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Exploring Primordial Black Holes from the Multiverse with Optical Telescopes
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Primordial black holes (PBHs) are a viable candidate for dark matter if the PBH masses are in the
currently unconstrained “sublunar” mass range. We revisit the possibility that PBHs were produced by
nucleation of false vacuum bubbles during inflation. We show that this scenario can produce a population of
PBHs that simultaneously accounts for all dark matter, explains the candidate event in the Subaru Hyper
Suprime-Cam (HSC) data, and contains both heavy black holes as observed by LIGO and very heavy seeds
of supermassive black holes. We demonstrate with numerical studies that future observations of HSC, as
well as other optical surveys, such as LSST, will be able to provide a definitive test for this generic PBH
formation mechanism if it is the dominant source of dark matter.
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Primordial black holes (PBHs), formed in the early
Universe prior to any galaxies and stars, are a viable
candidate for dark matter (e.g., Refs. [1-23]). It has also
been suggested that they could play a central role in a
variety of astrophysical phenomena, such as progenitors
[24-31] for the LIGO gravitational wave events [32-34],
seeds for formation of supermassive black holes [25,35,36],
as well as the source of new signals [31,37,38] from
compact star disruptions from PBH capture, among others.

PBHs can form through a variety of mechanisms (see,
e.g., Refs. [5,10] for review). While many models focus on
inflationary perturbations as a source of PBHs, other
formation mechanisms, such as cosmic string collapse
[39,40], bubble collisions [41,42], domain wall collapse
[5,40,43], as well as scalar field fragmentation [8,20,23],
can produce copious populations of PBHs. Depending on
the formation time, resulting PBHs can span many orders of
magnitude in mass. Those formed with mass above the
Hawking evaporation limit of ~10'> g will survive until the
present day. The abundance of PBHs with larger masses
have been constrained with astrophysical observations. On
the other hand, recent re-analyses [44—46] of PBHs in the
lower “sublunar” mass range of ~1071°~1071 M have
established that there remains a sizable open parameter
space window for PBHs to constitute all of the dark matter.

In this work we revisit a generic scenario of PBH
formation from vacuum bubble nucleation during inflation
[47-49]. We will show that the resulting broad mass function
of PBHs can simultaneously account for all of the DM, the
observed LIGO events, and also provide seeds for
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supermassive black holes (SMBHs). Furthermore, a candi-
date event from the Subaru Hyper Suprime-Cam (HSC)
microlensing search [50] is consistent with this scenario. In
particular, while the mass function of PBHs peaks at much
smaller masses, where microlensing effect is negligible, the
large-mass tail overlaps with the HSC sensitivity range, and
itis consistent with detection of the reported candidate event
[50]. Upcoming HSC observations and other optical surveys
will be able to test vacuum bubble formation as the primary
source of DM in the form of PBHs.

We assume that inflation took place in the early
Universe. The energy density of the inflaton field p; evolves
slowly during the slow-roll phase of inflation. In addition to
the inflaton and the experimentally discovered Higgs
boson, other scalar fields are likely to exist. Such fields
appear in a number of models of new physics, including
supersymmetry and string theory [51]. This naturally leads
one to consider a multifield potential for the inflaton. If the
multifield potential has a local minimum with energy
density p; close to the path of the inflaton, there is a
possibility of tunneling to it via the Coleman—De Luccia
instanton [52]. Let us consider the case 0 < p, < p;.
During the slow-roll phase, the false vacuum can be
populated repeatedly in a series of bubbles, each of which
has energy density p,, in the interior. While these bubbles
can expand, they do not percolate since the space outside
the bubbles expands at a high rate.

Let us illustrate the qualitative features of a nearly
constant bubble production over a period of slow-roll
inflation using a two-field potential of the type

© 2020 American Physical Society
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FIG. 1. Illustration of tilted Mexican hat potential V(¢,o)
describing a slowly rolling field tunneling to a minimum at the
origin at an approximately constant rate.

