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ABSTRACT: We describe the model-independent mechanism by which dark matter and dark
matter structures heavier than ~ 8 x 10" GeV form binary pairs in the early Universe that
spin down and merge both in the present and throughout the Universe’s history, produc-
ing potentially observable signals. Sufficiently dense dark objects will dominantly collide
through binary mergers instead of random collisions. We detail how one would estimate
the merger rate accounting for finite size effects, multibody interactions, and friction with
the thermal bath. We predict how mergers of dark dense objects could be detected through
gravitational and electromagnetic signals, noting that such mergers could be a unique source
of high frequency gravitational waves. We rule out objects whose presence would contradict
observations of the CMB and diffuse gamma-rays.
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1 Introduction

Understanding dark matter has been a central goal of particle physics and cosmology for
decades. Extensive experimental and observational efforts have been made to this end.
Particle dark matter has been searched for in particle colliders [1-4], direct detection ex-
periments [5-13], and through indirect searches [14-17]|. Ultra-light dark matter, such as
axions and axion like particles, can be probed through its interaction with astrophysical
objects [18] and the cosmic microwave background (CMB) [19] and through direct detection
experiments [20-26]. On the opposite end of the mass spectrum are primordial black holes
(PBHs) and massive compact halo objects (MACHOs) with masses above 102'g. These
have been thoroughly explored and generally ruled out by friction effects [27], clustering
[28, 29|, and lensing searches [30-34], though less extensively for MACHOs.

Despite the considerable programs dedicated to understanding dark matter, little has
been done to probe models with masses between the Planck mass (m, ~ 2 x 107° g) and
the lower mass limit for lensing searches (~ 10?'g). This is not for lack of reasonable dark
matter models in this mass range. Many have been proposed, including nuclear dark matter
[29, 35-38], stabilized black holes and their remnants |39, 40|, and exotic compact objects
(ECOs) such as boson stars and fermion stars [41|, among others [42, 43|. This region
of parameter space remains largely unexplored because it is difficult to probe. Present
and planned particle colliders on Earth cannot produce particles heavier than ~ 100 TeV
[44]. Direct detection efforts are limited by low number densities, while lensing searches



are thwarted by low masses [45]. Dark matter searches in this mass window are limited to
indirect probes of its self-interactions or its interactions with astrophysical objects.

Fortunately, much of the dark matter in this difficult to probe mass range, and many
masses outside of it, has a simple, reasonably model-independent self-interaction that can
produce an observable signal. Cold blobs of dark matter heavier than 8 x10'! GeV and dense
enough to behave as point-like objects form binary pairs in the early Universe. Blobs with
small initial separations can decouple from the Hubble flow and begin falling toward each
other. In-falling pairs of blobs are perturbed by tidal interactions with the next nearest
blob, averting a head on collision and forming a binary. These binaries spin down and
merge, with many collisions taking place in the Milky Way today and in the observable
past. This phenomenon has been explored extensively for PBHs [46-51|, though never
applied to other compact objects. The mergers may produce observable gravitational or
electromagnetic (EM) signals, some of which we describe below. The details of this signal
often depend on the blob’s coupling to the Standard Model (SM). We do not explore such
model-dependent features of blobs, including how they form. Regardless, the basic dynamics
of binary mergers are shared for many dark matter blobs over a vast range of masses.

In this paper, we describe a generic behavior of blob dark matter, the formation of
binaries that merge at a high rate today, and how this can be used to predict and search
for distinct exotic signals. The paper is laid out as follows. Section 2 describes the general
method for estimating the merger rate, as well as how to account for blobs of finite size, with
couplings to the SM, and with charged self-interactions. Section 3 describes some general
gravitational and EM signals that may result from these mergers and rules out blobs that
produce enough EM radiation to alter current observations of the CMB anisotropy angular
power spectrum and gamma-rays. Section 4 concludes. Unless specified otherwise, we use

natural units, setting c =k, =h =1 and ¢y = ﬁ.

2 The Blob Binary Merger Rate

Dense blobs form a binary system if their mutual attraction can overcome the Hubble
expansion pulling them apart. Tidal forces from the next nearest blob prevent the pair from
colliding head on and lead to the formation of a binary. These binaries emit gravitational
radiation, which leads them to in-spiral and collide, generating large amounts of energy
and, perhaps, an observable signal. The binary merger rate at arbitrary times can be found
by modifying an approach used for PBH binaries and outlined in Refs.[47, 52].

The subsection below describes a general approach to estimating the blob merger rate
and provides a specific estimate for the merger rate of cold point-like blobs that primarily
interact through gravity. Accounting for suppression effects described in later subsections,
the merger rate in the Milky Way is about ~ 1073(M/10'%¢)=32/37 pc=3 yr=! for blobs of
mass M when blobs compose a fraction f = 1 of dark matter.

