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As we will show, the GW background and the CMB can
share the same primordial source of fluctuations or have
quite di↵erent origins, and this will be visible in the cross-
correlations with the CMB,

C
cross(✓) ⌘

h⇢GW(1) ⇢CMB(2)i✓
⇢̄GW ⇢̄CMB

. (4)

Higher-point GW correlators may also be observable.
Anisotropic GW backgrounds have been considered

earlier. Refs. [28, 29] have proposed anisotropic signals
due to astrophysical sources, such as white dwarf merg-
ers. Such anisotropies reflect both the inhomogeneous
distribution of sources as well the gravitational lensing
of the GW by (dark) matter as they propagate to us.
This would yield an independent measure of the matter
power spectrum. Refs. [30, 31] have studied inflation-
ary preheating as a source of very high frequency GW
!GW ⇠MHz-GHz, although this is currently challenging
for GW detection. Refs. [29, 32, 33] developed analytic
frameworks for characterizing the anisotropies in GW de-
tector data. Ref. [29] applied their formalism to the case
of astrophysical mergers, while Ref. [33] generalized the
framework to include cosmic string networks as the GW
source.

The present paper makes four main points. (i) First-
order PTs in multi-TeV extensions of the SM are a ro-
bust and plausible source of anisotropic GW. (ii) The
anisotropies are almost completely primordial in nature,
directly reflecting the era of inflation. (iii) The GW
anisotropies can exhibit a variety of behaviors, includ-
ing (�⇢/⇢)GW � (�⇢/⇢)CMB and/or varying degrees of
cross-correlation with the CMB, sensitive to the nature
of inflation and reheating. (iv) Current cosmological data
constrain the GW background, but nevertheless there
is considerable scope for detecting a range of possible
anisotropies at the next generation of detectors, includ-
ing LISA.

Let us briefly sketch the origin of the GW signal in
PT. The GW appear as a perturbation of the spacetime
metric �gGW. Einstein’s equations, linearized for this
perturbation at the time of PT are schematically of the
form

!
2

GW
�gGW ⇠ GN ⇢PT , (5)

where GN is Newton’s constant, ⇢PT  ⇢total is the en-
ergy density in the sector undergoing the PT, and !GW

is the typical frequency of the GW,
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Here �tPT is the duration of the PT and � is the bubble
nucleation rate. In general, the field-energy in GW is
given by

⇢GW ⇠ 1

GN
!
2

GW
(�gGW)2. (7)

Therefore at the PT,
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where HPT ⇠
p
GN⇢total is the Hubble expansion rate

at the time of the PT. The combination (HPT�tPT )
2

depends only on the microphysics of the PT, independent
of details of gravity and cosmological history, varying in
the literature between 10�4�10�1 for strongly first-order
PT [13]. The smaller values in this range are natural
but the larger values can arise with modest tuning of
microphysical couplings.
After production, ⇢GW undergoes cosmological redshift

until today. Its final value can be conveniently expressed
in terms of the energy in CMB photons today, ⇢� ,

⇢
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GW
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⇢
2

PT

⇢
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total

(HPT�tPT )
2
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where the numerical prefactor is given by a more quanti-
tative analysis (reviewed in Ref. [13]). We have assumed
that the PT remnants consist of just SM + dark mat-
ter (DM) + GW, as motivated in extensions of the SM
related to the electroweak hierarchy problem (reviewed
in Ref. [34]) or electroweak scale baryogenesis (reviewed
in Ref. [35]). Clearly the largest signal would arise if
the entire contents of the universe undergoes the PT,
⇢total ⇡ ⇢PT ,

⇢
today
GW

⇡ 0.1 (HPT�tPT )
2
⇢� ⇡ 10�5 � 10�2

⇢� . (10)

The GW frequencies are also redshifted, roughly,

!
today
GW

⇠ !GW

 
T

today
CMB

TPT

!

⇠> mHz - Hz, (11)

where we get ballpark detectable frequencies for PTs at
temperatures TPT ⇠> TeV. Note that if !GW ⇠ mHz, the
signal strength is above the expected sensitivity of the
LISA detector, 10�8

⇢� [13]. Quite model-independently
from the above discussion, there is a CMB constraint on
extra forms of radiation that applies to any GW back-
ground, ⇢̄GW ⇠< 0.1⇢� .3

Let us now see how anisotropies arise in the GW sig-
nals in the simplest scenario when there is a single source

3 This constraint usually is given in terms of the e↵ective number
of additional neutrino species, �Neff ⇠< 0.4 (2�) [36, 37].

Einstein eq.

⇤� = J

⇤hµ⌫ ⇠ GNTµ⌫
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where HPT ⇠
p
GN⇢total is the Hubble expansion rate

at the time of the PT. The combination (HPT�tPT )
2

depends only on the microphysics of the PT, independent
of details of gravity and cosmological history, varying in
the literature between 10�4�10�1 for strongly first-order
PT [13]. The smaller values in this range are natural
but the larger values can arise with modest tuning of
microphysical couplings.
After production, ⇢GW undergoes cosmological redshift

until today. Its final value can be conveniently expressed
in terms of the energy in CMB photons today, ⇢� ,
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where the numerical prefactor is given by a more quanti-
tative analysis (reviewed in Ref. [13]). We have assumed
that the PT remnants consist of just SM + dark mat-
ter (DM) + GW, as motivated in extensions of the SM
related to the electroweak hierarchy problem (reviewed
in Ref. [34]) or electroweak scale baryogenesis (reviewed
in Ref. [35]). Clearly the largest signal would arise if
the entire contents of the universe undergoes the PT,
⇢total ⇡ ⇢PT ,

⇢
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⇡ 0.1 (HPT�tPT )
2
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The GW frequencies are also redshifted, roughly,
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where we get ballpark detectable frequencies for PTs at
temperatures TPT ⇠> TeV. Note that if !GW ⇠ mHz, the
signal strength is above the expected sensitivity of the
LISA detector, 10�8

⇢� [13]. Quite model-independently
from the above discussion, there is a CMB constraint on
extra forms of radiation that applies to any GW back-
ground, ⇢̄GW ⇠< 0.1⇢� .3

Let us now see how anisotropies arise in the GW sig-
nals in the simplest scenario when there is a single source

3 This constraint usually is given in terms of the e↵ective number
of additional neutrino species, �Neff ⇠< 0.4 (2�) [36, 37].
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to expand anisotropies in Legendre polynomials,
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As we will show, the GW background and the CMB can
share the same primordial source of fluctuations or have
quite di↵erent origins, and this will be visible in the cross-
correlations with the CMB,
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Higher-point GW correlators may also be observable.
Anisotropic GW backgrounds have been considered

earlier. Refs. [28, 29] have proposed anisotropic signals
due to astrophysical sources, such as white dwarf merg-
ers. Such anisotropies reflect both the inhomogeneous
distribution of sources as well the gravitational lensing
of the GW by (dark) matter as they propagate to us.
This would yield an independent measure of the matter
power spectrum. Refs. [30, 31] have studied inflation-
ary preheating as a source of very high frequency GW
!GW ⇠MHz-GHz, although this is currently challenging
for GW detection. Refs. [29, 32, 33] developed analytic
frameworks for characterizing the anisotropies in GW de-
tector data. Ref. [29] applied their formalism to the case
of astrophysical mergers, while Ref. [33] generalized the
framework to include cosmic string networks as the GW
source.

The present paper makes four main points. (i) First-
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is considerable scope for detecting a range of possible
anisotropies at the next generation of detectors, includ-
ing LISA.

