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REVIEWS & WHITE PAPERS:

“The CosmoVerse White Paper: Addressing observational tensions in cosmology with systematics and 
fundamental physics” (420 pages!) E. Di Valentino, et al 2025

Relatively complete review on Dark Matter (515 pages!): Cirelli, Strum & Zupan 2024

Dark matter and the early Universe: a review (72 pages), A. Arbey and F. Mahmoudi 2021

“Probing the Fundamental Nature of Dark Matter with the Large Synoptic Survey Telescope” (95 
pages), LSST Dark Matter group 2019

These lectures are not a review of alternative dark matter models!

https://arxiv.org/pdf/2504.01669
https://arxiv.org/pdf/2406.01705
https://arxiv.org/pdf/2104.11488
https://arxiv.org/pdf/1902.01055


Lecture 1: Known DM properties from observations. Known DM 
properties from theory. Main families of DM and their observational 
constraints.

Lecture II: Axion Quark Nuggets (QCD as a source of dark matter)

Lecture III: QCD as a source of dark energy. How to improve the 
efficiency of weak lensing to probe the dark matter power spectrum.



Key questions (why “beyond the standard DM paradigm?”):


The ultimate goal is to discover the nature of DM

Why no discovery in 40 years of research?

Do we have the best strategy to search in this gigantic parameter space?

Is there a need for new dark matter paradigm?

Can we improve our approach to probe the nature of dark matter?



There is little doubt that dark matter exists… 

…and that it is abundant: fb ≡
Ωb

Ωb + ΩDM
≃ 0.17



Historical evidence for 
Dark Matter, which says 
nothing about its nature



Clusters of galaxies velocity dispersion
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Galaxies rotation curves
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https://link.springer.com/article/10.1007/s00159-018-0113-1



Hot gas in clusters of galaxies in hydrostatic equilibrium
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https://ui.adsabs.harvard.edu/abs/2013arXiv1302.3355T/abstract



Strong gravitational lensing
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Image credit: ESA/Euclid/Euclid Consortium/NASA, image processing by J.-C. Cuillandre, T. Li



(From Dai et al 2010)

Where is dark matter?

fb =
Mb

Mb + MDM

Cosmological baryon fraction fb
f b

https://iopscience.iop.org/article/10.1088/0004-637X/719/1/119/pdf


Difference between 
hot, warm and cold 
dark matter



The Nature of Dark Matter: Cold, Warm, Hot, or…?



What distinguish CDM from WDM and HDM?


Dark matter is classified based on whether it was relativistic (hot) or 
non-relativistic (cold) when cosmologically relevant density fluctuations 
(e.g., Milky Way–sized ) entered the horizon.

 at  ( )

Which is . Temperature at this time is 

 DM particles with rest mass energy  will be 
relativistic at that time

∼ 1012 M⊙

MH ∼ 1012 M⊙ z ∼ 2.5 × 105 a ∼ 4 × 10−6

t ∼ 12 yrs kT ∼ 60 eV

⟹ mc2 ∼ 3kT < 180 eV



From the free streaming length:


 is the scale factor when DM becomes non-relativist, and

With  (  for thermal relics, e.g. BE or FD)

λFS = ∫
t0

0

v(t)
a(t)

dt ≈ ∫
anr

0

1
a2H(a)

da + ∫
1

anr

v(a)
a2H(a)

da

anr

v(a) =
| ⃗p |
E

=
p(a)

p(a)2 + m2
χ

⟹
v ≈ 1 when p ≫ mχ (relativistic),

v ≈
p

mχ
when p ≪ mχ (non-relativistic)

p(anr) ≃ mχ p ∼ 3kT

CDM 
WDM 
HDM 

λfs ≪ 1 kpc
λfs ∼ 10 − 102 kpc

λfs ∼ 1 Mpc

(Complete calculations with a mix: Boyanovsky 2008, Boyanovsky et al 2009)

https://arxiv.org/pdf/0711.0470
https://arxiv.org/pdf/0807.0622


Model independent 
constraints: 

DM is collisionless and 
relatively cold



The bullet cluster : dark matter is collisionless

Blue: mass from weak lensing.   Red: gas from X-ray
From Clowe et al 2006

https://iopscience.iop.org/article/10.1086/508162


DM-DM scattering event when 

  

Surface mass density  

σXnXℓ ≡ 1

⟹ σXnXℓ =( σX

mX )ρXℓ

Σ = ρℓ = nmXℓ ⟹ ( σX

mX )Σ = 1

σ
M

≲ 1
cm2

g (DM-baryon has a similar bound)With Σobs ∼ 1 g/cm2 ⟹

The bullet cluster : dark matter is collisionless



Tulin & Yu 2018

Other constraints on σ/M
H
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https://arxiv.org/pdf/1705.02358


(From B. Ryden)

Without dark matter, structures would not have enough time to grow
··δ(t) + 2H(t) ·δ(t) =

3
2

H2(t) Ωm(t) δ(t)

The CMB: dark matter is nearly cold



The CMB: dark matter is nearly cold

Linear power spectrum extrapolated at z=0



Tegmark & Zaldarriaga 2002

The CMB: dark matter is nearly cold

https://arxiv.org/pdf/astro-ph/0207047


Do we know what DM 
is not?





Dark matter does not emit/reflect/absorb light

Dark matter is not interacting strongly with baryons 

Dark matter is not made of “baryonic” material (i.e. 
it belongs to a “dark sector”)

The Dark Matter paradigm



Dark matter does not emit/reflect/absorb light

Dark matter is not interacting strongly with baryons 

Dark matter is not made of “baryonic” material (i.e. 
it belongs to a “dark sector”)

“DM as sub-atomic particles” The Dark Matter paradigm⟹

The Dark Matter paradigm  DM is sub-atomic particles⟹



Cosmic Microwave Background

Dust
Stars

Hot Young 
Stars Gas

Active galaxies
Disks Gas Quasars

Blazars

Cosmic Radio
Background

Myth no1: “Dark matter does not reflect, absorb or emit light”
It is dark relative to something that is not, within our instrumentation capability, not black

The monopole intensity of the sky as a function of frequency



Consider DM to be made of spherical clumps of radius , emitting black body 
radiation at temperature . Each clump emits luminosity:

The total luminosity of dark matter scales as:

Where  is the number density of DM clumps.

