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what we ‘“know’’ about inflation

(simplest case - scalar field driven inflation)
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end of inflation




end of inflation in “simple” models
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oscillating “free’ scalar field

- “slow” gravitational instability
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*similar to a matter dominated universe, see for example: Gilmore, Flauger & Easther (2012), also see Richard’s talk



self-interaction instability

— “oscillon” formation

expansion v’
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MA (2010) 1006.3075

*without oscillons, but relevant for instabilities, see related (much) earlier work: Khlopov, Malomed & Zeldovich (1985)
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self-interaction instability

— “oscillon” formation

expansion v’
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self-interaction instability

— “oscillon” formation

expansion v’
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instabilities in an expanding universe

growth-rate of fluctuations %[Hk] mpl > 1
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expansion v’
self-interactions \/

gravitational int. X

MA, Easther, Finkel, Flauger & Hertzberg (2011)
1106.3335



very inefficient antennas!

(1) oscillatory (2) spatially localized (3) very long lived

For example: E::
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Bogolubsky & Makhankov (1976), Gleiser (1994), Copeland et al. (1995) ...



family of scalar field solitons
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expansion v’
self-interactions \/

gravitational int. 7

assuming coupling to other fields is sufficiently weak



include gravity !

gravitational interactions

- gravitational clustering takes time ...

- long time makes it difficult to resolve very fast oscillatory time
scale



“non-relativistic’ limit

o(t,x) = g%[e—imtw,xn ds® = —(1 4 2®0)dt* + a”(t)(1 — 2®)dx”
M, o <1 | <« 1
mom
v v
non-linear Schrodinger eq. Poisson eq. + Friedmann eq.
1
* this is a bit non-rigorous V(g) = zm*¢” + Vai(9)



non-relativistic case

1
[i (5’t + §H) + —=V*-U,(|y]*) —®| ¢ =0, nonlinear Schrodinger eq.

630 = L2 [t (e, )]



non-relativistic case

1
[i (5’t + gH) + ﬁVQ — UL (Jy)?) — <I>] P =0, nonlinear Schrodinger eq.
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Schrodinger Poisson code: Mocz et. al. (2017)



self-interactions
+ gravity™ L
(Schrodinger-Poisson)

MA & Mocz (2019) 1902.0726

expansion v
self-interactions v’
gravitational int. v/ » . ®

relativistic? .

for “passive gravity” case, see ’
Lozanov & MA (2019) *self interaction

ore important than grayity |n|t|all)‘

1902.06736 **there are a number ofiavei the non.*elatlwstlc approximations
a






gravitational clustering of solitons
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gravitational clustering of solitons

Caution: we don’t fully understand (some) velocities of solitons (work in progress)
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self-interactions

+ gravity™

(Schrodinger-Poisson)
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bounce
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summary |

¢2\ | .oscillons dominate the energy density
- ¢

¢~ M < mp 2.they cluster gravitationally

3. can undergo complex scattering



so far, quadratic minima with wings ...

flattened &otential HP<?

\S
\ quadratic minimum

o] ~ M

* shape of the potential (self couplings)




non-quadratic, power-law minima ?

flattened &otential

power law at the minimum

(fractional powers also)

o] ~ M

* shape of the potential (self couplings)




dynamics in different power law minima

Homogeneous oscillations
n—1

n—+1

w =

Turner (1983)

. . eq. of state
inflaton potential

pressure
=— —1/3
density /

radiation
domination

i matter “
Lozanov & MA (2016/17) S
1608.01213,1710.06851 L



“equation-of-state”

from oscillating fields

the spatially averaged equation-of-state of fields

- (n = 1) quadratic minima w =0

- (n > 1) non-quadratic minima w = 1/3 (@fer sufficient time)

why? . /H oc ¢~

power law at the minimum

.

