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Overview

Primordial gravitational waves in standard cosmology

Pion condensation in the early universe at nonvanishing lepton flavour asymmetry
“and its gravitational wave signatures

Primordial gravitational waves in nonstandard cosmologies
Primordial gravitational waves in modified cosmologies
.-Therinal history of the early universe and the induced PGW

. Primordial black hole dominated era and QCD axion dark matter
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~ Tensor Perturbation and Primordial Gravitational Waves
Relic Density

Evol\ut—ic‘)n eq‘uati\on for gravitational wave amplitude “h” (1st 'order):

(k) + 2HE (k) + KPh(k,n) =0, H=d/a=aH

/

Wave number Conformal time
- Hubble rate:
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Transfer function

nsor perturbation polarisation modes:
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- Trace anomaly:
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Qaw(k,n0) o< Qaw(k, Mhe) k5|v(k, 77h<:)\2

It gives roughly a flat spectrum

PGW relic density and the SM equation of state:

QGW (k, 770) X Ptot (Thc) Stot (Thc) o

;,l;i_y:changes of degrees of freedom or equation of state in the early universe espeC|aﬁI*“f’
nd cosmic transitions influence on the PGW spectrum. QCD affects the GW
‘ground in the frequency range of pulsar timing arrays, e g EPTA, SKA, etc.

Schwarz 1997 .. Watanabe & Komatsu, 2006 . Saikawa & Shirai, 2018 ~ EH. J.Schaffner-Bielich, et al. arXiv:1904.01046. -


http://arxiv.org/abs/arXiv:1904.01046
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Scale independent tensor power
spectrum and the scale of inflation:
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F - Pion Condensation in the‘Early Universe at
~ Nonvanishing Lepton Flavour Asymmetry

Using hadron resonance gas and the effective mass model of pions for lepton
flavour asymmetry and pion condensation regime in the early universe.

Lattice QCD at nonvanishing isospin chemical potential and nonzero.
temperature. |

- Equation of state for cosmology: predictions for the spectrum of primordial
- gravitational waves and mass distribution of primordial black hole format‘ion._"‘

V.Vovchenko-et:als2009:023097%
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"Lepton Asymmetry in the Early Universe

- Conservation of charge, lepton number, and baryon number in the early universe:

ng(T, uB, g, 1 })
s(T, pB, 1, {11})

)

ialg HQ, { )
s(T, pB, Qs {ka})

Silay ecie My T

nB(T,,uBan) =
s(T, uB, B, {1})
Constraints from cosmology:
b =R ]
S

nj . :
A Y <

. from CMB and number of effective neutrinos
"P'f"eSSUi*e (and equation of state) in the thermal bath of the early Universe:
D chD(T, KB pq) + pi(T, HQs {m}) 4 P (T)

R - e

M. Wygas ctal; 1807:10815 - Planck collab; 150200589 = Oldengott, Schwarz, 1706:01705




Pion Condensation

'Usmg Thermal-FIST package for hadron resonance gas model the onset of pion
condensatlon is computed:
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I’;is done by scanhing over |lo — 1, | and|l. + lul .
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icondensed phase (using effective mass model).

Pion con'densation_(Bosé-Einstein condensation of pions) can happen if

T < 160 MeV at |ug| > My

V.Vovchenko, H. Stocker 1901 05249 Faias . VVovchenko et al. 2009.02309



400

;:_;:The lower bound on the lepton flavour asymmetry that can lead to the plon condensatlon
f;formatlon can be found: | s

YeYouchenkeotal A0 o3



Full
----QCD only

- Trace anomaly versus temperature: e

- The trace anomaly can be negative
inside the pion condensation regime!

700 120 140 160 T80
T [MeV]
We can not have first order QCD phase transition even based on reasonably large values
of non vanishing lepton flavour asymmetry! So only the modification of Hubble factor due

to the change of equation of state around QCD transition can affect cosmology.

~ Trace anomaly versus pion chemical

; =10
potential at zero temperature:
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The pion chemical potential becomes
equal to pion effective mass at the
start of pion condensation.