Subsection 2.2 details how gravitational interactions between binaries and other blobs
and matter perturbations reduce the merger rate. When f ~ 1, blobs form multibody clus-
ters, which interact with and disrupt binaries. When f < 1, blobs do not form multibody



clusters, but scattering with individual blobs can still disrupt binaries and tidal forces from
other blobs and matter perturbations can deform them. These effects reduce the merger
rate by a factor of ~ 3 x 10™* for blobs merging in the present when f ~ 1. This suppression
weakens by at least two orders of magnitude at earlier times and when f < 1.

Subsection 2.3 describes how the merger rate estimates change when the blobs cannot
be treated as point-like. Binaries merge much earlier than predicted when the size of the
blobs is similar to that of their orbits. A blob’s finite size can be ignored as long as its radius
ry < 109(M/10%°g)=8/37r, where ry = 2GM is the Schwarzschild radius of a black hole of
mass M. G is the gravitational constant. Subsection 2.4 will describe how to account for
friction between the blob and the thermal bath, and Subsection 2.5 will outline how to set
up the estimate for the merger rate for charged blobs.

2.1 Point-like Gravitationally Interacting Blobs

We assume the blobs to have formed and decoupled from the SM at very early times. Thus,
deep in radiation domination, blobs were tightly packed together and moving with the
Hubble flow. This is when the binaries merging in the present and observable past originally
formed. We assume blobs are effectively stationary relative to the thermal background, but
will touch on the case when blobs are thermally coupled toward the end of this section.
The initial comoving separations between blobs can be described by a Poisson distribution.
In this work, comoving distances refer to the separation blobs would have in the present,
when the scale factor is normalized to 1, if they never decouple from the Hubble flow.
Pairs of blobs which happen to be close together may decouple from the Hubble flow and
begin free falling toward each other. The tidal force of the next nearest blob perturbs the
in-falling pair and prevents a head on collision, instead producing an eccentric binary. The
new binary loses energy through gravitational radiation until the blobs collide. The orbital
parameters for any individual binary, its semi-major axis, a, and its eccentricity, e, depend
on the mass M, the initial comoving distance between the blobs which form the binary, z,
and the comoving distance to the next nearest blob outside of the binary, y. Together, a, e,
and M dictate the binary’s in-spiral time, . The spatial distribution of blobs determines
the initial distribution of orbital parameters, which sets the distribution of blob merger
times. The total blob merger rate at a given time, t, is set by the the probability that a
binary forms with the correct parameters to merge after ¢ has passed.! The probability
that two blobs are separated by x, and that the next nearest blob is a distance y away is

dP = (47n)?z?y>dzdy, (2.1)

where n = % is their average number density today and pg, is the dark matter density

today. We require x < y and y < Ymax = (%”n)_l/ 3 the average separation between blobs.
Blobs decouple from the Hubble flow and form a stable binary when they can free fall

into each other in less than the Hubble time. A binary’s decoupling redshift, z;, determines

!Binaries that merge at observable times decouple at such high redshifts that we can treat t as both the
in-spiral time and the time in the Universe at which the merger takes place.
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During radiation domination, equating blob in-fall time with the Hubble time gives
SM (1 4+ zeq)
1 =—— 2.3
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where 2.4 is the redshift at matter radiation equality?. For the most eccentric blob binaries
merging at times ¢ < 10840 (M /1 g)~%/3f7, zg ~ 3 x 109 (M /1 g)~'9/37 f(t /t)~3/37, with
to being the age of the Universe today. The blobs should be fully formed by zg4.

The eccentricity, e, is set by the tidal force of the next nearest blob on the binary.
This perturbs the in-falling blobs, which prevents a head on collision, producing a highly
eccentric binary instead. The semi-minor axis of the binary, b, can be found, as in Ref.[52],
by taking (blob free fall time)?x (tidal force from nearest blob).

3 GMz(1 + zq)* T 3@
GM(1+ z4)3 y3 -\

b= (2.4)

This determines the eccentricity.

e:m:m—(zf (2.5)

The time it takes a black hole binary to merge due to gravitational radiation is appli-
cable to point-like blobs [53]:

,_ 3
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where t is shown in the limit that e ~ 1, as the most eccentric binaries dominate the

(1—e?)7?, (2.6)

population merging at observable times. One can find the fraction of blobs with starting
eccentricity e that merge at ¢ by using (2.2), (2.5), and (2.6) to solve for e and ¢ in terms
of  and y and then substituting these expressions into (2.1):

M8 e
— 2 (=
dP =Cf ( ; > (1= c2)i5/8 dtde, (2.7)
3/8
where C' = 2177%3 (mp. d’"(lérf 69)3)1/2. The fractional merger rate per blob can be found

by integrating this over all e capable of producing a binary that merges at t.

8, (MNP 1
Fblob - ch (t) (1 _ 62 )29/16 —1f x S; (28)

upper

where we’ve included S, a suppression term that accounts for disruptions to the binary by
matter perturbations and external blobs, which we will determine in Section 2.2 and should

20One can get more precise estimates by numerically determining the decoupling redshift as in Refs.[48,
50], but this should only alter the result by an order (1) factor at the cost of significantly complicating the
calculation.



be no smaller than 3 x 10~ for most M and f. The parameter eupper 1s the largest possible
eccentricity for a binary that merges in ¢, which we now discuss.

