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Standard Big-Bang Nucleosynthesis

• Controlled almost entirely by the baryon-to-photon 
ratio


• Particle content, nuclear reaction rates, weak 
interactions, and expansion rate are fixed


• Once η is known, BBN predicts all light-element 
abundances

η =
nb

nγ

WMAP: (6.19 ± 0.14) × 10−10 (2012)
PLANCK: (6.104 ± 0.058) × 10−10 (2018)
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BBN Predictions vs Observations

• Using  from the CMB, BBN gives parameter-free 
abundance predictions  


•  and  agree well with observations

η

D/H 4He

D/H = (2.547 ± 0.025) × 10−5

Yp = 0.245 ± 0.003
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Predicted

Predicted Li/H ≈ 5.3 × 10−10

Observed Li/H = (1.6 ± 0.3) × 10−10

Observed

•  is not a clean primordial observable (stellar 
processing)


•  is overproduced by a factor of 3–4

3He

7Li



We assume that this discrepancy points to some new physics which changes the 
theoretical predictions of the lithium abundance.

• Four possible solutions


• Astrophysical effects: stellar mixing or lithium depletion


• Nuclear physics: revise nuclear reactions


• Observational systematics


• Non-standard cosmology (our case)

Cosmological Lithium Problem



Framework

• Relevant reactions:

** Keep note of the energy thresholds

**

**

7Be + e− → 7Li + νe This is how Li is produced post BBN1.

Ethr
γ (7Be) = 1.59 MeV

7Be + γ → 3He + 4He
We can make sure we have less 7Be2.

Ethr
γ (D) = 2.22 MeV

D + γ → n + p
Need to avoid spoiling ,  and D 4He 3He3.

• Implication: Injected photons must satisfy 1.59 ≲ Eγ ≲ 2.22 MeV

Goal: Reduce  without disturbing  or .7Be D 4He



A Simple Example

Eγ =
mϕ

2 , 1.59 ≲ Eγ ≲ 2.22 MeV ⇒ 3.17 ≲ mϕ ≲ 4.44 MeV

• For  : ϕ → γγ

or  mϕ ≃ 4.4 MeV ⇒ 6 × 103 ≲ τϕ ≲ 7 × 1010 s

• Assume a particle  (decaying particle in DS) that decays into:ϕ

ϕ → γγ or ϕ → e+e−

• For , photodisintegration is far less efficient and in this case will not work!ϕ → e+e−



Framework

Based on [2] arXiv:2011.06519

• Dark sector is assumed to be decoupled from SM thermal bath.


• Fermionic DM freezes out in the hidden bath into a lighter scalar particle before Big 
Bang Nucleosynthesis (BBN).


• The scalar eventually decays electromagnetically:


                                


• Reduce  (and therefore ) abundance without upsetting , , or .


• We explore both DM and SM sectors, adjusting lifetimes and abundances to identify 
regions that can resolve the lithium problem.

ϕ → γγ (or subdominantly ϕ → e+e−)
7Be 7Li D/H Yp

3He/D



Equilibrium within the hidden sector 
ϕϕ ↔ χχ

Methodology

Based on [2] arXiv:2011.06519

Populating the 
hidden sector 

h → ϕϕ

Dark Matter Freezes out ( )Tcd

Decreasing T or increasing time

We track the evolution of ϕ

Other quantities

How? Iterative method!

Around T ∼
mh

3



geff(T ) = [ heff(T )
g⋆(T )

, (1 +
T
3

,
h′￼eff(T )
heff(T ) )]

2

Methodology

arXiv:1503.03513

Standard cosmology

heff(T ), geff(T )



Methodology

H(T ) =
4π3

45
heff(T ) T2

g*(T ) MPl [1 +
T
3

h′￼eff(T )
heff(T ) ]

ρSM(T ) =
π2

30
geff(T ) T4

pSM(T ) =
1
3

ρSM(T )

dρSM

dT
=

π2

30 [g′￼eff(T ) T + 4 geff(T )] T3

Standard cosmology

H(0)(T ), ρ(0)
SM(T ), P(0)

SM(T )

heff(T ), geff(T )



Standard cosmology

Methodology

dT
dt

(0)
(T )

H(0)(T ), ρ(0)
SM(T ), P(0)

SM(T )

heff(T ), geff(T )

dT
dt

=

−3 H(T )
ρSM(T) + pSM(T)

dρSM

dT

T ≥ Tν,dec,

−3 H(T ) ρEM(T) + pEM(T)

dρEM

dT

T < Tν,dec .