V(g.0) = m*(¢* + %) —a(d* + 0°)?

(¢* + %) + gMgl sin (%), (1)

n c
2
M,

where g <m?/Mp <c~a and f> 1. The potential,
depicted in Fig. 1, resembles a “Mexican hat” with a dent
at the origin and a small tilt due to the shift-symmetric term
sin(¢p/fM,;), which breaks the rotational symmetry in the
o-¢ plane. Periodic contributions can naturally arise in
inflationary models with axions, such as in axion mono-
dromy inflation (see, e.g., Ref. [53] for review). The tilt
causes the scalar field to roll slowly along the rim of the
“hat” and source inflation until it stops at the minimum.
Since the dent in the middle of the hat sits at a deeper
minimum for a sizable portion of the path than the slow-
rolling field separated by a barrier, the field can tunnel to
this vacuum [54]. For a sufficiently small tilt, the bubble
nucleation rate 1~ e~5¢ that depends on the Euclidian
instanton bounce action for the vacuum tunneling Sg is
approximately constant and for specific model parameters
can be computed from the bounce action using well-known
techniques [56,57]. Considering thin-wall approximation
and keeping the terms in the expansion of Eq. (1) potential
up to order 6, the action can be estimated as
Sp~0.3(a/c)3?c2f3/¢*. Imposing requirements on the
tunneling rate, the size of quantum fluctuations as well as
the duration of the inflationary period will introduce
additional fine-tuning of the model parameters [47—49].
As usual with models of inflation, some fine-tuning of the
tilt of the Mexican hat is necessary to ensure the slow roll.
An independent set of parameters controls the tunneling
rate, and these parameters determine the position of the
mass function and the PBH abundance.

The tunneling rate becomes increasingly suppressed and
effectively shuts off as the field rolls towards the portion of
the tilted rim whose height is deeper than the minimum of
the dent at the origin. Below, we take Mp] =1.

The resulting bubbles with the energy density p, =
V(0,0) in their interior have a radius smaller than the
inflationary Hubble length H;! = (87p;/3)~"/? at the time
of formation. The pressure P = p; — p,, on the wall causes
the bubble to expand until P changes sign as p,; decreases
below p,. They undergo rapid expansion until the energy
density inside the bubble exceeds the energy density in the
exterior, which happens at some point before the end of
inflation at time ¢;. After that, the bubble contracts and
collapses to a black hole. Interactions with the surrounding
medium can also affect the bubble wall momentum during
the last stages of expansion.

While for the outside observer residing in the parent
Friedmann-Lemaitre-Robertson-Walker Universe the result
of a bubble evolution is a black hole, the dynamics of the
bubble interior depend on whether the bubble radius R
exceeds Hj;' = (8zp,/3)~"/? during expansion [58]. If
R < H;' at all times, the bubble is subcritical, and it will
eventually collapse to a black hole under the effects of
vacuum pressure, wall tension, and radiation pressure. At
the end of inflation, when the Hubble radius is t; ~ H i‘l , the
bubble radius is R;. Prior to thermalization, the energy of
the region excluded by the bubble contains inflaton energy
of E; = (47/3)p;R3. The mass of the resulting black hole is
approximately the energy of the bubble [48]:

4
M~E,~ <?ﬂph —l—4n'0'Hl->Rl3 = kR?, (2)

where ¢ is the bubble wall tension and the first and second
term represent the bubble energy density and wall energy
contributions, respectively. In the presence of plasma from
the inflaton decay, the energy difference (E; —E,) is
transferred to the outgoing shock wave powered by the
radiation reflected from the bubble wall.

