
 

Lepton flavor asymmetries and the mass spectrum of primordial black holes

Dietrich Bödeker ,1,* Florian Kühnel ,2,† Isabel M. Oldengott,3,‡ and Dominik J. Schwarz 1,§

1Fakultät für Physik, Universität Bielefeld, Postfach 100131, 33501 Bielefeld, Germany
2Arnold Sommerfeld Center, Ludwig-Maximilians-Universität,

Theresienstraße 37, 80333 München, Germany
3Departament de Fisica Teòrica and IFIC, CSIC-Universitat de València, 46100 Burjassot, Spain
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We study the influence of lepton flavor asymmetries on the formation and the mass spectrum
of primordial black holes. We estimate the detectability of their mergers with LIGO/Virgo and show that
the currently published gravitational wave events may actually be described by a primordial black
hole spectrum from nonzero asymmetries. We suggest to use gravitational-wave astronomy as a novel
tool to probe how lepton flavor asymmetric the Universe has been before the onset of neutrino oscillations.
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I. INTRODUCTION

The ascent of gravitational-wave astronomy with its
milestone discovery of two merging black holes by the
LIGO/Virgo collaborations [1] has provided us with unpar-
alleled insights into the physics of black holes. With 47
confirmed events [2] we can now enter population studies
of black holes, which might shed further light on their
origin. Black holes with masses between a solar mass and
several tens of solar masses can be formed in the core
collapse of stars in the late Universe [3], or primordially,
i.e., prior to the epoch of star formation, [4,5] (see Ref. [6]
for a recent review). One scenario for their formation is the
gravitational collapse of extremely rare and large over-
densities during the radiation dominated epoch.
Black holes of stellar origin are thought to be limited to

masses below∼50 M⊙ [7,8], while highermass holes would
have to result from (hypothetical) population III stars [9] or
mergers of smaller holes of stellar origin. These double (or in
general multi)merger events happen rarely; furthermore, the
calculation of their rates is nontrivial. On the other hand,
there is a plethora of primordial black hole (PBH) scenarios
which yield mass spectra including the observable mass
range of LIGO/Virgo or LISA [10]. The thermal history of
the early Universe naturally induces peaks in the PBH
formation probability, as has been pointed out in Ref. [11].
Within the StandardModel of particle physics a softening

of the equation of state occurs at several instances in the
thermal history of the Universe: during the electroweak
transition, the quantum chromodynamics (QCD) transition,
the pion/muon annihilation and the electron-positron

annihilation. This predicts peaks in the PBH mass spectrum
in several mass ranges, roughly corresponding to the mass
contained within the Hubble volume at the respective times
(see Ref. [11] for a discussion on the entire mass range, but
also Refs. [12–15] for work focused on the QCD transition).
More precisely, this directly modifies the PBH formation
threshold which yields exponential amplification in the PBH
mass function at planetary scales, around a solar mass, an
order of magnitude above, and at a million solar masses,
corresponding to the electroweak transition, the QCD tran-
sition, the pion/muon annihilation, as well as the electron-
positron annihilation, respectively, and thereby generates an
extended andmultimodal PBHmass spectrum (cf. Ref. [16]).
This imprint of the thermal history on the PBH mass

spectrum applies regardless whether PBHs make up 100%
or just a tiny fraction of the dark matter. Hence, their mass
spectrum can be used to probe the very early Universe,
especially by means of the recently detected mergers of
black holeswithmasseswell above 50 M⊙. Thus the hadron
and charged lepton-annihilation epochs, when the Universe
had a temperature T ∼ 40 MeV and T ∼ 170 keV, can be
probed by LIGO/Virgo and by LISA, respectively.
In particular, it is possible to investigate a potential

lepton flavor asymmetry, which might be present at
40 MeV, as the oscillation of neutrinos sets in only at
T ∼ 10 MeV. From then on lepton flavor is no longer
conserved. Reference [17] calculated the PBH dark-matter
fraction including large lepton flavor asymmetries for PBH
masses M > Oð1Þ M⊙. In this work, we extend the mass
range to include all masses within the interval
½10−3; 103� M⊙, and also derive the probability distribution
of PBH merger detections by LIGO/Virgo.
Lepton flavor asymmetries are defined as

