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An answer from particle physics: asymmetry dark matter

Petraki & Volkas [1305.4939]

Bell, Petraki, Shoemaker & Volkas [1105.3730]
 von Harling, Petraki & Volkas [1201.2200]
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Flores & Kusenko [2008.12456]
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A. PBHs from (ultra-slow-roll) inflation
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0, slow-roll,
�USR  �3, ultra-slow-roll,
� � 0, fast-roll,
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The rate of rolling:

around a pivot scale: k0
<latexit sha1_base64="bhxT4GYBM1uVgBa7f9LKkhXlGmc=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZaYKim6KblxWsA9oS8mkt21oJhmSO8VS+gFu/BU3LhRx6we4829MHwttPRA4nHMuN/eEsRQWff/bW1peWV1bT22kN7e2d3Yze/tlqxPDocS11KYaMgtSKCihQAnV2ACLQgmVsHcz9it9MFZodY+DGBoR6yjRFpyhk5qZbB3hAYfM6ES1KKOx6GukljMJl6P6Fe01fepSfs6fgC6SYEayZIZiM/NVb2meRKCQS2ZtLfBjbLglKLiEUbqeWIgZ77EO1BxVLALbGE6OGdFjp7RoWxv3FNKJ+ntiyCJrB1HokhHDrp33xuJ/Xi3B9kVjKFScICg+XdROJEVNx83QljDAUQ4cYdwI91fKu8wwjq6/tCshmD95kZTzueA0l787yxauZ3WkyCE5IickIOekQG5JkZQIJ4/kmbySN+/Je/HevY9pdMmbzRyQP/A+fwCu4pq1</latexit>



kmin k0 k* kend

N = 0 N* Nend

�1 = 0 �2 < -3 �3 = -�2 -3

� k4

P� (k)

Ng & YPW [2102.05620]

YPW, Pinetti, Petraki & Silk [2109.00118]

Liu, Guo & Cai [2003.02075]

Analytic templates:
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 ultra-slow-roll (USR)

A. PBHs from (ultra-slow-roll) inflation

⇣ : curvature perturbation
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The Leach-Sasaki-Wands-Liddle mechanism:

(also called the steepest growth)

adiabatic condition (conformal weight continuity)

Ng & YPW [2102.05620]

A. PBHs from (ultra-slow-roll) inflation



Enhanced curvature perturbation → large density contrast → collapse to PBHs

A. PBHs from (ultra-slow-roll) inflation

(inflation) (reheating) (radiation domination)
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FIG. 3. All constraints on the fraction of DM in the form of PBHs, fPBHs, with mass MPBH, coming from PBH evaporation,
microlensing, gravitational waves, PBH accretion and dynamical constraints. Each region shows the envelope of constraints
from the corresponding panel in Fig. 2. Digitised bounds and plotting codes are available online at PBHbounds.

H. Indirect constraints

In this subsection we look at constraints on the amplitude of large primordial perturbations, which lead to indirect
constraints on the abundance of PBHs formed via the collapse of large density perturbations during radiation domi-
nation (Sec. II A). These constraints do not apply to PBHs formed via other mechanisms (see Sec. II D). As discussed
in Sec. IIA, there are large uncertainties in the calculation of the abundance of PBHs formed from a given primordial
power spectrum.

First order scalar perturbations generate tensor perturbations at second order [247, 248]. If the density perturbations
are su�ciently large then the amplitude of the resulting ‘scalar induced gravitational waves’ (SIGWs) is larger than
that of the GWs generated by the primordial tensor perturbations. Constraints on the energy density of stochastic
GWs, from e.g. Pulsar Timing Arrays, therefore limit the abundance of PBHs formed via the collapse of large
density perturbations [249]. These constraints depend on the shape of the primordial power spectrum, and also the
assumed probability distribution of the density perturbations, and are therefore (inflation) model dependent [250–
252]. Models which produce a broad peak in the primordial power spectrum are most tightly constrained [251, 252].
For PBHs forming from large density perturbations during radiation domination, Refs. [59, 108] find fPBH < 1 for
10�2 . MPBH/M� . 1. Reference [109] finds, using data from NANOGrav, fPBH < 10�23 for MPBH = 0.1M� and
fPBH < 10�6 for 0.002 < MPBH/M� < 0.4. However this calculation makes approximations which have a huge e↵ect
on the constraint on fPBH (including setting the PBH formation threshold equal to unity, and �

2 = A). There are
also tight constraints on the abundance of light, MPBH ⇠ 1013�15 g, PBHs from limits on SIGWs from LIGO [253].
Such light PBHs are expected to have evaporated by the present day, however if Hawking evaporation is not realised

Green & Kavanagh [2007.10722]

k0 ⇠ 1012 � 1015Mpc�1
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The pivot scale:

Schwarschild radius:

10�9 � 10�13m
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…as all dark matter

YPW, Pinetti, Petraki & Silk [2109.00118] YPW, Pinetti, & Silk [2109.09875]
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Fiducial: the Press-Schechter method (Carr 1975)

A. PBHs from (ultra-slow-roll) inflation

USR parameters

fPBH = fPBH(�, N⇤) = 1
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B. Baryogenesis from USR inflation

The Affleck-Dine mechanism:
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1. Scalar fields develop large VEVs during inflation.


2. The relaxation of scalar VEVs after inflation end is out-of-equilibrium.
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The Affleck-Dine mechanism:

1. Scalar fields develop large VEVs during inflation.


2. The relaxation of scalar VEVs after inflation end is out-of-equilibrium.


3. The presence of B / L / B-L number violating interactions.


4. Spontaneous CP violation at the beginning of relaxation!

U(1)

+

B violation 
(quadratic)

YPW & Petraki [2008.08549]

Dine, Randall & Thomas [9507453]

B. Baryogenesis from USR inflation



If the USR transition runs into the effective mass of the AD field: 

Slow-roll ultra-slow-roll

YPW, Pinetti, Petraki & Silk [2109.00118]

YPW, Pinetti, & Silk [2109.09875]
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B. Baryogenesis from USR inflation

USR parameters

If the USR transition runs into the effective mass of the AD field: 
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The cosmic coincidence from inflation

A. PBHs from USR inflation: 


B. Baryons from USR inflation:
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Figure 8. The parameter scan of PBH-baryon production from USR inflation with �2 = �3.05
in the {N⇤, Nend} plane, where N = 0 is chosen at the onset of USR transition in Figure 1. The
PBH-to-dark matter ratio fPBH(N⇤, Nend) = 0.1, 0.5, 1 is estimated by the monochromatic relation
MH = MPBH. Initial conditions for �±(N⇤, Nend) are computed by (2.14) based on the constant-
mass approximation with {c1, c2, c3} = {�2, 1, 1}, m� = H⇤/2, and ⇤ = 0.3MP . The contours
are the final baryon asymmetry |YB | resulting from the given initial conditions {N⇤, Nend}, where
mI = 20H⇤ and �I = 1013 GeV are taken in the reheating scenario. Colored regions in the left panel
are excluded by the minimal e-fold number of single-field inflation and the condition m±/H⇤ < 3/2
for the late-time approximation of (2.14). Right Panel: A zoom-in for the ratio fPBH(N⇤, Nend) on
the N⇤ axis.

matter fraction with 0.1  fPBH  1, the inflationary parameter N⇤ is fixed to the space
that gives |YB| & 10�10 so that ⌦PBHeq/⌦Beq ⇠ O(1) becomes a natural outcome in the
scenario. This provides a potential explanation to the cosmic coincidence problem for PBH
dark matter.

The above conclusion is unchanged even if one takes into account the effects of critical
collapse (C.2) or the non-linear density corrections (C.4) in the PBH mass function. As one
can see from Figure 7, the effect of critical collapse slightly decreases the peak amplitude
of f(MPBH) and lifts the population of PBHs towards the small mass limit. As a result,
the values of N⇤ required by 0.1  fPBH  1 are slightly larger than those without critical
collapse. Similarly, the non-linearity of the density contrast asks a larger N⇤ by O(0.1), yet
a constant shift of N⇤ towards the region of N⇤ > 2 does not affect the resulting |YB| in
this scenario.

Note that in the paradigm of slow-roll single-field inflation, the exclusion of a perfect
scale-invariant P⇣ in general requires a finite e-fold number 50 < Nend�N0.002 < 60, where
N0.002 is the number at the pivot scale of CMB measurements kCMB = 0.002 Mpc�1 [1].
The non-observation of spatial curvature requires an additional 4.9 e-folds to produce the
pivot scale [1]. These two constraints imply a minimal e-fold number from CMB scales to
the smallest scales at the end of inflation: ln(kend/kCMB) ⇡ ln(aend/aCMB) > 54.9, which
translates into a constraint Nend = ln(kend/k0) > 54.9� ln(k0/kCMB).

