






Ref. [12], where it is found that the diffusion rate for the Chern-Simons number is

Γsph = (8.24± 0.10)

(

N

2

)5 g2T 2

m2
D

(

log
mD

g2T
+ 3.041

)

α5T 4 , (8)

where g is the SU(N) gauge coupling, α = g2/(4π) and mD the Debye mass of the SU(N)
gauge bosons. The numerical coefficients have strictly been derived for N = 2, while
the explicit scaling ∼ N5 is conjectured in Ref. [18], cf. the comments below. In the
SM at high temperatures, the Debye mass-square of the W bosons is m2

D = 11
6 g

2
2T

2,
and we then obtain the weak sphaleron rate Γws = Γsph|g=g2, where we set g2 = 0.55
as suggested by renormalisation group running for temperatures ∼ 1012 GeV. There is
also recent work that reports the sphaleron rate in the SM during the crossover between
the high-temperature regime and low temperatures, where the electroweak symmetry is
broken [19]. The Chern-Simons number diffusion rate enters the kinetic equations in the
form [19–21]

d(B/3 + Li)

dt
= −

1

T
Γws

Nf
∑

i=1

(3µQii + µLii) , (9)

where Nf = 3 is the number of flavours in the SM. See also [22] for a simple and pragmatic
discussion on how to substitute Γws into the kinetic equations. On the left hand side,
we may as well replace the charge densities B and Li with 6qQii and 2qLii. As stated in
Section 2 above, we use the convention that qX denotes the charge density of a species
X of a particular entry of a gauge multiplet. Furthermore, we allow in this Section
the charge densities and chemical potentials to be matrices, as this allows to account
for possible correlations in flavour space. This is done in view of future work where we
aim to include decohering flavour correlations. In the remainder of this paper, we set
the flavour correlations to be zero and denote the diagonal components of the flavour
correlation matrices using a single index, i.e. qXi = qXii.

Using these definitions and relations, we can break Eq. (9) down to

dqQij

dt
=−

Γws

2T 3
δij (9tr[qQ] + 3tr[qL]) , (10a)

dqLij
dt

=−
Γws

2T 3
δij (9tr[qQ] + 3tr[qL]) , (10b)

where the traces are taken over flavour space. The non-zero eigenvalues associated with
this homogeneous system of differential equations are 18Γws/T 3. Taking g2 ≈ 0.55 for
the SU(2) gauge coupling of the SM around 1012GeV, we find that 18Γws/T 3 = H for
T = Tws ≈ 1.8 × 1012GeV. In the absence of other interactions this would be the weak
sphaleron relaxation temperature, but including top Yukawa and strong sphalerons as
spectators reduces the relevant temperature by a factor of two [22].

For the strong SU(3) interactions, the sphaleron rate is perhaps less well known than
for the weak SU(2) case. The question is addressed in Refs.[18, 23], where the more
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Tss 2.4× 1013GeV strong sphaleron

Tws 1.8× 1012GeV weak sphaleron

Tb 4.2× 1012GeV bottom-quark Yukawa

Tc 3.8× 1011GeV charm-quark Yukawa

Ts 2.5× 109GeV strange-quark Yukawa

Tu 1.9× 106GeV up-quark Yukawa

Td 8.8× 106GeV down-quark Yukawa

Tτ 3.7× 1011GeV τ -lepton Yukawa

Tµ 1.3× 109GeV µ-lepton Yukawa

Te 3.1× 104GeV electron Yukawa

Table 1: Equilibration temperatures TX for Yukawa- and instanton-mediated SM pro-
cesses. Methods of the calculations and uncertainties are discussed in the text. Partial
equilibration is relevant when the freeze-out of the lepton asymmetry happens at tem-
peratures between TX and 20 TX .

In the literature (see e.g. [2, 3]), it is often assumed that the strong sphalerons equi-
librate before bottom and tau Yukawas, and that the weak sphalerons equilibrate before
second generation Yukawas. Here instead we note that it seems more appropriate to
assume that the weak sphaleron equilibrates after the bottom but before tau Yukawas,
and that the strong sphaleron might not be fully equilibrated when the bottom Yukawa
becomes relevant. Overall it seems that in most regions more than one spectator in-
teraction can be partially equilibrated. Noting these partial discrepancies, one should
however keep in mind systematic uncertainties, in particular in the determination of the
strong sphaleron rate.

4 Partial τ Yukawa Equilibration During Leptogen-

esis

For Leptogenesis in the strong washout regime, a comparably large lepton asymmetry is
present in the plasma around z ∼ 1, after which it is suppressed from washout until the
freezes out occurs at z ∼ 10− 20, cf. the dashed line in Figure 2 for example. Spectator
effects can transfer parts of the asymmetry into particles that are not subject to washout,
like right-handed charged leptons. If the spectator interaction is fully equilibrated, the
asymmetry in spectator fields closely tracks the lepton doublet asymmetry, such that this
effect is adequately described by a modified washout factor, as implemented in Eq. (7).

However this description is not valid if the spectator effects equilibrate during the
same times the lepton asymmetry freezes out. In that case, parts of the large asymmetry
around z ∼ 1 can be transferred to the spectator fields, but they will only fully equilibrate
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FIG. 2: The Higgs expectation value as a function of tem-
perature, compared with the perturbative result [2].

sphaleron barrier (∼ sphaleron energy), and special real-
time runs are performed to calculate the dynamical pref-
actors of the tunneling process. The physical rate is then
obtained by reweighting the measurements. For details
of this intricate technique, we refer to [12, 27]. As we will
observe, in the temperature range where both methods
work, these overlap smoothly.
Simulation results: We perform the simulations using lat-
tice spacing a = 4/(9g23) (i.e. βG = 4/(g23a) = 9 in
conventional lattice units), and volume V = 323a3. In
ref. [12] we observed that the rate measured with this
lattice spacing in the symmetric phase is in practice in-
distinguishable from the continuum rate, and deep in the
broken phase it is within a factor of two of our estimate
for the continuum value, well within our accuracy goals.
In fact, algorithmic inefficiencies in multicanonical simu-
lations become severe at significantly smaller lattice spac-
ing, making simulations there very costly in the broken
phase. The simulation volume is large enough for the
finite-volume effects to be negligible [12].
The expectation value of the square of the Higgs field,

v2/T 2 = 2〈φ†φ〉/T (here φ is in 3d units), measures the
“turning on” of the Higgs mechanism, see Fig. 2. As
mentioned above, there is no proper phase transition and
v2(T ) behaves smoothly as a function of the tempera-
ture. Nevertheless, the cross-over is rather sharp, and
the pseudocritical temperature can be estimated to be
Tc = 159± 1GeV. If the temperature is below Tc, v2(T )
is approximately linear in T , and at T > Tc, it is close to
zero. The observable 〈φ†φ〉 is ultraviolet divergent and
is additively renormalized; because of additive renormal-
ization, v2(T ) can become negative.
We also show the two-loop RG-improved perturbative
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FIG. 3: The measured sphaleron rate and the fit to the broken
phase rate, Eq. (7), shown with a shaded error band. The
perturbative result is from Burnier et al. [11] with the non-
perturbative correction used there removed; see main text.
Pure gauge refers to the rate in hot SU(2) gauge theory [19].
The freeze-out temperature T∗ is solved from the crossing of
Γ and the appropriately scaled Hubble rate, shown with the
almost horizontal line.

