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Dark Matter

Dark Matter accounts for ΩDM = 0.266± 0.013 of the Universe’s energy
density today (Planck 2015)

Observational evidences: CMB, weak gravitational lensing, galaxy
rotation curves, large scale structures...

DM must be nearly collisionless, non relativistic and stable

A Weakly Interacting Massive Particle (WIMP)

Axion, LSP, gravitino, others...

Black holes: the only already known candidate,
but they must be massive and primordial
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PBH Dark Matter: formation

Primordial Black Holes (PBH) formed in the early Universe when
sufficiently important density fluctuations collapse gravitationally

When the size of the fluctuation becomes smaller than the Hubble

horizon: k ↔ t so that k = a(t)H(t)↔M =
M2

pl

Hinf
e2Nk

Fraction β of the Universe collapsing into PBH of mass M at tM :

βform(M) ≡ ρPBH(M)

ρtot

∣∣∣∣
t=tk

= 2

∫ ∞
ζc

1√
2πσ

e
− ζ2

2σ2 dζ

variance related to the power spectrum of curvature (density)
fluctuations σ2 = Pζ(kM )

Model parameter: threshold curvature fluctuation 0.01 . ζc . 1
( e.g. ζc = 0.086 in Harada et al., 1309.4201)

At the time of formation, β � 1, but ρPBH ∝ 1/a3 whereas
ρrad ∝ 1/a4 and thus one can have β ∼ O(1) and
ΩPBH = ΩDM ' 0.27 today.
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Sébastien Clesse (RWTH) Primordial Black Holes 4



Dark Matter

Primordial Black
Holes

PBH in Hybrid
Inflation

Constraints on
PBH abundances

After the GW
detection by
aLIGO/VIRGO...

Observable
predictions

Conclusion and
Perspectives

PBH Dark Matter: formation

Primordial Black Holes (PBH) formed in the early Universe when
sufficiently important density fluctuations collapse gravitationally

When the size of the fluctuation becomes smaller than the Hubble

horizon: k ↔ t so that k = a(t)H(t)↔M =
M2

pl

Hinf
e2Nk

Fraction β of the Universe collapsing into PBH of mass M at tM :

βform(M) ≡ ρPBH(M)

ρtot

∣∣∣∣
t=tk

= 2

∫ ∞
ζc

1√
2πσ

e
− ζ2

2σ2 dζ

variance related to the power spectrum of curvature (density)
fluctuations σ2 = Pζ(kM )

Model parameter: threshold curvature fluctuation 0.01 . ζc . 1
( e.g. ζc = 0.086 in Harada et al., 1309.4201)

At the time of formation, β � 1, but ρPBH ∝ 1/a3 whereas
ρrad ∝ 1/a4 and thus one can have β ∼ O(1) and
ΩPBH = ΩDM ' 0.27 today.
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PBH Dark Matter: formation
credit: Ilia Musco, Sam Young
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PBH Dark Matter in hybrid inflation
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Hybrid Inflation

Inflation with two scalar fields (φ and ψ) → HYBRID INFLATION

It’s like playing mini-golf... but the goal is to avoid the holes!

Fast waterfall : usual regime (less than 1-efold) → DISFAVORED
Mild waterfall : inflation continues... (> 60 e-folds) → RULED OUT
Transitory case: a few tens of e-folds (CMB → inflation in the valley)
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Hybrid Inflation

It’s like playing mini-golf... but the goal is to avoid the holes!

V (φ, ψ) = Λ

[(
1− ψ2

M2

)2

+
(φ− φc)

µ1
− (φ− φc)2

µ2
2

+
2φ2ψ2

M2φ2
c

]
Along ψ = 0, experts will recognize the first terms of a Taylor expansion
of logarithmic radiative corrections (as in F-term, D-term, loop inflation)
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Our model - the primordial power spectrum

Power spectrum of curvature perturbations calculated

Numerically using the multi-field theory cosmological perturbations

Analytically and numerically using the δN formalism
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Our model - PBH mass spectrum

Then use your formula for PBH formation...

βform(M) ≡ ρPBH(M)

ρtot

∣∣∣∣
t=tk

= 2

∫ ∞
ζc

1√
2πσ

e
− ζ2

2σ2 dζ
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Our model - PBH mass spectrum

...and let PBH evolve until matter-radiation equality....
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Surprisingly, reasonable values of ζc → Dark Matter abundance

Relatively broad spectrum, PBH mass related to the parameter µ1
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BUT: FIRAS incorrect, CMB not robust,
possible (early) clustering/merging → 10− 100M� still allowed
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The Distant Milky Way Satellite Eridanus II 11

waves from the coalescence of ⇠30 M� black holes (Ab-
bott et al. 2016) has led to the suggestion that primordial
black holes with a similar mass could constitute the dark
matter (e.g., Bird et al. 2016). Interestingly, microlens-
ing and wide binaries searches do not exclude MACHOs
in the mass range between 20 M� and 100 M� (e.g.,
Alcock et al. 2001; Tisserand et al. 2007; Quinn et al.
2009). We therefore examine the constraints that can
be placed on MACHO dark matter using the measured
properties of Eri II.

