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Supersymmetric extensions of the standard model generically predict that in the early universe a
scalar condensate can form and fragment into Q-balls before decaying. If the Q-balls dominate the
energy density for some period of time, the relatively large fluctuations in their number density can
lead to formation of primordial black holes (PBH). Other scalar fields, unrelated to supersymmetry,
can play a similar role. For a general charged scalar field, this robust mechanism can generate black
holes over the entire mass range allowed by observational constraints, with a sufficient abundance
to account for all dark matter in some parameter ranges. In the case of supersymmetry the mass
range is limited from above by 10%3g. We also comment on the role that topological defects can

play for PBH formation in a similar fashion.

It is a long-standing question whether black holes could
form in the early universe [IHI2]. Primordial black holes
(PBH) could account for all or part of dark matter [T}
0l [8HI12], they could be responsible for some of the grav-
itational wave signals observed by LIGO [I3], and they
could provide seeds for supermassive black holes [7]. A
number of scenarios for black hole formation have been
considered [5], and many of them rely on a spectrum
of primordial density perturbations that has some ex-
tra power on certain length scales, which can be accom-
plished by means of tuning an inflaton potential.

In this Letter we will present a more generic scenario
for PBH formation in the early universe, which does
not rely on any particular spectrum of density pertur-
bations from inflation. Scalar fields with slowly growing
potentials form a coherent condensate at the end of infla-
tion [I4HI7]. In general, the condensate is not stable, and
it breaks up in lumps, which evolve into Q-balls [I8]. The
gas of Q-balls contains a relatively low number of lumps
per horizon, and the mass contained in these lumps fluc-
tuates significantly from place to place. This creates rela-
tively large fluctuations of mass density in Q-balls across
both subhorizon and superhorizon distances. Since the
energy density of a gas of Q-balls redshifts as mass, it can
come to dominate the energy density temporarily, until
the Q-balls decay, returning the universe to a radiation
dominated era. The growth of structure during the Q-
ball dominated phase can lead to copious production of
primordial black holes.

Formation of Q-balls requires nothing more than some
scalar field with a relatively flat potential at the end of
inflation. For example, supersymmetric theories predict
the existence of scalar fields with flat potentials. PBH
formation in supersymmetric theories is, therefore, likely,
even if the scale of supersymmetry breaking exceeds the
reach of existing colliders.

A similar process can occur with topological defects,
which can also lead to relatively large inhomogeneities.

The discussion of topological defects is complicated by
their non-trivial evolution. We will focus primarily on
Q-balls, and will briefly comment on topological defects
below.

Formation of @-balls occurs by fragmentation of a
scalar condensate after inflation [I8]. While supersym-
metry is a well-motivated theory for scalar fields car-
rying global charges and having flat potentials[16] [19],
our discussion can be easily generalized to an arbitrary
scalar field with a global U(1) symmetry in the poten-
tial. Supersymmetric potentials generically contain flat
directions that are lifted only by supersymmetry break-
ing terms. Some of the scalar fields that parameterize
the flat directions carry a conserved U(1) quantum num-
ber, such as the baryon or lepton number. During in-
flation, these field develop a large vacuum expectation
value (VEV) [I4HI7], leading to a large, nonzero global
charge density. When inflation is over, the scalar con-
densate ¢(t) = ¢o(t) exp{if(t)} relaxes to the minimum
of the potential by a coherent classical motion with 8 # 0
due to the initial conditions and possible CP violation at
a high scale.

The initially homogeneous condensate is unstable with
respect to fragmentation into non-topological solitons, Q-
balls [20]. Q-balls exist in the spectrum of every super-
symmetric generalization of the Standard Model [21] 22],
and they can be stable or long-lived along a flat direc-
tion [I8, 23]. In the case of a relatively large charge
density (which is necessary for Affleck-Dine baryogenesis
[16], 19]), the stability of Q-balls can be analyzed analyt-
ically [I8], [24] [25]; these results agree well with numerical
simulations [26]. One finds that the almost homogeneous
condensate develops an instability with wavenumbers in
the range 0 < k < kmax, where kpax = Jw? — V" (¢y),
and w = 0. The fastest growing modes of instability
have a wavelength ~ 10~2%! of the horizon size at the
time of fragmentation, and they create isolated lumps of
condensate which evolve into Q-balls. Numerical sim-



ulations [26, 27] indicate that most of the condensate
ends up in lumps. However, since the mass of Q-balls
is a non-linear function of the Q-ball size, Q-ball forma-
tion, in general, leads to a non-uniform distribution of
energy density in the matter component represented by
the scalar condensate. Q-balls can also form when the
charge density is small or zero, in which case both posi-
tively and negatively charged Q-balls are produced [26];
here we do not consider this possibility.