Let us briefly sketch the origin of the GW signal in
PT. The GW appear as a perturbation of the spacetime
metric �gGW. Einstein’s equations, linearized for this
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depends only on the microphysics of the PT, independent
of details of gravity and cosmological history, varying in
the literature between 10�4�10�1 for strongly first-order
PT [13]. The smaller values in this range are natural
but the larger values can arise with modest tuning of
microphysical couplings.
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where the numerical prefactor is given by a more quanti-
tative analysis (reviewed in Ref. [13]). We have assumed
that the PT remnants consist of just SM + dark mat-
ter (DM) + GW, as motivated in extensions of the SM
related to the electroweak hierarchy problem (reviewed
in Ref. [34]) or electroweak scale baryogenesis (reviewed
in Ref. [35]). Clearly the largest signal would arise if
the entire contents of the universe undergoes the PT,
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where we get ballpark detectable frequencies for PTs at
temperatures TPT ⇠> TeV. Note that if !GW ⇠ mHz, the
signal strength is above the expected sensitivity of the
LISA detector, 10�8

⇢� [13]. Quite model-independently
from the above discussion, there is a CMB constraint on
extra forms of radiation that applies to any GW back-
ground, ⇢̄GW ⇠< 0.1⇢� .3

Let us now see how anisotropies arise in the GW sig-
nals in the simplest scenario when there is a single source

3 This constraint usually is given in terms of the e↵ective number
of additional neutrino species, �Neff ⇠< 0.4 (2�) [36, 37].
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Length scale : Hubble
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CMB most well known for its
information on “acausal” dynamics
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CMB most well known for its
information on “acausal” dynamics

Gravitational Wave Background (GWB)

CMB
All information on 

inflation comes from CMB



CMB most well known for its
information on “acausal” dynamics

Gravitational Wave Background (GWB)

GW?

Any new information on inflation?



The anisotropic pattern of GW provides
valuable info of inflation/reheating mechanism

cold spot 

hot spot 

many earlier studies on stochastic GWB, 
e.g., see Romano & Cornish (2017) and the reference there
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In a homogeneous universe 
=> uniform photon redshift from last scattering 

CMB

constant temperature
surface at T_last scattering radius: red-shift of 

the CMB photon



constant temperature
surface at T_last scattering 

redshift perturbation
is of order ~ 10^-5



constant temperature
surface at T_last scattering 

redshift perturbation
is of order ~ 10^-5

With primordial temperature perturbation
=> anisotropic redshift for last scattering photon 

CMB



constant temperature
surface at T_phase transition 

GW perturbation
is of order ~ 10^-5

With a single sector in thermal equilibrium
=> GW perturbation is totally correlated to CMB

GW from cosmological
phase transition



constant temperature
surface at T_phase transition 

GW perturbation
is of order ~ 10^-5

GW from cosmological
phase transition



eVMeVGeVTeV10^15(?)

?

GW provides a probe of the 
unknown thermal history

BBN, LSS, CMB, BAO, …
High scale inflation, 

B-mode



eVMeVGeVTeV10^15(?)

BBN, LSS, CMB, BAO, …
High scale inflation, 

B-mode

10^3 TeV

GW provides a probe of the 
unknown thermal history

GWB from PT

Is there only one source of density perturbation?

Is the GW sector in thermal eq. with SM?



GW from cosmological
phase transition

If perturbation comes from different reheating process
=> GWB can be ``uncorrelated” with CMB



Is any of this visible?



GW from first order PT

Microscopic piece
Black body piece



Temperature 

Tunneling

V (�)
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First order phase transition

PT rate as a function of temperature

�(T ) = A(T ) e�S(T )
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• The collisions of the bubbles generate gravity 
waves

7

(a) t/R⇤ = 0.35 (b) t/R⇤ = 0.66

(c) t/R⇤ = 2.50 (d) t/R⇤ = 7.8

FIG. 2. Slices through a simultaneous nucleation simulation with parameters Rc = 7.15, Nb = 64 and R⇤ = 56.32 showing
the expansion (a), collision (b), and oscillatory (c and d) phase of the scalar field. The scalar field value is shown in blue, and
the gravitational wave energy density is shown in red. Note that the range of the colourbar for the gravitational wave energy
density changes for each plot. During the oscillatory phase the gravitational wave energy density becomes very uniform and
the “hotspots” are deviations on the sub percent level. The full set of parameters for this run is shown in Table II. A movie
based on this simulation is included in the supplemental material.

therefore up to very high Lorentz factors. We also would
like to have many bubbles within our simulation box to
obtain an accurate ensemble. Hence we need su�ciently
large lattices to separate the scales

�x ⌧ l⇤ ⌧ l0 . Rc ⌧ R⇤ ⌧ L�x. (46)

It is not possible to perform a simulation in which we
achieve a realistic value for �⇤ and a correct separation
of scales. Instead we perform multiple simulations with
increasing values of �⇤ to attempt to identify a trend as
�⇤ ! 1.

For simulations with a given nucleation rate, we typi-
cally expect the first bubble nucleated to grow to a larger
size than bubbles nucleated later, and so the wall of the
first bubble when it collides will have � greater than �⇤.

It’s bubble wall at collision will therefore be thinner than
l⇤. This e↵ect is particularly pronounced for simulations
with an exponential nucleation rate where the first bub-
ble nucleated often grows to be many times larger than
the subsequent bubbles at collision time. For a simulta-
neous nucleation run the diameters of the bubbles will be
more closely distributed around R⇤, and so the thinnest
wall at collision will be much closer to l⇤.

For an exponential nucleation rate simulation we need
a much finer lattice spacing in comparison to a simulta-
neous nucleation simulation with the same l⇤. In practice
reducing the lattice spacing is too expensive and for large
volumes we become unable to trust our results due to bad
energy conservation.
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(a) t/R⇤ = 0.35 (b) t/R⇤ = 0.66

(c) t/R⇤ = 2.50 (d) t/R⇤ = 7.8

FIG. 2. Slices through a simultaneous nucleation simulation with parameters Rc = 7.15, Nb = 64 and R⇤ = 56.32 showing
the expansion (a), collision (b), and oscillatory (c and d) phase of the scalar field. The scalar field value is shown in blue, and
the gravitational wave energy density is shown in red. Note that the range of the colourbar for the gravitational wave energy
density changes for each plot. During the oscillatory phase the gravitational wave energy density becomes very uniform and
the “hotspots” are deviations on the sub percent level. The full set of parameters for this run is shown in Table II. A movie
based on this simulation is included in the supplemental material.

therefore up to very high Lorentz factors. We also would
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ble nucleated often grows to be many times larger than
the subsequent bubbles at collision time. For a simulta-
neous nucleation run the diameters of the bubbles will be
more closely distributed around R⇤, and so the thinnest
wall at collision will be much closer to l⇤.

For an exponential nucleation rate simulation we need
a much finer lattice spacing in comparison to a simulta-
neous nucleation simulation with the same l⇤. In practice
reducing the lattice spacing is too expensive and for large
volumes we become unable to trust our results due to bad
energy conservation.
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As we will show, the GW background and the CMB can
share the same primordial source of fluctuations or have
quite di↵erent origins, and this will be visible in the cross-
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Higher-point GW correlators may also be observable.
Anisotropic GW backgrounds have been considered

earlier. Refs. [28, 29] have proposed anisotropic signals
due to astrophysical sources, such as white dwarf merg-
ers. Such anisotropies reflect both the inhomogeneous
distribution of sources as well the gravitational lensing
of the GW by (dark) matter as they propagate to us.
This would yield an independent measure of the matter
power spectrum. Refs. [30, 31] have studied inflation-
ary preheating as a source of very high frequency GW
!GW ⇠MHz-GHz, although this is currently challenging
for GW detection. Refs. [29, 32, 33] developed analytic
frameworks for characterizing the anisotropies in GW de-
tector data. Ref. [29] applied their formalism to the case
of astrophysical mergers, while Ref. [33] generalized the
framework to include cosmic string networks as the GW
source.

The present paper makes four main points. (i) First-
order PTs in multi-TeV extensions of the SM are a ro-
bust and plausible source of anisotropic GW. (ii) The
anisotropies are almost completely primordial in nature,
directly reflecting the era of inflation. (iii) The GW
anisotropies can exhibit a variety of behaviors, includ-
ing (�⇢/⇢)GW � (�⇢/⇢)CMB and/or varying degrees of
cross-correlation with the CMB, sensitive to the nature
of inflation and reheating. (iv) Current cosmological data
constrain the GW background, but nevertheless there
is considerable scope for detecting a range of possible
anisotropies at the next generation of detectors, includ-
ing LISA.

