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Black holes formed in the early Universe (in particular: non-stellar).

First proposed by Novikov and Zel'dovič in the late 1960th, 

but their conclusion was negative for the existence of PBHs.

Conclusion disproved by Carr & Hawking (1974),                  

reinvigorated PBH research (nearly 2000 papers to date).

What are Primordial Black Holes (PBHs)?



Formation
Primordial Black Hole



Large density perturbations (inflation)

Pressure reduction
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Cosmic string loops

http://www.damtp.cam.ac.uk/research/gr/public/cs_top.html

Bubble collisions

http://www.damtp.cam.ac.uk/research/gr/public/cs_phase.html

Quark confinement

...

PBH Formation Mechanisms

[Dvali, FK, Zantedesschi 2021]
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PBH Formation —Rare Events

black holes

primordial

typically ~ 10

rare events:

variance    

Fraction of collapsed

horizon patches:

Latest research points 

towards a shallower tail 

(c.f. quantum diffusion).



PBH —Some Numbers

Assume that all PBH have mass:

Size:

Number in our Galaxy:

Distance:

If primordial black holes constituted all of the dark matter:
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PBH Constraints at Formation
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PBH Constraints at Formation

Note that

and hence

[Carr 他 2021]
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 Current PBH Constraints

[Carr & FK 2020]

���� ���� ���� ���� ���� ���� ���� ������-�

��-�

��-�

��� ��
-�� ��-�� ��-� ��� ��� ���� ����



PBH Constraints —Redshift Dependence

[Carr & FK 2020]
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for Primordial Black Holes
Observational Hints

Evidence?



OGLE detected a particular population of microlensing events:
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ML LC timescale: tE [days]
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(MPBH = 9.5× 10°6MØ, fPBH = 0.026)

[Niikura et al. 2019]

0.1 - 0.3 days light-curve timescale - origin unknown!                       

Could be free-floating planets... or PBHs!
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A supernova population of so-called calcium-rich gap transients

[Smirnov et al. 2023]

has been shown to clearly not to follow the stellar distribution 

but rather a would-be compact dark matter one.

Calcium-Rich Gap Transients
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Excess of Lenses in Galactic Bulge

OGLE has detected 

58 long-duration 

microlensing events 

in the Galactic bulge.

[Wyrzykowski & Mandel 2020]

18 of these cannot be 

main-sequence stars 

and are very likely 

black holes.

These are not expected 

to form as the endpoint 

of stellar evolution.

Their mass function 

overlaps the low mass 

gap from 2 to 5 .M⊙



Ultra-faint Dwarf Galaxies

[Boldrini et al. 2020]

Ultra-faint dwarf 

galaxies are 

dynamically unstable 

below some critical 

radius in the presence 

of PBH CDM!

Non-detection of 

dwarf galaxies smaller 

than ~ 10 – 20 pc 

This works with a few 

percent of PBH DM of 

25 – 100 .M⊙



Correlations of Cosmic Infrared/X-Ray Backgrounds

PBHs generate early structure and respective backgrounds

[Capelluti et al. 2013]
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Note that the mass estimates shown here do not include uncertainties, 

which is why the final mass is sometimes larger than the sum of the 
primary and secondary masses. In actuality, the final mass is smaller 
than the primary plus the secondary mass. 

The events listed here pass one of two thresholds for detection. 
They either have a probability of being astrophysical of at least 50%, 
or they pass a false alarm rate threshold of less than 1 per 3 years.
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The events listed here pass one of two thresholds for detection. 
They either have a probability of being astrophysical of at least 50%, 
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which is why the final mass is sometimes larger than the sum of the 
primary and secondary masses. In actuality, the final mass is smaller 
than the primary plus the secondary mass. 

The events listed here pass one of two thresholds for detection. 
They either have a probability of being astrophysical of at least 50%, 
or they pass a false alarm rate threshold of less than 1 per 3 years.

KEY

Asymmetric black hole progenitors (mass ratio q < 0.25)



Recent reanalysis of LIGO data by Phukon et al. '21 with   

updated merger rates and low mass ratios:

Four subsolar candidates with SNR > 8 and a FAR < 2 yr

Note that an order-one dark matter fraction of subsolar PBHs 

is still possible!

-1

Subsolar Black Holes - The Smoking Gun!