If the potential is flat, a Q-ball with global charge @
has mass M o |Q[*/* [I8, 23]. The density fluctuations
arise from the non-linear relation between M and Q. In
general, M ~ |Q|®, where « depends on the potential. If
a = 1, some density fluctuations may arise from global
charge redistribution during fragmentation. We do not
consider this possibility here, and we limit our discussion
to o = 3/4.

Q-ball number distribution. Let us consider N identical
Q-balls in some volume V at the time of fragmentation
ty. We assume that the probability to find N Q-balls in
a given volume V follows a Poisson distribution:

NV, N
p(N,V):e_(NfV/Vf)%7 N€Z+, (1)

where Ny is the average number of Q-balls per horizon
(within volume V; = %’Tti’c, the horizon volume at frag-
mentation). The mass of a volume containing N Q-balls
is given by M(N) = NMq.pan = ANQ®. If this mass is
large enough, it becomes the mass of the black hole re-
sulting from the collapse. The charge within the volume
V at fragmentation is assumed to be distributed equally
among the N Q-balls, so that NQ = QV/V; (with Qf
the total charge on the horizon at ty), which gives us the
Q-ball cluster distribution function Fg

Fo(M,N,V) =14 <M — My (Ji;;) o (1‘2)&) p(N,V),
(2)

where My = AQ;’;N }_a is the average Q-ball horizon
mass at ty. Fg represents the probability density to find
a mass M composed of N Q-balls within a volume V.

The average background energy density (over the
largest scales) in Q-balls at ¢, is then given by

(att) = Jim G2 = L. )

V—oo

with the average performed over M and N.

Q-balls are stable with respect to decay into scalar
particles, but they can decay into fermions lighter than
w [28H30]. Q-balls can also decay if the U(1) symme-
try is broken by some higher-dimension operators [31I-
34]. We parameterize this decay by the total decay width
I'o = 1/7g, which includes all decay channels. The en-
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FIG. 1: Cosmological timeline corresponding to the
production of PBH. Orange dashed line denotes
radiation density pr, blue dashed line is Q-ball energy
density (pg), and black solid line is black hole density
(pBu). Inset in the upper right is a zoomed-in view of
the early matter dominated era (tg <t < tg), with
density scaled by a® (so that non-decaying matter
would be represented by a straight horizontal line).
Horizontal dashed line indicates the observed
present-day dark matter density. Here the parameters
correspond to the solid line in Fig. @

ergy density in the form of Q-balls scales with expansion
of the universe as decaying matter [35], and the decays
also contribute to radiation density. We take this into ac-
count in a consistent manner using the analysis of Scher-
rer and Turner [35]. The energy density of Q-balls then
evolves as (pq(t)) = (pq(ts)) (ap/a)®elts=D/7@ and we
assume that at some time ¢g the Q-balls come to domi-
nate, as shown in Fig.

Density perturbations can grow starting at time g
when the universe becomes matter dominated (i.e.,
pr(tg) = (pg(tg))) until the time when the Q-balls
decay, returning the universe to a radiation dominated
phase. The structures can grow on all length scales above
some minimum size Vi,in, which we take to be the volume
containing an average number of Q-balls Ny, ~ 10. This
acts as a cutoff to the low-mass part of the PBH spec-
trum, but does not influence any larger scales, and we
have checked the results are not sensitive to this choice
as long as Npin < Ny.

The density contrast in Q-balls at fragmentation 6(¢s)
of a specific mass scale M composed of N Q-balls within
a volume V at t; is given by

l1—a

_Op _M/V o (N/Ny\ -
)= T0) = ey (M/Mf> Y

where in the last line we have used the argument of the
delta function in Equation [2] to eliminate V. Note that
when « = 1, the density perturbations vanish identically.

The density perturbations are frozen during the ra-



diation dominated era, but they grow linearly in the
scale factor during the Q-ball dominated epoch, §(t) =
§(tr)(ajag) = d(tp)(t/tg)?/®. The structure growth
generally goes nonlinear and decouples from the expan-
sion around & > 6. ~ 1.7, at which point the over-
dense regions collapse and become gravitationally bound.
However, some structures with 4 < J. can still col-
lapse, and not all structures with § > §, are guaran-
teed to collapse into black holes. Due to nonsphericity
of the gravitationally-bound structures, only a fraction
B = vB3/2(tg)(M/Mg)'3/® (where v =~ 2 x 1072 and
Mg = Mg(tg/ty)?/? is the horizon mass at the begin-
ning of the Q-ball dominated era) will actually collapse
spherically to form black holes [9] [36, [37] by the end of
the Q-ball dominated era (tgr). Structures with 6 > d.
do not continue to grow (as perturbations are gravita-
tionally bound at this point and cease developing), so
that B = y62>2(M/Mg)'3/3 for 6(tg) > .. Despite
these refinements, the outcome does not appear to de-
pend sensitively on the value of d..