result [2] for v2(T ) in the broken phase. Perturbation
theory reproduces Tc perfectly, and v2 is slightly larger
than the lattice measurement. In the continuum limit we
expect this difference to decrease for this observable; in
ref. [12] we extrapolated v2(T ) to the continuum at a few
temperature values and with Higgs mass 115GeV. The
continuum limit in the broken phase was observed to be
about 6% larger than the result at βG = 9. Thus, for
v2(T ) perturbation theory and lattice results match very
well.
Finally, in Fig. 3 we show the sphaleron rate as a func-

tion of temperature. The straightforward Langevin re-
sults cover the high-temperature phase, where the rate
is not too strongly suppressed by the sphaleron barrier.
In fact, we were able to extend the range of the method
through the cross-over and into the broken phase, down
to relative suppression of 10−3.
Using the multicanonical simulation methods we are

able to compute the rate 4 orders of magnitude further
down into the broken low-temperature phase. The results
nicely interpolate with the canonical simulations in the
range where both exist. In the interval 140<∼T<∼155GeV
the broken phase rate is very close to a pure exponential,
and can be parametrized as

log
ΓBroken

T 4
= (0.83± 0.01)

T

GeV
− (147.7± 1.9). (7)

The error in the second constant is completely dominated

D’Onofrio, Rummukainen,

Tranberg, 1404.3565



18

FIG. 7. Same as fig. 6(a) but with only ARS contribution taken into account. This generically leads to a
smaller final asymmetry production as can also be seen in fig. 8.
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FIG. 8. Time evolution of |�YB | for the cases of ⌃ decays (red dotted) and ARS (blue dashed) shown
together with the general case when the both production mechanisms are included (yellow solid). We take
⇠ = 3 and mN2 = 400GeV. It is evident that the combination of both production mechanisms su�ces to
account for BAU, in contrast with the individual contributions.

V. IDENTIFYING THE VIABLE JOINT PARAMETER SPACE FOR DM AND
LEPTOGENESIS

In sections III and IV we separately scrutinized DM and BAU production. Therefore, the ques-
tion arises whether it is possible to find regions in the parameter space for which the observed values
of DM relic abundance and |�YB| are simultaneously reached. Generally, these two mechanisms

Baumholzer, Brdar, 
PS, 1806.06864





Figure 2: Plot of Esph as a function of tan β for mQ = 500 GeV, At = µ = 0 and: a)
mA = 100 GeV, mU = 0; b) mA = 500 GeV, mU = 0; c) mA = 100 GeV, mU = 400
GeV; and, d) mA = 500 GeV, mU = 400 GeV.
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the  s ta n d a rd  mode l.  A s imila r c o n c lu s io n  c a n  a ls o  be  
d ra wn  fro m  the  n u m e ric a l s o lu tions  o f re f. [6 ],  a l- 
th o u g h  the re , in  o u r n o ta tio n ,  it wa s  a s s u m e d  th a t 
f = 0 a n d  h e f t = 0. 

TO o b ta in  a  m o re  a ccu ra te  e s tima te  fo r the  s pha l- 
e ron  e ne rgy, we  s ha ll us e  the  a ns a tz  

c~ ] = fn 2 - -~fl ah 2, (12 ) 

whe re  a  is  a  p a ra m e te r with in  the  ra nge  0 ~< a  ~< 1, 
a n d  rh 2 is  d e te rm in e d  b y the  co rre c t a s ym p to tic  be - 
h a vio u r,  f2  = rh 2 _  a y f2 /2 fl.  This  a ns a tz  re p ro d u c e s  
in  the  ca s e  a  = 0 the  p re vio u s  u p p e r b o u n d .  Be ca us e  
h is  a lwa ys  incre a s ing , ~a  is  de c re a s ing  fo r pos itive  7 
a n d  inc re a s ing  fo r ne ga tive  y, a s  it s h o u ld  be  a cco rd - 
ing  to  the  e q u a tio n  o f m o tio n .  Afte r s ca ling  o u t the  
s ta n d a rd  m o d e l VE V f,  a n d  ne c le g ting  m o m e n ta rily 
a  s ma ll (ne ga tive ) c o n trib u tio n  fro m  the  ga uge -fie ld - 
Higgs  in te ra c tion ,  we  in fe r the  u p p e r b o u n d  

E MM (2, f l ,  7, f )  ~ EMM 

4 n f  (2e ff + (y 2 /4 f l) (a -1 )  2 ) 
-- g v '~ B  g2u 2 , (13 ) 

whe re  

u = 1 + \ 2 f f l)  a  >t 1 , (14 ) 

a n d  B (2 /g  2) is  a  s m o o th ,  inc re a s ing  fu n c tio n  g ive n  
in  re f. [4 ],  wh ic h  d e te rm in e s  the  s pha le ron  e ne rgy in  
the  s ta n d a rd  mode l.  

Th e  c o rre c tio n  to  th e  g a u g e -fie ld -Hig g s  in te ra c tio n  
ne g le c te d  in  (13 ) re a ds  

o o  

: 4. 1) f dr:(l -.)' < O. (15) 
o 

O u r e s tima te  cons is ts  n o w o f s ubs titu ting  the  s ta n d a rd  
m o d e l s p h a le ro n  s o lu tions  fo r h a n d  F in to  (1 5 ),  a n d  
m in im iz in g  (13 ) a n d  ( 15 ) with  re s pe c t to  a  to  o b ta in  

A E  MM EMM(2, fl, 7, f )  ~ Ea MM + a ra in' (16 ) 

wh ic h  is  s till a ls o  a n  u p p e r b o u n d .  
F o r a  n u m e ric a l e s tima te  it is  s u ffic ie n t to  us e  a  fit 

to  the  fu n c tio n  B, wh ic h  ha s  b e e n  c o m p u te d  in  re f. 
[4 ].  We  s ha ll write  

B(A/g2 ) = A + B t a n h [c iln ( g ~ ) + c 2 ],  (17 ) 

I 000  -- 
- ~ " , \  (o) 

' l i , i  

\k ii 

0 .950  , , 

,.ooo ~ \ \  (c) 

" ~ 0 ,995  }- 

0 . 990  L , , , , 
- 4  " 3  - 2  -4 0 

log (k/g) 
- 4  3 - 2  - I  0 

log (X/g) 