Thermal History



Thermal History of the Universe
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Changes in the relativistic degrees of freedom:



Thermal History of the Universe
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Changes in the equation-of-state parameter                 :w = p/ρ



Thermal History of the Universe

OGLE LIGO
SMBHs

[Carr, Clesse, García-Bellido, FK 2020]

An essentially featureless power spectrum leads to:



from Confinement
Primordial Black Holes

work with Dvali & Zantedeschi



In order to have a given percentage of PBH dark matter 

requires exponential fine-tuning.

PBH formation happens in the strong-coupling regime.

The standard approach of PBH formation has two main issues:

Important Issues



assumption-minimal,

free of exponential fine-tuning,

compatible with observations.

works with standard QCD*,

We propose a novel PBH formation mechanism which is

avoids strong coupling,

A New Approach



2. Ingredient: Confinement at energy scale , Λc Mq /Λc ≫ 1

1. Ingredient:  de Sitter fluctuations produce quarks during inflation.

q q̄ Inflation 

dilutiond > H−1
i

Confinement Formation Mechanism

q q̄
String

Horizon size rH ≪ d

q q̄
String

Horizon size = ct = d

Rg

3. Ingredient:  Black hole formation after horizon entry



Inflation

Radiation

Matter

N

Scale

Hubble 

Scale

Physical 

distance of 

quark pair

Confinement and 

collapse upon 

horizon entry

Formation of 

quark pair

Reheating

Formation Scales
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ρCDM(t)
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Present-day dark matter distribution vs monochromatic constraints:

Dark Matter from Confinement

Find:



Vortices
Black Hole

work with Dvali & Zantedeschi



Formation of  Vortices

[Dvali, FK, Zantedeschi 2022]



Formation of  Vortices
Black Holes can be understood as saturons.

We showed that these admit vortex structure, in the case of 

near-extremal spin.

PBHs from confinement could provide 

ideal prerequisites for vortex formation 

due to highly spinning light PBHs.

If these PBHs provide the dark matter, 

their vorticity might explain primordial 

magnetic fields. 

Besides, vorticity provides a topological meaning to 

the stability of extremal black holes.

[Dvali, FK, Zantedeschi 2022]

[Dvali 2021]



Conclusion



Primordial black holes influence physics on many different scales, 

and manifest themselves via a plethora of different signatures.

At present, they are not tightly constraint in general and can easily 

constitute 100% of the dark matter, even in several mass ranges.

The thermal history of the Universe naturally provides peaks 

in the PBH mass function at several relevant scales.

Conclusion

There are many hints for their existence from OGLE and other 

microlensing surveys, LIGO/Virgo gravitational-wave events etc.

There are many formation mechanisms for PBHs with distinct 

characteristics, partly offering a potential to be probed in the 

near future, including the quantum nature of black holes.



Conclusion
BLACK HOLES AS LINK BETWEEN MICRO AND MACRO PHYSICS

10-5 gPlanck

23 Universal10 M

1210 M SLAB

109 M QSO

1021 glunar

1 M stellar

1010 gexploding*

(BBN)

1015 gevaporating*

106 M MW

102 M IMBH

1025gterrestrial

Relic
s

Black Holes as a Link between Micro and Macro Physics
(Carr)

[Figure from Abrams & Primack 2012]



ConclusionA Brand-New Review!  ~120 pages, > 500 References





Addendum





Primordial Black Holes are Popular!

[SAO/NASA 

[Astrophysics 
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from Confinement
Primordial Black Holes

work with Dvali & Zantedeschi



In order to have a given percentage of PBH dark matter 

requires exponential fine-tuning.

PBH formation happens in the strong-coupling regime.

The standard approach of PBH formation has two main issues:

Important Issues



assumption-minimal,

free of exponential fine-tuning,

compatible with observations.

works with standard QCD*,

We propose a novel PBH formation mechanism which is

avoids strong coupling,

A New Approach



1. Ingredient:  de Sitter fluctuations produce quarks during inflation.

q q̄

Inflation 

dilution

d > H−1
i

Focus on a simple pair case.

Distance grows as .

Quarks quickly move out of causal contact.

d ∝ eNe

Confinement Formation Mechanism



q q̄
String

Horizon size rH ≪ d

Flux tubes form connecting quark/anti-quark pairs.

The system cannot collapse as long as  .