lα ≡ nα − nᾱ þ nνα − nν̄α
s

; α ∈ fe; μ; τg; ð1Þ
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where nα denotes the number density of electrons, muons
and tau leptons (nᾱ standing for the respective antileptons),
and s is the entropy density. When the expansion of the
Universe is adiabatic, the lα are conserved between the
electroweak transition at T ≃ 160 GeV and T ≃ 10 MeV.
The baryon asymmetry b of the Universe [defined analo-
gously to Eq. (1)] is well constrained from observations of
the cosmic microwave background (CMB) [18] and pri-
mordial element abundances [19] and known to be a tiny
number, i.e., b ¼ 8.7 × 10−11 (inferred from Ref. [18]).
Constraints on the lepton asymmetries are however many
orders of magnitude weaker and allow for a total lepton
asymmetry as large as [20]

jle þ lμ þ lτj < 1.2 × 10−2: ð2Þ
In particular, as pointed out in Refs. [17,21,22], scenarios
of unequal lepton flavor asymmetries (before the onset of
neutrino oscillations) are observationally almost uncon-
strained and therefore open up a whole new parameter
space for studying the evolution of the Universe at temper-
atures around the QCD transition at 160 ≃MeV.

II. THERMAL HISTORY OF THE UNIVERSE

Shortly after reheating, the Universe is filled with radia-
tion, whose energy density ϵ ∝ g�ðTÞT4 decreases as the
Universe expands and the number of relativistic degrees of
freedom g� successively lowers as more and more particles
become nonrelativistic. In the Standard Model, the first
particle to become nonrelativistic is the top quark, followed
by the Higgs, the Z and W bosons. Below T ∼ 5 GeV, the
bottom and charm quarks, as well as the tau disappear from
the plasma before the largest change in g� happens at the
QCD transition, when all remaining quarks and the gluons
bind to form mostly pions. After this, at T ∼ 40 MeV,
pions and muons become nonrelativistic, and finally at
T ∼ 170 keV, eþe− annihilation causes a further drop of g�.
Each of these events changes the effective equation of state

parameter w≡ p=ϵ. In a series of works [21–23] it has been
shown how large lepton (flavor) asymmetries induce large
chemical potentials for the different particle species. By
applying the method outlined in Ref. [22] in Fig. 1 we show
the effect of lepton flavor asymmetries on w in the temper-
ature range ½10; 104� MeV, the epoch around the cosmic
QCD transition.1 Concretely, we show the three cases of

(i) le ¼ lμ ¼ lτ ¼ −5.3 × 10−11 [green, solid line];
(ii) le ¼ 0 and lμ ¼ −lτ ¼ 4 × 10−2 [red, dotted line];

(iii) le ¼ −8 × 10−2 and lμ ¼ lτ ¼ 4 × 10−2 [blue,
dashed line].

The first case represents the standard scenario (see e.g.,
Ref. [24]) where the lepton asymmetry is assumed to be
related to the baryon asymmetry by l ¼ −ð51=28Þb [25]
due to sphaleron processes.2 However, neither has the
existence of sphalerons been proven experimentally, nor
didwe identify the origin of thematter-antimatter asymmetry
of the Universe yet. The cases (ii) and (iii) serve as bench-
mark models in order to illustrate the possible influence of
lepton flavor asymmetries on PBH formation. The numerical
values are chosen such that they maximize the impact on the
equation of state, satisfy existing limits on the total lepton
asymmetry (2), and at the same time guarantee the appli-
cability of the Taylor expansion of the equation of state as
discussed in Ref. [22]. Beyond the cases shown in Fig. 1 we
also investigated the situation of equal lepton flavor asym-
metries (i.e., le ¼ lμ ¼ lτ), saturating the bound of Eq. (2).
It turns out thatw is very similar to the standard scenario and
therefore not shown.
It can clearly be seen from Fig. 1 how nonzero flavor

asymmetries weaken the softening of w during the tran-
sition, and that even the case with le ¼ 0 yields a
pronounced effect. The two cases of unequal lepton flavor
asymmetry are chosen for illustrative purposes. Note that a
lepton flavor asymmetry always weakens the softening of
the equation of state during the QCD transition, as such an
asymmetry adds leptons to the Universe which do not

FIG. 1. Effective equation-of-state parameter as a function of
temperature. Shown are the three cases of different lepton flavor
asymmetries as discussed in the main text as well as a constant
line at 1=3 indicating the case of an ideal radiation fluid. The
standard scenario [case (i)] is indicated by the green, solid line.

