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Search for subsolar-mass binaries in the first half of Advanced LIGO and Virgo’s third
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We report on a search for compact binary coalescences where at least one binary component
has a mass between 0.2 Mg and 1.0 My in Advanced LIGO and Advanced Virgo data collected
between 1 April 2019 1500 UTC and 1 October 2019 1500 UTC. We extend previous analyses in
two main ways: we include data from the Virgo detector and we allow for more unequal mass
systems, with mass ratio ¢ > 0.1. We do not report any gravitational-wave candidates. The most
significant trigger has a false alarm rate of 0.14 yr~'. This implies an upper limit on the merger
rate of subsolar binaries in the range [220-24200] Gpc~3yr~! | depending on the chirp mass of the

binary. We use this upper limit to derive astrophysical constraints on two phenomenological models
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that could produce subsolar-mass compact objects. One is an isotropic distribution of equal-mass
primordial black holes. Using this model, we find that the fraction of dark matter in primordial
black holes is freu = Qpeu/DM < 6%. The other is a dissipative dark matter model, in which
fermionic dark matter can collapse and form black holes. The upper limit on the fraction of dark
matter black holes depends on the minimum mass of the black holes that can be formed: the most
constraining result is obtained at Mmin = 1 Mg, where fopu = Qpeu/(DM < 0.003%. These are
the tightest limits on spinning subsolar-mass binaries to date.

I. INTRODUCTION

The first detection of gravitational waves from a binary
black hole (BBH) merger in 2015 [1] has given us a new
way to study the universe. Since then, dozens of grav-
itational waves (GWs) have been detected in Advanced
LIGO [2] and Advanced Virgo [3] data. The LIGO Scien-
tific, Virgo, and KAGRA Collaboration (LVK) have re-
ported the discovery of GWs from approximately fifty bi-
nary black holes (BBHs), binary neutron stars (BNSs), or
neutron star black hole mergers (NSBHs) [4-6]. Further
analyses on public data [7, 8] have resulted in the discov-
ery of other compact binaries [9-13]. The gravitational-
wave sources presented in [4, 5] are already being used
to answer key questions including cosmological measure-
ments [14-18], analyses of the mass and spin distribution
of compact objects, their formation channels [19-27], and
tests of general relativity [28-30]

The black holes detected with gravitational waves can
have masses larger than those discovered in X-ray bina-
ries [31-34]. Several GW sources have challenged our
understanding of astrophysics and stellar evolution [35-
43]. One such source is GW190521 [36, 37], a system
whose most massive black hole might have a mass in
the pair instability mass gap [37, 44-46] (but see e.g.
Refs [47-52]). With a mass of ~ 142 M, the merger
product of GW190521 was likely an intermediate mass
black hole [37, 53]. At the other end of the mass spec-
trum, the lightest object in GW190814, a ~ 2.6 M, com-
pact object, was either the heaviest neutron star or the
lightest black hole ever discovered [38, 54-57].

There are no widely accepted astrophysical channels
that predict the formation of subsolar-mass (SSM) ob-
jects significantly more compact than white dwarfs. Since
the endpoint of stellar evolution of massive stars is ei-
ther a neutron star or a supersolar-mass black hole, the
existence of a compact object below 1 M would be in-
dicative of a new formation mechanism, and potentially
of new physics.

One possible scenario for the formation of SSM black
holes is the collapse of overdensities in the early universe,
resulting in primordial black holes (PBHs) [58-61]. The
amplitude of primordial fluctuations on very small scales
[62, 63], together with the equation-of-state of the early
universe [64, 65], determines the mass and abundance
of these objects [66, 67]. In particular, their masses

* Deceased, August 2020.