Let us briefly sketch the origin of the GW signal in
PT. The GW appear as a perturbation of the spacetime
metric �gGW. Einstein’s equations, linearized for this
perturbation at the time of PT are schematically of the
form
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where GN is Newton’s constant, ⇢PT  ⇢total is the en-
ergy density in the sector undergoing the PT, and !GW
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Here �tPT is the duration of the PT and � is the bubble
nucleation rate. In general, the field-energy in GW is
given by
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at the time of the PT. The combination (HPT�tPT )
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depends only on the microphysics of the PT, independent
of details of gravity and cosmological history, varying in
the literature between 10�4�10�1 for strongly first-order
PT [13]. The smaller values in this range are natural
but the larger values can arise with modest tuning of
microphysical couplings.
After production, ⇢GW undergoes cosmological redshift

until today. Its final value can be conveniently expressed
in terms of the energy in CMB photons today, ⇢� ,
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where the numerical prefactor is given by a more quanti-
tative analysis (reviewed in Ref. [13]). We have assumed
that the PT remnants consist of just SM + dark mat-
ter (DM) + GW, as motivated in extensions of the SM
related to the electroweak hierarchy problem (reviewed
in Ref. [34]) or electroweak scale baryogenesis (reviewed
in Ref. [35]). Clearly the largest signal would arise if
the entire contents of the universe undergoes the PT,
⇢total ⇡ ⇢PT ,
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The GW frequencies are also redshifted, roughly,

!
today
GW

⇠ !GW

 
T

today
CMB

TPT

!

⇠> mHz - Hz, (11)

where we get ballpark detectable frequencies for PTs at
temperatures TPT ⇠> TeV. Note that if !GW ⇠ mHz, the
signal strength is above the expected sensitivity of the
LISA detector, 10�8

⇢� [13]. Quite model-independently
from the above discussion, there is a CMB constraint on
extra forms of radiation that applies to any GW back-
ground, ⇢̄GW ⇠< 0.1⇢� .3

Let us now see how anisotropies arise in the GW sig-
nals in the simplest scenario when there is a single source

3 This constraint usually is given in terms of the e↵ective number
of additional neutrino species, �Neff ⇠< 0.4 (2�) [36, 37].
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Anisotropic GW backgrounds have been considered
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Here �tPT is the duration of the PT and � is the bubble
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of details of gravity and cosmological history, varying in
the literature between 10�4�10�1 for strongly first-order
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where the numerical prefactor is given by a more quanti-
tative analysis (reviewed in Ref. [13]). We have assumed
that the PT remnants consist of just SM + dark mat-
ter (DM) + GW, as motivated in extensions of the SM
related to the electroweak hierarchy problem (reviewed
in Ref. [34]) or electroweak scale baryogenesis (reviewed
in Ref. [35]). Clearly the largest signal would arise if
the entire contents of the universe undergoes the PT,
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where we get ballpark detectable frequencies for PTs at
temperatures TPT ⇠> TeV. Note that if !GW ⇠ mHz, the
signal strength is above the expected sensitivity of the
LISA detector, 10�8

⇢� [13]. Quite model-independently
from the above discussion, there is a CMB constraint on
extra forms of radiation that applies to any GW back-
ground, ⇢̄GW ⇠< 0.1⇢� .3

Let us now see how anisotropies arise in the GW sig-
nals in the simplest scenario when there is a single source

3 This constraint usually is given in terms of the e↵ective number
of additional neutrino species, �Neff ⇠< 0.4 (2�) [36, 37].
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Higher-point GW correlators may also be observable.
Anisotropic GW backgrounds have been considered

earlier. Refs. [28, 29] have proposed anisotropic signals
due to astrophysical sources, such as white dwarf merg-
ers. Such anisotropies reflect both the inhomogeneous
distribution of sources as well the gravitational lensing
of the GW by (dark) matter as they propagate to us.
This would yield an independent measure of the matter
power spectrum. Refs. [30, 31] have studied inflation-
ary preheating as a source of very high frequency GW
!GW ⇠MHz-GHz, although this is currently challenging
for GW detection. Refs. [29, 32, 33] developed analytic
frameworks for characterizing the anisotropies in GW de-
tector data. Ref. [29] applied their formalism to the case
of astrophysical mergers, while Ref. [33] generalized the
framework to include cosmic string networks as the GW
source.

The present paper makes four main points. (i) First-
order PTs in multi-TeV extensions of the SM are a ro-
bust and plausible source of anisotropic GW. (ii) The
anisotropies are almost completely primordial in nature,
directly reflecting the era of inflation. (iii) The GW
anisotropies can exhibit a variety of behaviors, includ-
ing (�⇢/⇢)GW � (�⇢/⇢)CMB and/or varying degrees of
cross-correlation with the CMB, sensitive to the nature
of inflation and reheating. (iv) Current cosmological data
constrain the GW background, but nevertheless there
is considerable scope for detecting a range of possible
anisotropies at the next generation of detectors, includ-
ing LISA.

Let us briefly sketch the origin of the GW signal in
PT. The GW appear as a perturbation of the spacetime
metric �gGW. Einstein’s equations, linearized for this
perturbation at the time of PT are schematically of the
form
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Here �tPT is the duration of the PT and � is the bubble
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depends only on the microphysics of the PT, independent
of details of gravity and cosmological history, varying in
the literature between 10�4�10�1 for strongly first-order
PT [13]. The smaller values in this range are natural
but the larger values can arise with modest tuning of
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where the numerical prefactor is given by a more quanti-
tative analysis (reviewed in Ref. [13]). We have assumed
that the PT remnants consist of just SM + dark mat-
ter (DM) + GW, as motivated in extensions of the SM
related to the electroweak hierarchy problem (reviewed
in Ref. [34]) or electroweak scale baryogenesis (reviewed
in Ref. [35]). Clearly the largest signal would arise if
the entire contents of the universe undergoes the PT,
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where we get ballpark detectable frequencies for PTs at
temperatures TPT ⇠> TeV. Note that if !GW ⇠ mHz, the
signal strength is above the expected sensitivity of the
LISA detector, 10�8

⇢� [13]. Quite model-independently
from the above discussion, there is a CMB constraint on
extra forms of radiation that applies to any GW back-
ground, ⇢̄GW ⇠< 0.1⇢� .3

Let us now see how anisotropies arise in the GW sig-
nals in the simplest scenario when there is a single source

3 This constraint usually is given in terms of the e↵ective number
of additional neutrino species, �Neff ⇠< 0.4 (2�) [36, 37].
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Higher-point GW correlators may also be observable.
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due to astrophysical sources, such as white dwarf merg-
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of the GW by (dark) matter as they propagate to us.
This would yield an independent measure of the matter
power spectrum. Refs. [30, 31] have studied inflation-
ary preheating as a source of very high frequency GW
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for GW detection. Refs. [29, 32, 33] developed analytic
frameworks for characterizing the anisotropies in GW de-
tector data. Ref. [29] applied their formalism to the case
of astrophysical mergers, while Ref. [33] generalized the
framework to include cosmic string networks as the GW
source.

The present paper makes four main points. (i) First-
order PTs in multi-TeV extensions of the SM are a ro-
bust and plausible source of anisotropic GW. (ii) The
anisotropies are almost completely primordial in nature,
directly reflecting the era of inflation. (iii) The GW
anisotropies can exhibit a variety of behaviors, includ-
ing (�⇢/⇢)GW � (�⇢/⇢)CMB and/or varying degrees of
cross-correlation with the CMB, sensitive to the nature
of inflation and reheating. (iv) Current cosmological data
constrain the GW background, but nevertheless there
is considerable scope for detecting a range of possible
anisotropies at the next generation of detectors, includ-
ing LISA.

