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Consequences of Unstable Particle Ensembles

● Many scenarios for new physics involve large ensembles of unstable 
particle species:

Theories with extra spacetime dimensions

Axiverse scenarios

String theory

KK modes

Moduli, string axions

ALPs

Dynamical Dark Matter Multiple unstable dark-sector states

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell ‘09]

[Dienes, BT ‘11]

● Unstable particles are tightly constrained by observation. 

● However, bounds on new-physics scenarios are typically derived for a 
single unstable particle species decaying in isolation.  These bounds don’t 
necessarily apply to ensembles including a broad range of lifetimes. 

The goal in this talk: to investigate the cosmological constraints 
on decaying particle ensembles in the early universe and derive a 
set of analytic approximations for these constraints that can be 

applied generically to such ensembles. 

Dark glueballs [e.g., Halverson, Nelson, Ruehle, Salinas ‘18]Dark gauge sectors



  

Particle Decays in the Early Universe
● Long-lived particles which decay on timescales                              are 
constrained by a variety of considerations.

● For example, electromagnetic injection (e+, e‒, γ) during this broad range of 
timescales  can...

● ...modify the primordial abundances of 
light nuclei after BBN

● ...give rise to distortions in the CMB-
photon spectrum

● ...alter the ionization history of the 
universe

● ...leave imprints in the diffuse extra-
galactic photon background 

[Cyburt, Ellis, Olive, Fields ‘02]

These effects tightly constrain new-
physics scenarios involving such 

particles!



  

Constraining Decaying Ensembles 

● We’d like to be able to extend the standard, single-particle results to an 
ensemble of decaying particles with a broad range of masses, 
abundances, and lifetimes.

● Sure, but it’s time-consuming to do this on a case-
by-case basis, provides limited physical insight.

● Helpful to develop approximate analytic 
formulations of the constraints that can be 
applied quickly and broadly!

So… do things numerically?

● Such formulations can be an important tool for constraining new physics.

● The bounds on new-physics scenarios are well established for a single 
unstable particle species decaying in isolation. 

[Kawasaki, Moroi ‘94; Cyburt, Ellis, Fields, Olive ‘03; Cyburt, Ellis, Fields, Luo, Olive, 
Spanos, ‘09; Cyburt, Fields, Olive, Yeh ‘15; Kawasaki, Kohri, Moroi, Takaesu ‘17]

[Chen, Kamionkowski ‘04; Slatyer, Padmanabhan, Finkbeiner ‘12; Finkbeiner, Galli, Lin, 
Slatyer ‘11; Slatyer ‘12; Slatyer, Wu ‘16; Poulin, Lesgourgues, Serpico ‘16]

BBN:

Ionization:

[Hu, Silk ‘93; Hu, Silk ‘93; Chluba, Sunyaev ‘11; Khatri, Snyaev ‘12; Chluba ‘13; Chluba ‘15 ]CMB:



  

Relevant Reactions

Constraints on Primordial Abundances
● Observational limits reliably constrain the primordial abundances of four 
light nuclei: D, 3He, 7Li, and 6Li.

HH
11

1.00791.0079

HeHe
22

4.00264.0026

LiLi33

6.9416.941

2σ bounds

[Aver, Olive, Skillman ‘15; Sbordone et al. ‘10; Cooke, Pettini, Steidel ‘17; Marcucci, Mangano, Kievsky 
Viviani ‘15; Ade et al. ‘15; Asplund, Lambert, Nissen, Primas, Smith ‘15; Cyburt, Ellis, Fields, Olive ‘03]
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Reprocessed Injection Spectrum

Reprocessed Spectrum After Injection

Degraded Spectrum

● For injection at tinj < 1012 s, cascade/cooling processes lead to a non-thermal 
“reprocessed” spectrum with a universal form.

● Processes with lower energy thresholds 
turn on first.

● This spectrum is slowly “degraded” by 
processes that bring these photons into 
thermal equilibrium.

[Kawasaki, Moroi ‘95]



  

Boltzmann Equations

Primary Processes Secondary Processes
(Relevant for D, 3He, 7Li, and 6Li) (Relevant for 6Li)

Spectrum of 
excited nuclei 
produced by 

primary 
processes[Cyburt, Ellis, 

Fields, Olive ‘02]

Rates and energy 
thresholds for the 

relevant processes 
have been tabulated.