String breaking into quarks pair, ,

suppressed as long as .

d > rH

Ptunnel ∝ e
−π (Mq /Λc)

2

Mq /Λc ≫ 1

Confinement Formation Mechanism
2. Ingredient: Confinement at energy scale , Λc Mq /Λc ≫ 1



q q̄
String

Horizon size = ct = d

Rg

Acceleration of the quarks  quickly leads to their    

ultra-relativistic motion.

The energy stored in the string is .

PBHs from inflationary overdensities are heavier by a factor ~ .

a = Λ2
c /mq

E ≃ Λ2
c t ≃ Mg, Rg ≫ Λ−1

c

Λ2
c

Confinement Formation Mechanism
3. Ingredient:  Black hole formation upon horizon entry



Inflation

Radiation

Matter

N

Scale

Hubble 

Scale

Physical 

distance of 

quark pair

Confinement and 

collapse upon 

horizon entry

Formation of 

quark pair

Reheating

Formation Scales
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fPBH ≡

ρPBH(t)

ρCDM(t)
=

32π

3
λΛ3

c

✓

MPBH

Meq

◆

−1/2
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Present-day dark matter distribution vs monochromatic constraints:

Dark Matter from Confinement

Find:
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High-Spin Subsolar PBHs

During inflation, the string undergoes a Brownian motion, induced by 

de Sitter quantum fluctuations, leading to deviation from straightness:

δx '

p

Ne H
−1

i
<latexit sha1_base64="eVyCkST2+EasOuaw3unZYN3U7qI="></latexit>

q

q̄

δx

This leads to potentially 

significant spin:

aPBH ≃
δx

Rg

≃
1

H MPBH

log( H MPBH

Λ2
c )

1/2



Formation of  Vortices

[Dvali, FK, Zantedeschi 2021]



Formation of  Vortices
Black Holes can be understood as saturons (see talk by Dvali)

We showed that these admit vortex structure (see talk by 

Zantedeschi), in the case of near-extremal spin.

PBHs from confinement could provide 

ideal prerequisites for vortex formation 

due to highly spinning light PBHs.

If these PBHs provide the dark matter, 

their vorticity might explain primordial 

magnetic fields. 

Besides, vorticity provides a topological meaning to 

the stability of extremal black holes.

[Dvali, FK, Zantedeschi 2021]



More on Constraints



These constraints are not just nails in a coffin!

 

 

 

All constraints have caveats and might change.

Each constraint is a potential signature.

PBHs are important even if               . 

Constraints —A Worthwhile Remark

(Carr)

fPBH ≪ 1



Constraints —Uncertainties
May constraints rely on rather on uncertain, restrictive, simplistic or 

even incorrect assumptions!

Clustering

Galactic dark-matter profile

We have to understand better:

Accretion

Velocity distribution

Characteristics of the lensed sources (size, variability, ...)

Composition of "probes" in general

Hawking radiation

...



Constraints —Uncertainties on Hawking Radiation

[Auffinger 2022]

instrument 

characteristics

computation of the 

(extra)galactic 

photon fluxes

statistical treatment

computation of the 

Hawking radiation

Uncertainties induced by:



Constraints —Uncertainties on Hawking Radiation

[Auffinger 2022]

instrument 

characteristics

computation of the 

(extra)galactic 

photon fluxes

statistical treatment

computation of the 

Hawking radiation

These constraints 

might even entirely 

disappear, due to 

quantum back-reaction!

(see work by Dvali et al.)

Uncertainties induced by:



Micro & Macro



PBH & Particle Dark Matter

Always when                  there must be another DM component!fPBH < 1

<latexit sha1_base64="Ux3yyQYBVhhdtatlsTSq3JHLPik=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiBRU8lHrpsYL9gDaEzXbTLt1Nwu5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLG5tb1T3C3t7R8clu2j446KU0lom8Q8lr0AK8pZRNuaaU57iaRYBJx2g8nd3O8+UqlYHD3oaUI9gUcRCxnB2ki+XQ79bCAFajWaM3SLXN+uOFVnAbRO3JxUIEfLt78Gw5ikgkaacKxU33US7WVYakY4nZUGqaIJJhM8on1DIyyo8rLF4TN0bpQhCmNpKtJoof6eyLBQaioC0ymwHqtVby7+5/VTHV57GYuSVNOILBeFKUc6RvMU0JBJSjSfGoKJZOZWRMZYYqJNViUTgrv68jrpXFbdWvXmvlapN/I4inAKZ3ABLlxBHZrQgjYQSOEZXuHNerJerHfrY9lasPKZE/gD6/MH2BeR7A==</latexit>



PBH & Particle Dark Matter

Study a combined scenario: DM = PBHs + Particles

Always when                  there must be another DM component!fPBH < 1
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The latter will be accreted by the former; formation of halos.
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The latter will be accreted by the former; formation of halos.