4 — Effective mass model
At T=0 the effective mass model is - -0.4 Lattice QCD
‘matched with yPT'. 0.5 1.0

MMy

e

- Brandt, Endrodi, et al., 1802.0668
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The effect of non vanishing lepton For frequencies around nanohertz the PGW
symmetry on the PGW comes from the spectrum can be measured by Pulsar Tlmlng
ncreasing of value of entropy density Array experiments (SKA, EPTA NanoGRAV).‘
which changes 'the scale factor and

~ temperature relation very much and also

from the change of the equation of state
parameter that modifies the Hubble rate.

Recently the NanoGRAV experiment- rep_Q
a signal of gravitati‘onal wave with cosmic oF'i

N.Bernal,F._Hajkarim1905.104110,v S TEe T A V.Vov.chenko;e‘t al. 20_09.‘02309 .



8 mordial Black Holes

'-High,denéity regions in the early universe can collapse to form PBH.

| -;-;VD'ensity perturbation: / gin

¥ . &
Mgpa \ Threshold for primordial
KM, +0c —»  black hole formation -

Parameter from PBH formation simulation \ :
Horizon mass

1 >~ 2dMp  Mgn - [_ 0% (Mp) ] (MBH)'lY
Qcom Jo /270 (Mp)2 v M 202(Mp,) KMy,

Fraction of PBH w.r.t. total dark matter abundance:

41
S _-H—S
, 3 .

V.Vovchenko et al. 2009.02309



0.420

Variation of the threshold of PBH formation

| . ‘ . 0.415]
~ versus horizon crossing temperature:

0.410 S
— 1,000

0.405}

- Threshold for PBH formation for a radiation e

e . ‘ o > '« 0.400F

- like fluid from simulation and analytic — le+},=020

i I Oloe 0 o
estimation: 0.~ 0.41 +1,=0.

0.390r  ___ \4/-0.40

~ Analytical formula for PBH threshold: s

————— w=1/3

523040 o[ Ty 0.380;
o+ 3w 1+ 3w

3

Different experiments can put upper bounds | | .
on the PBH parameter space. Fraction of | . B

PBH versus BH mass: | | — =020
o = : i —— =030

le+,=0.40
i

R'é’”c‘ent".:LIGO observation can be from the
merger of PBHs formed in the pion
ondensed 'phaSe! => LIGO GWI90521

T. Herada, C. Yoo, K. Kohri 1_309_._..4201_



Nonstandard 'cosmologie‘s and the PGW

> The history of universe before big bang nucleosynthesis is unknown.

 ‘€>_ Uv completlon theories predict nonstandard cosmologles (by new
- scalar fields) beyond the standard radiation dominated era before

4 BBN and after inflationary epoch.

‘,}The- production mechanism of dark matter in the early universe |s
unknown. No hints for DM produced from the standard radlatlon’7
:-:domlnated scenario! .

. g i i -:.-,»,.i.'-’:-’: e 5 <
Laine & Meyer, 2015 - Borsanyi et al. 20 S ernal FH aerI905 I04I0



http://arxiv.org/abs/arXiv:1905.10410

jFrledmann equatlons in nonstandard cosmology:
Equation of state parameter for the dominant componen ¢,

_ P¢+ PR+ Pm + pa
3Mp,

‘Temperature at which @ decays:

90
S 2 2
Tdec = q, (Tdec) MPl Ffb\

Decay width

SM degrees of freedom

0

PR |T=T

max

Tashiro.& Shlba & Sasaki 2003 Nakayama & Takahashl 2010 Durrer & Hessenkamp 2011 Ramber,_g & Visinelli 2019 D’Eramo & Schmitz 2019



1—3w‘
: By v o
The PGW relic for modes come inside the horizon during ¢ domination: Qgw o< k ~ 'T3¢¢

The minimum value of ratios to have a modified radiation density due to nonstandard
cosmologlcal scenario ( pr x a”* = a” (de’))

gx (Tmaﬁ)
g*'(Tdec)
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Modlﬁed grawty theories can modify the Hubble in the pre BBN epoch Then
they can affect the PGW spectrum.

