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Gravitational Waves (GW) 

 Astrophysical sources 

black hole, neutron start, white dwarf mergers

study physics of
gravity, QCD, 

 galaxy formation,… 

can be resolvable
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GW Cosmology

unresolvable,
stochastic

 Cosmological sources 

Phase transition (PT), inflation, pre-heating, cosmic string,…

study Higgs sectors, 
Baryogenesis, 

inflation, reheating…
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GW from first order Phase Transitions
Most discussions focus on 

GW energy/frequency spectrum from PT.

PT ~ TeV-100TeV  =>  GW frequencies ~ proposed detectors!

bubble 
dynamics

1512.06239
studies on stochastic GW, see e.g. Romano & Cornish (2017) 
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However, the anisotropic pattern of GW provides
valuable info on inflation/reheating

GW from first order PT

cold spot 

hot spot 
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Astro sources: Cutler, Holz ’09; Cusin et al ’17
Inflationary preheating: Bethke et al ’13, ’14; 

Analytic frameworks: Cusin et al ’17, Olmec et al ’12,
applied to Cosmic string networks: Jenkins et al ’18

Non-Gaussianities in pulsar timing arrays: Tsuneto et al ‘19

GW anisotropies in other contexts
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Similar to the CMB spectrum, but with 
photon  ->  GW from PT

Gravitational Wave Background (GWB)

hot spot => 

Higher energy photons

-> Higher energy GW

CMB

LIGO 
template

7



Similar to the CMB spectrum, but with 
photon  ->  GW from PT

Gravitational Wave Background (GWB)

CMB

 where do hot / cold spots come from? 

LIGO 
template
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constant temperature
surface of last scattering 

earlier time
later time

radius: red-shift of 
the CMB photon
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In a homogeneous universe 
=> uniform photon redshift from last scattering 

CMB

constant temperature
surface of last scattering radius: red-shift of 

the CMB photon
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constant temperature
surface of last scattering 

redshift perturbation
is of order ~ 10^-5
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constant temperature
surface of last scattering 

redshift perturbation
is of order ~ 10^-5

With primordial temperature fluctuations
=> anisotropic redshift for last scattering photons 

CMB
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With a single reheating process after inflation
=> GW fluctuations correlated with CMB

 critical temperature 
surface at PT 
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uniform critical temperature
surface at PT 

With only gravitational interactions
=> GW fluctuations nearly “pristine”

Ccross ⌘ h⇢GW(1)⇢CMB(2)i
⇢̄GW⇢̄CMB

6= 0
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eVMeVGeVTeV10^14 GeV(?)

?

Dark Ages of  Cosmology

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

B-modes?
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eVMeVGeVTeV10^14 GeV(?)

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

10^3 TeV

GW can probe uncharted thermal history

GWB from PT

Energy scale and physics of cosmological PT? - Frequency spectrum

Multiple sources of primordial density perturbations
and reheating processes during/after inflation?  - Anisotropies
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If PT physics and CMB have different sources of 
primordial fluctuations and reheating history

=> GWB can be ``uncorrelated” with CMB

Ccross ⌘ h⇢GW(1)⇢CMB(2)i
⇢̄GW⇢̄CMB

= 0
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Eg.
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Can we see the GW anisotropy?
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GW from first order PT
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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 dynamics and 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.

In the sky today:  

> 1030 bubbles

GW from first order PT

from TeV scale PT 

Cutting, Hindmarsh, Weir (2018)21



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].

Einstein eq.

22



Energy density of GW from PT
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of the GW by (dark) matter as they propagate to us.
This would yield an independent measure of the matter
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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
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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
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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)
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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
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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
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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
microphysical couplings.
After production, ⇢GW undergoes cosmological redshift
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⇢
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,
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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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As we will show, the GW background and the CMB can
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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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depends only on the microphysics of the PT, independent
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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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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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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
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.
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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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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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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
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GN⇢total is the Hubble expansion rate

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 ,

⇢
today
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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].

Typical Estimate: HPT�tPT ⇠ 10�2
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 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>

See 1512.06239 for a review of PT models

RS1/Composite Higgs
Hawking-Page/conformal -> confinement PT:
Randall, Servant ’07; Konstandin, Servant ‘11

(or ordinary PT by tuning) 
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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].

< CMB N_eff bounds  
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GW detectors

Laser Interferemeter Space Antenna
2.5⇥ 10 5

km

<latexit sha1_base64="zWxeqM7VOjLtukZK2g/ghXEihDg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkJSLLosunFZwT6giWUynbRDZyZhZiKUENz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfeECaNKu+63tbS8srq2Xtoob25t7+zae/stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPR9cRvPxCpaCzu9DghAUcDQSOKkTZSzz6sOjVfU04U9Nz7rJb7Z77k2YjnPbviOu4UcJF4BamAAo2e/eX3Y5xyIjRmSKmu5yY6yJDUFDOSl/1UkQThERqQrqECmaVBNn0hhydG6cMolqaEhlP190SGuFJjHppOjvRQzXsT8T+vm+roMsioSFJNBJ4tilIGdQwnecA+lQRrNjYEYUnNrRAPkURYm9TKJgRv/uVF0qo6nut4t+eV+lURRwkcgWNwCjxwAergBjRAE2DwCJ7BK3iznqwX6936mLUuWcXMAfgD6/MHru2WVw==</latexit><latexit sha1_base64="zWxeqM7VOjLtukZK2g/ghXEihDg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkJSLLosunFZwT6giWUynbRDZyZhZiKUENz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfeECaNKu+63tbS8srq2Xtoob25t7+zae/stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPR9cRvPxCpaCzu9DghAUcDQSOKkTZSzz6sOjVfU04U9Nz7rJb7Z77k2YjnPbviOu4UcJF4BamAAo2e/eX3Y5xyIjRmSKmu5yY6yJDUFDOSl/1UkQThERqQrqECmaVBNn0hhydG6cMolqaEhlP190SGuFJjHppOjvRQzXsT8T+vm+roMsioSFJNBJ4tilIGdQwnecA+lQRrNjYEYUnNrRAPkURYm9TKJgRv/uVF0qo6nut4t+eV+lURRwkcgWNwCjxwAergBjRAE2DwCJ7BK3iznqwX6936mLUuWcXMAfgD6/MHru2WVw==</latexit><latexit sha1_base64="zWxeqM7VOjLtukZK2g/ghXEihDg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkJSLLosunFZwT6giWUynbRDZyZhZiKUENz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfeECaNKu+63tbS8srq2Xtoob25t7+zae/stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPR9cRvPxCpaCzu9DghAUcDQSOKkTZSzz6sOjVfU04U9Nz7rJb7Z77k2YjnPbviOu4UcJF4BamAAo2e/eX3Y5xyIjRmSKmu5yY6yJDUFDOSl/1UkQThERqQrqECmaVBNn0hhydG6cMolqaEhlP190SGuFJjHppOjvRQzXsT8T+vm+roMsioSFJNBJ4tilIGdQwnecA+lQRrNjYEYUnNrRAPkURYm9TKJgRv/uVF0qo6nut4t+eV+lURRwkcgWNwCjxwAergBjRAE2DwCJ7BK3iznqwX6936mLUuWcXMAfgD6/MHru2WVw==</latexit><latexit sha1_base64="zWxeqM7VOjLtukZK2g/ghXEihDg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkJSLLosunFZwT6giWUynbRDZyZhZiKUENz4K25cKOLWr3Dn3zhts9DWAxcO59zLvfeECaNKu+63tbS8srq2Xtoob25t7+zae/stFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPR9cRvPxCpaCzu9DghAUcDQSOKkTZSzz6sOjVfU04U9Nz7rJb7Z77k2YjnPbviOu4UcJF4BamAAo2e/eX3Y5xyIjRmSKmu5yY6yJDUFDOSl/1UkQThERqQrqECmaVBNn0hhydG6cMolqaEhlP190SGuFJjHppOjvRQzXsT8T+vm+roMsioSFJNBJ4tilIGdQwnecA+lQRrNjYEYUnNrRAPkURYm9TKJgRv/uVF0qo6nut4t+eV+lURRwkcgWNwCjxwAergBjRAE2DwCJ7BK3iznqwX6936mLUuWcXMAfgD6/MHru2WVw==</latexit>

Similar idea, more satellites, more futuristic

BBO, DECIGO, ALIA
plus atomic interferometry: MAGIS 
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Energy density of GW from PT

PT (isotropic)

⌦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/
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Seeing the anisotropic pattern
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(!today
GW , ✓1,�1)
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(!today
GW , ✓2,�2)

<latexit sha1_base64="/VrLZ2VXvqp/iBIrpFz9J2FSBM4=">AAACEnicbVBNSyNBEO3RVbPxY6N79NIYhAgSZoKwHoMe3KMLxgiZONR0Kklj9/TQXSOEIb/Bi3/FiweXZa972tv+m+3EHFazDwoe71VRVS/NlXQUhn+CldUPa+sblY/Vza3tnU+13b1rZworsCOMMvYmBYdKZtghSQpvcougU4Xd9O585nfv0Tppsiua5NjXMMrkUAogLyW1o0ZsNI4gKWOr+UV3eluSGcBkehzTGAmS1nGcj2XSOkpq9bAZzsGXSbQgdbbAZVL7HQ+MKDRmJBQ414vCnPolWJJC4bQaFw5zEHcwwp6nGWh0/XL+0pQfemXAh8b6yojP1X8nStDOTXTqOzXQ2L33ZuL/vF5Bw9N+KbO8IMzE66JhoTgZPsuHD6RFQWriCQgr/a1cjMGCIJ9i1YcQvX95mVy3mlHYjL6d1NtnizgqbJ8dsAaL2BfWZl/ZJeswwR7YE3th34PH4Dn4Efx8bV0JFjOf2RsEv/4CcDadSw==</latexit><latexit sha1_base64="/VrLZ2VXvqp/iBIrpFz9J2FSBM4=">AAACEnicbVBNSyNBEO3RVbPxY6N79NIYhAgSZoKwHoMe3KMLxgiZONR0Kklj9/TQXSOEIb/Bi3/FiweXZa972tv+m+3EHFazDwoe71VRVS/NlXQUhn+CldUPa+sblY/Vza3tnU+13b1rZworsCOMMvYmBYdKZtghSQpvcougU4Xd9O585nfv0Tppsiua5NjXMMrkUAogLyW1o0ZsNI4gKWOr+UV3eluSGcBkehzTGAmS1nGcj2XSOkpq9bAZzsGXSbQgdbbAZVL7HQ+MKDRmJBQ414vCnPolWJJC4bQaFw5zEHcwwp6nGWh0/XL+0pQfemXAh8b6yojP1X8nStDOTXTqOzXQ2L33ZuL/vF5Bw9N+KbO8IMzE66JhoTgZPsuHD6RFQWriCQgr/a1cjMGCIJ9i1YcQvX95mVy3mlHYjL6d1NtnizgqbJ8dsAaL2BfWZl/ZJeswwR7YE3th34PH4Dn4Efx8bV0JFjOf2RsEv/4CcDadSw==</latexit><latexit sha1_base64="/VrLZ2VXvqp/iBIrpFz9J2FSBM4=">AAACEnicbVBNSyNBEO3RVbPxY6N79NIYhAgSZoKwHoMe3KMLxgiZONR0Kklj9/TQXSOEIb/Bi3/FiweXZa972tv+m+3EHFazDwoe71VRVS/NlXQUhn+CldUPa+sblY/Vza3tnU+13b1rZworsCOMMvYmBYdKZtghSQpvcougU4Xd9O585nfv0Tppsiua5NjXMMrkUAogLyW1o0ZsNI4gKWOr+UV3eluSGcBkehzTGAmS1nGcj2XSOkpq9bAZzsGXSbQgdbbAZVL7HQ+MKDRmJBQ414vCnPolWJJC4bQaFw5zEHcwwp6nGWh0/XL+0pQfemXAh8b6yojP1X8nStDOTXTqOzXQ2L33ZuL/vF5Bw9N+KbO8IMzE66JhoTgZPsuHD6RFQWriCQgr/a1cjMGCIJ9i1YcQvX95mVy3mlHYjL6d1NtnizgqbJ8dsAaL2BfWZl/ZJeswwR7YE3th34PH4Dn4Efx8bV0JFjOf2RsEv/4CcDadSw==</latexit><latexit sha1_base64="/VrLZ2VXvqp/iBIrpFz9J2FSBM4=">AAACEnicbVBNSyNBEO3RVbPxY6N79NIYhAgSZoKwHoMe3KMLxgiZONR0Kklj9/TQXSOEIb/Bi3/FiweXZa972tv+m+3EHFazDwoe71VRVS/NlXQUhn+CldUPa+sblY/Vza3tnU+13b1rZworsCOMMvYmBYdKZtghSQpvcougU4Xd9O585nfv0Tppsiua5NjXMMrkUAogLyW1o0ZsNI4gKWOr+UV3eluSGcBkehzTGAmS1nGcj2XSOkpq9bAZzsGXSbQgdbbAZVL7HQ+MKDRmJBQ414vCnPolWJJC4bQaFw5zEHcwwp6nGWh0/XL+0pQfemXAh8b6yojP1X8nStDOTXTqOzXQ2L33ZuL/vF5Bw9N+KbO8IMzE66JhoTgZPsuHD6RFQWriCQgr/a1cjMGCIJ9i1YcQvX95mVy3mlHYjL6d1NtnizgqbJ8dsAaL2BfWZl/ZJeswwR7YE3th34PH4Dn4Efx8bV0JFjOf2RsEv/4CcDadSw==</latexit>