The merger rate is dominated by the most eccentric binaries, making it sensitive to
€upper- This maximum eypper is set by either the eccentricity corresponding to ymax, or
the eccentricity of the binary that decouples at z., and merges at ¢, whichever is smaller.
The next nearest blob to a binary, the one that perturbs it and sets its eccentricity, can
be no more than yy.x away, and e grows with y, so it is limited by ymax. The eccentricity
is also limited by the latest possible decoupling time, z.,. During matter domination, the
Hubble time grows as quickly as the blob in-fall time and new binaries cannot form by
the mechanism described above.?> Those that decouple later—closer to matter radiation
equality—get pulled further apart by the Hubble flow and must have higher eccentricities
in order to merge at observable times.

L \6/37

1— (E) t<t,
Eupper = 277 (2.9)

1— (TL) t>t,

where ) .
4/3 4
TZ:L4, Ty:k<2ymx>7
(1+ z¢q) 5(1 + 2eq)

(2.10)

]{;54/3 37/16 1
dte= |2 S
an <(1 +Zeq)4> Ty21/16

. The first term in (2.9) is set by Ymax, the second by z¢q.
015
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For a sense of scale, consider binaries composed of 1

k= W and s =
g blobs that merge today. As
the most eccentric binaries dominate the merger rate, a realistic example binary would
have e = eypper = 1 — 4 X 10719, Tt would decouple when z ~ 2 x 107, and have an initial
semi-major axis of ~ 4 km. The next nearest blob would be ~ 250 km away when the
binary decouples. We can estimate the fractional merger rate per blob today using (2.8)
by taking f = 1 and noting that t. is greater than the age of the Universe for most blobs

~ MO\ P/37 -
Tyrop = 10717 (10159) yrt (2.11)

of interest.

Multiplying this by the local blob number density, assuming the local dark matter density

is ,oigfl = 0.3GeV cm?, gives the local merger rate:

—-32/37
Ripe =107 (-1 " gt pes 2.12
loc — 10159 yr pC ( : )

The local merger rate’s dependence on f is somewhat complicated because the suppression
term S has a complicated dependence on f. For rough estimates one can take Rjoe o< f2/5
when f ~ 1 and Ry, o< f? when f < 1. The merger rate in the entire Milky Way can be

3Binaries can still form during matter domination through a different mechanism, gravitational wave
bremsstrahlung during close encounters between blobs [54]



estimated by integrating (2.12) over the volume of the Milky Way. The resulting merger
rate will depend on one’s choice of dark matter profile. We estimate it using an NFW halo

—+P2— and where we take
#0+%)
po = 0.4 GeV cm ™3, h = 12.5kpc [55], and 7y ~ 300 kpc to be the radius of the Milky

Way halo and the maximum distance included in the integral [56, 57|. The merger rate in

—32/37
the Milky Way halo is then Ry = 9 x 10* (10]\1/[5g) S

An important assumption is that the blobs are cold and have negligibly small peculiar

profile, where the dark matter density is described by p(r) =

-1

velocities at z4. For the most eccentric blob binaries merging at time ¢ < ¢, ~ 1034¢o(M /1
g) 37 2g ~ 3 x 10° (M/1 g)~ /37 £(t/ty)=3/37. If the blobs have too much kinetic
energy at zq then the binaries they form will have more angular momentum and a smaller
e than predicted. This causes most binaries that would have merged today to merge much
later, suppressing the observable merger rate. This is avoided if the blobs forming the most
eccentric binaries contribute less angular momentum to them than tidal forces from the
next nearest blob or, if the individual blobs merging at time ¢ < t. have an average kinetic
energy < 2 x 10714 GeV (M /1 g)05/37 f60/37(¢ /1)2/37,

This kinetic energy limit impacts how blobs can be coupled to the SM background.
Blobs with M > 3 x 10f71/2 g may be thermally coupled to the SM background at z4
without it interfering with their present day merger rate. Blobs with 2 x 107° f’l/ bg<
M < 3 x105f71/2 g can form binaries which merge today as long as they decouple from
the thermal bath early enough to redshift their excess kinetic energy away by z4. These
blobs must decouple from the thermal bath by z ~ 2 x 1022(M/g)~"/37 f=1/2 to merge at
the predicted rate today. Blobs with M < 2 x 107° f~1/6 g will have excessive velocities at
zq if they are ever thermally coupled to the SM background. These blobs will only merge
at the predicted rate if they form cold and never thermalize with the background.