The annihilation rate             . Γ ∝ n
2

Study WIMP annihilations in PBH halos:



PBH & Particle Dark Matter

Study a combined scenario: DM = PBHs + Particles

Always when                  there must be another DM component!fPBH < 1
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The latter will be accreted by the former; formation of halos.

The annihilation rate             . Γ ∝ n
2

Study WIMP annihilations in PBH halos:

Halo profile does matter; enhancement of    in density spikes.

1) Derive the density profile of the captured WIMPs;

2) calculate the annihilation rate;

3) and compare to data.

Γ

[Eroshenko 2016, 

[Boucenna et al. 2017,

[Adamek et al. 2019, 

[Carr, FK, Visinelli 2020 & 2021]



PBHs & WIMPs

[Carr, FK, Visinelli 2021]
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PBHs & WIMPs

[Carr, FK, Visinelli 2021]

Annihilations lead to plateaux in the present-day halos.
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PBHs & WIMPs

[Carr, FK, Visinelli 2021]
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PBHs & WIMPs

[Carr, FK, Visinelli 2021]



from Confinement
Primordial Black Holes



In order to have a given percentage of PBH dark matter 

requires exponential fine-tuning.

PBH formation happens in the strong-coupling regime.

The standard approach of PBH formation has two main issues:

Important Issues



assumption-minimal,

free of exponential fine-tuning,

compatible with observations.

works with standard QCD*,

We propose a novel PBH formation mechanism which is

avoids strong coupling,

A New Approach



1. Ingredient:  de Sitter fluctuations produce quarks during inflation.

q q̄

Inflation 

dilution

d > H−1
i

Focus on a simple pair case.

Distance grows as .

Quarks quickly move out of causal contact.

d ∝ eNe

Confinement Formation Mechanism



q q̄
String

Horizon size rH ≪ d

Flux tubes form connecting quark/anti-quark pairs.

The system cannot collapse as long as  .

String breaking into quarks pair, ,

suppressed as long as .

d > rH

Ptunnel ∝ e
−π (Mq /Λc)

2

Mq /Λc ≫ 1

Confinement Formation Mechanism
2. Ingredient: Confinement at energy scale , Λc Mq /Λc ≫ 1



q q̄
String

Horizon size = ct = d

Rg

Acceleration of the quarks  quickly leads to their    

ultra-relativistic motion.

The energy stored in the string is .

PBHs from inflationary overdensities are heavier by a factor ~ .

a = Λ2
c /mq

E ≃ Λ2
c t ≃ Mg, Rg ≫ Λ−1

c

Λ2
c

Confinement Formation Mechanism
3. Ingredient:  Black hole formation upon horizon entry



Inflation

Radiation

Matter

N

Scale

Hubble 

Scale

Physical 

distance of 

quark pair

Confinement and 

collapse upon 

horizon entry

Formation of 

quark pair

Reheating

Formation Scales
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fPBH ≡

ρPBH(t)

ρCDM(t)
=

32π

3
λΛ3

c

✓

MPBH

Meq

◆

−1/2
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Present-day dark matter distribution vs monochromatic constraints:

Dark Matter from Confinement

Find:



Z
M2

M1

d lnMPBH

dfPBH(MPBH)

d lnMPBH

1

fmax(MPBH)

!

≤ 1
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Require:

[Carr et al. 2017]

Extended-Constraint Analysis

Full compatibility 

with observations 

below the black line, 

here, exemplary for 
.Mpeak ∼ 1017 g

Results: Possible to 

accommodate 100% 

of PBH dark matter...

... at the same time 

provide seeds for 

supermassive black 

holes in galactic centres.

-�

-�

-�

-�

�
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fPBH ≡

ρPBH(t)

ρCDM(t)
=

32π

3
λΛ3

c

✓

MPBH

Meq

◆

−1/2
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Z
M2

M1

d lnMPBH

dfPBH(MPBH)

d lnMPBH

1

fmax(MPBH)

!

≤ 1
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Monochromatic spectrum

Extended spectrum

100% of dark matter!