Before closing this section, we remark that the final baryon asymmetry triggered by
the USR transition during inflation always approaches a constant value in the regime of
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The cosmic coincidence from inflation

A. PBHs from USR inflation: 


B. Baryons from USR inflation:
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FIG. 3. All constraints on the fraction of DM in the form of PBHs, fPBHs, with mass MPBH, coming from PBH evaporation,
microlensing, gravitational waves, PBH accretion and dynamical constraints. Each region shows the envelope of constraints
from the corresponding panel in Fig. 2. Digitised bounds and plotting codes are available online at PBHbounds.

H. Indirect constraints

In this subsection we look at constraints on the amplitude of large primordial perturbations, which lead to indirect
constraints on the abundance of PBHs formed via the collapse of large density perturbations during radiation domi-
nation (Sec. II A). These constraints do not apply to PBHs formed via other mechanisms (see Sec. II D). As discussed
in Sec. IIA, there are large uncertainties in the calculation of the abundance of PBHs formed from a given primordial
power spectrum.

First order scalar perturbations generate tensor perturbations at second order [247, 248]. If the density perturbations
are su�ciently large then the amplitude of the resulting ‘scalar induced gravitational waves’ (SIGWs) is larger than
that of the GWs generated by the primordial tensor perturbations. Constraints on the energy density of stochastic
GWs, from e.g. Pulsar Timing Arrays, therefore limit the abundance of PBHs formed via the collapse of large
density perturbations [249]. These constraints depend on the shape of the primordial power spectrum, and also the
assumed probability distribution of the density perturbations, and are therefore (inflation) model dependent [250–
252]. Models which produce a broad peak in the primordial power spectrum are most tightly constrained [251, 252].
For PBHs forming from large density perturbations during radiation domination, Refs. [59, 108] find fPBH < 1 for
10�2 . MPBH/M� . 1. Reference [109] finds, using data from NANOGrav, fPBH < 10�23 for MPBH = 0.1M� and
fPBH < 10�6 for 0.002 < MPBH/M� < 0.4. However this calculation makes approximations which have a huge e↵ect
on the constraint on fPBH (including setting the PBH formation threshold equal to unity, and �

2 = A). There are
also tight constraints on the abundance of light, MPBH ⇠ 1013�15 g, PBHs from limits on SIGWs from LIGO [253].
Such light PBHs are expected to have evaporated by the present day, however if Hawking evaporation is not realised

Green & Kavanagh [2007.10722]

(a) Constraints from evaporation 
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are su�ciently large then the amplitude of the resulting ‘scalar induced gravitational waves’ (SIGWs) is larger than
that of the GWs generated by the primordial tensor perturbations. Constraints on the energy density of stochastic
GWs, from e.g. Pulsar Timing Arrays, therefore limit the abundance of PBHs formed via the collapse of large
density perturbations [249]. These constraints depend on the shape of the primordial power spectrum, and also the
assumed probability distribution of the density perturbations, and are therefore (inflation) model dependent [250–
252]. Models which produce a broad peak in the primordial power spectrum are most tightly constrained [251, 252].
For PBHs forming from large density perturbations during radiation domination, Refs. [59, 108] find fPBH < 1 for
10�2 . MPBH/M� . 1. Reference [109] finds, using data from NANOGrav, fPBH < 10�23 for MPBH = 0.1M� and
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on the constraint on fPBH (including setting the PBH formation threshold equal to unity, and �

2 = A). There are
also tight constraints on the abundance of light, MPBH ⇠ 1013�15 g, PBHs from limits on SIGWs from LIGO [253].
Such light PBHs are expected to have evaporated by the present day, however if Hawking evaporation is not realised
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Figure 8. The dimensionless density parameter ⌦
GW

associated with the secondary GWs generated
in the models and reconstructed scenarios of USR2 and RS1 (in red and blue, on top) as well as PI3
and RS2 (in red and blue, at the bottom) have been plotted as a function of the frequency f . We have
also plotted the ⌦

GW
produced by the scenarios RS1 and RS2 with broader peaks beginning at smaller

wave numbers (in green and orange). The bands of spectra, as with the previous figures, correspond
to variation of the parameter �N1 for a given N1. Moreover, we have included the sensitivity curves
of various existing and upcoming observational probes of GWs (as shaded regions, in the top part of
the panels). Clearly, it should be possible to detect the GWs generated in the models and scenarios
of our interest by some of the forthcoming observatories.