Angular measurement

Method: variation of strains in time for each polarization mode 
with different detector location / doppler shift
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(!today
GW , ✓1,�1)

<latexit sha1_base64="hsComX+jhIJ0P1V+58HNq2pmAsc=">AAACEnicbVBNixNBEO2Jusaou1GPXhrDQgIhzCwL6zGsBz1GMB+QyQ41nUrSpHt66K5ZCEN+gxf/yl72oIhXT978N3Y+Dpr4oODxXhVV9dJcSUdh+DuoPHj46ORx9Unt6bPnp2f1Fy8HzhRWYF8YZewoBYdKZtgnSQpHuUXQqcJhuny38Ye3aJ002Sda5TjRMM/kTAogLyX1VjM2GueQlLHV/P1wfVOSmcJq3Y5pgQRJ1I7zhUyiVlJvhJ1wC35Moj1psD16Sf1XPDWi0JiRUODcOApzmpRgSQqF61pcOMxBLGGOY08z0Ogm5falNT/3ypTPjPWVEd+qf0+UoJ1b6dR3aqCFO/Q24v+8cUGzt5NSZnlBmIndolmhOBm+yYdPpUVBauUJCCv9rVwswIIgn2LNhxAdvnxMBhedKOxEHy8b3et9HFX2mr1hTRaxK9ZlH1iP9Zlgn9kd+8q+BV+C++B78GPXWgn2M6/YPwh+/gFtJZ1J</latexit><latexit sha1_base64="hsComX+jhIJ0P1V+58HNq2pmAsc=">AAACEnicbVBNixNBEO2Jusaou1GPXhrDQgIhzCwL6zGsBz1GMB+QyQ41nUrSpHt66K5ZCEN+gxf/yl72oIhXT978N3Y+Dpr4oODxXhVV9dJcSUdh+DuoPHj46ORx9Unt6bPnp2f1Fy8HzhRWYF8YZewoBYdKZtgnSQpHuUXQqcJhuny38Ye3aJ002Sda5TjRMM/kTAogLyX1VjM2GueQlLHV/P1wfVOSmcJq3Y5pgQRJ1I7zhUyiVlJvhJ1wC35Moj1psD16Sf1XPDWi0JiRUODcOApzmpRgSQqF61pcOMxBLGGOY08z0Ogm5falNT/3ypTPjPWVEd+qf0+UoJ1b6dR3aqCFO/Q24v+8cUGzt5NSZnlBmIndolmhOBm+yYdPpUVBauUJCCv9rVwswIIgn2LNhxAdvnxMBhedKOxEHy8b3et9HFX2mr1hTRaxK9ZlH1iP9Zlgn9kd+8q+BV+C++B78GPXWgn2M6/YPwh+/gFtJZ1J</latexit><latexit sha1_base64="hsComX+jhIJ0P1V+58HNq2pmAsc=">AAACEnicbVBNixNBEO2Jusaou1GPXhrDQgIhzCwL6zGsBz1GMB+QyQ41nUrSpHt66K5ZCEN+gxf/yl72oIhXT978N3Y+Dpr4oODxXhVV9dJcSUdh+DuoPHj46ORx9Unt6bPnp2f1Fy8HzhRWYF8YZewoBYdKZtgnSQpHuUXQqcJhuny38Ye3aJ002Sda5TjRMM/kTAogLyX1VjM2GueQlLHV/P1wfVOSmcJq3Y5pgQRJ1I7zhUyiVlJvhJ1wC35Moj1psD16Sf1XPDWi0JiRUODcOApzmpRgSQqF61pcOMxBLGGOY08z0Ogm5falNT/3ypTPjPWVEd+qf0+UoJ1b6dR3aqCFO/Q24v+8cUGzt5NSZnlBmIndolmhOBm+yYdPpUVBauUJCCv9rVwswIIgn2LNhxAdvnxMBhedKOxEHy8b3et9HFX2mr1hTRaxK9ZlH1iP9Zlgn9kd+8q+BV+C++B78GPXWgn2M6/YPwh+/gFtJZ1J</latexit><latexit sha1_base64="hsComX+jhIJ0P1V+58HNq2pmAsc=">AAACEnicbVBNixNBEO2Jusaou1GPXhrDQgIhzCwL6zGsBz1GMB+QyQ41nUrSpHt66K5ZCEN+gxf/yl72oIhXT978N3Y+Dpr4oODxXhVV9dJcSUdh+DuoPHj46ORx9Unt6bPnp2f1Fy8HzhRWYF8YZewoBYdKZtgnSQpHuUXQqcJhuny38Ye3aJ002Sda5TjRMM/kTAogLyX1VjM2GueQlLHV/P1wfVOSmcJq3Y5pgQRJ1I7zhUyiVlJvhJ1wC35Moj1psD16Sf1XPDWi0JiRUODcOApzmpRgSQqF61pcOMxBLGGOY08z0Ogm5falNT/3ypTPjPWVEd+qf0+UoJ1b6dR3aqCFO/Q24v+8cUGzt5NSZnlBmIndolmhOBm+yYdPpUVBauUJCCv9rVwswIIgn2LNhxAdvnxMBhedKOxEHy8b3et9HFX2mr1hTRaxK9ZlH1iP9Zlgn9kd+8q+BV+C++B78GPXWgn2M6/YPwh+/gFtJZ1J</latexit>

(!today
GW , ✓2,�2)

<latexit sha1_base64="/VrLZ2VXvqp/iBIrpFz9J2FSBM4=">AAACEnicbVBNSyNBEO3RVbPxY6N79NIYhAgSZoKwHoMe3KMLxgiZONR0Kklj9/TQXSOEIb/Bi3/FiweXZa972tv+m+3EHFazDwoe71VRVS/NlXQUhn+CldUPa+sblY/Vza3tnU+13b1rZworsCOMMvYmBYdKZtghSQpvcougU4Xd9O585nfv0Tppsiua5NjXMMrkUAogLyW1o0ZsNI4gKWOr+UV3eluSGcBkehzTGAmS1nGcj2XSOkpq9bAZzsGXSbQgdbbAZVL7HQ+MKDRmJBQ414vCnPolWJJC4bQaFw5zEHcwwp6nGWh0/XL+0pQfemXAh8b6yojP1X8nStDOTXTqOzXQ2L33ZuL/vF5Bw9N+KbO8IMzE66JhoTgZPsuHD6RFQWriCQgr/a1cjMGCIJ9i1YcQvX95mVy3mlHYjL6d1NtnizgqbJ8dsAaL2BfWZl/ZJeswwR7YE3th34PH4Dn4Efx8bV0JFjOf2RsEv/4CcDadSw==</latexit><latexit sha1_base64="/VrLZ2VXvqp/iBIrpFz9J2FSBM4=">AAACEnicbVBNSyNBEO3RVbPxY6N79NIYhAgSZoKwHoMe3KMLxgiZONR0Kklj9/TQXSOEIb/Bi3/FiweXZa972tv+m+3EHFazDwoe71VRVS/NlXQUhn+CldUPa+sblY/Vza3tnU+13b1rZworsCOMMvYmBYdKZtghSQpvcougU4Xd9O585nfv0Tppsiua5NjXMMrkUAogLyW1o0ZsNI4gKWOr+UV3eluSGcBkehzTGAmS1nGcj2XSOkpq9bAZzsGXSbQgdbbAZVL7HQ+MKDRmJBQ414vCnPolWJJC4bQaFw5zEHcwwp6nGWh0/XL+0pQfemXAh8b6yojP1X8nStDOTXTqOzXQ2L33ZuL/vF5Bw9N+KbO8IMzE66JhoTgZPsuHD6RFQWriCQgr/a1cjMGCIJ9i1YcQvX95mVy3mlHYjL6d1NtnizgqbJ8dsAaL2BfWZl/ZJeswwR7YE3th34PH4Dn4Efx8bV0JFjOf2RsEv/4CcDadSw==</latexit><latexit sha1_base64="/VrLZ2VXvqp/iBIrpFz9J2FSBM4=">AAACEnicbVBNSyNBEO3RVbPxY6N79NIYhAgSZoKwHoMe3KMLxgiZONR0Kklj9/TQXSOEIb/Bi3/FiweXZa972tv+m+3EHFazDwoe71VRVS/NlXQUhn+CldUPa+sblY/Vza3tnU+13b1rZworsCOMMvYmBYdKZtghSQpvcougU4Xd9O585nfv0Tppsiua5NjXMMrkUAogLyW1o0ZsNI4gKWOr+UV3eluSGcBkehzTGAmS1nGcj2XSOkpq9bAZzsGXSbQgdbbAZVL7HQ+MKDRmJBQ414vCnPolWJJC4bQaFw5zEHcwwp6nGWh0/XL+0pQfemXAh8b6yojP1X8nStDOTXTqOzXQ2L33ZuL/vF5Bw9N+KbO8IMzE66JhoTgZPsuHD6RFQWriCQgr/a1cjMGCIJ9i1YcQvX95mVy3mlHYjL6d1NtnizgqbJ8dsAaL2BfWZl/ZJeswwR7YE3th34PH4Dn4Efx8bV0JFjOf2RsEv/4CcDadSw==</latexit><latexit sha1_base64="/VrLZ2VXvqp/iBIrpFz9J2FSBM4=">AAACEnicbVBNSyNBEO3RVbPxY6N79NIYhAgSZoKwHoMe3KMLxgiZONR0Kklj9/TQXSOEIb/Bi3/FiweXZa972tv+m+3EHFazDwoe71VRVS/NlXQUhn+CldUPa+sblY/Vza3tnU+13b1rZworsCOMMvYmBYdKZtghSQpvcougU4Xd9O585nfv0Tppsiua5NjXMMrkUAogLyW1o0ZsNI4gKWOr+UV3eluSGcBkehzTGAmS1nGcj2XSOkpq9bAZzsGXSbQgdbbAZVL7HQ+MKDRmJBQ414vCnPolWJJC4bQaFw5zEHcwwp6nGWh0/XL+0pQfemXAh8b6yojP1X8nStDOTXTqOzXQ2L33ZuL/vF5Bw9N+KbO8IMzE66JhoTgZPsuHD6RFQWriCQgr/a1cjMGCIJ9i1YcQvX95mVy3mlHYjL6d1NtnizgqbJ8dsAaL2BfWZl/ZJeswwR7YE3th34PH4Dn4Efx8bV0JFjOf2RsEv/4CcDadSw==</latexit>

