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Primordial Gravitational VWaves
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Cosmological (Phase) Transitions and the Standard Model

QCD transition is a smooth crossover transition.
EW transition in the SM with the measured Higgs mass is also crossover.

Cosmological transitions only assuming the SM are not first order phase
transitions and do not produce any GWV.

They can leave an imprint on the PGW produced after the Big Bang from
the inflationary scenario.

Laine & Meyer, 2015 Borsanyi et al. 2016 Mazumdar & White 2018



Equations of Tensor Perturbation and Gravitational Vaves Relic Density

Evolution equation for gravitational wave amplitude “h”:

ho(k,n) + 2H(nK (k,n) + k*h(k,n) =0, H=d/a=aH

/

Wave number Conformal time

Hubble rate:

(G
e 3 Ptot

Tensor perturbation polarisation modes: Jransfer function

A = b E G — vc(z]zn;?)

Tensor perturbation in the comoving frame:

1/

a

v (k,m) + (k2 — a) v(k,n) =0

Starobinsky 1979 Guth 1980 Linde 1981 Maggiore 1999



In standard cosmology:

Assuming no phase transition or modified cosmology —— Entropy conservation

Friedmann equation:

/7

a ArG
P ey O
< 3 a” (ptot Ptot)
Trace anomaly:
e L Prot 3Ptot e 0 (ptot)
T4 T4 @T T4 w/T

Horizon scale:

k = a(nnc)H (M)

We do not consider the effect of neutrinos and photons damping on the PGVYV, since we are interested
in temperatures above 10 MeV. So there is no source term for GW. 7



PGW energy density:

paw(n) = bz (1 (k. 30Kk, )
(g (k) () = [ Pk

Tensor power spectrum:

3
Pr(k.m) = o3 3 (st ) = PR RV (k)]
A
PGW relic density:
Gotlh o L g




At horizon crossing:
V' (k,m)]* = k°[Y (k, n)]*

PGW relic density:

Qaw(k, m0) x Qaw (k, The) o< k°|v(k, he)|?

W

It gives roughly a flat spectrum

PGWV relic density and the SM equation of state:

Qaw (k,n0) X prot(The ) Stot (Thc)_4/3

QCD affects the GW background in the frequency range of pulsar timing arrays, e.g. IPTA,
SKA, etc.

Schwarz 1997 Watanabe & Komatsu, 2006 Saikawa & Shirai, 2018



Thermodynamics of the Standard Model

Noninteracting part in ideal gas limit

/ dExEQ\/ELm?( Ly >
Zar et

1
Pressure density: Prot (T, 1) Z 5 / dE X (E2 < m?)gm ( R )
67 e 4l

Energy density: Prot (T, 1) Z

Entropy denS|ty TStot (T ,LL) = Ptot (T ,LL) —l_ptot T ,u Zﬂznz T ,UJz

Number density of each particle:

nZ(T7 :u’L) == 272 / dE X E\/E2 S mz2 ( E—p; L E4p; I 1)

m; Sy :I:l o

Interacting part from lattice QCD

oS T QCD QCD 1
/Xab = o R Xba\ p (T7 M) o (T, O) e iluaXab(T):ub

Susceptibility Conserved charges: Q, B 10

Schwarz & Stuke 2009 Wygas et al. 2018 Laine & Meyer, 2015 Borsanyi et al. 2016



Qew(f)/Qew(f<<facp)

Effects of the QCD Equation of State on the
Primordial Gravitational Waves

Deviation in the PGW relic due to

different QCD equations of state is

up to 3.5 %.

Neutrino decoupling and electron

annihilation lead to 10% effects in the

predicted relic density of the PGW

(frequency shift).
fQCD EOIX 10_9 H:z

1.0 ,
AT SN 1 e N R B Laine-Meyer
0.9+ d
T SO e ST e W\ ACRIRV AR = = - Drees-Hajkarim-Schmitz -
0-8;’ TR e s Shirai-Saikawa *
O.7; ““‘;}‘ —— Borsanyi et al.
0.6 |
0.5+ \\\:T:'""':-'-'-::-‘—‘-:: ________
0 41 PGV spectrum R SO
o rE R | e A (O SRl ) RO | B
f(Hz)

Laine & Meyer, 2015 Drees, Hajkarim, Schmitz, 2015

- Trace anomaly}
' SM particles

TQCD ~ 150 MeV

Laine-Meyer
----- - Drees-Hajkarim-Schmitz |

Shirai-Saikawa

Borsanyi et al.

ST PP T T

|
SN |
o (@)}
T ‘ T T T T T T T T

A[Qew(f)/Qew(f<<facp)]%
|
o

- different EoS

N

- Uncertainties due to 3

................
SoP LRy LT
-
.
.

imEmm==~_A
e e
e —————————
—————
P
e e e e ————— B
2o

3 .
~——ai”

Laine-Meyer
----- - Drees-Hajkarim-Schmitz
-------- Shirai-Saikawa

Drees—-Hajkarim-Schmitz

Shirai-Saikawa

10—10

Saikawa & Shirai, 2018

109

o 107 g0 o

f(Hz) 3

Borsanyi et al. 2016



Charm Quark and Lattice Uncertainties Imprints on the PGW
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Effect of lattice QCD error bars on
the PGW energy spectrum is up to
~1%.

