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Primordial Perturbations

® QOur universe is mostly homogeneous and isotropic, but with small perturbations on large scales.
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Primordial Perturbations

® QOur universe is mostly homogeneous and isotropic, but with small perturbations on large scales.

osmic Microwave Background Large Scale Structure

e Primoridal density perturbation O(10-5)

Stars Planets

We are all coming from these small primordial perturbations!



Origin of Primordial Perturbations

e [nflation:

slow roll inflation
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e |nflation: quatum fluctuations of the inflaton generates primordial perturbations
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Origin of Primordial Perturbations

e |nflation: quatum fluctuations of the inflaton generates primordial perturbations

slow roll inflation
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Inflation ~ Reheating

* 0¢(x) sets initial conditions for metric and density perturbations ( ¥, ®, dp/p )

Quatum fluctuations can be observed on cosmological scales!



More Options for Primordial Perturbations

Models/Dynamics Initial conditions for metric and density perturbations

Single field inflation Adiabatic

(Single source of perturbations)



More Options for Primordial Perturbations

Models/Dynamics Initial conditions for metric and density perturbations

Single field inflation Adiabatic

(Single source of perturbations)

Multi-field inflation

Axion/curvaton

o Adiabatic + Isocurvature
Phase transitions

(Multiple sources of perturbations)

Current data suggest adiabatic initial conditions, leaving constraints on isocurvature



Classification of Primordial Perturbations
e Perturbed FRW metric: ds® = a°(7) |—(1 +2®)d7* + (1 — 2V)6;;dz" da” |

Gauge-invariant perturbations Curvature perturbation Isocurvature perturbation
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Classification of Primordial Perturbations
e Perturbed FRW metric: ds® = a°(7) |—(1 +2®)d7* + (1 — 2V)6;;dz" da” |

Gauge-invariant perturbations Curvature perturbation Isocurvature perturbation

0p )
(=0 —Hop/ Sap = 3(Ca — (5) = 2

1+ w, 1—|—w5

 Primordial perturbations determine initial conditions for ¥, ®, §, = dpa/pa ---

Adiabatic initial conditions CDM lso initial conditions DR Iso initial conditions
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Examples for Isocruvature Perturbations

time

Inflation

Reheating
o — SM

Curvaton decay

Y — CDM

or
Y — DR

Inflaton

Curvaton
0X

Oy — O¢

or 5)( — 5DR

CDM lIso

DR Iso



Spatial distribution of Primordial Perturbations

X(IZ, T) :.. Transfer function (time dependence)

Primordial spatial distribution X €19,¥,9,0,0...}
al distribution:  (c(F)e(F)) = 2= (PR)(2n)*6* (k + F
e Power Spectrum encodes spatial distribution: (c(k)c(k’)) = kgn( m)20%(k + k),
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Spatial distribution of Primordial Perturbations
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X (k,7) =le(k)X(k,7) | Transfer function (time dependence)

Primordial spatial distribution X €19,¥,9,0,0...}
al distribution:  (c(F)e(F)) = 2= (PR)(2n)*6* (k + F
e Power Spectrum encodes spatial distribution: {(c(k)c(k’)) = kgn( m)°0°(k + k'),
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Slow roll inflation



Spatial distribution of Primordial Perturbations

X (k,7) =le(k)X(k,7) | Transfer function (time dependence)

Primordial spatial distribution X €19,¥,9,0,0..}

e Power Spectrum encodes spatial distribution: {c(k)c(k')) =

Adiabatic Isocurvature
P.q(k .
(k) Aq(k/kpivot)"* —1 Curvaton/Axion
Mazumda, Rocher, Phys.Rept., 2011
- Marsh, Phys.Rept., 2016

Phase transition during inflation

Barir, Geller, Sun, Volansky, PRD, 2023
Buckley,PD,Fernandez,Weikert, JCAP, 2024

A, ~2x 107
ns 2 0.96 5ok 2018 | |
Inflationary dynamics Piso (k)
Slow roll inflation Pi, Zhang, Huang, Sasaki, JCAP, 2018

Pi, Sasaki, JCAP,. 2020

log-normal



General Constraints on Primordial Perturbations

e General parametrization: P(k) = Ad(lnk — In ko) simple and useful



General Constraints on Primordial Perturbations

e General parametrization: P(k) = Ad(lnk — In ko) simple and useful
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General Constraints on Primordial Perturbations

P(k)=Ad(Ink — Inkp)

e General parametrization:
Curvature Power Spectrum
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simple and useful

Isocurvature Power Spectrum

DRDI delta function
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Gravitational VWaves

PTA
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Powerful probes of physics in the early Universe Exciting experimental probes



Sources of Gavitational VVaves

* First order phase transitions
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Sources of Gavitational VVaves

* First order phase transitions

BICEP2 B-mode signal
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Domenech, Universe, 2021

e First order phase trans
e Primordial tensor modes
e Scalar induced GWs

Sources of Gavitational VVaves



Scalar Induced GWVs

ds” = a”(7) [—(1 +2®@)dr" + (i — 2Wdij + hij)da'da’ |

 First-order perturbations: no source term for GWs

but a damping term if free-streaming radiation (neutrinos, DR) exists
Weinberg, PRD, 2004



Scalar Induced GWVs

ds® = a*(7) [~(1 +2®@)dr" + (0i5 — 2Wd;; + hij)da'dz’

 First-order perturbations: no source term for GWs

but a damping term if free-streaming radiation (neutrinos, DR) exists
Weinberg, PRD, 2004

First-order Einstein’s equation
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Scalar Induced GWVs

ds® = a*(7) [~(1 +2®@)dr" + (0i5 — 2Wd;; + hij)da'dz’

 First-order perturbations: no source term for GWs

but a damping term if free-streaming radiation (neutrinos, DR) exists
Weinberg, PRD, 2004

e Second-order perturbations:
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e GW energy spectrum Qaw ~ Z(h,\h,\> ox AZ
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|Isocurvature Induced GVVs
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|Isocurvature Induced GVVs

Domenech, Universe, 2021
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|Isocurvature Induced GVVs
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e DRDI superhorizon source term is not suppressed! GW can be induced without curvature

Cai, PD, Zhong, JCAP, 2026
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|Isocurvature Induced GVVs
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e DRDI superhorizon source term is not suppressed! GW can be induced without curvature

e DRDI GWs can be much larger than CDI for large k



|Isocurvature Induced GVVs

P(k) = Aé(Ink — In ko)
Delta function
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Constraints from PTA
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Future Directions

DRDI delta function
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Conclusions

e Many well-motivated BSM models can generate isocurvature perturbations

e |socurvature induced GVVs have distinct spectrum compared to curvature induced GWs

e Pulsar Timing Arrays set limits on isocurvature power spectrum around |0¢ Mpc-!

DRDI delta function
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Thank you!



General isocurvature constraints
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