Calculate the observed monopole intensity  (in ) with:

R
T

L = 4πR2σSBT4

Ltot ∝ LnDM ∝ R−1

nDM ∝ R−3

νIν Wm−2sr−1

ρnucl ≃ 2 × 1014 g cm−3

R ≃ 10−6 cm
nDM ≃ 10−9 km−3

T = 40 K





Observations say that DM is collisionless, not that it has a small cross-section

Myth no2: “Dark matter does not interact with baryons”
If DM is a sub-atomic particle  it is everywhere (high )
if not seen  very small cross section 

⟹ n
⟹ σ

Dark matter collisionless over scale :ℓ

σXnXℓ ≡ 1

Which can be fulfilled with:     high , low   or  low , high n σ n σ

 σXnXℓ =( σX

mX )ρXℓ



Constraints on  from DM-DM interaction:


-From Large scale structures:

Self-interacting (or strongly interacting) dark matter will change the mass power spectrum 
(Vogelsberger et al 2016)

σXX

σXX /mX < 0.025 cm2/g

https://ui.adsabs.harvard.edu/abs/2016MNRAS.460.1399V/abstract


Constraints on  from DM-baryons interaction:


-From Large scale structures:
a- DM-baryon interaction would cause extra damping of the acoustic oscillations in the baryon-photon 
plasma (Boehm et al, 2001, 2002, 2004)

b- Lyman-  observations (Dvorkin et al 2014)

c- Consistency of CMB and LSS power spectrum (Chen et al 2002)

-From gas heating
a- High  implies higher energy transfer to baryons in collisions, hence gas heating (Chuzhoy & Nusser, 
2006)

b- Gas should be hotter at the center of clusters (e.g. bullet cluster)

σX−bar

α

σX−bar /mX < 0.003 cm2/g

mx

σX−bar /mX < 0.06 cm2/g

https://ui.adsabs.harvard.edu/abs/2001PhLB..518....8B/abstract
https://ui.adsabs.harvard.edu/abs/2002PhRvD..66h3505B/abstract
https://ui.adsabs.harvard.edu/abs/2004IJMPA..19.4355B/abstract
https://ui.adsabs.harvard.edu/abs/2014PhRvD..89b3519D/abstract
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.65.123515
https://ui.adsabs.harvard.edu/abs/2006ApJ...645..950C/abstract
https://ui.adsabs.harvard.edu/abs/2006ApJ...645..950C/abstract


Constraints on  from DM-photon interaction:


-From CMB

DM-photon interaction would cause extra damping of the acoustic peaks (Wilkinson et al 2014)

σX−photon

σX−photon /mX < 4.5 × 10−7 cm2/g

https://ui.adsabs.harvard.edu/abs/2014JCAP...04..026W/abstract


Observational constraints on :

From Large scale structure: 

From hot gas in clusters of galaxies, Ly- : 

From the cosmic microwave background: 

σ/m

σXX /mX < 0.025 cm2/g

α σX−bar /mX < 0.003 cm2/g

σX−photon /mX < 10−7 cm2/g

In comparison, (σX /mX)WIMPs ∼ 10−20 cm2g−1

There is more than 10 orders of magnitude of unexplored territory between
The WIMPs and the observational limit.



• Very Weakly interacting with baryons

• Dark matter objects are rare 
n ≪ 1 m−3

DM as a sub-atomic particles DM as Macros

Low  does not constrain  nor σ/m σ n

• Dark matter particles are 
everywhere n ∼ 1 m−3

• Not emitting radiation
• Could strongly interact with baryons
• Could emit radiation
• No chance to detect anything 

on Earth



Myth no3: Dark matter is made of “non-baryonic” matter
Big Bang Nucleosynthesis implies that DM cannot interfere with the formation of 
the lightest elements during the first three minute of the universe (D, He, Li)

Primordial nucleosynthesis temperature scale ∼ 1 MeV

C. Pitrou’s lecture



31.7%

ΩB → 6 ΩB

D → D/20

He3 → He3/2

Li → 10 Li

Myth no3: Dark matter is made of “non-baryonic” matter
Big Bang Nucleosynthesis implies that DM cannot interfere with the formation of 
the lightest elements during the first three minute of the universe (D, He, Li)



There are only two options:

① If DM is baryonic:

• It has to be made before BBN
• It is likely a composite object with binding energy 
• It could easily explain why 
• It has to evade direct detection, death by DM, etc…

② If DM is non baryonic, elementary particle, it must:

• Small  and high 
• Explain the factor ~5 in ’s
• Be a testable extension of the SM
• Not be fined tuned

≫ 1 MeV
ΩDM ∼ Ωbar

σ n
Ω



Dark matter is not emitting light

Dark matter is very weakly interacting

Dark matter is not made of baryonic material

There is no observational evidence to support this paradigm!

The Dark Matter Paradigm:



Overview of the most 
popular alternative 
DM models



Feng & Ritz 2014

https://arxiv.org/pdf/1401.6085.pdf




Unitarity bound: (Griest & Kamionkowski 1990) you cannot have 
thermal relic (DM produced by s-wave annihilation) with arbitrarily 
large mass  overcooled universe:

 and  

Gunn & Tremaine bound: (Gunn & Tremaine 1979) Fermionic DM 
cannot occupy more than one quantum state (Pauli exclusion principle)

Planck mass bound: A particle with  would be a black hole, 
not a particle

⟹

⟨σv⟩ ≲
1

m2
χv

Ωχh2 ∝
1

⟨σv⟩
⟹ M ≲ 100 TeV

mχ ≳ ( 9π
4 )

1/4

( ℏ3

G3/2 )
1/4

( ρ0

σ3 )
1/4

∼ 1 − 2 keV

mχ > MPl

Theoretical limits independent of the model

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.64.615
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.42.407


The Nature of Dark Matter : mass range

Fields
(Bosons)

Particles Macros

Lin 2019

https://ui.adsabs.harvard.edu/abs/2019arXiv190407915L/abstract


https://xkcd.com/2035/

Mass range to scale



The Nature of Dark Matter : cross-section range

Thomson σe
R ∼ 10−12 cm

Astr
ophys

ica
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σ χχ
/m χ

>
0.1

cm
2 /g

Baer 2008
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m
it

https://ui.adsabs.harvard.edu/abs/2009arXiv0901.4732B/abstract


The standard paradigm: 
theWIMPs model



In the very early universe, DM is in thermal equilibrium with SM particles:

Boltzmann equation:

Equilibrium is given by 

The annihilation rate becomes smaller than the Hubble rate:

Freeze-out occurs when
Relic abundance:

The miracle!  and 

χ + χ̄ ↔ SM + SM

dnχ

dt
+ 3Hnχ = − ⟨σv⟩(n2

χ − n2
χ,eq)

nχ,eq(T ) ≈ gχ (
mχT
2π )

3/2

e−mχ /T

Γχ = nχ⟨σv⟩ < H

Tf ≈
mχ

20

Ωχh2 ≈
1.07 × 109 GeV−1

g1/2
* MPl⟨σv⟩

≈
3 × 10−27 cm3/s

⟨σv⟩
≈ 0.12 ⇒ ⟨σv⟩ ≈ 2 − 3 × 10−26 cm3/s

mχ ∼ 100 GeV σv ∼ α2/m2
χ

⟹ ⟨σv⟩ ∼
(10−2)2

(100 GeV)2
∼ 10−26 cm3/s



Weakly Interacting Massive Particles (WIMPs)

