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First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
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First order phase transition (FOPT) in the early universe

Universe high-T after inflation:cooling of primordial soup
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Nucleation and early expansion
@ Energy released AV = Driving energy:
4
Ediiving = —gnAVR?’ VS APiension = 4mo R

Expansion when Ripitia1 > R ~ 0/AV
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Nucleation and early expansion
@ Energy released AV = Driving energy:
Ediiving = —gnAVR?’ VS APiension = 4mo R
Expansion when Ripitia1 > R ~ 0/AV

o Transition starts approximately when one bubble per
Hubble volume, T = T ¢
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Nucleation and early expansion
@ Energy released AV = Driving energy:
Ediiving = —gnAVR?’ VS APiension = 4mo R
Expansion when Ripitia1 > R ~ 0/AV

o Transition starts approximately when one bubble per
Hubble volume, T = T ¢
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FOPT pictorially
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The bubble wall in time
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FOPT and Gravitational waves

@ Bubbles can produce a stochastic GW background from
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Observation prospects of GW
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But foregrounds ...
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Where does the energy go ? [1004.4187]: Espinosa,No,Konstandin, Servant,[2406.01596]:Barni,Blasi, MV
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Figure: [2406.01596]:Barni,Blasi,MV



Good news: they kinda correlate [2207.02230]: Azatov, Barni, Chakraborty,MV, Yin
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Good news: they kinda correlate [2207.02230]: Azatov, Barni, Chakraborty,MV, Yin
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@ Two regimes: runaway and terminal velocity.
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o Two regimes: runaway and terminal velocity.
@ In singlet catalised FO EWPT: same
Runaway : v, x R/Ry = ~colision o Ay /B trend (example [2207.02230])




Good news: they kinda correlate [2207.02230]: Azatov, Barni, Chakraborty,MV, Yin

B and ay
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FOPT and Baryogenesis

@ Bubbles can create baryon anti-baryon asymmetry

A N MG mechanism

Figure: Credit:T.Konstandin [1302.6713]
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Bubble assisted leptogenesis [2305.10750]: Eung,Dutka, Jung, Nagels, MV
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Bubble assisted leptogenesis [2305.10750]: Eung,Dutka, Jung, Nagels, MV
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What are we hoping for ? [2305.10759]: Eung,Dutka,Jung, Nagels, MV
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What are we hoping for ? [2305.10759]: Eung,Dutka,Jung, Nagels, MV

th 1
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CcpP wash-out effects initial ab
® Kwash—out = 0.01 — 0.001 (Limit Kwash—out — 1 requires tuning of seesaw parameters.)

@ bubble assisted leptogenesis has naturally Kwash—out ~ 1.
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Phase transition sector [2305.10759]: Eung,Dutka, Jung, Nagels, MV
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What is the final effect ?

[2305.10759]: Eung,Dutka,Jung, Nagels, MV
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What is the final effect ?

[2305.10759]: Eung,Dutka,Jung, Nagels, MV
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What is the final effect 7 [2305.10759]: Eung,Dutka,Jung, Nagels, MV
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The peak properties [2305.10759]: Eung,Dutka,Jung, Nagels, MV

) . nFOPT,max M 1/2
Approximation of the enhancement: —Eimar— ~ | 97dy
B

GW signal SC y =14

5 y=l4 10 100 1000 10000
— Maximum
- fit e ><M11V/2
20 Lo
£ |ea 3
25 10 S
= ]0—]2
3T — LIGO05 — LIGO 02
=Py~ P2 —P3
. BRI 1013 Pa —ps o —YET—CE |
5 10 50 100 10 100 1000 10000
My /10%GeV ()

Confining PT: M35y ~ 4mvs > MBSy = yug: [2312.09282]: Dichtl, Nava, Pascoli, Sala



FOPT and DM

Supercool DM: Hambye, Strumia, Tesi 18’

Azatov, Yin, MV 21",
Baldes, Sala, Gouttenoire, 22’
Azatov, Yin, Nagels, MV 24’
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Heavy DM from bubble wall [2101.05721]: Azatov, Yin, MV

o Portal Dark Matter: £ > —4h2¢? — M2¢* — V(h)
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Heavy DM from bubble wall [2101.05721]: Azatov, Yin, MV

o Portal Dark Matter: £ > —4h2¢? — M2¢* — V(h)
@ Non-vanishing VEV:

h—h+v trilinear coupling | £ D —A\vhg?

@ In the wall frame: Ep ~p. p ~ YupT >T
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Heavy DM from bubble wall [2101.05721]: Azatov, Yin, MV

o Portal Dark Matter: £ > —4h2¢? — M2¢* — V(h)
@ Non-vanishing VEV:

h—h+v trilinear coupling | £ D —A\vhg?

@ In the wall frame: Ep ~p. p ~ YupT >T

AZy?