might be in the range probed by ground-based detec-
tors [63, 68, 69], and so the mass spectrum is constrained
by gravitational-wave data [70-76]. Alternatively, if dark
matter has a sufficiently complex particle composition,
which allows for chemistry and dissipation, small com-
pact objects could form through the cooling and grav-
itational collapse of dark matter halos [77-79]. If dark
matter is sufficiently dissipative, compact objects would
form through pathways similar to known astrophysical
channels, with details dependent on the interactions spe-
cific to the dark sector. Dissipative dark matter models
that produce black holes in the subsolar to supersolar
range were recently constrained in [80] by analyzing LVK
data. Another possibility is that ultralight bosonic fields
clump together to form self-gravitating, horizonless com-
pact objects, known as boson stars [81-83]. Their maxi-
mum mass depends on the mass of the bosonic particle,
hence they might be subsolar if the latter is larger than
10710 eV/c? [84, 85]. Finally, some dark matter mod-
els predict the formation of ~ 1M, black holes through
the accumulation of dark matter particles in neutron star
cores [86-92]. Black holes formed via this class of mech-
anisms would have masses comparable to or smaller than
the mass of the neutron star.

Searches for compact binaries with at least one
SSM component have been carried out in both Initial
LIGO [93-95] and Advanced LIGO and Advanced Virgo
data [96, 97]. Advanced LIGO and Advanced Virgo data
have more recently been analyzed in [98-100] for sys-
tems with lower mass ratios and higher eccentricities
than those considered by the LVK. No detections were re-
ported. In this Letter, we report the results of searches for
SSM compact binaries in the first half of Advanced LIGO
and Advanced Virgo’s third observing run (this is the first
half of the third science run, henceforth O3a). While no
sources are detected, we obtain limits on the abundance
of monochromatic PBHs and black holes formed by dis-
sipative fermionic dark matter.

II. SEARCH

The data used for this Letter were collected during
03a by the Advanced LIGO and Advanced Virgo inter-
ferometers between 1 April 2019 1500 UTC and 1 Octo-
ber 2019 1500 UTC. The data characterization and cal-
ibration were performed as described in Refs. [5, 101-
103] with the addition of a non-linear removal of spectral
lines [104, 105].

We present results from three matched-filter based



pipelines: GstLAL [106-108], MBTA [109], and Py-
CBC [110-115]. These analyses correlate the data with a
bank of templates that model the gravitational-wave sig-
nals expected from binaries in quasi-circular orbit. The
bank is designed to recover binaries with (redshifted)
primary mass m; € [0.2, 10 |Mg and secondary mass
mz €[0.2, 1.0 |[My. We additionally limit the binary
mass ratio, ¢ = mg/my, to range from 0.1 < ¢ < 1.0.
We include the effect of spins aligned with the orbital
angular momentum in the gravitational waveform used
in the template bank [116]. When a binary component,
m;, has a mass m; > 0.5 Mg, we allow for a dimen-
sionless component spin up to 0.9. For compact objects
with m; < 0.5 Mg, we limit the maximum dimension-
less spin to 0.1. We chose to restrict the possible spin
magnitude in the low-mass part of the template bank,
and not to allow for spin precession in order to reduce
the computational cost. All three searches use the same
template bank, constructed using a geometric placement
algorithm [117] with a minimum match [118] of 0.97.
This ensures that no more than 10% of astrophysical sig-
nals can be missed due to the discrete template place-
ment. We use the TaylorF2 waveform [119-129], includ-
ing phase terms up to 3.5 post-Newtonian order, but no
amplitude corrections.

This search covers a larger mass and spin range than
the last LVK analysis for SSM objects [97]. As a result,
we require approximately twice as many template wave-
forms to effectively cover the search parameter space. To
reduce the computational cost of the search, we analyze
the data from 45 Hz instead of 15 Hz (as in the searches
described in [5]). We estimate that this restricted band-
width results in a maximum loss of signal-to-noise ratio
(SNR) of 9%, relative to what would be obtained filtering
from 15 Hz. In turn, this results in a maximum reduction
of the surveyed volume of 24%.

The three pipelines used in this Letter are described
in more detail in Ref. [5, 105]. Here we only highlight
differences in the way each pipeline has been run for this
analysis, as compared to Ref. [5, 105].

GstLAL’s [106-108] detection statistic is unchanged
relative to Ref. [5]. GstLAL reweighs waveforms in the
template bank according to the characteristics of the ex-
pected population [130]. However, because SSM popula-
tions are yet to be observed we use a population model
uniform in template density for this search. GstLAL uses
a similar procedure to the one it employed in Ref. [3§]
and includes all events from the analyzed period in the
noise background to provide a conservative false-alarm-
rate estimate. As in previous SSM searches [96, 97| we
do not use a gating scheme to account for loud noise ar-
tifacts [106]; instead we rely on statistical data quality
information from the iDQ algorithm [131, 132].