Lee & Weinberg 1977
Kolb & Turner “The Early Universe” 1994

Dev et al 2013

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.39.165
https://www.frontiersin.org/journals/physics/articles/10.3389/fphy.2014.00026/full




Overview of alternative 
Dark Matter models



Strongly Self-interacting Dark Matter (SIDM)

    defines the mean free path ℓσDMnDMℓ = 1

σDM = 8.1 × 10−25cm2 ( mDM

GeV ) ( ℓ
1Mpc )

−1

Phenomenological model introduced by Spergel & Steinhardt 2000

Using Thomson cross-section , and a DM particle of mass 
, we get:

σ ∼ 6 × 10−25 cm2

mDM ∼ 1.6 × 10−22 g
σ/mDM ∼ 0.004 cm2/g

 dark matter is collisionless⟹

https://ui.adsabs.harvard.edu/abs/2000PhRvL..84.3760S/abstract


Strongly Self-interacting Dark Matter (SIDM)

More realistic SIDM needs a mediator and a massive DM particle (Feng 
et al 2010, Tulin et al 2013)

Viable SIDM models require two new particles:

• A dark matter particle 
• Generally, a light mediator  which is not part of the SM with a velocity 

dependent cross-section, e.g. from Yukawa potential (consistent with the 
dwarf vs cluster constraints):

χ
ϕ

σχχ ∝ 1/v4

Heavy mediator possible but 1- velocity independent  (problem with astrophysical 
constraints), 2- coupled to SM particle, so either secluded or strongly constrained by 
experiments.

σχχ

https://ui.adsabs.harvard.edu/abs/2010PhRvL.104o1301F/abstract
https://ui.adsabs.harvard.edu/abs/2010PhRvL.104o1301F/abstract
https://ui.adsabs.harvard.edu/abs/2013PhRvD..87k5007T/abstract


Camila Correa 2013 (IAP colloquium)

Strongly Self-interacting Dark Matter (SIDM)

Indirect evidence for velocity 
dependent  ?σ



QCD Axion Dark Matter

QCD allows a CP-violating term in the Lagrangian:

Which is not observed in nature ( ), this is the strong CP problem.
The Peccei–Quinn mechanism promotes  to a field which dynamically
relaxes to zero after symmetry breaking (energy scale ).

ℒθ = θ
g2

s

32π2
GμνG̃μν

θ < 10−10

θ
fa

Axion mass today ma ≈
mumd

mu + md
⋅

fπmπ

fa
≈ 5.7 μeV ( 1012 GeV

fa )
Coupling to photons ℒaγγ = −

1
4

gaγγ a FμνF̃μν, gaγγ ≃
α

2πfa



The misalignment mechanism:

In the early universe, the axion field  is “frozen”at some initial angle 

When , the field begins oscillating and starts behaving like Cold Dark Matter
with energy density:

Leading to the present-day parameter density:

So that typically a lighter axion will over produce dark matter :

 

a(x) θi = a /fa ∼ 1

H(t) ∼ ma

ρa ∼
1
2

m2
a f 2

aθ2
i

Ωah2 ≈ 0.12 θ2
i ( fa

1012 GeV )
7/6

⟹ ma ≳ 20 − 30 μeV

fa ≲ 4 × 1011 GeV



Axion Like Particles

As a consequence, the decay rate of an axion-like particle (ALP) (e.g. in two 
photons) can be drastically different:

The corresponding lifetime is:
Γ(a → γγ) =

g2
aγγm3

a

64π

τa =
1

Γ(a → γγ)
=

64π
g2

aγγm3
a

Axion-like particle (ALP) is an extension of the QCD axion:

Such that mass and coupling are “independent” (Svrcek & Witten 2006):

ma ∝
Λ2

QCD

fa
, gaγγ ∝

1
fa

ma ∝
Λ2

fa
gaγγ ∝

1
fa

× Cγ

https://iopscience.iop.org/article/10.1088/1126-6708/2006/06/051/pdf


Axion Like Particles

For QCD axion, the allowed range is 

QCD axions are stable.


For ALPs:

We get 

We get 

fa ∼ [109 − 1012] GeV

τa > 1025 s ≫ tuni = 1017 s

ma = 1 MeV = 10−3 GeV, gaγγ = 10−7 GeV−1

τa ≈ 2 × 1025 × 6.58 × 10−25 s ≈ 13.2 s

ma = 10−6 eV, gaγγ = 10−13 GeV−1

τa ≈ 1047 s



From Cirelli et al 2024

https://arxiv.org/pdf/2406.01705


Fuzzy Dark Matter

Fuzzy dark matter consist in ultralight ALPs (Hu et al 2000):

which leads to absurdly small coupling if we want fuzzy dark matter to account for 
all DM!

Leading to a quantum mechanical wavelength of astrophysical size:

As a result, pressure is quantum mechanically supported (at small enough 
scale)

ma ∼ [10−23 − 10−20] eV

gaγγ < 1079 GeV−1

λdB ∼
1

mav
∼ kpc

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.85.1158


Fuzzy Dark Matter

Jeans length 

Jeans mass 

λJ ≈ 1.0 kpc ( 10−22 eV
m ) (

1010 M⊙/Mpc3

ρ )
1/2

MJ ≈ 1.4 × 108 M⊙ ( 10−22 eV
m )

3

(
1010 M⊙/Mpc3

ρ )
1/2

Jeans length 

Jeans mass 

λJ =
πℏ
Gρma

MJ =
4π
3

ρ ( λJ

2 )
3



From Rogers & Peiris 2021

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.071302


CMB, UV, 21cm and dynamic constraints:

For ULA to be all DM, its mass must be 
But… it does not solve the strong CP problem

ma ≳ 2 × 10−20 eV

Lazare et al 2024

Marsh & Niemeyer 2019

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.123532
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.051103


Sterile neutrinos

Theoretical motivation (seesaw mechanism, from Dodelson & 
Widrow 1994):

With
(Higgs VEV)

 is the Yukawa coupling (free parameter)
 is the Majorana mass (free parameter)

 is the mixing angle

In this framework, the neutrino and sterile neutrino masses are:

ℒyukawa = −
1
2 (νL Nc

R) ( 0 mD
mD M ) (νc

L
NR) + h.c.

mD =
yv

2
⟨H⟩ =

v

2
y
M
θ =

mD

M

mν ≈
m2

D

M
= θ2M

mνs
≈ M

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.72.17
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.72.17


Sterile neutrinos

Theoretical motivations:

-Lack of right handed neutrino is the Standard Model
-Original seesaw mechanism uses heavy  and light 
-Sterile neutrino can play a role in baryogenesis
-Light  has cosmological consequences

  (see C. Pitrou’s lecture)

νs ν

νs

ρrad = ργ [1 +
7
8 ( 4

11 )
4/3

Neff]
Neff = 3.046 + ΔNeff



Sterile neutrinos

Decay rate:

Where:
: decay rate

: fine structure constant
: Fermi constant

: sterile-active neutrino mixing angle
: sterile neutrino mass

Lifetime is given by:

Γνs→νaγ =
9 α G2

F

256 π4
sin2(2θ) m5

νs

Γνs→νaγ
α
GF
θ
mνs

τ ≈ 2.3 × 1015 Gyr ( 1 keV
ms )

5

( 10−10

sin2(2θ) )



Sterile neutrinos



2



Lecture 1: Known DM properties from observations. Known DM 
properties from theory. Main families of DM and their observational 
constraints.