Fig. 1. The  ra tio EMM/E TM for va rious  se ts  o f pa ra me - 
te rs , a s  a  function o f 2 with f / f  = 1 (da s he d line ), 
f / f  = 10 (dotte d line) a nd f / f  = 100 (solid line ): 
(a ) (fl, 72) = (102,2fl,~); (b) (fl, 72) = (0.12,2fl2); (c) 
(fl,72) = (102,0.5fl2); (d) (fl, 72) = (0.12,0.5fl2). In  
(a ) a nd (c) the  curves  for f / f  = 10 a nd f / f  = 100 
coincide , indica ting the  s a tura tion o f the  bound (10). 

which , with  the  fo llowing  va lue s  o f the  pa ra me te rs : 

A = 2.15, B = 0 .5 7 3 ,  

cl = 0 .247, c2 = 0 .0 8 6 3 ,  (18 ) 

ha s  a  (line a r) co rre la tion  0 .99994 . It is  th e n  a  s imple  
m a tte r to  m in im iz e  (16 ) with  re s pe c t to  a . Th e  re s u lt 
is  d is p la ye d  in  fig. 1, whe re  we  ha ve  d ra wn  the  e ne rgy 
E MM (2, fl, y, f)  in  un its  o f ESM (2) fo r d iffe re n t ca s e s  
o f p a ra m e te r va lue s . Wh e n  the  VE V o f the  s ingle t fie ld  
f is  c los e  to  f,  the  s pha le ron  e ne rgy is , fo r a ll p ra c ti- 
ca l pu rpos e s ,  e qua l to  the  s ta n d a rd  m o d e l s pha le ron . 
Inc re a s ing  f will de cre a s e  the  s pha le ron  e ne rgy un til 
it s a tu ra te s  the  b o u n d  (1 0 ),  a s  is  e vid e n t fro m  the  
fo rm  (1 3 ),  a n d  a s  ca n  be  ga the re d  a ls o  fro m  fig. 1. 
Th e  q u a n tity wh ich  d e te rm in e s  the  de gre e  o f s a tu ra - 
tio n  is  7 f / f lf ; a s  it de cre a s e s , a  in  e q. (13 ) will be  
d rive n  to wa rd s  I. Th e  la rge s t ra tio  EMMIES M, o r the  
la rge s t m o d ific a tio n  o f the  s ta n d a rd  m o d e l s pha le ron , 
is  o b vio u s ly o b ta in e d  in  the  limit 72 __, 4fl2. In  re a l- 
is tic  ca s e s , howe ve r,  the  m o d ific a tio n s  a re  a s s u re d  to  
re m a in  m in o r.  Th is  c a n  a ls o  be  s e e n in  fig. 2, whe re  
we  ha ve  d ra wn  the  c o n to u rs  o f fixe d  EMM/E TM in  the  
(fl, ;t)-p la ne  fo r the  ca s e  72 = f12. 

To  conc lude ,  we  ha ve  e s tim a te d  the  m o d ific a tio n  
o f the  e ne rgy o f the  s pha le ron  c o n fig u ra tio n  due  to  
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Figure 1: Energy of the electroweak sphaleron in the units of 4⇡v/g ' 4.7 TeV as a function
of the suppression scale of the dimension-six operator. Di↵erent colors of curves correspond to
di↵erent operators as shown in the legend. Solid (dashed) curves indicate that the operator
coe�cient is positive (negative).

On the right axis of the left panel of Fig. 1 we show the lower bound on the electroweak order
parameter v(T )/T from Eq. (20). We take the coe�cient to be 1.07, which is the arithmetic
mean of 0.973 and 1.16. The washout avoidance condition can vary by as much as a few percent
due to the presence of dimension-six operators while keeping ⇤/

p
|ci| & 1 TeV large enough to

be consistent with collider observations.
In Fig. 2 we show how the size of the electroweak sphaleron changes with the presence

of dimension-six operators. To define the sphaleron size, we calculate the energy density as
⇢sph,0(⇠) = (gv)3(4⇡⇠2)�1dEsph,0/d⇠ with Esph,0 given by Eq. (19). Then we define a fiducial
sphaleron radius ⇠sph as the width at half-maximum, ⇢sph,0(⇠sph) = (1/2)⇢sph,0(0).

4 Conclusion

We have allowed the Standard Model to be extended with a set of 20 dimension-six operators
that are constructed from the Higgs field, isospin gauge field, and hypercharge gauge field.
We have calculated analytically the e↵ect of these operators on the field equations (Table 1),
and to our knowledge such a calculation has not appeared before in the literature. We have
calculated analytically the sphaleron equations of motion (Table 2) with the assumption that
the hypercharge gauge field is set to zero. Using numerical methods, we solve the equations of
motion and calculate the sphaleron energy.
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coe�cient is positive (negative).

On the right axis of the left panel of Fig. 1 we show the lower bound on the electroweak order
parameter v(T )/T from Eq. (20). We take the coe�cient to be 1.07, which is the arithmetic
mean of 0.973 and 1.16. The washout avoidance condition can vary by as much as a few percent
due to the presence of dimension-six operators while keeping ⇤/

p
|ci| & 1 TeV large enough to

be consistent with collider observations.
In Fig. 2 we show how the size of the electroweak sphaleron changes with the presence

of dimension-six operators. To define the sphaleron size, we calculate the energy density as
⇢sph,0(⇠) = (gv)3(4⇡⇠2)�1dEsph,0/d⇠ with Esph,0 given by Eq. (19). Then we define a fiducial
sphaleron radius ⇠sph as the width at half-maximum, ⇢sph,0(⇠sph) = (1/2)⇢sph,0(0).

4 Conclusion

We have allowed the Standard Model to be extended with a set of 20 dimension-six operators
that are constructed from the Higgs field, isospin gauge field, and hypercharge gauge field.
We have calculated analytically the e↵ect of these operators on the field equations (Table 1),
and to our knowledge such a calculation has not appeared before in the literature. We have
calculated analytically the sphaleron equations of motion (Table 2) with the assumption that
the hypercharge gauge field is set to zero. Using numerical methods, we solve the equations of
motion and calculate the sphaleron energy.
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Figure 6: Example of gravity wave spectrum produced during the EW phase transition both
by turbulence (left peak) and collision e↵ects (right peak slightly emerging from the tail of
the turbulence spectrum). This plot is for mh = 115 GeV and f ' 600 GeV where ↵ = 0.51,
�/H = 89 and Tn = 39 GeV. Note that suitable values of ↵, �/H to get a strong signal
always imply a small nucleation temperature (< 100 GeV) due to important overcooling
e↵ects that drag the peak below the lower bound of the space-based detectors frequency
band (' 10�4 Hz), making the gravity waves delicate to observe.

the phase transition today if the latent heat energy released is large and the emission lasts
a long time. This can be understood easily by recalling that the power spectrum is given
by the square of the quadrupole moment of the source which in turns scales as the kinetic
energy over the time of emission [29]. In other words, typically ↵ has to be O(1) and �/H
as small as O(100) to get a su�ciently high energy density ⌦h2 & 10�10.

