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History of the Universe

Mukhanov, Chibisov (1981)
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The Universe at the end of inflation

» Cold, dominated by inflaton ¢ ()

. qﬁ(t) should decay to matter and radiation to
recover BBN - REHEATING



Inflaton decay

V() . «— 0

* Form of the potential

inflation ends:
oscillatory phase



Inflaton decay

V(¢) . «—0

* Form of the potential

inflation ends:
oscillatory phase

* Couplings to other fields



Inflaton decay

Allahverdi, Brandenberger, et al. (2010), Amin, et al. (2015), KL (2019) (reviews)
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Inflaton decay

Allahverdi, Brandenberger, et al. (2010), Amin, et al. (2015), KL (2019) (reviews)

* Perturbative ¢ NN X
-Rate and x-section ><
6~
* Non-perturbative (explosive)
-parametric resonance 0
O



Non-perturbative decay

(parametric resonance)
1

V(9,%) ~ 5m*6 + 92677 + ...

Y — Ax + g°¢*x =0



Non-perturbative decay

(parametric resonance)

1
V(p,x) ~ zm? 9" + g°¢°x° + ..

)
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Y — Ax +g°d°x =0 \\/‘



Non-perturbative decay

(parametric resonance)

1

V(9,%) ~ 5m*6 + 92677 + ...




Non-perturbative decay

(parametric resonance)

1

V(9,%) ~ 5m*6 + 92677 + ...

Xk o< exp(Epxt)

if R(ux)# 0 = parametric resonance



inflaton amplitude

Non-perturbative decay
(parametric resonance)
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Time-line of Reheating

Allahverdi, Brandenberger, et al. (2010), Amin, et al. (2015), KL (2019) (reviews)
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Time-line of Reheating

Allahverdi, Brandenberger, et al. (2010), Amin, et al. (2015), KL (2019) (reviews)
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Time-line of Reheating

Allahverdi, Brandenberger, et al. (2010), Amin, et al. (2015), KL (2019) (reviews)
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Observational signatures
* Difficult
- very small length scales

- thermalization



Observational consequences

Allahverdi, Brandenberger, et al. (2010), Amin, et al. (2015), KL (2019) (reviews)

* Expansion history effects

* Potentially observable remnants:
- Stochastic GWs
- Non-gaussianities
- Solitons

* Constraints on high energy physics models:
- Overproduction of defects
- Complete decay of ¢(t)
- Primordial BHs



The way forward

Theory
- more realistic models (couplings)

Phenomenology
- detailed (numerical) analysis
- observational signatures

Observations
- non-Gaussianities, high-freq GWs
- expansion history effects



Our works



The equation of state
after inflation

KL and M. Amin, PRD 99 123504 (2019)
KL and M. Amin, PRD 97 023533 (2018)
KL and M. Amin, PRL 119 061301 (2017)



What is w after inflation?

pressure

w = ,
energy density

S = [dov=g[15R ~ 50u00"0~ V(5)
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What is w after inflation?

w =

pressure

energy density

Kallosh and Linde (2013)
Carrasco, Kallosh and Linde (2015)
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What is w after inflation?

w =

pressure

energy density

/ B/ 1R ~ 50,0010 — V(6)

Kallosh and Linde (2013)
Carrasco, Kallosh and Linde (2015)
Silverstein and Westphal (2008)
McAllister, et al. (2014)

flat (observations)

¢ ~ M

assumption: self-couplings dominate over others



What is w after inflation?

0 ifn=1 (even without
at sufficiently late times: — ' couplings to
1/3 it n>1 other fields!)

flat (observations)

V(9) o< |p[2"

@] ~ M



Inflaton dynamics

inflation ends:
oscillatory phase



Inflaton (homogeneous) dynamics

-

V(o)

inflation ends:
oscillatory phase

B(t) o< a(t)~ "+




Inflaton (homogeneous) dynamics

V(o)

inflation ends:
oscillatory phase

3(t) o a(t) =3/ D)



Inflaton (homogeneous) dynamics

-

V(o)
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inflation ends:
oscillatory phase

n—1

W ——
hom n ot 1 Turner (1983)



Inflaton (actual) dynamics

inflation ends:
oscillatory phase

* parametric resonance of §¢(t,x)
° CE fragments KL and M. Amin (2017, 18, 19)



Equation of state
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Equation of

state

— M < myp1 (efficient resonance)