Lecture II: Axion Quark Nuggets (QCD as a source of dark matter)

Lecture III: QCD as a source of dark energy. How to improve the 
efficiency of weak lensing to probe the dark matter power spectrum.



Massive BH Dark Matter

Condition for collapse:


The Schwarzschild radius for a mass M is:

Horizon size and energy density during radiation domination:

Then we have:

With collapse efficiency  (from simulations).

 collapse can happen. Balance between gravity and pressure gradients. 
Simulations show that collapse happen when 

This process could “theoretically” happen until radiation-matter equality

RS(M) =
2GM

c2

RH(t) ∼ ct ⟹ MH(t) ∼ ρ(t)RH(t)3 ∼
c3t
G

RS(MH) =
2GMPBH(t)

c2
=

2GγMH(t)
c2

= 2γct = 2γRH(t)

γ ∼ 0.2

⟹
δρ
ρ

≳ 0.3 − 0.5



Massive BH Dark Matter

tform =
MPBH

MPl



EROS/MACHO
HSC/
Andromeda

Villanueva-Domingo et al 2021

https://arxiv.org/pdf/2103.12087


Macroscopic DM

From Jacobs et al 2015,  Cirelli et al 2024Possible twist with WD: Graham et al 2018

https://ui.adsabs.harvard.edu/abs/2015MNRAS.450.3418J/abstract
https://arxiv.org/pdf/2406.01705
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.115027


Can we really probe the 
nature of DM?



“Extraordinary claims require extraordinary evidence” C. Sagan


1- Define precisely “nature of dark matter”

The difficulty lies in the fact that cosmology is not an experimental 
science, i.e. direct versus indirect detection.

2- What are currently the indirect detection probes:

Impact on structures (  cutoffs, suppression, fringes, ), galaxy cores, 
mass profiles…
Energy/particles injection ( , , lines and continuum, , ,…)

P(k) Cℓ

e+e− γ τ ΔNeff



3- Redundancy is necessary!

e.g. considerate degeneracy between  WDM, SIDM, ALPs:



4- Check astrophysical consequences outside your field



5- Consider inconsistencies

With the increasing size of data sets, cosmological observations seem to 
lead to more tensions and anomalies (Vivian Poulin lectures). This might 
be a good thing (i.e. more constraints than degrees of freedom)

Tensions refer to quantitative, statistically significant discrepancies 
between different measurements or between data and ΛCDM predictions. 
They're often robust, but not necessarily signs of new physics.

Anomalies refer to unexpected features or patterns, and might be 
due to systematics or astrophysical (modelling) uncertainties

“The CosmoVerse White Paper: Addressing observational tensions in cosmology with systematics 
and fundamental physics” (420 pages!) E. Di Valentino, et al 2025

https://arxiv.org/pdf/2504.01669


From Gluscevic et al 2019

CMB spectral
Distorsion

https://arxiv.org/pdf/1903.05140


Bechtol et al 2023

Direct probe of the dark matter distribution 
(Power spectrum, halo mass profile)

https://arxiv.org/pdf/2203.07354.pdf


Weak gravitational lensing can probe the matter spectrum

But the mass spectrum alone is not a clean probe of DM

Amon & Efstathiou 2022

https://academic.oup.com/mnras/article/516/4/5355/6691717?login=false


time

Dark agesPre-recombination

Big-Bang
t = 0

Cosmic dawn

t ∼ 400 × 106 yrs
z ∼ 20

Today

z = 0

Large Scale 
Structures

t ∼ 380000 yrs
z ∼ 1100

t ∼ 109 yrs
z ∼ 7



time

Dark agesPre-recombination

Big-Bang
t = 0

Cosmic dawn

t ∼ 400 × 106 yrs
z ∼ 20

Today
z = 0

Large Scale 
Structures

t ∼ 380000 yrs
z ∼ 1100

t ∼ 109 yrs
z ∼ 7

High 
High 

nbar
Tbar

xe ∼ 1

High 
Low 

nbar
Tbar

xe ∼ 10−3

Low 
Very low 

nbar
Tbar

xe ≳ 10−3

Very low 
High 

nbar
Tbar

xe ∼ 1



The annihilation is defined as:

Recast using the effective annihilation parameter :

dE
dV dt

ann

= ρ2
DM(z)

⟨σv⟩
mχ

f(z) = ρ2
c Ω2

DM (1 + z)6 ⟨σv⟩
mχ

f(z)

pann

dE
dV dt

ann

= pann ⋅ ρ2
c Ω2

DM (1 + z)6



The decay is defined as:

Recast using the effective decay parameter :

dE
dV dt

dec

= ρDM(z)
1
τχ

f(z) = ρc ΩDM (1 + z)3 1
τχ

f(z)

pdec

dE
dV dt

dec

= pdec ⋅ ρc ΩDM (1 + z)3



Acharya et al 2022

Super Massive Primordial Black Holes
M = [105 − 1212] M⊙

Short et al 2019

https://arxiv.org/pdf/2208.03816.pdf
https://arxiv.org/pdf/1912.07409


Milky-Way UV excess

Henry et al 2014

https://iopscience.iop.org/article/10.1088/0004-637X/798/1/14


JWST: inconsistency with Planck’s reionization? UV problem again?