Let us briefly sketch the origin of the GW signal in
PT. The GW appear as a perturbation of the spacetime
metric �gGW. Einstein’s equations, linearized for this
perturbation at the time of PT are schematically of the
form
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of details of gravity and cosmological history, varying in
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PT [13]. The smaller values in this range are natural
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where the numerical prefactor is given by a more quanti-
tative analysis (reviewed in Ref. [13]). We have assumed
that the PT remnants consist of just SM + dark mat-
ter (DM) + GW, as motivated in extensions of the SM
related to the electroweak hierarchy problem (reviewed
in Ref. [34]) or electroweak scale baryogenesis (reviewed
in Ref. [35]). Clearly the largest signal would arise if
the entire contents of the universe undergoes the PT,
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where we get ballpark detectable frequencies for PTs at
temperatures TPT ⇠> TeV. Note that if !GW ⇠ mHz, the
signal strength is above the expected sensitivity of the
LISA detector, 10�8

⇢� [13]. Quite model-independently
from the above discussion, there is a CMB constraint on
extra forms of radiation that applies to any GW back-
ground, ⇢̄GW ⇠< 0.1⇢� .3

Let us now see how anisotropies arise in the GW sig-
nals in the simplest scenario when there is a single source

3 This constraint usually is given in terms of the e↵ective number
of additional neutrino species, �Neff ⇠< 0.4 (2�) [36, 37].
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To get a strong phase transition

Bubble nucleate too fast
=> not a strong PT�tPTHPT > 10�2

<latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit><latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit><latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit><latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit>

Need 

✓
T
dS

dT

◆

PT

= (�tPT HPT )
�1

<latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit><latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit><latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit><latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit>

�(T ) = A(T ) e�S(T )
<latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit><latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit><latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit><latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit>



Need Bubble size cannot be larger 
than Hubble

To get a strong phase transition

�tPT HPT < 1
<latexit sha1_base64="4VWCC2wISnIo+sTa76uOTPT4o5Y=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJCLpwUdRFlxX6giaEyXTSDp08mLkRSqgbf8WNC0Xc+hfu/BunaRbaeuByD+fcy8w9fiK4Asv6NpaWV1bX1ksb5c2t7Z1dc2+/reJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up36nQcmFY+jJowT5oZkEPGAUwJa8sxD544JIBi8rNGcOGf1vF9j2zMrVtXKgReJXZAKKtDwzC+nH9M0ZBFQQZTq2VYCbkYkcCrYpOykiiWEjsiA9TSNSMiUm+UXTPCJVvo4iKWuCHCu/t7ISKjUOPT1ZEhgqOa9qfif10shuHIzHiUpsIjOHgpSgSHG0zhwn0tGQYw1IVRy/VdMh0QSCjq0sg7Bnj95kbTPq7ZVte8vKrWbIo4SOkLH6BTZ6BLVUB01UAtR9Iie0St6M56MF+Pd+JiNLhnFzgH6A+PzB8Palcg=</latexit><latexit sha1_base64="4VWCC2wISnIo+sTa76uOTPT4o5Y=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJCLpwUdRFlxX6giaEyXTSDp08mLkRSqgbf8WNC0Xc+hfu/BunaRbaeuByD+fcy8w9fiK4Asv6NpaWV1bX1ksb5c2t7Z1dc2+/reJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up36nQcmFY+jJowT5oZkEPGAUwJa8sxD544JIBi8rNGcOGf1vF9j2zMrVtXKgReJXZAKKtDwzC+nH9M0ZBFQQZTq2VYCbkYkcCrYpOykiiWEjsiA9TSNSMiUm+UXTPCJVvo4iKWuCHCu/t7ISKjUOPT1ZEhgqOa9qfif10shuHIzHiUpsIjOHgpSgSHG0zhwn0tGQYw1IVRy/VdMh0QSCjq0sg7Bnj95kbTPq7ZVte8vKrWbIo4SOkLH6BTZ6BLVUB01UAtR9Iie0St6M56MF+Pd+JiNLhnFzgH6A+PzB8Palcg=</latexit><latexit sha1_base64="4VWCC2wISnIo+sTa76uOTPT4o5Y=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJCLpwUdRFlxX6giaEyXTSDp08mLkRSqgbf8WNC0Xc+hfu/BunaRbaeuByD+fcy8w9fiK4Asv6NpaWV1bX1ksb5c2t7Z1dc2+/reJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up36nQcmFY+jJowT5oZkEPGAUwJa8sxD544JIBi8rNGcOGf1vF9j2zMrVtXKgReJXZAKKtDwzC+nH9M0ZBFQQZTq2VYCbkYkcCrYpOykiiWEjsiA9TSNSMiUm+UXTPCJVvo4iKWuCHCu/t7ISKjUOPT1ZEhgqOa9qfif10shuHIzHiUpsIjOHgpSgSHG0zhwn0tGQYw1IVRy/VdMh0QSCjq0sg7Bnj95kbTPq7ZVte8vKrWbIo4SOkLH6BTZ6BLVUB01UAtR9Iie0St6M56MF+Pd+JiNLhnFzgH6A+PzB8Palcg=</latexit><latexit sha1_base64="4VWCC2wISnIo+sTa76uOTPT4o5Y=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJCLpwUdRFlxX6giaEyXTSDp08mLkRSqgbf8WNC0Xc+hfu/BunaRbaeuByD+fcy8w9fiK4Asv6NpaWV1bX1ksb5c2t7Z1dc2+/reJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up36nQcmFY+jJowT5oZkEPGAUwJa8sxD544JIBi8rNGcOGf1vF9j2zMrVtXKgReJXZAKKtDwzC+nH9M0ZBFQQZTq2VYCbkYkcCrYpOykiiWEjsiA9TSNSMiUm+UXTPCJVvo4iKWuCHCu/t7ISKjUOPT1ZEhgqOa9qfif10shuHIzHiUpsIjOHgpSgSHG0zhwn0tGQYw1IVRy/VdMh0QSCjq0sg7Bnj95kbTPq7ZVte8vKrWbIo4SOkLH6BTZ6BLVUB01UAtR9Iie0St6M56MF+Pd+JiNLhnFzgH6A+PzB8Palcg=</latexit>

