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Primordial Black Holes (PBHs) – How do they form?

PBHs can easily form in the early Universe from sufficiently large
density perturbations – already within the GR

In a radiation-dominated Universe, they can form when large
enough perturbations (δ & 0.5) enter the horizon (tails of the
Gaussian δk’s).

In a matter-dominated Universe, perturbations grow as δ ∝ a
⇒ if there was enough time, even small perturbations can grow
large, δ ∼ 1.
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Primordial Black Holes – FAQ

Q: OK, but isn’t that gauge-dependent?
A: It is. Most importantly, in a matter-dominated Universe the
Jeans pressure does not prevent PBHs from forming.

Q: Why do not all regions collapse?
A: Initial asphericities will be amplified and this prevents BH
formation.

Q: Why do not PBHs form in today’s Universe?
A: They could, but the formation probability is negligible,
ρPBH(M)/ρtot ' 0.01 δ5

0(M).
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Primordial Black Holes – Why are they interesting?

Especially the LIGO observation of O(10)M� BH mergers and
seeds for supermassive BHs are interesting for PBHs

PBHs might constitute all DM, although this possibility is very
constrained (see 1705.05567 and the talk by V. Vaskonen)
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FIG. 1. Upper left panel: Constraints from di↵erent observations on the fraction of PBH DM, fPBH ⌘ ⌦PBH/⌦DM, as a function
of the PBH mass Mc, assuming a monochromatic mass function. The purple region on the left is excluded by evaporations [8],
the red region by femtolensing of gamma-ray bursts (FL) [40], the brown region by neutron star capture (NS) for di↵erent
values of the dark matter density in the cores of globular clusters [41], the green region by white dwarf explosions (WD) [42],
the blue, violet, yellow and purple regions by the microlensing results from Subaru (HSC) [43], Kepler (K) [44], EROS [45] and
MACHO (M) [46], respectively. The dark blue, orange, red and green regions on the right are excluded by Planck data [36],
survival of stars in Segue I (Seg I) [47] and Eridanus II (Eri II) [48], and the distribution of wide binaries (WB) [49], respectively.
The black dashed and solid lines show, respectively, the combined constraint with and without the constraints depicted by the
colored dashed lines. Other panels: Same as the upper left panel but for a lognormal PBH mass function with � = 2 (upper
right) and for a power-law PBH mass function with � = �1 (lower left) and � = 1 (lower right).

for the two extreme cases, ✏ = 0.4 (solid purple line) [51]
and ✏ = 0.1 (dotted purple line) [52].

The Cosmic Microwave Background (CMB) anisotropy
constraints on PBH accretion are subject to uncertain-
ties in the accretion process and its e↵ect on the thermal
history of the universe at early times. To account for
this, we show the bounds for both collisional ionisation
(solid dark blue line) and photoionisation (dotted dark
blue line) [36]. Recently, another sort of accretion limit
has been obtained in the mass range from a few to 107M�
on the grounds that PBH accretion from the interstellar
medium should result in a significant population of X-ray
sources [53]. Indeed, several earlier papers have consid-

ered such a limit [54, 55]. However, all these limits are
very dependent on the accretion scenario and are there-
fore not shown.

Lensing is the only phenomenon which has been
claimed to provide positive evidence for PBHs. For ex-
ample, the results of the MACHO project – searching for
microlensing of stars in the Magellanic clouds – originally
suggested halo DM in the form of 0.5M� objects [56]
and these could plausibly be PBHs formed at the quark-
hadron phase transition at 10�5s. However, the DM frac-
tion was later reduced to 20% [57]. The interpretation
of the MACHO results – and also the EROS and OGLE
results – is very sensitive to the properties of the Milky
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Constraining Primordial Power Spectrum

In any case, PBHs provide for an effective way to constrain
curvature perturbations at small scales

Let us assume that the are two components that contribute to the
curvature power spectrum: the inflaton ϕ and a spectator field s

PR(k) = PR,ϕ(k) + PR,s(k)
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Primordial Power Spectrum with two components

The inflaton perturbations produce a nearly flat spectrum at small
k ,

PR,ϕ(k) = A
(

k
k∗

)n−1+ 1
2 dn/dlnk ln

(
k

k∗

)
,

where k∗ is a pivot scale, A ' 10−9, and n ' 0.968.

Perturbations in the s field dominate at large k

PR,s(k) = As

(
k
k∗

)ns−1+ 1
2 dns/dlnk ln

(
k

k∗

)
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The total power spectrum
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The total curvature power spectrum (black solid lines).

Black dashed line: inflaton. Grey dashed lines: spectator field for different choices of parameters.
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Primordial Black Hole formation: theory

Assume there was an early matter-dominated phase (MD) at
T > TBBN ' O(1) MeV.

Possible cause: reheating, massive metastable particles...

PBH formation starts when δ grows large enough1(δ ∼ 1) and
ends when the MD ends

In MD, PBHs form with an energy ρPBH(M)/ρtot ' 0.01δ5
0(M)

1
Recall that in MD δ ∝ a in Newtonian gauge.
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Primordial Black Hole formation: results

Five parameters: As, ns, dns/dlnk , TMD, Treh (+ dn/dlnk )
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An example of the total curvature power spectrum (left) and the corresponding PBH mass function (right).
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Constraints on primordial perturbations
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Left panel: Constraints on monochromatic PBH mass function.

Right panel: constraints on the amplitude of power spectrum. Gray dashed line: RD case. Red lines: MD case.

Thin black line: blue-tilted spectator field. Thick black line: inflaton with positive running.
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Constraints on running of the spectral tilt

We derive new constraints on the running of the inflaton field’s spectral
tilt. Red lines: Planck results.
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For constraints on spectral features of the spectator field and PBH DM,
see 1706.03746.
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Conclusions

Primordial black holes are a compelling alternative to particle DM
and may constitute all DM

PBHs provide for an effective way to constrain curvature
perturbations at small scales

⇒ we placed new constraints on spectator fields and on the
running of the spectral tilt, dn/dlnk . 0.001.
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