Relying on our e↵ective (nonrenormalizable) potential approach, we find that generically
the dynamics of the first order EWPT beyond the SM generate too weak gravity waves
to observe except for a tiny region of the parameter space. Namely, by looking closely at
Figs. 5 one can see that for a Higgs mass slightly above the LEP2 bound, mh & 115 GeV,
and a relatively low scale, f ⇠ 650 GeV, we get at best ↵ ⇠ 0.5 and �/H ⇠ 100. The
corresponding nucleation temperature in this region is about 50 GeV, according to Fig 3.
For such a temperature scale, only LISA and BBO will be sensitive to the emitted spectrum
of gravity waves, according to the results presented in Figs. 3 and 4 of [22]. Its detectability
is probably beyond the capability of LISA. This result is in qualitative agreement with the
results of [30]. Indeed LISA requires at least values of ↵ > 0.6 for �/H ⇠ 100 in order to
see the characteristic peak from turbulence while the collision peak starts to be probed for
↵ > 0.8. On the other hand, BBO should be able to observe both peaks if ↵ is around 0.3
(keeping �/H ⇠ 100).

Thus it seems that one will have to wait until the launching of the second generation
of space-based interferometers to really study the EWPT through gravity wave detectors
within this framework. Moreover this would be possible only in the maximizing case where
the Higgs mass is close to its current experimental bound and the composite scale of the
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4

or
p

v[T ]2 + vS [T ]2); v[T ], vS [T ] are the VEVs of h, s at

temperature T and v[T ] = v, vS [T ] = vS at T = 0. When

the singlet part is absent, the above Esph(T ) reduces to

the form of the SMEFT case, with the potential:

Veff [h, T ] = VT (h, T )� VT (v(T ), T ) . (14)

For more details on the field configurations and on the

sphaleron solutions, see Appendix. B. The sphaleron en-

ergy at the bubble nucleation temperature Tn(Esph(Tn))

can be obtained after the parameters v(Tn), vs(Tn) and

Tn have been calculated through the EWPT analysis.

III. RESULTS

Figure 1. In the top panels, we plot PTsph versus Tn(left),
and Esph(Tn)/Esph versus vn/v(right) when varying ⇤ for the
case of the SMEFT. The bottom panels show �/Hn versus ↵
by color-coding Esph(Tn)/Tn(left), and the relation between
the sphaleron energy Esph(Tn) and the SNR of the GW spec-
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ticipated, as a larger vn can generally be obtained with
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the sphaleron energy and the SNR of the corresponding

gravitational wave spectra from the EWPT is shown in
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can be probed by the gravitational wave detector (with a
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in the C = 0 gauge into fields in the topological gauge, where Eq. (II.3) holds. Expressing the result in terms of
functions in the C = 0 gauge one finally obtains:

NCS =
1

2⇡

Z
dr(A0

B �B
0
A) +

1

2⇡
arctan

B1
A1

=
✓1 + n⇡

2⇡
�

1

2⇡

Z
drR

2
✓
0
, n 2 Z. (III.19)

B1, A1, ✓1 denote the values of the corresponding functions at infinity. In the C = 0 gauge it no longer holds that
the gauge fields vanish at r ! 1. The ambiguity in ✓1 up to multiples of ⇡ is due to the discrete redundancy of
Eqs. (III.14) and (III.15). From Eq. (III.19), when imposing Eq. (III.17) one can see that the sphaleron solutions with
NCS = 1/2 have constant arctanB1/A1 = ✓1 + n⇡ = ⇡. This, together with Eq. (III.17), allows to fix the ansatz
(III.6) in the C = 0 gauge by simply solving the two di↵erential equations in (III.18). The boundary conditions for
the two functions R and S can be obtained from the asymptotic solutions for the functions A,B,G, F in appendix
A, imposing Eq. (III.17) and ✓ = ⇡ + n⇡. At the chosen level of accuracy, this reduces the free parameters of the
asymptotic solutions from six to four.

For NCS = 1/2 and R > 0 at large values of r, only the upper sign choice in Eq. (III.18) gives a solution, and one
can choose ✓ = ⇡. The upper sign choice corresponds to even ! in Eq. (III.17), i.e. � = ✓/2 + n⇡, with n 2 Z. As
is clear from Eq. (III.13), this implies that the sphaleron has F = B = 0 for all r. As mentioned earlier, for r ! 1

the scalar field must lie in a minimum of its potential energy in order for the sphaleron to have finite energy. This
is satisfied for F

2 + G
2 = S

2 = 1, as can be seen from the ansatz (III.6) and the rescaled potential term in Ṽ
SM
bos in

Eq. (III.4). On the other hand, regularity at r = 0 forces G(0) = 0, which, together with the condition F (r) = 0 8 r,
means that the scalar field must be zero at r = 0. Thus, the sphaleron probes the Higgs potential between the origin
(F = G = 0) and the vacuum configuration (F 2 +G

2 = 1).
The sphaleron energy can be obtained from mW Ṽbos evaluated in the sphaleron configuration; in terms of the

R,S, ✓,� variables, Ṽbos is equal to

Ṽbos =
2⇡

g2

Z
dr

r2

n
2r2

h
R

02 +R
2
✓
02 + 2r2

⇣
S
2
�
02 + S

02
⌘i

+ 
2
r
4
�
S
2
� 1

�2
+ 2R2

�
r
2
S
2
� 1

�

�4r2RS
2 cos[✓ � 2�] + 2r2S2 +R

4 + 1
 
.

(III.20)

Solving the di↵erent systems of equations – either (III.10) and (III.12), or the system (III.16), or the reduced
system (III.18) – with the iterative procedure described above, fixing mh = 125.09 GeV and mW = 80.398 GeV [67]
we recover in all cases the known value of the SM sphaleron barrier,

E
SM

sph = 9.11TeV. (III.21)

Fig. 2 illustrates the profiles for R and S in the sphaleron solution, as well as the contributions to the dimensionless
bosonic energy density – defined as the integrand in equation (III.20) – from the derivatives of the gauge fields,
those of the scalars, and the scalar potential. The contribution from the potential is substantially lower than that of
the derivatives. This hints towards a limited sensitivity of Esphal to the details of the scalar potential, and greater
sensitivity to modified derivative interactions. This will be confirmed in the following section dedicated to nonstandard
Higgs scenarios.

IV. SPHALERON ENERGY FOR AN ELEMENTARY HIGGS IN A DEFORMED POTENTIAL

As an illustration of the e↵ect of a modified potential away from the Higgs vacuum, in this section we consider
a theory with an elementary Higgs, yet with a nonstandard potential. The experience with the SM shows that
the sphaleron configuration for an elementary Higgs is sensitive to field values between the origin and the vacuum
configuration, as follows from the boundary conditions at r ! 1 and r ! 0. Thus we may consider potentials which
deviate from the SM in this region, while having a minimum whose VEV and curvature reproduce the correct Higgs
and gauge boson masses. A potential which is very di↵erent from the SM can be achieved for example if the Higgs
vacuum at zero temperature is separated from the origin of field space by a potential energy barrier. Such type
of scenarios was introduced in reference [53], using higher-dimensional operators. A UV completion involving extra
scalars with strong couplings to the Higgs boson was found in [54, 55], and the large couplings were shown not to
spoil perturbation theory in [56]. Here we will adopt a practical approach and simply model the Higgs potential with
strong logarithmic corrections, i.e.