2.2 Suppressions from Clustering and Three Body Interactions

Most binaries merging at observable times are highly eccentric and have small angular
momenta. This makes them sensitive to interactions with other blobs and matter pertur-
bations, which tend to drive up their angular momenta and reduce their eccentricities [50].
Given that t o< (1 —e2)7/2, a small reduction in e when e ~ 1 can increase the in-spiral time
by many orders of magnitude. Interactions with other blobs and matter perturbations can
therefore reduce the number of binaries merging at observable times. Which interactions
most strongly affect the merger rate primarily depend on f. When f ~ 1, blobs form dense,
self-gravitating multibody clusters during matter domination. Most binaries that fall into
these clusters scatter repeatedly with other blobs, which drives e down and prevents them
from merging at observable times. When f < 1, blobs do not form dense clusters, in-
stead binaries are most affected by tidal forces from other blobs and matter perturbations,
and by scattering events with individual blobs. All of these effects suppress the observed
blob merger rate. We estimate the size of this suppression in the f ~ 1 case, S,, and the
f < 1 case, S3, below. The overall suppression, .S, corresponds to whichever of these effects
dominates for a given f, M, and z.



In the limit f ~ 1, Poisson fluctuations create blob number density perturbations and
overdensities. During matter domination, these Poisson overdensities grow and eventually
collapse, forming dense self-gravitating clusters. Simulations of similar PBH clusters and
binaries suggest that most blob binaries scatter repeatedly with and are disrupted by other
blobs when they fall into a cluster [50, 51|. However, not all clusters are equally destructive
to binaries. As the number of blobs in a Poisson cluster, N, increases, the blob number
density decreases, and the cluster tends to become gravitationally bound at later times [51].
Binaries will not be damaged by a cluster which has not yet collapsed. To account for this,
we assume binaries only remain in tact and able to merge at their predicted time if they
either never fall into a cluster or fall into one which has not yet become self-gravitating at
the time of the merger.

We estimate S, as the probability that a binary is either not in a cluster or in a cluster
too large to have begun self-gravitating. Given a collection of Np,q; Poisson distributed
objects, the probability that one is in an N object cluster is [58|

N-1/2,—N/N*

Nmaz n7—1/2,—N/N*’
SoNDy N2 N/

pNmeaz = (213)

where N* is the characteristic scale of clusters at z as determined analytically by Ref.[58]
and confirmed by simulations in Ref.[59].

5\ !
N*=(In(1+04) — —— , 2.14
(1480 - 557 (2.14)
where §, is the size of an initial density perturbation which collapses at z.
1.68
O = —— 2.15

D is a growth function which describes how an initial density perturbation evolves during
matter domination. An initial perturbation, §, grows approximately linearly with z, and
collapses once d = 1.68. Ref.[59] found

0.9
D= (HE((llJ:LZz;)) . (2.16)

Using (2.13) one can find, pp o, the probability that a blob is part of a “cluster” of 2—a
binary—and Y %/ _ N, P2,N'PN' 00, the probability that a blob is in a binary inside of a cluster
made of at least N, blobs. If we take N, to be the smallest cluster which has not collapsed
by z, then this sum describes the fraction of binaries in clusters that will not collapse by
z. Poisson density perturbations of N blobs grow as Dﬁ during matter domination, and

collapse once 1.68 = Dﬁ. This makes N, = (TléS)Q. Together, the two above probabilities

give S., the total likelihood that a binary will not be in a cluster which collapses around it
before the merger happens.

o0
Se = P20 + Z D2, N'DN' 00 - (2.17)
N'=N.

4This is a conservative assumption, not all binaries in clusters are destroyed [51], and new binaries
capable of merging within the lifetime of the Universe may form within clusters [54].



S. ~3x107%f~! when f ~ 1 for mergers happening today.

When f <« 1, binaries are primarily disrupted by two different interactions; tidal forces
from other blobs and matter density perturbations at the binary’s formation, and scattering
with a third blob during matter domination. Tidal forces from other blobs and matter
density perturbations can decrease the a binary’s eccentricity while it’s forming, which
ultimately reduces the binary merger rate in the present. This effect is only significant
when f < 1. While Poisson fluctuations will not lead to the growth of blob clusters when
f < 1, binaries themselves can behave as small overdensities which grow and collapse
during matter domination. A binary will be disrupted if a third blob is close enough to be
pulled into this overdensity. The merger rate suppression from these two effects, S3, was
estimated in Ref.[50] for a monochromatic mass distribution of PBHs and is applicable to
blobs.

1 o2 —21/74
S3~ 1.4 <Nd + J}g) e Na (2.18)

The sum term above accounts for the suppression from tidal interactions with external
blobs beyond the next nearest one which sets the initial eccentricity, (1/Ngz), and matter
density perturbations, (0%,/f?), during blob formation. The exponential term excludes
binaries with a third blob close enough to disrupt it. Ny is the average number of blobs
close enough to the binary to disrupt it. o is the root mean square scale of matter
perturbations at the mass scale of the blob [46]:

Nns

1= 3/2
. 6
on = 8.2 x 10%25(ns=1)=3 (M) X [1 —0.06 Logy, (M>] (2.19)

g 2 x 1033g

where ns = 0.965 is the scalar spectral index [60].
We estimate Ny, as in Ref.[50], as the average number of blobs in the overdense region

that collapses around the binary. We assume any blob in this region can disrupt the binary.