Collision Terms



  

Toward an Analytic Approximation

Constant 
Decay Rate 

Uniform-Decay 
Approx.

● In order to formulate a reliable analytic approximation for the Ya, we make 
use of two well-motivated approximations: 

1

2

Linear Decoupling Approximation:

Uniform-Decay Approximation:

In solving the Boltzmann equation for Ya , ignore feedback 
effects on the Yb of any other nucleus Nb ≠ Na that serves as a 
source for Na.  Motivated the assumption that the overall change 
δYa in each Ya after BBN is tightly constrained.

Approximate injection from decay 
of a particle χ

i
 as occurring at a 

single instant tinj = τi.



  

How Reliable Is This Approximation?

4He

7Li

6Li

D

3He

1H

T● The Boltzmann equation for a 
particular species effectively 
decouples if we may approximate 
Ya for all of its “source” nuclei as 
roughly constant.



  

How Reliable Is This Approximation?

4He
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● The Boltzmann equation for a 
particular species effectively 
decouples if we may approximate 
Ya for all of its “source” nuclei as 
roughly constant.

●  Y4He vastly exceeds the Ya of all other species.  The rates for processes 
which produce 4He are negligible.
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● The Boltzmann equation for a 
particular species effectively 
decouples if we may approximate 
Ya for all of its “source” nuclei as 
roughly constant.

●  Y4He vastly exceeds the Ya of all other species.  The rates for processes 
which produce 4He are negligible.

● The change |δY4He|     Y4He is tightly constrained by data.



  

How Reliable Is This Approximation?

4He

7Li

6Li

D

3He

1H

T
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● The Boltzmann equation for a 
particular species effectively 
decouples if we may approximate 
Ya for all of its “source” nuclei as 
roughly constant.

●  Y4He vastly exceeds the Ya of all other species.  The rates for processes 
which produce 4He are negligible.

● The change |δY4He|     Y4He is tightly constrained by data.

● However, the change δY7Li in Y7Li is not so tightly constrained.  The 
Boltzmann equation for 6Li therefore does not decouple.  However, the 
linear decoupling approximation provides a conservative bound on δY6Li.



  

Source Terms:

Sink Terms:

The Fruits of Linearization
● In the linear approximation, the Boltzmann equations effectively decouple.  
The contributions to δYa from source and sink terms become

(photoproduction)

(photodisintegration)

4He 4He

Uniform-Decay Approx. Const. Decay Rate ● Uniform-Decay 
approximation provides 
a good approximation 
for δYa overall.

● In the linear regime, a 
continuous injection 
can be modeled as a 
sum of instantaneous 
injections.

Good 
agreement



  

Analytic Formulation: Primary Processes
● With these simplifications, we can derive an analytic parametrization for 
δYa for each relevant nucleus:

Three 
Regimes

● Values for Aa, Ba, etc., determined by fits to numerical solutions of the full 
Boltzmann system for the the case of single decaying particle.

● Take tAa = 104 s  (D production turns on), tfa = 1012 s (Class I processes start 
becoming inefficient).

Two separate terms for 
distinct sets of processes.

● 4He and 7Li: vanishes
● D: primary production
● 6Li: secondary production

● D, 4He, 7Li: primary destruction
● 6Li: primary production

Primary Production/Destruction



  

Analytic Formulation: Secondary Processes
● The special case of secondary production (pertinent for 6Li) must be 
analyzed separately, as the kinematics is qualitatively different – and 
significantly more complicated!

Secondary Production

● Nevertheless, we can still derive an analytic approximation – albeit a more 
complicated one – for δYa

(2) for 6Li in a similar way.

Again, Three 
Regimes



  

Numerical Results: 4He and 7Li



  

Numerical Results: D



  

Numerical Results: 6Li
Where linear decoupling 

approx. breaks down



  

CMB Distortions

(chemical potential) (Compton y-parameter)

● The measured CMB-photon spectrum is 
nearly a perfect blackbody.

● This observation constrains the injection of 
photons after processes which bring these 
photons into chemical and thermal 
equilibrium with the CMB begin to freeze out.