6.2 The secondary tensor bispectrum

In this section, we shall evaluate the secondary tensor bispectrum generated in the in-
flationary models and scenarios of our interest. The secondary tensor bispectrum, say,
B
�1�2�3

h (k1,k2,k3) is defined as
D
h
�1

k1
(⌘)h�2

k2
(⌘)h�3

k3
(⌘)

E
= (2⇡)3 B

�1�2�3

h (k1,k2,k3, ⌘) �
(3)(k1 + k2 + k3). (6.18)

We can evaluate the above tensor bispectrum during the radiation dominated era by us-
ing the expression (6.8) for h

�
k(⌘). As we had discussed, h

�
k(⌘) is quadratic in the Gaus-

sian variables Rk. Therefore, obviously, the bispectrum B
�1�2�3

h (k1,k2,k3, ⌘) will involve
six of these variables. Upon utilizing Wick’s theorem applicable to Gaussian random vari-
ables, one can show that the tensor bispectrum consists of eight terms all of which lead to
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(b) Induced gravitational waves

Large scalar perturbations are sources of 

tensor modes at second order (induced GWs).

Ragavendra, Saha, Sriramkumar & Silk [2008.12202]

h(2)
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Take home messages

• If “PBHs from USR inflation” contribute more than 10% of the DM density, 
then “Baryogenesis from USR inflation” admits the cosmic coincidence.


• “Baryogenesis from USR inflation” does not rely on the presence of PBHs. 


• The ultralight asteroid-mass window for PBH DM could become narrower 
(closed?) in the future.

Thank you very much!

This project has received funding from the European Union’s Horizon 2020 research and 
innovation programme under grant agreement No 101002846 (ERC CoG ``CosmoChart'').
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V (R, ✓) =
<latexit sha1_base64="gOvUGEhZqx+5RR5bVYFkttaRPSc=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcJuFPQiBL14jGIekKxhdjJJhsw+mOlVwpL/8OJBEa/+izf/xkmyB00saCiquunu8iIpNNr2t5VZWl5ZXcuu5zY2t7Z38rt7dR3GivEaC2Womh7VXIqA11Cg5M1Icep7kje84fXEbzxypUUY3OMo4q5P+4HoCUbRSA/14t0JaeOAIz0ml518wS7ZU5BF4qSkACmqnfxXuxuy2OcBMkm1bjl2hG5CFQom+TjXjjWPKBvSPm8ZGlCfazeZXj0mR0bpkl6oTAVIpurviYT6Wo98z3T6FAd63puI/3mtGHsXbiKCKEYesNmiXiwJhmQSAekKxRnKkSGUKWFuJWxAFWVogsqZEJz5lxdJvVxyTkvl27NC5SqNIwsHcAhFcOAcKnADVagBAwXP8Apv1pP1Yr1bH7PWjJXO7MMfWJ8/WxWRHg==</latexit>

 n = 8

m
2
✓ � H

2
<latexit sha1_base64="jInfbTdXngH4gc9GgdoPe8bmr9M=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRR0GXRTZcV7AOaNEymk3To5MHMjVhKf8WNC0Xc+iPu/BunbRbaeuDC4Zx7ufeeIBNcgWV9G6WNza3tnfJuZW//4PDIPK52VJpLyto0FansBUQxwRPWBg6C9TLJSBwI1g3Gd3O/+8ik4mnyAJOMeTGJEh5ySkBLvlmNfRdGDMjAwW4U4ebA8c2aVbcWwOvELkgNFWj55pc7TGkeswSoIEr1bSsDb0okcCrYrOLmimWEjknE+pomJGbKmy5un+FzrQxxmEpdCeCF+ntiSmKlJnGgO2MCI7XqzcX/vH4O4Y035UmWA0voclGYCwwpngeBh1wyCmKiCaGS61sxHRFJKOi4KjoEe/XlddJx6vZl3bm/qjVuizjK6BSdoQtko2vUQE3UQm1E0RN6Rq/ozZgZL8a78bFsLRnFzAn6A+PzB4dnk3M=</latexit>