Muñoz et al 2024

https://academic.oup.com/mnrasl/article/535/1/L37/7759714?login=false










The Axion Quark Nugget 
Dark Matter model



Macroscopic DM

From Jacobs et al 2015,  Cirelli et al 2024

https://watermark.silverchair.com/stv774.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA04wggNKBgkqhkiG9w0BBwagggM7MIIDNwIBADCCAzAGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMDeyJXMqWG99zO2w6AgEQgIIDATdZ601MmxCZJZSZmMqVsGbQe8M-fG4xxQgXrw0Qf68hg5iWWf_7o2Gz80Jfq4USnWjidGQq95MMj8goWGidRz3xMSkZKdMAEdKqI7oft1t2Y1bEqqRKhfWXy907qheJAt6qFXRg_qeGjA21y1Ryp7jSadVE6t2BuPOJfIx7NjpqpNpNtx0C4Ug6TGdjS-LD-3tccumzUEIxr_qOm8TqzPxokwOkJCnc9ANhPk2Dn---VHaD3fxJgVmxi8Ne-jFXi7IMgb89YPmOhBiraFQi8OGKAZ2qtzMfuBLpeo5Nj6xLUV5jeeLSnF7rZZPpU7oWB1BNNh28uCzwKEq32UoNYD7fxR55R23fzEdwQQyuSJ_6KQfh1KyBPAlf0M6Xdskkpij6MaZAWlP0acOjuylD00cSQ3pamiVAyI5Bt2rrw-jyq-HLzjHjNdEuvHGH7BqsFuoNBNIGVP_6E-Cj03gZd5SpkaLWBckup6sYzaXbcfH1QlzVNJkF0xLQ2o5Q-d8inRilOEVKenIl-GqcINP7UxQIOoPbqjZE60EFRvUg_5eOEH9VhaBDKbCstcvheVzSc1aQ6c6CPohrN7cBX15ReWfpzuEJmdrEW0hrKio-wjVEpVln5G3PxN5FLdhxKRA94RS4tZLLZzi5hr2rVYmpBBiOHHRK0Qg-1p1t9zB6Qy34WKKNPs6MR9V3sDJRBy3xd4MEIaq_7X9h8D3iLvakszLWMKqiPRy12QqyGskUdjgCgfH8gvIHnB0I9XYDJOyuYkY0r6pJq1FCeKWgyPG13rdCQqGmqI7Rpt40cCt549lpaCvTI1C06uQZbKCHOY6x1WgggfMqsfXboeRn9aknvr-bfXhE1sGT_ofECkdCs2FdNJlv0-p3J4IOsSCQgGona-udpFjnw5PyMgQuYxArzQH1g1moL2_IoYNpO4iICA_-SG5PWFN_nwKUetE3ns2g-EeSsTbx1kwrGnABcHnPGgDzZwPGAqdqVxvX8atIMZDDuHanCUTBeJZMV_uStJ5L7eY
https://arxiv.org/pdf/2406.01705


EROS/MACHO
HSC/
Andromeda

Villanueva-Domingo et al 2021

https://arxiv.org/pdf/2103.12087


https://xkcd.com/2035/

Mass range to scale

Macros range still 
open if not PBH



Axion Quark Nuggets: (Zhitnitsky 2003, Liang & Zhitnitsky 2016)

DM is a composite object made of baryons interacting strongly with 
baryons

Motivations:  Naturally leads to 
  Has the potential to explain baryogenesis

ΩDM ∼ Ωb

Btot = 0 = Bnugget + Bvisible − B̄antinugget

BDM = Bnugget + B̄antinugget ≃ 5Bvisible

ΩDMΩb

R
eg

ul
ar

 m
at

te
r

https://iopscience.iop.org/article/10.1088/1475-7516/2003/10/010/pdf
https://arxiv.org/pdf/1606.00435


Partic
les era

Hadro

nic era
Nuclei 

era

Atomic 

era

QCD transition
∼ GeV

BBN
∼ MeV CMB

∼ eV



The QCD transition happens at ∼ 1 − 0.1 GeV



The physics of AQN formation is a direct consequence of Quantum 
Chromodynamics with an axion field (yet to be discovered).

It results from the non trivial topological structure of the QCD vacuum, which
is a common feature of 3+1 dimensions non-abelian gauge field theory.

Summary of the main steps:


Remember that QCD allows a CP-violating term in the Lagrangian:

Where  is a free parameter.  is required to solve the strong CP problem

Step 1: Introduce a global symmetry . It is implemented via e.g. a scalar field 
:

With  and  an unphysical global symmetry (not yet the axion field)

ℒθ = θ
g2

s

32π2
GμνG̃μν

θ θ < 10−10

U(1)PQ
ϕ

ϕ(x) ≡ ( fa + ρ(x))eiα

⟨ϕ⟩ = fa α



Step 2: Spontaneous symmetry breaking at scale  promotes , the phase of ,  to a 
dynamical field 

Step 3: Axion field couples to gluons (and photons):

The effective angle of the CP violating term becomes:

Step 4: At , QCD non-perturbative effects generate a potential for the axion:

The axion dynamically relaxes to cancel  (i.e. )

QCD topological susceptibility:         

fa α ϕ
a /fa

ℒaGG̃ =
a(x)

fa
⋅

g2
s

32π2
Ga

μνG̃a μν

θeff ≡ θ +
a(x)

fa

∼ 1 GeV

V(a) ∝ χQCD(T ) ⋅ 1 − cos ( a
fa

+ θ)
θ θeff → 0

χQCD(T ) =

χ0 ∼ (75 MeV)4, T ≪ ΛQCD

χ0 (
ΛQCD

T )
n

, T ≫ ΛQCD
with n ≈ 7-8



Step 5:  The axion acquires a small mass:

The axion field oscillates around the CP-conserving minimum 
CP violation in QCD is eliminated dynamically.


m2
a f 2

a = χQCD(T )
θeff = 0

Ge, Liang, Zhitnitsky 2018

θeff

1,2,3: possible Axion 
Quark Nugget 
formation paths

θeff

https://arxiv.org/pdf/1711.06271


AQN formation steps:


• , i.e.  shift in  domain walls (bubbles) are copiously produced 
(even if PQ symmetry is broken after inflation)

• Matter and anti-matter populate these bubbles asymmetrically (because of the 
original global CP violation with  at )

• For a long time, these axion domain walls were thought to be short-
lived….but at energy  the  meson which will act as a matter 
(antimatter) potential barrier and form a stable axion-  nugget that 
squeezes matter (antimatter) in the Color Superconducting phase.

• At  (CS gap scale), nugget formation stops and the remaining 
matter becomes the visible matter, approximately at the same time hadrons 

form 

NDW = 1 2π a /fa

θeff ∼ 10−2 − 10−3 ∼ 1 GeV

T < 170 MeV η′￼

η′￼

T ∼ 40 MeV

⟹ Ωb ∼ ΩDM

The details are very complicated and far from being fully understood (progress
In lattice QCD). But QCD is potentially extremely important cosmologically 
for dark matter and dark energy (see Friday lecture)



Important points:


1- The baryonic ratio , where  is the binding energy of 
the CS phase.

2-  is critical to obtain . Without baryogenesis,
conventional cosmology leads to  contradicting BBN and CMB 
measurements.