[Fixsen et al. ‘96] 



  

Evolution of Distortions: The μ Era

Source Term from Injection
Damping due to...

● Double Compton Scattering
● Brehmsstrahlung

● In the presence of injection, the pseudo-degeneracy parameter μ evolves 
according to a differential equation of the form:

● Once again, work in the uniform-decay approximation, where we can 
directly integrate dμ/dt.

Single Particle, Uniform Decay



  

Evolution of Distortions: The yC Era
● Likewise, the Compton y-parameter evolves according to a differential 
equation of the form:

● Again, consider the decay of a single particle in the uniform-decay 
approximation.

Note: No Damping

● One additional complication: the yC era straddles the epoch of matter-
radiation equality.  The time-temperature relation is different above and 
below TMRE.



  

Intermediate-Type Distortions
● Injection at times t ~ tEC gives rise to CMB distortions that are neither 
purely μ-type, purely y-type, or a superposition of the two.

● However, given the precision of FIRAS data (best measurement we 
currently have), these intermediate-type distortions can’t be distinguished 
from such a superposition. 

● Expressions for μ and yC for injection around t ~ tEC need to be modified in 
the intermediate regime.  Analytic approximations for these modifications 
can be inferred from numerical analysis. [Chluba, ‘13]

COBE Satellite



  

CMB Distortions: Analytic Formulation
● We derive an analytic parametrization for δYμ and δyC similar to the one 
we performed in our primordial-abundance analysis:

μ-type Distortions

yC-type Distortions



  

Numerical Results: μ and yC

μ y
C

● Again, we fit the model parameters to the results of a more detailed, 
numerical computation.



  

Ionization History
● Injection at times tinj ~ tLS can ionize hydrogen and other light elements, 
resulting in a broadening of the last-scattering surface.

● This leads to alterations in the pattern of CMB anisotropies:

Correlations between temperature fluctuations damped.

Correlations between polarization fluctuations enhanced at low ℓ.

Example: Constraints on Massive Gravitino

[Slatyer ‘12]

BBN

CMB

Ionization 
History

Diffuse γ

● These considerations imply constraints on decaying ensembles.

● Formulation of analytic 
expressions for constraints can 
be performed in an analogous 
way.

● For extremely long-lived particles 
(τχ     tLS), other effects on the 
ionization history (the 21-cm 
feature, early reionization, etc.) 
can be important as well.  



  

Ionization History

where:

● Bounds primarily constrain the overall injection rate at times tinj ~ tLS.

[Slatyer ‘12; Slatyer, Wu ‘16; Poulin, Lesgourgues, Serpico ‘16]

● For a single decaying particle, constraints are again well established.

● Straightforward to generalize to the case 
of a decaying ensemble:

Excluded

constants what we bound 

● Implies that ensembles including particles 
with both τχ     tLS and τχ     tLS are very tightly 
constrained!

Single-Particle Limits

exact 
numerical

approximate 
analytic



  

An important Observation

Excluded

Ionization HistoryBBN + CMB Distortions

Excluded

● Broadly speaking, constraints pertinent at very early times (from BBN, 
CMB distortions) become more stringent as τi increases.

● By contrast, constraints pertinent at late times (from broadening of the 
last-scattering surface) become less stringent as τi increases.

D

7Li 4He

6Li

CMB y

CMB μ

● In an ensemble with a monotonic, universal scaling relation between τi 
and Ωi, early-universe constraints are not particularly constraining when a 
significant fraction of Ωtot is carried by states with τi     tnow, as in DDM.



  

● After last scattering (tLS ~ 1013 s), the universe is effectively transparent to 
photons with energies                                     .

Diffuse Photon Background

[Chen, Kamionkowski ‘04]

Transparency 
Window

● Photons injected after tLS contribute to the 
diffuse extra-galactic photon background.

● The spectrum of this background has been 
measured over a broad range of energies.

[Ackermann et al. ‘14]

● These measurements 
impose upper bounds on 
injection from particle 
decays during this epoch.



  

Isotropic 
Component

[Ackermann et al. ‘14]

Diffuse Photon Background
● For                    , Fermi data provide reliable upper limits not only on the 
total extra-galactic gamma-ray background (EGRB), but also on the 
isotropic component thereof (IGRB).

