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Introduction
Dark Matter (DM) - it's fundamental nature still an open question & many candidates out there...
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Introduction

Gravitational Waves (GW) — have the potential to provide a unique test of the gravitational interactions of a
dark sector [4]

Source: IEEE Spectrum
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Introduction

The connection/signal complementarity — Cosmological phase transitions can source GW and therefore,
can be tied to the nature of DM.
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The connection/signal complementarity — Cosmological phase transitions can source GW and therefore,
can be tied to the nature of DM.

The recipe:
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The model

The model - a conformal DM model based on the gauge group SU(N) x U(1):

ns |SUN.) x U)p
T,;|N-n (00,0)
Wz' N-n (E,O)
Pi|n/2 (O,-1)
"pi Il/2 (Dal)
£ n/2 @,1)
§ |n/2 (O-1)
o 1 (1,2)

Table 1. New fields

The Yukawa interactions: Weyl fermions
— B .
The tree-level potential:

‘/tree — )‘0'|U|4+Ah|h|4+)‘ah|0|2|h’|2



The model

The model - a conformal DM model based on the non-Abelian x Abelian gauge group SU(N) x U(1).

ny |SUN.) x U(1)p
V| N-n (D,O)
Wi N-n (E,O)
Pi|n/2 @-1)
¥;|n/2 (0,1)
£ |n/2 G,1)
5 n/2 (D>'1)
o] 1 (1,2)

Table 1. New fields

The Yukawa interactions: Weyl fermions
LD ymop€ + ymo &P
The tree-level potential:

Viree = )‘0|U|4+)‘h|h|4+)‘ah|0'|2|h|2

The DM candidates:

1st FOPT — Spontaneous Symmetry Breaking
(SSB) of the dark U(1), at a scale A, ., , where
o acquires a VEV, giving mass toq) and £.

2nd FOPT - A dark QCD phase transitions, at a
scale Ayz< A ..., Where Ir; gets mass from
confinement.

- WIMPs - from the SSB of U(1)
- Self-interacting — from dark confinement



The Renormalization Group & strong coupling

The 5 -function

g3 [11
672" 3
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The solution to the Renormalization Group
Evolution (RGE):

dg
dlog (Ad i "’)

from which we obtain the strong coupling:
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The Renormalization Group & strong coupling

The 5 -function

g> 11
B@) = 1515

The solution to the Renormalization Group
Evolution (RGE):

dg
dlog (e
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from which we obtain the strong coupling:
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Agea = 100MeV, N, =3,n; =5, Ao = 1 TeV, a = 0.17

From which:
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Gravitational Waves from phase transitions

A FOPT can occur when two local minima of the free energy co-exist for some range of temperatures.
The relevant scalar field can: tunnel or thermally fluctuate into a new phase:
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Gravitational Waves from phase transitions

The total SGWB spectrum:

Qewh?(f) = Wh*(f) + Ush*(f) + Qeh*(f)

and each one of them looks like:

h2Q(f) = R A(vw) (1’10‘;* )p (fg,)q S(£/1£2)
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Gravitational Waves from phase transitions

The total SGWB spectrum:

Qowh(f) =N+ QRN+ ) | ()R = GRS (S, fi)

and each one of them looks like: Qs (f)h2 — st)eak h253 (f, fs)
Koy, X (H\? ea

h2Q(f) = R A(vy) (1 ) (ﬂ) S (f/1) Qi (f)R? = QP* 28, (F, f2)

+ @,
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Gravitational Waves from phase transitions

The total SGWB spectrum:
Qawh'(f) = (1) + QO+ Q) — | F)RZ = QP 28y (f, f)
Q(f)h? = QE°*h2S,(f, fs)

and each one of them looks like:
K Oy P H* qS(f/fO) 2 peak 2
- Qu(f)h” = Q" h=Se(f, ft)

R2Q(f) = R A(vy) (1 oy 5

and are parametrized by:

T’na a) /87 U’w
the thermal parameters — particle model dependent, from the effective potential

B _ . d(3) 1 T AV, ,/
- Dar " = AVior = T =57 ]T_T
" ‘/eff(¢7 T) = V;Eree -+ VCW(¢) + VT(¢’ T)

Transition strength — latent heat
released to the background
radiation energy density

Transition rate or
duration of the
phase transition

A‘/tot = Vvtot((;bfalsey T) - ‘/tot (‘btrue, T)
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Gravitational Waves from a dark QCD phase transition

QCD first-order phase transition — not from first principles (effective potential) but from simulations (model
agnostic)

Two scenarios:

Runaway - to overcome the maximum pressure from the plasma, the bubble walls must exhibit
ultra-relativistic velocities.

Non-runaway — to overcome the maximum frictional pressure form the plasma, the bubble walls reaches a
terminal velocity.
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The Twin Peak GW signal
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Conclusions

-> The GW signal from the dark QCD FOPT can potentially be observable in several future experiments,
including PTAs (SKA), planned (BBO) and proposed (Ultimate-DECIGO,  Ares, asteroid ranging).

THe GW from the dark U(1) can potentially be observable in planned (BBO) and proposed (Ultimate-DECIGO)

DM analysis and more on the QCD FOPT to come... work in progress!
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Thank youl!
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Backup slides
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Gravitational Waves from phase transitions

A stochastic gravitational wave background (SGWB) — To varying degree, three main processes are involved in the
production of GW:

Tp

Early Universe Early Universe Early Universe
Collision of bubbles Sound waves of the surrounding plasma Turbulence in the plasma forming after
accelerated by the bubble wall propagating bubble collisions

(magnetohydrodynamic turbulence)

The energy flow from a scalar field to the plasma and spacetime during a FOPT can be deduced from the coupled equations of motion of the
scalar and gravitational fields and that of the plasma.
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Gravitational Waves from phase transitions

The total SGWB spectrum: Qawh?(f) = Wh?(f) + Qsh*(f) + Uuh*(f)
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Gravitational Waves from phase transitions

The effective potential — particle model dependent

‘/eff(qsa T) — V;ﬁree I VC’W (¢) + VT(¢7 T) h Vdaz’sy(¢7 T)

where

v MmN 4 2((15) s ] - :
ow () = P m; (¢) |log Ci| +Vau(¢) —  1-loop radiative corrections
and

Vr(¢,T) = Z (2 L T*Jp [m;i] — Sl [mTFD —, thermal corrections

and

Vdaisy (¢, T) = — 11; [m3, (¢, T) —mi(¢)] —»  daisy subtraction
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