If R > H;;' during inflation, the bubble is supercritical.
In this case, the interior can support inflation driven by p,
within a de Sitter horizon of size H;'. This region is
connected through a wormhole to the exterior of the bubble
[48,59-61]. Eventually, the link is broken and a separate
“baby universe” is formed, leading to a multiverse structure
[62] reminiscent of eternal inflation [63]. From causality,
the region affected by the Schwarzchild radius of the black
hole resulting from the bubble collapse cannot exceed the
Hubble radius of the parent Universe ¢, = a(t,)R;, where a
is the scale factor. In the radiation-dominated era a =
(t/t;)"/? and t, = H;R?. Numerical simulations confirm
that the resulting black hole mass saturates this bound [48]

Az
M~ ?/’(th>H_3(th) = HR;. (3)
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The subcritical relation, Eq. (2), does not apply when
R;> H;/x or M > M, ~ H} /.

At the end of inflation, the bubble sizes have a broad
distribution depending on the formation time [64]. The
number density of the bubbles with radius ~R; is
n(R;) = AR;3, where 1 is the dimensionless bubble nucle-
ation rate per Hubble volume per Hubble time. Here we
assume that variation of 4 is small, and it is approximately
constant for some time during the slow-roll evolution of the
inflaton. Using Egs. (2) and (3) one can obtain the mass
function of PBHs normalized to the DM density:

_ M? dn

rony = o )

where ppy i1s the dark matter density, which scales as
pom(t) ~ (BA2MY*)™" during radiation era ¢ < teq prior
to matter-radiation equality, B ~ 10 is a numerical coef-
ficient, and M, ~ 10'7 M, is the horizon mass at 7.,. This
results in a broad mass function [48]:

M2 for M < M,

5
MY forM>M,. ®)

f(M) ~ B/IMééz{

The distribution f(M) has an effective lower cutoff at
M o ~ kH73, when R, < H7'. Thus, the total fraction of
PBH in DM is

Mg\ /2 M,
freH ~B/1<Mj) [Iog <Mmm> + 1} (6)

At the lower end of the spectrum quantum fluctuations
suppress black hole formation. The upper cut-off is very
large and is set by R; < H;'eMN, where N ~60 is the
number of e-folds of inflation during which the bubble
nucleation takes place. We note that while above 4 was
approximated by a constant, in models with a potential of
the form Eq. (1), the tunneling rate slowly varies, and,
therefore, the cutoff in f(M) is not a step function, but a
smooth function corresponding to the exponential suppres-
sion of tunneling ~e5¢.

While Refs. [43,48] focused on PBH formation in a
radiation-dominated era, it is possible and indeed likely that
inflation is followed by an era of coherent oscillations of
the inflaton, during which the expansion rate is the same as
in a matter-dominated phase [47]. An intermediate matter
dominated era can also be caused by moduli or spectator
fields, or by a fragmentation of a scalar field into solitonic
lumps [8,9,20,23,65]. While for subcritical bubbles the
results of Eq. (5) are not affected, PBHs from supercritical
bubbles formed during this era exhibit a different mass
scaling than that in Eq. (3). During the matter-dominated
era a = (t/t;,)*3 and t, = H?R?, and, therefore, the black
hole mass from supercritical bubbles scales as M ~ R?,

log[f (M)

log(M)

FIG. 2. Schematic illustration of the PBH mass spectrum from
vacuum bubbles with an intermediate matter-dominated era.

instead of M ~ R?. We can now generalize the PBH mass
function of Eq. (5) to

(M2 for M < MY
M2 for ML > M > M<
M) ~ BAMY? . . 7
f(M) ) MHTV2 for M2 > M > M! ™
M1/2 for M > M2,

where M$ denotes transition between super- and subcritical
bubbles as before, while M! and M? denote the beginning
and the end of the intermediate matter-dominated phase.
We display the resulting PBH mass spectrum in Fig. 2. The
above can be readily extended to include an arbitrary
number of such radiation-matter transitions. Since the
values of M, MS", M}, M2, and A depend on the particle
model, we take them as free parameters.