2M =V pam f
Vpdm

During matter domination, this overdensity grows as d ~ §yD and collapses once § = 1.68

[59]. Therefore, any initial overdensity dy > 6; = 158 ~ 3.5 x 1074(1 + z) will collapse by

The binary creates an initial overdensity g = in a comoving volume V around it.

z. Noting that Ngy = V pgn f, one can rearrange the expressions for dg and d; to find Ny.

2f
Ny = FHOEY; (2.20)
For mergers happening today S3 ~ 0.08 for M = 10%g and f = 10~*. Overdensities do
not grow significantly outside of matter domination.

Whether 3 body scattering and tidal perturbations or clustering effects dominate the
merger suppression depends on z, M, and f. Ref.[59] estimates that the majority of PBHs
are part of multibody clusters when f > 2 x 107%4(1 + z), while most are isolated or part of
binaries for smaller f. Modeling will be needed to estimate precisely how much clustering
suppresses the binary merger rate when 1 > f > 2 x 107%(1 4 z). One can reasonably



expect it to be no less than the smaller of S. and S3. We estimate

S. f=1
S =853 f<2x1074(1+2) (2.21)
Min[S., S3] 1> f>2x107%(1 + 2).

2.3 Finite Size Effects

Section 2.1 estimates the merger rate for point-like blobs. Blobs of radius 7 collide when
they come within 27, of each other, reducing the binary’s in-spiral time. This leads mergers
to happen more quickly than predicted in Section 2.1 and reduces the number that occur
at observable times.

One can account for this in the merger rate estimate by only counting binaries whose
in-spiral time is not significantly changed by the finite size of the blobs. This is done by

adjusting eupper to

£\ 2 " 6/37 " 2/7
€upper = Min 1-— <£> A1 - <Ty> A1 — <T> (2.22)
z

_ 2
~85G3 M3
The first term in (2.22) excludes blobs that collide too early, while the second two come

with
ty

(2.23)

from the expression for eypper for point-like blobs. ¢, corresponds to the merger time of a
binary with starting a = 2r, and e = 0. When ¢, > ¢, all blobs that would otherwise merge
by t collide early.

This analysis holds for mergers happening today if ¢, < tg, where tg is the age of the
Universe. This corresponds to

85G3M3t0>1/4N ( M )—1/4T

o (2.24)

Ty < 'max = (
rmax should be larger than the blob’s Compton radius (QH”) This is the case for M > 10713
g or 6 x 10'° GeV. The blob must be a black hole to avoid finite size effects strongly
suppressing the merger rate when rp., < rs. This is the case for M > 4 x 10°® g or
2 x 10%2M,, well beyond the reasonable upper limit on the dark matter mass.
Finite size effects do not alter the merger rate as long as the first term in (2.22) is
larger than one of the latter. For most blobs merging today, when f = 1, finite size effects
can be ignored if

1/4

o\ g5 MO\ T
Ty < Tin = 3/40 Y ~ 10° ( 5 > Ts. (2.25)
T, 24 10+°g



rgn 18 greater than the blob Compton radius and Schwarzschild radius for blobs with
1.5 x 1012 g < M < 4 x 10°6 g. The upper limit is again well beyond the reasonable
mass range for dark matter, and thus a large range of densities are allowed without finite-
size effects disrupting the merger rate.

2.4 Friction Effects

Long-range, non-gravitational interactions between the blob and the SM create friction with
the thermal bath. This can alter the behavior of blob binaries by delaying their decoupling
from the Hubble flow, removing energy from the orbit, and causing the blobs to thermalize
with the SM, which may leave them too energetic to form binaries as predicted.

Friction slows blob movement, reducing their ability to fall toward each other, and
delaying their decoupling from the Hubble flow. The frictional force will take the general
form

dE

o=
F(z,M,e,v) contains the model specific relation between the blob’s velocity, v and its
friction with the SM. It may depend on z, M, the blob’s coupling to the SM, ¢, and v.
Friction delays binary decoupling if it more strongly influences the blob’s peculiar velocity
than Hubble expansion at zg, i.e. if F(zq, M,€,v) > H(z4)Mv. In this case, blobs decouple
at zy, when their terminal in-fall velocity, vy, dictated by

—F(z,M,e,v). (2.26)

GM?

F(zp, M, €e,v) = m

(2.27)

H(zg)x
1+Zf
these binaries by replacing z4 with z; in (2.2) and (2.5), respectively.

exceeds the Hubble expansion velocity moving them apart . One can find a and e for

The binary in-spiral time may be reduced if friction removes energy from the binary
more efficiently than gravitational radiation. Estimating this requires a specific model for
the friction with the thermal bath. As indicated in Ref.[40], friction between the blobs and
the thermal bath strongly suppresses the merger rate. One can reasonably approximate the
merger rate by only counting binaries not strongly influenced by friction, those for which
F(zq,M,e,v) < H(zq)Mv.

