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Dark Energy
Accelerated Expansion
Afterglow Light

Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years




preheating?

380,000 yr
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—— Einstein Telescope

aLIGO

Square Kilometer Array

—— NANOGrav
— LISA

—— Big Bang Observer

CMB
o (indirect)
=== Inflation, r = .056

Zach Weiner, UIUC

1078
Frequency [Hz]

T/GeV
10~10 1077 1074 1071 102 10° 108 101
//
|/

]_OI*].S ]-OI*LF) ]_OI*].Q 10I*9 ]_OI*G -6.0 =—— Broken PL

—6.5 == == PL (5 freq.)

f (HZ) é o — + PL (30 freq.)

S " " T =1'§ o Ing
10 10 10 10 10" 80 N "‘"--E____
z T 85 :
9.0 —— ,




Gravitational waves constrain resonant
dark photon production from axions




Gravitational waves constrain resonant
dark photon production from axions

also dark matter, magnetogenesis,
inflationary phenomenology...




Gravitational waves constrain resonant
dark photon production from axions

Why invoke this model?
To transition from something like
dark energy to radiation
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Cosmological scalar fields
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————m — N I some initial
1.00 ¢ 1 _ homogeneous
[ configuration
0.75:—
050}
t..__ﬁ L
—~ [
S 0.25¢
0.00F
—0.25:—
T T B T/ A AT

H/m

Zach Weiner, UIUC



Cosmological scalar fields
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Cosmological scalar fields
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Tachyonic production of gauge bosons
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Beyond the linear regime

* Mode amplitudes quickly grow
e System becomes nonlinear

* Gauge fields will backreact onto the axion
e Exert on the axion’s homogeneous motion
* The axion itself will fragment

* Highly inhomogeneous field configurations
* Source gravitational perturbations!

* Must employ to
capture the physics




Application I: reheating after inflation
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Why (p)reheating?

the “inflaton”

5= / oy =g {—%ama% - V(é)]

A slow-rol|

oscillations
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<«— inflation —» ¢end <«— reheating —»

particle production
radiation domination
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Why (p)reheating?

the “inflaton”

5= [[atev=[-ju0r0 Vo)

A slow-r

The inflaton

must* couple
to other
particles!

particle production
radiation domination

oscillations

<«— inflation —»

1
¢end <«— reheating —»
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Preheating into gauge bosons

* Toy model: add another scalar field
* Long history of study in a variety of models

(] Why ga uge fields? Standard Model of Elementary Particles
* Need to eventually populate Standard Model (or R T e
. oo e i « @ 1 0
SM-like) degrees of freedom o Lo |5 || o= [
* Any dark/hidden sector’s forces would likely be '® F® IF'e l @
mediated by gauge fields o) e
. : : ~ : - @ |I® |@® || @ 2
* Naturally realizes radiation-dominated era e = %
* More exciting phenomenology, even during (2[99 | @
inflation! Sl e

Polarized electromagnetic fields Chiral gravitational waves

Non-Gaussianity Primordial black holes

Zach Weiner, UIUC 11



Lattice simulations of preheating

classical fields: PDE initial-value problem
discretize onto a 3D grid

dV a

I 9.9 / 27" 2 n4
8" —0idip + MY+ G = —a® Fu T
Al — 0,8; A; — %(—:iklgb’(‘?k}lg n %eiklakqb (A! — 9, A9) = 0

+ Friedmann equations, gravitational waves...



Lattice simulations of preheating

classical fields: PDE initial-value problem

discretize onto a 3D grid

inflaton coupled field

small fluctuations

small fluctuations |
about mean <0 ~
Zach Weiner, UIUC about zero
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Lattice simulations of preheating

classical fields: PDE initial-value problem

discretize onto a 3D grid

inflaton coupled field
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Gauge preheating after inflation

preheating
“efficiency”
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Generation of gravitational waves

op/p
Preheating generates anisotropic stress .
]_ 6 12
A ] 2 2
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TZ-(? = 0;00;¢ — a*5;; (58;;,8“9'5 + V(Qb))

8

which sources gravitational waves
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linear, inhomogeneous PDE transverse-traceless
projection of the 0
stress tensor Myt
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Generation of gravitational waves

1 dp 1 kS 2
Q w k = _ gw — h)\l
(k) = Tk 247T2L3H2;’ 2 ()]

larger a/ f

stronger coupling
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Constraints from N g

e As radiation, GWs contribute to the

Quwoh? 7 (4\"?
0 2 (2] AN,
Q. oh? 8(11) "

e CMB-S4 will probe AN,.gto a level that would constrain™
Quw.oh® <7.6 x107°

(Qradiation,(] h2 ~ 10_5)



Constraints from N.g
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Tensor-to-scalar ratio (rg.002)
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Application Il: early dark energy and the

Hubble tension
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Early dark energy

* Discrepancy between local and CMB
measurements of Hubble constant

] . . 0101 —— =2 ©,=31 I
* Likely calls for new physics to modify R
sound horizon at recombination e —m
. . . . = 0.06 -
 Something which transiently increases B
0.04 -

expansion rate
0.02 A

* First models: cosmological scalar field
0.00 -

* Invoke an exotic potential = oscillations 0t 1 10t 1 1

decay faster than radiation z



The decaying ultralight scalar model

* Trade a funny potential for our favorite coupling to dark photons

* EDE still from scalar frozen up its potential
* Resonant dark photon production = radiation

e 2006.13959: employed an effective fluid description
* But the dynamics which deplete the axion are
at scales entering the horizon around MR equality



Dynamics of the dULS model
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Dynamics of the dULS model

of state
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Qg 0h*

Gravitational wave emission
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Thank youl!
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