Dark Matter
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High-Spin Subsolar PBHs

During inflation, the string undergoes a Brownian motion, induced by 

de Sitter quantum fluctuations, leading to deviation from straightness:

δx '

p

Ne H
−1

i
<latexit sha1_base64="eVyCkST2+EasOuaw3unZYN3U7qI="></latexit>

q

q̄

δx

This leads to potentially 

significant spin:

aPBH ≃
δx

Rg

≃
1

H MPBH

log( H MPBH

Λ2
c )

1/2



Remember, our required assumption, for the string not to break:

                                           Λc < Mq

Embedding within Standard QCD*

However, standard QCD values indicate the opposite: .Λc > Mq

It looks like, our mechanism cannot work with QCD...



It is natural for the confinement scale and mass to change 

in the early Universe!

Embedding within Standard QCD*

1

4g2
FμνF

μνgyψ̄LψRϕ

Couplings are expectation values of fields and can be very 

different in the early Universe.

Requirement: Low-temperature expectation value should 

set the right coupling values. 

This should happen before BBN, 

leaving large room for PBH production 

via the confinement mechanism.



M

M

Gravitational Waves
After horizon entry, the quarks quickly move towards each other, 

emitting gravitational waves.

This is similar to dual to systems of dual monopole/anti-monopole 

pairs connected by a string.
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NANOGrav data from pulsar-timing observations indicate the 

presence of a stochastic gravitational-wave background.

[cf. Martin & Vilenkin 1997; Leblond, Shlaer, Siemens 2009]



NANOGrav
There might be a lack of Hellings-Downs correlation. - still unclear

[Arzoumanian et al. 2021]

We can easily generate a monopolar signal upon adding e.g. 

 with coupling strength relatively weaker(by .∼ ϕ q̄q ∼ 10−3
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Light PBH Dark Matter?
The exclusion of light ( ) PBHs is based on the validity of 

semiclassical Hawking radiation throughout most of the evaporation.

MPBH ≲ 1015 g

This is unjustified (and likely to be entirely false), as suggested by 

recent studies of black holes on the full quantum level.
[Dvali et al. 2020]

Results suggest that due to 

the holes' enormous memory 

capacity, their lifetime  might 

be significantly prolonged.

τ

A conservative estimate is:

     τ → τ̃ ≥ τ S2

This opens up a large window  

for light PBH dark matter.

Entropy of the 

black hole



Ω

[Carr et al. 2021]

ρPBH

ρ(ti)
∝

Evaporation 

constraints to 

be revisited

Light PBH Dark Matter?



Formation II:
Critical Collapse



Critical Collapse

[Musco, Miller, Polnarev 2008]

Usually: Assume 

Critical scaling:
[Choptuik ’93]

horizon mass

density contrast

Radiation domination and for 

spherical Mexician-hat profile:



How would this look for monochromatic mass function?

