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l. Motivation: NANOGrav
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Motivation
One possible solution
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l. Motivation: Rich Dark Sectors
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l. Motivation: Rich Dark Sectors
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l. Motivation: Rich Dark Sectors
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Explain NANOGrav data with the help of a minimal
realization of the Dark Sector model.
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Il. Potential

1 A
Vo = __M?b¢2 + _¢¢4 —p [ree level
2 4
' 2 Coleman -
— T 4 m; (90) 3 2 2 :
Vew = ; 6472 m; () (log mf (%) - 5) +2m; () m; (%) —% Weinberg

n; T m7 () n; T m7 (¢)\ - 1loop T -
Vr = Z 52 JB ( T2 + Z 92 Jr T2 dependent
i=bosons i=fermions
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Il. Potential: On-shell renormalization scheme
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Il. Potential (BP1 and BP4)
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Il. Potential: flat V(T=0)

roll d2‘/eff(g07 1T = O)
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I1l. GW parameters:
Supercooled PTs subtleties



lll. GW parameters: Reference temperature, T.

/TCrit dT/F(T’)V(Tp, T') 6_3%; AT/ITT) ~ _1no.71
O JTHT) -

When there is supercooling, the computation of
the nucleation temperature is not enough:

TN:th|o




lll. GW parameters: Reference temperature, T.

/ - dT/F<T’iV(Tp,T’> =3 f7, AT 0.7
. IH(T) -

Volume at TIo of a bubble
nucleated at T
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4 3 T pr dr /j(T )
V(T,,T) = T / 7'~
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lll. GW parameters: Reference temperature, T.

T T o (T 1
4 ) B, AT~ _1n0.71

/T de[ T,]

Full general relation
betweentand T: J(T) # T

dT OVegr /OT

— = —H(I)J(T) = _BHaﬂ/eﬁ/aT?

©=0
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lll. GW parameters: Reference temperature, T.

/TCrit dT/F(T’)V(Tp, 1) 6_3%; AT/ITT) ~ _1no.71
n  ITAT) -

We include the vacuum energy

released in the transition and
(SM + BSM) dof

g (T)T*  AVeg(T)]"?

H(T) =
(T) 907T2]\4];2)1Jr 3M3,
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lll. GW parameters: Reference temperature, T.
(Ly: T") -3 [ ar (")

Terit
dT"
/Tp J(1")H

SS 3/2 o
The decay rate is computed from the Euclidean F(T) ~ T* ( ) e/
action, S, of the O(3)-symmetric tunneling solutions

~ —1n0.71

We compute using the
tunneling potential method
(1805.03680, 1811.09185):
much faster than the bounce
action method

V (), Vi(¢, $o)




lll. GW parameters: other conditions for PT

1. False vacuum volume d d ext
must decrease Vf < O — 3 + T V

[2212.07559] dit dT

2. Transition must complete Pf( ) — (.01
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lll. GW parameters: temperatures
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lll. GW parameters: relevant quantities

1. Mean bubble separation
~1/3
B Terit F(T’)P (T’) o T dT" T
R, = [ns(T,) " = /’ ar EEPAT) =g a7
[nB( p)] ( T H(T’)j(T’)e
2. Strength of transition

[2305.02357, 2004.06995] 3. Bubble wall velocity:
40,(T,) — 0,(1)) relativistic [2112.07686]:
“T3T w1 a>a, Vy — 1
0= (p— Bp/cz’t)/ll (pseudotrace) 4. Reheating T (fast decay of
w = —T(OV/IT) () [1809.08242]

c:(T) = 0rV/ (T 07V ) (speed of sound) Tru >~ T, (1 + @)1/4
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IV. MODELING THE SPECTRUM



IV. Modeling the spectrum: SW

3/ F\°
”Z(fsw)}

—7/2

kv \~ [\’
QSW,*:o.gg(H*R*)(H*TSW)( ) ( ) X

L+a) \ fow

Veq: terminal Lorentz factor of wall

p= Av _ APLO _ ’YAPNLO Y.: Lorentz factor of wall without

NLO pressure term

V*>Veq: leftover energy goes to plasma




IV. Modeling the spectrum: SW

_ kew o\’ 3(.1\
st,*—0-38(H*R*)(H*TSW ( > (fsw) : 1+Z(fsw>]

/ -

1 R*] length of the sound
: .
H, Uf \L/Jva.ve period

¢ root - mean -
square fluid velocity
[1809.08242]
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Tew = IMIN {



IV. Modeling the spectrum: SW

2 3 9
Xeff Qleff

1 P fow
Y T 073 + 0.083 /v + vupt

72

efficiency coefficient for sound waves
[1512.06239, 1004.4187], where:

Geﬁ‘ EG(]. R Kcol)
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IV. Modeling the spectrum: SW

3/ F\°
HZ(M)]

o\ 2 f 3
QSW,*:o.gs(H*R*)(H*TSW>< ol ) ) x

1+ «

fow = 3.4/ [(Vy — ¢5) Ry]

peak frequency

—7/2
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IV. Modeling the spectrum: SW

kewa \" [\’
QSW,*:o.sg(H*R*)(H*TSW)< ) ( ) x

L+a) \ fsw

redshift: s(t) a3(t) conserved
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V. BENCHMARK POINTS
AND RESULTS
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The dark minimal

BP1
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BP4

model could in
principle explain
NANOGrav data




Summary

NANOGrav data (NG15) points to a Gravitational Wave Background that
might be explained by BSM scenarios, such as Supercooled First Order
Phase Transitions of a dark scalar in the MeV - GeV energy range.
Although fine-tuned, a minimal dark sector, consisting of a complex
scalar singlet and a U(1) dark gauge may explain NG15.

The supercooled nature of the FOPT requires a careful treatment, in order
to avoid approximations that rely on assumptions that may not hold in a
supercooled scenario (such a as the Bag model).

The region that better explains NG15 data gets close to the conformal
field scenario, with a hierarchy of mases: m_, > m "

NG15 constitutes another door opened to search for Rich Dark Sectors,
that go beyond a minimal model, such as the one presented here.

We need to move to MS-bar to explore the whole region and consider the

running of the parameters of the model.
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Extra slides

for questions



Where does the energy go?

p — Av T APLO _ /YAPNLO Pressure driving expansion of wall

AV — APy
Veq = — Lo y for which equilibrium is reached
h APx1o
O — AV = AP0 a for which there is no pressure before y grows
’y* Yy reached by neglecting NLO

( 2
Kcoll Ew eq 1 — 2= (M> y /Y* > /Veq

energy | — = & 7= o T

to wall EV Qoo
\t T o Vi = Veq




Other sources of GWs

Qeolx = 0.024(H,R,)? <

Quurbr = 6.8(H, R.)

(1 — H,Tsy)
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The decay to e'e is
not fast enough:
we'd need dark
fermions. To be
discussed in the
future.
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