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The talk is based on three works

Michael Geller, Anson Hook, Raman Sundrum, YT (2018)

Soubhik Kumar, Raman Sundrum, YT (2021)

“Primordial Anisotropies in the Gravitational Wave Background  
from Cosmological Phase Transitions”

“Non-Gaussian Stochastic Gravitational Waves from Phase Transitions”

Yanou Cui, Soubhik Kumar, Raman Sundrum, YT (hopefully soon)

“Unraveling  Cosmological Anisotropies within Stochastic GW Background”

Yuhsin Tsai ytsai3@nd.edu
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Let’s focus on the anisotropy of  
stochastic gravitational wave background (GWB)
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LISA

Einstein telescope (ET)
Big-bang observer (BBO) 

similar to DECIGO

LISA+Taiji network



Let’s focus on the anisotropy of  
stochastic gravitational wave background (GWB)

6Yuhsin Tsai ytsai3@nd.edu

Stochastic signal 
(cannot identify individual sources)

Localized objects 
(like black hole mergers)



Let’s focus on the anisotropy of  
stochastic gravitational wave background (GWB)
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Stochastic signal 
(cannot identify individual sources)

• un-resolved astro sources  
- mainly far away black hole or   

neutron star mergers 

• cosmological origin 
-   violate preheating / phase transition 
- topological defects: cosmic string  
- inflationary dynamics 
- primordial black holes 
- …



Let’s focus on the anisotropy of  
stochastic gravitational wave background (GWB)

8Yuhsin Tsai ytsai3@nd.edu

Isotropic signal Anisotropic signal



Cosmic Microwave Background (CMB)

• an-isotropic with fluctuation                   
• fluctuation is very Gaussian 
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⟨ΔTΔT⟩ ≠ 0
⟨ΔTn≥3⟩ ∼ 0

Yuhsin Tsai ytsai3@nd.edu

ΔT/T ∼ 10−4
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The signal in the whole sky will NOT look like this

Similar to CMB, if we get to see  
GWB with a cosmological origin

Yuhsin Tsai ytsai3@nd.edu
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But will look like this 
(with enough detector sensitivity)

Yuhsin Tsai ytsai3@nd.edu

Similar to CMB, if we get to see  
GWB with a cosmological origin
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If we get to see the signal,

we can learn both about the

• Mechanism of GW production 
• Energy/gravity fluctuation of the universe  
   deep inside the primordial dark age  
   (e.g., when the horizon size ~ atom for the phase transition signal)

Yuhsin Tsai ytsai3@nd.edu
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I’m going to discuss the following questions

• How large can the an-isotropic GW signal be?

• What can we learn from the an-isotropic signal?

• Can the proposed GW experiment see it?  
  (with limited detector sensitivity + astrophysical foreground)

Yuhsin Tsai ytsai3@nd.edu
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For a concrete example, let’s focus on signals from  
the first order phase transition (PT)

Yuhsin Tsai ytsai3@nd.edu
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GW from the first order PT

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.

Cutting, Hindmarsh, Weir (2018)

Bubble collisions form GW waves (need quadrupole mass for GW)

Yuhsin Tsai ytsai3@nd.edu
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<latexit sha1_base64="NYqztB13JQxzC8tRrcsHUr6nxsE=">AAACD3icjVDLSgMxFM3UV62vUZdugkWpoGVGRF0WXeiyYl/QGUsmTdvQJDMkGaEM8wdu/BU3LhRx69adf2Om7UJFwQMXTs65l5t7gohRpR3nw8rNzM7NL+QXC0vLK6tr9vpGQ4WxxKSOQxbKVoAUYVSQuqaakVYkCeIBI81geJ75zVsiFQ1FTY8i4nPUF7RHMdJG6ti7iSc5rMowSEu1PU9RDr0LxDnKXvvkJjm4Nizt2EW37IwB/yZFMEW1Y7973RDHnAiNGVKq7TqR9hMkNcWMpAUvViRCeIj6pG2oQJwoPxnfk8Ido3RhL5SmhIZj9etEgrhSIx6YTo70QP30MvE3rx3r3qmfUBHFmgg8WdSLGdQhzMKBXSoJ1mxkCMKSmr9CPEASYW0iLPwvhMZh2T0uO1dHxcrZNI482ALboARccAIq4BJUQR1gcAcewBN4tu6tR+vFep205qzpzCb4BuvtEx1fmss=</latexit>

