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@ Non-standard cosmology

@ Results and conclusions
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Matter-antimatter (baryon) asymmetry

@ The observed BAU is often quoted in terms of baryon to photon
ratio

np —nNg
np=-—2—B —6.0420.08 x 1071
Ty
(Planck 2018)

o The three basic ingredients necessary to generate a net baryon
asymmetry from an initially baryon symmetric Universe (Sakharov
1967):

© Baryon number (B) violation X — Y + B
@ C and CP violation I'(X — Y + B) #'(X — Y + B)

© Departure from thermal equilibrium.
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Baryogenesis from Leptogenesis

@ Out of equilibrium decays of right handed neutrinos (Fukugita and
Yanagida 1986)

Yi;L;HN; + 1 M;;N;N;

@ CP violation due to phases in Yukawa couplings Y, leads to a lepton
asymmetry.

_ T(Ny —> IH) — (N}, — [H*)

ENL=

@ At least two N are required to generate an asymmetry due to the
presence of interference between tree and one loop diagrams namely,
vertex diagram (Fukugita and Yanagida’86) and self energy diagram (Liu
and Segre’93).

@ The lepton asymmetry gets converted into baryon asymmetry through
electroweak sphalerons (Khlebnikov and Shaposhnikov’88)
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Dark matter

e Evidence of non-luminous matter in galaxy cluster by Fritz
Zwicky (1933).

e In 1970 V.C. Rubin provided strong evidence for existence of
dark matter from galaxy rotation curve observation.

@ The power spectrum of cosmic microwave background radiation
(CMBR) also provide powerful evidence in support of existence of
dark matter.

Qpamh? =0.1240.001  Planck 2018

e Dark matter plays a crucial role in structure formation.

However, the standard model of particle physics lacks a
suitable candidate for dark matter! J
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Particle dark matter: WIMP miracle

The abundance of DM which was in thermal equilibrium in the early
universe can be calculated by solving the Boltzmann equation.

v A

— = (Y?-Y2 1

=S -Y2) 1)
Where, Y = "B 5 = mpa X = "oul%% anq (T) = /S 12

Approximate analytical solution gives

3 x 107 27em3s™!
{ov)
To satisfy the correct relic, interaction of the same strength

as weak interaction is required. No overwhelming evidence
from dark matter searches in experiments.

Oh? ~

(2)

Alternate possibilities: FIMP DM /non-standard cosmology? J
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Non-standard cosmology: motivation

@ Generation of DM relic and baryon asymmetry usually occurs at
very high scale when the Universe was radiation dominated (in
standard cosmology).

@ There is no experimental evidence to suggest that the Universe
was radiation dominated prior to the epoch of Tgpny ~ 1s.

e In terms of temperature Tgpy ~ O(1MeV).

o We expect dark-matter results to get changed significantly in
different cosmological history [Stefano Profumo et al (2018),
Nicolas Bernal et al(2019), Paola Arias et al (2019)].

o Possibility of lowering leptogenesis scale with non-standard

cosmology?

Devabrat Mahanta (IITG) 7/19 Cosmology in Colombia Sept 24,2020



Standard leptogensis in Scotogenic model

Ernest Ma (2006)
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Early matter domination (EMD)

@ Prior to BBN era, Universe was dominated by a scalar field.

@ In priciple this field can decay to both dark sector and visible sector

particles.
@ This cosmological model can be characterised by two parameters, Te,q
and
o Pl =M)
prad(T = Ml)
@ The T,,4 can be constrained to the decay width of ¢ in a model
90
independent way, T4 = —————— M3, T2.
Y d 7(-29* (Tend) Pt e

@ BBN constraints , Tepg = 4 MeV

@ The Hubble parameter can be written as m(r) = 4 (T) + praa(T)

2 )
3M%,
m [gx M? 1 .
—/ — — if 2 < zeq
3V 10 Mp; 22
2
h g« M7 k .
H(z)=¢q—, /=L | if z, < z< 2z
3V 10 Mp, | 2B0F) e == = Fend
™ M2 1
I je if 2 > Zenq-

