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ONE-LOOP EFFECTIVE POTENTIAL

In order to study the phase transition dynamics and the generation of GW, we will use the one-loop effective
potential (written in terms of the background field ¢ — ¢/v/2) which can be decomposed as

Ve ((p, T) = Viree + Vow + Vr + Vdaisy s (15)

where the first two terms correspond, respectively, to the tree-level potential
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and the Coleman-Weinberg (CW) potential given by
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where n; are the number of degrees of freedom for each species. Note that the one-loop potential from Eq. (17)
guarantees that loop effects do not change neither the vev nor the scalar mass with respect to the tree-level values at
zero temperature. The temperature dependence is encoded in the terms V7 and Vqaisy. The first is given by

V(e T) = 3 ’;’gJB (m?T(f))+ 3 ’;glJF (m?T(f)), (18)

i=bosons i=fermions

where the function Jp(p) is given by
Ip(r)(z) = i/ dyy® log (1 Fe v ‘”2“’2) : (19)
0

for bosons and fermions, respectively. The last part of the one-loop potential is the contribution from Daisy resum-
mation, Vyaisy, which using the Arnold-Espinosa prescription [92] is found to be

Vasor (1) = 3 T [on2 () — (m2 () + 10, (1)) 7] (20)

i=bosons

where II; (T') is the thermal mass in the high-temperature limit, and 7; is the number of degrees of freedom that
develop a thermal mass. Let us underline that only the longitudinal mode of the gauge bosons gets a thermal mass,
and thus n; = 1, while in general for a massive vector boson one has n; = 3. We find the following contributions to
the boson thermal masses:
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while the corresponding thermal mass for the Goldstone boson matches IL,(7"). Given that II;(T") is computed in the
high-temperature regime, we include a cut-off on its size given by [93]:

(T — T;(T) 2 Ky (2) /2 (22)



where z = m; /T and K> is the modified Bessel function of the second kind.

We estimate that the running of the gauge coupling, not included in our analysis, induces percent-level changes,
while the gauge boson mass may vary by a factor of a few [94, 95]. Although important for detailed parameter space
studies, this effect does not impact our main focus: the generation of the PTA GW signal and the obtained relation
between gauge and scalar masses.

GW FROM COLLISIONS AND TURBULENCE

The contribution to the GW signal from bubble collisions is given by [73, 78]
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with feo1 = 0.51/R.. When the bubble walls reach a terminal velocity, as found in our study, the main contributions
to the GW spectrum are sound waves and turbulence. If the sound wave period is significantly shorter than a Hubble
time, then a sizable fraction of the vacuum energy goes into turbulence in the plasma, which sources a GW spectrum
given by [96]

B 3/2 3 —-11/3

and whose peak frequency corresponds to fiurh = 3.9/ [(vy — ¢s) Rs]. The total GW spectrum is obtained as Qgw » =
Qeol,x + Qs + Qeurb,«, although Qg . dominates the signal explaining NANOGrav 15-year data.

FOPT COMPLETION

We discussed in the main text the importance to check that the false vacuum fraction decreases, making possible the
completion of the FOPT. In Figure 3 we present the false vacuum fraction evolution with respect to the temperature
as a dark red line, for one point which has strong supercooling but does not complete (left panel) and BP2 in Table 1.
The vertical lines are the relevant temperature milestones of the PT as specified in the legend. We immediately
see that for the left side plot the PT never completes since P;(T") decreases too slowly and never reaches values
close to zero. While on the right the PT reaches completion, with the false vacuum fraction reaching the values of
P;(T) ~ 0.01 in a finite time and having a negative derivative at that temperature.



1.0 |
!
|
0.8 |
|
0.6 1 I I
g i i
041 ! !
| |
I — - Ty =329 MeV
0.2 - Ty =435 MeV . —- T, =234 MeV
- T, =170 MeV | — T,=141MeV
Py(T,) = 0.71 I Py(T,) = 0.71
0.0 1 Py =001 | . P (T.) = 0.01
0 20 40 60 50 100 0 5 10 15 20 2 30 35 40 45

T [MeV] T [MeV]

FIG. 3. Evolution of the false vacuum fraction of the Universe P as a function of the temperature, shown in dark red. The
dark green, teal and purple dash-dotted vertical lines correspond to the nucleation, percolation and completion temperatures,
respectively. The horizontal coral and light-green dashed lines correspond to the values of P;(7T') that define the percolation
and completion temperatures, respectively. The left panel corresponds to a point in which the FOPT does not complete, while
the right one is BP2 in Table I.
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