From naive dimensional analysis HPT�tPT ⇠ 10�2
<latexit sha1_base64="XTsOJR47+g1stc7EdUhsu5wuGQU=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi6LuuiyQl/QxjCZTtqhkwczN0IJWbrxV9y4UMStn+DOv3HaZqGtBy6cOede5t7jxYIrsKxvo7Cyura+UdwsbW3v7O6Z+wdtFSWSshaNRCS7HlFM8JC1gINg3VgyEniCdbzxzdTvPDCpeBQ2YRIzJyDDkPucEtCSax7X3bTRzPq3TADBMH8oHmDbuk/Pq5lrlq2KNQNeJnZOyihHwzW/+oOIJgELgQqiVM+2YnBSIoFTwbJSP1EsJnRMhqynaUgCppx0dkiGT7UywH4kdYWAZ+rviZQESk0CT3cGBEZq0ZuK/3m9BPwrJ+VhnAAL6fwjPxEYIjxNBQ+4ZBTERBNCJde7YjoiklDQ2ZV0CPbiycukXa3YVsW+uyjXrvM4iugInaAzZKNLVEN11EAtRNEjekav6M14Ml6Md+Nj3low8plD9AfG5w9DnpjU</latexit><latexit sha1_base64="XTsOJR47+g1stc7EdUhsu5wuGQU=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi6LuuiyQl/QxjCZTtqhkwczN0IJWbrxV9y4UMStn+DOv3HaZqGtBy6cOede5t7jxYIrsKxvo7Cyura+UdwsbW3v7O6Z+wdtFSWSshaNRCS7HlFM8JC1gINg3VgyEniCdbzxzdTvPDCpeBQ2YRIzJyDDkPucEtCSax7X3bTRzPq3TADBMH8oHmDbuk/Pq5lrlq2KNQNeJnZOyihHwzW/+oOIJgELgQqiVM+2YnBSIoFTwbJSP1EsJnRMhqynaUgCppx0dkiGT7UywH4kdYWAZ+rviZQESk0CT3cGBEZq0ZuK/3m9BPwrJ+VhnAAL6fwjPxEYIjxNBQ+4ZBTERBNCJde7YjoiklDQ2ZV0CPbiycukXa3YVsW+uyjXrvM4iugInaAzZKNLVEN11EAtRNEjekav6M14Ml6Md+Nj3low8plD9AfG5w9DnpjU</latexit><latexit sha1_base64="XTsOJR47+g1stc7EdUhsu5wuGQU=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi6LuuiyQl/QxjCZTtqhkwczN0IJWbrxV9y4UMStn+DOv3HaZqGtBy6cOede5t7jxYIrsKxvo7Cyura+UdwsbW3v7O6Z+wdtFSWSshaNRCS7HlFM8JC1gINg3VgyEniCdbzxzdTvPDCpeBQ2YRIzJyDDkPucEtCSax7X3bTRzPq3TADBMH8oHmDbuk/Pq5lrlq2KNQNeJnZOyihHwzW/+oOIJgELgQqiVM+2YnBSIoFTwbJSP1EsJnRMhqynaUgCppx0dkiGT7UywH4kdYWAZ+rviZQESk0CT3cGBEZq0ZuK/3m9BPwrJ+VhnAAL6fwjPxEYIjxNBQ+4ZBTERBNCJde7YjoiklDQ2ZV0CPbiycukXa3YVsW+uyjXrvM4iugInaAzZKNLVEN11EAtRNEjekav6M14Ml6Md+Nj3low8plD9AfG5w9DnpjU</latexit><latexit sha1_base64="XTsOJR47+g1stc7EdUhsu5wuGQU=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBjSUpgi6LuuiyQl/QxjCZTtqhkwczN0IJWbrxV9y4UMStn+DOv3HaZqGtBy6cOede5t7jxYIrsKxvo7Cyura+UdwsbW3v7O6Z+wdtFSWSshaNRCS7HlFM8JC1gINg3VgyEniCdbzxzdTvPDCpeBQ2YRIzJyDDkPucEtCSax7X3bTRzPq3TADBMH8oHmDbuk/Pq5lrlq2KNQNeJnZOyihHwzW/+oOIJgELgQqiVM+2YnBSIoFTwbJSP1EsJnRMhqynaUgCppx0dkiGT7UywH4kdYWAZ+rviZQESk0CT3cGBEZq0ZuK/3m9BPwrJ+VhnAAL6fwjPxEYIjxNBQ+4ZBTERBNCJde7YjoiklDQ2ZV0CPbiycukXa3YVsW+uyjXrvM4iugInaAzZKNLVEN11EAtRNEjekav6M14Ml6Md+Nj3low8plD9AfG5w9DnpjU</latexit>

�tPTHPT > 10�2
<latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit><latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit><latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit><latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit>

Need 

✓
T
dS

dT

◆

PT

= (�tPT HPT )
�1

<latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit><latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit><latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit><latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit>

�(T ) = A(T ) e�S(T )
<latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit><latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit><latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit><latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit>

Bubble nucleate too fast
=> not a strong PT



Need 

To get a strong phase transition

�tPT HPT < 1
<latexit sha1_base64="4VWCC2wISnIo+sTa76uOTPT4o5Y=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJCLpwUdRFlxX6giaEyXTSDp08mLkRSqgbf8WNC0Xc+hfu/BunaRbaeuByD+fcy8w9fiK4Asv6NpaWV1bX1ksb5c2t7Z1dc2+/reJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up36nQcmFY+jJowT5oZkEPGAUwJa8sxD544JIBi8rNGcOGf1vF9j2zMrVtXKgReJXZAKKtDwzC+nH9M0ZBFQQZTq2VYCbkYkcCrYpOykiiWEjsiA9TSNSMiUm+UXTPCJVvo4iKWuCHCu/t7ISKjUOPT1ZEhgqOa9qfif10shuHIzHiUpsIjOHgpSgSHG0zhwn0tGQYw1IVRy/VdMh0QSCjq0sg7Bnj95kbTPq7ZVte8vKrWbIo4SOkLH6BTZ6BLVUB01UAtR9Iie0St6M56MF+Pd+JiNLhnFzgH6A+PzB8Palcg=</latexit><latexit sha1_base64="4VWCC2wISnIo+sTa76uOTPT4o5Y=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJCLpwUdRFlxX6giaEyXTSDp08mLkRSqgbf8WNC0Xc+hfu/BunaRbaeuByD+fcy8w9fiK4Asv6NpaWV1bX1ksb5c2t7Z1dc2+/reJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up36nQcmFY+jJowT5oZkEPGAUwJa8sxD544JIBi8rNGcOGf1vF9j2zMrVtXKgReJXZAKKtDwzC+nH9M0ZBFQQZTq2VYCbkYkcCrYpOykiiWEjsiA9TSNSMiUm+UXTPCJVvo4iKWuCHCu/t7ISKjUOPT1ZEhgqOa9qfif10shuHIzHiUpsIjOHgpSgSHG0zhwn0tGQYw1IVRy/VdMh0QSCjq0sg7Bnj95kbTPq7ZVte8vKrWbIo4SOkLH6BTZ6BLVUB01UAtR9Iie0St6M56MF+Pd+JiNLhnFzgH6A+PzB8Palcg=</latexit><latexit sha1_base64="4VWCC2wISnIo+sTa76uOTPT4o5Y=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJCLpwUdRFlxX6giaEyXTSDp08mLkRSqgbf8WNC0Xc+hfu/BunaRbaeuByD+fcy8w9fiK4Asv6NpaWV1bX1ksb5c2t7Z1dc2+/reJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up36nQcmFY+jJowT5oZkEPGAUwJa8sxD544JIBi8rNGcOGf1vF9j2zMrVtXKgReJXZAKKtDwzC+nH9M0ZBFQQZTq2VYCbkYkcCrYpOykiiWEjsiA9TSNSMiUm+UXTPCJVvo4iKWuCHCu/t7ISKjUOPT1ZEhgqOa9qfif10shuHIzHiUpsIjOHgpSgSHG0zhwn0tGQYw1IVRy/VdMh0QSCjq0sg7Bnj95kbTPq7ZVte8vKrWbIo4SOkLH6BTZ6BLVUB01UAtR9Iie0St6M56MF+Pd+JiNLhnFzgH6A+PzB8Palcg=</latexit><latexit sha1_base64="4VWCC2wISnIo+sTa76uOTPT4o5Y=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCCymJCLpwUdRFlxX6giaEyXTSDp08mLkRSqgbf8WNC0Xc+hfu/BunaRbaeuByD+fcy8w9fiK4Asv6NpaWV1bX1ksb5c2t7Z1dc2+/reJUUtaisYhl1yeKCR6xFnAQrJtIRkJfsI4/up36nQcmFY+jJowT5oZkEPGAUwJa8sxD544JIBi8rNGcOGf1vF9j2zMrVtXKgReJXZAKKtDwzC+nH9M0ZBFQQZTq2VYCbkYkcCrYpOykiiWEjsiA9TSNSMiUm+UXTPCJVvo4iKWuCHCu/t7ISKjUOPT1ZEhgqOa9qfif10shuHIzHiUpsIjOHgpSgSHG0zhwn0tGQYw1IVRy/VdMh0QSCjq0sg7Bnj95kbTPq7ZVte8vKrWbIo4SOkLH6BTZ6BLVUB01UAtR9Iie0St6M56MF+Pd+JiNLhnFzgH6A+PzB8Palcg=</latexit>