A deconvolution problem

antenna patternoutput data GW background
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Using cross correlation between different phase readout, LISA 
may get to                   , more detectors (BBO / DECIGO) can do 
much better  [e.g., Cutler & Holz (2009)]

Angular measurement
Projected sensitivity for LISA, Kudoh & Taruya (2005)

`max ⇠ 10
<latexit sha1_base64="H5XsVLMbtxRInFW6bQ3kRv7yhZk=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEBD0WvXisYD+gCWGznbZLdzdhdyOWUPCvePGgiFd/hzf/jds2B219MPB4b4aZeXHKmTae9+2UVlbX1jfKm5Wt7Z3dPXf/oKWTTFFo0oQnqhMTDZxJaBpmOHRSBUTEHNrx6Gbqtx9AaZbIezNOIRRkIFmfUWKsFLlHAXAe5YESWJDHSaCZwL4XuVWv5s2Al4lfkCoq0Ijcr6CX0EyANJQTrbu+l5owJ8owymFSCTINKaEjMoCupZII0GE+O3+CT63Sw/1E2ZIGz9TfEzkRWo9FbDsFMUO96E3F/7xuZvpXYc5kmhmQdL6on3FsEjzNAveYAmr42BJCFbO3YjokilBjE6vYEPzFl5dJ67zmezX/7qJavy7iKKNjdILOkI8uUR3dogZqIopy9Ixe0Zvz5Lw4787HvLXkFDOH6A+czx+Q0JU0</latexit><latexit sha1_base64="H5XsVLMbtxRInFW6bQ3kRv7yhZk=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEBD0WvXisYD+gCWGznbZLdzdhdyOWUPCvePGgiFd/hzf/jds2B219MPB4b4aZeXHKmTae9+2UVlbX1jfKm5Wt7Z3dPXf/oKWTTFFo0oQnqhMTDZxJaBpmOHRSBUTEHNrx6Gbqtx9AaZbIezNOIRRkIFmfUWKsFLlHAXAe5YESWJDHSaCZwL4XuVWv5s2Al4lfkCoq0Ijcr6CX0EyANJQTrbu+l5owJ8owymFSCTINKaEjMoCupZII0GE+O3+CT63Sw/1E2ZIGz9TfEzkRWo9FbDsFMUO96E3F/7xuZvpXYc5kmhmQdL6on3FsEjzNAveYAmr42BJCFbO3YjokilBjE6vYEPzFl5dJ67zmezX/7qJavy7iKKNjdILOkI8uUR3dogZqIopy9Ixe0Zvz5Lw4787HvLXkFDOH6A+czx+Q0JU0</latexit><latexit sha1_base64="H5XsVLMbtxRInFW6bQ3kRv7yhZk=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEBD0WvXisYD+gCWGznbZLdzdhdyOWUPCvePGgiFd/hzf/jds2B219MPB4b4aZeXHKmTae9+2UVlbX1jfKm5Wt7Z3dPXf/oKWTTFFo0oQnqhMTDZxJaBpmOHRSBUTEHNrx6Gbqtx9AaZbIezNOIRRkIFmfUWKsFLlHAXAe5YESWJDHSaCZwL4XuVWv5s2Al4lfkCoq0Ijcr6CX0EyANJQTrbu+l5owJ8owymFSCTINKaEjMoCupZII0GE+O3+CT63Sw/1E2ZIGz9TfEzkRWo9FbDsFMUO96E3F/7xuZvpXYc5kmhmQdL6on3FsEjzNAveYAmr42BJCFbO3YjokilBjE6vYEPzFl5dJ67zmezX/7qJavy7iKKNjdILOkI8uUR3dogZqIopy9Ixe0Zvz5Lw4787HvLXkFDOH6A+czx+Q0JU0</latexit><latexit sha1_base64="H5XsVLMbtxRInFW6bQ3kRv7yhZk=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEBD0WvXisYD+gCWGznbZLdzdhdyOWUPCvePGgiFd/hzf/jds2B219MPB4b4aZeXHKmTae9+2UVlbX1jfKm5Wt7Z3dPXf/oKWTTFFo0oQnqhMTDZxJaBpmOHRSBUTEHNrx6Gbqtx9AaZbIezNOIRRkIFmfUWKsFLlHAXAe5YESWJDHSaCZwL4XuVWv5s2Al4lfkCoq0Ijcr6CX0EyANJQTrbu+l5owJ8owymFSCTINKaEjMoCupZII0GE+O3+CT63Sw/1E2ZIGz9TfEzkRWo9FbDsFMUO96E3F/7xuZvpXYc5kmhmQdL6on3FsEjzNAveYAmr42BJCFbO3YjokilBjE6vYEPzFl5dJ67zmezX/7qJavy7iKKNjdILOkI8uUR3dogZqIopy9Ixe0Zvz5Lw4787HvLXkFDOH6A+czx+Q0JU0</latexit>
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Astrophysical foreground

PT (anisotropic)

Unresolvable white dwarf merger
generates the dominant 

background to our signal

However, most of these backgrounds
follow galaxy distribution and can

 be subtracted with enough data

Farmer & Phinney (2003)Adams & Cornish (2013)
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Anisotropic GW: minimal story
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• Natural to have anisotropic GW signal (like CMB) 

• Two-point correlators of signal fluctuations

⇢GW(✓,�) = ⇢̄GW + �⇢GW(✓,�)
<latexit sha1_base64="UYNCSVXuJlsgMCLRqlXjw13AO+8=">AAACOHicdVDLSgNBEJz1GeMr6tHLYBAUJeyKoBdB9KA3IxgjZEPonXTcwdkHM71CWPJZXvwMb+LFgyJe/QInMYjPgoGiqpqeriBV0pDr3jsjo2PjE5OFqeL0zOzcfGlh8dwkmRZYE4lK9EUABpWMsUaSFF6kGiEKFNaDq8O+X79GbWQSn1E3xWYEl7HsSAFkpVbpxNdh0sp9HfGjem/NpxAJNv00lOt7fgA67/u9z8CG30ZF8P9Qq1R2K+4A/DfxhqTMhqi2Snd+OxFZhDEJBcY0PDelZg6apFDYK/qZwRTEFVxiw9IYIjTNfHB4j69apc07ibYvJj5Qv07kEBnTjQKbjIBC89Pri395jYw6u81cxmlGGIuPRZ1McUp4v0XelhoFqa4lILS0f+UiBA2CbNdFW4L38+Tf5Hyr4rkV73S7vH8wrKPAltkKW2Me22H77JhVWY0JdsMe2BN7dm6dR+fFef2IjjjDmSX2Dc7bO/I9rQ8=</latexit><latexit sha1_base64="UYNCSVXuJlsgMCLRqlXjw13AO+8=">AAACOHicdVDLSgNBEJz1GeMr6tHLYBAUJeyKoBdB9KA3IxgjZEPonXTcwdkHM71CWPJZXvwMb+LFgyJe/QInMYjPgoGiqpqeriBV0pDr3jsjo2PjE5OFqeL0zOzcfGlh8dwkmRZYE4lK9EUABpWMsUaSFF6kGiEKFNaDq8O+X79GbWQSn1E3xWYEl7HsSAFkpVbpxNdh0sp9HfGjem/NpxAJNv00lOt7fgA67/u9z8CG30ZF8P9Qq1R2K+4A/DfxhqTMhqi2Snd+OxFZhDEJBcY0PDelZg6apFDYK/qZwRTEFVxiw9IYIjTNfHB4j69apc07ibYvJj5Qv07kEBnTjQKbjIBC89Pri395jYw6u81cxmlGGIuPRZ1McUp4v0XelhoFqa4lILS0f+UiBA2CbNdFW4L38+Tf5Hyr4rkV73S7vH8wrKPAltkKW2Me22H77JhVWY0JdsMe2BN7dm6dR+fFef2IjjjDmSX2Dc7bO/I9rQ8=</latexit><latexit sha1_base64="UYNCSVXuJlsgMCLRqlXjw13AO+8=">AAACOHicdVDLSgNBEJz1GeMr6tHLYBAUJeyKoBdB9KA3IxgjZEPonXTcwdkHM71CWPJZXvwMb+LFgyJe/QInMYjPgoGiqpqeriBV0pDr3jsjo2PjE5OFqeL0zOzcfGlh8dwkmRZYE4lK9EUABpWMsUaSFF6kGiEKFNaDq8O+X79GbWQSn1E3xWYEl7HsSAFkpVbpxNdh0sp9HfGjem/NpxAJNv00lOt7fgA67/u9z8CG30ZF8P9Qq1R2K+4A/DfxhqTMhqi2Snd+OxFZhDEJBcY0PDelZg6apFDYK/qZwRTEFVxiw9IYIjTNfHB4j69apc07ibYvJj5Qv07kEBnTjQKbjIBC89Pri395jYw6u81cxmlGGIuPRZ1McUp4v0XelhoFqa4lILS0f+UiBA2CbNdFW4L38+Tf5Hyr4rkV73S7vH8wrKPAltkKW2Me22H77JhVWY0JdsMe2BN7dm6dR+fFef2IjjjDmSX2Dc7bO/I9rQ8=</latexit><latexit sha1_base64="UYNCSVXuJlsgMCLRqlXjw13AO+8=">AAACOHicdVDLSgNBEJz1GeMr6tHLYBAUJeyKoBdB9KA3IxgjZEPonXTcwdkHM71CWPJZXvwMb+LFgyJe/QInMYjPgoGiqpqeriBV0pDr3jsjo2PjE5OFqeL0zOzcfGlh8dwkmRZYE4lK9EUABpWMsUaSFF6kGiEKFNaDq8O+X79GbWQSn1E3xWYEl7HsSAFkpVbpxNdh0sp9HfGjem/NpxAJNv00lOt7fgA67/u9z8CG30ZF8P9Qq1R2K+4A/DfxhqTMhqi2Snd+OxFZhDEJBcY0PDelZg6apFDYK/qZwRTEFVxiw9IYIjTNfHB4j69apc07ibYvJj5Qv07kEBnTjQKbjIBC89Pri395jYw6u81cxmlGGIuPRZ1McUp4v0XelhoFqa4lILS0f+UiBA2CbNdFW4L38+Tf5Hyr4rkV73S7vH8wrKPAltkKW2Me22H77JhVWY0JdsMe2BN7dm6dR+fFef2IjjjDmSX2Dc7bO/I9rQ8=</latexit>

CGW(✓) ⌘ h⇢GW(1)⇢GW(2)i✓
⇢̄2GW

<latexit sha1_base64="d+32DVie38mkul8xzufYkJoq3vA="></latexit><latexit sha1_base64="d+32DVie38mkul8xzufYkJoq3vA="></latexit><latexit sha1_base64="d+32DVie38mkul8xzufYkJoq3vA="></latexit><latexit sha1_base64="d+32DVie38mkul8xzufYkJoq3vA="></latexit>

Ccross(✓) ⌘ h⇢GW(1)⇢CMB(2)i✓
⇢̄GW ⇢̄CMB

<latexit sha1_base64="/oq90dYKdd91YfKRG7s/MnEYZS4="></latexit><latexit sha1_base64="/oq90dYKdd91YfKRG7s/MnEYZS4="></latexit><latexit sha1_base64="/oq90dYKdd91YfKRG7s/MnEYZS4="></latexit><latexit sha1_base64="/oq90dYKdd91YfKRG7s/MnEYZS4="></latexit>

GW-GW

GW-CMB

Anisotropic Signal
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CGW(n̂) =
X