Lozanov & MA (2016/17)
1608.01213,1710.06851




Implications

» gravitational
- homogeneous
- inhomogeneous

non-gravitational ( typically more fields needed, and more
model dependent)



implications

eq. of state & CMB observables

ower law at the minimum
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* non-quadratic minimum
MA & Lozanov 2017 [1608.01213,1710.06851] n # 1

also see: Kamionkowski & Munoz (2014), Cook et.al (2015) * no oscillons here,



implications

reduction in uncertainty
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*Caveat: all other fields are assumed to be light and massless. non-quadratic minimum



implications

primordial black hole

formation from solitons?

Gravitational potential Oscillons

107 tE.

1902.06736 Lozanov & MA (2019)

® < few x 1077

1071
Not easy to form PHBs T
from individual solitons from self resonance 1075 g
. ° ° ° ° 10_7_-
Can accidental over-densities in solitons lead
to PBHs (Cotner et.al 2018/19) -
1072
Q,
107°}-
1077t v

Also see Kou,Tian & Zhou (2019) for recent GR simulations of oscillons © 3 10 v
Also see T. Giblin’s talk on GR effects in preheating




gravitational waves

(mainly from formation)

growth-rate of fluctuations - mp]

expansion rate ﬁ > 1 Oscillons
1079}
10710}
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-14
10 | /\ !
108 109 1010
fo/HZ
\ 4

Lozanov & MA (2019) 1902.06736
Earlier work: Zhou et.al (2013). Also see Kitajima, Soda & Urakawa (2018)




implications

gravitational waves

energy scale (GeV)
107" 107" 107 10 10° 10°

e BBN + CMB

— -
——————
—————————————————————————————————

10-15}
10_26 | -10_16- | -10_12- | -10_8- | -10_4-
frequency (Hz)

also potential constraints from Neff from CMB S4

caveat™® early universe g-waves amplitude depend on assumptions of expansion history (see Kane, Sinha & Watson (2015)

Earlier work on g-waves from end of inflation: Khlebnikov & Tkachev (1996), Easther, Giblin, Lim (2006/07), Dufaux et. al (2007)



coupling to other fields?

— model dependent answers

o] ~ M

* shape of the potential (self couplings)

* couplings to other fields




example: Higgs - modulus/inflaton system

MA, J. Fan, K. Lozanov & M. Reece (2018) [1802.00444]
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GFiRe: a Gauge Field integrator for Reheating

Kaloian D. Lozanov & MA [arXiv:1911.06827]

Resonant Production of
New algorithm and code, GFiRe, to simulate nonlinear dynamics of Electric & Magnetic Fields
Charged Scalars Fields coupled to Abelian Gauge Fields in an
expanding universe

- algorithm uses link variables and includes self-consistent
expansion

- algorithm is symplectic (arbitrary order) and has “exact”
preservation of Gauss constraint

Energy Constrain Violation Gauss Constrain Violation Formation & Evolution of

“Local” cosmic Strings

10—5,
1070}
1077
“ ”
L
L .y — An
10—9 |
— 107Y4A7
-10 |
10 _— 10_1/2A7'1
0 7507 100 150 200 250 0 50 100 150 200 250
time time

Also see related works by Figueroa et.al (2015), Adshead, Giblin, Scully/Weiner (2015/17)
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GFiRe: Gauge Field integrator for " cheating
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sufficiently complex models

of inflation and reheating

appropriate for sufficiently complex models of inflation

wavenumber —s
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*  Wires to Cosmology
(MA & Baumann 1512.02637)

- Multifield Stochastic Particle Production
(MA, Garcia,Wen & Xie 1706.02319)

«  Stochastic Particle Production in deSitter Space
(Garcia, MA, Carlsten & Green 1902.06736)

«  Curvature Perturbations from Stochastic Particle Production during Inflation
(Garcia, MA & Green 2001.09158)