Effect of including lattice QCD data
with charm will be up to ~2.5%.
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Vanishing and Nonvanishing Lepton Asymmetry & PGW

Assuming nonvanishing lepton asymmetry leads to nonzero lepton chemical potentials in

cosmology. Using lattice QCD equation of state for nonvanishing chemical potentials the
evolution of SM chemical potentials are possible.

Constraint equations for finding the evolution of SM chemical potentials:

l) Constraint on baryon asymmetry:

lfS(TMUJ) S nf(Thuf) —I_an(TMqu)?f =6 u,T

lll) Charge neutrality of the universe:

0= E qini(T, p1;)
i 13
Schwarz & Stuke 2009 Wygas et al. 2018



Vanishing and Nonvanishing Lepton Asymmetry & PGW

Non-vanishing lepton asymmetry leads to
non-vanishing lepton chemical potentials,

which affect the cosmic trajectory, equation
of state and the PGWV.

Wygas et al. 2018
Large lepton asymmetry can affect the PGW
spectrum up to ~10%. Effects might be larger
allowing for lepton flavour asymmetries.
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Primordial Gravitational Waves in Standard and
Non-standard Cosmologies

Overview (2nd)

Constraining the Tensor Tilt and Tensor to Scalar Perturbation
Ratio by GW Experiments in the Standard Cosmology

Nonstandard Cosmological Scenarios and the PGW

Orfeu Bertolami & Elena Arbuzova talks

Constraining Nonstandard Cosmologies with GV Experiments

|5



Scale independent tensor power
spectrum and the scale of inflation:

o 2 Vvinf
B3Vt

Pr(k)

VA4 =15 x 10 GeV

1
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Tensor power spectrum and its scale dependence:
A i Tensor tilt
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Tensor to scalar perturbation ratio: o
T
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Scale Dependent Power Spectrum and Constraints on
the tensor tilt and tensor to scalar perturbation ratio

By fixing the scalar perturbation amplitude from Planck data:
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Nonstandard cosmologies and the PGW

The history of universe before big bang nucleosynthesis is
unknown.

UV completion theories predict nonstandard cosmologies (by
new scalar fields) beyond the standard radiation dominated era
before BBN and after inflationary epoch.

The production mechanism of dark matter in the early universe
is unknown. No hints for DM produced from the standard
radiation dominated scenario!

Laine & Meyer, 2015 Borsanyi et al. 2016



Friedmann equations in nonstandard cosmology: , ,
Equation of state parameter for the dominant component

dp
d—f +3(1 +wy)Hpy = —L'gpg
dSR F¢ Po
— s
L 7
2o Py T PR T Pm T PA
3 M]%l
Temperature at which @ decays:
90
T(fllec e Mgl F?b
T Jx (Tdec) \
\ Decay width

SM degrees of freedom

Ratio of initial densities:

SO
PR

T:Tmax

Initial value for temperature in the numerical calculation (not physical only to cover all possible
cases):

Toax = 1017 GeV 20

Tashiro & Shiba & Sasaki 2003 Nakayama & Takahashi 2010 Durrer & Hessenkamp 2011  Ramberg & Visinelli 2019  D’Earmo & Schmitz 2019



Hubble rate during radiation domination:

Hp xa ?
Hubble rate in ¢ domination:
H¢ X a_§(1+w¢)
Y 1—3w¢
The PGW relic for modes come inside the horizon during @ domination: Qagw < k  *T°9¢

SKA5
———— SKA10
——— SKA20
EPTA
NANOGrav
LISA
BDECIGO
DECIGO
BBO
ET
BBN
——— LIGO
\

10-10 10-8 1076 10~4 1072 100 102
f(Hz)

Tyec = 10 MeV 21



The minimum value of ratios to have a modified radiation
. : Y| g N
cosmological scenario ( pr o a”* — a~2(11w4)).
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Remarks

(Ist part) Nonvanishing lepton chemical potentials might lead to a large
enough isospin chemical potential which causes the formation of pion
condensate regime in the early universe around the QCD era. If this happens
the effect on the PGW will be different from the standard and nonvanishing
lepton asymmetry cases. Brandtetal 2018

(2nd part) The curvature power spectrum might also affect the PGWV in
nonstandard cosmological scenarios as a source for tensor perturbations.

24



Conclusions

QCD equations of state affect the PGW up to a few percent.

Pulsar Timing Arrays can observe such effect in near future if the PGWV relic is
around Qgwh?® ~ 107'°

Nonvanishing lepton asymmetry can leave an imprint on the PGW up to 10% in
comparison to the Vanishing case which is an indirect signature of lepton
asymmetry in the early universe.

GW experiments can constrain the parameter space of nonstandard cosmology
regimes dominated before BBN.

They can indirectly measure the regimes might lead to nonthermal production
of dark matter which can help us to understand the DM production in the early
universe and give an indirect hint for DM mass and cross section.
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