`m

C`m Y`m(n̂)
<latexit sha1_base64="/+kg593WhwOzgL0LZljhgyOs0Kk="></latexit><latexit sha1_base64="/+kg593WhwOzgL0LZljhgyOs0Kk="></latexit><latexit sha1_base64="/+kg593WhwOzgL0LZljhgyOs0Kk="></latexit><latexit sha1_base64="/+kg593WhwOzgL0LZljhgyOs0Kk="></latexit>

detector sensitivity Angular resolution < ⇡ `�1
max

<latexit sha1_base64="bzR1nM9nd9LmfG6bBP4L5K7JjaY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1oSEXThoujGZQX7gCaGyXTSDp2ZhJmJWEJw46+4caGIW7/CnX/jtGahrQcuHM65l3vvCRNGlXacL6s0N7+wuFRerqysrq1v2JtbLRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4eXYb98RqWgsbvQoIT5HfUEjipE2UmDvnHsJ9Q49wliQeZJDju7z2+zIzQO76tScCeAscQtSBQUagf3p9WKcciI0Zkiprusk2s+Q1BQzkle8VJEE4SHqk66hAnGi/GzyQg73jdKDUSxNCQ0n6u+JDHGlRjw0nRzpgZr2xuJ/XjfV0ZmfUZGkmgj8syhKGdQxHOcBe1QSrNnIEIQlNbdCPEASYW1Sq5gQ3OmXZ0nruOY6Nff6pFq/KOIog12wBw6AC05BHVyBBmgCDB7AE3gBr9aj9Wy9We8/rSWrmNkGf2B9fAORdZbj</latexit><latexit sha1_base64="bzR1nM9nd9LmfG6bBP4L5K7JjaY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1oSEXThoujGZQX7gCaGyXTSDp2ZhJmJWEJw46+4caGIW7/CnX/jtGahrQcuHM65l3vvCRNGlXacL6s0N7+wuFRerqysrq1v2JtbLRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4eXYb98RqWgsbvQoIT5HfUEjipE2UmDvnHsJ9Q49wliQeZJDju7z2+zIzQO76tScCeAscQtSBQUagf3p9WKcciI0Zkiprusk2s+Q1BQzkle8VJEE4SHqk66hAnGi/GzyQg73jdKDUSxNCQ0n6u+JDHGlRjw0nRzpgZr2xuJ/XjfV0ZmfUZGkmgj8syhKGdQxHOcBe1QSrNnIEIQlNbdCPEASYW1Sq5gQ3OmXZ0nruOY6Nff6pFq/KOIog12wBw6AC05BHVyBBmgCDB7AE3gBr9aj9Wy9We8/rSWrmNkGf2B9fAORdZbj</latexit><latexit sha1_base64="bzR1nM9nd9LmfG6bBP4L5K7JjaY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1oSEXThoujGZQX7gCaGyXTSDp2ZhJmJWEJw46+4caGIW7/CnX/jtGahrQcuHM65l3vvCRNGlXacL6s0N7+wuFRerqysrq1v2JtbLRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4eXYb98RqWgsbvQoIT5HfUEjipE2UmDvnHsJ9Q49wliQeZJDju7z2+zIzQO76tScCeAscQtSBQUagf3p9WKcciI0Zkiprusk2s+Q1BQzkle8VJEE4SHqk66hAnGi/GzyQg73jdKDUSxNCQ0n6u+JDHGlRjw0nRzpgZr2xuJ/XjfV0ZmfUZGkmgj8syhKGdQxHOcBe1QSrNnIEIQlNbdCPEASYW1Sq5gQ3OmXZ0nruOY6Nff6pFq/KOIog12wBw6AC05BHVyBBmgCDB7AE3gBr9aj9Wy9We8/rSWrmNkGf2B9fAORdZbj</latexit><latexit sha1_base64="bzR1nM9nd9LmfG6bBP4L5K7JjaY=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEF1oSEXThoujGZQX7gCaGyXTSDp2ZhJmJWEJw46+4caGIW7/CnX/jtGahrQcuHM65l3vvCRNGlXacL6s0N7+wuFRerqysrq1v2JtbLRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4eXYb98RqWgsbvQoIT5HfUEjipE2UmDvnHsJ9Q49wliQeZJDju7z2+zIzQO76tScCeAscQtSBQUagf3p9WKcciI0Zkiprusk2s+Q1BQzkle8VJEE4SHqk66hAnGi/GzyQg73jdKDUSxNCQ0n6u+JDHGlRjw0nRzpgZr2xuJ/XjfV0ZmfUZGkmgj8syhKGdQxHOcBe1QSrNnIEIQlNbdCPEASYW1Sq5gQ3OmXZ0nruOY6Nff6pFq/KOIog12wBw6AC05BHVyBBmgCDB7AE3gBr9aj9Wy9We8/rSWrmNkGf2B9fAORdZbj</latexit>

In order to see the anisotropy

CMB (A) (B) (A) (B)

Baumann, TASI lecture

`(
`
+
1)
C

`
<latexit sha1_base64="rL4FiVo6HxZxFvqHfQdOL10Sa4c=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASLUBHKjAi6LHbjsoK9QDsMmfS0Dc1khiQj1KH4Km5cKOLW93Dn25hpZ6GtBxI+/v8ccvIHMWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWihJJoUkjHslOQBRwJqCpmebQiSWQMODQDsb1zG8/gFQsEvd6EoMXkqFgA0aJNpJvH/WA80p2nbtndT/NaOrbZafqzAovg5tDGeXV8O2vXj+iSQhCU06U6rpOrL2USM0oh2mplyiICR2TIXQNChKC8tLZ9lN8apQ+HkTSHKHxTP09kZJQqUkYmM6Q6JFa9DLxP6+b6MG1lzIRJxoEnT80SDjWEc6iwH0mgWo+MUCoZGZXTEdEEqpNYCUTgrv45WVoXVRdp+reXZZrN3kcRXSMTlAFuegK1dAtaqAmougRPaNX9GY9WS/Wu/Uxby1Y+cwh+lPW5w9gHJSF</latexit><latexit sha1_base64="rL4FiVo6HxZxFvqHfQdOL10Sa4c=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASLUBHKjAi6LHbjsoK9QDsMmfS0Dc1khiQj1KH4Km5cKOLW93Dn25hpZ6GtBxI+/v8ccvIHMWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWihJJoUkjHslOQBRwJqCpmebQiSWQMODQDsb1zG8/gFQsEvd6EoMXkqFgA0aJNpJvH/WA80p2nbtndT/NaOrbZafqzAovg5tDGeXV8O2vXj+iSQhCU06U6rpOrL2USM0oh2mplyiICR2TIXQNChKC8tLZ9lN8apQ+HkTSHKHxTP09kZJQqUkYmM6Q6JFa9DLxP6+b6MG1lzIRJxoEnT80SDjWEc6iwH0mgWo+MUCoZGZXTEdEEqpNYCUTgrv45WVoXVRdp+reXZZrN3kcRXSMTlAFuegK1dAtaqAmougRPaNX9GY9WS/Wu/Uxby1Y+cwh+lPW5w9gHJSF</latexit><latexit sha1_base64="rL4FiVo6HxZxFvqHfQdOL10Sa4c=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASLUBHKjAi6LHbjsoK9QDsMmfS0Dc1khiQj1KH4Km5cKOLW93Dn25hpZ6GtBxI+/v8ccvIHMWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWihJJoUkjHslOQBRwJqCpmebQiSWQMODQDsb1zG8/gFQsEvd6EoMXkqFgA0aJNpJvH/WA80p2nbtndT/NaOrbZafqzAovg5tDGeXV8O2vXj+iSQhCU06U6rpOrL2USM0oh2mplyiICR2TIXQNChKC8tLZ9lN8apQ+HkTSHKHxTP09kZJQqUkYmM6Q6JFa9DLxP6+b6MG1lzIRJxoEnT80SDjWEc6iwH0mgWo+MUCoZGZXTEdEEqpNYCUTgrv45WVoXVRdp+reXZZrN3kcRXSMTlAFuegK1dAtaqAmougRPaNX9GY9WS/Wu/Uxby1Y+cwh+lPW5w9gHJSF</latexit><latexit sha1_base64="rL4FiVo6HxZxFvqHfQdOL10Sa4c=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASLUBHKjAi6LHbjsoK9QDsMmfS0Dc1khiQj1KH4Km5cKOLW93Dn25hpZ6GtBxI+/v8ccvIHMWdKO863VVhZXVvfKG6WtrZ3dvfs/YOWihJJoUkjHslOQBRwJqCpmebQiSWQMODQDsb1zG8/gFQsEvd6EoMXkqFgA0aJNpJvH/WA80p2nbtndT/NaOrbZafqzAovg5tDGeXV8O2vXj+iSQhCU06U6rpOrL2USM0oh2mplyiICR2TIXQNChKC8tLZ9lN8apQ+HkTSHKHxTP09kZJQqUkYmM6Q6JFa9DLxP6+b6MG1lzIRJxoEnT80SDjWEc6iwH0mgWo+MUCoZGZXTEdEEqpNYCUTgrv45WVoXVRdp+reXZZrN3kcRXSMTlAFuegK1dAtaqAmougRPaNX9GY9WS/Wu/Uxby1Y+cwh+lPW5w9gHJSF</latexit>

<̀latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit>

p
C` >

<latexit sha1_base64="YZK9PTv4bmgYnyG1rCwVIpt8x2Y=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0JMUe/FYwdZCE8Jmu2mXbjZxd1MoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1POlHacb6uytr6xuVXdru3s7u0f2IdHXZVkktAOSXgieyFWlDNBO5ppTnuppDgOOX0Mx62Z/zihUrFEPOhpSv0YDwWLGMHaSIFte+pJ6rwV5B7lvChuArvuNJw50CpxS1KHEu3A/vIGCcliKjThWKm+66Taz7HUjHBa1LxM0RSTMR7SvqECx1T5+fzyAp0ZZYCiRJoSGs3V3xM5jpWaxqHpjLEeqWVvJv7n9TMdXfs5E2mmqSCLRVHGkU7QLAY0YJISzaeGYCKZuRWREZaYaBNWzYTgLr+8SroXDddpuPeX9eZtGUcVTuAUzsGFK2jCHbShAwQm8Ayv8Gbl1ov1bn0sWitWOXMMf2B9/gD1lJPa</latexit><latexit sha1_base64="YZK9PTv4bmgYnyG1rCwVIpt8x2Y=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0JMUe/FYwdZCE8Jmu2mXbjZxd1MoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1POlHacb6uytr6xuVXdru3s7u0f2IdHXZVkktAOSXgieyFWlDNBO5ppTnuppDgOOX0Mx62Z/zihUrFEPOhpSv0YDwWLGMHaSIFte+pJ6rwV5B7lvChuArvuNJw50CpxS1KHEu3A/vIGCcliKjThWKm+66Taz7HUjHBa1LxM0RSTMR7SvqECx1T5+fzyAp0ZZYCiRJoSGs3V3xM5jpWaxqHpjLEeqWVvJv7n9TMdXfs5E2mmqSCLRVHGkU7QLAY0YJISzaeGYCKZuRWREZaYaBNWzYTgLr+8SroXDddpuPeX9eZtGUcVTuAUzsGFK2jCHbShAwQm8Ayv8Gbl1ov1bn0sWitWOXMMf2B9/gD1lJPa</latexit><latexit sha1_base64="YZK9PTv4bmgYnyG1rCwVIpt8x2Y=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0JMUe/FYwdZCE8Jmu2mXbjZxd1MoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1POlHacb6uytr6xuVXdru3s7u0f2IdHXZVkktAOSXgieyFWlDNBO5ppTnuppDgOOX0Mx62Z/zihUrFEPOhpSv0YDwWLGMHaSIFte+pJ6rwV5B7lvChuArvuNJw50CpxS1KHEu3A/vIGCcliKjThWKm+66Taz7HUjHBa1LxM0RSTMR7SvqECx1T5+fzyAp0ZZYCiRJoSGs3V3xM5jpWaxqHpjLEeqWVvJv7n9TMdXfs5E2mmqSCLRVHGkU7QLAY0YJISzaeGYCKZuRWREZaYaBNWzYTgLr+8SroXDddpuPeX9eZtGUcVTuAUzsGFK2jCHbShAwQm8Ayv8Gbl1ov1bn0sWitWOXMMf2B9/gD1lJPa</latexit><latexit sha1_base64="YZK9PTv4bmgYnyG1rCwVIpt8x2Y=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0JMUe/FYwdZCE8Jmu2mXbjZxd1MoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1POlHacb6uytr6xuVXdru3s7u0f2IdHXZVkktAOSXgieyFWlDNBO5ppTnuppDgOOX0Mx62Z/zihUrFEPOhpSv0YDwWLGMHaSIFte+pJ6rwV5B7lvChuArvuNJw50CpxS1KHEu3A/vIGCcliKjThWKm+66Taz7HUjHBa1LxM0RSTMR7SvqECx1T5+fzyAp0ZZYCiRJoSGs3V3xM5jpWaxqHpjLEeqWVvJv7n9TMdXfs5E2mmqSCLRVHGkU7QLAY0YJISzaeGYCKZuRWREZaYaBNWzYTgLr+8SroXDddpuPeX9eZtGUcVTuAUzsGFK2jCHbShAwQm8Ayv8Gbl1ov1bn0sWitWOXMMf2B9/gD1lJPa</latexit>
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• Single source of primordial perturbations                
(= quantum fluctuations in inflaton field) 

