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radiation in the early Universe

• a variety of BSM particle physics processes can deposit radiation
(relativistic particles) in the early Universe 
– decay of new particles
– latent heat produced by a cosmological first-order phase transition

• can be either SM radiation (photons, e+/e-) or dark radiation

• both dark and visible radiation deposition impact CMB observables
– # of effective neutrinos  Neff

• cosmology observables can constrain BSM particle physics



particle physics

• my perspective is as a particle physicist
• there’s a lot of freedom in particle physics model 

– how much dark radiation and SM radiation is released
• we’d like to know how to use that freedom to build models which have 

interesting signals, address anomalies, and aren’t ruled out

• example  cosmological FOPTs can produce GW waves
– nanohertz range signals would arise from FOPTs around or after BBN
– sound wave amplitude controlled by latent heat released in transition 
– constraints on injected latent heat limit sensitivity of GW observatories
– particle physics determines how much of latent heat is dark vs. SM radiation 

• how does playing with that ratio affect bounds on the GW amplitude?



goals/outline

• we’d like to know how much radiation we can inject if we remain agnostic 
about the particle physics? 

• we’ll first describe general considerations

• then outline the numerical calculations

• and then finally, our results



ΔNeff

• in SM/ΛCDM, Neff ∼ 3.046

• radiation deposition contributes 
to ΔNeff

• if dark radiation injected, ΔNeff > 0 
• if EM radiation injected, ΔNeff < 0 

• if both are injected, can tune
contributions so that ΔNeff = 0 
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baryon dilution

• baryon-to-entropy density ratio is 
measured at BBN and at recomb.

• injecting EM radiation after BBN 
dilutes ηb / s

• even if we tune parameters to 
keep Neff fixed … 

• … expect a limit on entropy 
injection

Yeh, Olive, Fields 2011.13874



strategy
• define initial temperature/time at 8 MeV pre-BBN
• define final temp./time at 10 keV all radiation injection finished by then

– EM radiation injection will not distort CMB
– chosen for simplicity, or else there are more constraints

• rSM = af
4 ρr

f / ai
4 ρSM

i

– = ratio of comoving final radiation density to initial SM radiation density

• in ΛCDM with no BSM physics, rSM ∼ 1.205, due to e+/e- annihilation

• we can measure how much extra radiation is injected by how much rSM
differs from 1.205 



previous work

• idea was previously considered in Sobotka, Erickcek, Smith 2207.14308

• they considered particles which are non-relativistic at BBN, but decay to a 
mixture of EM radiation and dark radiation

• so energy density grows until particles decay
– leads to tighter constraints
– < 2.35% of total radiation density 

• we’d like to weaken these assumptions, and see if it weakens the 
constraints



we consider two scenarios

• “decay” model
– dark radiation present at BBN 

• scalar Y relativistic at BBN
– mass = mY

– α = TY
i / Tγ

i

• but decays when non-relativistic
– lifetime = τ

• decays to photons and dark 
radiation 
– BFγ = fγ

• “PT” model
– FOPT after BBN releases latent 

heat

• parameterize with rγ, rur

– ur = particles (except photons) 
which are relativistic even now

– rγ = af
4 ργ

f / ai
4 ργ

i

– rur = af
4 ρur

f / ai
4 ρur

i

• TPT = γ temperature of phase 
transition 



cosmology parameters
• decay model

– ΔNeff
BBN = (4/7) α4

– Tγ
decay = photon temperature when age of universe =  τ

– Tγ
NR = mY / α = photon temperature when Y starts to redshift as matter 

– if Tγ
NR / Tγ

decay ∼ 1, then Y spends little time redshifting as matter

• in PT model, ΔNeff,PT
BBN = 0

• we want to see how large rSM can be
• we will compare to a ΛCDM + ΔNeff, to see how much particle physics 

freedom buys us 
– ΔNeff model is a subset of decay model, with Tγ

NR / Tγ
decay ∼ 1, fγ = 0



numerical analysis

• BBN code LINX

• CMB code CLASS takes Yp from LINX as input 
– dilution of baryon-to-entropy density ratio accounted for 