The MBTA pipeline splits the matched filtering in two
different frequency bands in order to reduce the com-
putational cost [133, 134]. The set-up of the search is
unchanged with respect to Ref. [109] with two excep-
tions in order to adapt to the extended duration of low

12

mass binaries: we use longer stretches of data to perform
fast Fourier transforms (FFTs) and to calculate the noise
power spectral density (PSD). For the FFT, we use from
seconds to hundreds of seconds of data, while the PSD
update time is up to two times longer than for standard
BNS searches, depending on the frequency region under
consideration.

The PyCBC pipeline [110, 112-115, 135] is unchanged
relative to the configuration described in Ref. [105]. How-
ever, the sine-Gaussian veto described in Ref. [136] is not
used, due to the low total mass of the template bank.

III. RESULTS

No gravitational-wave candidates were identified by
any of the search pipelines. The most significant can-
didate has a false-alarm rate (FAR) of 0.14 yr=!. The
lack of detections can be recast as an upper limit on the
merger rate of compact binaries. First, we estimate the
sensitivity of each search pipeline for binaries in a given
population. This can be done by computing the surveyed
time-volume:

dVv

(VT) = T/dz(l—l—z)dz

e(2);, (1)
where T' is the analyzed time and €(z) is the efficiency.
The efficiency represents the fraction of astrophysical
sources in the population which are detectable at a red-
shift z. The efficiency can be written as the probability
that a binary with parameters g is detectable (a quantity

=

often referred to as pget (0) in the literature, e.g. Ref. [19])
integrated over the distribution of all parameters but the
redshift. Therefore, in order to calculate Eq. (1) we need
to assume a model for the mass distribution, spin distri-
bution, sky positions and orbital orientations [137-139].
Since we are only sensitive to nearby (z < 0.12) sources
we treat the merger rate as constant.

Each pipeline estimates its sensitivity by simulating
gravitational-wave signals from a population of SSM
compact binaries and adding them into the collected
data. We simulate a population with a uniform distri-
bution of source masses in the range 0.2Mg < m; <
10.0Mg and 0.2Mg < mg < 1.0Mg. We make an addi-
tional detector frame mass cut m; < 10Mg (ma < 1Mg)
due to the template bank coverage. We reject binaries
with mass ratios exceeding the 0.1 < ¢ < 1.0 bounds of
our search. The dimensionless spins are again assumed
to be oriented in the direction of the angular momentum
for computational reasons. The spin magnitude is uni-
form in the range —0.1 < x; < 0.1 (0.9 < xx < 0.9)
when my < 0.5Mg (my > 0.5Mg). The sources are
uniform in comoving volume, isotropically distributed on
the sphere, and randomly oriented. We use the Planck
“TT, TE,EE+lowP+lensing+ext” cosmology [140].

Since the search sensitivity is primarily a function of
chirp mass, M = (mim2)3/°/(m1 + mg)'/° [141], we
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FIG. 1. Upper limit on the merger rate of binaries with at

least one SSM component as a function of source frame chirp
mass. The dotted, dashed, and solid lines represent the 90%
confidence limits obtained by GstLAL, MBTA, and PyCBC,
respectively.

break this population into 9 equally spaced chirp mass
bins in the range 0.17Mgy < M < 2.39M,, to determine
(VT)Y(M).

Treating each chirp mass bin as a different population,
labeled by an index i, we can use the surveyed time-
volume [142] (V'T); for each chirp mass bin to estimate a
frequentist upper limit (90% confidence interval) on the
merger rate of that population by using the loudest event
statistic [96, 97, 143]:

Roo,: = m (2)

This is shown in Fig. 1 for the three pipelines. Although
the pipelines generally agree, differences in background
estimation and ranking statistics can lead to (V'T) mea-
surements that agree to within O(30%). In what follows,
we use the MBTA results as our fiducial rate constraint.
Instrumental calibration errors were at most ~ 3% in am-
plitude in the bandwidth relevant for our analysis, and
usually much smaller [101]. At most, they could con-
tribute a ~ 10% uncertainty in our (VT'); measurement.
We follow [19, 105] and neglect their impact in the re-
mainder of this work.