Prob(T ) ⇠ �(T ) e�S(T )

Probability density as a function 
of temperature

From the wall collision only

  sets the time duration of PTβ

energy density in the sector undergoing the PT

GW from the first order PT

Γ(t) ≈ Γ* eβ(t−t*)

ρPT

ρtoday
GW ∼ 0.1

ρ2
PT

ρ2
total ( β

HPT )
−2

ρtoday
γ

Yuhsin Tsai ytsai3@nd.edu
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<latexit sha1_base64="NYqztB13JQxzC8tRrcsHUr6nxsE=">AAACD3icjVDLSgMxFM3UV62vUZdugkWpoGVGRF0WXeiyYl/QGUsmTdvQJDMkGaEM8wdu/BU3LhRx69adf2Om7UJFwQMXTs65l5t7gohRpR3nw8rNzM7NL+QXC0vLK6tr9vpGQ4WxxKSOQxbKVoAUYVSQuqaakVYkCeIBI81geJ75zVsiFQ1FTY8i4nPUF7RHMdJG6ti7iSc5rMowSEu1PU9RDr0LxDnKXvvkJjm4Nizt2EW37IwB/yZFMEW1Y7973RDHnAiNGVKq7TqR9hMkNcWMpAUvViRCeIj6pG2oQJwoPxnfk8Ido3RhL5SmhIZj9etEgrhSIx6YTo70QP30MvE3rx3r3qmfUBHFmgg8WdSLGdQhzMKBXSoJ1mxkCMKSmr9CPEASYW0iLPwvhMZh2T0uO1dHxcrZNI482ALboARccAIq4BJUQR1gcAcewBN4tu6tR+vFep205qzpzCb4BuvtEx1fmss=</latexit>

Prob(T ) ⇠ �(T ) e�S(T )

Probability density as a function 
of temperature

From the wall collision only

GW from the first order PT

ρtoday
GW ∼ 0.1

ρ2
PT

ρ2
total ( β

HPT )
−2

ρtoday
γ

naive dimensional analysis => 

very strong PT scenarios => is possible

(β/HPT)−2 ∼ 10−4

(β/HPT)−2 ∼ 10−1

Yuhsin Tsai ytsai3@nd.edu
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<latexit sha1_base64="fUxmArjLLysRdLhCFWNfKMpHbDU=">AAACJnicjVDLSgMxFM3UV62vqks3wSK4aZkpvjZC0YUuFawtdGq5k6ZtaDIZkoxYhvkaN/6KGxcVEXd+iunYhYqCB0IO55zLTU4QcaaN6745uZnZufmF/GJhaXllda24vnGtZawIrRPJpWoGoClnIa0bZjhtRoqCCDhtBMPTid+4pUozGV6ZUUTbAvoh6zECxkqd4rGvBrKT+Ergs0Z6kxEjuzBKfYgiJe+w594k5f20nN3VdJrvgxCQdoolr+JmwH+TEpriolMc+11JYkFDQzho3fLcyLQTUIYRTtOCH2saARlCn7YsDUFQ3U6yb6Z4xypd3JPKntDgTP06kYDQeiQCmxRgBvqnNxF/81qx6R21ExZGsaEh+VzUi7ktAk86w12mKDF8ZAkQxexbMRmAAmJss4X/lXBdrXgHFfdyr1Q7mdaRR1toG+0iDx2iGjpHF6iOCLpHj2iMnp0H58l5cV4/ozlnOrOJvsF5/wBNVaWp</latexit>