For a stronger PT HPT�tPT ! 1
<latexit sha1_base64="1q87EworWAux1iIQQbxCKP5yR4Q=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZEXRZ1EWXFdpaaIchk962oZkHyR2hDHXjr7hxoYhb/8Kdf2PazkJbDwROzrmX5JwgkUKj43xbhZXVtfWN4mZpa3tnd8/eP2jpOFUcmjyWsWoHTIMUETRRoIR2ooCFgYT7YHQz9e8fQGkRRw0cJ+CFbBCJvuAMjeTbRzU/qzcm3VuQyCjOLxhT17fLTsWZgS4TNydlkqPu21/dXszTECLkkmndcZ0EvYwpFFzCpNRNNSSMj9gAOoZGLATtZbMEE3pqlB7tx8qcCOlM/b2RsVDrcRiYyZDhUC96U/E/r5Ni/8rLRJSkCBGfP9RPJTURp3XQnlDAUY4NYVwJ81fKh0wxjqa0kinBXYy8TFrnFdepuHcX5ep1XkeRHJMTckZcckmqpEbqpEk4eSTP5JW8WU/Wi/VufcxHC1a+c0j+wPr8AYFSlkM=</latexit><latexit sha1_base64="1q87EworWAux1iIQQbxCKP5yR4Q=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZEXRZ1EWXFdpaaIchk962oZkHyR2hDHXjr7hxoYhb/8Kdf2PazkJbDwROzrmX5JwgkUKj43xbhZXVtfWN4mZpa3tnd8/eP2jpOFUcmjyWsWoHTIMUETRRoIR2ooCFgYT7YHQz9e8fQGkRRw0cJ+CFbBCJvuAMjeTbRzU/qzcm3VuQyCjOLxhT17fLTsWZgS4TNydlkqPu21/dXszTECLkkmndcZ0EvYwpFFzCpNRNNSSMj9gAOoZGLATtZbMEE3pqlB7tx8qcCOlM/b2RsVDrcRiYyZDhUC96U/E/r5Ni/8rLRJSkCBGfP9RPJTURp3XQnlDAUY4NYVwJ81fKh0wxjqa0kinBXYy8TFrnFdepuHcX5ep1XkeRHJMTckZcckmqpEbqpEk4eSTP5JW8WU/Wi/VufcxHC1a+c0j+wPr8AYFSlkM=</latexit><latexit sha1_base64="1q87EworWAux1iIQQbxCKP5yR4Q=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZEXRZ1EWXFdpaaIchk962oZkHyR2hDHXjr7hxoYhb/8Kdf2PazkJbDwROzrmX5JwgkUKj43xbhZXVtfWN4mZpa3tnd8/eP2jpOFUcmjyWsWoHTIMUETRRoIR2ooCFgYT7YHQz9e8fQGkRRw0cJ+CFbBCJvuAMjeTbRzU/qzcm3VuQyCjOLxhT17fLTsWZgS4TNydlkqPu21/dXszTECLkkmndcZ0EvYwpFFzCpNRNNSSMj9gAOoZGLATtZbMEE3pqlB7tx8qcCOlM/b2RsVDrcRiYyZDhUC96U/E/r5Ni/8rLRJSkCBGfP9RPJTURp3XQnlDAUY4NYVwJ81fKh0wxjqa0kinBXYy8TFrnFdepuHcX5ep1XkeRHJMTckZcckmqpEbqpEk4eSTP5JW8WU/Wi/VufcxHC1a+c0j+wPr8AYFSlkM=</latexit><latexit sha1_base64="1q87EworWAux1iIQQbxCKP5yR4Q=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJUZEXRZ1EWXFdpaaIchk962oZkHyR2hDHXjr7hxoYhb/8Kdf2PazkJbDwROzrmX5JwgkUKj43xbhZXVtfWN4mZpa3tnd8/eP2jpOFUcmjyWsWoHTIMUETRRoIR2ooCFgYT7YHQz9e8fQGkRRw0cJ+CFbBCJvuAMjeTbRzU/qzcm3VuQyCjOLxhT17fLTsWZgS4TNydlkqPu21/dXszTECLkkmndcZ0EvYwpFFzCpNRNNSSMj9gAOoZGLATtZbMEE3pqlB7tx8qcCOlM/b2RsVDrcRiYyZDhUC96U/E/r5Ni/8rLRJSkCBGfP9RPJTURp3XQnlDAUY4NYVwJ81fKh0wxjqa0kinBXYy8TFrnFdepuHcX5ep1XkeRHJMTckZcckmqpEbqpEk4eSTP5JW8WU/Wi/VufcxHC1a+c0j+wPr8AYFSlkM=</latexit>

�tPTHPT > 10�2
<latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit><latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit><latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit><latexit sha1_base64="vTQjTZsmOfBe8L9knKmADwz+3/o=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJIi6EqKuuiyQl/QxjCZTtqhkwczN0IJWbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNzjxYIrsKxvY2V1bX1js7BV3N7Z3ds3Dw7bKkokZS0aiUh2PaKY4CFrAQfBurFkJPAE63jjm6nfeWBS8ShswiRmTkCGIfc5JaAl1yz1b5kAgsFNG82sPutXtnWfnlUz1yxbFWsGvEzsnJRRjoZrfvUHEU0CFgIVRKmebcXgpEQCp4JlxX6iWEzomAxZT9OQBEw56eyIDJ9oZYD9SOoKAc/U3xspCZSaBJ6eDAiM1KI3Ff/zegn4l07KwzgBFtL5Q34iMER4mggecMkoiIkmhEqu/4rpiEhCQedW1CHYiycvk3a1YlsV++68XLvO4yigEjpGp8hGF6iG6qiBWoiiR/SMXtGb8WS8GO/Gx3x0xch3jtAfGJ8/MmuXJQ==</latexit>

Need 
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= (�tPT HPT )
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<latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit><latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit><latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit><latexit sha1_base64="JQgBkaAcclEffCQbrOuk0GP56vo="></latexit>

�(T ) = A(T ) e�S(T )
<latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit><latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit><latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit><latexit sha1_base64="vdq/RTH22fMOyeT4eIAM6jZZx3M=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWoYKWGRF0I1Rd6LJib9AZSyZN29AkMyQZoQzFja/ixoUibn0Kd76NaTsLbT2Q8PH/55CcP4gYVdpxvq3M3PzC4lJ2Obeyura+YW9u1VQYS0yqOGShbARIEUYFqWqqGWlEkiAeMFIP+lcjv/5ApKKhqOhBRHyOuoJ2KEbaSC17x7tGnKNC5eD8wlzeIblPju4MDVt23ik644Kz4KaQB2mVW/aX1w5xzInQmCGlmq4TaT9BUlPMyDDnxYpECPdRlzQNCsSJ8pPxCkO4b5Q27ITSHKHhWP09kSCu1IAHppMj3VPT3kj8z2vGunPmJ1REsSYCTx7qxAzqEI7ygG0qCdZsYABhSc1fIe4hibA2qeVMCO70yrNQOy66TtG9PcmXLtM4smAX7IECcMEpKIEbUAZVgMEjeAav4M16sl6sd+tj0pqx0plt8Keszx/A7pUU</latexit>

Bubble nucleate too fast
=> not a strong PT

Bubble size cannot be larger 
than Hubble



Energy density of GW from PT

2

to expand anisotropies in Legendre polynomials,

C
GW (✓) =

1

4⇡

X

l

(2l + 1) CGW

` Pl (cos ✓). (3)

As we will show, the GW background and the CMB can
share the same primordial source of fluctuations or have
quite di↵erent origins, and this will be visible in the cross-
correlations with the CMB,

C
cross(✓) ⌘

h⇢GW(1) ⇢CMB(2)i✓
⇢̄GW ⇢̄CMB

. (4)

Higher-point GW correlators may also be observable.
Anisotropic GW backgrounds have been considered

earlier. Refs. [28, 29] have proposed anisotropic signals
due to astrophysical sources, such as white dwarf merg-
ers. Such anisotropies reflect both the inhomogeneous
distribution of sources as well the gravitational lensing
of the GW by (dark) matter as they propagate to us.
This would yield an independent measure of the matter
power spectrum. Refs. [30, 31] have studied inflation-
ary preheating as a source of very high frequency GW
!GW ⇠MHz-GHz, although this is currently challenging
for GW detection. Refs. [29, 32, 33] developed analytic
frameworks for characterizing the anisotropies in GW de-
tector data. Ref. [29] applied their formalism to the case
of astrophysical mergers, while Ref. [33] generalized the
framework to include cosmic string networks as the GW
source.