For any astrophysical model that could generate SSM
binaries, the merger rate upper limits can be used to
set constraints on the model parameters. Here we fo-
cus on two such models: formation of PBHs catalyzed
by three-body interactions [144], and dark-matter black
holes formed by late-time gravitational collapse of dark
matter sub-structure [78].
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We use a phenomenological model for PBHs, rather
than a first-principles model derived from an inflationary
potential (see for example [145, 146] for work connect-
ing PBH distributions to inflationary models). Following
[144] we assume PBHs produced at a single mass, and
randomly distributed in space (see Appendix A for de-
tails). This model predicts a merger rate given the mass
of the PBHs in the binary and the abundance of PBHs,
parametrized as a fraction of the dark matter density,
feea = Qpeu/QpMm. By using the merger rate upper
limits derived above, we can thus obtain an upper limit
on fppy as a function of the component mass of the
black holes in the binary [144]. This is shown in Fig. 2.

In this analysis, it is assumed that the two objects in
the binary have the same mass. Because the detectors’
sensitivity depends more strongly on the chirp mass than
on the mass ratio, for this analysis we assume that the
rate upper limits we presented above (which included un-
equal mass binaries) can be used to assess the rate of
equal mass binaries: Rgo(M,q = 1) = Rgo(M). Un-
der these assumptions, we find fppny < 6% for PBHs in
equal-mass binaries with component objects in the range
[0.2 — 1.0] M. The method of Ref. [147] may be used
to interpret these constraints on generic PBH mass func-
tions. Recent work [148, 149] has shown that there are
a number of mechanisms that can alter and suppress the
PBH merger rate from that derived in Ref. [144] and
used here; these include binary disruption from other
close PBHs, clusters of black holes, and matter inhomo-
geneities [150]. Suppression of the theoretical merger rate
leads to looser constraints on the allowable fraction of the
dark matter contained in PBHs.

Next, we consider a dissipative dark-matter model
which consists of two fermions, oppositely charged un-
der a dark version of electromagnetism, together with
a massless dark photon. The dark matter can form
bound states analogous to atomic and molecular hydro-
gen, and dissipate energy by radiative processes includ-
ing Bremsstrahlung, recombination, and collisional ex-
citation [151]. In dense regions, some dark matter gas
can cool efficiently enough for gravitational collapse to
proceed, eventually forming black holes [78]. In contrast
to the PBH case, here we assume a power-law distribu-
tion for the black hole masses, with an unknown low-
mass cutoff. We calculate an upper limit on the frac-
tion of the dissipative dark matter that ends up in black
holes (fppa = Qppu/Opm ) as a function of the low-
mass cutoff for the dark matter black holes, marginalized
over all other parameters of the model (e.g. the slope of
the dark matter black hole mass function). More details
on the model are given in Appendix B. In Fig. 3, we
show our constraints. The lowest upper limit is found at
Mupin = 1 Mg, where fppy S 0.003%. No meaningful
constraints can be set for Mo, S 2 x 1072 M, since be-
low that mass none of the black holes in the population
would be detectable with the current sensitivity, hence a
non-detection does not yield any constraint.
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FIG. 2. Constraints on the fraction of dark matter in PBHs.
The horizontal axis shows the source frame mass of the black
hole in each model; for LVK results this is the component
mass for each object in the binary. Each constraint shown
carries a model dependency. Shown (pink) are the LVK re-
sults from O1 [96], O2 [97], and O3a (this work); (orange) mi-
crolensing constraints from MACHO [152], EROS [153], and
OGLE [154]; (green) dynamical constraints from observations
of Segue I [155] and Eridanus II [156] dwarf galaxies; (blue) su-
pernova lensing constraints from the Joint Light-curve Anal-
ysis and Union 2.1 datasets [157]. LVK results use the Planck
“TT,TE,EE+lowP-+lensing+ext” cosmology [140].