• GW anisotropy is totally correlated with primordial 
photon perturbation 

• Roughly scale-invariant primordial perturbation:

Minimal Story

✓
�⇢GW

⇢GW

◆

`

⇠
q
CGW

` ⇠ 10�5

`
<latexit sha1_base64="GfiQPUosNg/G0QCzeJ4+Wc/ClOo="></latexit><latexit sha1_base64="GfiQPUosNg/G0QCzeJ4+Wc/ClOo="></latexit><latexit sha1_base64="GfiQPUosNg/G0QCzeJ4+Wc/ClOo="></latexit><latexit sha1_base64="GfiQPUosNg/G0QCzeJ4+Wc/ClOo="></latexit>

<̀latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit><latexit sha1_base64="NiCNFQINCFG5T4iOY+JPxVaf5XA=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEByhL3NJFmyu3fs7gnhyF+wsVDE1j9k579xL7lCEx8MPN6bYWZelAhurO9/e6W19Y3NrfJ2ZWd3b/+genjUNnGqGbZYLGLdiahBwRW2LLcCO4lGKiOBj9HkNvcfn1AbHqsHO00wlHSk+JAzanOph0L0qzW/7s9BVklQkBoUaParX71BzFKJyjJBjekGfmLDjGrLmcBZpZcaTCib0BF2HVVUogmz+a0zcuaUARnG2pWyZK7+nsioNGYqI9cpqR2bZS8X//O6qR1ehxlXSWpRscWiYSqIjUn+OBlwjcyKqSOUae5uJWxMNWXWxVNxIQTLL6+S9kU98OvB/WWtcVPEUYYTOIVzCOAKGnAHTWgBgzE8wyu8edJ78d69j0VryStmjuEPvM8fDWaOOw==</latexit>

~ GW
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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)

⌦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/
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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!

⌦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)40



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 !

⌦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)41



A Non-minimal Story

42



• There could be multiple sources of primordial 
fluctuations  

• The GW and CMB maps are not necessarily 
correlated 

Non-minimal story
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In addition to the inflaton there is an Axion-Like Particle  
with quantum fluctuations during inflation

V = ⇤4(1� sin
a

fa
)

<latexit sha1_base64="OblLLEIdfComQDQfvQQ1z0+zgNk=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSDEwrArAW2EoI2FRQTzgOwa7k5mkyGzs8vMrBCWtDb+io2FIrb+gZ1/4yTZQhMPDBzOOZc79/gxZ0rb9reVW1peWV3Lrxc2Nre2d4q7e00VJZLQBol4JNs+KMqZoA3NNKftWFIIfU5b/vBq4rceqFQsEnd6FFMvhL5gASOgjdQt4uaFe2PiPbivlp0TVzHhBhJICuM06ML4uFss2RV7CrxInIyUUIZ6t/jl9iKShFRowkGpjmPH2ktBakY4HRfcRNEYyBD6tGOogJAqL51eMsZHRunhIJLmCY2n6u+JFEKlRqFvkiHogZr3JuJ/XifRwbmXMhEnmgoyWxQkHOsIT2rBPSYp0XxkCBDJzF8xGYApQpvyCqYEZ/7kRdI8rTh2xbmtlmqXWR15dIAOURk56AzV0DWqowYi6BE9o1f0Zj1ZL9a79TGL5qxsZh/9gfX5A0gxmXE=</latexit><latexit sha1_base64="OblLLEIdfComQDQfvQQ1z0+zgNk=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSDEwrArAW2EoI2FRQTzgOwa7k5mkyGzs8vMrBCWtDb+io2FIrb+gZ1/4yTZQhMPDBzOOZc79/gxZ0rb9reVW1peWV3Lrxc2Nre2d4q7e00VJZLQBol4JNs+KMqZoA3NNKftWFIIfU5b/vBq4rceqFQsEnd6FFMvhL5gASOgjdQt4uaFe2PiPbivlp0TVzHhBhJICuM06ML4uFss2RV7CrxInIyUUIZ6t/jl9iKShFRowkGpjmPH2ktBakY4HRfcRNEYyBD6tGOogJAqL51eMsZHRunhIJLmCY2n6u+JFEKlRqFvkiHogZr3JuJ/XifRwbmXMhEnmgoyWxQkHOsIT2rBPSYp0XxkCBDJzF8xGYApQpvyCqYEZ/7kRdI8rTh2xbmtlmqXWR15dIAOURk56AzV0DWqowYi6BE9o1f0Zj1ZL9a79TGL5qxsZh/9gfX5A0gxmXE=</latexit><latexit sha1_base64="OblLLEIdfComQDQfvQQ1z0+zgNk=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSDEwrArAW2EoI2FRQTzgOwa7k5mkyGzs8vMrBCWtDb+io2FIrb+gZ1/4yTZQhMPDBzOOZc79/gxZ0rb9reVW1peWV3Lrxc2Nre2d4q7e00VJZLQBol4JNs+KMqZoA3NNKftWFIIfU5b/vBq4rceqFQsEnd6FFMvhL5gASOgjdQt4uaFe2PiPbivlp0TVzHhBhJICuM06ML4uFss2RV7CrxInIyUUIZ6t/jl9iKShFRowkGpjmPH2ktBakY4HRfcRNEYyBD6tGOogJAqL51eMsZHRunhIJLmCY2n6u+JFEKlRqFvkiHogZr3JuJ/XifRwbmXMhEnmgoyWxQkHOsIT2rBPSYp0XxkCBDJzF8xGYApQpvyCqYEZ/7kRdI8rTh2xbmtlmqXWR15dIAOURk56AzV0DWqowYi6BE9o1f0Zj1ZL9a79TGL5qxsZh/9gfX5A0gxmXE=</latexit><latexit sha1_base64="OblLLEIdfComQDQfvQQ1z0+zgNk=">AAACCXicbVC7SgNBFJ2NrxhfUUubwSDEwrArAW2EoI2FRQTzgOwa7k5mkyGzs8vMrBCWtDb+io2FIrb+gZ1/4yTZQhMPDBzOOZc79/gxZ0rb9reVW1peWV3Lrxc2Nre2d4q7e00VJZLQBol4JNs+KMqZoA3NNKftWFIIfU5b/vBq4rceqFQsEnd6FFMvhL5gASOgjdQt4uaFe2PiPbivlp0TVzHhBhJICuM06ML4uFss2RV7CrxInIyUUIZ6t/jl9iKShFRowkGpjmPH2ktBakY4HRfcRNEYyBD6tGOogJAqL51eMsZHRunhIJLmCY2n6u+JFEKlRqFvkiHogZr3JuJ/XifRwbmXMhEnmgoyWxQkHOsIT2rBPSYp0XxkCBDJzF8xGYApQpvyCqYEZ/7kRdI8rTh2xbmtlmqXWR15dIAOURk56AzV0DWqowYi6BE9o1f0Zj1ZL9a79TGL5qxsZh/9gfX5A0gxmXE=</latexit>

�a ⇠ Hinf
<latexit sha1_base64="1H7H48Amippz23j9/Ukk97HD9W0=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCq5Jpa9tl0U2XFewDOqVk0kwbmmSGJCOUoW78FTcuFHHrX7jzb0wfgooeuHA4517uvSeIOdMGoQ9nZXVtfWMzs5Xd3tnd23cPDls6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++pUqzSN6YSUx7Ag8lCxnBxkp999gfUG4wxL5mAtb7qa8EZDKc9t0cyleqRVTyIMojdFEuIku8QqFQLkHPKjPkwBKNvvvuDyKSCCoN4Vjrrodi00uxMoxwOs36iaYxJmM8pF1LJRZU99L5B1N4ZpUBDCNlSxo4V79PpFhoPRGB7RTYjPRvbyb+5XUTE1Z7KZNxYqgki0VhwqGJ4CwOOGCKEsMnlmCimL0VkhFWmBgbWtaG8PUp/J+0CnnPJnNdytUul3FkwAk4BefAAxVQA3XQAE1AwB14AE/g2bl3Hp0X53XRuuIsZ47ADzhvnygVlrQ=</latexit><latexit sha1_base64="1H7H48Amippz23j9/Ukk97HD9W0=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCq5Jpa9tl0U2XFewDOqVk0kwbmmSGJCOUoW78FTcuFHHrX7jzb0wfgooeuHA4517uvSeIOdMGoQ9nZXVtfWMzs5Xd3tnd23cPDls6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++pUqzSN6YSUx7Ag8lCxnBxkp999gfUG4wxL5mAtb7qa8EZDKc9t0cyleqRVTyIMojdFEuIku8QqFQLkHPKjPkwBKNvvvuDyKSCCoN4Vjrrodi00uxMoxwOs36iaYxJmM8pF1LJRZU99L5B1N4ZpUBDCNlSxo4V79PpFhoPRGB7RTYjPRvbyb+5XUTE1Z7KZNxYqgki0VhwqGJ4CwOOGCKEsMnlmCimL0VkhFWmBgbWtaG8PUp/J+0CnnPJnNdytUul3FkwAk4BefAAxVQA3XQAE1AwB14AE/g2bl3Hp0X53XRuuIsZ47ADzhvnygVlrQ=</latexit><latexit sha1_base64="1H7H48Amippz23j9/Ukk97HD9W0=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCq5Jpa9tl0U2XFewDOqVk0kwbmmSGJCOUoW78FTcuFHHrX7jzb0wfgooeuHA4517uvSeIOdMGoQ9nZXVtfWMzs5Xd3tnd23cPDls6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++pUqzSN6YSUx7Ag8lCxnBxkp999gfUG4wxL5mAtb7qa8EZDKc9t0cyleqRVTyIMojdFEuIku8QqFQLkHPKjPkwBKNvvvuDyKSCCoN4Vjrrodi00uxMoxwOs36iaYxJmM8pF1LJRZU99L5B1N4ZpUBDCNlSxo4V79PpFhoPRGB7RTYjPRvbyb+5XUTE1Z7KZNxYqgki0VhwqGJ4CwOOGCKEsMnlmCimL0VkhFWmBgbWtaG8PUp/J+0CnnPJnNdytUul3FkwAk4BefAAxVQA3XQAE1AwB14AE/g2bl3Hp0X53XRuuIsZ47ADzhvnygVlrQ=</latexit><latexit sha1_base64="1H7H48Amippz23j9/Ukk97HD9W0=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCq5Jpa9tl0U2XFewDOqVk0kwbmmSGJCOUoW78FTcuFHHrX7jzb0wfgooeuHA4517uvSeIOdMGoQ9nZXVtfWMzs5Xd3tnd23cPDls6ShShTRLxSHUCrClnkjYNM5x2YkWxCDhtB+Ormd++pUqzSN6YSUx7Ag8lCxnBxkp999gfUG4wxL5mAtb7qa8EZDKc9t0cyleqRVTyIMojdFEuIku8QqFQLkHPKjPkwBKNvvvuDyKSCCoN4Vjrrodi00uxMoxwOs36iaYxJmM8pF1LJRZU99L5B1N4ZpUBDCNlSxo4V79PpFhoPRGB7RTYjPRvbyb+5XUTE1Z7KZNxYqgki0VhwqGJ4CwOOGCKEsMnlmCimL0VkhFWmBgbWtaG8PUp/J+0CnnPJnNdytUul3FkwAk4BefAAxVQA3XQAE1AwB14AE/g2bl3Hp0X53XRuuIsZ47ADzhvnygVlrQ=</latexit>

