values of
fpu for this work, this time is found to exceed the age
of the universe, lower abundances leading obviously to
even larger interaction times. But let us note again the
importance of the large cluster mass compared to what
was considered in [65] [104]. A heavy-mass tail in the dis-
tribution, or of a high peak at the solar-mass scale with a
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significant fpgy, are therefore required to prevent merger
rates to be suppressed due to PBH clusters.

Finally, let us notice that we have checked that the
other PBH binary formation channels, reviewed in [65],
namely the 3-body early binary formation channel and
the late 2-body and 3-body channels in PBH clusters,
generically lead to lower merger rates than for early bi-
naries, for significant values of fppy, both for equal-mass
subsolar mergers and for asymmetric binaries. These
have therefore not been considered in our analysis.
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