Standard cosmology

dT
dt

(0)
(T )

H(0)(T ), ρ(0)
SM(T ), P(0)

SM(T )

heff(T ), geff(T )

Dark sector

Adding Dark Sector

Based on [2] arXiv:2011.06519



Dark Sector

Based on [2] arXiv:2011.06519

fϕ(Tcd, p) = exp
p2

ϕ + m2
ϕ

ζcd Tcd
− 1

−1

∂fϕ(T, p)
∂t

− H(t) p
∂fϕ(T, p)

∂p
=

1
2Eϕ ∫

d3pz

(2π)32Ez

d3pz̄

(2π)32Ez̄
|ℳϕ→zz̄ |2 (2π)4δ(4)(p − pz − pz̄)[ − fϕ(1 ± fz)(1 ± fz̄) + fz fz̄(1 + fϕ)]

• We consider bosons dark-sector particle  with 


• Chemically decouples at  where 


• Phase-space distribution function:


• After decoupling:


• Decays removes 


• Inverse decays produces 


• We track the evolution by writing:

ϕ {mϕ, τϕ, gϕ, ζcd}

{tcd TD,cd} TD,cd = ζcdTcd

ϕ

ϕ



Dark Sector

Based on [2] arXiv:2011.06519

∂fϕ(T, p)
∂t

− H(t) p
∂fϕ(T, p)

∂p
=

1
2Eϕ ∫

d3pz

(2π)32Ez

d3pz̄

(2π)32Ez̄
|ℳϕ→zz̄ |2 (2π)4δ(4)(p − pz − pz̄)[ − fϕ(1 ± fz)(1 ± fz̄) + fz fz̄(1 + fϕ)]

where:

βz = 1 − 4m2
z /m2

ϕ
1
τϕ

=
βz

16πmϕ
ℳϕ→zz̄

2
D±

z (t, p) =
mϕ

Eϕτϕ
1 +

1
βzp

ln(
1 ∓ exp[ − (Eϕ + βzp)/(2T )]
1 ∓ exp[ − (Eϕ − βzp)/(2T )] )

T=T(t)

∂fϕ(T, p)
∂t

− H(T ) p
∂fϕ(T, p)

∂p
= − D±

z (T, p) [ ]

• Can be re-written as:

Decay termfϕ(T, p)
Production term

− f̄ϕ(T, p)

fϕ(t, p) = +

• The formal solution will be:

∫
t

tcd

dt′￼f̄ϕ(t′￼,
pR(t)
R(t′￼) ) exp(−∫

t

t′￼

dt′￼′￼D±
z (t′￼′￼,

pR(t)
R(t′￼′￼) ))fϕ(tcd,

pR(t)
R(tcd) ) exp(−∫

t

tcd

dt′￼D±
z (t′￼,

pR(t)
R(t′￼) ))



Standard cosmology

dT
dt

(0)
(T )

H(0)(T ), ρ(0)
SM(T ), P(0)

SM(T )

heff(T ), geff(T )

Dark sector

Adding Dark Sector

Based on [2] arXiv:2011.06519

Tcd
τϕ

mϕ

ζcd

Boltzmann equation fϕ(T, p)

nϕ(t) = gϕ ∫
d3p

(2π)3
fϕ(t, p)

ρϕ(t) = gϕ ∫
d3p

(2π)3
Eϕ fϕ(t, p)

·qϕ(t) = ·ρϕ(t) + 3H(t)[ρϕ(t) + Pϕ(t)]



Standard cosmology

dT
dt

(0)
(T )

H(0)(T ), ρ(0)
SM(T ), P(0)

SM(T )

heff(T ), geff(T )

Dark sector

Adding Dark Sector

Based on [2] arXiv:2011.06519

Tcd
τϕ

mϕ

ζcd

Boltzmann equation fϕ(T, p)

n(1)
ϕ (T ), ρ(1)