3- With  at  it is the oscillations of the axion 
domain wall that amplifies the charge separation process and leads to a 
quark/antiquark ratio of order  (Ge, Lawson, Zhitnitsky 2019)

4- ALPs do not couple to gluons, therefore cannot solve the strong CP 
problem: ALPs are not needed by particle physics and ALPs do not 
form AQNs


5- The binding energy of the AQN core is  per baryon, which 
protects the AQN from destruction during BBN

η ∼ e−mp/Tform Tform

Tform ∼ 40 MeV η ∼ 10−10

η ≃ 10−20

θeff ∼ 10−3 − 10−2 ∼ 1 GeV

∼ 1

∼ 40 MeV

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.116017


Quarks core
(CS phase)

Antiquarks core
(CS phase)

Electronsphere

Positronsphere

Quarks (antiquarks) core have nuclear density. They are like mini 
neutron (anti-neutron) stars (not held by gravity!).

Axion domain wall Axion domain wall

Ge, Liang, Zhitnitsky 2018

https://arxiv.org/pdf/1711.06271


Properties:

AQNs have a , fully consistent with CDM

The AQN formation process hides baryons before BBN with an average
binding energy per nucleon mass  few MeV

AQN mass , no upper bound
AQN mass density 
AQN size 

In the solar system, where , the AQN number density is
extremely small   impossible to detect in a 
DM particle detector!

σAQN/mAQN ∼ 10−10 cm2/g

≫

mAQN > 1025 mp ∼ 10 g
ρAQN < ρnucl = 1.5 × 1014g/cm3

RAQN ∼ 10−5 cm

ρDM ∼ 0.3 GeV cm−3

(106 km)−3 < nAQN < (103 km)−3 ⟹



Emission mechanisms 
(simplified version)



How can AQN be tested? what effects can be observed?
Antimatter AQNs interact with normal matter!

proton , Hp+ ~Bremsstrahlung

X-ray (1-10 keV)

2 GeV of energy releasedForbes & Zhitnitsky 2008

https://ui.adsabs.harvard.edu/abs/2008PhRvD..78h3505F/abstract


Ly
α

VI
SI

B
LE

 B
A

N
D

Electromagnetic emission of an AQN



Thermal spectrum for a nugget at temperature :TAQN

dF(ν, TAQN) =
4
45

T3
AQNα5/2

π (
TAQN

me )
1/4

(1 +
ν

TAQN ) h ( ν
TAQN ) exp (−

ν
TAQN )

dFbol(TAQN) = ∫ dν dFν(ν, TAQN)



The energy available per collision with a proton is:

dEann = 2 GeVf(1 − g)

dEann

dt
= 2 GeVf(1 − g) πR2

AQN Δv nbar

Per unit of time , the energy injected in the nugget is:dt

H, p+

H, p+

H, p+

H, p+

H, p+

H, p+

H, p+

Δv⃗



The nugget temperature is obtained from

dEann

dt
= 4πR2

AQN dFbol(TAQN)

The emissivity  radiated away from the DM-baryon
collision is then:

dϵ(ν, TAQN)

dϵ(ν, TAQN) = 4πR2
AQN dF(ν, TAQN) nAQN

dϵ(ν, TAQN) ∝ nAQN n
13
17
bar which is not ∝ n2

AQN



Complications when :TAQN > 0

e+

e+

e+

e+

e+

e+

e+

H

p+

p+

p+

p+

p+

H

H

H

H
H

-Dark matter can be charged 

- ,  and the baryon
Ionization fraction control the
Capture cross-section, hence 

-  controls 

-  controls the capture rate, i.e.
, etc…. 

QAQN

QAQN Tbar

TAQN

TAQN QAQN

QAQN
TAQN



Approximately 3/2 of dark matter would be made of antimatter! Every 
collision with visible matter will generate energy.


Imagine the number of observational windows suddenly opened with this 
physically motivated DM model:

1- What happens when AQN cross Earth or other planets?

2- What happens when it falls on the Sun, other stars, compact objects?

3- How does it survive BBN? How does it not completely mess with CMB 
physics? With reionization?

4- What happens in the Milky-Way, in ISM, galactic and cluster environments?

5- It is electrically charged, would it not mess with magnetic fields?

This model is extremely vulnerable to observational tests, there are

many ways it could fail a test.
→



AQN contribution to the Earth X-ray environment

Cold AQN

AQN heats
up

hot AQN, TAQN, 
radiates 1-10 keV Xray
for up to ~10 REarth

κ

~1g of mass annihilated
inside Earth, heating the
AQN, TAQN, κ

γ

γ

XMM

Earth

X-rays

Ge et al. 2022

https://www.sciencedirect.com/science/article/abs/pii/S2212686422000437?via=ihub


hot AQN
radiates Xray
for up to ~10 REarth Possible

range of
TAQN, .

Will not harm
people

κ

γ

γ

X-ray background level on the ground



Energy budget from DM environment:



The solar corona problem: EUV/soft Xray from 
corona emits ~1027 erg/s not accounted for.

Raza et al. 2018

The solar corona problem: ~1027 erg/s missing

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.103527


Van Waerbeke & Zhitnitsky 2019

Fast Radio Bursts and AQNs

EFRB ∼ 1038 − 1041 erg Magnetar+AQN infall  Magnetic 
reconnection consistent with FRB energy 
range/time scale and frequency

⟹

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.99.043535


Primordial Lithium-7

The Li7 problem

Relative number of trapped and captured ions with atomic
number Z

Geometrical capture volume due to the presence of AQN

Enhancement factor due to ion charge Z and AQN 
charge Q at distance r.

�nD

nD

;
�nHe

nHe

⌧ 1For Z=1, 2; For Z=3 
�nLi7

nLi7
⇠ 1

Flambaum & Zhitnitsky 2019

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.023517


Contribution to the 
cosmological backgrounds 
(radio, IR, optical, UV)



The electromagnetic signature of AQNs is easy to calculate:

nbar( ⃗r, t)
Δv( ⃗r, t) TAQN( ⃗r, t)

nAQN( ⃗r, t)
mAQN

dϵ(ν, TAQN, ⃗r, t)}}



AQN Dark Matter glow: how bright for the large scale structures?

Dolag et al. (LMU)



AQN Dark Matter glow: how bright for the large scale structures?

Ionized gas Mixed gas Neutral gas

Sky intensity at 100 GHz from Magneticum simulation

Monopole + fluctuations dark matter glow
Majidi et al 2024

https://ui.adsabs.harvard.edu/abs/2024JCAP...09..045M/abstract


AQN Dark Matter glow: how bright in radio?

Dark matter glow monopole compared to the
known monopole signals

Majidi et al 2024

https://ui.adsabs.harvard.edu/abs/2024JCAP...09..045M/abstract


AQN Dark Matter glow: how faint can we probe?

