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Did LIGO detect dark matter?

Simeon Bird,* Ilias Cholis, Julian B. Munoz, Yacine Ali-Halmoud, Marc
Kamionkowski, Ely D. Kovetz, Alvise Raccanelli, and Adam G. Riess!

! Department of Physics and Astronomy, Johns Hopkins University,
3400 N. Charles St., Baltimore, MD 21218, USA

We consider the possibility that the black-hole (BH) binary detected by LIGO may be a signature
of dark matter. Interestingly enough, there remains a window for masses 20 Mo < Mpn < 100 Mg
where primordial black holes (PBHs) may constitute the dark matter. If two BHs in a galactic halo
pass sufficiently close, they radiate enough energy in gravitational waves to become gravitationally
bound. The bound BHs will rapidly spiral inward due to emission of gravitational radiation and
ultimately merge. Uncertainties in the rate for such events arise from our imprecise knowledge of the
phase-space structure of galactic halos on the smallest scales. Still, reasonable estimates span a range
that overlaps the 2 — 53 Gpc™ yr~ ' rate estimated from GW150914, thus raising the possibility
that LIGO has detected PBH dark matter. PBH mergers are likely to be distributed spatially
more like dark matter than luminous matter and have no optical nor neutrino counterparts. They
may be distinguished from mergers of BHs from more traditional astrophysical sources through the
observed mass spectrum, their high ellipticities, or their stochastic gravitational wave background.
Next generation experiments will be invaluable in performing these tests.



Masses in the Stellar Graveyard




Could these black holes be primordial in origin?
e Consistent™ with no spin (hard to produce astrophysically)

* Black holes with masses > 10%° M, ~ 10'° g ~ 107 Mg
can survive the age of the universe without Hawking
evaporating.

 Can be produced with masses below the Chandrasekhar
limit ~ 1.4Mg ~ 3 x 1033 g (observation of which would be
smoking gun proof of their existence!)



Could these black holes be primordial in origin?
Can be produced by:
Bubble collisions in 1'st order phase transitions;
cosmic string loop collapse; domain walls;
collapse of large (primordial?) overdensities;

In the latter case, abundances can therefore be probed by
complimentary observations of small scale power.



Primordial black hole formation
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on this background, consider a spherically symmetric
perturbation that will eventually collapse into a black hole



Primordial black hole formation
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Primordial black hole formation

Harada, Yu, Kohri (2013): a more detailed analysis for uniform
density profiles implied A, = sin® (7my/w/(1 + 3w))

(not so accurate as you approach matter domination, more on this later...)

In reality, different density profiles, different thresholds...
during radiation domination A, ~ 0.3 — 0.66

(See Kalaja et al, 1908.03596)



Primordial black hole formation
Press-Schecter formalism— 3 = fAOO P(A)dA
3 is the mass fraction of PBH’s at the time of formation
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Primordial black hole formation
Press-Schecter formalism— 3= [ P(A)dA

3 is the mass fraction of PBH’s at the time of formation




Primordial black hole formation
Press-Schecter formalism— 3= [ P(A)dA
3 is the mass fraction of PBH’s at the time of formation

Pa®) = 4528 () (o)

power spectrum of curvature perturbation from inflation

) (A%) = [y~ FPa(k)




How do cosmological correlation functions relate to an
underlying effective description?
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How do cosmological correlation functions relate to an
underlying effective description? (cheung et al. 2007)
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How do cosmological correlation functions relate to an
underlying effective description? (cheung et al. 2007)

Liot = PR+ ...+ L(¢, Vi, V2, ...)

o(z,t) = do(t) 4 00(t, x)

t - t4+m
QE’D + 5¢(t1$) — @ﬁﬂ + 5¢(t:~$) o QBDW = qﬁﬂ(t)
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How do cosmological correlation functions relate to an
underlying effective description? (cheung et al. 2007)

Q) Where did the scalar perturbation go?

o(z,t) = do(t) 4 00(t, x)
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How do cosmological correlation functions relate to an
underlying effective description? (cheung et al. 2007)

A) It got eaten’ by the metric, which now propagates a
longitudinal polarization...
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it - t+m

QE’D + §¢(t1$) — ¢'D + 5¢(t:~$) o ¢'Dﬂ- = qﬁﬂ(t)

ds®> = —N2dt? + hi;(dz’ + N'dt)(dz? + N7 dt)
hr-f_j — {Ig(t)eij



Since R is a Goldstone, R = const. will always be a
solution for k < 1to any order in perturbation theory,
since only derivative interactions. This is what imprints
anisotropies on the CMB... (8ond, salopek 1990; Assasi, Baumann, Green 2012)
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So = fd4:ca3€Mp21 (75’3 ( az) + 2 a4)
4
H?2> c2 M2 H

changes to zero and two derivative terms in the
parent theory manifest here...