Additional care must be taken to extend this to scales
which enter the horizon during the Q-ball dominated era,
and thus are not subject to the same amount of growth as
the subhorizon modes. This can be done by calculating
the time ¢;, at which a comoving superhorizon volume V'
at t; re-enters the horizon: (a(ty)/as)3V =V, = 4¢3,
Then, the amplification of these superhorizon modes at
the end of the Q-ball dominated era are is given by
d(ts)(ar/a(ty)) rather than 6(tf)(ar/a(tg)). Also, be-
cause this expression is only valid for small §, we will cap
its value at Bnax = 1 to avoid collapse probabilities over
unity. Structure growth ends once the radiation density
comes to dominate again at time ¢, which is defined by

Pr(tR) = (pq(tR))-

PBH production in this mechanism can be analyzed
by first calculating the energy density of Q-balls at ¢,
that will eventually form black holes by tr by weight-
ing the Q-ball energy density M/V by the collapse frac-
tion/probability 5 evaluated at tp, and then redshift-
ing this value appropriately. In addition, one must sum
the contributions of all length scales V' through a coarse-
graining procedure. This is accomplished for some arbi-
trary function g(V') via the procedure

Imax

D 9(V)=g(n) +9(Vi/x)+--- =D g(Vix'™") (5)
{V} i=1

Im: Vi
max ) 1 L oqv
~ dig(Vix'™") = — —g(V), (6
| s =g [ e @

where we have used the Euler-Maclaurin summation ap-
proximation, x ~ O(1—10) is a parameter of the coarse-
graining, and Vi, is the smallest volume scale under con-
sideration, set by Npi,. We will henceforth take y = e
for simplicity.

1078
10-10L
10—12,

5 -14
10

© 10-18L

=~ 1078

ag)® d{pey (r))

ayl:
Q
o

Y

8

T I
.
10-24 ,/’
10—26 L

10-7 10° 1075 10~* 10® 1072 10-' 10° 10" 102 10°
n

FIG. 2: Differential fraction of Q-ball energy density
transferred to BH density as a function of n = M/M;.
This spectrum corresponds to the parameters for the
solid black line in Figure |3] which accounts for 100% of
the dark matter.

At tg, the black hole density is given by

ot = (22)' 55 [ o ()

)

where Vi = 2Zt3(tq/tr)?(ts/tq)>/? is the size of the
comoving horizon at tg, evaluated at t;. The black hole
energy density then redshifts like nonrelativistic matter,
(pen(t)) = (peu(tr)) (ar/a(t))®.

The mass function d{ppn) /dM can be evaluated us-
ing the integrand of Eq. (7| ((ppu) = [ dM d{ppu) /dM).
Using this “differential density” mass function, shown in
Fig. 2| one can glean some information regarding how
the parameters of the theory affect the distribution of
black hole mass. We find that the spectrum depends
only on the dimensionless parameters Ny, n = M /My,
ry =tg/ty, and r = tr/tg (given this set, plus a value
for t ¢, fixes the remaining parameters 7o, My due to con-
sistency conditions on the boundary of the Q-ball dom-
inated era). First, it’s obvious from the normalization
of each curve that the lower the number of Q-balls per
horizon, the more black holes that are created. This is
expected, as the Poisson statistics suppress the density
fluctuations for large Q-ball number. Second, there is
a hard lower cutoff in the PBH mass, which occurs at
7 = Nmin/Ny. Above that, the BH number sharply in-
creases with a power law o< n?7; the extent of this region
depends on the magnitude of r, with larger values lead-
ing to a larger range. Above that, the spectrum becomes
approximately flat (< 7%1%), meaning that the number
of black holes in each decade of mass are comparable. Of
course, the upper end of this range dominates the energy
density of the distribution. Then, at around M = Mg,
there is a sharp transition and the slope becomes strongly
negative (oc n~%%) due to the reduced growth the super-
horizon modes are subject to. Then, there is an upper



exponential cutoff at n ~ 108/Nf due once again to the
Poisson statistics (the cutoff appears to take precedence
over previously mentioned transitions). For the parame-
ters given in Figure[2] the spectrum is highly developed,
in the sense that it has been subject to a lengthy matter
dominated era of growth (r > 1).