Brandt (2016) argued that MACHO dark matter would
dynamically heat, and eventually dissolve, the star clus-
ter near the center of Eri II. Brandt projected MACHO
constraints from the survival of this star cluster assuming
several values for the three-dimensional velocity disper-
sion, �3D, and dark matter density, ⇢, of Eri II. How-
ever, the kinematics measured in §4.1 allowed us to di-
rectly derive the three-dimensional velocity dispersion
and dark matter density of Eri II: �3D ⇠ 12 km s�1 and
⇢ ⇠ 0.15 M�/ pc3,6 assuming a uniform and isotropic
distribution of dark matter within the half-light radius.
With these halo properties, we derived MACHO con-
straints assuming the stellar cluster has an age of 3 Gyr,
an initial half-light radius of rh,0 ⇠ 13 pc, and a mass
of 2000 M�,7 as shown in Figure 9. When the results
from Eri II are combined with those from other search
techniques, MACHOs with mass & 10�7 M� are con-
strained to be a subdominant component of dark matter.
However, if there were an intermediate mass black hole
(IMBH) of mass MBH = 1500 M� at the center of Eri II,
as extrapolation of the scaling relation from Kruijssen &
Lützgendorf (2013) suggests, its gravity would stabilize
the star cluster and would prevent its evaporation. This
e↵ect would weaken the bounds and allow for a MACHO
mass distribution peaked at a few tens of solar masses to
be the main component of the dark matter in the uni-
verse (Clesse & Garćıa-Bellido 2015).

In addition to constraints on MACHOs, Eri II may
also o↵er an opportunity to constrain the density profile
of dark matter halos, addressing the so-called “cusp-core
problem”. Historically, cosmological simulations (Dubin-
ski & Carlberg 1991; Navarro et al. 1996) predict that
dark matter halos should have a cuspy central density
profile. However, observational results have consistently
pointed to shallower profiles (e.g., de Blok et al. 2001;
Walker & Penarrubia 2011; Adams et al. 2014), and the-
oretical calculations have been developed to explain why
cusps are not found (e.g., Governato et al. 2012; Pontzen
& Governato 2012). In these models, dark matter cores
arise from gravitational interactions between dark mat-
ter and baryons, and should occur in dwarf galaxies that
underwent multiple vigorous episodes of star formation.
Crnojević et al. (2016) show that Eri II is possibly the
least massive dwarf galaxy that is known to have an ex-

6 Here we assume that velocity dispersion for the dark matter
halo is the same as the velocity dispersion for the stars, and �3D =p

3�1D.
7 The star cluster has an absolute magnitude of Mv = �3.5

(⇠2000 L�) and half-light radius rh,cluster = 13 pc (Crnojević
et al. 2016). The assumptions for the stellar cluster are based on
these observational results and the 3 Gyr intermediate-age popu-
lation found in Eri II (Crnojević et al. 2016). We note that an
older population for the cluster is possible, which would lead to a
stronger MACHO constraint (i.e., shift the curve leftward).

tended star formation history and therefore its density
profile may also be a↵ected by baryons. The star cluster
of Eri II may o↵er potential to constrain the dark mat-
ter profile of Eri II through survivability arguments (see,
e.g., Cole et al. 2012) and could provide an independent
probe of the dark matter profile shape. A better under-
standing of the dark matter distribution at small scales
will help us understand how the dwarf galaxies we ob-
serve today are linked to the primordial population of
dark matter subhalos predicted by ⇤CDM cosmology.

Figure 9. Constraints on MACHO dark matter following the pre-
scription of Brandt (2016), assuming that the Eri II star cluster is
located at the center of the Eri II dark matter potential. Colored
curves mark exclusion regions for the maximum fraction of dark
matter (fDM) in MACHOs for a given MACHO mass. The solid
yellow curve corresponds to the limits derived from the observed
3D velocity dispersion of �3D = 12 km s�1 and implied central
dark matter density of ⇢ = 0.15 M� pc�3. As a comparison, the
limit derived from �3D = 8 km s�1 and ⇢ = 0.02 M� pc�3 from
Brandt (2016) is shown as the dashed yellow curve. Since the in-
crease in �3D makes the constraint looser (i.e., shifts the curve
rightward) and the increase in ⇢ makes the constraint stronger
(i.e., shifts the curve leftward), the combination of the two leads to
similar results despite di↵erent �3D and ⇢ values. The red curve
shows the MACHO constraint assuming that an intermediate mass
black hole (IMBH) with mass of 1500 M� resides at the center
of Eri II. Magenta and blue hatched contours correspond to mi-
crolensing constraints from the EROS (Tisserand et al. 2007) and
MACHO (Alcock et al. 2001) experiments, respectively. The green
hatched curve corresponds to constraints from the stability of wide
binary stars (Quinn et al. 2009).