Since R is a Goldstone, R = const. will always be a
solution for k < 1to any order in perturbation theory,
since only derivative interactions. This is what imprints
anisotropies on the CMB... (8ond, salopek 1990; Assasi, Baumann, Green 2012)

2 (OR)? 9 (9°R

So = fd4:ca3€Mp21 (75’3 ( az) + 2 a4)
4
H?2> c2 M2 H

changes to two and four derivative terms in the
parent theory manifest here...
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‘Transfer function’ = non-primordial cosmology + geometry



(k;?h))z

T

(Alk,7))"/ (£

fomax

=
I
[
[
I
b
=
=
I
| ]
=
=
I
b
=
=
=
(k7))
RNV
[
I
(]
=
|
()
o
=
|
[}
o)
<)
|
b
o
=
=]

fmax

E

7))/ (A

[ I 'III |
| . |||||'“:

f( k

[ | [ 1 | | I|I|
I. -I I'I [ | ll I. I| ',.-I I, .| |LI |j n |1'|
A YR AL

(4

0.0001 0.001 0.01 0.1 0.0001 0.001 0.01 0.1
; -1 j -1
k/Mpc k/Mpc

Transfer functions sample’ underlying 2-pt function



(Aside — from reconstructed data to "Wilson functions’)
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Primordial black hole formation

Press-Schecter formalism— 3= [ P(A)dA = %PPBH(MH

Ptot

A3is the mass fraction of PBH’s at the time of formation,is the
fraction of horizon mass to collapse into a black hole...

Pa®) = 4528 () (o)

power spectrum of curvature perturbation from inflation

) (A%) = [y~ FPa(k)




Primordial black hole formation

Critical collapse — PBH mass function given by:  (gyresetal, 2018)
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Constants obtained numerically — exact values depend on radial profile presumed...



Primordial black hole formation

During radiation domination (monochromatic):

03/4 1/4 Lo\ 1/2
fenn (M) ~ 7%/ g (My) ez (20) " (Mo)

QpM,0 \ st

For PBH’s to be all of DM, we require peak P, ~ R ~ 1.26 - 102

N.B. at CMB scales, we have P, ~ 2 - 1077 ... we must boost
power by some seven orders of magnitude (!)



Primordial black hole formation

N.B. even the standard thermal history during radiation
domination has deS in w, e.g. from the QCD crossover:
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A, = sin? (my/w/(1 + 3w))

(Fig. from Byrnes, Hindmarsh, Young, Hawkins 2018)



Primordial black hole formation

TR During early matter domination (cicole, biaz, pedro 2018)
> 1st Radiation epoch
|,.
dom + < 93/4 1/4 ]./2
fomm (Me) 2 726 (M) it () (H52) e tOme0
> Matter epoch (via modulus domination)
For PBH’s to be all of DM, for = GeV mass moduli
S AT require only Pr ~ 1077 (also monochromatic)
! a much milder requirement, but requires non-

standard thermal history...



Mass functions always extended to some extent...
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However the underlying power spectrum is hard to extract from the PBH mass function due to degeneracies
between the effect of the amplitude and shape of the power spectrum... The PBH mass function would have to
be observed with very high precision in order to reconstruct the shape of the primordial power spectrum near
the corresponding peak. (Byrnes, Cole, Patil 2018)



Cosmological and astrophysical bounds on PBH abundances
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Cosmological and astrophysical bounds on small scale power
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Shape dependence of constraints on underlying power spectrum
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Primordial black holes from inflation?

S | OH
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When potential is exactly flat, dV/d¢ = 0 so that - =<-5=3

Therefore the smallest value for a monotonic potential is

n=—6-—eoxe

(Ultra Slow-Roll Inflation)



Primordial black holes from inflation?
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Primordial black holes from inflation?

— Not single—clock inflation

—— € decreases

€ grows
USR

T e n o € constant (standard slow-roll approximation)
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Formerly decaying mode can grow if n < —3



Analytic rg(l)atching computation — steepest growth of ~ k*
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Analytic matching computation — steepest growth of o k*

P(k)
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Can be used to extrapolate observational constraints at any given

scale to much smaller scales...
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Can be used to extrapolate observational constraints at any given
scale to much smaller scales...
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Many > O(1) theoretical uncertainties remain!

Range in critical density (e.g. during RD) A, ~ 0.3 — 0.66 from
different assumptions e.g. for radial profiles;

Non-sphericity of collapse; effects of vorticity during MD;
Non-linear structure formation formalism (standard Press-
Schecter can be improved). Choice of window function when
calculating variance — top hat, or Gaussian?

Non-Gaussianities! Especially the varieties that are not
captured by templates used to constrain presence in CMB.

Can we improve observational constraints on small scale power
to exclude certain mass ranges?



Lots of theorists still puzzling over all of this!
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Thanks for your attention!






Cf. spectral dependence of sensitivity curves for interferometry; Thrane, Romano (2013)
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FIG. 7: Left panel: Qg (f) sensitivity curves from different stages in a potential future Advanced LIGO HI1L1 cor-
relation search for power-law gravitational-wave backgrounds. The red line shows the effective strain spectral density
Seet(f) = Pn(f)/ITu1n1(f)| of the H1L1 detector pair to a gravitational-wave background signal converted to energy den-
sity Qe (f) via Eq. 3. (The P,(f) used in this calculation is the design detector noise power spectral density for an Advanced
LIGO detector, assumed to be the same for both H1 and L1.) The spikes in the red curve are due to zeroes in the overlap
reduction function I'gir1(f), which is shown in the left panel of Fig. 5. The green curve, Seg(f)//2I10F, is obtained through
the optimal combination of one year’s worth of data, assuming a frequency bin width of 0.25 Hz as is typical [2]. The vertical
dashed orange line marks a typical Advanced LIGO reference frequency, fief = 100 Hz. The set of black lines are obtained
by performing the integration in Eq. 29 for different power law indices 3, requiring that p = 1 to determine {25. Finally, the
blue power-law integrated sensitivity curve is the envelope of the black lines. Right panel: a demonstration of how to interpret
a power-law integrated curve. The thin green line and thick blue line are the same as in the left panel. The two dashed