ϕ (T ), P(1)
ϕ (T )H(t) =

8πG
3 [ρSM(t) + ρϕ(t)]

dT
dt

= −
·qϕ(t) + 4H(T )ργ(T ) + 3H(T )[ρe±(T ) + Pe±(T )]

dργ(T )/dT + dρe±(T )/dT
, (T ≲ Tνd)

dT
dt

= −
·qϕ(t) + 3H(T )[ρSM(T ) + PSM(T )]

dρSM(T )/dT
, (T ≳ Tνd)



Standard cosmology

dT
dt

(0)
(T )

H(0)(T ), ρ(0)
SM(T ), P(0)

SM(T )

heff(T ), geff(T )

Dark sector

Adding Dark Sector

Based on [2] arXiv:2011.06519

Tcd
τϕ

mϕ

ζcd

n(1)
ϕ (T ), ρ(1)

ϕ (T ), P(1)
ϕ (T )

Boltzmann equation fϕ(T, p)

H(1)(T ),
dT
dt

(1)
(T )

Loop until  
∣ H(i+1) − H(i) ∣

H(i + 1)
≤ 0.01



Based on [2] arXiv:2011.06519

Initial conditions

ζcd =
TDS, cd

TSM, cd

fϕ(Tcd, p) = exp
p2 + m2

ϕ

ζcd Tcd
− 1

−1

where,

BBN Photo 
disintegration

Adding Dark Sector



• AlterBBN [3] is a C program that is used for the calculation of abundance of the 
elements in from BBN.


• It tracks about 202 nuclear reactions. 


• It approximately starts at 2.3 MeV for safety, nucleosynthesis really kicks in at 0.1 MeV 
and the code runs down until the network has frozen, typically near 0.01 MeV, as 
enforced by its built-in convergence tests.

Packages

arXiv:1806.11095



Packages

• ACROPOLIS [4] is a Python code that 
calculates how late-time energy 
injections alter light element abundances 
after BBN.


• It takes BBN outputs (e.g. from AlterBBN) 
as input and applies photodisintegration 
from decays or annihilations.


• Using 17 nuclear reactions, it predicts the 
final abundances of 9 key nuclei.

arXiv:[2011.06518]



Workflow

DM 
parameters

Our 
Code

cosmo_file.dat

AlterBBN

abundance_file.dat

ACROPOLIS Final 
abundances

cosmo_file.dat

1. Time   [seconds (s)]

2. Photon temperature  [MeV]

3. Time-temperature relation  

4. Neutrino temperature  [MeV]

5. Hubble rate  [MeV]

t
Tγ

[MeV]2

Tν
H

( dT
dt )



BBN Abundance Criteria

Ni ≡ number density of nucleus i,
σi ≡ statistical uncertainty.

Yp = 4 ×
NHe4

NH
, YD/H =

ND

NH
, Y3He/D =

N3He + NT

ND
, Y7Li/H =

N7Li + N7Be

NH
• Abundance ratios:


• Uncertainty for a ratio,


• Example: deuterium-to-hydrogen ratio


• Comparison with observations:

σD/H = YD/H
σ2

D

N2
D

+
σ2

H

N2
H

σ2
tot = σ2

obs + σ2
model,

Z =
Rmodel − Robs

σtot

z-score

R =
A
B ( σR

R )
2

= ( σA

A )
2

+ ( σB

B )
2

ZD/H =

ND

NH
− (YD/H)obs

( ND

NH )
2

( σ2
D

N2
D

+
σ2

H

N2
H ) + σ2

obs

.



BBN Abundance Criteria

• Allowed vs excluded regions (95% CL)


• One-sided criterion:


• Two-sided criterion


• Choice of sidedness:

z < 1.95996 (95 % CL)

|z | < 1.95996

ZYp
, ZD/H, Z7Li/H are evaluated with a two-sided test,

Z3He/D is evaluated with a one-sided test.



Pipeline is ready and we are in testing phase!

Thank you!