⇢todayGW ⇡ 10�5 � 10�2⇢�

The GW energy density today (isotropic part)

ωtoday
GW = 0.03 mHz ( β

HPT ) ( TPT

TeV )

Yuhsin Tsai ytsai3@nd.edu

PT (isotropic)

<latexit sha1_base64="hu9wgYbNf/ihDyOCIBfgf+Uplr4=">AAAB/HicjVDLSsNAFJ34rPUV7dLNYBFclaSIuiy60J0V7AOaGCbTm3boTBJmJkII9VfcuFDErR/izr9x+lioKHjgwuGce7mHE6acKe04H9bC4tLyympprby+sbm1be/stlWSSQotmvBEdkOigLMYWpppDt1UAhEhh044Op/4nTuQiiXxjc5T8AUZxCxilGgjBXbFuxIwIEHhSYEvOmM8vK0HdtWtOVPgv0kVzdEM7Hevn9BMQKwpJ0r1XCfVfkGkZpTDuOxlClJCR2QAPUNjIkD5xTT8GB8YpY+jRJqJNZ6qXy8KIpTKRWg2BdFD9dObiL95vUxHp37B4jTTENPZoyjjWCd40gTuMwlU89wQQiUzWTEdEkmoNn2V/1dCu15zj2vO9VG1cTavo4T20D46RC46QQ10iZqohSjK0QN6Qs/WvfVovVivs9UFa35TQd9gvX0CpkWUHg==</latexit>

⌦
G
W
h
2

A rough sketch 

for                               TeV phase transition & ρPT ≈ ρtotalTPT = 𝒪(1 − 106)

ET



If Universe has “single source of quantum fluctuation”  
& “single sector reheating” 

all the radiation/matter perturbations come from the 
same adiabatic perturbation  

=> size of the GW anisotropy ~ CMB anisotropy 

δGW ∼ δγ ≈ 10−5 δi ≡
δρi

ρ̄i

19Yuhsin Tsai ytsai3@nd.edu



PT (isotropic)

<latexit sha1_base64="hu9wgYbNf/ihDyOCIBfgf+Uplr4=">AAAB/HicjVDLSsNAFJ34rPUV7dLNYBFclaSIuiy60J0V7AOaGCbTm3boTBJmJkII9VfcuFDErR/izr9x+lioKHjgwuGce7mHE6acKe04H9bC4tLyympprby+sbm1be/stlWSSQotmvBEdkOigLMYWpppDt1UAhEhh044Op/4nTuQiiXxjc5T8AUZxCxilGgjBXbFuxIwIEHhSYEvOmM8vK0HdtWtOVPgv0kVzdEM7Hevn9BMQKwpJ0r1XCfVfkGkZpTDuOxlClJCR2QAPUNjIkD5xTT8GB8YpY+jRJqJNZ6qXy8KIpTKRWg2BdFD9dObiL95vUxHp37B4jTTENPZoyjjWCd40gTuMwlU89wQQiUzWTEdEkmoNn2V/1dCu15zj2vO9VG1cTavo4T20D46RC46QQ10iZqohSjK0QN6Qs/WvfVovVivs9UFa35TQd9gvX0CpkWUHg==</latexit>
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<latexit sha1_base64="fUxmArjLLysRdLhCFWNfKMpHbDU=">AAACJnicjVDLSgMxFM3UV62vqks3wSK4aZkpvjZC0YUuFawtdGq5k6ZtaDIZkoxYhvkaN/6KGxcVEXd+iunYhYqCB0IO55zLTU4QcaaN6745uZnZufmF/GJhaXllda24vnGtZawIrRPJpWoGoClnIa0bZjhtRoqCCDhtBMPTid+4pUozGV6ZUUTbAvoh6zECxkqd4rGvBrKT+Ergs0Z6kxEjuzBKfYgiJe+w594k5f20nN3VdJrvgxCQdoolr+JmwH+TEpriolMc+11JYkFDQzho3fLcyLQTUIYRTtOCH2saARlCn7YsDUFQ3U6yb6Z4xypd3JPKntDgTP06kYDQeiQCmxRgBvqnNxF/81qx6R21ExZGsaEh+VzUi7ktAk86w12mKDF8ZAkQxexbMRmAAmJss4X/lXBdrXgHFfdyr1Q7mdaRR1toG+0iDx2iGjpHF6iOCLpHj2iMnp0H58l5cV4/ozlnOrOJvsF5/wBNVaWp</latexit>