One can show that for blob sizes allowed in Section 2.3, even a geometric cross section
between the blobs and SM radiation will not alter the mergers rate, which long-range inter-
actions can. While friction with the thermal bath will not prevent blobs with short range
interactions with the SM from decoupling at their usual time, it can still thermalize them.
As mentioned in Section 2.1 thermalized blobs may have enough kinetic energy to alter the
dynamics of highly eccentric binaries and suppress the merger rate.

2.5 Charged Blobs

One can imagine models of dense blobs that self-interact through a U(1) charge—either
a SM EM charge (though charged dark matter is strongly constrained [19, 40, 61]) or a

~10 -



dark equivalent. While less general than models that solely interact through gravity, these
are worth considering because they merge more quickly than their uncharged counterparts.
We note that, charged interactions likely change the way external blobs cluster and disrupt
binaries from what was described in Section 2.2. N-body simulations of binaries interacting
with other charged blobs in an expanding background, similar to the work done for black
hole binaries |50, 51, 59|, are needed to understand how interactions with other blobs modify
the merger rate. We leave such simulations to future work and simply outline how one would
estimate the merger rate for charged blobs here.

The charged merger rate can be found by adjusting some details of the calculation laid
out in Section 2.1. Charged binaries will decouple earlier, have different e, and merge faster
than uncharged ones. It is convenient to describe the U(1) attraction between blobs in
comparison to the gravitational attraction.

Q _Qmy
Qemt B M
is the blob charge in terms of the charge of an extremal black hole of mass M. We take
m, = 1.2 x 1019 as the Planck mass, and @ as the charge of the blob. If ¢ = 1, the U(1)
and gravitational forces between blobs will be equal in magnitude. We will work in the
limit ¢ > 1.

Charged blobs only pair with blobs of opposite sign. Assuming an equal distribution of

q= (2.28)

charges, we introduce a factor of % into Eq.(2.1) to account for this. The binary’s decoupling
redshift increases due to the stronger attraction between blobs, becoming

_ 3M(1+ zeq) o

(1+2g) = (2.29)

167 pgm 3
The eccentricity of the binary is set by dipole torques from the next nearest blob. When
charged interactions dominate, the next nearest blob gives the binary a semi-minor axis of

(dipole torque) x (free fall time)?,
GM(1 + 2)%¢? 3 2
p— GMU+20)7 ‘ — (%) a (2.30)
y? GM (1 + z4)3q> y
and an eccentricity
4
x
e=4/1——. 2.31
/i (2.31)

The coalescence time for charged binaries also changes (decreases) because they emit dipole
radiation instead of quadrupole radiation, as in the gravitational case. The merger time
for ¢ = 1 is derived in Ref.[40] for extremal magnetic black holes and is modified here to
account for g > 1.

~0.034a® (1 — €?)?
T AG2 M2 q4
These modified expressions for z,, e, and ¢ can be used to estimate the merger rate for

t (2.32)

charged blobs in the same manner as was done for uncharged ones in Section 2.1. A full
estimate will require a more detailed investigation of how charged blobs cluster and perturb
binaries and the suppression, S, that results from it, though we leave this to future work.
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3 An Observable Signal

Even accounting for suppressions from multibody interactions, finite size effects, and fric-
tion, there is plenty of parameter space where blob binaries merge at a high rate today. For
comparison, the random collision rate in the Milky Way is about

ploc 2
Ryang = ov <i@) ) (31)

where v = 1073 is the virial velocity of blobs in the Milky Way and pfiowcl =0.3 GeV cm™3
is the local dark matter density. o is the interaction cross section. It is the larger of the
geometric cross section ~ 7T7’g and the binary capture cross section through gravitational
wave emission ~ 41;?777; [54]. The second cross section gives R,qng =~ 107222 pc=3 yr—!
in the Milky Way, well below the predicted rate for binary blob collisions from Eq. (2.12)
for most M. As the random collision rate depends on the dark matter density squared, it
may dominate in very dense regions such as galactic centers, though it will be small overall
compared to the binary merger rate.

The observable signal produced in binary collisions will vary between blob models. If
the blob has any coupling to the SM, then the high temperatures and large volumes of the
collisions may produce a large flux of EM particles and neutrinos. Composite blobs, such
as those described in Refs.[29, 35-38|, generally produce particles with energies similar to
their binding energy. Collisions that form low mass black holes will produce radiation with
a spectrum described in Ref.[62]. Even blobs totally decoupled from the SM will produce
a gravitational wave signal.

