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Motivation

» Physics before Big Bang Nucleosynthesis (BBN) (T~MeV) is not well understood
due to lack of observational data.

» Gravitational waves can be a natural way to probe this epoch between end of
inflation and BBN.
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Cosmological setup

» We consider the scenario where the hidden sector is thermally decoupled to the
SM.

» We assume that the SM makes up bulk of the energy density of the RD universe.

» The rafio of hidden sector temperature and that of SM is given by ¢ :TZ—’;W <1

which also implies a hierarchy in the energy densities of the two sectors.

» Net energy density of the universe is given as, pp(T) = Z—Z (g;;(T) + W) T*




Energy injection

®» Energy/entropy injection before BBN has been discussed extensively:
» Fluctuations generated during inflation and later reentry [Carr & Lidsey, ....]
» Collapse of domain walls [Cai et al, ...]
= PBH reheating [Bernal ef al, ...]
» Bubble collisions during phase transition [Kodama et al, ...]

®» Temperature increase during reheating [Co et al, ...]

= Moduli decay [Dutta et al...]

» The rate of energy injection can be either be fast where the field remains stuck
as the temperature rises or can be slow where the field fracks its T dependent
minima.




Energy injection : Moduli decay

®» The amount of energy injection to hidden sector via Moduli decay is given as,

Ph = Ph + Px

30m2xz>1/4 T —-T=T(1+9)
X7\t

T =T, (1
— h( g T

» [or hidden sector of T), = 100 GeV and small deltq,

m, Xi )2

o0 ~04
(2.4><108 GeV 4%x107° GeV

» | arger initial field value leads to larger injection,

N =

m, Xi

o0~ 4 —1=3
(2.4><1O8 GeV 4.63x10~4 GeV)




Energy injection : PBH reheating

®» Another instance for energy dumping to early universe happens via PBH
evaporation.

» Following energy conservation before and after PBH evaporation, we get

Tsp = Tsm (1 + %)
SM

T\ /4
T =T, (1+u)

» [For hidden sector of T, = 100 GeV and small deltq,

n 0.1 MBgHo
~ 0.4
0~ 045 X g7 X 7 X (5.3 x 1O4g)

® | arger inifial mass fraction leads to larger injection,

1/4
d~ 4 n X 0-1 X —MBHO —1
139 x 100~ ¢ 5.3 x 10g

p:;”’ |z, :Initial PBH mass fraction
R

n=




Model realization

VDT~ T)§ — ET¢ + 4"

» |nitially, at high T, the field is in symmetric phase and there’s just 1 minima at ¢ =0

® Asuniverse cools, T < Ty, there exist a second minima

T2 3E T
T12 = —027 ¢1 -
1 — ;’ALD 2\

®» As it further cools, these two minima become equi-potential and we have an
onset of phase transition,

T2 2E'T,
V(0,Tc) = V(¢e, Tc) Ts = 1 _OE_z’ G = A
AD

» AfterT =T,, ¢ =0 ceases to be a minima and we are left with,
_3ET,

¢ = "




Thermal kick effects
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First transition happens at T = T, (Phase 1)

» Due tothermalkick atT;, (T, >T; >Ty), T; » T;(1+6) > T,
whereas the field remains stuck at ¢;(T;), leads to PT from ¢; —
0 (Phase 2)

® As universe cools down, there's another PT from 0 - ¢., which
is like the standard transition but happens at later redshift
(Phase 3)
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Fuclidean Action

» [For simple polynomial like potentials, the tunneling action determining the
tunneling rate from a false vacuum state to the tfrue vacuum state [Adams]

S3  2v/2E 8mk*?%(8.2938 — 5.533k + 0.818k?)
T )32 81(2 — K2)

where

2A D (T? — T2)
- E2T2

K 0< k<2

» [For Phase ll, we can modify the parameters accordingly as

2D(T? —T2) = 2D(T? — T2) 4+ 3¢;(2 ET + \¢)
ET =ET + \¢;,

A (2D(T* —1T%) +3¢;(2ET + A¢y))
(ET + \;)?