Fermi Fit to the IGRB Spectrum

● The IGRB spectrum is well 
modeled by a power law 
with an additional 
exponential suppression 
factor at high energies.



  

Diffuse Photon Flux: General Formulation
● Spectrum of photons arriving on Earth involves contributions from decays 
at all redshifts z effectively up to last scattering: 

Energy at 
Injection

Energy at 
Detection

Solid-angle 
element

Optical depth Injection 
spectrum

Differential line-of-sight 
distance per unit z

Differential-Photon-Flux Contribution from Injection

● In a flat ΛCDM universe in a MD epoch, ℓ(z) is given by

where

Hubble parameter today Matter abundance Dark-energy abundance



  

Diffuse Photon Flux: General Formulation
● For simplicity, assume a truly 
transparent “transparency window”: 

● Energy density of χi is

with

● Differential flux from a single ensemble component is

Expansion factor

Extrapolated abundance Decay factor

● Unlike constraints from BBN, CMB distortions, and the ionization history 
of the universe, the relevant observable (the diffuse photon flux) depends 
sensitively on the decay kinematics of the ensemble constituents. 



  

Observed Flux from the Whole Ensemble
● The differential photon flux observed in a physical detector will be 
“smeared” due to its non-zero energy resolution.

● For simplicity, assume a Gaussian smearing function of the form

● With this effect incorporated, our final expression for the observed photon 
flux from the entire ensemble becomes:

Energy-dependent standard deviation σ(Eγ) = εEγ



  

Constraining Decaying Ensembles
● In order to illustrate how our results can be used to constrain ensembles 
of long-lived particles, consider a toy ensemble comprising N particles χj 
with j = 0, 1, …, N which decay to photon pairs.

Abundances Decay Widths

1

2

● We consider two possible scaling behaviors for the mass spectrum:

mj evenly distributed on a linear scale.

mj evenly distributed on a log scale.

“coupling 
suppression 

scale”

● In what follows, we’ll focus here on constraints from light-element 
abundances and CMB distortions.



  

Results: “Low-Density” Ensembles

D
6Li
7Li

CMB

First, we’ll examine ensembles in which 
the density of states per unit mass 

within the ensemble is low.

Narrow Range of Lifetimes Broad Range of Lifetimes



  

Results: “Low-Density” Ensembles

D
6Li
7Li

CMB

Narrow Range of Lifetimes Broad Range of Lifetimes

Left Side of Plot Right Side of Plot

Similar to single-
particle bounds

Narrow lifetime 
ranges



  

Results: “Low-Density” Ensembles

D
6Li
7Li

CMB

Narrow Range of Lifetimes Broad Range of Lifetimes

Left Side of Plot Right Side of Plot

Broad lifetime 
ranges

No resemblance to 
single-particle bounds



  

Results: “High-Density” Ensembles

D
6Li
7Li

CMB

Narrow Range of Lifetimes Broad Range of Lifetimes

Δm chosen in left two panels such that 
the range of τi within the ensemble at 

each M* is the same as before



  

Results: “Low-Density” Ensembles

D
6Li
7Li

CMB

ξ chosen in left two panels such that 
the range of τi within the ensemble at 

each M* is the same as before

Narrow Range of Lifetimes Broad Range of Lifetimes



  

Results: “High-Density” Ensembles

D
6Li
7Li

CMB

ξ chosen in left two panels such that 
the range of τi within the ensemble at 

each M* is the same as before

Narrow Range of Lifetimes Broad Range of Lifetimes



  

Summary
● Constraints from early-universe cosmology place stringent bounds on 
ensembles of unstable particles – ensembles which are a hallmark of the 
Dynamical Dark Matter (DDM) framework.  

● Compact analytic formulations of these constraints can be derived 
through use of the linear and uniform-decay approximations

● These analytic approximations can serve as an important practical tool in 
surveying and delimiting scenarios with ensembles of unstable particles 
(axions/ALPs, moduli, etc.) in “theory space.”

● We have derived such analytic approximations for the constraints arising 
from considerations related to BBN, CMB distortions, and the 
ionization history of the universe.

● These constraints are generic in their applicability in that they do not 
depend sensitively on the decay kinematics of the ensemble 
constituents.
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