Scalar-Tensor theory of gravity:

- Jordan frame:

St = 1o | 'VGIF(O) R(9) - Z(0) 9" 8,60, - 2V (@)

Conformal factor
N 1
g, Aclo)g Ac(¢y) = e?”

Einstein frame:

| . ] - i . e i . . :
SST -_— 16’7TG*/d T/ —Gx [Ra(gx) — 295 L5 Oy D AV (04

N. Bernal, F H.,A. Ghoshal, G. Lambiase arXiv:2008.04959


http://arxiv.org/abs/arXiv:2008.04959

1+ a(g,) %s
Lo ¢*0)\/1—%(

- Scalar field equation of motion:

AC(¢*)
AC(¢*O

o) [1 - 3] =

)2 IN? -

. S ( dN

- Equation of state parameter where thermal history plays role!
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http://arxiv.org/abs/arXiv:2008.04959

09103a49

PGW spectrum in specific scalar tensor scenarios

arXiv:2008.04959



http://arxiv.org/abs/arXiv:2008.04959
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Hubb|e rate: Modified term from extra dimension
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http://arxiv.org/abs/arXiv:2008.04959

1nduced (2nd order)‘ PGW from Scalar Perturbations

> In case the tensor-to-scalar ratio is very small then the first order
- PGW will be negligible and might not be in the range acceSS|bIe by
future experlments

€¢ ”

> There is not any lower limit on “r” at first order.

F.H., J. Schaffner-Bielich, arXiv:1910.12357


http://arxiv.org/abs/

~ 2nd Order Tensor Perturbation Sourced by Scalar Perturbation
?T.ens'or' perturbation equation at second order:

hae(n) + 2Ky (n) + k*hi(n) =45k (n)

- Source from second order scalar perturbation (w = % )

o o d3q 4 o x . =
‘ .Sk:/Weij(k)qiq]' (Qq)qq)k_q = 3(1 " w) (H 1(I)q o (I)q) (H 1(I)i<—q +(I)k—q)')‘ =

cond order tensor perturbation in the comoving frame:

() huc() = 4 / ” G0 ()l

Green’s function: solution of source free tensor perturbation equation

Kobhri, Terada, 2018



~ 2nd Order Tensor Perturbation Sourced by Scalar Perturbation
R L | d Speed of sound |
- Evolution of scalar perturbation (¢ = d—i : peTe of soun

k +3H(A + )Py + CH + (1+3c0)H? + Sk?) P = 0

- Second order tensor power spectrum:

14+v o 2E D | ~
Pr(n, k) = 4/ / dv du [41} Shadnie I? (v, u, 2)Pr (kv)Pr (ku)

4vu

D i) — /090 da‘c%ka(n,ﬁ)f(v,u,iz)

12(w + 1)
(3w + 5)2H

12(1 + w)
(3w + 5)2F2

(000 (17) D) + OnB () D (o)) o @(@f)(jﬁc_p:

Kohri, Terada, 2018 ,'Baum'aﬂh,vSteinhardt, Tak;a-ha_::{shi’,“__,_I'_chjki_ZQQZffj Ananda,; Clarkson Wands 2006



! 2nd order terisor perturbation at horizon
s ' | crossing

SR Y
N
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iy RSN
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Pr(Nhe,K)PT(Mhe, Knigh)

Z(k)

L P e e S e T
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QGW(k) 770) X Z(Thc)ptot (Thc)sﬁot (Thc)_

ection factor from scalar perturbation and SM DoF
; \ i -W’* g M o ' ‘
Kohri, Terada,,_2018 Baumann,» Steinhardt, Takahashi, Ichiki 20(:)7‘ A_‘7.1Ananda,'Clarkson,.Wands»-ZOOG - M. Drees, F. H., E. R: Schmitz arXiv:1503.03513



http://arxiv.org/abs/arXiv:1503.03513
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Irvature power spectrum:

Kohri, Terada; 2018 Baumann, Steinhardt, Takahashi, Ichiki 2007 Ananda, Clarkson, Wands 2006 F. H., J. Schaffner-Bielich; arXiv:1910.12357
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Primordial Black Holes

~ » Density fluctuations in the early universe can collapse and form a PBH.