R




Nucleation Temperature and PT rate

= Nucleation temperature can be thought of as the temperature where a true
vacuum bubble arise within a Hubble volume, i.e,

I'/H*~1

where, 3/2
Ss Sz
I=T"-—"-| exp 27

(27‘(‘ T b
» Rate of the phase transition can be defined in terms of the Euclidean bounce
action as,
B _ d(Ss/T)

Hy dT 7




Strength of PT and wall velocity

» Amplitude of GW signal is controlled by strength parameter «
AV — iaTV)
PR

o=

T=Tx
where 4X = X — X,

= [For wall velocity, we use Onoly’ricol approximation|[Ellis et al],

\/ Oi)‘; apR <V
Vw = 4

>’U

wﬁ%%@@)

where




Gravitational Waves signal

» Differential GW density parameter characterizes them :

1 dpaw % FFD
Q = s A
GW vedlog |’ P pl

» Semi-analyfical parametrizations can be used to describe them,

Qaw (f) = > N; Ai(vy) ( i aa)pi (%)q $i(f/ fp.i)

4 2 BEQ\ 4/3
. a H -~ —5;-2(9s &
k= (%) (Ho) ~ 2473 > 107h ( gs ) (2)



General features of Hidden sector PT

» o x &t implies that for strong GW signals, Hidden sector and SM should have
comparable temperature.

® | arge f means faster transitions, which results in signals that are weaker and
peaking at higher frequencies vs slower transitions.

= |arger v, implies smaller peak frequency and larger GW amplitude.

= Smaller Ty /T, is an indication of long-lasting phase fransitions.



Results : € =1,6 = 0.26
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Results : € = 0.2, = 0.83
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Conclusion

i Energy ) T 4 s ( 3GW peaks )
injection(y, PBH) h = Th(1+0) s(é)ercc):ﬁ’grir)

® Energy injection leads to more than one peak frequencies for GW from FOPT in
hidden sector.

» [For any reasonable & value (small or large), GW spectra have distinctive features
due to multiple peaks.

» |t is fairly independent w.r.to the mass scale of the hidden sector.

» Hidden sectors with GW can probe a variety of new physics scenario in the pre-
BBN era.
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Hidden sector

® [or concreteness, we consider a scalar field with U(1) gauge symmetry and
a Yukawa like coupling to fermion field,

1
L=—Fu P+ D,,qu D*¢ + i pop —

Yo

/2 P —V(4)

» The free and thermal potential are given as
1 2 12 1 4
= —— - A
Vo=—g 1o + ¢

T= m2 m5 m
Vin = 7 (e I [T2] R [W] i I [T_gl)




High T Potential

» At high tfemperatures, the effective potential is given as,

V=~ D(T?*-T2)¢* — ET$* + 2¢4

where,




Impacts of energy injection

» The hierarchy in the two sectors imply that any small change in the energy
density of the universe will impact the hidden sector more as compared to SM.

®» The energy injection leads to an effective rise in hidden sector temperature
T —-T=T(~1+9)

= The energy injection can lead to multiple phase transitions in the hidden
sector, and we will show that it can be probed by the associated GW

spectrum.

®» SMis dominant over the hidden sector implies,

Gan(Ti/€) )”‘*
g (T(1+9))

E(1+9) < (



Energy injection : Moduli decay

» Consider a scenario where moduli field is coupled to the hidden sector in early
universe and undergoes decay as it becomes comparable to Hubble,

m3 %PR(T)
Iy~ -5 ~H=
Mpl Mpl

» Since we are always in the RD cosmology with SM being the dominant source,

o2 2
px XMy X; < psm

» Thus the mass of the moduli field correlates with the scale of hidden sector and
the field value then gives the amount of energy injection.



Energy injection : PBH reheating

» Setfting PBH evaporation tfemperature to happen roughly around the scale of
hidden sector fixes the mass of the PBH and formation temperature

5.
ToM ~ 10°GeV x ( TSM ~ 1.85 x 1013GeV (

= [Energy conservation :

psm(Tsar) + ns(TSM)p:(g(;) = psm (Tspr),
on(T) +1 s(Th)’j}g‘;) — on(Th)

®» The amount of energy injection is then estimated in terms of n, the initial mass
fraction of PBH.



Phase 1

® Driving force for the PT in terms of the latent heat is,

Tdv
Fyr = apr=AV — Zd_T)
Tx b2 2

» The friction force is due to particles gaining mass as they go from the false
vacua(symmetric phase) to the true vacua (broken phase).

= Forrunaway fransition (v, = ¢), F, > Ap']%_’o" where,

cgzm —m?))
’)’w—>OONZ7' t,2 b, >O

® [For most of our parameter space, we find that this happens to be a non-
runaway transition, i.e, where the bubble wall never reaches the speed of light.




Phase 2

» The pressure difference due to mass difference is negative, since the partficles
loose masss as they pass from the false vacua (broken phase) to the true vacua
(symmetrical phase).

ApT™ Z Ci 9 (m?z - mgz) <0

» The force due to latent heat difference is also negative, and it acts as an
effective friction.

