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BBN vs. Photodisintegration

• BBN: formation of light nuclei via 
nuclear reactions in the early Universe 

 

• Description of reactions via Boltzmann 
equations 

• Good agreement between SM 
prediction and observations 

• Publicly available codes (e.g. AlterBBN 
[arXiv: 1806.11095], PArthENoPE 
[arXiv: 1712.04378], PRIMAT [arXiv: 
1801.08023])

t ∼ 1 − 103 s, T ∼ MeV − keV

BBN
3 23. Big Bang Nucleosynthesis
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Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [47]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

observations (e.g., D/H) and in the determination of cosmological parameters (e.g., from Planck).
This motivates corresponding improvement in BBN predictions and thus in the key reaction cross
sections. For example, it has been suggested [48,49] that d(p, “)3He measurements may su�er from
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BBN vs. Photodisintegration

• What happens if there are late-time 
( ) high-energy ( ) 
electromagnetic injections into the SM 
(after BBN)? 

• Resulting electromagnetic cascade 
leads to high-energetic non-thermal 
part of photon spectrum 

• Photodisintegration of primordial light 
nuclei 

• ACROPOLIS first publicly available 
code for photodisintegration

t ≳ 104 s E ≳ 1.5 MeV

Photodisintegration

γ

ϕ

γ
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Non-thermal photon spectrum

• Spectra differential in energy  

• Boltzmann equation with quasi-static equilibrium,  [arXiv: astro-ph/9412055, 
hep-ph/0604251],  

 

 

•  source term 

•  total interaction rate 

•  differential interaction rate 

• After  solution via discretization method

fx(t, E) = gx fx(t, p)Ep/(2π2)

Γx ≫ H
x ∈ {e±, γ}

∂fx(E)
∂t

≃ Sx(E) − Γx(E)fx(E) + ∑
x′ 

∫
∞

E
dE′ Kx′ →x(E, E′ )fx′ (E′ ) ≃ 0

fx(E) =
1

Γx(E) (Sx(E) + ∑
x′ 

∫
∞

E
dE′ Kx′ →x(E, E′ )fx′ (E′ ))

Sx(E) = S(0)
x δ(E − E0) + S(FSR)

x (E)

Γx

Kx′ →x

Fx(E) = fx(E) − S(0)
x δ(E − E0)/Γx(E)

Boltzmann equation
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Non-thermal photon spectrum

• Most important reactions are 

• Double photon pair creation  

• Photon-photon scattering  

• Bethe-Heitler pair creation  

• Compton scattering  

• Inverse Compton scattering  

• Non-thermal photon spectrum close to universal spectrum [arXiv: astro-ph/0211258] 
if injection energy is above threshold for double photon pair creation, 

 

• Photodisintegration only possible if  is above disintegration thresholds, 

γγth → e+e−

γγth → γγ

γN → e+e−N

γe−
th → γe−

e±γth → e±γ

E0 > Eth
e+e− = m2

e /(22T )

Eth
e+e−

T ≲ 7.5 keV

Reactions
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Non-thermal nucleosynthesis

• Boltzmann equation  

•  

•  reaction rates 

•  cross-section 

• ODE with previously calculated photon spectrum, solution for  

•  

•  rate matrix

·YX(t) = Σj Yj(t)Γjγ→X(t) − YX(t)Σj′ ΓXγ→j′ (t)

YX = nX /nb

Γr(t) = ∫
∞

0
dE fγ(t, E)σr(E)

σr

Ȳ = [Yn, Yp, YD, …]T

Ȳ(T ) = exp (∫
T

T0

dT′ R(T′ )) Ȳ(T0)

[R(T )]XX′ =
dt
dT

× [ΓX′ γ→X(T ) − δXX′ Σj′ ΓXγ→j′ (T )]
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ACROPOLIS

• First publicly available code for photodisintegration of primordial light elements 

• Open-source, GPL3 

• Written in Python (version  3.8), dependencies NumPy (  1.19.1), SciPy (  1.5.2), 
Numba (  0.51.2) 

• Available via GitHub 

• Optional database files (~500 MB, use wget) of electromagnetic cascade reaction 
rates for speed-up (~10 min without, ~1 min with database files), place in data/ 