5. SUMMARY

We obtained Magellan/IMACS spectroscopy of stars in
the recently-discovered Milky Way satellite Eridanus II.
We identified 28 members based on the radial velocities
of 54 stars in the vicinity of Eri II. Of the confirmed
members, 16 stars have large enough S/N to measure
their metallicity.

We find a systemic velocity of vhel = 75.6±1.3 (stat.)±
2.0 (sys.) km s�1 (vGSR = �66.6 km s�1) and a ve-
locity dispersion of 6.9+1.2

�0.9 km s�1. The mass within

the half-light radius of Eri II is M1/2 = 1.2+0.4
�0.3 ⇥

107 M�, corresponding to a dynamical mass-to-light ra-
tio of 420+210

�140 M�/ L�. The mean metallicity of Eri II
is [Fe/H] = �2.38 ± 0.13, with a metallicity dispersion

Eridanius II dwarf galaxy observations, Li et al., 1611.05052
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FIG. 2. The PBH DHF, df/dM , for the axion-curvaton (red
dotted line) and running mass (blue dashed) inflation models
from Ref. [5]. The black lines are the least squares fit of the
functional form Eq. (10) to these DHFs. In all cases the DHFs
integrate to unity (i.e. all of the halo dark matter is in the
form of PBHs).

to the limit f < 0.036 for M = 10−2M⊙ , while for
M = 10−1M⊙, f < 0.053. We consider a top-hat ex-
tended mass function which is flat for 10−2 < M/M⊙ <
10−1 and zero elsewhere. If the amplitude is fixed so
that f = 0.053 i.e. to match the weakest constraint on
f in this mass range (as in the method presented in
Ref. [5]) then the number of microlensing events expected
is Nexp = 3.6, which exceeds the limit. This confirms that
that the method presented in Ref. [5] under-estimates the
strength of the constraint. The largest halo fraction al-
lowed for the top-hat extended DHF is in fact f = 0.044,
which is close to the mean of the values for a delta func-
tion mass function with mass at the upper and lower ends
of the mass range considered.

Using the weakest value of the delta function limit
leads to larger errors in mass regions where the delta
function halo fraction limit varies rapidly with mass. It
might be possible to devise a reliable way of applying the
limits calculated for a delta function to extended DHFs
in these regions, for instance by comparing with the ap-
propriately mass-weighted average of the delta function
limit. However to definitively ascertain whether or not a
DHF is consistent with a given constraint, it is necessary
to explicitly recalculate the constraint for that DHF.

Fig. 6 of Ref. [5] shows two PBH DHFs, originating
from axion curvaton (AC) and running-mass (RM) in-
flation, which they find satisfy the EROS-2 microlens-
ing and dynamical constraints using their method. Us-
ing the expressions in Sec. II A, for the number of mi-
crolensing events produced by an extended DHF, we find
that these DHFs would have produced 5.5 (AC) and 4.1
(RM) microlensing events in the EROS-2 survey. There-
fore they are both excluded by the EROS-2 microlensing
constraint alone. Integrating Eq. (9) we find that these
extended DHFs would produce excessive heating of the

FIG. 3. Constraints on the width, σ, of the DHF functional
form, eq. (10), as a function of the central mass Mc. Parame-
ter values in the red hatched area in the bottom left produce
Nexp ≥ 3 microlensing events in the EROS-2 survey and are
excluded at 95% confidence. The blue hatched area in the
top right is excluded by the heating of ultra-faint dwarfs. The
constraint from the disruption of the star cluster in Eri II is
tighter and excludes a large region of parameter space

Eri II star cluster within 1.1 (AC) and 0.7 Gyr (RM) and
of ultra-faint dwarf galaxies within 5.8 (AC) and 3.8. Gyr
(RM). Therefore these two DHFs each produce too many
microlensing events and also excessively heat ultra-faint
dwarfs, and are hence excluded by both constraints indi-
vidually.

In order to explore whether extended DHFs can sat-
isfy both the microlensing and dynamical constraints we
consider a functional form for the DHF

ψ(M) ≡ df

dM
= N exp

[
− (log M − log Mc)

2

2σ2

]
. (10)

where N is a normalisation constant chosen so that the
DHF is normalised to unity 2. The least squares fits of
Eq. (10) to the axion curvaton and running-mass inflation
DHFs from Ref. [5] are shown in Fig. 2. The numbers
of microlensing events and disruption time-scales for the
best-fit functional forms differ from those of the original
DHFs by less than 10%, indicating that Eq. (10) is a
reasonable approximation to the PBH DHF produced by
these inflation models.