Majidi et al 2024

https://ui.adsabs.harvard.edu/abs/2024JCAP...09..045M/abstract


https://www.cosmos.esa.int/documents/1866264/3219248/ChlubaJ_Voyage-2050-SDWP-main.pdf/b91871ad-75c4-5b75-3300-049682255629?
t=1565184628801

European Space Agency: Voyage 2050

https://www.cosmos.esa.int/documents/1866264/3219248/ChlubaJ_Voyage-2050-SDWP-main.pdf/b91871ad-75c4-5b75-3300-049682255629?t=1565184628801
https://www.cosmos.esa.int/documents/1866264/3219248/ChlubaJ_Voyage-2050-SDWP-main.pdf/b91871ad-75c4-5b75-3300-049682255629?t=1565184628801


AQN Dark Matter glow: how bright is the sky monopole?



AQN Dark Matter glow: how bright in IR/optical?

JW
ST

Eu
cl

id

arXiv:2405.13496



Contribution to the UV 
Galactic background



Sekatchev et al 2025

FIRE hydro simulations

https://arxiv.org/pdf/2504.15382
https://wetzel.ucdavis.edu/fire-simulations/


Henry et al 2014

Sekatchev et al 2025

https://iopscience.iop.org/article/10.1088/0004-637X/798/1/14
https://arxiv.org/pdf/2504.15382


Contribution to the radio 
cosmological background



AQN Dark Matter glow: anisotropies in radio

Dark matter glow fluctuations compared to the

South Pole Telescope measurements Majidi et al 2024

https://ui.adsabs.harvard.edu/abs/2024JCAP...09..045M/abstract


AQN Dark Matter glow: South Pole Telescope components separation

“A Measurement of Secondary Cosmic Microwave Background Anisotropies with Two 
Years of South Pole Telescope Observations” Reichardt et al. 2012, ApJ, 755, 1, arXiv:1111.0932

https://ui.adsabs.harvard.edu/link_gateway/2012ApJ...755...70R/arxiv:1111.0932


Contributions to the CMB 
spectral distortions



Spectral distortions (wikipedia)

https://en.wikipedia.org/wiki/Cosmic_microwave_background_spectral_distortions


Kogut et al 2019 WP  and  distorsions with AQNμ y

Energy injection in the CMB

Majidi et al, in prep
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Lecture 1: Known DM properties from observations. Known DM 
properties from theory. Main families of DM and their observational 
constraints.

Lecture II: Axion Quark Nuggets (QCD as a source of dark matter)

Lecture III: QCD as a source of dark energy. How to improve the 
efficiency of weak lensing to probe the dark matter power spectrum.



Contributions to the dark 
ages, cosmic dawn



time

Dark agesPre-recombination

Big-Bang
t = 0

Cosmic dawn

t ∼ 400 × 106 yrs
z ∼ 20

Today
z = 0

Large Scale 
Structures

t ∼ 380000 yrs
z ∼ 1100

t ∼ 109 yrs
z ∼ 7

High 
High 

nbar
Tbar

xe ∼ 1

High 
Low 

nbar
Tbar

xe ∼ 10−3

Low 
Very low 

nbar
Tbar

xe ≳ 10−3

Very low 
High 

nbar
Tbar

xe ∼ 1



Cosmic Microwave Background

Dust
Stars

Hot Young 
Stars Gas

Active galaxies
Disks Gas Quasars

Blazars

Cosmic Radio
Background

Myth no1: “Dark matter does not reflect, absorb or emit light”
It is dark relative to something that is not, within our instrumentation capability, not black

The monopole intensity of the sky as a function of frequency



Roger et al 1999
Maeda et al 1999
Haslam et al 1981
Reich & Reich 1986
ARCADE2 2011

FIRAS

CMB T=2.725 K

The ARCADE excess



The 21cm signal during cosmic dawn



Dark matter does not emit/reflect/absorb light

Dark matter is not interacting strongly with baryons 

Dark matter is not made of “baryonic” material (i.e. 
it belongs to a “dark sector”)

“DM as sub-atomic particles” The Dark Matter paradigm⟹

The Dark Matter paradigm  DM is sub-atomic particles⟹



Macroscopic DM

From Jacobs et al 2015,  Cirelli et al 2024

https://watermark.silverchair.com/stv774.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA04wggNKBgkqhkiG9w0BBwagggM7MIIDNwIBADCCAzAGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMDeyJXMqWG99zO2w6AgEQgIIDATdZ601MmxCZJZSZmMqVsGbQe8M-fG4xxQgXrw0Qf68hg5iWWf_7o2Gz80Jfq4USnWjidGQq95MMj8goWGidRz3xMSkZKdMAEdKqI7oft1t2Y1bEqqRKhfWXy907qheJAt6qFXRg_qeGjA21y1Ryp7jSadVE6t2BuPOJfIx7NjpqpNpNtx0C4Ug6TGdjS-LD-3tccumzUEIxr_qOm8TqzPxokwOkJCnc9ANhPk2Dn---VHaD3fxJgVmxi8Ne-jFXi7IMgb89YPmOhBiraFQi8OGKAZ2qtzMfuBLpeo5Nj6xLUV5jeeLSnF7rZZPpU7oWB1BNNh28uCzwKEq32UoNYD7fxR55R23fzEdwQQyuSJ_6KQfh1KyBPAlf0M6Xdskkpij6MaZAWlP0acOjuylD00cSQ3pamiVAyI5Bt2rrw-jyq-HLzjHjNdEuvHGH7BqsFuoNBNIGVP_6E-Cj03gZd5SpkaLWBckup6sYzaXbcfH1QlzVNJkF0xLQ2o5Q-d8inRilOEVKenIl-GqcINP7UxQIOoPbqjZE60EFRvUg_5eOEH9VhaBDKbCstcvheVzSc1aQ6c6CPohrN7cBX15ReWfpzuEJmdrEW0hrKio-wjVEpVln5G3PxN5FLdhxKRA94RS4tZLLZzi5hr2rVYmpBBiOHHRK0Qg-1p1t9zB6Qy34WKKNPs6MR9V3sDJRBy3xd4MEIaq_7X9h8D3iLvakszLWMKqiPRy12QqyGskUdjgCgfH8gvIHnB0I9XYDJOyuYkY0r6pJq1FCeKWgyPG13rdCQqGmqI7Rpt40cCt549lpaCvTI1C06uQZbKCHOY6x1WgggfMqsfXboeRn9aknvr-bfXhE1sGT_ofECkdCs2FdNJlv0-p3J4IOsSCQgGona-udpFjnw5PyMgQuYxArzQH1g1moL2_IoYNpO4iICA_-SG5PWFN_nwKUetE3ns2g-EeSsTbx1kwrGnABcHnPGgDzZwPGAqdqVxvX8atIMZDDuHanCUTBeJZMV_uStJ5L7eY
https://arxiv.org/pdf/2406.01705


EROS/MACHO
HSC/
Andromeda

Villanueva-Domingo et al 2021

https://arxiv.org/pdf/2103.12087


https://xkcd.com/2035/

Mass range to scale

Macros range still 
open if not PBH



Dark Energy from QCD 
topological sectors

Van Waerbeke & Zhitnitsky 2025

https://arxiv.org/pdf/2506.14182


QCD has a complex vacuum topology which can 
lead to global (non-local) effect that can look like a 
dynamical dark energy.