⇢todayGW ⇡ 10�5 � 10�2⇢�
<latexit sha1_base64="rq/bDBPX+QpgK8D3ThBDLmfDDro=">AAACLXicjVDLSgMxFM34tr6qLt0Ei+DGMiNiXYoKuqxgH9Bpy51M2gaTyZBkxDLMD7nxV0RwURG3/obptAsVBQ8EDudBkhPEnGnjuiNnZnZufmFxabmwsrq2vlHc3KprmShCa0RyqZoBaMpZRGuGGU6bsaIgAk4bwe352G/cUaWZjG7MMKZtAf2I9RgBY6Vu8cIPKTfgq4HspL4S2MgQhlk355eNzIc4VvIee24nPfDc7CAnlWxcsKE+CAFZt1jyym4O/DcpoSmq3eKzH0qSCBoZwkHrlufGpp2CMoxwmhX8RNMYyC30acvSCATV7TT/bYb3rBLinlT2RAbn6tdGCkLroQhsUoAZ6J/eWPzNayWmd9JOWRQnhkZkclEv4XYSPJ4Oh0xRYvjQEiCK2bdiMgAFxNiBC/8boX5Y9o7L7vVR6fRsOscS2kG7aB95qIJO0RWqohoi6AE9oRF6dR6dF+fNeZ9EZ5xpZxt9g/PxCfGzqIY=</latexit>

�⇢todayGW ⇡ 10�10 � 10�7⇢�

Yuhsin Tsai ytsai3@nd.edu

ET

The GW energy density today (anisotropic)

for                               TeV phase transition & ρPT ≈ ρtotalTPT = 𝒪(1 − 106)



Power spectrum of the GWB fluctuation
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Angular resolution of LISA:  

                                  BBO:

<latexit sha1_base64="t1qVavL3oT4he8uW4VBCGB5XC8w=">AAACAXicjVC7SgNBFJ2NrxhfqzaCzWAQrMKuiFoGbSwjmAdkl2V2MkmGzIuZWUlYYuOv2FgoYutf2Pk3Th6FioIHLhzOuZd770kVo8YGwYdXWFhcWl4prpbW1jc2t/ztnYaRmcakjiWTupUiQxgVpG6pZaSlNEE8ZaSZDi4nfvOWaEOluLEjRWKOeoJ2KUbWSYm/FxHGkjzSHHI0HEdIKS2HMAwSvxxWging36QM5qgl/nvUkTjjRFjMkDHtMFA2zpG2FDMyLkWZIQrhAeqRtqMCcWLifPrBGB46pQO7UrsSFk7VrxM54saMeOo6ObJ989ObiL957cx2z+OcCpVZIvBsUTdj0Eo4iQN2qCbYspEjCGvqboW4jzTC1oVW+l8IjeNKeFoJrk/K1Yt5HEWwDw7AEQjBGaiCK1ADdYDBHXgAT+DZu/cevRfvddZa8OYzu+AbvLdPIAaWqw==</latexit>