3V 10 Mp; 22’
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@ This new scalar field, SM radiation (entropy density), DM density and

Matter-Antimatter asymmetry evolve according to the following coupled
Boltzmann equations:

dp

dt¢ +3(1+w)Hpy = —Typg, (3)
d r E E
@ taHs= 5t (1 s ) + 275 (0va) (n — 1) @
dn b
_ 3H = 71_‘ - re 2 _n? 9 5
y +3Hn o oPp — (TUrel) (n™ — ngy) (5)

dnp_ np_r ds 3np_
BL+BL7+ B—L

— —e D _ % Total _
dz s dz z aDi(ny, —ny) =W np—r ()

dz s dz z

vy 0 85 N, (i, — ) (7)
1 1/
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Leptogenesis with EMD

107"

107
100 1000 10° 10° 10°

Tend << Tsphaleron << Teq

For higher values of k more asymmetry is generated (Less washout
effects). Entropy dilution and washouts decreases the asymmetry after
¢ decay.
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. :IEZX igﬁi{g‘% w A larger value of the lightest active
o R neutrino mass makes the washout
~ ) W,m‘"‘ effects stronger pushing the leptogensis
B scale up.
= ) %ﬁ@ Leptogenesis below 10 TeV is
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Fast expanding Universe

@ Prior to the BBN era, Universe was dominated by a scalar field whose
energy density red-shifts faster than radiation

Py X a—(4+n)

(1) ( gus(T) \ T F\"
+gAT)<mAﬂJ> (ﬂ)
H(T) ~ mg ()T

1/2
~ 1o (T)T7 +<%uvy”““(T)”/
3\/EMP1 9x (Tr) T,

@ The energy density drops below that of radiation before the BBN epoch.

p(T) = p¢(T)+pmd(T) = prad(T)

@ The field behaves like a spectator only, affecting total energy density and
hence the Hubble expansion rate.

Devabrat Mahanta (IITG) 14 /19 Cosmology in Colombia Sept 24,2020



Boltzmann equation for DM

vy . (o)
dz T 23L[n,z, 2]
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Boltzmann equations for Leptogensis

v2oyz] Ao SE=D 2V
eq]

Hrad(z = ]-) 3\/5 I

mpmMpi

Ln,z,zr] = (n+4)

dny / dnp_r, / ’
le = Dl(an - n‘;\‘;ll)’ dz = 7€1D1(77’N1 - aneq) - WTotalnB_L
/ 1
D, = K, K1 (2)

ko(z) Ln,z, 2]

T,(z) corresponds to the epoch at which radiation overcomes ¢
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DM annihilation
redshifts slower than
Hubble and hence can
keep annihilating even
after freeze-out, further
depleting the
abundance!

An under-abundant

ol DM scenario in
standard scenario can
be revived in FEU.

The generation of
asymmetry slowed
down because of faster
z expansion.
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* m=10"" eV
* m=10""% eV

The scale of leptogenesis is
pushed up slightly
compared to the standard
scenario.
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For larger values n, we
require large M7 to satisfy
the correct baryon
asymmetry.

Large 7T, pushes the
Leptogenesis more towards
usual radiation like.
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Conclusions

@ Non-standard cosmology can significantly affect high scale phenomena
before the epoch of BBN like generation of baryon asymmetry, dark
matter.

@ The scale of leptogenesis can be either lower or higher compared to the
standard scenario, depending upon the details of non-standard history.

@ Non-standard cosmological phase can arise in several inflationary models
after the end of slow roll (e.g., Quintessential inflation, Starobinsky
inflation, see 2006.02442, 2004.13706)

@ Non-standard cosmology can have interesting implications for
gravitational waves generated primordially or at cosmic phase transitions
(see 1905.10410, 2007.08537).

@ Non-standard cosmology has also received attention in the light of
Hubble tension (discrepancies between low and high redshift
measurements, see 1908.03663).
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