Fig. 3 shows the σ and Mc values excluded by mi-
crolensing and the weakest ultra-faint dwarf heating con-
straint. The requirement that the DHF produces Nexp ≤
3 microlensing events in the EROS-2 survey places a
lower limit on σ for Mc < 30 M⊙, i.e. narrow DHFs

2 A log-normal distribution only differs from this functional form
at the per-cent level for the values of M for which df/dM is non-
negligible, and does not provide a better fit to the DHFs from
Ref. [5]. It also has the disadvantage that the value of its mode
depends on both Mc and σ.

Constraints from Microlensing and Heating of dwarf galaxies
Broad log-normal distribution of width σ, A. Green, 1609.01143

But: effect of IMBH? Clustering in the halo?
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We model the accretion of gas on to a population of massive primordial black holes in the Milky
Way, and compare the predicted radio and X-ray emission with observational data. We show that
under conservative assumptions on the accretion process, the possibility that O(10) M� primordial
black holes can account for all of the dark matter in the Milky Way is excluded at 4� by a comparison
with the VLA radio catalog at 1.4 GHz, and at more than 5� by a comparison with the NuSTAR
X-ray catalog (10 � 40 keV). We also propose a new strategy to identify such a population of
primordial black holes with more sensitive future radio and X-ray surveys.

Introduction: The first direct detection of a gravi-
tational wave signal, announced by the LIGO collabora-
tion earlier this year [1] demonstrated the existence of
⇠ 30M� black holes (BHs), prompting the suggestion [2]
that these objects are primordial black holes (PBHs) that
may account for all of the dark matter (DM) [3–5] in the
Universe. The connection between PBHs and DM has
been extensively studied in the past (see e.g. [6–11]), and
a number of constraints exist on the cosmic abundance
of PBHs over a very wide mass range (see the discussion
below, and e.g. Ref. [12] for a recent review).

In this Letter we study the X-ray and radio emission
produced by the accretion of interstellar gas on to a
population of O(10) M� PBHs in the Milky Way, focusing
in particular on the inner Galaxy. Given current estimates
of the bulge mass [13], if PBHs constitute all of the DM,
there should be O(109) such objects within 2 kpc from the
Galactic center (GC). Since the inner part of the bulge
contains high gas density [14], a significant fraction would
inevitably form an accretion disk and emit a broad-band
spectrum of radiation. We show (fig. 1) that radio and
X-ray data in the Galactic Ridge region rule out, at 4
and 10� respectively, the possibility that PBHs constitute
all of the DM in the Galaxy, even under conservative
assumptions on the physics of accretion.

Our limits arise from a realistic modeling of the ac-
cretion process, based on the observational evidence for
ine�cient accretion in the Milky Way today [15, 16], and
corroborate, with a completely independent approach, the
exclusion of intermediate-mass PBHs as DM candidates.

Accretion on black holes: For PBHs in the Galactic
bulge, the accretion rate Ṁ is well below the Eddington
limit ṀEdd. Even under the unrealistic assumption of
Bondi-Hoyle-Lyttleton accretion [17, 18], and typical ve-
locities as low as ⇠ 10 km/s, the accretion rate would def-
initely be sub-Eddington Ṁ ⇠ 10�5

�
ngas/cm�3

�
ṀEdd.
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FIG. 1. Upper limits on the fraction of DM in PBHs of a
given mass M , arising from the non observation of bright
X-ray (blue shaded regions) and radio (red) BHs candidates at
the GC. We assume a conservative value of the parameter �
regulating the departure from Bondi accretion rate, � = 0.01.
The dotted grey line corresponds to 30M� PBH, while the
hatched grey region is unphysical (fDM > 1).

BHs accreting at Ṁ < 0.01 ṀEdd are radiatively ine�-
cient, such that the luminosity scales non-linearly with Ṁ
[19]. The prevailing physical pictures adopted to explain
the weak emission properties are advection-dominated ac-
cretion in which the gas cooling timescales greatly exceed
the dynamical timescales [20], and mass loss from the disc
or internal convective flows, such that the accretion rate
itself has decreased once gas reaches the inner edge of the
disc [21, 22]. It is likely that both mechanisms are at play,
a view supported by both radio and X-ray constraints on
the gas density around Sgr A*, the supermassive BH at
the center of the Galaxy, the least luminous accreting BH
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Radio and X-rays from the Milky Way, Gaggero et al., 1612.00457
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wide binaries
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Planck (strong feedback)
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FIG. 13. Approximate CMB-anisotropy constraints on the fraction of dark matter made of PBHs derived in this work (thick
black curves). The no-feedback case assumes that the radiation from the PBH does not ionize the local gas, which eventually
gets collisionally ionized, leading to a lower temperature near the Schwarzschild radius. The strong-feedback case assumes that
the local gas is entirely ionized due to the PBH radiation; this leads to two e↵ects: on the one hand, a higher ionized fraction
increases Compton drag and cooling, reducing the accretion rate and luminosity, on the other hand, the absence of collisional
ionizations lead to an increase of the temperature; this latter e↵ect is dominant for M  104 M�, leading to an overall larger
luminosity hence stronger bound. For comparison, we also show the CMB bound previously derived by ROM (thin dashed
curve), as well as various dynamical constraints: micro-lensing constraints from the EROS [15] (purple curve) and MACHO
[14] (blue curve) collaborations, limits from Galactic wide binaries [17], and ultra-faint dwarf galaxies [51] (in all cases we show
the most conservative limits provided in the referenced papers).