IV. CONCLUSIONS AND OUTLOOK

Gravitational waves from compact object mergers pro-
vide a unique probe of dark matter structures on the
smallest scales. Here, we have considered two possible
dark matter candidates: PBHs and fermionic dark mat-
ter particles that can dissipate and form dark matter
black holes. Both of these formation mechanisms can
potentially produce both sub and supersolar mass black
holes. We have focused on the SSM regime, which cannot
be populated with black holes by any known astrophysi-
cal channel.

We have used three different algorithms to search the
data from O3a for compact binaries in which at least
one of the component objects had a mass between [0.2 —
1.0] Mg. We have found no candidates, and obtained
upper limits on the merger rate of SSM black holes in
the range [220 — 24200] Gpc ™2 yr~! . The upper limit is
dependent on the chirp mass of the source and shown in
Fig. 1. These upper limits can be recast into limits on
the physical parameters of SSM black holes populations.

By considering a phenomenological model for SSM
PBHs in which the compact objects are all formed with
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FIG. 3. Constraints on the fraction of dark matter, fppm,
in black holes formed from cooling of dissipative dark matter
and their minimum possible source frame mass Mpin.

the same mass, we have obtained a limit on the abun-
dance of these black holes as a function of their mass at
formation: fpeg < 6% in the mass range, as seen in
Fig. 2. This significantly improves microlensing and su-
pernova lensing constraints in the same mass region as
well as our previous constraints from Ref. [97], though we
note that there are uncertain mechanisms that can reduce
the expected PBH merger rate and raise the allowed value
of fppm [148-150]. We have also considered a model for
fermionic dissipative dark matter, parametrized by the
abundance of the black holes it produces, and by their
minimum mass. The most stringent limit is obtained at
Mpin = 1 Mg for which fppa S 0.003%, as shown
in Fig. 3. The constraint on the minimum mass can
be interpreted in two ways. The most straightforward
is as a constraint on the Chandrasekhar limit of dark
matter black holes [78], which constrains the mass of a
dark fermion analogous to the proton to be in the range
0.66-8.8 GeV/c?. Additionally, the minimum mass of
black holes formed when the dark matter gas cools and
fragments depends on the coldest temperature the gas
can reach, that is, on the dark matter chemistry. For
the model we considered, this temperature is set by the
energy difference of the lowest energy molecular radia-
tive transition. Therefore, a constraint on the minimum
mass of any dark black holes also implies a constraint on
the dark molecular energy spacing, although the precise
relationship depends on astrophysical modeling.

In the coming years, the sensitivity of Advanced LIGO
and Advanced Virgo will continue to improve [158], and
the global network of detectors is expected to grow with



the addition of KAGRA [159] and LIGO-Aundha [160].
These advances will allow for more stringent limits in
the near future, or even the detection of a SSM compact
object.

Note As our work was finalized, Ref. [161] reported re-
sults on a search for binaries with no spin and component
masses my € (0.1Mg,7.0Mg), mg € (0.1Mg,1.0Mg) in
03a data. That search also reported no detections.
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Appendix A: Connecting fpgu with Advanced LIGO
and Advanced Virgo rate constraints

We model an equal mass population of PBHs that are
initially uniformly distributed in comoving volume. We
parametrize the abundance of this population as a frac-
tion of the total dark matter, i.e. fpgy = Qppu/QpM-
We model the merger rates by considering two near-
est neighbor, gravitationally bound black holes that are
torqued by the next closest black hole. From these as-
sumptions, we find the merger rate distribution [69, 144]

3 fou l _29/8<t)3/37_ (t)”j dt
58 PBH 1\ ¢, te t’
dp = , (
318 _29/8<t)1/7_ <t>3/8 dt
58 PBH 1\ ¢, te t’
(A1)

where t. is a function of the mass of the compact objects
and the fraction of the dark matter they comprise:

)4/3. (A2)

Here, ¢ is the speed of light, G is the gravitational
constant, mpppg is the mass of the black holes in
our equal mass population, fppyg is the parametrized
abundance from above, z.q is the redshift at matter-
radiation equality, Hy is the Hubble constant, and
Qpum is the dark matter density. We use the Planck
“TT,TE,EE+lowP+lensing+ext” cosmology [140] to
evaluate t..