a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�⇢a

⇢a
⇠ �V

V
⇠ Hinf

fa
<latexit sha1_base64="wfiI1igHYHs6e38V8fz05be6hDU=">AAACNnicbVBNS8MwGE7n15xfU49egkPwNFoR9Dj0soswwX3AWkqapltYkpYkFUbpr/Li7/C2iwdFvPoTzLoe5uYLIQ/PB8n7BAmjStv2zKpsbG5t71R3a3v7B4dH9eOTnopTiUkXxyyWgwApwqggXU01I4NEEsQDRvrB5H6u95+JVDQWT3qaEI+jkaARxUgbyq8/uJFEOHNDwjRy5Tj2UZ6Vt6soX5ZhL896BQsXdNs3Vg6piPI8i0zCrzfspl0MXAdOCRqgnI5ff3PDGKecCI0ZUmro2In2MiQ1xYzkNTdVJEF4gkZkaKBAnCgvK9bO4YVhQhjF0hyhYcEuJzLElZrywDg50mO1qs3J/7RhqqNbL6MiSTURePFQlDKoYzjvEIZUEqzZ1ACEJTV/hXiMTCPaNF0zJTirK6+D3lXTsZvO43WjdVfWUQVn4BxcAgfcgBZogw7oAgxewAx8gE/r1Xq3vqzvhbVilZlT8Gesn18k7a6O</latexit><latexit sha1_base64="wfiI1igHYHs6e38V8fz05be6hDU=">AAACNnicbVBNS8MwGE7n15xfU49egkPwNFoR9Dj0soswwX3AWkqapltYkpYkFUbpr/Li7/C2iwdFvPoTzLoe5uYLIQ/PB8n7BAmjStv2zKpsbG5t71R3a3v7B4dH9eOTnopTiUkXxyyWgwApwqggXU01I4NEEsQDRvrB5H6u95+JVDQWT3qaEI+jkaARxUgbyq8/uJFEOHNDwjRy5Tj2UZ6Vt6soX5ZhL896BQsXdNs3Vg6piPI8i0zCrzfspl0MXAdOCRqgnI5ff3PDGKecCI0ZUmro2In2MiQ1xYzkNTdVJEF4gkZkaKBAnCgvK9bO4YVhQhjF0hyhYcEuJzLElZrywDg50mO1qs3J/7RhqqNbL6MiSTURePFQlDKoYzjvEIZUEqzZ1ACEJTV/hXiMTCPaNF0zJTirK6+D3lXTsZvO43WjdVfWUQVn4BxcAgfcgBZogw7oAgxewAx8gE/r1Xq3vqzvhbVilZlT8Gesn18k7a6O</latexit><latexit sha1_base64="wfiI1igHYHs6e38V8fz05be6hDU=">AAACNnicbVBNS8MwGE7n15xfU49egkPwNFoR9Dj0soswwX3AWkqapltYkpYkFUbpr/Li7/C2iwdFvPoTzLoe5uYLIQ/PB8n7BAmjStv2zKpsbG5t71R3a3v7B4dH9eOTnopTiUkXxyyWgwApwqggXU01I4NEEsQDRvrB5H6u95+JVDQWT3qaEI+jkaARxUgbyq8/uJFEOHNDwjRy5Tj2UZ6Vt6soX5ZhL896BQsXdNs3Vg6piPI8i0zCrzfspl0MXAdOCRqgnI5ff3PDGKecCI0ZUmro2In2MiQ1xYzkNTdVJEF4gkZkaKBAnCgvK9bO4YVhQhjF0hyhYcEuJzLElZrywDg50mO1qs3J/7RhqqNbL6MiSTURePFQlDKoYzjvEIZUEqzZ1ACEJTV/hXiMTCPaNF0zJTirK6+D3lXTsZvO43WjdVfWUQVn4BxcAgfcgBZogw7oAgxewAx8gE/r1Xq3vqzvhbVilZlT8Gesn18k7a6O</latexit><latexit sha1_base64="wfiI1igHYHs6e38V8fz05be6hDU=">AAACNnicbVBNS8MwGE7n15xfU49egkPwNFoR9Dj0soswwX3AWkqapltYkpYkFUbpr/Li7/C2iwdFvPoTzLoe5uYLIQ/PB8n7BAmjStv2zKpsbG5t71R3a3v7B4dH9eOTnopTiUkXxyyWgwApwqggXU01I4NEEsQDRvrB5H6u95+JVDQWT3qaEI+jkaARxUgbyq8/uJFEOHNDwjRy5Tj2UZ6Vt6soX5ZhL896BQsXdNs3Vg6piPI8i0zCrzfspl0MXAdOCRqgnI5ff3PDGKecCI0ZUmro2In2MiQ1xYzkNTdVJEF4gkZkaKBAnCgvK9bO4YVhQhjF0hyhYcEuJzLElZrywDg50mO1qs3J/7RhqqNbL6MiSTURePFQlDKoYzjvEIZUEqzZ1ACEJTV/hXiMTCPaNF0zJTirK6+D3lXTsZvO43WjdVfWUQVn4BxcAgfcgBZogw7oAgxewAx8gE/r1Xq3vqzvhbVilZlT8Gesn18k7a6O</latexit>

can generate (possibly larger!)  
uncorrelated perturbations  
to the inflaton fluctuations

�V ⇠ ⇤4(�a/fa)
<latexit sha1_base64="brJJ0h2y3+CisNNEAHVH7qDI4MA=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GITdyVgJZBGwuLCOYB2XW5OzubDJl9MDMrhJAfsPFXbCwUsbW382+cJFto4oGBwzn3cOceP+VMKsv6NgpLyyura8X10sbm1vaOubvXkkkmCG2ShCei44OknMW0qZjitJMKCpHPadsfXE389gMVkiXxnRqm1I2gF7OQEVBa8swjJ6BcAW45kkXYudHJAO5rlVyG09CDE88sW1VrCrxI7JyUUY6GZ345QUKyiMaKcJCya1upckcgFCOcjktOJmkKZAA92tU0hohKdzS9ZoyPtRLgMBH6xQpP1d+JEURSDiNfT0ag+nLem4j/ed1MhRfuiMVppmhMZovCjGOV4Ek1OGCCEsWHmgARTP8Vkz4IIEoXWNIl2PMnL5LWWdW2qvZtrVy/zOsoogN0iCrIRueojq5RAzURQY/oGb2iN+PJeDHejY/ZaMHIM/voD4zPH1iAmnA=</latexit><latexit sha1_base64="brJJ0h2y3+CisNNEAHVH7qDI4MA=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GITdyVgJZBGwuLCOYB2XW5OzubDJl9MDMrhJAfsPFXbCwUsbW382+cJFto4oGBwzn3cOceP+VMKsv6NgpLyyura8X10sbm1vaOubvXkkkmCG2ShCei44OknMW0qZjitJMKCpHPadsfXE389gMVkiXxnRqm1I2gF7OQEVBa8swjJ6BcAW45kkXYudHJAO5rlVyG09CDE88sW1VrCrxI7JyUUY6GZ345QUKyiMaKcJCya1upckcgFCOcjktOJmkKZAA92tU0hohKdzS9ZoyPtRLgMBH6xQpP1d+JEURSDiNfT0ag+nLem4j/ed1MhRfuiMVppmhMZovCjGOV4Ek1OGCCEsWHmgARTP8Vkz4IIEoXWNIl2PMnL5LWWdW2qvZtrVy/zOsoogN0iCrIRueojq5RAzURQY/oGb2iN+PJeDHejY/ZaMHIM/voD4zPH1iAmnA=</latexit><latexit sha1_base64="brJJ0h2y3+CisNNEAHVH7qDI4MA=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GITdyVgJZBGwuLCOYB2XW5OzubDJl9MDMrhJAfsPFXbCwUsbW382+cJFto4oGBwzn3cOceP+VMKsv6NgpLyyura8X10sbm1vaOubvXkkkmCG2ShCei44OknMW0qZjitJMKCpHPadsfXE389gMVkiXxnRqm1I2gF7OQEVBa8swjJ6BcAW45kkXYudHJAO5rlVyG09CDE88sW1VrCrxI7JyUUY6GZ345QUKyiMaKcJCya1upckcgFCOcjktOJmkKZAA92tU0hohKdzS9ZoyPtRLgMBH6xQpP1d+JEURSDiNfT0ag+nLem4j/ed1MhRfuiMVppmhMZovCjGOV4Ek1OGCCEsWHmgARTP8Vkz4IIEoXWNIl2PMnL5LWWdW2qvZtrVy/zOsoogN0iCrIRueojq5RAzURQY/oGb2iN+PJeDHejY/ZaMHIM/voD4zPH1iAmnA=</latexit><latexit sha1_base64="brJJ0h2y3+CisNNEAHVH7qDI4MA=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GITdyVgJZBGwuLCOYB2XW5OzubDJl9MDMrhJAfsPFXbCwUsbW382+cJFto4oGBwzn3cOceP+VMKsv6NgpLyyura8X10sbm1vaOubvXkkkmCG2ShCei44OknMW0qZjitJMKCpHPadsfXE389gMVkiXxnRqm1I2gF7OQEVBa8swjJ6BcAW45kkXYudHJAO5rlVyG09CDE88sW1VrCrxI7JyUUY6GZ345QUKyiMaKcJCya1upckcgFCOcjktOJmkKZAA92tU0hohKdzS9ZoyPtRLgMBH6xQpP1d+JEURSDiNfT0ag+nLem4j/ed1MhRfuiMVppmhMZovCjGOV4Ek1OGCCEsWHmgARTP8Vkz4IIEoXWNIl2PMnL5LWWdW2qvZtrVy/zOsoogN0iCrIRueojq5RAzURQY/oGb2iN+PJeDHejY/ZaMHIM/voD4zPH1iAmnA=</latexit>

e.g. a curvaton model
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� 10�5

<latexit sha1_base64="b5pFfqcbDBGpx+NKoJmKs5jO6k0="></latexit><latexit sha1_base64="b5pFfqcbDBGpx+NKoJmKs5jO6k0="></latexit><latexit sha1_base64="b5pFfqcbDBGpx+NKoJmKs5jO6k0="></latexit><latexit sha1_base64="b5pFfqcbDBGpx+NKoJmKs5jO6k0="></latexit>

ALP with smaller energy density but larger perturbation  
decays into visible sector (VS) particles,  

while inflaton decays into a hidden sector (HS) 

remain uncorrelated if  
HS-VS are mostly decoupled

✓
�⇢

⇢

◆

HS

 10�5

<latexit sha1_base64="QKfZzVGfHnGawAHRNk4IdYvtFzM="></latexit><latexit sha1_base64="QKfZzVGfHnGawAHRNk4IdYvtFzM="></latexit><latexit sha1_base64="QKfZzVGfHnGawAHRNk4IdYvtFzM="></latexit><latexit sha1_base64="QKfZzVGfHnGawAHRNk4IdYvtFzM="></latexit>
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e.g. a curvaton model
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✓
�⇢