The merger rate scales linearly with the local dark matter abundance, generating excess
signal from galactic halos. Neglecting attenuation effects, the flux of energetic particles
produced in binary collisions in the Milky Way can be estimated by

TMWTTE
F = / RED onrydsao
0

AT M
=2x1073 () f53/37xi5 GeV em 2 s
g
p(r) = —2—; is the NFW density profile for the Milky Way with pg — 0.4 GeV cm™3

r(14r
and h :h§2.glzpc [55]. 7o = 8 kpc is the distance between the Sun and the center of the
Galaxy, and 7y ~ 300 kpe is the radius of the Milky Way [56, 57]. x; is the fraction of
the blob’s mass released as particle specie i. §= ¥ — 75 is the distance between the Earth
and the blob collision.
One can make a similar estimate for the extragalactic flux of particles with energy F.

Feztragal(E) = p«;r;f Ozmaz R(z)x:(£(1 —1—}2])();;11(5](1 +2),2)

dz (3.3)

Zmaz 18 the greatest redshift from which particles radiated by the merger can reach Earth
with energy E. A;(E(1+ z),z) is an attenuation function which accounts for the fraction
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of particles emitted at redshift z with energy F(1+ z) that reach Earth. It depends heavily
on the specific particles radiated and their energies. We describe some model-independent
signals binary mergers can produce below.

3.1 Electromagnetic Signal

Blob mergers that produce EM particles lead to a variety of observable signals. Most depend
on the energies of the particles produced. These may include synchrotron radiation from
the Galactic center, contributions to the 511 keV gamma-ray excess [63], and cosmic rays
(perhaps even contributions to the positron cosmic ray excess [64]).

There are a few instances in which EM radiation is quickly reprocessed and the ob-
servable signal does not depend strongly on the energy of the original particles involved.
The first is the CMB anisotropy angular power spectrum. EM radiation with £ > 10 keV
released around recombination drives up the free electron fraction, distorting the anisotropy
angular power spectrum [65]. The bound on radiation emission is strictest at ¢ ~ 10'3 s or
z ~ 1200, where it is limited to ~ 2 x 10720 GeV cm~3 s~!. Using Eq.(2.8) we find blobs
that satisfy

-3 MNP 53/37
3x107° < ; f XEM X S (3.4)

are ruled out by observations of the CMB.

The second signal that does not depend strongly on the energy of the original particles
radiated is the diffuse gamma-ray background. EM radiation with F > E;, = %Ge\/ is
quickly reprocessed by scattering with CMB photons. This generates a gamma-ray spec-

trum of the form [66, 67|

0.767Ey,(2) "B~  E < 0.04Ey(2)

(3.5)
0.292E,(2) " O2E~18  0.04Ew(2) < E < Ey(2).

L(E,z) = {
Radiation with F < Ey, free streams to Earth [67], while that at higher energies is repro-
cessed. As long as F¥ > Ey;, the shape of the final spectrum is independent of the starting
one. The flux that reaches Earth can be found using Eq. (3.3).

_ pamf [ R(2)xEmML(E(1+ 2),z)
2 Jo H(z)

F(E) dz (3.6)
Blobs cannot produce more gamma-rays than what has been observed by the most recent
Fermi-LAT extragalactic gamma-ray survey [68]. Limiting F'(F) to be less than 20 above
the gamma-ray flux observed by Fermi, gives a bound on ygp;. We take the strongest
limits on xgas, which come from Fermi’s 580 GeV-820 GeV energy bin. This constraint is
displayed in Fig.(1).

3.2 Gravitational Wave Signal

Blobs with M > 10?°g can produce gravitational wave signals relevant to LIGO, LISA, or
future gravitational wave detectors. The gravitational wave signal from these events differs
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Figure 1: Limits on y g for blobs that satisfy (2.25) when f = 1. The yellow region excludes x for
EM particles with £ > 36 TeV. These are reprocessed into gamma-rays whose flux would be greater
than that observed by Fermi-Lat. The blue region excludes x for EM particles with £ > 10 keV.
These increase the free electron fraction and distort the CMB anisotropy angular power spectrum if
emitted at z ~ 1200. Blobs with M > 10%!'g and f = 1 are ruled out by lensing searches [32]. The
gray regions show where thermal couplings to the SM bath can give blobs too much kinetic energy
at z4 to produce binaries as expected. This suppresses the merger rate and is described in Section
(2.1). Blobs in the dark gray region only produce a signal if they never thermally couple with the
SM. Those in the light gray region produce a signal as long as they thermally decouple from the SM
bath early enough to redshift away their excess kinetic energy. The remaining blobs will produce
the expected signal even if they remain thermally coupled to the SM bath through z4. The gray
regions are slightly offset for the different signals because these come from mergers taking place at
different times. The binaries involved in these mergers have different z4 and different sensitivities
to the blob temperature at zg.

from that of black holes binaries because blobs can have r > r¢ and do not necessarily have
event horizons. This leads them to collide earlier and end the in-spiral phase of the merger
emitting at a lower frequency than expected for a black hole binary of the same mass [41].
The lack of event horizon causes the ring down phase immediately after the merger to differ
from that of a black hole binary [41]. When considering specific blob models, simulations of
the waveform for the binary in-spiral and merger, like those generated in Ref.[41] for ECOs,
can help differentiate blob mergers from other merger events. EM signals produced in blob
mergers can also help distinguish them from black hole mergers. In general, a blob is very
different from an neutron star - thus EM signals produced from their mergers should be
distinct from those of neutron stars as well.