generalizing Shapiro’s classic calculation for spherical ac-
cretion around a black hole [25]. We account for Comp-
ton drag and cooling as well as ionization cooling once
the background gas is neutral. At fixed accretion rate,
the e�ciency we derive is at least a factor of ten and up to
three orders of magnitude lower than what is assumed in
ROM for spherically-accreting PBHs. The second largest
di↵erence is in the accretion rate itself. ROM compute
the accretion rate for an isothermal equation of state, as-
suming that Compton cooling by CMB photons is always
very e�cient. In fact, for su�ciently low redshift and low
PBH masses Compton cooling is negligle and the gas is
adiabatically heated. In this case the higher gas temper-
ature, and hence pressure, imply an accretion rate that
is lower by a factor of ⇠ 10. Since the PBH luminosity is
quadratic in the accretion rate, this translates to a factor
of ⇠ 100 reduction in the e↵ect of PBHs on CMB observ-
ables. A third di↵erence is the relative velocity between
PBHs and baryons, which ROM significantly underesti-
mates around z ⇠ 103, leading to an over-estimate of the
accretion rate.

There are considerable theoretical uncertainties in the
calculation of the accretion rate and luminosity of PBHs,
as we have illustrated by considering two limiting cases
for the radiative feedback on the local ionization frac-
tion, leading to largely di↵erent results. Let us recall the
most critical uncertainties here. First, we have only con-
sidered spherical accretion. Extrapolating the measured

primordial power spectrum to the very small scale corre-
sponding to the Bondi radius, ROM estimated the angu-
lar momentum of the accreted gas; they argued that the
accretion is indeed spherical for PBHs less massive than
⇠ 103 � 104 M�. However, there is no direct measure-
ments of the ultra-small-scale power spectrum, and all
bets are open for a Universe containing PBHs. If small-
scale fluctuations are larger (for instance due to non-
linear clustering of PBHs), an accretion disk could form,
with a significantly enhanced luminosity with respect to
spherical accretion. On the other hand, non-spherical
accretion could conceivably also lead to complex three-
dimensional flows near the black hole giving rise to a
turbulent pressure that lowers the accretion rate and ra-
diative output. Secondly, we have accounted for the mo-
tion of PBHs with an approximate and very uncertain
rescaling of the accretion rate. Given that dark-matter-
baryon relative velocities are typically supersonic, we ex-
pect shocks and a much more complex accretion flow in
general. Thirdly, we have assumed a steady-state flow,
but have not established whether such a flow is stable,
even for a static black hole. Last but not least, if PBHs
only make a fraction of the dark matter, an assumption
must be made about the rest of it, the simplest one be-
ing that it is made of weakly interacting massive particles
(WIMPs). If so, these WIMPs ought to be accreted by
PBHs, whose mass may grow significantly after matter-
radiation equality [52], and as a consequence increase the

Revision of CMB constraints,
Ali-Haı̈mout, Kamionkowski, 1612.005644
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Possible link with the aLIGO/VIRGO discovery

In September 2015, Advanced LIGO / VIRGO detected
the merging of two BHs of 36 and 29 solar masses

Inferred merging rate: 2− 400yr−1Gpc−3

BH masses beyond expectations:

More exotic scenario for the formation of BH binaries?

The sign of a whole population of massive PBHs?

Is the inferred merging rate consistant with PBH dark matter ?
S.C., J. Garcia-Bellido, 1603.05234,

S. Bird et al., 1603.00464, M. Sasaki et al., 1603.08338

No, if PBHs are uniformly distributed
in the halo of massive galaxies

Yes, if PBHs are regrouped in sub-halos
such as ultra-faint dwarf galaxies
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PBH merging rates - sharp vs. broad mass spectrum

1. Sharp mass spectrum (all PBH have the same mass):

τ ' 1.4× 10−8fDMδ
loc
PBHyr−1Gpc−3

Density contrast δloc
PBH ∼ 109 − 1010 → LIGO rates

∼ DM density contrast in ultra-faint dwarf galaxies

This may solve several problems :

1 Missing satellite problem

2 Too big to fail problem

3 Correlations in the X-ray and Infrared background

4 Evade micro-lensing and CMB constraints due to clustering

5 Broad spectrum: subdominant ∼ 105M� seeds of sumermassive
and intermediate BH

2. Broad mass spectrum
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PBH merging rates - sharp vs. broad mass spectrum