⇢
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VS

� 10�5

<latexit sha1_base64="WR8SUixTjJzPalvqI+rcSf32j9c="></latexit><latexit sha1_base64="WR8SUixTjJzPalvqI+rcSf32j9c="></latexit><latexit sha1_base64="WR8SUixTjJzPalvqI+rcSf32j9c="></latexit><latexit sha1_base64="WR8SUixTjJzPalvqI+rcSf32j9c="></latexit>

VS undergoes a strong first order PT,  
producing GW with VS perturbation
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✓
�⇢
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◆

HS

 10�5

<latexit sha1_base64="QKfZzVGfHnGawAHRNk4IdYvtFzM="></latexit><latexit sha1_base64="QKfZzVGfHnGawAHRNk4IdYvtFzM="></latexit><latexit sha1_base64="QKfZzVGfHnGawAHRNk4IdYvtFzM="></latexit><latexit sha1_base64="QKfZzVGfHnGawAHRNk4IdYvtFzM="></latexit>

e.g. a curvaton model
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(CMB)
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Lo
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transition

HS decays into VS, dominates energy density and 
suppresses photon perturbation to the observed value

⇠ 10�5
<latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit><latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit><latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit><latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit>

✓
�⇢

⇢

◆

CMB

⇠
✓
⇢VS

⇢HS

◆✓
�⇢

⇢

◆

GW

+

✓
�⇢

⇢

◆

HS
<latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit><latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit><latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit><latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit>

before HS decay

e.g. a curvaton model
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If density perturbation is dominated by the 1st term

the CMB and GW background are completely correlated

Correlated GWB & CMB

⇠ 10�5
<latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit><latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit><latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit><latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit>

✓
�⇢

⇢

◆

CMB

⇠
✓
⇢VS

⇢HS

◆✓
�⇢

⇢

◆

GW

+

✓
�⇢

⇢

◆

HS
<latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit><latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit><latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit><latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit>

Ccross ⌘ h⇢GW(1)⇢CMB(2)i
⇢̄GW⇢̄CMB

6= 0
<latexit sha1_base64="y7oJhqwS21UpaXNvNavJNFlOauo="></latexit><latexit sha1_base64="y7oJhqwS21UpaXNvNavJNFlOauo="></latexit><latexit sha1_base64="y7oJhqwS21UpaXNvNavJNFlOauo="></latexit><latexit sha1_base64="y7oJhqwS21UpaXNvNavJNFlOauo="></latexit>
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the CMB and GW background are completely uncorrelated

⇠ 10�5
<latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit><latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit><latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit><latexit sha1_base64="Bw2xuWpJ9/vurPTn9CQfZb+c/lU=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4sWT67q7oxmUF+4DOWDJppg3NZIYkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r3HizhTGqEPK7O2vrG5ld3O7ezu7R/kD4+6KowloR0S8lD2PawoZ4J2NNOc9iNJceBx2vOmV6nfu6dSsVDc6llE3QCPBfMZwdpIjqNYAG10l1xU58N8ARURaparFYiKlVK91igbUqo17WYd2sZKUQArtIf5d2cUkjigQhOOlRrYKNJugqVmhNN5zokVjTCZ4jEdGCpwQJWbLG6ewzOjjKAfSlNCw4X6fSLBgVKzwDOdAdYT9dtLxb+8Qaz9hpswEcWaCrJc5Mcc6hCmAcARk5RoPjMEE8nMrZBMsMREm5hyJoSvT+H/pFsq2qho31QKrctVHFlwAk7BObBBHbTANWiDDiAgAg/gCTxbsfVovVivy9aMtZo5Bj9gvX0CM+qRJQ==</latexit>

✓
�⇢

⇢

◆

CMB

⇠
✓
⇢VS

⇢HS

◆✓
�⇢

⇢

◆

GW

+

✓
�⇢

⇢

◆

HS
<latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit><latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit><latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit><latexit sha1_base64="L6RkuoREzZpmoROvoZLFaZazqZg="></latexit>

If density perturbation is dominated by the 2nd term

Un-correlated GWB & CMB

Ccross ⌘ h⇢GW(1)⇢CMB(2)i
⇢̄GW⇢̄CMB

= 0
<latexit sha1_base64="QV5fnJwECJQLO8NBkastrG/5FkQ="></latexit><latexit sha1_base64="QV5fnJwECJQLO8NBkastrG/5FkQ="></latexit><latexit sha1_base64="QV5fnJwECJQLO8NBkastrG/5FkQ="></latexit><latexit sha1_base64="QV5fnJwECJQLO8NBkastrG/5FkQ="></latexit>
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e.g. a curvaton model

�⇢GW ⇠ 0.1

✓
⇢VS

⇢HS

◆2

(HPT�tPT )
2

✓
�⇢

⇢

◆

GW

⇢�
<latexit sha1_base64="C/phVbItSEiTnj71LGxqJRWfjYQ="></latexit><latexit sha1_base64="C/phVbItSEiTnj71LGxqJRWfjYQ="></latexit><latexit sha1_base64="C/phVbItSEiTnj71LGxqJRWfjYQ="></latexit><latexit sha1_base64="C/phVbItSEiTnj71LGxqJRWfjYQ="></latexit>

HPT�tPT = 0.1
<latexit sha1_base64="XzsjvI28UO4Z3gHdWKGz4aUxpcA=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAXoaiHHiu0ttCGsNlu26WbTdidCCXk4l/x4kERr/4Mb/4bt2kO2vpg4O17M+zMC2LBNTjOt1VaWV1b3yhvVra2d3b37P2DBx0lirI2jUSkugHRTHDJ2sBBsG6sGAkDwTrB5Hbmdx6Z0jySLZjGzAvJSPIhpwSM5NtHDT9ttrL+HRNAMOSPa6fm+nbVqTk58DJxC1JFBZq+/dUfRDQJmQQqiNY914nBS4kCTgXLKv1Es5jQCRmxnqGShEx7aX5Ahk+NMsDDSJmSgHP190RKQq2nYWA6QwJjvejNxP+8XgLDKy/lMk6ASTr/aJgIDBGepYEHXDEKYmoIoYqbXTEdE0UomMwqJgR38eRl8nBec01i9xfV+k0RRxkdoxN0hlx0ieqogZqojSjK0DN6RW/Wk/VivVsf89aSVcwcoj+wPn8AKWeVdQ==</latexit><latexit sha1_base64="XzsjvI28UO4Z3gHdWKGz4aUxpcA=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAXoaiHHiu0ttCGsNlu26WbTdidCCXk4l/x4kERr/4Mb/4bt2kO2vpg4O17M+zMC2LBNTjOt1VaWV1b3yhvVra2d3b37P2DBx0lirI2jUSkugHRTHDJ2sBBsG6sGAkDwTrB5Hbmdx6Z0jySLZjGzAvJSPIhpwSM5NtHDT9ttrL+HRNAMOSPa6fm+nbVqTk58DJxC1JFBZq+/dUfRDQJmQQqiNY914nBS4kCTgXLKv1Es5jQCRmxnqGShEx7aX5Ahk+NMsDDSJmSgHP190RKQq2nYWA6QwJjvejNxP+8XgLDKy/lMk6ASTr/aJgIDBGepYEHXDEKYmoIoYqbXTEdE0UomMwqJgR38eRl8nBec01i9xfV+k0RRxkdoxN0hlx0ieqogZqojSjK0DN6RW/Wk/VivVsf89aSVcwcoj+wPn8AKWeVdQ==</latexit><latexit sha1_base64="XzsjvI28UO4Z3gHdWKGz4aUxpcA=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAXoaiHHiu0ttCGsNlu26WbTdidCCXk4l/x4kERr/4Mb/4bt2kO2vpg4O17M+zMC2LBNTjOt1VaWV1b3yhvVra2d3b37P2DBx0lirI2jUSkugHRTHDJ2sBBsG6sGAkDwTrB5Hbmdx6Z0jySLZjGzAvJSPIhpwSM5NtHDT9ttrL+HRNAMOSPa6fm+nbVqTk58DJxC1JFBZq+/dUfRDQJmQQqiNY914nBS4kCTgXLKv1Es5jQCRmxnqGShEx7aX5Ahk+NMsDDSJmSgHP190RKQq2nYWA6QwJjvejNxP+8XgLDKy/lMk6ASTr/aJgIDBGepYEHXDEKYmoIoYqbXTEdE0UomMwqJgR38eRl8nBec01i9xfV+k0RRxkdoxN0hlx0ieqogZqojSjK0DN6RW/Wk/VivVsf89aSVcwcoj+wPn8AKWeVdQ==</latexit><latexit sha1_base64="XzsjvI28UO4Z3gHdWKGz4aUxpcA=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAXoaiHHiu0ttCGsNlu26WbTdidCCXk4l/x4kERr/4Mb/4bt2kO2vpg4O17M+zMC2LBNTjOt1VaWV1b3yhvVra2d3b37P2DBx0lirI2jUSkugHRTHDJ2sBBsG6sGAkDwTrB5Hbmdx6Z0jySLZjGzAvJSPIhpwSM5NtHDT9ttrL+HRNAMOSPa6fm+nbVqTk58DJxC1JFBZq+/dUfRDQJmQQqiNY914nBS4kCTgXLKv1Es5jQCRmxnqGShEx7aX5Ahk+NMsDDSJmSgHP190RKQq2nYWA6QwJjvejNxP+8XgLDKy/lMk6ASTr/aJgIDBGepYEHXDEKYmoIoYqbXTEdE0UomMwqJgR38eRl8nBec01i9xfV+k0RRxkdoxN0hlx0ieqogZqojSjK0DN6RW/Wk/VivVsf89aSVcwcoj+wPn8AKWeVdQ==</latexit>

Log (scale factor)