`max ⇡ 10
<latexit sha1_base64="fYDwuEsL3iGmEfA+F4rORLgpExg=">AAACCHicjVDLSsNAFJ34rPUVdenCwSLUTUlE1I1QdOPOCvYBTQiT6aQdOjMJMxOxhCzd+CtuXCji1k9w5984abtQUfDAhcM593LvPWHCqNKO82HNzM7NLyyWlsrLK6tr6/bGZkvFqcSkiWMWy06IFGFUkKammpFOIgniISPtcHhe+O0bIhWNxbUeJcTnqC9oRDHSRgrsHY8wFmSe5JCj2/zU40gPMGLZZV51HWc/sCtuzRkD/k0qYIpGYL97vRinnAiNGVKq6zqJ9jMkNcWM5GUvVSRBeIj6pGuoQJwoPxs/ksM9o/RgFEtTQsOx+nUiQ1ypEQ9NZ3Gn+ukV4m9eN9XRiZ9RkaSaCDxZFKUM6hgWqcAelQRrNjIEYUnNrRAPkERYm+zK/wuhdVBzj2rO1WGlfjaNowS2wS6oAhccgzq4AA3QBBjcgQfwBJ6te+vRerFeJ60z1nRmC3yD9fYJrByZFg==</latexit>

`max = O(100)

Yuhsin Tsai ytsai3@nd.edu

2201.08782



If Universe comes from single reheating process

The anisotropy of GWB is totally correlated to the CMB!

Hot & cold spots of the two signals are on top of each other

* not the real GWB, only for illustration

GWB CMB

Yuhsin Tsai ytsai3@nd.edu 22



Reheating from the        decay gives non-adiabatic perturbations 

For example, we can have the following reheating process

<latexit sha1_base64="JcJJBv8C5/x42NTZ21B6DTtMZb8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDZOIjeoNt+kWQKvEK0kDSrRH9a/hOCapoNIQjrUeeG5i/Awrwwin89ow1TTBZIondGCpxIJqPytunaMzq4xRGCtb0qBC/T2RYaH1TAS2U2AT6WUvF//zBqkJb/yMySQ1VJLFojDlyMQofxyNmaLE8JklmChmb0UkwgoTY+Op2RC85ZdXSfei6V013YfLRuu2jKMKJ3AK5+DBNbTgHtrQAQIRPMMrvDnCeXHenY9Fa8UpZ47hD5zPHxTajkM=</latexit>

�

<latexit sha1_base64="4FepPQ3b5wj5ICQQkrRs3VkMmM0=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWtW/v6zUb/I4inACp3AOAVxBHe6gAU0g8AjP8ApvnvJevHfvY9Fa8PKZY/gD7/MHnbGPJw==</latexit>�
<latexit sha1_base64="NrGYqlN1mkPSNi+8Ut7CVL/69MM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ltK3os9eJFqGhtpV1KNs22oUl2SbJCWforvHhQxKs/x5v/xvQL1Ppg4PHeDDPzgpgzbVz3y8msrK6tb2Q3c1vbO7t7+f2Dex0litAGiXikWgHWlDNJG4YZTluxolgEnDaD4eXEbz5SpVkk78wopr7AfclCRrCx0kPaUQLVbq/H3XzBLbpTIEvK5UqpjLyFsiAFmKPezX92ehFJBJWGcKx123Nj46dYGUY4Hec6iaYxJkPcp21LJRZU++n04DE6sUoPhZGyJQ2aqj8nUiy0HonAdgpsBvqvNxH/89qJCS/8lMk4MVSS2aIw4chEaPI96jFFieEjSzBRzN6KyAArTIzNKGdDWHp5mdyXit5Z0b2pFKq1eRxZOIJjOAUPzqEKV1CHBhAQ8AQv8Ooo59l5c95nrRlnPnMIv+B8fANaMJAd</latexit>