V (H) = V0 +m
2
H
H

†
H + (H†

H)2
✓
��+ � log


� +

2H†
H

�
2
0

�◆
. (IV.1)
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Once more, the upper and lower sign correspond to branches of solutions with either even or odd ! in Eq. (III.17).
The asymptotic solutions and the boundary conditions for the equations are similar to those in the SM case, and
discussed in appendix A. Using the same iterative method, we have solved the systems (IV.5), (IV.7) and (IV.9),
obtaining compatible results in all cases. As in the SM, for the measured Higgs and W boson masses we only found a
single branch of sphaleron solutions, which for R > 0 at large r corresponds to the upper sign choice in (IV.9), with
NCS = 1/2, and with ✓ = ⇡,� = ⇡/2, i.e. F = B = 0. The resulting energy barrier di↵ers at the level of . 9% from
the SM one, even for the limiting cases in the stability window of equation (IV.3). For absolutely stable Higgs vacua,
the deviations are below 3%; these results are illustrated in Fig. 4. Figure 5 shows the profiles and the contributions to
the bosonic energy density coming from a sphaleron configuration with � near the upper stability limit of Eq. (IV.3).
This gives the largest deviation from the SM, with the Higgs minimum above the origin (see Fig. 3). Note that with
the potential normalized to zero at the former minimum, the energy density at the origin becomes negative, and the
sphaleron configuration probes negative energies, as shown on the right plot in Fig. 5. This plays a role in lowering
the sphaleron energy barrier, which becomes Esph[� = 0.495] = 8.29 TeV.

0.0 0.1 0.2 0.3 0.4 0.5
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8.8
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E
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p
h
(T
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FIG. 4: In red, sphaleron energy as a function of � in models with a deformed Higgs potential, for � in the allowed stability
window. The dash-dotted gray line represents the SM result. � was fixed to 0.1, and hardly influences the results. The shaded
band corresponds to absolutely stable Higgs vacua, as in the left plot in figure 3.

FIG. 5: Properties of sphaleron configurations with � = 0.1 and � = 0.495. The left plot shows the profiles for R,S, in units of
mW , with the vertical lines marking the scale at which the low r solution (red) was matched with the high r solution (blue).
The plot on the right shows the contributions to the dimensionless integrand in Ṽbos, evaluated on the sphaleron solution, due
to the gauge fields (solid blue), derivatives of the scalar field (dashed orange) and the potential energy density of the Higgs
(dotted green). In all plots, the gray dash-dotted lines correspond to the SM results.
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<latexit sha1_base64="SlSXZeIeYH4duncY5HpPJyfU7Ik=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoseiF48V7Ae0a8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIbi/G3V1hZXVvfKG6WtrZ3dvfK+wdNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/VbT0wbruS9HScsiMlA8ohTYp3U9PFDdjHplSu4imdAy8TPSQVy1Hvlr25f0TRm0lJBjOn4OLFBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107QSdO6aNIaVfSopn6eyIjsTHjOHSdMbFDs+hNxf+8TmqjqyDjMkktk3S+KEoFsgpNX0d9rhm1YuwIoZq7WxEdEk2odQGVXAj+4svLpHlW9XHVvzuv1K7zOIpwBMdwCj5cQg1uoQ4NoPAIz/AKb57yXrx372PeWvDymUP4A+/zB9a4jqI=</latexit><latexit sha1_base64="SlSXZeIeYH4duncY5HpPJyfU7Ik=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoseiF48V7Ae0a8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIbi/G3V1hZXVvfKG6WtrZ3dvfK+wdNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/VbT0wbruS9HScsiMlA8ohTYp3U9PFDdjHplSu4imdAy8TPSQVy1Hvlr25f0TRm0lJBjOn4OLFBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107QSdO6aNIaVfSopn6eyIjsTHjOHSdMbFDs+hNxf+8TmqjqyDjMkktk3S+KEoFsgpNX0d9rhm1YuwIoZq7WxEdEk2odQGVXAj+4svLpHlW9XHVvzuv1K7zOIpwBMdwCj5cQg1uoQ4NoPAIz/AKb57yXrx372PeWvDymUP4A+/zB9a4jqI=</latexit><latexit sha1_base64="SlSXZeIeYH4duncY5HpPJyfU7Ik=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoseiF48V7Ae0a8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIbi/G3V1hZXVvfKG6WtrZ3dvfK+wdNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/VbT0wbruS9HScsiMlA8ohTYp3U9PFDdjHplSu4imdAy8TPSQVy1Hvlr25f0TRm0lJBjOn4OLFBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107QSdO6aNIaVfSopn6eyIjsTHjOHSdMbFDs+hNxf+8TmqjqyDjMkktk3S+KEoFsgpNX0d9rhm1YuwIoZq7WxEdEk2odQGVXAj+4svLpHlW9XHVvzuv1K7zOIpwBMdwCj5cQg1uoQ4NoPAIz/AKb57yXrx372PeWvDymUP4A+/zB9a4jqI=</latexit><latexit sha1_base64="SlSXZeIeYH4duncY5HpPJyfU7Ik=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoseiF48V7Ae0a8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIbi/G3V1hZXVvfKG6WtrZ3dvfK+wdNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/VbT0wbruS9HScsiMlA8ohTYp3U9PFDdjHplSu4imdAy8TPSQVy1Hvlr25f0TRm0lJBjOn4OLFBRrTlVLBJqZsalhA6IgPWcVSSmJkgm107QSdO6aNIaVfSopn6eyIjsTHjOHSdMbFDs+hNxf+8TmqjqyDjMkktk3S+KEoFsgpNX0d9rhm1YuwIoZq7WxEdEk2odQGVXAj+4svLpHlW9XHVvzuv1K7zOIpwBMdwCj5cQg1uoQ4NoPAIz/AKb57yXrx372PeWvDymUP4A+/zB9a4jqI=</latexit>