— M ~ myp (inefficient resonance)
S 0 2.5 3.1 3.6 0 10.7 12 13.2
< 1.0 | 1.00 | m——
+ 1
2 05 Yrad =35 1 05
o prmmmmmmmaeeadl--
S i
‘=  —0.5! | —0.5
S
o —1.0’ - - n=1 _1.0/ | | n > 1
2 0 1 15 > 0 1 > 3

(e-folds after inflation) AN

ANEfaa dlna

end



Towards radiation domination
n > 1



inflaton vev amplitude

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

Towards radiation domination

n>1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

Towards radiation domination

n>1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

Towards radiation domination

n>1

Non-perturbative decay (parametric self-resonance)

Do
O

—
Cﬂ

p—t
O

-
Cﬂ

0.00

b

0.0 0.5 1.0 1.5
K= lc/(ITTL

inflaton field wavenumber

Power spectrum:
(0p(2)?) = [PspdInk

1071

2
0sc

103

Pso/ ¢

107°

5 50 500
k/mo

comoving wavenumber



inflaton vev amplitude

bosc/ M

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

Towards radiation domination

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

Towards radiation domination

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)

n =2
2.0| | () V()< |6 | @
| 5: z 0.10 .
: |
1.0} <
’ 0.05 M ~ mp
0.5
0.0l | , , | 6¢k X eXp(::lukt)
00 05 1.0 1.5 2.0
k=k/am

inflaton field wavenumber
m2 = V,(CEOSC)/QBOSC



inflaton vev amplitude

¢‘OSC / A/[

Towards radiation domination

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

¢‘OSC / A/[

Towards radiation domination

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

bosc/ M

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

¢‘OSC / A/[

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

¢‘OSC / A/[

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

¢‘OSC / A/[

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

¢‘OSC / A/[

Towards radiation domination

n>1

Non-perturbative decay (parametric self-resonance)
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Towards radiation domination
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inflaton vev amplitude

¢‘OSC / A/[

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

¢‘OSC / A/[

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude

¢‘OSC / A/[

Towards radiation domination
n > 1

Non-perturbative decay (parametric self-resonance)
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inflaton vev amplitude
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inflaton vev amplitude
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Towards radiation domination
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Towards radiation domination

n > 1
M << my vampl

* slow production of d¢(t, x)
/[l (transients)

* ¢ fragments gradually

7z n+1 M
* ¢ fragments quickly ANy ~ ; In (103_)

mpl

at sufficiently late times:

1
¢ virialized + turbulent — w = —



Expansion history effects
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Spectral index: Ng

Tensor-to-scalar ratio: 7
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Spectral index: ns = ns(M,n, N,)

Tensor-to-scalar ratio: 7 = (M, n, N,)
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Spectral index: ns = ng(M, nv@)
Tensor-to-scalar ratio: 7 = T(Ma na@)??



Expansion history effects

Spectral index: ns = ng(M, nv@)
Tensor-to-scalar ratio: 7 = T(Ma na@)??

50 < N, <60

Planck Collaboration (2015)



Expansion history effects

Spectral index: =ns(M,n @

Tensor-to-scalar ratio: 7 = 'r M n @

KL and M. Amin (2017, 18, 19)



Expansion history effects

Spectral index: ne = ng(M,n @
Tensor-to-scalar ratio: 7 = M n @
1 1 %% ke 3 — 1
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Aya
ANyaa = [, dIna KL and M. Amin (2017, 18, 19)

end




Expansion history effects

Spectral index: ns = ns(M, n,(N,))

r(M,n, )‘/

Tensor-to-scalar ratio: 7

N, = 66.89 — —1 —1 —— —1 A Nrag
13 Mgeh T n m pena aoHy 1
reheating

Aya
ANyaa = [, dIna KL and M. Amin (2017, 18, 19)

end
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Expansion history effects

Spectral index: ns = ns(M, n,(N,))

r(M,n, )‘/

Tensor-to-scalar ratio: 7
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Expansion history effects

Spectral index:

Ts

r=r(M,n, )‘/

Tensor-to-scalar ratio:

||
.
=
=

1 1 % k. {Wing)— 1
N, = 66.89 — — 1 =y | — .
g Motk T g e T T %
p1F
Aling < Ale =1 bM<y
ra S r = X .
d : \”Tﬂln (10&%1) if M ~ mp)
( —1 )
n=s f 0 < AN < AN,
Wing(AN) = { n¥1 ad
3 lf AN > ANrad

ANpog = [[™dIna

Qend

KL and M. Amin (2017, 18, 19)



Expansion history effects

2n W‘ a—attractors
V(¢) oc tanh (M) (T-models)

