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cosmological principle
spacetime is 
homogenous & 
isotropic on 
the largest 

length scales

Einstein gravity perfect fluid

Friedmann equations
cosmological 
expansion is 

induced by the 
matter/radiation 
content of the 

Universe

Cosmological expansion



Standard Model 
particles + radiation

What’s the Universe made out of?

electroweak plasma (T > TeV)
quark-gluon plasma (T > GeV)
electron-ion plasma (T > eV)

stars & stuff
CMB radiation

neutrinos

Standard model 
condensates

Gravitational 
energy

Inflaton sector

Higgs condensate
QCD condensates

gravitational wave 
radiation

stellar remnant 
black holes

inflaton condensate 
(during inflation)

inflaton 
matter/radiation

(during reheating)

nonrelativistic 
matter

maybe relativistic @ 
early times?

more matter!
more radiation!

more GWs!
primordial BHs!

topological defects!
phase transitions!

[ more? ]

Dark matter Extra stuffDark energy

cosmo. const.?

dynamical?



⇒  inflaton domination 
drives a (quasi-dS) phase of 
accelerated expansion

⇒  the inflaton transfers its 
energy to Standard Model 
particles + radiation

⇒  SM plasma passes 
through a sequence of phase 
transitions, which  
redistribute the energy

⇒  dark matter overtakes 
electron-ion plasma & 
neutrinos to become the 
dominant component

⇒  dark energy overtakes 
dark matter as dominant

The standard story



How much energy was 
stored in the inflaton (Hinf)?

How long did it take to 
transfer to the SM (Nrh)?

How efficient was the energy 
transfer (Trh)?

Was energy shared with 
other sectors (e.g., SUSY)?

Did BSM physics dominate 
at some point (e.g., moduli)?

Does dark matter evolve 
(e.g., rel->nonrel, stasis, etc)?

Does dark energy evolve 
(e.g., Hub tension, DESI)?

The standard story

⇒  inflaton domination 
drives a (quasi-dS) phase of 
accelerated expansion

⇒  the inflaton transfers its 
energy to Standard Model 
particles + radiation

⇒  SM plasma passes 
through a sequence of phase 
transitions, which  
redistribute the energy

⇒  dark matter overtakes 
electron-ion plasma & 
neutrinos to become the 
dominant component

⇒  dark energy overtakes 
dark matter as dominant

Some open questions



What do we know about the expansion history 
from past observations? 

What kinds of new physics would modify the 
expansion history - and how can we tell?

What can we learn with future observations?  



Quantum fluctuations of the metric during 
inflation correspond to gravitational waves 
when these modes later re-enter the horizon.

We don’t observe the imprint of these GWs in 
CMB polarization (B-mode patterns).

This implies an upper limit on the cosmological 
expansion rate during inflation. 

Inflation

BICEP2/Keck/BICEP3



The light nuclei (He, D, Li, ...) are formed 
when the nuclear reaction rates are 
comparable to the Hubble expansion rate.

Agreement between the observed 
light-element abundances & BBN 
predictions impose two conditions:

● SM radiation-domination at T ~ MeV
● no entropy injection during/after BBN

Nucleosynthesis

Baumann’s 
Cosmology (2022)



There are several observational handles on 
cosmological expansion at late times.  

⇒  Acoustic oscillations of the baryon 
photon fluid around radiation-matter 
equality and recombination create plasma 
inhomogeneities that are probed by CMB & 
LSS observations. 

⇒  Distance ladders (e.g., parallax + cepheid 
+ Type-Ia SNe) probe Hubble through the 
redshift-distance relationship. 

⇒  … also standard sirens, reionization 
history, probes of matter power spectrum, … 

[ a good topic for discussion time ]

Late-time cosmology



We quantify the amplitude of dark matter 
inhomogeneities (energy density contrast) 
using the linear matter power spectrum.  

Various observations probe dark matter 
inhomogeneity on many scales, and translate 
into precise measurements of the LMPS.  

These measurements are compatible with 
LCDM Cosmology (std. expansion history) 
after roughly radiation-matter equality.  

Linear matter power spectrum

assume: 
statistically 
homogenous 
& isotropic

figure: 2405.12220

power per 
log-spaced 
k-intervals

https://arxiv.org/abs/2405.12220


What kinds of new physics would modify the 
expansion history - and how can we tell?

going non-standard



Where is there room for nonstandard?