✓0 + �✓ ⇡ ✓0
<latexit sha1_base64="p50JDfO4S6W/YbLYCoNU2285vL4=">AAACEXicbVDLSgNBEJz1bXxFPXoZDEJACLsq6DHoxWMEE4VsCL2T3mRw9sFMrxgWf8GLv+LFgyJevXnzb5wkK/gqaCiquunuClIlDbnuhzM1PTM7N7+wWFpaXlldK69vtEySaYFNkahEXwZgUMkYmyRJ4WWqEaJA4UVwdTLyL65RG5nE5zRMsRNBP5ahFEBW6parPg2QoOvyXe73UBFMBO5Dmurkhn/53XLFrblj8L/EK0iFFWh0y+9+LxFZhDEJBca0PTelTg6apFB4W/IzgymIK+hj29IYIjSdfPzRLd+xSo+HibYVEx+r3ydyiIwZRoHtjIAG5rc3Ev/z2hmFR51cxmlGGIvJojBTnBI+iof3pEZBamgJCC3trVwMQIMgG2LJhuD9fvkvae3VvP3a3tlBpX5cxLHAttg2qzKPHbI6O2UN1mSC3bEH9sSenXvn0XlxXietU04xs8l+wHn7BFsXnLo=</latexit>

Dine, Randall & Thomas [9507453]Baryogenesis from flat directions 



The correlation length problem:

V (R, ✓) =
<latexit sha1_base64="gOvUGEhZqx+5RR5bVYFkttaRPSc=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQQcJuFPQiBL14jGIekKxhdjJJhsw+mOlVwpL/8OJBEa/+izf/xkmyB00saCiquunu8iIpNNr2t5VZWl5ZXcuu5zY2t7Z38rt7dR3GivEaC2Womh7VXIqA11Cg5M1Icep7kje84fXEbzxypUUY3OMo4q5P+4HoCUbRSA/14t0JaeOAIz0ml518wS7ZU5BF4qSkACmqnfxXuxuy2OcBMkm1bjl2hG5CFQom+TjXjjWPKBvSPm8ZGlCfazeZXj0mR0bpkl6oTAVIpurviYT6Wo98z3T6FAd63puI/3mtGHsXbiKCKEYesNmiXiwJhmQSAekKxRnKkSGUKWFuJWxAFWVogsqZEJz5lxdJvVxyTkvl27NC5SqNIwsHcAhFcOAcKnADVagBAwXP8Apv1pP1Yr1bH7PWjJXO7MMfWJ8/WxWRHg==</latexit>

Dine, Randall & Thomas [9507453]Baryogenesis from flat directions 
 n = 4

m
2
✓ ⌧ H

2
<latexit sha1_base64="YWc1p0SYMMkvOtG1E2tYlIf1FP0=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZIo6LLopssK9gFNGibTSTt08mDmRqih+CtuXCji1v9w5984bbPQ1gMXDufcy733BKngCizr21hZXVvf2Cxtlbd3dvf2zYPDlkoySVmTJiKRnYAoJnjMmsBBsE4qGYkCwdrB6Hbqtx+YVDyJ72GcMi8ig5iHnBLQkm8eR37uwpABmfQc7AqB6z3HNytW1ZoBLxO7IBVUoOGbX24/oVnEYqCCKNW1rRS8nEjgVLBJ2c0USwkdkQHrahqTiCkvn10/wWda6eMwkbpiwDP190ROIqXGUaA7IwJDtehNxf+8bgbhtZfzOM2AxXS+KMwEhgRPo8B9LhkFMdaEUMn1rZgOiSQUdGBlHYK9+PIyaTlV+6Lq3F1WajdFHCV0gk7RObLRFaqhOmqgJqLoET2jV/RmPBkvxrvxMW9dMYqZI/QHxucPah2UiQ==</latexit>

random ✓0
<latexit sha1_base64="4Pxnl8wwDgkRuXdY40Wj5SMlPrc=">AAACAHicbVBNS8NAEN34WetX1YMHL8EieCpJFRS8FL14rGA/oClhs5m2SzebsDsRS8jFv+LFgyJe/Rne/DduPw7a+mDg8d4MM/OCRHCNjvNtLS2vrK6tFzaKm1vbO7ulvf2mjlPFoMFiEat2QDUILqGBHAW0EwU0CgS0guHN2G89gNI8lvc4SqAb0b7kPc4oGskvHXoIj5gpKsM4yr0rDweA1Hf8UtmpOBPYi8SdkTKZoe6XvrwwZmkEEpmgWndcJ8FuRhVyJiAveqmGhLIh7UPHUEkj0N1s8kBunxgltHuxMiXRnqi/JzIaaT2KAtMZURzoeW8s/ud1UuxddjMukxRBsumiXipsjO1xGnbIFTAUI0MoU9zcarMBVZShyaxoQnDnX14kzWrFPatU787LtetZHAVyRI7JKXHJBamRW1InDcJITp7JK3mznqwX6936mLYuWbOZA/IH1ucPMjCWxw==</latexit>

YPW & Petraki [2008.08549]

Stochastic initial conditions from small B-violation 