How does it work? Can it be tested?



Analogy: The Bohm-Aharonov effect


In classical electromagnetism, particles respond only local fields  and , 
not to the vector potential  or scalar potential  directly. If  
along the path of a classical charged particle, no force acts on it.

In quantum mechanics, the wave function evolves according to the full 
potential via:

Chambers 1960

⃗E ⃗B
⃗A ϕ ⃗E = ⃗B = 0⃗

ψ ( ⃗r ) → ψ ( ⃗r )exp ( iq
ℏ ∫ ⃗A ⋅ d ⃗ℓ )

This is a non-local effect

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.5.3


Analogy: The Aharonov-Casher effect


A neutral particle (e.g. a neutron) with a magnetic dipole moment  moves 
around a line of electric charge (e.g. infinite charged wire).
There is no magnetic field, and the particle is electrically neutral, yet it 
acquires a quantum phase shift:

Cimmino et al 1989

⃗μ

Δϕ =
1

ℏc2 ∫ ( ⃗μ × ⃗E ) ⋅ d ⃗ℓ

This is a non-local effect

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.63.380


Main ideas:


What happens if the background is now time dependent?

Modifications might happen, which are not described by a local (field-
based) theory.

Zeldovich 1967 proposal: the vacuum energy  entering the 
Friedmann equation is given by:

In general  cannot be calculated for arbitrary spacetime (Zhitnitsky 
2015).

Δρ

Δρ ≡ ρFRW − ρMink ≃ Gm6
p

Δρ

http://www.jetpletters.ru/ps/1673/article_25521.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.043512
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.043512


Main ideas:

Zhitnitsky 2015 calculated  in the case of a relativistic hyperbolic 
spacetime . The Minkowski spacetime is .

In Minkowski, the QCD vacuum energy is  (in 
natural units). The difference with the hyperbolic spacetime is:

Where 
Conjecture: for FRW spacetime,  is also proportional to , i.e 
and  (Barvinsky & Zhitnitsky 2018)

Δρ
ℍ3

κ × 𝕊1
κ−1 ℝ3 × 𝕊1

Evac [ℝ3 × 𝕊1] ∼ Λ4
QCD

Δρ ≡ Evac [ℍ3
κ × 𝕊1

κ−1] − Evac [ℝ3 × 𝕊1]

≈ − Λ4
QCD (1 − cκ

κ
ΛQCD ) − Λ4

QCD

≈ cκκ ⋅ Λ3
QCD

cκ ∼ 1
Δρ H κ → H

cκ → cH

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.043512
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.045008


In the de Sitter limit , the conjecture implies:

In natural units , the relevant equations become:

Plugging in numbers, we get observed value today.
This is valid for the de Sitter limit ( ).

Now, let’s revisit Friedmann….

H → H
ρDE ∼ cHΛ3

QCDH
G ≡ M−2

PL

H2 =
8πG

3
ρDE

H = cH
8πΛ3

QCD

3M2
PL

ρDE ≈ c2
H

8πΛ6
QCD

3M2
PL

ρDE ∼
z → − 1



Friedmann equation anchored at :

1 = Ωm + Ωr + ΩΛ

ai

⟹



With:

Defining the DE equation of state:

The acceleration equation:

PDE ≡ ωρDE

·H = − 4πG (ρm + ρDE(1 + ω))



We get:

And defining:

x(z) ≡ Ωm,0 ( H2
0

H̄2 )(1 + z)3

 as 
 for 

ω → − 1 x(z) → 0
ω ≃ − 0.7 x ≃ 1⟹

The de Sitter limit:



We define a “switch” function  such that:

 

The role of the switch function  is to
activate the QCD vacuum energy (DE) at a certain
time with a certain rate.

The Friedmann equation becomes:

With dimensionless time 

Note: with the right  the usual Friedmann solutions

are always possible solutions.

β(t)

ρDE ∼ cHΛ3
QCDH → β(t)cHΛ3

QCDH

0 < β(t) < 1

τ ≡
8πG

3
Λ3

QCDcHt

β(t)

Solution for :z > 0







Early and late universe can be affected



Making weak lensing as a 3D 
probe: the BNT* approach

*BNT: The Bernardeau-Nishimichi-Taruya 2014

Work by Gu et al. 2025

https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.1526B/abstract
https://arxiv.org/pdf/2412.14704


Bechtol et al 2023

Direct probe of the dark matter distribution 
(Power spectrum, halo mass profile)

https://arxiv.org/pdf/2203.07354.pdf


Shear correlation functions:

Angular power spectrum:
 

Kernel:

ξij
+(θ) =

1
2π ∫

∞

0
dℓ ℓ Cij

ℓ J0(ℓθ) = ∑
ℓ

2ℓ + 1
4π

Cij
ℓ Pℓ(cos θ)

ξij
−(θ) =

1
2π ∫

∞

0
dℓ ℓ Cij

ℓ J4(ℓθ) = ∑
ℓ

2ℓ + 1
4π

Cij
ℓ P4

ℓ(cos θ)

Ci, j(ℓ) = ∫
dχ
χ2

Wi
γ(χ) Wj

γ(χ) P (k =
ℓ + 1/2

χ
; z(χ))

Wi
γ(χ) =

Ω2
mH4

0

c2 ∫ dχ′￼
ni(χ′￼)
a(χ)

fK(χ′￼− χ)fK(χ)
fK(χ′￼)



Weak gravitational lensing can probe the matter spectrum

But the mass spectrum alone is not a clean probe of DM

Amon & Efstathiou 2022

https://academic.oup.com/mnras/article/516/4/5355/6691717?login=false


Introduce weights :pi ≠ 1

Such that they obey the relations:



The BNT lensing kernels are more localized in redshift than the noBNT ones:









Definition of BNT:

The new kernel:

The system of equation to solve:

n0
i = ∫ dχ ni(χ)

n1
i = ∫ dχ

ni(χ)
χ

̂W a
γ(χ) =

nT

∑
i=1

pa
i Wi

γ(χ)

a

∑
i=a−2

pa
i n0

i = 0

a

∑
i=a−2

pa
i n1

i = 0



BNT spectrum: 
 

̂C a,b(ℓ) ≡ ∫
dχ
χ2

̂W a
γ(χ) ̂W b

γ(χ) P ( ℓ + 1/2
χ

; z(χ))
= pa

i pb
j Ci, j

ℓ