Figure 4: Cosmological merging rates of BHs with masses mA and mB, the color scale representing log(⌧ yr Gpc3). The PBH density follows
a lognormal distribution in logarithmic mass scale, of central value µPBH and width �PBH. The panels are for µPBH = 30M� and �PBH = 0.1
(1st panel), �PBH = 0.3 (2nd), and µPBH = 300M� with �PBH = 0.7 (3rd) The corresponding local density contrast and total merging rate
of BHs with masses mPBH & 5M� is indicated above each panel. Those total rates lie all within the bounds inferred by aLIGO, but with
di↵erent distributions in the (mA, mB) plane, which is potentially detectable and makes possible to reconstruct the PBH density spectrum.
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Merging rates of BHs with masses mA and mB, the color scale
representing log(τ yr Gpc3).

Reconstruction of the PBH mass spectrum
with ∼ O(103) merging events
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Observable predictions

1 Merging events → LIGO, VIRGO...

2 Background of gravitational waves → LIGO, VIRGO, eLISA,
DECIGO, PTAs...

3 Detection of ultra-faint dwarf galaxies → DES, Euclid

4 Correlated anomalies in the CIB and XCB, A. Kashlinski,
1605.04023

5 Microlensing events (and matching with X-ray sources) and
monitoring of stars positions and velocities → GAIA mission

6 X-ray heating due to PBH → ionization of the IGM at high
redshifts → 21cm signal
→ Square Kilometre Array (SKA)

7 CMB distortions → PIXIE

8 Heating of ultra-faint dwarf galaxies, A. Green, 1609.01143

Testable scenario within the next few years!
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Background of gravitational waves

PTA
SKA

LISA LIGO

vvirial = 2 km/s
vvirial = 20 km/s
vvirial = 200 km/s
MPBH=30 Msun 
monochromatic
merging rate:
50 yr-1 Gpc-3 

Clustering allows to distinguish primordial from stellar BH
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Background of gravitational waves

Broad spectrum enhances the GW spectrum, unlike stellar BH
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Distortions of the CMB black-body spectrum

Silk damping at small scales
→ Energy injection before last scattering
→ Spectral distortions of the CMB black-body spectrum

Peak in Pζ at small scales → CMB distortions are enhanced

PIXIE

PRISM

1 10 100 1000
10
-28

10
-26

10
-24

10
-22

10
-20

Ν@GHzD

ÈD
IÈ
@W

m
-

2
S

r-
1
H

z
-

1
D
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Conclusions

1. Dark Matter can be made of massive PBH

2. PBH regrouped in sub-halos
→ aLIGO merging rates

3. Fully testable scenario in many ways and epochs
(aLIGO/VIRGO, eLISA, Planck, PIXIE, CORE, DES, GAIA, SKA,

Euclid)

Perspectives: formation mechanisms, setting new
constraints, look for new signals...
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Thank you for your attention

Sébastien Clesse (RWTH) Conclusion and Perspectives 25



Dark Matter

Primordial Black
Holes

PBH in Hybrid
Inflation

Constraints on
PBH abundances

After the GW
detection by
aLIGO/VIRGO...

Observable
predictions

Conclusion and
Perspectives

ERI II dwarf galaxy

The Distant Milky Way Satellite Eridanus II 11

waves from the coalescence of ⇠30 M� black holes (Ab-
bott et al. 2016) has led to the suggestion that primordial
black holes with a similar mass could constitute the dark
matter (e.g., Bird et al. 2016). Interestingly, microlens-
ing and wide binaries searches do not exclude MACHOs
in the mass range between 20 M� and 100 M� (e.g.,
Alcock et al. 2001; Tisserand et al. 2007; Quinn et al.
2009). We therefore examine the constraints that can
be placed on MACHO dark matter using the measured
properties of Eri II.

Brandt (2016) argued that MACHO dark matter would
dynamically heat, and eventually dissolve, the star clus-
ter near the center of Eri II. Brandt projected MACHO
constraints from the survival of this star cluster assuming
several values for the three-dimensional velocity disper-
sion, �3D, and dark matter density, ⇢, of Eri II. How-
ever, the kinematics measured in §4.1 allowed us to di-
rectly derive the three-dimensional velocity dispersion
and dark matter density of Eri II: �3D ⇠ 12 km s�1 and
⇢ ⇠ 0.15 M�/ pc3,6 assuming a uniform and isotropic
distribution of dark matter within the half-light radius.
With these halo properties, we derived MACHO con-
straints assuming the stellar cluster has an age of 3 Gyr,
an initial half-light radius of rh,0 ⇠ 13 pc, and a mass
of 2000 M�,7 as shown in Figure 9. When the results
from Eri II are combined with those from other search
techniques, MACHOs with mass & 10�7 M� are con-
strained to be a subdominant component of dark matter.
However, if there were an intermediate mass black hole
(IMBH) of mass MBH = 1500 M� at the center of Eri II,
as extrapolation of the scaling relation from Kruijssen &
Lützgendorf (2013) suggests, its gravity would stabilize
the star cluster and would prevent its evaporation. This
e↵ect would weaken the bounds and allow for a MACHO
mass distribution peaked at a few tens of solar masses to
be the main component of the dark matter in the uni-
verse (Clesse & Garćıa-Bellido 2015).