Kallosh and Linde (2013)
Carrasco, Kallosh and Linde (2015)



Expansion history effects
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Expansion history effects
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Expansion history effects
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Expansion history effects
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Equation of

state

— M < myp1 (efficient resonance)

— M ~ myp (inefficient resonance)
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Matter domination?

n=1
MNmpl

d * J¢(t,x) production shut off

* ¢osc(t) = pressureless dust

* ¢ forms oscillons (stable)
KL and Amin (2017, 18, 19)
See also Amin, Easther, Finkel, Flauger, Hertzberg (2011)

matter-like eos: w =0

couplings to other fields?
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Other connections ...

stochastic GWs from fragmentation KL and M. Amin (2019)
(early) dark energy (n=2) Agrawal, Cyr-Racine, Pinner, Randall (2019)
M. Amin, KL and T. Smith (in progress)

dark matter (n=1 oscillons = Q-balls)

matter-antimatter asymmetry... KL and M. Amin (2014)



Oscillons & baryogenesis

KL M. Amin, PRD 90, 28 (2014
Complex and min 90, 083528 (2014)

inflaton ¢
+ y.m

ldynamics at the end of inflation

inflaton/anti-inflaton
asymmetry

l decay very different dynamics from homogeneous case!

matter-antimatter
asymmetry
n~6x10"1°
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KL and M. Amin, JCAP 1606 032 (2016)

S = [ dov=g[ 7GR ~ (Dud) D"6 = V(o) — 3 Fu ™|

A} o exp(Epft) Ay o exp(pugt)

N R(uy)

inflaton amplitude

)

wavenumber wavenumber




1

S = [ dov=g[ {5 R ~ (D) D 6~ V(10]) = {FuF™]

Non-Abelian code in collaboration with
A. Caravano, KL, Eiichiro Komatsu, J. Weller
J—

(2021a, 2021b, in progress)
& -

Abelian code: KL, M. Amin (2020)
auge ield integrator for Fcheating
NEW LATTICE CODE!!! JCAP 058 04 (2020)
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Drive inflation
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Adshead, Sfakianakis (2017)
Adshead, Martinec, Sfakianakis, Wyman (2016)



Adshead and Wyman (2012)

¢

1
_ 4 — = Mo T pa papy a rapv
/d :c\/_[—m =R a u60"6 =V (9) = 7 Fp, F 4fFWF
Non-trivial vevs:
0
AL(t) = a(t)Q(t)6;
Drive inflation Spectator sector

(+extensions)

Adshead, Sfakianakis (2017)
Adshead, Martinec, Sfakianakis, Wyman (2016)



Adshead and Wyman (2012)

1 ¢
_ 4 — = Mo T ra apy a auv
/d ;c\/_[m =R aﬂgba 60— V() — 7 Fp F fFWF

Non-trivial vevs:

B
A¥(t) = a(hQ(1)e"

Drive inflation Spectator sector

(+extensions) Dimastrogiovanni et al (2016)
Maleknejad (2016, 2018)

Fujita, Sfakianakis, Shiraishi (2018)

A. Agrawal, Komatsu et al (2017, 2018)

Adshead, Sfakianakis (2017)
Adshead, Martinec, Sfakianakis, Wyman (2016)
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Adshead and Wyman (2012)

1 _
0,00"6 = V(9) — i " — LF, Fo

1 1
_ | A _ -
S_/dx g[lGﬂ'GR 2
Non-trivial vevs:
a(t)
A (t) = a()Q(1)5;
Linear coupling between Gauge Fields and GWs!
(514,[; and hij

Enhanced and chiral GWs!
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Non-trivial vevs:
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Ab(t) = a(t)Q(t)s?

Linear coupling between Gauge Fields and GWs!

Q.
(Vp]
GLJ LiteBIRD
o
Q.
Q, Figure from
Campeti, Komatsu et al.
arXiv:2007.04241

Iog(freq uency)
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Mirzagoli, Maleknejad and KL (2019)
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See also Domcke et al (2018), Adshead, Sfakianakis (2015)
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Motivation for FDM

ACDM small-scale challenges

* Missing-satellite/too-big-to-fail problems

e Cusp-core problems

FDM solution

* No grav. collapse below Agp

Hu, Barkana, Gruzinov (2000)
Hui, Ostriker, Tremaine, Witten (review) (2016)
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Conclusions

Reheating at the end of inflation:
e very rich dynamics

Future plans:
* more realistic models (e.g. gauge fields)
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