• Includes example programs for 

• Decay of decoupled MeV-scale BSM particle 

• Residual annihilations of MeV-scale DM 

• Modular framework can easily be adapted for a given BSM model 

• Scanning framework

≥ ≥ ≥
≥

A generiC fRamework fOr Photodisintegration Of LIght elementS

https://github.com/skumblex/acropolis.git
https://desy.de/~depta/acropolis/
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ACROPOLIS
Overview

Model

• Source terms 
• Temperature range 
• Injection energy  
• Anything else that is needed 
• ex. DecayModel, 

AnnihilationModel

E0
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ACROPOLIS
Overview

Model

InputInterface

• Reads in input data 
• abundance_file 
• cosmo_file 
• param_file 
• Supplies methods for 

interpolation of 
T, dT/dt, H, …
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ACROPOLIS
Overview

Model

InputInterface

AbstractModel

• Abstract class for models 
• Passes source terms & 

temperature range to model 
• Needs InputInterface & 

injection energy  in 
constructor 

• Provides method 
run_disintegration

E0
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ACROPOLIS
Overview

Model

InputInterface

AbstractModel run_disintegration

NuclearReactor

• Calculates reaction rates 

Γr(t) = ∫
∞

0
dE fγ(t, E)σr(E)

SpectrumGenerator

• Calculates fγ
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ACROPOLIS
Overview

Model

InputInterface

AbstractModel run_disintegration

NuclearReactor SpectrumGenerator

MatrixGenerator

• Calculates rate matrix 
 

• Integrates 

R(T )

∫
Tf

T0

dT R(T )
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ACROPOLIS
Overview

Model

InputInterface

AbstractModel run_disintegration

NuclearReactor SpectrumGenerator

MatrixGenerator

Calculate final abundances

Ȳ(Tf ) = exp (∫
Tf

T0

dT R(T )) Ȳ(T0)
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ACROPOLIS

• Implemented in DecayModel 

• Particle , mass , lifetime , branching ratios ,  

• Injection energy  

• Source terms ,  

•  

•  

•  

• Number density  

• SM cosmo_file and abundance_file 

• Callable via ./decay  

• Similar interface for residual annihilations of DM particle

ϕ mϕ τϕ BRe+e− BRγγ

E0 = mϕ/2

Sx(E) = S(0)
x δ(E − E0) + S(FSR)

x (E)

S(0)
γ = BRγγ × 2nϕ/τϕ

S(0)
e− = S(0)

e+ = BRe+e− × nϕ/τϕ

S(FSR)
γ (E) = BRe+e− ×

nϕ

τϕE0
× α

π
1 + (1 − x)2

x ln ( 4E2
0(1 − x)

m2
e ) × Θ (1−

m2
e

4E2
0
−x)

nϕ(t) ≃ nϕ(T0) × (a(t0)/a(t))3 exp(−t/τϕ)

mϕ /MeV τϕ /s T0/MeV nϕ(T0)/nγ(T0) BRe+e− BRγγ

Example: Decay of decoupled MeV-scale BSM particle
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ACROPOLIS
Example: Decay of decoupled MeV-scale BSM particle
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ACROPOLIS

• Needed methods: 

• Source terms for monochromatic energy in photons and electrons 

• Final state radiation source term (only photons) 

• Temperature range, where to perform calculation 

• Needed information for InputInterface: 

• cosmo_file: at least containing ; possible to extend 

• param_file: at least containing baryon-to-photon ratio ; possible to extend 

• abundance_file: calculated abundances from BBN, rows for nuclei (ordered by 
mass and charge number), columns for different values (e.g. mean, low, high 
from AlterBBN)

t, T, dT/dt, Tν, H

η

Implementing your own model
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Summary

• ACROPOLIS is first public code for photodisintegration of light elements 

• Calculates non-thermal photon spectrum and effect on light elements via 
photodisintegration 

• Includes example programs for 

• Decay of decoupled MeV-scale BSM particle 

• Residual annihilations of MeV-scale DM 

• Modular framework can easily be adapted for a given BSM model 

• Available via GitHub 

• Manual soon to appear on arXiv

https://github.com/skumblex/acropolis.git


Thank you

20