In addition to constraints on MACHOs, Eri II may
also o↵er an opportunity to constrain the density profile
of dark matter halos, addressing the so-called “cusp-core
problem”. Historically, cosmological simulations (Dubin-
ski & Carlberg 1991; Navarro et al. 1996) predict that
dark matter halos should have a cuspy central density
profile. However, observational results have consistently
pointed to shallower profiles (e.g., de Blok et al. 2001;
Walker & Penarrubia 2011; Adams et al. 2014), and the-
oretical calculations have been developed to explain why
cusps are not found (e.g., Governato et al. 2012; Pontzen
& Governato 2012). In these models, dark matter cores
arise from gravitational interactions between dark mat-
ter and baryons, and should occur in dwarf galaxies that
underwent multiple vigorous episodes of star formation.
Crnojević et al. (2016) show that Eri II is possibly the
least massive dwarf galaxy that is known to have an ex-

6 Here we assume that velocity dispersion for the dark matter
halo is the same as the velocity dispersion for the stars, and �3D =p

3�1D.
7 The star cluster has an absolute magnitude of Mv = �3.5

(⇠2000 L�) and half-light radius rh,cluster = 13 pc (Crnojević
et al. 2016). The assumptions for the stellar cluster are based on
these observational results and the 3 Gyr intermediate-age popu-
lation found in Eri II (Crnojević et al. 2016). We note that an
older population for the cluster is possible, which would lead to a
stronger MACHO constraint (i.e., shift the curve leftward).

tended star formation history and therefore its density
profile may also be a↵ected by baryons. The star cluster
of Eri II may o↵er potential to constrain the dark mat-
ter profile of Eri II through survivability arguments (see,
e.g., Cole et al. 2012) and could provide an independent
probe of the dark matter profile shape. A better under-
standing of the dark matter distribution at small scales
will help us understand how the dwarf galaxies we ob-
serve today are linked to the primordial population of
dark matter subhalos predicted by ⇤CDM cosmology.

Figure 9. Constraints on MACHO dark matter following the pre-
scription of Brandt (2016), assuming that the Eri II star cluster is
located at the center of the Eri II dark matter potential. Colored
curves mark exclusion regions for the maximum fraction of dark
matter (fDM) in MACHOs for a given MACHO mass. The solid
yellow curve corresponds to the limits derived from the observed
3D velocity dispersion of �3D = 12 km s�1 and implied central
dark matter density of ⇢ = 0.15 M� pc�3. As a comparison, the
limit derived from �3D = 8 km s�1 and ⇢ = 0.02 M� pc�3 from
Brandt (2016) is shown as the dashed yellow curve. Since the in-
crease in �3D makes the constraint looser (i.e., shifts the curve
rightward) and the increase in ⇢ makes the constraint stronger
(i.e., shifts the curve leftward), the combination of the two leads to
similar results despite di↵erent �3D and ⇢ values. The red curve
shows the MACHO constraint assuming that an intermediate mass
black hole (IMBH) with mass of 1500 M� resides at the center
of Eri II. Magenta and blue hatched contours correspond to mi-
crolensing constraints from the EROS (Tisserand et al. 2007) and
MACHO (Alcock et al. 2001) experiments, respectively. The green
hatched curve corresponds to constraints from the stability of wide
binary stars (Quinn et al. 2009).

5. SUMMARY

We obtained Magellan/IMACS spectroscopy of stars in
the recently-discovered Milky Way satellite Eridanus II.
We identified 28 members based on the radial velocities
of 54 stars in the vicinity of Eri II. Of the confirmed
members, 16 stars have large enough S/N to measure
their metallicity.