Critical Collapse

dark-matter fraction

[Carr, FK, Sandstad 2016]
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<latexit sha1_base64="qxhORmigq1EqYxYkjvI6OZcf+6Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMFUwttKJvNpl262Q27E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvygQ36HnfTmVtfWNzq7pd29nd2z+oHx51jMo1ZQFVQuluRAwTXLIAOQrWzTQjaSTYYzS+nfmPT0wbruQDTjIWpmQoecIpQSsFfRUrHNQbXtObw10lfkkaUKI9qH/1Y0XzlEmkghjT870Mw4Jo5FSwaa2fG5YROiZD1rNUkpSZsJgfO3XPrBK7idK2JLpz9fdEQVJjJmlkO1OCI7PszcT/vF6OyXVYcJnlyCRdLEpy4aJyZ5+7MdeMophYQqjm9laXjogmFG0+NRuCv/zyKulcNH2v6d9fNlo3ZRxVOIFTOAcfrqAFd9CGAChweIZXeHOk8+K8Ox+L1opTzhzDHzifP+tejr4=</latexit><latexit sha1_base64="qxhORmigq1EqYxYkjvI6OZcf+6Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMFUwttKJvNpl262Q27E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvygQ36HnfTmVtfWNzq7pd29nd2z+oHx51jMo1ZQFVQuluRAwTXLIAOQrWzTQjaSTYYzS+nfmPT0wbruQDTjIWpmQoecIpQSsFfRUrHNQbXtObw10lfkkaUKI9qH/1Y0XzlEmkghjT870Mw4Jo5FSwaa2fG5YROiZD1rNUkpSZsJgfO3XPrBK7idK2JLpz9fdEQVJjJmlkO1OCI7PszcT/vF6OyXVYcJnlyCRdLEpy4aJyZ5+7MdeMophYQqjm9laXjogmFG0+NRuCv/zyKulcNH2v6d9fNlo3ZRxVOIFTOAcfrqAFd9CGAChweIZXeHOk8+K8Ox+L1opTzhzDHzifP+tejr4=</latexit><latexit sha1_base64="qxhORmigq1EqYxYkjvI6OZcf+6Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMFUwttKJvNpl262Q27E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvygQ36HnfTmVtfWNzq7pd29nd2z+oHx51jMo1ZQFVQuluRAwTXLIAOQrWzTQjaSTYYzS+nfmPT0wbruQDTjIWpmQoecIpQSsFfRUrHNQbXtObw10lfkkaUKI9qH/1Y0XzlEmkghjT870Mw4Jo5FSwaa2fG5YROiZD1rNUkpSZsJgfO3XPrBK7idK2JLpz9fdEQVJjJmlkO1OCI7PszcT/vF6OyXVYcJnlyCRdLEpy4aJyZ5+7MdeMophYQqjm9laXjogmFG0+NRuCv/zyKulcNH2v6d9fNlo3ZRxVOIFTOAcfrqAFd9CGAChweIZXeHOk8+K8Ox+L1opTzhzDHzifP+tejr4=</latexit><latexit sha1_base64="qxhORmigq1EqYxYkjvI6OZcf+6Q=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMFUwttKJvNpl262Q27E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvygQ36HnfTmVtfWNzq7pd29nd2z+oHx51jMo1ZQFVQuluRAwTXLIAOQrWzTQjaSTYYzS+nfmPT0wbruQDTjIWpmQoecIpQSsFfRUrHNQbXtObw10lfkkaUKI9qH/1Y0XzlEmkghjT870Mw4Jo5FSwaa2fG5YROiZD1rNUkpSZsJgfO3XPrBK7idK2JLpz9fdEQVJjJmlkO1OCI7PszcT/vF6OyXVYcJnlyCRdLEpy4aJyZ5+7MdeMophYQqjm9laXjogmFG0+NRuCv/zyKulcNH2v6d9fNlo3ZRxVOIFTOAcfrqAFd9CGAChweIZXeHOk8+K8Ox+L1opTzhzDHzifP+tejr4=</latexit>

Horizon-mass approximation



How would this look for monochromatic mass function?
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Horizon mass approximation

critical collapse
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Horizon mass approximation

critical collapse

It is impossible to obtain 
monochromatic mass spectra!



More Systematic Study

[Green 2016]

axion-curvaton

running-mass



More Systematic Study
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Lepton Flavour Asymmetry



                            entropy densities

Lepton Flavour Asymmetry

<latexit sha1_base64="waYVMA+WtRbnxFZ9tPKPalDMA28="></latexit>

`α ≡
nα − nᾱ + nνα

− nν̄α

s
, ↵ ∈ {e, µ, ⌧}

<latexit sha1_base64="ohAHZZDUCJgZjkbi3s9OX2lrDeA="></latexit>

|`e + `µ + `τ | < 1.2× 10
−2

Lepton flavour asymmetries are defined as

CMB constraints are quite weak:

       ,      ,       ,            number densities of (anti)leptons and 

.                                  corresponding (anti)neutrinos

<latexit sha1_base64="0iRH4rN3VE1gHlfDnyR43KRUT4g=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkkR9Vj04rGC/YA2lMl20y7d7IbdiVBCf4YXD4p49dd489+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bVieG8RbTUptuAJZLoXgLBUrejQ2HKJC8E0zucr/zxI0VWj3iNOZ+BCMlQsEAM6mnBmkfZDyGWXlQqbo1dw66SryCVEmB5qDy1R9qlkRcIZNgbc9zY/RTMCiY5LNyP7E8BjaBEe9lVEHErZ/OT57R80wZ0lCbrBTSufp7IoXI2mkUZJ0R4Ngue7n4n9dLMLzxU6HiBLlii0VhIilqmv9Ph8JwhnKaEWBGZLdSNgYDDLOU8hC85ZdXSbte865q9YfLauO2iKNETskZuSAeuSYNck+apEUY0eSZvJI3B50X5935WLSuOcXMCfkD5/MHFTmRIA==</latexit>