10�8
<latexit sha1_base64="W3hTfzmfid5unsyrERT13kpuBgQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURwR6LXjxWsB/QxrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS23Mfs4vatF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCWt+xmWSGpRssShMBTExmf1OBlwhM2JiCWWK21sJG1FFmbEJlWwI3vLLq6R1WfXcqnd/Vanf5HEU4QRO4Rw8uIY63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w9GDI7c</latexit><latexit sha1_base64="W3hTfzmfid5unsyrERT13kpuBgQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURwR6LXjxWsB/QxrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS23Mfs4vatF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCWt+xmWSGpRssShMBTExmf1OBlwhM2JiCWWK21sJG1FFmbEJlWwI3vLLq6R1WfXcqnd/Vanf5HEU4QRO4Rw8uIY63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w9GDI7c</latexit><latexit sha1_base64="W3hTfzmfid5unsyrERT13kpuBgQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURwR6LXjxWsB/QxrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS23Mfs4vatF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCWt+xmWSGpRssShMBTExmf1OBlwhM2JiCWWK21sJG1FFmbEJlWwI3vLLq6R1WfXcqnd/Vanf5HEU4QRO4Rw8uIY63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w9GDI7c</latexit><latexit sha1_base64="W3hTfzmfid5unsyrERT13kpuBgQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURwR6LXjxWsB/QxrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS23Mfs4vatF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCWt+xmWSGpRssShMBTExmf1OBlwhM2JiCWWK21sJG1FFmbEJlWwI3vLLq6R1WfXcqnd/Vanf5HEU4QRO4Rw8uIY63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w9GDI7c</latexit>

10�2
<latexit sha1_base64="SMePwtgrMtxKfM3VM7flVXVM7uU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyUpgh6LXjxWsB/QxrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS23Mfs4vatF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvudDLhCZsTEEsoUt7cSNqKKMmMTKtkQvOWXV0mrVvXcqnd/Wanf5HEU4QRO4Rw8uII63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w887o7W</latexit><latexit sha1_base64="SMePwtgrMtxKfM3VM7flVXVM7uU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyUpgh6LXjxWsB/QxrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS23Mfs4vatF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvudDLhCZsTEEsoUt7cSNqKKMmMTKtkQvOWXV0mrVvXcqnd/Wanf5HEU4QRO4Rw8uII63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w887o7W</latexit><latexit sha1_base64="SMePwtgrMtxKfM3VM7flVXVM7uU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyUpgh6LXjxWsB/QxrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS23Mfs4vatF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvudDLhCZsTEEsoUt7cSNqKKMmMTKtkQvOWXV0mrVvXcqnd/Wanf5HEU4QRO4Rw8uII63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w887o7W</latexit><latexit sha1_base64="SMePwtgrMtxKfM3VM7flVXVM7uU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyUpgh6LXjxWsB/QxrLZTtqlm03Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS23Mfs4vatF+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/d0rOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvudDLhCZsTEEsoUt7cSNqKKMmMTKtkQvOWXV0mrVvXcqnd/Wanf5HEU4QRO4Rw8uII63EEDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w887o7W</latexit>

10�6
<latexit sha1_base64="r8FT7Qslnmir0PQDSKTDWqKAP+E=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1gOOE+xEdKBEKRtFKLc99zM4uJ71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9m507IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtkQvMWXl0nzvOq5Ve/+olK7yeMowhEcwyl4cAU1uIM6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx9DAo7a</latexit><latexit sha1_base64="r8FT7Qslnmir0PQDSKTDWqKAP+E=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1gOOE+xEdKBEKRtFKLc99zM4uJ71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9m507IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtkQvMWXl0nzvOq5Ve/+olK7yeMowhEcwyl4cAU1uIM6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx9DAo7a</latexit><latexit sha1_base64="r8FT7Qslnmir0PQDSKTDWqKAP+E=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1gOOE+xEdKBEKRtFKLc99zM4uJ71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9m507IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtkQvMWXl0nzvOq5Ve/+olK7yeMowhEcwyl4cAU1uIM6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx9DAo7a</latexit><latexit sha1_base64="r8FT7Qslnmir0PQDSKTDWqKAP+E=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyURUY9FLx4r2A9oY9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqd+64lrI2L1gOOE+xEdKBEKRtFKLc99zM4uJ71yxa26M5Bl4uWkAjnqvfJXtx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9m507IiVX6JIy1LYVkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbz2M6GSFLli80VhKgnGZPo76QvNGcqxJZRpYW8lbEg1ZWgTKtkQvMWXl0nzvOq5Ve/+olK7yeMowhEcwyl4cAU1uIM6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx9DAo7a</latexit>

10�10
<latexit sha1_base64="wFLJSTzhF7nJOparI1lueGob6kE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBiyURQY9FLx4r2A9o15JNs21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZekEhhLMbfXmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvWGElbyea0yiQvBWMbqZ+64lrI2J1b8cJ9yM6UCIUjFontQl+yM4InvTKFVzFM6BlQnJSgRz1Xvmr249ZGnFlmaTGdAhOrJ9RbQWTfFLqpoYnlI3ogHccVTTixs9m907QiVP6KIy1K2XRTP09kdHImHEUuM6I2qFZ9Kbif14nteGVnwmVpJYrNl8UphLZGE2fR32hObNy7AhlWrhbERtSTZl1EZVcCGTx5WXSPK8SXCV3F5XadR5HEY7gGE6BwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0FL585hD/wPn8AquGPDw==</latexit><latexit sha1_base64="wFLJSTzhF7nJOparI1lueGob6kE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBiyURQY9FLx4r2A9o15JNs21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZekEhhLMbfXmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvWGElbyea0yiQvBWMbqZ+64lrI2J1b8cJ9yM6UCIUjFontQl+yM4InvTKFVzFM6BlQnJSgRz1Xvmr249ZGnFlmaTGdAhOrJ9RbQWTfFLqpoYnlI3ogHccVTTixs9m907QiVP6KIy1K2XRTP09kdHImHEUuM6I2qFZ9Kbif14nteGVnwmVpJYrNl8UphLZGE2fR32hObNy7AhlWrhbERtSTZl1EZVcCGTx5WXSPK8SXCV3F5XadR5HEY7gGE6BwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0FL585hD/wPn8AquGPDw==</latexit><latexit sha1_base64="wFLJSTzhF7nJOparI1lueGob6kE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBiyURQY9FLx4r2A9o15JNs21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZekEhhLMbfXmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvWGElbyea0yiQvBWMbqZ+64lrI2J1b8cJ9yM6UCIUjFontQl+yM4InvTKFVzFM6BlQnJSgRz1Xvmr249ZGnFlmaTGdAhOrJ9RbQWTfFLqpoYnlI3ogHccVTTixs9m907QiVP6KIy1K2XRTP09kdHImHEUuM6I2qFZ9Kbif14nteGVnwmVpJYrNl8UphLZGE2fR32hObNy7AhlWrhbERtSTZl1EZVcCGTx5WXSPK8SXCV3F5XadR5HEY7gGE6BwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0FL585hD/wPn8AquGPDw==</latexit><latexit sha1_base64="wFLJSTzhF7nJOparI1lueGob6kE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBiyURQY9FLx4r2A9o15JNs21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZekEhhLMbfXmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvWGElbyea0yiQvBWMbqZ+64lrI2J1b8cJ9yM6UCIUjFontQl+yM4InvTKFVzFM6BlQnJSgRz1Xvmr249ZGnFlmaTGdAhOrJ9RbQWTfFLqpoYnlI3ogHccVTTixs9m907QiVP6KIy1K2XRTP09kdHImHEUuM6I2qFZ9Kbif14nteGVnwmVpJYrNl8UphLZGE2fR32hObNy7AhlWrhbERtSTZl1EZVcCGTx5WXSPK8SXCV3F5XadR5HEY7gGE6BwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0FL585hD/wPn8AquGPDw==</latexit>