BSM
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BSM

<latexit sha1_base64="pW55hFBjAtkfPticORqY8Xjbmlk=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GjJDre2u6KbLitYW2qFk0kwbmmTGJCOUoT/hxoUibv0dd/6N6UNQ0QMXDufcy733hAln2iD04eRWVtfWN/Kbha3tnd294v7BrY5TRWiLxDxWnRBrypmkLcMMp51EUSxCTtvh+HLmt++p0iyWN2aS0EDgoWQRI9hYqZP1lICN62m/WEJurVb1fQSRizy/7FUs8c5q5YoHPRfNUQJLNPvF994gJqmg0hCOte56KDFBhpVhhNNpoZdqmmAyxkPatVRiQXWQze+dwhOrDGAUK1vSwLn6fSLDQuuJCG2nwGakf3sz8S+vm5qoGmRMJqmhkiwWRSmHJoaz5+GAKUoMn1iCiWL2VkhGWGFibEQFG8LXp/B/cuvbWFx0VS7VL5Zx5MEROAanwAPnoA4aoAlagAAOHsATeHbunEfnxXldtOac5cwh+AHn7RMVYZAC</latexit>
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<latexit sha1_base64="bADow/m4i0bpe5kIksOLk5S4XDk=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPRY9KAnqWA/sF1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqe+q0nqjSL5IMZx9QXeCBZyAg2VnpMu0qg8t3N6aRXLLkVdwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cUTdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/ZTJODFUkvmiMOHIRGj6PuozRYnhY0swUczeisgQK0yMDalgQ/AWX14mzbOKd15x76ul2lUWRx6O4BjK4MEF1OAW6tAAAhKe4RXeHO28OO/Ox7w152Qzh/AHzucPcHWQGw==</latexit>

(NG)

<latexit sha1_base64="qFgeR9DHFE8Hb0vkhuw2DfMJPCw=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cV7AOmQ8mkmTY0jyHJCGXoZ7hxoYhbv8adf2PazkJbDwQO59x7c++JU86M9f1vr7S2vrG5Vd6u7Ozu7R9UD4/aRmWa0BZRXOlujA3lTNKWZZbTbqopFjGnnXh8N/M7T1QbpuSjnaQ0EngoWcIItk4K854WKB25AdN+tebX/TnQKgkKUoMCzX71qzdQJBNUWsKxMWHgpzbKsbaMcDqt9DJDU0zGeEhDRyUW1ET5fOUpOnPKACVKuyctmqu/O3IsjJmI2FUKbEdm2ZuJ/3lhZpObKGcyzSyVZPFRknFkFZrdjwZMU2L5xBFMNHO7IjLCGhPrUqq4EILlk1dJ+6IeXNX9h8ta47aIowwncArnEMA1NOAemtACAgqe4RXePOu9eO/ex6K05BU9x/AH3ucPYIiRUA==</latexit>

phase
<latexit sha1_base64="zwJao00dy475HP08+apLk7zf3oE=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0WPRi8cK9gPaUDbbbbt0swm7k0IJ/SdePCji1X/izX/jps1Bqw8GHu/NMDMvTKQw6HlfTmltfWNzq7xd2dnd2z9wD49aJk41400Wy1h3Qmq4FIo3UaDknURzGoWSt8PJXe63p1wbEatHnCU8iOhIiaFgFK3Ud92spyOCmiojcmXed6tezVuA/CV+QapQoNF3P3uDmKURV8gkNabrewkGGdUomOTzSi81PKFsQke8a6miETdBtrh8Ts6sMiDDWNtSSBbqz4mMRsbMotB2RhTHZtXLxf+8borDmyATKkmRK7ZcNEwlwZjkMZCB0JyhnFlCmbavM8LGVFOGNqyKDcFfffkvaV3U/Kua93BZrd8WcZThBE7hHHy4hjrcQwOawGAKT/ACr07mPDtvzvuyteQUM8fwC87HNwwVk+0=</latexit>