nα

<latexit sha1_base64="Wi59YMNQxllxhFUu0OTRsrJBhkw=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRbBU0mKqMeiF48V7Ac0IUy2m3bpZhN2N0qJ+SlePCji1V/izX/jps1BWx8MPN6bYWZekDAqlW1/G5W19Y3Nrep2bWd3b//ArB/2ZJwKTLo4ZrEYBCAJo5x0FVWMDBJBIAoY6QfTm8LvPxAhaczv1SwhXgRjTkOKQWnJN+vcz9wAROYCSyaQ5zXfbNhNew5rlTglaaASHd/8ckcxTiPCFWYg5dCxE+VlIBTFjOQ1N5UkATyFMRlqyiEi0svmp+fWqVZGVhgLXVxZc/X3RAaRlLMo0J0RqIlc9grxP2+YqvDKyyhPUkU4XiwKU2ap2CpysEZUEKzYTBPAgupbLTwBAVjptIoQnOWXV0mv1XQumq2780b7uoyjio7RCTpDDrpEbXSLOqiLMHpEz+gVvRlPxovxbnwsWitGOXOE/sD4/AFkS5QW</latexit>

nᾱ

<latexit sha1_base64="4wotS5mKOcTO7PtqBWK0JGU0ypY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF49V7Ae0oWy2k3bpZhN2N0Ip/QdePCji1X/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WjmSToR3QoecgZNVZ60KV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+npjSSOtJFNjOiJqRXvYy8T+vm5rw2p9ymaQGJVssClNBTEyyt8mAK2RGTCyhTHF7K2EjqigzNpwsBG/55VXSqlW9y2rt/qJSv8njKMIJnMI5eHAFdbiDBjSBQQjP8Apvzth5cd6dj0VrwclnjuEPnM8fFX2NEg==</latexit>

s

<latexit sha1_base64="A6l/vZQcrCtQpvkA3SDyHMEZA+c=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSRF1GPRi8cK9gPaECbbTbt0swm7m0IJ/SdePCji1X/izX/jts1BWx/M8Hhvhp19YcqZ0q77bZU2Nre2d8q7lb39g8Mj+/ikrZJMEtoiCU9kN0RFORO0pZnmtJtKinHIaScc38/9zoRKxRLxpKcp9WMcChYxgtpIgW2LIO+LzDTk6Qhns8CuujV3AWedeAWpQoFmYH/1BwnJYio04ahUz3NT7ecoNSOczir9TNEUyRiHtGeowJgqP19cPnMujDJwokSaEtpZqL83coyVmsahmYxRj9SqNxf/83qZjm79nIk001SQ5UNRxh2dOPMYnAGTlGg+NQSJZOZWh4xQItEmrIoJwVv98jpp12veda3+eFVt3BVxlOEMzuESPLiBBjxAE1pAYALP8ApvVm69WO/Wx3K0ZBU7p/AH1ucPPaeUDw==</latexit>

nνα

<latexit sha1_base64="pUqUkf7nSE65nfRYmlS3PrrrhH4=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTNYBFclKaIui25cVrAXaEI4mU7boZNJmJkIJWbhq7hxoYhbX8Odb+O0zUJbfxj4+M85nDN/mHCmtON8W6WV1bX1jfJmZWt7Z3fP3j9oqziVhLZIzGPZDUFRzgRtaaY57SaSQhRy2gnHN9N654FKxWJxrycJ9SMYCjZgBLSxAvtIBJkXgsw8keYGgScjyPPArjo1Zya8DG4BVVSoGdhfXj8maUSFJhyU6rlOov0MpGaE07zipYomQMYwpD2DAiKq/Gx2f45PjdPHg1iaJzSeub8nMoiUmkSh6YxAj9RibWr+V+ulenDlZ0wkqaaCzBcNUo51jKdh4D6TlGg+MQBEMnMrJiOQQLSJrGJCcBe/vAztes29qNXvzquN6yKOMjpGJ+gMuegSNdAtaqIWIugRPaNX9GY9WS/Wu/Uxby1Zxcwh+iPr8wcivZbU</latexit>