The range of PBH masses is limited from above by the
temperature of the latest reheating at the end of the last
intermediate matter-dominated phase. One constraint is that
the reheat temperature may not be lower than a few MeV
for Big Bang nucleosynthesis to take place. Another
potential constraint is imposed by baryon asymmetry of
the Universe. In the scenario with a single radiation-
dominated era, as in Eq. (5), baryogenesis can take place
at a high temperature, as typically considered. On the other
hand, when there is an intermediate matter-dominated era
as in Eq. (7), the large PBH masses imply a low reheat
temperature. To produce PBH masses of the order of the
solar mass or larger, one must assume that the reheat
temperature after the intermediate matter-dominated phase
is as low as T, ~ GeV. Any baryon asymmetry produced
before the intermediate matter-dominated era will be
diluted by a large factor >10%. A low-scale baryogenesis
required in this case can occur via scalar curvaton field and
Affleck-Dine mechanism [66,67], or late-decaying moduli
(e.g., Refs. [68-70]).

If the PBHs form during a radiation-dominated era, the
expanding bubbles generate shock waves and sound waves.
Their effects are not entirely dissipated by Silk damping,
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and they can leave an imprint on the cosmic microwave
background (CMB) through g distortions, imposing a
restriction on normalization of the o« M~'/? tail of the
PBH spectrum related to the bubble nucleation rate
1 <1071 [48,49]. However, this constraint relies on the
assumption that expanding bubble walls interact with radi-
ation and plasma. If the bubble expansion takes place during
a matter-dominated phase, the constraint does not apply.
The broad and multistep PBH spectrum shape of Eq. (7)
allows us to naturally explain an extensive range of
phenomena simultaneously within a single model, which
cannot be accomplished with the spectrum of Eq. (5). PBHs
can account for all DM if M_;, = M lies in the open
parameter window of ~1071°~1078 M. Observed LIGO
events can be caused by PBHs if f(M ~30 My) ~ 1073
[29], which we identify with f(M?). For PBHs to seed
supermassive black holes one needs a black hole of
M 2 10° My in each galactic halo, corresponding to a
density of n,, ~ 0.1 Mpc~3, which is possible if 1> 107"

Furthermore, HSC microselensing observations of the
Andromeda galaxy (M31) [50] reported a candidate event
consistent with PBHs at f(M ~ 107 M) ~ 1072. It has
been suggested in Ref. [49] that a broad PBH spectrum
from vacuum bubbles of Eq. (5) can accommodate this as
well as DM.

Given the exciting possibility that all of these phenom-
ena might be explained by PBHs produced from bubble
nucleation, it is important to explore the discovery range of
the HSC. We study the HSC reach numerically, and we find
that upcoming observations of the HSC will allow to fully
test vacuum bubbles as the primary source of PBH DM.
Furthermore, the HSC will be able to probe the intriguing
scenario represented by Eq. (7) that can simultaneously
explain LIGO events, and SMBH seeds, while PBHs from
vacuum bubbles constitute all of the DM.

We employ results from HSC Monte Carlo simulations
as well as their analysis tools, outlined in Ref. [50], to
perform a fit of the PBH mass spectrum to the expected
number of observed microlensing events

dNevem dNS f(M)

for M > 10° M
Qppy / / fons dipwim
Qpm IrwHM

Neg (Q'PBH)

where (Qppy/Qpy) = fpeh is the mass fraction of DM in
the form of PBHS, dNyen/d10g(trwhm) is the expected
differential number of PBH microlensing events per loga-
rithmic interval of the fullwidth-at-half-maximum (FWHM)
microlensing timescale frwyy for a single star in M31,
dN,/dm, is the luminosity function of source stars in the
photometric r-band magnitude range [m,,r+ dm,],
€(tpwam» m,) is the detection efficiency quantifying the
probability that a microlensing event for a star with magni-
tude m, and the light curve timescale frwy 1S detected by
HSC event selection procedures and the PBH mass spectrum
f(M) is normalized to satisfy [5°dMf(M)/M = 1.