Also see recent work by D. Green in 2015. Early work in context of noise in preheating: Zanchin et. al 1997, Bassett 1998



in general, there can be lot more going on

” scalar & gauge bosons +  fermions >
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from review: MA, Kaiser, Karouby & Hertzberg (201 3)



generality & novel connections

® AXxionic dark matter
@ Solitons in cold-atom BECs

Mocz et.al + MA (20I9)
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Nguy, Luo & Hulet (2017)
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dark matter:
axion-like fields

for example:

Peccei & Quinn (1977)
Hogan & Reece (1988)
Kolb & Tkachev (1994) AV(¢)
Hu, Barkana & Gruzinov (2000)

Marsh & Silk (2014)

Guth, Hertzberg & Prescod-Weinstein (2018)
Niemeyer & Engels (2016)

Hui et.al (2016)

Arvanitaki et. al (2009/19)

>
Mocz et. al (2019) gb




“usual” cold

dark matter
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dark matter
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related solitons in BECs

A R R el R i AR

0 | 100 m— 200 300

nonlinear Klein Gordon — nonlinear Schrodinger eq.

0pp — *V2p+ 9,V (p) =0

AN

2 2 72 _ ; —
Orp— sV +0,V(0) =0 «—— 0y = {
relative phase between different condensates
see Jonathan Braden’s work on bubble nucleation
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non-relativistic
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non-perturbative dynamics at the end of inflation?

hot thermal soup
with nuclei

inflation

3 dnh
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Nonlinear Dynamics after Inflation

with connections to
axions & condensed matter systems + Higgs & gauge fields + disordered systems

theoretical/numerical results obs. implications

| instability in oscillating fields |. expansion history
2. formation of solitons 2. gravitational waves
3. eq. of state 3. structure formation

what else can these general results be useful for ?
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“Hubble Tension’ resolution

— some novel implications

106
_ z = 350 gravitational potential
{ === z=300
narrow resonance | —-— 2 =250 ,'\.

i . \
re » 2 i
< i

033 034 035 036 037 038
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1.4x 10712} gravitational waves

1.2x 10-12f-

1.% 10‘125-
$ 8.><10—13f-
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4. % 10—13f-
2.X 10-135-

=~
=
ng O<f)

> O 1.x10716  2.x 10716 5.x10716  1.x10°1
fHz]

Smith, Poulin & MA (2019)
Also see: Karwal & Kamionkowski (2016), Poulin et.al (2018), Agrawal et.al (2019). MA, Lozanov & Smith (in progress)

*no-solitons



Numerical GR

srmenacions—— “‘y]tra-compact’ soliton collision

formation

Helfer, Lim, Garcia & MA (2018)

»—o—@ e o0
0.1 2'_slub—critical | criticall dégenerate 1
sub-critical N — [ ;
0.10[ { {
NS I
» =~ 0.08
critical 5 . 5 5 i |
3 0.06F fr bk
= ¢
0.04f
degenerate ® 0o 00— B [ '}
0.02f
0.00 0.05 0.10 0.15
C=GM/R
0.012F = . = .
- e — - B —e—0—0o—8

0.008 |

| :_ :
. | |
0.004|

0.000}

R(r¥y) [((2GM)™]

—0.004 |

—0.008}

500 1000 1500 2000 300 350 400 150 200 250 300
t 2GM]| — t 2GM] — t 2GM] —



relativistic* \/
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Lozanov & MA (2017)
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gravitational int. X

Lozanov & MA (2017)



individual solitons stability

_ —wt i — '
w(ta T) — € \IJ(T) A i 83; %(6) o w/ gravity
— o >; 8 o §l x 10 gravity
3 2 3 6 O g = 1.5 i
N = | &rP=(r) s
=
3
= 4
stable iff: s
Vakhitov Kolokolov (1973) =
p) |
dN 0 = © o] stable
> —
a(—v) O
0 1 2 3

U(r = 0) [central amplitude]

— stability with gravitational interactions needs to be investigated