nν̄α

(unlike baryon asymmetry:                           )
<latexit sha1_base64="fVdWg2v2F53vMIPk06odcuPCqQY=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4MaQKWK7EYpuXFawD2hjmUwn7dDJJMxMhBKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vv8WPOlHbdb6uwsrq2vlHcLG1t7+zu2fsHLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3745up336kUrFI3OtJTL0QDwULGMHaSH37yIdXsOZUYU+zkCqI3If0HKGsb5ddx50BLhOUkzLI0ejbX71BRJKQCk04VqqL3Fh7KZaaEU6zUi9RNMZkjIe0a6jAZpuXzh7I4KlRBjCIpCmh4Uz9PZHiUKlJ6JvOEOuRWvSm4n9eN9FBzUuZiBNNBZkvChIOdQSnacABk5RoPjEEE8nMrZCMsMREm8xKJgS0+PIyaVUcdOlU7i7K9es8jiI4BifgDCBQBXVwCxqgCQjIwDN4BW/Wk/VivVsf89aClc8cgj+wPn8A9s6UGA==</latexit>

b = 8.7× 10
−11



Lepton Flavour Asymmetry

[BKOS 2021]
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<latexit sha1_base64="oBY2e3FIsVycfCfNAgSxzt5GcRo=">AAACJXicbVDJSgNBEO2Je9yiHr00BsGDCTPuBwXRi8cIZoHMOPR0KrGxZ6G7RgjD/IwXf8WLB0UET/6KneUQlwcNr96rorpekEih0bY/rcLU9Mzs3PxCcXFpeWW1tLbe0HGqONR5LGPVCpgGKSKoo0AJrUQBCwMJzeD+cuA3H0BpEUc32E/AC1kvEl3BGRrJL526IKWfQU7P6Ii6YTpRIBtWFXf3sLpPXRQhaOrYt1nFcXK/VLar9hD0L3HGpEzGqPmlN7cT8zSECLlkWrcdO0EvYwoFl5AX3VRDwvg960Hb0IiZbV42vDKn20bp0G6szIuQDtXJiYyFWvfDwHSGDO/0b28g/ue1U+yeeJmIkhQh4qNF3VRSjOkgMtoRCjjKviGMK2H+SvkdU4yjCbZoQnB+n/yXNPaqzlF17/qgfH4xjmOebJItskMcckzOyRWpkTrh5JE8k1fyZj1ZL9a79TFqLVjjmQ3yA9bXN8jbouk=</latexit>

`e = `µ = `τ = − 5.3× 10
−11

<latexit sha1_base64="VFnZ39iQY39m1U5LccO85N/+5ic="></latexit>

`e = − 8× 10
−2

and `µ = `τ = 4× 10
−2

<latexit sha1_base64="RaPsrjbXKnXG9o1wD3rlvtHuqnQ="></latexit>

`e = 0 and `µ = − `τ = 4× 10
−2



Lepton Flavour Asymmetry
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<latexit sha1_base64="oBY2e3FIsVycfCfNAgSxzt5GcRo=">AAACJXicbVDJSgNBEO2Je9yiHr00BsGDCTPuBwXRi8cIZoHMOPR0KrGxZ6G7RgjD/IwXf8WLB0UET/6KneUQlwcNr96rorpekEih0bY/rcLU9Mzs3PxCcXFpeWW1tLbe0HGqONR5LGPVCpgGKSKoo0AJrUQBCwMJzeD+cuA3H0BpEUc32E/AC1kvEl3BGRrJL526IKWfQU7P6Ii6YTpRIBtWFXf3sLpPXRQhaOrYt1nFcXK/VLar9hD0L3HGpEzGqPmlN7cT8zSECLlkWrcdO0EvYwoFl5AX3VRDwvg960Hb0IiZbV42vDKn20bp0G6szIuQDtXJiYyFWvfDwHSGDO/0b28g/ue1U+yeeJmIkhQh4qNF3VRSjOkgMtoRCjjKviGMK2H+SvkdU4yjCbZoQnB+n/yXNPaqzlF17/qgfH4xjmOebJItskMcckzOyRWpkTrh5JE8k1fyZj1ZL9a79TFqLVjjmQ3yA9bXN8jbouk=</latexit>

`e = `µ = `τ = − 5.3× 10
−11



Lepton Flavour Asymmetry
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<latexit sha1_base64="VFnZ39iQY39m1U5LccO85N/+5ic="></latexit>

`e = − 8× 10
−2

and `µ = `τ = 4× 10
−2