< By emitting all partlcles via Hawking evaporation — PBH will Iose mass and
- have a black body spectrum.

> They should radiate all SM particles + DM particles!

 ' _In case PBHs dominate the energy density of the universe they should"""
i;j]-completely evaporate before Big Bang Nucleosynthe5|s' , L

€VN

-,_.-Constralnt on PBH domlnatlon from BBN: T > 4 MeV, M < 2 >< 108 g

B.Carr, S.Hawkingv17974v - B.Carr 1¢


https://arxiv.org/pdf/2006.02838
https://arxiv.org/abs/1908.10189

Formation and Evaporation of PBH

- Initial mass of PBH at the time of formation:

M, =M, (T,) = ZIZ( )) H pR/3M2 Reduced Planck’s mass
. n z

Hawking temperature of primordial black hole:

2

M 1
e Pcnm%kv< g)
MBH MBH

(T;
Ratio of PBH w.r.t. radiation energy density at formation time: / th( ))
= ; R 1n

13
g*s( )

*s(Teq) /
1/5 i

1/1Temperatu‘re of the universe at equal densities pr(7,,) = Pypp(Tey): T,=PT,

10
g*(Tin)ﬂ MP Teq
5760  M§,

"Sfar_t of radiation domination due to PBH evaporation:

M.atter Domination_

arXiv:2006.02838 - @)


https://arxiv.org/pdf/2006.02838.pdf
https://arxiv.org/pdf/0912.5297.pdf
https://arxiv.org/pdf/2011.12306.pdf

From non-vanishing isocurvature perturbation:

- a
D"+ 3H (1 + c2)® + (H*(1 +3c?) + 27D — c?AD = —

4 D
9 4
Poh T 3 Pr

2
Cs

0Py, 3 0p,

Dine: % [

p<33%x10°8 (L>_% (g*(_Tbh) >1l6 <_g*(Tev) )% Mi,

0.2 108 106.75 104 g

Similar constra__iht from future GW experiment can be found!

arXiv:2012.08151


https://arxiv.org/pdf/2012.08151.pdf

PBH Domination Scenario

Friedmann ‘equations assuming early PBH dominated era:

dppy, Ppn AMy,, > It is similar to a scalar domination epoch :

7 +3Hp = dt with time dependent decay rate!

o | 2 ' 7 |

: Hubble rate —> H* = (pg + p;,;)/3Mp — - e
' (’0 Rt/ bh) P Entropy production from evaporation of 1
PBH dilutes the axion relic density £

Time evolution of PBH mass due to evaporation:

dMy, 78, (Ton) My
dt 480 MZ

"Termp_e’rature of the universe at the time of evaporation completion:

8 *( ) M}5>
TeV Pl .
640 M13n

Qoriditibn for PBH domination epoch: ',5 > P

arXiv:2003.01100 arXiv:l1_801106049Q‘5,_ - arXi : - _arX|v 511 00672 < ST


https://arxiv.org/abs/1511.00672
https://arxiv.org/pdf/2003.01100.pdf
https://arxiv.org/pdf/1801.06090.pdf
https://arxiv.org/pdf/2107.00013.pdf
https://arxiv.org/pdf/1905.01301.pdf
https://arxiv.org/pdf/2012.08151.pdf
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QCD Axion and Strong CP problem .

L = QCD'aXion is a solution for the strong CP problem.

> Connection to the UV completion physics through Peccei-Quinn symmetry restoration/
- breaking at high scales —giving mass to axions as pseudo Nambu-Goldstone bosons.