1The equation of state is obtained from a smooth interpolation
of three data sets (ideal quark-gluon gas, lattice QCD including
2þ 1þ 1 quark flavors, hadron resonance gas; see Ref. [22] for
details). We have explicitly checked that the concrete interpola-
tion does not significantly affect the PBH abundance. Note that
the effective equation of state for the standard scenario has been
obtained in Ref. [24].

2Reference [11] utilizes a slightly different numerical result for
the equation-of-state parameter implying corresponding devia-
tions in the derived quantities.
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interact strongly. This is different for the smaller effect
at the pion/muon plateau, for which different lepton
flavor asymmetries can lead to stiffening or softening
of the equation of state (cf. the two cases of unequal
flavor asymmetry), as w sees pions and muons to become
nonrelativistic.

III. PRIMORDIAL BLACK HOLE FORMATION

PBH formation generically requires the generation of
large overdensities. In most scenarios, the density contrast,
δ≡ δϵ=ϵ, is of inflationary origin. When these overden-
sities re-enter the Hubble horizon, they collapse if they are
larger than some threshold δc (see Fig. 2), which depends
on the equation-of-state parameter wðT;lαÞ, α ∈ fe; μ; τg.
As implied by Fig. 1, and studied for similar cases in
Refs. [11,12,26,27], the thermal history of the Universe can
hence induce distinct features in the PBH mass function
even for a (quasi) scale-invariant power spectrum. The
underlying reason, which has been pointed out by Carr
[28], is that if the PBHs form from Gaussian inhomoge-
neities with root-mean-square amplitude δrms, the fraction β
of horizon patches which undergo gravitational collapse to
PBHs is

βðM;lαÞ ≈ erfc

�
δcðw½TðMÞ;lα�Þffiffiffi

2
p

δrmsðMÞ

�
: ð3Þ

Here M is the PBH mass and “erfc” is the complementary
error function. Reference [29] (see the right panel of their
Fig. 8) provides numerical results for the threshold δc,
which we will utilize in this work. The numerical value of
the threshold δc depends on shape and statistics of the
collapsing overdensities, cf. Refs. [30,31] for spherical
perturbations and Ref. [32] for nonspherical shapes.
Equation (3) shows the exponential sensitivity of β to w.
The temperature at PBH formation and the mass of the
corresponding PBH are related via (cf. Ref. [33])

T ≈ 700g−1=4�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M⊙=M

p
MeV: ð4Þ

The present fractional PBH dark-matter spectrum is

dfPBHðM;lαÞ
d lnM

≡ 1

ρCDM

dρPBHðM;lαÞ
d lnM

≈ 2.4βðM;lαÞ
ffiffiffiffiffiffiffiffi
Meq

M

r
; ð5Þ

where ρCDM and ρPBH denote the mass densities of
cold dark matter (CDM) and PBHs, respectively, with
Meq ≈ 2.8 × 1017 M⊙, being the horizon mass at matter-
radiation equality. The numerical factor of 2.4 equals
2ð1þ Ωb=ΩCDMÞ, with ΩCDM ¼ 0.245 and Ωb ¼ 0.0456
being the CDM and baryon density parameters, respec-
tively [18].

Following Ref. [11], we assume a spectrum of the form3

δrmsðMÞ ¼ ðM=M⊙Þð1−nsÞ=4 ×
�
A ½CMB scales�
Ã ½PBH scales�; ð6Þ

wherefore the spectral index ns and amplitude A are taken to
assume their CMBvalues [18],ns ¼ 0.97 andA ¼ 4 × 10−5,
respectively. Exemplary, we adjust the amplitude Ã such that
the standard scenario case (i) yields a dark-matter fraction of
10% with the interval ½10; 104� MeV. By virtue of Eq. (4),
these boundary values correspond to PBH masses of
5 × 10−4 M⊙ and 1500 M⊙, which includes the entire
LIGO/Virgo sensitivity range. Demanding

0.1 ¼ fðiÞPBH ≡
Z

1500 M⊙

5×10−4 M⊙

d lnM
dfPBHðM;lα ¼ 0Þ

d lnM
ð7Þ

implies Ã ≈ 0.0189. For the unequal flavor asymmetric cases
(ii) and (iii) this yields the integrated dark-matter fractions

fðiiÞPBH ¼ 0.0197 and fðiiiÞPBH ¼ 0.0073.
As regards the merger-rate calculation discussed

below, PBH formation outside of this range will not have
any significant effect. Hence, we will be agnostic on
possible alterations of the equation-of-state parameter for
PBH masses below 5 × 10−4 M⊙ and above 1500 M⊙.
The result for the PBH dark-matter fraction is depicted in

FIG. 2. Formation threshold δc as a function of PBH mass M,
for the three cases of different lepton flavor asymmetries as
discussed in the main text. The standard scenario is shown by the
green, solid line.