The present paper makes four main points. (i) First-
order PTs in multi-TeV extensions of the SM are a ro-
bust and plausible source of anisotropic GW. (ii) The
anisotropies are almost completely primordial in nature,
directly reflecting the era of inflation. (iii) The GW
anisotropies can exhibit a variety of behaviors, includ-
ing (�⇢/⇢)GW � (�⇢/⇢)CMB and/or varying degrees of
cross-correlation with the CMB, sensitive to the nature
of inflation and reheating. (iv) Current cosmological data
constrain the GW background, but nevertheless there
is considerable scope for detecting a range of possible
anisotropies at the next generation of detectors, includ-
ing LISA.

Let us briefly sketch the origin of the GW signal in
PT. The GW appear as a perturbation of the spacetime
metric �gGW. Einstein’s equations, linearized for this
perturbation at the time of PT are schematically of the
form

!
2

GW
�gGW ⇠ GN ⇢PT , (5)

where GN is Newton’s constant, ⇢PT  ⇢total is the en-
ergy density in the sector undergoing the PT, and !GW

is the typical frequency of the GW,

!GW ⇠ 1

�tPT
⇠
 
�̇

�

!

TPT

. (6)

Here �tPT is the duration of the PT and � is the bubble
nucleation rate. In general, the field-energy in GW is
given by

⇢GW ⇠ 1

GN
!
2

GW
(�gGW)2. (7)

Therefore at the PT,

⇢GW ⇠ ⇢
2

PT

⇢total
(HPT�tPT )

2
, (8)

where HPT ⇠
p
GN⇢total is the Hubble expansion rate

at the time of the PT. The combination (HPT�tPT )
2

depends only on the microphysics of the PT, independent
of details of gravity and cosmological history, varying in
the literature between 10�4�10�1 for strongly first-order
PT [13]. The smaller values in this range are natural
but the larger values can arise with modest tuning of
microphysical couplings.
After production, ⇢GW undergoes cosmological redshift

until today. Its final value can be conveniently expressed
in terms of the energy in CMB photons today, ⇢� ,

⇢
today
GW

⇡ 0.1
⇢
2

PT

⇢
2

total

(HPT�tPT )
2
⇢� , (9)

where the numerical prefactor is given by a more quanti-
tative analysis (reviewed in Ref. [13]). We have assumed
that the PT remnants consist of just SM + dark mat-
ter (DM) + GW, as motivated in extensions of the SM
related to the electroweak hierarchy problem (reviewed
in Ref. [34]) or electroweak scale baryogenesis (reviewed
in Ref. [35]). Clearly the largest signal would arise if
the entire contents of the universe undergoes the PT,
⇢total ⇡ ⇢PT ,

⇢
today
GW

⇡ 0.1 (HPT�tPT )
2
⇢� ⇡ 10�5 � 10�2

⇢� . (10)

The GW frequencies are also redshifted, roughly,

!
today
GW

⇠ !GW

 
T

today
CMB

TPT

!

⇠> mHz - Hz, (11)

where we get ballpark detectable frequencies for PTs at
temperatures TPT ⇠> TeV. Note that if !GW ⇠ mHz, the
signal strength is above the expected sensitivity of the
LISA detector, 10�8

⇢� [13]. Quite model-independently
from the above discussion, there is a CMB constraint on
extra forms of radiation that applies to any GW back-
ground, ⇢̄GW ⇠< 0.1⇢� .3

Let us now see how anisotropies arise in the GW sig-
nals in the simplest scenario when there is a single source

3 This constraint usually is given in terms of the e↵ective number
of additional neutrino species, �Neff ⇠< 0.4 (2�) [36, 37].

TPT ⇠ TeV - PeV
For
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Similar ideas, more futuristic

BBO, DECIGO, ALIA 



• Method: variation of strains in time for each polarization mode with 
different detector location/Doppler shift 

• LISA may get to ~ 0.01 steradians (                        ), more detectors 
(BBO/DECIGO) can do better  [Cutler(1997), Giampieri et al (1997)]

(!today
GW , ✓1,�1)
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Angular measurement



Astrophysical foreground

PT (anisotropic)

Unresolvable white dwarf merger
generates the dominant 

background to our signal

However, most of these background
follow galaxy distribution and can

 be subtracted with enough data

Farmer & Phinney (2003)
Adams & Cornish (2013)



PT (isotropic)

⇢todayGW ⇡ 10�5 � 10�2⇢�
<latexit sha1_base64="AcULBs71XLef7Jid4rSCSCE53Ss=">AAACInicbVDNSgMxGMz6W+tf1aOXYBG8tOyKot6KHvRYwbZCt5Zv07QNTTZLkhXLss/ixVfx4kFRT4IPY9ruQVsHQoaZ+Ui+CSLOtHHdL2dufmFxaTm3kl9dW9/YLGxt17WMFaE1IrlUtwFoyllIa4YZTm8jRUEEnDaCwcXIb9xTpZkMb8wwoi0BvZB1GQFjpXbhzFd92U58JfBlI71LjOzAMPUhipR8wJ57l5SO09L4PkyzbA+EgLRdKLpldww8S7yMFFGGarvw4XckiQUNDeGgddNzI9NKQBlGOE3zfqxpBGQAPdq0NARBdSsZr5jifat0cFcqe0KDx+rviQSE1kMR2KQA09fT3kj8z2vGpnvaSlgYxYaGZPJQN+bYSDzqC3eYosTwoSVAFLN/xaQPCoixreZtCd70yrOkflj23LJ3fVSsnGd15NAu2kMHyEMnqIKuUBXVEEGP6Bm9ojfnyXlx3p3PSXTOyWZ20B843z9QzqQe</latexit><latexit sha1_base64="AcULBs71XLef7Jid4rSCSCE53Ss=">AAACInicbVDNSgMxGMz6W+tf1aOXYBG8tOyKot6KHvRYwbZCt5Zv07QNTTZLkhXLss/ixVfx4kFRT4IPY9ruQVsHQoaZ+Ui+CSLOtHHdL2dufmFxaTm3kl9dW9/YLGxt17WMFaE1IrlUtwFoyllIa4YZTm8jRUEEnDaCwcXIb9xTpZkMb8wwoi0BvZB1GQFjpXbhzFd92U58JfBlI71LjOzAMPUhipR8wJ57l5SO09L4PkyzbA+EgLRdKLpldww8S7yMFFGGarvw4XckiQUNDeGgddNzI9NKQBlGOE3zfqxpBGQAPdq0NARBdSsZr5jifat0cFcqe0KDx+rviQSE1kMR2KQA09fT3kj8z2vGpnvaSlgYxYaGZPJQN+bYSDzqC3eYosTwoSVAFLN/xaQPCoixreZtCd70yrOkflj23LJ3fVSsnGd15NAu2kMHyEMnqIKuUBXVEEGP6Bm9ojfnyXlx3p3PSXTOyWZ20B843z9QzqQe</latexit><latexit sha1_base64="AcULBs71XLef7Jid4rSCSCE53Ss=">AAACInicbVDNSgMxGMz6W+tf1aOXYBG8tOyKot6KHvRYwbZCt5Zv07QNTTZLkhXLss/ixVfx4kFRT4IPY9ruQVsHQoaZ+Ui+CSLOtHHdL2dufmFxaTm3kl9dW9/YLGxt17WMFaE1IrlUtwFoyllIa4YZTm8jRUEEnDaCwcXIb9xTpZkMb8wwoi0BvZB1GQFjpXbhzFd92U58JfBlI71LjOzAMPUhipR8wJ57l5SO09L4PkyzbA+EgLRdKLpldww8S7yMFFGGarvw4XckiQUNDeGgddNzI9NKQBlGOE3zfqxpBGQAPdq0NARBdSsZr5jifat0cFcqe0KDx+rviQSE1kMR2KQA09fT3kj8z2vGpnvaSlgYxYaGZPJQN+bYSDzqC3eYosTwoSVAFLN/xaQPCoixreZtCd70yrOkflj23LJ3fVSsnGd15NAu2kMHyEMnqIKuUBXVEEGP6Bm9ojfnyXlx3p3PSXTOyWZ20B843z9QzqQe</latexit><latexit sha1_base64="AcULBs71XLef7Jid4rSCSCE53Ss=">AAACInicbVDNSgMxGMz6W+tf1aOXYBG8tOyKot6KHvRYwbZCt5Zv07QNTTZLkhXLss/ixVfx4kFRT4IPY9ruQVsHQoaZ+Ui+CSLOtHHdL2dufmFxaTm3kl9dW9/YLGxt17WMFaE1IrlUtwFoyllIa4YZTm8jRUEEnDaCwcXIb9xTpZkMb8wwoi0BvZB1GQFjpXbhzFd92U58JfBlI71LjOzAMPUhipR8wJ57l5SO09L4PkyzbA+EgLRdKLpldww8S7yMFFGGarvw4XckiQUNDeGgddNzI9NKQBlGOE3zfqxpBGQAPdq0NARBdSsZr5jifat0cFcqe0KDx+rviQSE1kMR2KQA09fT3kj8z2vGpnvaSlgYxYaGZPJQN+bYSDzqC3eYosTwoSVAFLN/xaQPCoixreZtCd70yrOkflj23LJ3fVSsnGd15NAu2kMHyEMnqIKuUBXVEEGP6Bm9ojfnyXlx3p3PSXTOyWZ20B843z9QzqQe</latexit>