> Possible contribution to dark matter or dark radiation depending on their mass,
productlon process and pre-BBN thermal history. |

- There are some constraints from laboratory, astrophysical and cosmological experim.ents:
- The supernova constraint put a lower bound on axion decay constant f,. The upper bound

< on that comes from the condition on the overclosure of the umverse The valid range of f .
in standard case: 10° GeV = f = 101" GeV.

ar ei, H. Qu
A. R. Zhitnitsky, 1980 M Dine, W. Fischler, and M.



https://arxiv.org/pdf/2003.01100.pdf
https://arxiv.org/pdf/2003.01100.pdf
https://arxiv.org/pdf/2003.01100.pdf
https://arxiv.org/pdf/2003.01100.pdf

Axion DM in Standard Cosmology

~ Axion mass in terms of axion decay constant at zero temperature:

o[ 10'* Gev
m, ~5.7%x 10 7 eV

.Thermal evolution of axion effective mass above and below TQCD ~ 150 MeV:

m,(T) ~m, X

(Toep!T)* for T 2 Tyep
for T < Toep

E.AX'iOn oscillation starts at:

3H( 030) = 11,(1 ) PaTose) = Er’fﬂ( osc)fc% 91'2 —>A Initial mis?-li‘gnmeht,éﬁ?

ergy and entropy density of thermal bath:

Degrees of freedom of SM

=_2g*T4 l

R =

= PalTo) ~ (.12 from PLANCK observation
pelh? e ' : ' :

arXiv:2107.13575 .arXiv:#508.08513


https://arxiv.org/pdf/1503.03513.pdf
https://arxiv.org/pdf/2107.13575.pdf

Axion Relic Density

- Assuming the misalignment mechanism only, with the initial angle in the range B

0, E"[O.S,\/y_t], in order to include both, the pre- and post-inflationary scenarios. The
~ allowed axion mass for the correct relic density in standard case and PBH domination ’
~ cases: 1.6xX10%ev<m, $14%x107”evVand2x 107%eV <m, S 1.4 X 107> eV

fa [GeV] «

1018 1017 1016 1015 1014 1013 1012 1011

- The oscillation temperature of _ 0 > m ' '

axions reduces if there is a PBH '
- dominated era.

- PBH evaporation injects entropy to _

the standard model, diluting the ~ ;.

axion relic abundance originally f

‘produced. ~ e

10

Standard
cosmology

s N

PBHs

. .
~ L) 7”7 a

e

10712 10~ 160 102 102 G210 I
- mg [eV]

arXiv:2107.13978 e -


https://arxiv.org/pdf/2107.13575.pdf

Constraints and Allowed Parameter Space

- Constraint from BBN on the upper limit of induced
Gravitational Waves by enhanced scalar power _
spectrum that leads to the formation of PBH Band for initial misalignment Temperature at
. | angle 0, € [0.5,1/7] formation of PBH
FONS Cl-'in [GGV] r 11-}211 [GGV] . =
\ 1012 1011 10—8 | . \\].Q 10

&o
V4
SO

10—9 i
10—10 j
Q. 10—11 i
10—12 i

10—13 i

10-14 fo=10" GeV !
106 ' 107

Mass of PBH Min [g]

~ condition

f, =10 GeV,m, ~ 6 x 1077 eV Jor 19 GeV,m, = 6X 1076V

arXiv:2012.08154 arXiv:2107.13575


https://arxiv.org/pdf/2012.08151.pdf
https://arxiv.org/pdf/2107.13575.pdf
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Summary

. > Cosmology prior to the BBN can be affected by the i
- thermodynamic and type of the background fluid that have
1mpr1nts on the GW from the early universe.

= GW observatorles can indirectly put constraints on baryon-'
lepton asymmetry, dark matter models, non-standard and
- modified cosmologies, etc.
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‘Scale Dependent Power Spectrum and Constraints -
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N. Bernal, FE H., arXiv:1905.10410



http://arxiv.org/abs/arXiv:1905.10410

~ Critical lines (boundaries) for effective mass model, charge and isospin chemical potentials &
~ (from lattice): | ;

1.6 1.8

<

even based on reasonably large

V.Vovchenko-etal:2009.023097 =
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- | green blue
- Trace anomaly difference considering two lattice ensembles for N; = 10and N; = 12:

T =130 MeV

V. Vovchenkeo:-etal:2009.02309