Final step will be to start from the hidden sector Lagrangian itself to obtain 
DM parameters!
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Lithium abundances

• Metal-poor halo stars: 


• Globular clusters: 


• WMAP: 

(Li/H)p,field = 1.23+0.68
−0.32 × 10−10

(Li/H)p,GC = (2.19 ± 0.28) × 10−10

7Li/H = (5.24+0.71
−0.62) × 10−10

7Li + γ → 3H + 4He, Ethr
γ = 2.47 MeV

3He + γ → p + d, Ethr
γ = 5.49 MeV

4He + γ → 3H + p, Ethr
γ = 19.8 MeV

4He + γ → 3He + n, Ethr
γ = 20.6 MeV

Backup
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Equation dump for radiation domination universe!

nγ(T ) =
2 ζ(3) T3

π2

δn = 10−10 nγ(T ), μe(T ) = T sinh−1 δn
2 ge ( 2π

me T )
3/2

e me/T , ζe(T ) =
μe(T )

T

I+(T ) =
8 ⋅ 30

2 ⋅ 7 π4 ∫
∞

umin

u2 u2 − u2
min

eu+ζe(T) + 1
du, J+(T ) =

8 ⋅ 30
2 ⋅ 7 π4 ∫

∞

umin

(u2 − u2
min)3/2

eu+ζe(T) + 1
duumin =

me

T
,

Backup

H(T ) =
4π3

45
heff(T ) T2

g*(T ) MPl [1 +
T
3

h′￼eff(T )
heff(T ) ]

ρSM(T ) =
π2

30
geff(T ) T4

pSM(T ) =
1
3

ρSM(T )

dρSM

dT
=

π2

30 [g′￼eff(T ) T + 4 geff(T )] T3

dT
dt

=

−3 H(T )
ρSM(T ) + pSM(T )

dρSM

dT

T ≥ Tν,dec,

−3 H(T ) ρEM(T ) + pEM(T )

dρEM

dT

T < Tν,dec .

ρEM(T ) =
π2

30 [2 + 4 ⋅
7
8

I+(T )] T4

pEM(T ) =
π2

90 [2 + 4 ⋅
7
8

J+(T )] T4

dρEM

dT
=

π2

30
T3 ⋅ 4 [ 7

8
T

dI+

dT
+ 2 + 4 ⋅

7
8

I+(T )]

geff(T ) = [ heff(T )
g⋆(T )

, (1 +
T
3

,
h′￼eff(T )
heff(T ) )]

2



Equations dump for dark sector universe!Backup

fϕ(Tcd, p) = exp
p2

ϕ + m2
ϕ

ζcdTcd
− 1

−1

∂fϕ(T, p)
∂t

− H(t) p
∂fϕ(T, p)

∂p
=

1
2Eϕ ∫

d3pz

(2π)32Ez

d3pz̄

(2π)32Ez̄
|ℳϕ→zz̄ |2 (2π)4δ(4)(p − pz − pz̄)[ − fϕ(1 ± fz)(1 ± fz̄) + fz fz̄(1 + fϕ)]

βz = 1 − 4m2
z /m2

ϕ
1
τϕ

=
βz

16πmϕ
ℳϕ→zz̄

2

∂fϕ(T, p)
∂t

− H(T ) p
∂fϕ(T, p)

∂p
= − D±

z (T, p) [fϕ(T, p) − f̄ϕ(T, p)] D±
z (t, p) =

mϕ

Eϕτϕ [ 1
βz p

ln(
1 ∓ exp[ − (Eϕ + βz p)/(2T )]
1 ∓ exp[ − (Eϕ − βz p)/(2T )] )]

T=T(t)

fϕ(t, p) = fϕ(tcd,
pR(t)
R(tcd) ) exp(−∫

t

tcd

dt′￼D±
z (t′￼,

pR(t)
R(t′￼) )) + ∫

t

tcd

dt′￼f̄ϕ(t′￼,
pR(t)
R(t′￼) ) exp(−∫

t

t′￼

dt′￼′￼D±
z (t′￼′￼,

pR(t)
R(t′￼′￼) ))

nϕ(t) = gϕ ∫
d3p

(2π)3
fϕ(t, p)

ρϕ(t) = gϕ ∫
d3p

(2π)3
Eϕ fϕ(t, p)

H(t) =
8πG

3 [ρSM(t) + ρϕ(t)] dT
dt

= −
·qϕ(t) + 3H(T )[ρSM(T ) + PSM(T )]

dρSM(T )/dT
, (T ≳ Tνd)

dT
dt

= −
·qϕ(t) + 4H(T )ργ(T ) + 3H(T )[ρe±(T ) + Pe±(T )]

dργ(T )/dT + dρe±(T )/dT
, (T ≲ Tνd)·qϕ(t) = ·ρϕ(t) + 3H(t)[ρϕ(t) + Pϕ(t)]