Php ~ YT (1,0,0,1),  prw ~ (0,0,0,1/Ly), s> M;

= | Tv > M

@ Behind the wall, accumulation of relics
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The DM |S Heavy [2101.05721]: Azatov, Yin, MV

h is a dark Higgs h is a the Higgs

nuc

Then = 50(GeV), v = 200(GeV), % =30
Then = 2000(GeV), v = 2000(GeV) :

1F
’l, ----
/ QXg‘f’f’ ’
4 - 3
ol p, L .
/{ N
] K
i i
~ _1k / i /, ,<S :
i AR B Ty 8 e D
~ =2+ ’ Tnuc
7 Overproduced DM 1

-4k | . . | J . . . . . .
2 3 4 5 6 7 30 35 40 45 50 55 6.0
Log;oMgy/GeV Log,oMy/GeV




e O O EmHZN
and fast | [2207.05096]: Baldes, Gouttenoire, Sala
o Warm Dark Matter
Voq $4.2x107° From Lyman-«

= Mwpm ~ keV
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o Warm Dark Matter
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. and fast ' [2207.05096]: Baldes, Gouttenoire, Sala
o Warm Dark Matter
Voq $4.2x107° From Lyman-«

= Mwpm ~ keV

@ At production

_ 1 M;
E¢,p|asma ~ oz
2 Thue

o If free streaming

TeoEy ~ 10-108 X My

Vg =~ 0.3
o« reh M, [0) Treh Tnuc




. and fast | [2207.05096]: Baldes, Gouttenoire, Sala
@ Warm Dark Matter

Voq $4.2x107° From Lyman-a

= Mwpwm ~ keV

@ At production

_ 1 M
E¢),p|asma ~ oz
2 THUC

o If free streaming

Tqu¢ ~ 10710 GeV x M¢

Vg =~ 0.3
o« reh Mqﬁ Treh Tnuc

@ Heavy WDM for

Veq ~ 1075, v ~10°GeV, M, ~ 105GeV
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Secluded Sectors ? [2101.05721]: Azatov, Yin, MV, [2406.12554 ]:Azatov, Yin, Nagels, MV

1 Thermalisation of DM
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- @ Thermalised regime
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@ Transition between the regimes



Secluded sectors ? [2101.05721]: Azatov, Yin, MV, [2101.05721]:Azatov, Yin, Nagels, MV
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DM from bubble wall [2101.05721]: Azatov, Yin, MV, [2406.12554 |:Azatov, Yin, Nagels, MV
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Conclusion

Observable GW = Need strong, long PT with fast walls
Relevant question is: what phenomena are impacted by such FOPTs ?
bubble assisted leptogenesis (baryogenesis)
Production of heavy and boosted DM
But also: IGMF, primordial black holes, ...
Thank you ;)
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@ Pressure on the wall in large v, regime
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@ Pressure on the wall in large v, regime

— 00
P ~ E _nz Pisyj X Api;
——
i \\f/ probability i — j  exchange of momentum i — j
Y T3

@ Typical magnitude of the pressure
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What about the pressure on the wall ? [2101.05721]: Azatov, Yin, MV

@ Pressure on the wall in large v, regime

Treh
P Y —n P, x Apisy;
i i—j Pi—j
——
i \\/ probability i — j  exchange of momentum i — j
Y T3

DM
@ Typical magnitude of the pressure
2 2,2
m T°m
Pmass gain ~
27T 24

P =1 Api1 =

@ Pressure from production
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1672 M2 LN 1227 962 Tgg BT -

P9 —




Pressure from Secluded sectors ? R e
_YwTv
e P T

saturates the non-adiabaticity bound

kinematics:

@ From dimension five:

P ey L
s 8m2A2




Pressure from Secluded sectors ? R e
_YwTv
e P T

saturates the non-adiabaticity bound

kinematics:

@ From dimension five:

P ey L
s 8m2A2

4 .2
Py Tl
oy BT




Pressure from Secluded sectors ? R e
YTV
Ap =~
e e P Yol

saturates the non-adiabaticity bound

kinematics:

@ From dimension five:
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s 8m2A2
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h2ynp WREF @ Maximal pressure:
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Production of heavy states via mixing[2010.02590]:Idea

Scale of the transition and particles involved

CLAIM: transition is dictated by fields M < Tyuc ~ v because npeayy oc e~ M/Taue J

T T e ¢ scalar, x light, N heavy:  Li = YOXN + MNN, M > Thue
@ x — N transition: p, = (£,0,0,E) pn = (F,0,0,VE?— M?)
@ Conservation of momentum: Origins

No wall: /d%e”"w o« (2m)**(p), p=pn — Dy

@ When no wall and (¢) = vg: X — N forbidden
e With wall: p* = p§; — p}, not conserved: if E> M, x — N allowed

sin Ap, L,

\/d3xleipi'zl /<¢>(z)eizpzdz x (271.)353@&) Ap 7




S ke
Boosted glueba”s DM [2101.05721]:Azatov, Yin, Nagels, MV

o Energy pumped up in DS: if

Teee.. > H PBE > Adons

kinematics:

l

1

: = Thermalisation

: DS = 9 292 viTa .
: PBE ™~ ngE'g ~ (N — ].)CQW

h — g9 — GGQG.
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kinematics:
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@ Energy pumped up in DS: if

Tgea.. > H PBE > Adons

= Thermalisation
22 AT

nuc

(rA)*

Pg}% ~ngEy = (N2 - 1)Cy

@ Thermalisation of the DS
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Glueball DM parameter space

Acont = 0.25GeV, Tpe/v=1, N=3 B=10

T T

Log;o[v/GeV]

[2101.05721]:Azatov, Yin, Nagels, MV

)

Acont
log,, GeV




	Back up