10�14
<latexit sha1_base64="zv1dZlzYJODRC54oCyW984AGYiQ=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOekOumVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4AsPWPEw==</latexit><latexit sha1_base64="zv1dZlzYJODRC54oCyW984AGYiQ=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOekOumVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4AsPWPEw==</latexit><latexit sha1_base64="zv1dZlzYJODRC54oCyW984AGYiQ=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOekOumVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4AsPWPEw==</latexit><latexit sha1_base64="zv1dZlzYJODRC54oCyW984AGYiQ=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sSRS0GPRi8cK9gPatWTTbBuaza5JVihL/4QXD4p49e9489+YtnvQ1gcDj/dmmJkXJFIYi/G3t7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3rLCStxPNaRRI3gpGN1O/9cS1EbG6t+OE+xEdKBEKRq2T2gQ/ZOekOumVyriCZ0DLhOSkDDnqvdJXtx+zNOLKMkmN6RCcWD+j2gom+aTYTQ1PKBvRAe84qmjEjZ/N7p2gU6f0URhrV8qimfp7IqORMeMocJ0RtUOz6E3F/7xOasMrPxMqSS1XbL4oTCWyMZo+j/pCc2bl2BHKtHC3IjakmjLrIiq6EMjiy8ukeVEhuELuquXadR5HAY7hBM6AwCXU4Bbq0AAGEp7hFd68R+/Fe/c+5q0rXj5zBH/gff4AsPWPEw==</latexit>

aLIGO

aLIGO O5 ET

LISA C4

LISA C3

LISA C2

LISA C1

BBO

DECIGO

10.-8.10.-7.10.-6.10.-5.10.-4.10.-3.10.-2.10.-1. 10.0. 10.1. 10.2. 10.3. 10.4. 10.5.
10.-15.
10.-14.
10.-13.
10.-12.
10.-11.
10.-10.
10.-9.
10.-8.
10.-7.
10.-6.
10.-5.
10.-4.
10.-3.
10.-2.
10.-1.
10.0.

⇤dec
QCD = 330 MeV, mdil = 1 TeV, N = 5

<latexit sha1_base64="xgrLYCpAGwvQ8RD1I201wy3nbHA="></latexit><latexit sha1_base64="xgrLYCpAGwvQ8RD1I201wy3nbHA="></latexit><latexit sha1_base64="xgrLYCpAGwvQ8RD1I201wy3nbHA="></latexit><latexit sha1_base64="xgrLYCpAGwvQ8RD1I201wy3nbHA="></latexit>

Te = 1 keV
<latexit sha1_base64="vPjx2nUjs+D2emiuCsAtU4fhVi0=">AAAB+3icbVBNS8NAEN34WetXrEcvwSJ4KokIehGKXjxW6Be0IWy2k3bp5oPdibSE+FO8eFDEq3/Em//GbZuDtj4YeLw3w8w8PxFcoW1/G2vrG5tb26Wd8u7e/sGheVRpqziVDFosFrHs+lSB4BG0kKOAbiKBhr6Ajj++m/mdR5CKx1ETpwm4IR1GPOCMopY8s9L0MshvnKc+wgSzMbRzz6zaNXsOa5U4BamSAg3P/OoPYpaGECETVKmeYyfoZlQiZwLycj9VkFA2pkPoaRrREJSbzW/PrTOtDKwglroitObq74mMhkpNQ193hhRHatmbif95vRSDazfjUZIiRGyxKEiFhbE1C8IacAkMxVQTyiTXt1psRCVlqOMq6xCc5ZdXSfui5tg15+GyWr8t4iiRE3JKzolDrkid3JMGaRFGJuSZvJI3IzdejHfjY9G6ZhQzx+QPjM8fTliUmg==</latexit><latexit sha1_base64="vPjx2nUjs+D2emiuCsAtU4fhVi0=">AAAB+3icbVBNS8NAEN34WetXrEcvwSJ4KokIehGKXjxW6Be0IWy2k3bp5oPdibSE+FO8eFDEq3/Em//GbZuDtj4YeLw3w8w8PxFcoW1/G2vrG5tb26Wd8u7e/sGheVRpqziVDFosFrHs+lSB4BG0kKOAbiKBhr6Ajj++m/mdR5CKx1ETpwm4IR1GPOCMopY8s9L0MshvnKc+wgSzMbRzz6zaNXsOa5U4BamSAg3P/OoPYpaGECETVKmeYyfoZlQiZwLycj9VkFA2pkPoaRrREJSbzW/PrTOtDKwglroitObq74mMhkpNQ193hhRHatmbif95vRSDazfjUZIiRGyxKEiFhbE1C8IacAkMxVQTyiTXt1psRCVlqOMq6xCc5ZdXSfui5tg15+GyWr8t4iiRE3JKzolDrkid3JMGaRFGJuSZvJI3IzdejHfjY9G6ZhQzx+QPjM8fTliUmg==</latexit><latexit sha1_base64="vPjx2nUjs+D2emiuCsAtU4fhVi0=">AAAB+3icbVBNS8NAEN34WetXrEcvwSJ4KokIehGKXjxW6Be0IWy2k3bp5oPdibSE+FO8eFDEq3/Em//GbZuDtj4YeLw3w8w8PxFcoW1/G2vrG5tb26Wd8u7e/sGheVRpqziVDFosFrHs+lSB4BG0kKOAbiKBhr6Ajj++m/mdR5CKx1ETpwm4IR1GPOCMopY8s9L0MshvnKc+wgSzMbRzz6zaNXsOa5U4BamSAg3P/OoPYpaGECETVKmeYyfoZlQiZwLycj9VkFA2pkPoaRrREJSbzW/PrTOtDKwglroitObq74mMhkpNQ193hhRHatmbif95vRSDazfjUZIiRGyxKEiFhbE1C8IacAkMxVQTyiTXt1psRCVlqOMq6xCc5ZdXSfui5tg15+GyWr8t4iiRE3JKzolDrkid3JMGaRFGJuSZvJI3IzdejHfjY9G6ZhQzx+QPjM8fTliUmg==</latexit><latexit sha1_base64="vPjx2nUjs+D2emiuCsAtU4fhVi0=">AAAB+3icbVBNS8NAEN34WetXrEcvwSJ4KokIehGKXjxW6Be0IWy2k3bp5oPdibSE+FO8eFDEq3/Em//GbZuDtj4YeLw3w8w8PxFcoW1/G2vrG5tb26Wd8u7e/sGheVRpqziVDFosFrHs+lSB4BG0kKOAbiKBhr6Ajj++m/mdR5CKx1ETpwm4IR1GPOCMopY8s9L0MshvnKc+wgSzMbRzz6zaNXsOa5U4BamSAg3P/OoPYpaGECETVKmeYyfoZlQiZwLycj9VkFA2pkPoaRrREJSbzW/PrTOtDKwglroitObq74mMhkpNQ193hhRHatmbif95vRSDazfjUZIiRGyxKEiFhbE1C8IacAkMxVQTyiTXt1psRCVlqOMq6xCc5ZdXSfui5tg15+GyWr8t4iiRE3JKzolDrkid3JMGaRFGJuSZvJI3IzdejHfjY9G6ZhQzx+QPjM8fTliUmg==</latexit>