We find a systemic velocity of vhel = 75.6±1.3 (stat.)±
2.0 (sys.) km s�1 (vGSR = �66.6 km s�1) and a ve-
locity dispersion of 6.9+1.2

�0.9 km s�1. The mass within

the half-light radius of Eri II is M1/2 = 1.2+0.4
�0.3 ⇥

107 M�, corresponding to a dynamical mass-to-light ra-
tio of 420+210

�140 M�/ L�. The mean metallicity of Eri II
is [Fe/H] = �2.38 ± 0.13, with a metallicity dispersion
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Slow-roll single-field inflation

Inflaton field φ evolves slowly along its potential V (φ)

Slow-roll dynamics

H2 = V (φ)

3M2
pl

and 3Hφ̇ = −dV
dφ

Hubble-flow (slow-roll) parameters: ε0 ≡ Hini
H

and εi+1 ≡ d ln |εi|
dN

In slow-roll : ε1 ' M2
pl

2

(
V,φ
V

)2

ε2 ' 2M2
pl

[(
V,φ
V

)2

− V,φφ
V

]

Observable predictions

Cosmological perturbations:
φ(x, t) = φ̄(t) + δφ(x, t), gµν = ḡµν + δgµν

Scalar power spectrum amplitude: As ≡ Pζ(kp) ' H2

8π2M2
pl
ε1

Scalar spectral index: ns = 1− 2ε1 − ε2
Tensor to scalar ratio: r ' 16ε1

evaluated at t∗ when the pivot scale k∗ = 0.05Mpc−1 exits the Hubble
radius (k∗ = a(t∗)H(t∗))
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After Planck...

Contraints on ns, r... (Planck 2015, 1502.02111)

If two scalar fields (φ and ψ) → HYBRID INFLATION

Playing hybrid inflation is like playing mini-golf...
but the aim is to avoid the holes!
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Our model - the primordial power spectrum

Problems with hybrid inflation:

Original model (in the vacuum dominated regime) predicts ns > 1
→ RULED OUT

Supersymmetric realizations (F-term and D-term): 0.98 . ns . 1
→ STRONGLY DISFAVORED

Mild waterfall case ? ns ' 1− 4/Nkp . 0.94
→ RULED OUT

Transitory case + two-field potential:

V (φ, ψ) = Λ

[(
1− ψ2

M2

)2

+
(φ− φc)

µ1
− (φ− φc)2

µ2
2

+
2φ2ψ2

M2φ2
c

]
Along ψ = 0, experts will recognize the first terms of a Taylor expansion
of logarithmic radiative corrections (as in F-term, D-term, loop inflation)

ns = 1− 4M2
pl

µ2
2

(dominated by ε2, i.e. the curvature of the potential)

Pζ(kp) =
Λµ2

1

12π2M6
pl

(
kp
kφc

)ns−1
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Summary of the model

1 Hybrid inflation + mid-mild waterfall → broad peak in Pζ → PBH

2 Right abundances for Dark Matter

3 Passes all present astronomical constraints

4 Seeds for SMBH at the center of galaxies and IMBH

Possible link with the Advance LIGO discovery

1 LIGO inferred merging rates if PBH are clustered

2 Natural candidate: ultra-faint dwarf galaxies

3 A solution to missing satellites and too-big-to-fail problems

4 Explains anomalies in the CIB and XCB

5 Possibility to reconstruct the PBH mass spectrum
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Observable predictions

1 Microlensing, position and velocity of stars → GAIA

2 21cm signal at reionization → Square Kilometre Array (SKA)

3 CMB distortions → PRISM-like mission

Perspectives

1 Background of gravitational waves

2 Merging history (N-body simulations)

3 Refined picture for D-term inflation

4 Influence of quantum diffusion at the critical instability point

5 Forecasts for GAIA (microlensing and star position/velocities)

6 Link with GC excess?
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Hybrid Inflation :  

Mild-waterfall

Broad peak in the power 
spectrum of density 
perturbations

Formation of primordial black holes (PBH) :   
    less than one second after the end of inflation...
Large inhomogeneities collapse gravitationally and form 
massive primordial black holes, which could be 
already regrouped in dense halos.

Cosmic Microwave Background:
Massive primordial black holes induce distortions 
of the CMB,.  These could be probed with PIXIE.

The seeds of supermassive black holes : 
    during the first billion years...
A subdominant fraction of very massive PBH 
could be the seeds of SMBH,  then growing by 
successive merging and matter accretion.

21cm signal   about 500 million years...
X-rays emitted by accreting matter onto PBHs ionize 
the environment, leading to detectable signatures in the 
21cm signal.  

Local Universe: 
PBH are regrouped in ultra-faint 
dwarf galaxies.  Their existence could 
solve the missing satellite and too-big-
to-fail problems.  
Some of them have been detected by the 
DES experiment.   

In the Milky-Way:
The presence of PBH should induce tiny 
variations in the position and 
velocity of stars that are being 
monitored by GAIA.

Over the cosmic evolution... 

Binaries can form when PBH 
trajectories cross.   After a spiraling 
phase, the two PBH merge and emit 
gravitational waves, such as the ones 
detected by aLIGO/VIRGO.    PBH 
binaries also produce a background of 
gravitational waves, that will be 
probed by eLISA.

Halos of PBH induce correlated 
anomalies in the Cosmic Infrared 
Background (CIB) and X-ray 
background.

Our model of Primordial Black Holes Dark Matter
in a sketch...

jeudi 8 septembre 16
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