Lo
g
ρ

inflaton

ALP
(large δρ/ρ) VS

VS

HS

GW

phase
transition

⇢VS

⇢HS

= 0.1
<latexit sha1_base64="gHXSfwAc9j71mT6v/+fwp+67Avk=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVQlCggWpgqVjEfQhNVHkuE5r1bEj20GqonwCC7/CwgBCrIxs/A1um6G0HMnWuefcK/ueMGFUacf5sUorq2vrG+XNytb2zu6evX/QViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHtxO/80ikooI/6HFC/BgNOI0oRtpIgX3qRRLhzJNDEZg7hu37PJ8rG6a8dmpuYFedmjMFXCZuQaqgQDOwv72+wGlMuMYMKdVznUT7GZKaYkbyipcqkiA8QgPSM5SjmCg/my6UwxOj9GEkpDlcw6k6P5GhWKlxHJrOGOmhWvQm4n9eL9XRlZ9RnqSacDx7KEoZ1AJO0oF9KgnWbGwIwpKav0I8RCYhbTKsmBDcxZWXSfu85prE7i6q9ZsijjI4AsfgDLjgEtRBAzRBC2DwBF7AG3i3nq1X68P6nLWWrGLmEPyB9fULhfuc1w==</latexit><latexit sha1_base64="gHXSfwAc9j71mT6v/+fwp+67Avk=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVQlCggWpgqVjEfQhNVHkuE5r1bEj20GqonwCC7/CwgBCrIxs/A1um6G0HMnWuefcK/ueMGFUacf5sUorq2vrG+XNytb2zu6evX/QViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHtxO/80ikooI/6HFC/BgNOI0oRtpIgX3qRRLhzJNDEZg7hu37PJ8rG6a8dmpuYFedmjMFXCZuQaqgQDOwv72+wGlMuMYMKdVznUT7GZKaYkbyipcqkiA8QgPSM5SjmCg/my6UwxOj9GEkpDlcw6k6P5GhWKlxHJrOGOmhWvQm4n9eL9XRlZ9RnqSacDx7KEoZ1AJO0oF9KgnWbGwIwpKav0I8RCYhbTKsmBDcxZWXSfu85prE7i6q9ZsijjI4AsfgDLjgEtRBAzRBC2DwBF7AG3i3nq1X68P6nLWWrGLmEPyB9fULhfuc1w==</latexit><latexit sha1_base64="gHXSfwAc9j71mT6v/+fwp+67Avk=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVQlCggWpgqVjEfQhNVHkuE5r1bEj20GqonwCC7/CwgBCrIxs/A1um6G0HMnWuefcK/ueMGFUacf5sUorq2vrG+XNytb2zu6evX/QViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHtxO/80ikooI/6HFC/BgNOI0oRtpIgX3qRRLhzJNDEZg7hu37PJ8rG6a8dmpuYFedmjMFXCZuQaqgQDOwv72+wGlMuMYMKdVznUT7GZKaYkbyipcqkiA8QgPSM5SjmCg/my6UwxOj9GEkpDlcw6k6P5GhWKlxHJrOGOmhWvQm4n9eL9XRlZ9RnqSacDx7KEoZ1AJO0oF9KgnWbGwIwpKav0I8RCYhbTKsmBDcxZWXSfu85prE7i6q9ZsijjI4AsfgDLjgEtRBAzRBC2DwBF7AG3i3nq1X68P6nLWWrGLmEPyB9fULhfuc1w==</latexit><latexit sha1_base64="gHXSfwAc9j71mT6v/+fwp+67Avk=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVQlCggWpgqVjEfQhNVHkuE5r1bEj20GqonwCC7/CwgBCrIxs/A1um6G0HMnWuefcK/ueMGFUacf5sUorq2vrG+XNytb2zu6evX/QViKVmLSwYEJ2Q6QIo5y0NNWMdBNJUBwy0glHtxO/80ikooI/6HFC/BgNOI0oRtpIgX3qRRLhzJNDEZg7hu37PJ8rG6a8dmpuYFedmjMFXCZuQaqgQDOwv72+wGlMuMYMKdVznUT7GZKaYkbyipcqkiA8QgPSM5SjmCg/my6UwxOj9GEkpDlcw6k6P5GhWKlxHJrOGOmhWvQm4n9eL9XRlZ9RnqSacDx7KEoZ1AJO0oF9KgnWbGwIwpKav0I8RCYhbTKsmBDcxZWXSfu85prE7i6q9ZsijjI4AsfgDLjgEtRBAzRBC2DwBF7AG3i3nq1X68P6nLWWrGLmEPyB9fULhfuc1w==</latexit>
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<latexit sha1_base64="X6ziV2es0VcdxgPpFDJc05skbko=">AAACHnicbVDLSgMxFM34rPVVdekmWARdWGZE0Y0gutBlBdsKnbFk0jttaOZBckcow3yJG3/FjQtFBFf6N6bTLnwdSDg5515u7vETKTTa9qc1NT0zOzdfWigvLi2vrFbW1ps6ThWHBo9lrG58pkGKCBooUMJNooCFvoSWPzgf+a07UFrE0TUOE/BC1otEIDhDI3Uqh66EAHfcQDGeuV2QyFzVj/OsuF0len3c7ZhXSC9a+Ylj32Z7B3mnUrVrdgH6lzgTUiUT1DuVd7cb8zSECLlkWrcdO0EvYwoFl5CX3VRDwviA9aBtaMRC0F5WrJfTbaN0aRArcyKkhfq9I2Oh1sPQN5Uhw77+7Y3E/7x2isGxl4koSREiPh4UpJJiTEdZ0a5QwFEODWFcCfNXyvvMJIUm0bIJwfm98l/S3K85ds25Oqienk3iKJFNskV2iEOOyCm5JHXSIJzck0fyTF6sB+vJerXexqVT1qRng/yA9fEFvOaizA==</latexit><latexit sha1_base64="X6ziV2es0VcdxgPpFDJc05skbko=">AAACHnicbVDLSgMxFM34rPVVdekmWARdWGZE0Y0gutBlBdsKnbFk0jttaOZBckcow3yJG3/FjQtFBFf6N6bTLnwdSDg5515u7vETKTTa9qc1NT0zOzdfWigvLi2vrFbW1ps6ThWHBo9lrG58pkGKCBooUMJNooCFvoSWPzgf+a07UFrE0TUOE/BC1otEIDhDI3Uqh66EAHfcQDGeuV2QyFzVj/OsuF0len3c7ZhXSC9a+Ylj32Z7B3mnUrVrdgH6lzgTUiUT1DuVd7cb8zSECLlkWrcdO0EvYwoFl5CX3VRDwviA9aBtaMRC0F5WrJfTbaN0aRArcyKkhfq9I2Oh1sPQN5Uhw77+7Y3E/7x2isGxl4koSREiPh4UpJJiTEdZ0a5QwFEODWFcCfNXyvvMJIUm0bIJwfm98l/S3K85ds25Oqienk3iKJFNskV2iEOOyCm5JHXSIJzck0fyTF6sB+vJerXexqVT1qRng/yA9fEFvOaizA==</latexit><latexit sha1_base64="X6ziV2es0VcdxgPpFDJc05skbko=">AAACHnicbVDLSgMxFM34rPVVdekmWARdWGZE0Y0gutBlBdsKnbFk0jttaOZBckcow3yJG3/FjQtFBFf6N6bTLnwdSDg5515u7vETKTTa9qc1NT0zOzdfWigvLi2vrFbW1ps6ThWHBo9lrG58pkGKCBooUMJNooCFvoSWPzgf+a07UFrE0TUOE/BC1otEIDhDI3Uqh66EAHfcQDGeuV2QyFzVj/OsuF0len3c7ZhXSC9a+Ylj32Z7B3mnUrVrdgH6lzgTUiUT1DuVd7cb8zSECLlkWrcdO0EvYwoFl5CX3VRDwviA9aBtaMRC0F5WrJfTbaN0aRArcyKkhfq9I2Oh1sPQN5Uhw77+7Y3E/7x2isGxl4koSREiPh4UpJJiTEdZ0a5QwFEODWFcCfNXyvvMJIUm0bIJwfm98l/S3K85ds25Oqienk3iKJFNskV2iEOOyCm5JHXSIJzck0fyTF6sB+vJerXexqVT1qRng/yA9fEFvOaizA==</latexit><latexit sha1_base64="X6ziV2es0VcdxgPpFDJc05skbko=">AAACHnicbVDLSgMxFM34rPVVdekmWARdWGZE0Y0gutBlBdsKnbFk0jttaOZBckcow3yJG3/FjQtFBFf6N6bTLnwdSDg5515u7vETKTTa9qc1NT0zOzdfWigvLi2vrFbW1ps6ThWHBo9lrG58pkGKCBooUMJNooCFvoSWPzgf+a07UFrE0TUOE/BC1otEIDhDI3Uqh66EAHfcQDGeuV2QyFzVj/OsuF0len3c7ZhXSC9a+Ylj32Z7B3mnUrVrdgH6lzgTUiUT1DuVd7cb8zSECLlkWrcdO0EvYwoFl5CX3VRDwviA9aBtaMRC0F5WrJfTbaN0aRArcyKkhfq9I2Oh1sPQN5Uhw77+7Y3E/7x2isGxl4koSREiPh4UpJJiTEdZ0a5QwFEODWFcCfNXyvvMJIUm0bIJwfm98l/S3K85ds25Oqienk3iKJFNskV2iEOOyCm5JHXSIJzck0fyTF6sB+vJerXexqVT1qRng/yA9fEFvOaizA==</latexit>

anisotropy is visible at BBO up to `max ⇡ 100
<latexit sha1_base64="Xl3bPRsssYf2FK+Pxklgh/x3jLQ=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEVyUjgi6LblxWsA/oDEMmzbShSWZIMtIyFDf+ihsXirj1K9z5N6btLLT1wIXDOfdy7z1Rypk2CH07pZXVtfWN8mZla3tnd8/dP2jpJFOENknCE9WJsKacSdo0zHDaSRXFIuK0HQ1vpn77gSrNEnlvxikNBO5LFjOCjZVC98innIe5rwQUeDTxcZqqZAQ9hEK3impoBrhMvIJUQYFG6H75vYRkgkpDONa666HUBDlWhhFOJxU/0zTFZIj7tGupxILqIJ+9MIGnVunBOFG2pIEz9fdEjoXWYxHZToHNQC96U/E/r5uZ+CrImUwzQyWZL4ozDk0Cp3nAHlOUGD62BBPF7K2QDLDCxNjUKjYEb/HlZdI6r3mo5t1dVOvXRRxlcAxOwBnwwCWog1vQAE1AwCN4Bq/gzXlyXpx352PeWnKKmUPwB87nD5D0lt0=</latexit><latexit sha1_base64="Xl3bPRsssYf2FK+Pxklgh/x3jLQ=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEVyUjgi6LblxWsA/oDEMmzbShSWZIMtIyFDf+ihsXirj1K9z5N6btLLT1wIXDOfdy7z1Rypk2CH07pZXVtfWN8mZla3tnd8/dP2jpJFOENknCE9WJsKacSdo0zHDaSRXFIuK0HQ1vpn77gSrNEnlvxikNBO5LFjOCjZVC98innIe5rwQUeDTxcZqqZAQ9hEK3impoBrhMvIJUQYFG6H75vYRkgkpDONa666HUBDlWhhFOJxU/0zTFZIj7tGupxILqIJ+9MIGnVunBOFG2pIEz9fdEjoXWYxHZToHNQC96U/E/r5uZ+CrImUwzQyWZL4ozDk0Cp3nAHlOUGD62BBPF7K2QDLDCxNjUKjYEb/HlZdI6r3mo5t1dVOvXRRxlcAxOwBnwwCWog1vQAE1AwCN4Bq/gzXlyXpx352PeWnKKmUPwB87nD5D0lt0=</latexit><latexit sha1_base64="Xl3bPRsssYf2FK+Pxklgh/x3jLQ=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEVyUjgi6LblxWsA/oDEMmzbShSWZIMtIyFDf+ihsXirj1K9z5N6btLLT1wIXDOfdy7z1Rypk2CH07pZXVtfWN8mZla3tnd8/dP2jpJFOENknCE9WJsKacSdo0zHDaSRXFIuK0HQ1vpn77gSrNEnlvxikNBO5LFjOCjZVC98innIe5rwQUeDTxcZqqZAQ9hEK3impoBrhMvIJUQYFG6H75vYRkgkpDONa666HUBDlWhhFOJxU/0zTFZIj7tGupxILqIJ+9MIGnVunBOFG2pIEz9fdEjoXWYxHZToHNQC96U/E/r5uZ+CrImUwzQyWZL4ozDk0Cp3nAHlOUGD62BBPF7K2QDLDCxNjUKjYEb/HlZdI6r3mo5t1dVOvXRRxlcAxOwBnwwCWog1vQAE1AwCN4Bq/gzXlyXpx352PeWnKKmUPwB87nD5D0lt0=</latexit><latexit sha1_base64="Xl3bPRsssYf2FK+Pxklgh/x3jLQ=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEVyUjgi6LblxWsA/oDEMmzbShSWZIMtIyFDf+ihsXirj1K9z5N6btLLT1wIXDOfdy7z1Rypk2CH07pZXVtfWN8mZla3tnd8/dP2jpJFOENknCE9WJsKacSdo0zHDaSRXFIuK0HQ1vpn77gSrNEnlvxikNBO5LFjOCjZVC98innIe5rwQUeDTxcZqqZAQ9hEK3impoBrhMvIJUQYFG6H75vYRkgkpDONa666HUBDlWhhFOJxU/0zTFZIj7tGupxILqIJ+9MIGnVunBOFG2pIEz9fdEjoXWYxHZToHNQC96U/E/r5uZ+CrImUwzQyWZL4ozDk0Cp3nAHlOUGD62BBPF7K2QDLDCxNjUKjYEb/HlZdI6r3mo5t1dVOvXRRxlcAxOwBnwwCWog1vQAE1AwCN4Bq/gzXlyXpx352PeWnKKmUPwB87nD5D0lt0=</latexit>
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