Energy density of GW from PT

⌦GWh2
<latexit sha1_base64="YPVmqxdt866ILmTRrpcEmJT/pQE=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KkkRdFl0oTsr2Ac0MUymk3boTBJmJkII9VfcuFDErR/izr9x+lho64ELh3Pu5d57wpQzpR3n21pZXVvf2Cxtlbd3dvf27YPDtkoySWiLJDyR3RAryllMW5ppTruppFiEnHbC0dXE7zxSqVgS3+s8pb7Ag5hFjGBtpMCueLeCDnBQeFKg684YDR/qgV11as4UaJm4c1KFOZqB/eX1E5IJGmvCsVI910m1X2CpGeF0XPYyRVNMRnhAe4bGWFDlF9Pjx+jEKH0UJdJUrNFU/T1RYKFULkLTKbAeqkVvIv7n9TIdXfgFi9NM05jMFkUZRzpBkyRQn0lKNM8NwUQycysiQywx0SavsgnBXXx5mbTrNdepuXdn1cblPI4SHMExnIIL59CAG2hCCwjk8Ayv8GY9WS/Wu/Uxa12x5jMV+APr8wegOpQW</latexit><latexit sha1_base64="YPVmqxdt866ILmTRrpcEmJT/pQE=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KkkRdFl0oTsr2Ac0MUymk3boTBJmJkII9VfcuFDErR/izr9x+lho64ELh3Pu5d57wpQzpR3n21pZXVvf2Cxtlbd3dvf27YPDtkoySWiLJDyR3RAryllMW5ppTruppFiEnHbC0dXE7zxSqVgS3+s8pb7Ag5hFjGBtpMCueLeCDnBQeFKg684YDR/qgV11as4UaJm4c1KFOZqB/eX1E5IJGmvCsVI910m1X2CpGeF0XPYyRVNMRnhAe4bGWFDlF9Pjx+jEKH0UJdJUrNFU/T1RYKFULkLTKbAeqkVvIv7n9TIdXfgFi9NM05jMFkUZRzpBkyRQn0lKNM8NwUQycysiQywx0SavsgnBXXx5mbTrNdepuXdn1cblPI4SHMExnIIL59CAG2hCCwjk8Ayv8GY9WS/Wu/Uxa12x5jMV+APr8wegOpQW</latexit><latexit sha1_base64="YPVmqxdt866ILmTRrpcEmJT/pQE=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KkkRdFl0oTsr2Ac0MUymk3boTBJmJkII9VfcuFDErR/izr9x+lho64ELh3Pu5d57wpQzpR3n21pZXVvf2Cxtlbd3dvf27YPDtkoySWiLJDyR3RAryllMW5ppTruppFiEnHbC0dXE7zxSqVgS3+s8pb7Ag5hFjGBtpMCueLeCDnBQeFKg684YDR/qgV11as4UaJm4c1KFOZqB/eX1E5IJGmvCsVI910m1X2CpGeF0XPYyRVNMRnhAe4bGWFDlF9Pjx+jEKH0UJdJUrNFU/T1RYKFULkLTKbAeqkVvIv7n9TIdXfgFi9NM05jMFkUZRzpBkyRQn0lKNM8NwUQycysiQywx0SavsgnBXXx5mbTrNdepuXdn1cblPI4SHMExnIIL59CAG2hCCwjk8Ayv8GY9WS/Wu/Uxa12x5jMV+APr8wegOpQW</latexit><latexit sha1_base64="YPVmqxdt866ILmTRrpcEmJT/pQE=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KkkRdFl0oTsr2Ac0MUymk3boTBJmJkII9VfcuFDErR/izr9x+lho64ELh3Pu5d57wpQzpR3n21pZXVvf2Cxtlbd3dvf27YPDtkoySWiLJDyR3RAryllMW5ppTruppFiEnHbC0dXE7zxSqVgS3+s8pb7Ag5hFjGBtpMCueLeCDnBQeFKg684YDR/qgV11as4UaJm4c1KFOZqB/eX1E5IJGmvCsVI910m1X2CpGeF0XPYyRVNMRnhAe4bGWFDlF9Pjx+jEKH0UJdJUrNFU/T1RYKFULkLTKbAeqkVvIv7n9TIdXfgFi9NM05jMFkUZRzpBkyRQn0lKNM8NwUQycysiQywx0SavsgnBXXx5mbTrNdepuXdn1cblPI4SHMExnIIL59CAG2hCCwjk8Ayv8GY9WS/Wu/Uxa12x5jMV+APr8wegOpQW</latexit>

Frequency (Hz) rhcole.com/apps/GWplotter/



Anisotropy maximal size

�⇢GW < �⇢� ⇠ 10�5⇢�

CMB constraints
Absolute magnitude of gravity wave 

perturbations less than CMB perturbations

Gravitational back-reaction measurable

Difficult to saturate



Detection possibility
�⇢todayGW ⇡ 10�10 � 10�7⇢�

<latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit><latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit><latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit><latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit>

PT (isotropic)

PT (anisotropic)



PT (isotropic)

PT (anisotropic)

Detection possibility
�⇢todayGW ⇡ 10�10 � 10�7⇢�

<latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit><latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit><latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit><latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit>

there’s a chance to see
the anisotropy in LISA!



PT (isotropic)

PT (anisotropic)

Detection possibility
�⇢todayGW ⇡ 10�10 � 10�7⇢�

<latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit><latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit><latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit><latexit sha1_base64="OGrUJMZ+IiPZ88D9EGlZU5xRjz0="></latexit>

may see the anisotropy in
BBO up to  l ~ 100 !



Conclusion

Isotropic Piece
Energy density generating GW

Hubble at which GW are generated

Anisotropic Piece
Is sector in thermal eq. with SM

Are there multiple light scalar fields during inflation