The above equation, when evaluated at present day
and multiplied by the number density of PBHs, provides

L3 e [osn 87
7170 (GmpBH)5/3 (1 + Zcq)4 SH(%QDM

t <t

t >t



a theoretical merger rate for PBHs:

dpP

‘RpBH = NPBH ——

7 (A3)

t=to

We equate our observed upper limit on the merger rate
to the theoretical merger rate and invert at each value
of mppy to obtain the constraint curve shown in Fig. 2.
This PBH model is discussed in further detail in the lit-
erature [69, 144, 162, 163].

Appendix B: Constraining dissipative dark matter
using gravitational-wave searches for SSM binaries

We use a Bayesian approach to get the posterior proba-
bility of the fraction of dark matter in dark black holes, f,
and the possible minimum mass of the DBH distribution,
M in, using modelled rates for dark-matter BH mergers
and estimated (VT) from searches for SSM binary black
holes. The 2D distribution for { fppr, Mmin} is obtained
by marginalising over two additional parameters needed
to characterize the binary distribution: the slope of the
initial mass function, b, and a parameter r = Myax/Mmin
that sets the mass range of the initial population. The 4D
distribution is P(f,0 = {Muin, b, 7} Ri, VT (M = my)),
which can be written in terms of the independent distri-
butions for f and the set § = {Mpin, b, 7}, as well as the
likelihood L(f,0; RV T)

P(f,0|R,VT) < P(f)P(O)L(f,0;RVT). (Bl

The rates R; are computed in pre-defined chirp mass
bins within the range M € [0.2Mg), 2.5M] which is rep-
resentative of the SSM search, and depend on the model
parameters f and f. The rates are modelled as:

Bt ) (dP(tm =10 Gyr|9))

Ri(M = mil£,0) = =

> (pDM X f X fbinary)
(M)

(B2)

where ppy = 3.3 x 1019 M Gpe~3 is the density of dark
matter in the universe, and fyinary = 0.26 is the number
of dark black hole binaries divided by total DBHs. This
is choice is informed by numerical studies of binary for-
mation in Population IIT stars [164]. This number is of
course uncertain, but other studies of Population IIT bi-
naries (e.g., [165]) often assume that binaries make about
1/3 of all systems, which would correspond to the nearly
identical fhinary = 0.25. As fhinary is an overall mul-
tiplicative factor, the plotted constraint can be directly
scaled for any other choice of fpinary. The chirp mass
distribution of binary systems that would merge within
some merger time t,, is P(M|ty,,0). Since these objects
likely form between 20 < z < 30, we may use t, = 10
Gyr, roughly the age of the universe, and the exact for-
mation time makes a negligible shift in this number. The
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probability that the merger time of the binary is 10 Gyr is
denoted as P(t,, = 10 Gyr|), and (M) is the mean com-
ponent mass of dark-matter BHs given the initial mass
distribution, given some 6.

The (VT) estimated from SSM searches for compact
binary coalescences were weighted according to the al-
lowed mass-ratios and their probabilities for a given pop-
ulation described by 6.

_ max B
VT, (M = mi[B) :/ Plalms, to, )V T (my)dg.
1
(B3)

We assume a Poisson distribution for event counts
such that the rate posterior for zero detections becomes
P(R|VT) = VT exp(—R x VT). The above definitions
for R and VT are used to compute the rate posterior in
each bin. The likelihood of f,6 is computed by taking a
product of rate posteriors over all chirp mass bins.

Pi(R|f,0,VT,)dR

L(f,0;RVT) = H PURIF T VIR (B4)

We use b € [—1, 2] for initial mass distribution of DBHs
P(m) o m~" and r € [2,1000] to constrain f € [10710,1]
and My, € [1073Mg,3.1Mg], shown in Fig 3. The
range of initial mass function slopes b is inclusive of all
values found in the literature on Population III star bi-
naries [164, 166, 167], while the range chosen for r in-
cludes Population IIT star values [167] and was shown
in Ref. [80] to be sufficient so that results are not too
sensitive to changes in the range.
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