Individual mergers taking place in the present will be observable if the amplitude of
the strain, h, and the frequency, v, of the gravitational wave signal it produces falls within
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a gravitational wave detector’s sensitivity range.

8r2/3

_ 5/31s5/3,,2/3

dy, is the luminosity distance, which relates to the comoving distance, d., by dr, = (14 2)d,
[69]. During in-spiral, h peaks at the innermost stable circular orbit (ISCO). For blobs of
radius 73, this corresponds to a frequency [41]

JISCO _ (GM)'/?2

AT (3.8)
33/2277/

For reference, we display the peak in-spiral frequency and strain of the nearest merger
expected within an average year of observation time in Fig.(2). There is a large region of
parameter space where blob mergers produce reasonably large strains (10729 — 10723) at
frequencies above current detection sensitivities (> 10 kHz). There are no known astro-
physical sources that could produce such large gravitational wave signals in the (MHz-GHz)
frequency range, making blobs a unique target for high frequency gravitational wave detec-
tors, such as those considered in [70].

Many mergers would have occurred throughout the Universe’s history. While these
events would not be individually distinguishable, they would contribute to the stochastic
gravitational wave background (SGB). One can compare their contribution to the SGB to

detector sensitivities by finding their combined power spectral density [71].

Zm z dEgw. v
S, (v) = 28 /0 B i), (3.9)

- 2m2p.12 (1+2)H(2)

VISCO
v
wave energy spectrum radiated by an in-spiraling binary |72].

where p, is the comoving critical density, and z,, =

—1. dgfw (vs) is the gravitational

dEaw
dvg

2/3
(vs) = (G?Mf)/?’usl/?’ (3.10)

M represents the binary chirp mass, which is M/2'/5 for an equal mass binary. 2EGW (1)

dvs
ISCO "and vy = (1 + z)v. We compare the predicted SGB spectra from blob

cuts off at v
mergers to LISA’s expected sensitivity |73, 74|, and display the parameter space where blob
mergers would produce an observable signal in Fig.(3). This estimate excludes contribu-
tions from binaries merging before z,. The decoupling time can become similar to or larger

than the in-spiral time at these redshifts, altering the predicted merger rate.

4 Conclusion

In this work, we have demonstrated that cold dark matter heavier than 8 x 10! GeV
and dense enough to satisfy Eq.(2.25) will, model-independently, form binary pairs in the
early Universe. Many of these binaries will spin down and merge within the lifetime of the
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Figure 2: Contour plot showing peak strains and frequencies of gravitational waves emitted during

blob in-spiral for the nearest blob merger expected in an average year when f = 1072, Peak strains
are marked by pink lines, and peak frequencies are marked by gray dashed lines. The upper gray
region is excluded because finite size effects strongly suppress the merger rate. The teal and purple
regions highlight the frequencies LISA and LIGO are sensitive to, respectively. The dark gray
vertical band is ruled out for f = 1072 by gravitational lensing searches [31]. The blob radius is
presented in terms of the Schwarzschild radius, rs. The knee in the strain contours show where
finite size effects begin to suppress the merger rate for blobs with large r,. The downward curve
in the 1072° and 10732 strain contours shows where mergers transition from primarily occurring in
the Milky Way to outside of it. The typical distance to the nearest merger grows quickly in the
transition from Galactic to extragalactic mergers, reducing the expected strain.

Universe, potentially producing observable signals significantly larger than those predicted
for dark matter annihilation at the same masses. This phenomenon provides a new way to
search for MACHOs and a probe of dark matter that is normally difficult to observe due to
low number densities and low masses. We determined the merger rate at arbitrary times,
and have outlined how to adjust it to accommodate different blob models based on their size
and non-gravitational interactions with the SM and themselves. We have described signals
that could result from these mergers, and indicated parameter space where both EM and
gravitational wave signals could be observed. We ruled out regions of blob parameter space
based on observations of the CMB anisotropy angular power spectrum and gamma-rays.
We showed that merging blobs could be a unique source of high frequency gravitational
waves. More precise modeling may be needed to determine the merger rate and signals for
binaries of specific blob models. However, this work has described a novel, nearly model-
independent phenomenon which sheds light on thus far unprobed regions of dark matter

parameter space.
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Figure 3: Parameter space where the predicted blob merger contribution to the SGB lies above
LISA’s expected sensitivity threshold [73] for f = 1072. The blob radius is presented in terms of
the Schwarzschild radius, rs. The blob merger contribution to the SGB is too small for blobs lighter
than 10%*g to be visible to LISA.
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