During inflation or reheating
⇒  multi-field inflation
⇒  not inflation at all (e.g., bounce)
⇒  nonlinear preheating
⇒  inflation self-interaction & fragmentation
⇒  gravitational waves

Before nucleosynthesis
⇒  lots of freedom here … early 
matter-dominated era (EMDE) … early dark 
energy … kination … multi-component stasis … 
topological defect domination … etc

After radiation-matter equality
⇒  very constrained
⇒  cannot be an O(1) departure from LCDM
⇒  early dark energy for Hubble tension
⇒  evolving dark energy (today)
⇒  additional subdominant matter or rad.

Tracers of the nonstandard expansion:

Dark matter
⇒  relic abundance
⇒  inhomogeneities (power spectrum)
⇒  measurements:  CMB, LSS, Ly-alpha, … 

Gravitational wave radiation
⇒  spectrum
⇒  polarization(?)
⇒  anisotropies(?)
⇒  observatories:  LVK, NANOGrav, LISA, ...

Photons
⇒  CMB spectrum (distortion)
⇒  CMB anisotropies

Neutrinos & UHECRs
⇒  relic neutrino bkg.
⇒  ultra-high energy [ more from Kuver shortly 

+ room for discussion ]



electroweak phase transition

(1)  DM freeze out @ EW phase transition
Chung, AL, & Wang [1104.5034];  Chung  & AL [1108.5193]

thermal relic dark matter

change in predicted 
relic abundance:

if you could measure the DM relic abundance with %-level 
precision, you could probe Higgs condensate during EWPT

total energy from 
plasma + Higgs:



extension of Higgs sector
⇒  new scalar singlet allows for 1st order PT

Chung, AL, & Wang [1104.5034];  Chung  & AL [1108.5193]

dark matter freezeout at the electroweak phase transition can 
probe a nonstandard expansion & cooling history

fractional change in dark 
matter relic abundance 

(due to additional vacuum energy)

(1)  DM freeze out @ EW phase transition

significant supercooling 
⇒  vacuum energy has a bigger effect



(2)     Inflationary quantum fluctuations

inflation/reheating scenarios

modes that re-enter the horizon during reheating 
develop a scale-dependent spectrum (toward high k)

Kolb & AL (2023)

energy spectrum at late time



(3)     Warm wave DM in modified expansion histories
Amin, AL, & Venegas (in prep)

free streaming
if dark matter starts out relativistic, it can 
travel (free stream) a significant distance 
over the cosmic history and suppress the 
growth of structure on scales k > 1/l_fs

Snowmass (2209.08215)

effects on small-scale power
⇒  free streaming - suppression
⇒  white noise - enhancement

if dark matter is created with a finite 
correlation length l_corr then causality 

implies power falling like k^3

white noise



(3)     Warm wave DM in modified expansion histories

limits driven by Ly-alpha

Amin, AL, & Venegas (in prep)

Ly-alpha observations probe dark matter 
inhomogeneities on Mpc-scales … we use the 

corresponding measurement of the linear 
matter power spectrum to constrain warm 

wave dark matter

constraints 

PRELIMINARY

● free-streaming suppression prohibits small m
● white-noise enhancement prohibits small k*
● here we assumed LCDM Cosmology … we’re 

exploring how the limits change in several 
modified cosmic expansion histories.  



What are Non-standard Cosmological Epochs?

Let’s say: 

Standard = high-scale single-field inflation → perturbative reheating → high-scale baryogenesis 
mechanism (AD, lepto, etc.) → thermal freezeout of GeV-scale dark matter → radiation domination 
throughout after reheating till BBN

Non-standard = ?

high-scale single-field inflation → low-scale, multifield, and multiple stages of inflation

perturbative reheating → non-perturbative decays, soliton-like phenomena

high-scale (pre-sphaleron) baryogenesis mechanism (AD, lepto, etc.) → low-scale baryogenesis

thermal freezeout of GeV-scale dark matter → freeze-in, non-thermal production from decays, etc.

radiation domination throughout until BBN → changing equation of state (EMDE, kination, stasis)



A lot of us are here…

 Post-inflation reheating (Authors: M. A. Amin, D. I. Kaiser & K. D. Lozanov)
 Moduli fields (Authors: K. Sinha & S. Watson)
 Phase transitions and baryon asymmetry (Authors: R. Allahverdi & M. Lewicki)
 Formation of microhalos (Author: A. Erickcek)
 Observational probes of microhalos (Authors: M. S. Delos & A. L. Erickcek)
 Primordial black holes (Authors: T. Harada & K. Kohri)
 
  Stasis

Observational prospects of non-standard cosmologies are extremely challenging (thanks organizers!)



Very Challenging

compatibility with BBN necessitates that they leave the Universe in a state of thermal equilibrium by the time they vanish, 
obscuring their very existence, which must then be inferred indirectly.                                                                                        

                                                                                                                          Gehrman, Shams Es Haghi, Sinha, Xu, arXiv:2304.09194

Broad Observational Signatures

-bumps and dips in GW spectra

-enhanced matter substructure

-dilution of previously existing DM/baryon population 

-effect on PBHs (make them spin more, etc.)