• take one massive neutrino with mν = 60 meV (other two are ultra-
relativistic) 

• base ΛCDM parameters: ωb, ωc, 100 θs, As, ηs, τreio



CMB data

• use temperature and polarization anisotropy data from Planck 2018

• high multipole (30 < ℓ < 2508) TT, TE, EE  Plik likelihood

• at low multipole (2 < ℓ < 30)  SimAll (EE) and Commander (TT)

• use standard Planck collaboration priors on nuisance parameters



BBN data

• use two observables
– 4He fraction (Yp) 
– deuterium-to-hydrogen ratio (D/H)

• calculated by LINX, using PRIMAT nuclear reaction network (Pitrou, Coc, 

Uzan, Vangioni 1801.08023)

• Yp
obs = 0.2449 ± 0.0040 (Aver, Olive, Skillman 1503.08146)

• (D/H)obs = (2.527 ± 0.030) × 10-5 (Cooke, Pettini, Steidel 1710.11129)



prior

• Tγ
NR / Tγ

decay ≥ 1
– Y decays while non-rel., but may 

redshift like matter only briefly 
• Tγ

decay ≥ 10 keV
– CMB modes for ℓ < 2500 enter 

horizon after decay 
– can use standard adiabatic initial 

conditions for CLASS
– no CMB distortion

• for PT model, ΔNeff
BBN =0 

– TPT ∊ [10,100] keV
– rγ ∊ [(11/4)4/3,19] 
– rur ∊ [1,5]

decay model priors



results

• in ΔNeff model, rSM can differ from 
ΛCDM value (1.205) by 0.036 

• for decay model, almost the same
– almost no extra freedom to inject 

more energy

• for PT model, rSM can exceed 
ΛCDM value by 0.047

• about 30% larger comoving 
energy density can be injected 
– post-BBN



upshot

• for scalar decay model, particle physics freedom adds almost no extra 
room for radiation injection 

• even if you tune particle physics to keep ΔNeff
CMB fixed, dilution of baryon-

to-entropy ratio yields tight constraints 

• more freedom if energy is injected by a FOPT after BBN
– ∼ 30% more radiation can be injected 

• tight constraints arise because EM and dark radiation are tightly 
constrained at BBN and recombination
– dark matter is less constrained at BBN
– if injected dark radiation redshifts as matter at recombination (LiMRs), get 

more freedom (Kumar, Sandick, Xu 2512.14672; DePorzio, Imig, Shelton 2607.12021)



ηb/s at BBN vs. CMB

• there is mild tension between 
observed (D/H) and PRIMAT 
– at preferred ωb, (D/H)PRIMAT is 

∼1.8σ smaller than (D/H)obs

• leads to a preference for (ηb/s)BBN

which is smaller than (ηb/s)recomb

• so diluting ηb/s after BBN 
worsens the tension

• how would these results be 
affected by a different reaction 
network?

• (D/H)obs = (2.527 ± 0.030) × 10-5

(Cooke, Pettini, Steidel 1710.11129) 

• (D/H)PRIMAT = (2.439 ± 0.037)× 10-5

• (D/H)YOF = (2.51 ± 0.11)× 10-5 (Yeh, 

Olive, Fields 2011.13874)

Pitrou, Coc, Uzan, Vangioni 2011.11320



• we consider constraints on the deposition of radiation in the early 
Universe if we are agnostic about its composition
• consider scalar decay, and FOPTs

• tight constraints, but for an FOPT, about 30% extra freedom to inject 
energy

• better understanding of nuclear reaction rates underlying BBN may have 
impact on these constraints 

conclusion

Mahalo!
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posteriors – decay model



posteriors – PT model
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