3There are several ways to enhance the amplitude of the
primordial power spectrum, such as in hybrid inflation [34] or for
inflationary potentials with a plateau feature or an inflection point
[35–37] (see Ref. [38] for a discussion on respective constraints
and uncertainties).
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Fig. 3. It is seen that, due to the exponential enhancement
[see Eq. (3)], all three cases differ significantly. Below we
will see how this affects the PBH merger rates. We have
also studied flavor-equilibrated universes with lepton
asymmetry as large as allowed by Eq. (2) that respect
the CMB and big bang nucleosynthesis bounds, and found

that these are indistinguishable from the standard case with
regard to its PBH mass spectrum.

IV. PREDICTED MERGER RATES

The expected distribution of PBH mergers which can be
detected by LIGO/Virgo can be estimated for binaries
formed through tidal capture in dark-matter halos. Using
the merger rate τ of two merging black holes with masses
MA and MB as given in Ref. [40] (cf. Refs. [41,42] and
references therein) and the detector range R from Ref. [43]
utilising the sensitivity curve from Ref. [39], the event
likelihood E scales as E ∝ τR3 (cf. Ref. [11]). Note that the

FIG. 3. Spectral density of the PBH dark-matter fraction as a
function of PBH mass M, for the three cases of different lepton
flavor asymmetries as discussed in the main text. The green, solid
line indicates the standard scenario. Also shown is the LIGO
sensitivity curve (grey, dot-dashed line) from Ref. [39], sche-
matically for equal-mass mergers and using the maximal gravi-
tational-wave frequency fmax ≈ 4400 M⊙=M for the conversion
from frequency to mass.
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FIG. 4. Probabilitydensity ofPBHmerger detectionswithmasses
MB > MA by LIGO/Virgo for case (i) ½dProb=d lnðMAÞd lnðMBÞ�.
Also shown are all currently known merger events (green dots) as
reported by the LIGO/Virgo collaborations [2], including the
binary neutron-star merger GW170817 (orange dot). The param-
eter space is spanned by MB and the mass ratio q≡MA=MB.
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FIG. 5. Same as Fig. 4 but for case (ii) with le ¼ 0 and
lμ ¼ −lτ ¼ 4 × 10−2.
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FIG. 6. Same as Fig. 4 but for case (iii) with le ¼ −8 × 10−2

and lμ ¼ lτ ¼ 4 × 10−2.
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detector range R involves an integral over frequency, from
the minimum frequency seen by the detector up to the
merger frequency, or the maximal frequency the detector is
able to observe (as far as light binaries are concerned) (see
Ref. [43]). Figures 4–6 visualise the likelihood E as a
function of the larger PBH mass MB > MA and the mass
ratio q≡MA=MB for the three cases (i)—(iii). Additionally
we show all currently known black-hole mergers (green
dots) as reported by the LIGO/Virgo collaborations [2].
The lepton flavor symmetric case predicts overly many
events for small masses and/or small q (see Fig. 4) due to
the pronounced peak at the QCD transition. On the
contrary, both cases of unequal lepton flavor asymmetries
(Figs. 5, 6) yield an enhanced likelihood formerges of PBHs
for masses of order 100 M⊙, where most of the events are
concentrated.

V. CONCLUSION

We have pointed out that lepton flavor asymmetries—
within the boundaries allowed by current observational
constraints—has a pronounced effect on the PBH forma-
tion rate. Most dominantly, it always lowers the peak in the
PBH mass function around the QCD transition, thereby
giving more relative weight to the pion/muon plateau at a
few ten to around hundred solar masses. If PBHs are
produced during the pion and muon annihilation epoch

and with a substantial dark-matter fraction, lepton flavor
asymmetries significantly alter the prediction for the PBH
mass spectrum and therefore their mergers, which might be
observed with LIGO/Virgo. Together with an improved
understanding of the BH mass spectrum from core collapse
events and their corresponding BH merger rates, upcoming
gravitational-wave data will thus yield a new way to probe
how lepton flavor asymmetric the Universe has been prior
to the onset of neutrino oscillations.
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