Te = 10 MeV
<latexit sha1_base64="Pol6ewz+749aZpFxnAcYwEPTKAI=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgKcyIoBch6MWLECEbJCH0dGqSJj0L3TViGCa/4sWDIl79EG/+jZ3loIkPCh7vVVFVz4ul0Og431ZubX1jcyu/XdjZ3ds/sA+PGjpKFIc6j2SkWh7TIEUIdRQooRUrYIEnoemNbqd+8xGUFlFYw3EM3YANQuELztBIPbtY66WQXbvOpIPwhOk9NLKeXXLKzgx0lbgLUiILVHv2V6cf8SSAELlkWrddJ8ZuyhQKLiErdBINMeMjNoC2oSELQHfT2fEZPTVKn/qRMhUinam/J1IWaD0OPNMZMBzqZW8q/ue1E/SvuqkI4wQh5PNFfiIpRnSaBO0LBRzl2BDGlTC3Uj5kinE0eRVMCO7yy6ukcV52nbL7cFGq3CziyJNjckLOiEsuSYXckSqpE07G5Jm8kjdrYr1Y79bHvDVnLWaK5A+szx+S+ZS2</latexit><latexit sha1_base64="Pol6ewz+749aZpFxnAcYwEPTKAI=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgKcyIoBch6MWLECEbJCH0dGqSJj0L3TViGCa/4sWDIl79EG/+jZ3loIkPCh7vVVFVz4ul0Og431ZubX1jcyu/XdjZ3ds/sA+PGjpKFIc6j2SkWh7TIEUIdRQooRUrYIEnoemNbqd+8xGUFlFYw3EM3YANQuELztBIPbtY66WQXbvOpIPwhOk9NLKeXXLKzgx0lbgLUiILVHv2V6cf8SSAELlkWrddJ8ZuyhQKLiErdBINMeMjNoC2oSELQHfT2fEZPTVKn/qRMhUinam/J1IWaD0OPNMZMBzqZW8q/ue1E/SvuqkI4wQh5PNFfiIpRnSaBO0LBRzl2BDGlTC3Uj5kinE0eRVMCO7yy6ukcV52nbL7cFGq3CziyJNjckLOiEsuSYXckSqpE07G5Jm8kjdrYr1Y79bHvDVnLWaK5A+szx+S+ZS2</latexit><latexit sha1_base64="Pol6ewz+749aZpFxnAcYwEPTKAI=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgKcyIoBch6MWLECEbJCH0dGqSJj0L3TViGCa/4sWDIl79EG/+jZ3loIkPCh7vVVFVz4ul0Og431ZubX1jcyu/XdjZ3ds/sA+PGjpKFIc6j2SkWh7TIEUIdRQooRUrYIEnoemNbqd+8xGUFlFYw3EM3YANQuELztBIPbtY66WQXbvOpIPwhOk9NLKeXXLKzgx0lbgLUiILVHv2V6cf8SSAELlkWrddJ8ZuyhQKLiErdBINMeMjNoC2oSELQHfT2fEZPTVKn/qRMhUinam/J1IWaD0OPNMZMBzqZW8q/ue1E/SvuqkI4wQh5PNFfiIpRnSaBO0LBRzl2BDGlTC3Uj5kinE0eRVMCO7yy6ukcV52nbL7cFGq3CziyJNjckLOiEsuSYXckSqpE07G5Jm8kjdrYr1Y79bHvDVnLWaK5A+szx+S+ZS2</latexit><latexit sha1_base64="Pol6ewz+749aZpFxnAcYwEPTKAI=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgKcyIoBch6MWLECEbJCH0dGqSJj0L3TViGCa/4sWDIl79EG/+jZ3loIkPCh7vVVFVz4ul0Og431ZubX1jcyu/XdjZ3ds/sA+PGjpKFIc6j2SkWh7TIEUIdRQooRUrYIEnoemNbqd+8xGUFlFYw3EM3YANQuELztBIPbtY66WQXbvOpIPwhOk9NLKeXXLKzgx0lbgLUiILVHv2V6cf8SSAELlkWrddJ8ZuyhQKLiErdBINMeMjNoC2oSELQHfT2fEZPTVKn/qRMhUinam/J1IWaD0OPNMZMBzqZW8q/ue1E/SvuqkI4wQh5PNFfiIpRnSaBO0LBRzl2BDGlTC3Uj5kinE0eRVMCO7yy6ukcV52nbL7cFGq3CziyJNjckLOiEsuSYXckSqpE07G5Jm8kjdrYr1Y79bHvDVnLWaK5A+szx+S+ZS2</latexit>

Figure 7: Relic abundance of gravitational waves from the collision of cosmic bubbles in the
supercooling scenario (thick lines, as in the legend), according to Eq. (4.18). The sensitivity
curves of several future ground- and space-based interferometers are also shown (see [54] for
the sensitivity of different configurations of LISA).

from dark radiation at BBN [57] and the signal is detectable at the least sensitive
configuration of the LISA interferometer, possibly even at the ET. A weaker signal
(orange line), which is nevertheless detectable at more sensitive configurations of LISA,
is instead obtained if the exit occurs closer to ⇤dec

QCD. Both signals are significantly larger
than the more commonly considered case �/H(TRH) & 100. However, we stress that a
detailed analysis of the thermal friction in the confinement phase transition is required
to more confidently assess the shape and size of the GW spectrum in our case.

5 Conclusions

We have studied the conditions for having a long period of supercooling driven by strongly-
coupled theories at the TeV, which arises due to the small tunneling rate of the confinement
phase transition. We have calculated these rates for several examples, and showed that quite
generically (for reasonable values of N and the dilaton mass) the universe gets trapped in the
deconfined phase, starting a new period of inflation. As the supercooled universe expands
and cools down, the temperature reaches the QCD strong scale, ⇤dec

QCD
, where QCD effects

become relevant. We have shown that these effects can be calculated for T & ⇤dec

QCD
but

are suppressed by N2

c
/N2. For T < ⇤dec

QCD
the CFT drastically changes as QCD-color states

get massive and decouple from the rest of the CFT, affecting the tunneling rate by O(1)
effects. Under some reasonable assumptions we have shown that these can lead to an end of
supercooling after Ne ⇠ 5 � 10 efoldings.

We have also studied the cosmological consequences of a long period of supercooling. Very
generically, at the end of supercooling any DM candidate is diluted by Eq. (4.2). Under the
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see also Bruggisser, von Harling, Matsedonskyi, Servant, … 
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