-creation of new DM/DR/baryons from decays of the agent dominating the universe

-dark sector physics

-post-BBN Universe?



Directions explored by the community

 (1) EMDE affects matter power spectrum, but we don’t necessarily link the EMDE field to other stuff
Adrienne’s program for over ten years

(4) EMDE field = modulus → let it source dark matter
“Non-thermal DM” - many of us here, over ten + years

(5) EMDE field = modulus → let it source dark matter + dark radiation (axions) →DR constraints, miniclusters 

Allahverdi, Cicoli, Dutta, Sinha (2016), Sinha, Watson, Wiley (2023)

 (2) EMDE affects axion dark matter (but doesn’t source axions or WIMPs)

Gondolo, Visinelli (2009), Hertzberg, Temark, Wilczek (2010), Grin, Smith, Kamionkowski (2007) 

 (3) EMDE affects axion dark matter + properties of axion miniclusters

Nelson, Xiao (2018), papers by Patrick Draper, Adrienne’s papers

(6) EMDE field = modulus → let it decay non-perturbatively

Giblin, Watson et. al. (2016), Adams, Barrows, Giblin, Sinha, Watson, Wiley (ongoing)



Moduli and Alternative Histories



Alternative Histories (Scott’s famous diagram)



Why DM theorists got into the game













Fermi-LAT Limits on DM Annihilation 



Modulus Decays to Dark Matter + Axions
 Allahverdi, Cicoli, Dutta, Sinha (2014 - )
 Kane, Sinha, Watson (2017)  



DR Constraints on LVS Scenarios  Cicoli, Sinha, Wiley  (2022)



Moduli and Pre-existing Axions  Sinha, Watson, Wiley (2023)
 



 Sinha, Watson, Wiley (2023)
Moduli and Pre-existing Axions



Evolution of thermal history
 Sinha, Watson, Wiley (2023)







Moduli and Pre-existing Axions + Miniclusters + WIMPs



Moduli and Axions: Non-perturbative Decays
 Adams, Barrows, Giblin, Sinha, Watson, Wiley (2024)

non-perturbative effects can be expected to be most pronounced within the first oscillation cycle of the modulus

In the case where the modulus decays entirely through this non-perturbative effect, the lower mass bound on 
modulus mass is effectively removed due the high scale of the decay, preventing any overlap with BBN.

No sizeable contribution to entropy, as the energy density transferred to decay products will not thermalize 
significantly. In this case, the radiation bath is simply set by the inflationary reheating process - leaving any 
inflationary relics present, despite the short-lived appearance of a modulus. The modulus does not “reheat” the 
universe.

Axions produced are relativistic if



Discussions



What are the experimental facilities?

Gravitons: GW experiments - LIGO, LISA, PTAs, etc.

Photons: Radio, X-ray, Gamma-ray telescopes. CMB measurements 

Neutrinos: Icecube, DUNE

Table-top experiments (many axion searches, maybe high frequency GWs)

 Post-inflation reheating (Authors: M. A. Amin, D. I. Kaiser & K. D. Lozanov)
 Moduli fields (Authors: K. Sinha & S. Watson)
 Phase transitions and baryon asymmetry (Authors: R. Allahverdi & M. Lewicki)
 Formation of microhalos (Author: A. Erickcek)
 Observational probes of microhalos (Authors: M. S. Delos & A. L. Erickcek)
 
 

How should we make connections to the experimental frontier? 

Discussion Slides



Discussion Slides
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Discussion Slides

D’Eramo, Schmitz (2016)Gouttenoire, Servant, Simakachorn 
(2022)

Causal tail behavior is universal



Discussion Slides
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Discussion Slides



Non-standard Histories: Post-BBN Universe??

How does an EMDE impact the matter power spectrum, how is the matter power spectrum probed via Ly-alpha 
observations etc, what’s the status of these measurements, what will the situation look like in coming years, 
and what are we hoping to learn about modified expansion histories?

Changes to post-BBN history are pretty radical in my opinion.

Do we have enough of a physics motivation? 

What agent would cause such a change?

The observational landscape is richer (we know a lot more about post-BBN)



Non-standard Histories: Dark Sectors



Collider / Cosmo complementarity

electroweak phase transition
⇒  SM predicts a crossover
⇒  BSM allows 1st order

Higgs potential grav waves collider complementarity

Huang, AL, Wang (2016)



Non-standard Histories: Stasis



Non-standard Histories: PBHs
Kawasaki, Yanagida, et. al. (2020)