We first analyze compatibility of the broad PBH spectrum
described by f (M) with detection of a single candidate event
reported by the HSC after 7 h of observations. The mass
function must be consistent with one event corresponding to
the candidate PBH mass, while no events are observed at
other masses. The f(M) « M~'/> mass function passes this
test in the range of normalizations shown in Fig. 3, leftmost
panel. (We note in passing that, since the PBH spectrum is
not monochromatic, the lines in the allowed range do not
reach the differential HSC exclusion region, but pass notably
lower.) Furthermore, for each line in the allowed range, one
can obtain fpgy = | by introducing a low-mass cutoff in the
allowed range (10715-1071%)M,

To explore the HSC reach to probe PBH DM from
vacuum bubbles, we estimate the required time for upcom-
ing HSC observations to start seeing events. The results are
displayed in Fig. 3. For the general model with the choice

tewing, 1,) el 8
" dlog(trwnm) dm, e(trwia. ;) M ®)

|

of parameters that can simultaneously explain all of the
DM, LIGO events and SMBHs (middle panel), we find that
the HSC already started to probe this scenario, and new
detections can be expected with only 2.7 h of observations.
Based on Poisson statistics, a single HSC candidate event
found after 7 h of observation is still compatible with this
scenario at ~19% C.L.. The scenario of fpgy = 1 with
fixed shape of f(M) can be excluded with additional 6-h
observation at a 2-¢ level (95% C.L.), combining existing
7 h of observation and assuming null detection in future
observation. The red shaded region is the exclusion region
after 13 h of observation in total.

The HSC reach for the most pessimistic realization of the
vacuum bubble PBH DM scenario, corresponding to
normalization with the lowest possible nucleation rate A,
is also impressive (rightmost panel). We find that 88 h of
future observation can exclude the scenario at a 2-¢ level,
assuming null detection. The red shaded region is the
exclusion region of fppy at a given cutoff scale, M ;,. For
Myin S 1071 M, the constraining power saturates
because every M, < 107! M gives same number of
microlensing events.

Another promising microlensing observatory will be the
Rubin Observatory Legacy Survey of Space and Time
(LSST) [81], which is expected to start its full science
operation in 2022. If LSST carries out a microlensing
survey towards the Galactic Center that is accessible from
the LSST site in Chile, it would easily test the PBH
scenario, thanks to its large mirror aperture, wide field of
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FIG. 3. [Left] Allowed normalization range for a PBH mass function o M~'/2 to be consistent with the HSC candidate event reported
after 7 h of observations [50]. The HSC constraint (shaded blue) takes into account the updated finite-source size effects [45,71]. Thick
purple line represents the best fit and the band corresponds to a 95% confidence level (C.L.) interval. For each line in the allowed range,
the mass function can be made consistent with fpgy = 1 by introducing a low-mass cutoff in the 10719-1071 M range. [Middle]
Green line shows a model mass function, in which PBHs can account for HSC and optical gravitational lensing experiment (OGLE)
microlensing observation, LIGO observations [29] (this region will be further tested with stochastic gravity-wave background [24,72]),
and seeds of supermassive black holes. After 6 h of additional observation by the HSC, we can exclude fpgy = 1 normalization (red
region), assuming null detection in future observation. (Right) Green line shows the most pessimistic scenario, corresponding to the
lowest possible normalization and M, ~ 10716 M o, for which PBHS can still account for all of the DM. The red region is the exclusion
region of normalization fppy at a given M ;,, assuming 88 h of new observation and null detection. The blue region in each panel is the
constraint assuming monotonic mass function and corresponding observation time (7, 7 + 6, and 88 h from left to right). Constraints
from extragalactic y rays from BH evaporation [73] (additional constraints in this region due to positron production from BH evaporation
have been also recently suggested [74—76]), microlensing Kepler data [77], MACHO, EROS, and OGLE microlensing [78], and the
accretion effects on the CMB observables [79] (see also Ref. [80]) are also displayed. The label of (§) denotes that the constraint is
derived assuming monotonic mass function.
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