Fop~-Ti(1+8)n(4DT;(1+6)—3E¢;)—2DT; <0

= This transition happens to be runaway!, with the condition being
[ApTe | > |Fopl

[1] For models without any production of soft vector bosons at the boundary



GW sighal parametrization

= Normalization factors and exponents :

(Nsw, Nsw, Niurb) = (1,0.159,20.1)

(pBW;pSW;pturb) — (27 27 3/2) (QBW; qsw, qturb) — (27 17 1)

» Potential suppression due to wall velocity, spectral fns and peak frequencies :

= = S ) =
PV 042+ 02) PPV T 18 0.1 027 OV 1+ 28238’
| 28 7 \"
ASW = Vw mln(]-)H*Tsh)) fP,SW — \/§’UW, st(.’L') - .’E3 <4+3$2) ’
3.58 z3
A urb = Uw, urb = ) Sturb\T) = .
turb fp,t b QU4 t b( ) (1 + $)11/3(1 + Sﬂ.xfp,It;rb)

» Addifional velocity suppression for sound waves given by:

3.38 max[vy,c] [1+ «
,B/H Rsw

H*Tsh ~



GW signal efficiency factors

» Efficiency factor for bubble walls give a measure of the fraction of energy
stored in the bubble wall w.r.to the total energy gained in the transition.

» [or sound waves, it is the fraction of energy density imparted to the plasma
w.r.to the total energy gained in the transition.

= [or runaway scenarios, it can be calculated from the bubble walls.
= [or non-runaway scenarios, bubble wall contribution is generally neglected.

» Turbulence efficiency factor can be estimated from sound wave as,

KTurb = €RSW ,

winN

€ = (1 — min (H,7g, 1))



GW signal efficiency factors

Turbulence efficiency factor can be estimated from sound wave as,

KTurb = €RSW ,

€ = (1 — min (H,7g,, 1))%

Sound wave efficiency factor differs in run-away vs non-runaway scenarios.

For runaway scenarios, we have,

Aeff
0.73 + 0.083/Qus; + Cross’

ksw = (1 — kpw) Qeff = op(l — KBw)

Efficiency factor for runaway in Phase 2 is based on numerical analysis in the
works of Blasi et al on inverse fransitions.



GW signal efficiency factors

®» Sounds wave efficiency factor for non-runaway fransitions is:

( 611/5RA,€B .
: = if v, < ¢4

KSW = 1 /iB—I—(vw—cs)én—l—M[nc—nB—(vJ—cs)én], if cg < vy, < vy

/ (vy—cs)
('UJ—1)3'U3 2’[21;5/2’{0/‘8[) .
@5 =1° =17 *ko+(vu—1)p ity <
with
K V0 , Kg ~ 275
1.36 — 0.037 /o + aun 0.017 + (0.997 + a)
70135+ /098 oy’ D 073+ 0.083 /g, + ap’

0k ~ —0.9log ———— vah_
1+ \/on




Energy injection : Moduli decay

» Consider a scenario where moduli field is coupled to the hidden sector in early
universe and undergoes decay as it becomes comparable to Hubble,

m3 %PR(T)
Iy~ -5 ~H=
Mpl Mpl

» Mass of the moduli field can be correlated with the the scale of hidden sector
from the above equation as,

T 0.1)2/3

~ 2.4 x 108
My x 10° GeV X <IOOGeVX :




®» Relevant parameters for hidden sector having similar tfemperature as SM.

» Note the temperature being similar as all three are nearly concurrent.

» Phase 2 has different rate and strength due to its different nature of

tfransition.
E=1 o B/H an TM (GeV) | fp (Hz) Qp h?
I 0.011 729.399 0.2167 232.939 0.036 9.37 x 1015
II 0.00837 201.494 0.162 244.01 0.011 1.34 x 10714
111 0.011 729.399 0.2167 232.94 0.036 9.37 x 10715




Results : & = 0.2

® |ncreasing the injection(§) leads to separation between Phase 1 and Phase
3.

®» As expected, the strength is quite suppressed owing to large hierarchy in
hidden sector and SM energies

¢=02 o 6/H o, TRM (GeV) | fp (Hz) Qp
I 1.9 x 107° 691.154 0.221 1159.3 0.169 6.49 x 101
I1 (§=0.83)| 6.5x107° | 216.316 0.206 847.951 0.04 2.89 x 10718
II(6=0.07)| 216 x 107° | 214.756 0.201 1117.78 0.052 4.08 x 10719
III(6 = 0.83)| 6.99 x 107° |  698.892 0.22 837.446 0.124 5.07 x 10718
III(6 = 0.07)| 2.3 x 1075 692.445 0.22 1097.95 0.16 9.85 x 10719




Including new fit
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Effect of wall velocity

» Here we let wall velocity for Phase 1 and 3 be a free parameter and set
v, = 0.2, which leads fo reduction in amplitude and enhancement of f,
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GW spectrum u = 10 MeV
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GW spectrum . comparing scales
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Slow reheating
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