Ezxperimental constraints can be considered after we
evolve the black hole distribution to the present day.
In simple terms, we just have to take Equation [7| and
multiply it by (a(to)/a(tr))~3. Naively, one would use
the equation aj/as = (t1/t2)™ (with n = 1/2 or 2/3)
keeping in mind that the Universe transitions back to
a matter-dominated era around z.q ~ 3360. However,
an extended Q-ball dominated era (r > 1) alters the
timescale of cosmological thermal history because the
radiation temperature is altered by the Q-ball decays
and the form of the scale factor during this era. In this
case, one must use aj/as = giéS(Tg)Tg/giég(Tl)Tl and
evolve from Tx (defined by pr(tr) = (72/30)g.(Tr)TH)
to Ty = 2.7 K = 2.3 meV. This has the advantage of ac-
curately accounting for any deviation from cosmological
history. In addition, we enforce an additional constraint
Tr > TN ~ MeV, so that the entropy injection from
Q-ball decays does not interfere with nucleosynthesis.

We now apply observational constraints to our model.
There are a variety of constraints [9] [TT], 38-40], coming
from a number of sources, including gamma rays from
Hawking radiation, femto-, micro-, and milli-lensing,
white dwarf capture, pulsar timing arrays, and accretion
effects on the CMB. These constraints can be observed in
Figure [3]in orange. It is important to note that the con-
straints as plotted only apply for a monochromatic mass
distribution. The mass spectrum of this model clearly
extends over several decades, and so we must translate
these constraints into something applicable to our model.
We adopt the procedure outlined in [9], which amounts to
comparing the expected dark matter fraction to the con-
straints on an interval-by-interval basis. As a guide, we
also plot fpu(M) = ppyd (ppu) /d(In M), which gives
an approximate idea of how the expected BH density in
each logarithmic interval of mass compares with the con-
straints. We have verified for the given parameters that
the constraints have not been violated. We note that
the solid curve corresponds to a distribution that makes
up 100% of the dark matter with peak black hole mass
10%° g. For the case of supersymmetric Q-balls with the
SUSY-breaking scale Asysy > 10 TeV, the fragmenta-
tion time cannot be much longer than the Hubble time
H=' ~ M,/gs"* A2ygy < 8x 1071 s, which corresponds
to peak PBH masses of about 10%®* g. The case illus-
trated in Figure [3] satisfies this bound, thus primordial
black holes from supersymmetric Q-balls can account for
100% of the dark matter.

The dot-dashed curve corresponds to a distribution
that only makes up 0.1% of the dark matter, but has
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FIG. 3: Comparison of the observational constraints on
f = Qppu/QpMm (orange, shaded), with the expected
value of fga(M) = ppid (pu) /d(In M) for some
hand-picked parameters (black). Parameters for the
three curves are t; = 1.12 x 1077 s, rp = 1.1,

r =447 x 10, Ny = 105, f =1 (solid line),
tr=20x10"" s rp=1.1,r =158 x 103, Ny = 10,
f = 0.2 (dashed line), and t; = 1.0 x 1073 s, 7 = 1.1,
r=4.47 x 10%, Ny = 105, f = 0.001 (dot-dashed line).

a peak BH mass of 30 Mg. This is suggestive, as even
if the dark matter isn’t entirely PBHs, they might still
be responsible for some of the black hole merger events
detected by LIGO [13].

Topological defect formation can also lead to the pro-
duction of PBHs if the topological defects come to dom-
inate the energy density. The analysis is sufficiently dif-
ferent from that of Q-balls, primarily because typically
only one defect per horizon is produced at the time of
formation due to the Kibble mechanism [4I]. However,
the general mechanism remains the same: small number
densities of defects lead to large fluctuations relative to
the background density, these fluctuations become grav-
itationally bound and collapse to form black holes once
the relic density has come to dominate, and the relics de-
cay due to some instability (such as gravitational waves
or decay to Nambu-Goldstone bosons in the case of cos-
mic strings). In order to accurately model production
of PBHs from these defects, one should calculate the
expected density perturbations on initially superhorizon
scales, which only begin to grow once these scales pass
back within the horizon and the defects come to dominate
the universe’s energy density. Cosmic strings are proba-
bly the most likely candidate for primordial relics due to
the fact that they are typically cosmologically safe, as the
energy density in string loops is diluted during expansion
at the same rate as radiation, a=* [42] 43].

We have shown that number density fluctuations of
nontopological solitons in the early universe can be re-
sponsible for production of primordial black holes, and
furthermore, that these black holes can make up all or
part of the dark matter. Scalar fields and Q-ball forma-



tion are generic features of supersymmetric extensions
of the Standard Model, which provides a good motiva-
tion for this mechanism. Other scalar fields may exist
and may undergo fragmentation, leading to PBH forma-
tion. In addition, we have elucidated a possible mecha-
nism through which topological defects may be able to
produce primordial black holes as well under certain cir-
cumstances.
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