transition

<latexit sha1_base64="cFn1jcEcPe9TwN9J0yJVk4lO4/o=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GjJ9uiy60GUFawvtUDJppg1NMmOSEcrQn3DjQhG3/o47/8ZMW0FFD4QczrmXe+8JYs60QejDya2srq1v5DcLW9s7u3vF/YNbHSWK0DaJeKS6AdaUM0nbhhlOu7GiWAScdoLJReZ37qnSLJI3ZhpTX+CRZCEj2Fipm/aVgJed2aBYQm6lXkeNGkQuqpYrKCM1lAF67vxHJbBEa1B87w8jkggqDeFY656HYuOnWBlGOJ0V+ommMSYTPKI9SyUWVPvpfN8ZPLHKEIaRsk8aOFe/d6RYaD0Vga0U2Iz1by8T//J6iQnP/JTJODFUksWgMOHQRDA7Hg6ZosTwqSWYKGZ3hWSMFSbGRlSwIXxdCv8nt2XXq7noulpqni/jyIMjcAxOgQcaoAmuQAu0AQEcPIAn8OzcOY/Oi/O6KM05y55D8APO2yf3s4/t</latexit>

GW

<latexit sha1_base64="bADow/m4i0bpe5kIksOLk5S4XDk=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPRY9KAnqWA/sF1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqe+q0nqjSL5IMZx9QXeCBZyAg2VnpMu0qg8t3N6aRXLLkVdwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cUTdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/ZTJODFUkvmiMOHIRGj6PuozRYnhY0swUczeisgQK0yMDalgQ/AWX14mzbOKd15x76ul2lUWRx6O4BjK4MEF1OAW6tAAAhKe4RXeHO28OO/Ox7w152Qzh/AHzucPcHWQGw==</latexit>

(NG)

<latexit sha1_base64="zomIAlZ1l1Yy7Sz0qOHsfKk0Dn4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquiHosetBjBfsh7VKyabYNTbJLkhXKsr/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45up336iSrNIPphJTH2Bh5KFjGBjpcdq2lMC3Wan/XLFrbkzoGXi5aQCORr98ldvEJFEUGkIx1p3PTc2foqVYYTTrNRLNI0xGeMh7VoqsaDaT2cHZ+jEKgMURsqWNGim/p5IsdB6IgLbKbAZ6UVvKv7ndRMTXvkpk3FiqCTzRWHCkYnQ9Hs0YIoSwyeWYKKYvRWREVaYGJtRyYbgLb68TFpnNe+i5t6fV+rXeRxFOIJjqIIHl1CHO2hAEwgIeIZXeHOU8+K8Ox/z1oKTzxzCHzifP9Hsj8Q=</latexit>

(G)
<latexit sha1_base64="zomIAlZ1l1Yy7Sz0qOHsfKk0Dn4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsquiHosetBjBfsh7VKyabYNTbJLkhXKsr/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45up336iSrNIPphJTH2Bh5KFjGBjpcdq2lMC3Wan/XLFrbkzoGXi5aQCORr98ldvEJFEUGkIx1p3PTc2foqVYYTTrNRLNI0xGeMh7VoqsaDaT2cHZ+jEKgMURsqWNGim/p5IsdB6IgLbKbAZ6UVvKv7ndRMTXvkpk3FiqCTzRWHCkYnQ9Hs0YIoSwyeWYKKYvRWREVaYGJtRyYbgLb68TFpnNe+i5t6fV+rXeRxFOIJjqIIHl1CHO2hAEwgIeIZXeHOU8+K8Ox/z1oKTzxzCHzifP9Hsj8Q=</latexit>

(G)

<latexit sha1_base64="bADow/m4i0bpe5kIksOLk5S4XDk=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquVPRY9KAnqWA/sF1KNs22oUl2SbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqe+q0nqjSL5IMZx9QXeCBZyAg2VnpMu0qg8t3N6aRXLLkVdwa0TLyMlCBDvVf86vYjkggqDeFY647nxsZPsTKMcDopdBNNY0xGeEA7lkosqPbT2cUTdGKVPgojZUsaNFN/T6RYaD0Wge0U2Az1ojcV//M6iQkv/ZTJODFUkvmiMOHIRGj6PuozRYnhY0swUczeisgQK0yMDalgQ/AWX14mzbOKd15x76ul2lUWRx6O4BjK4MEF1OAW6tAAAhKe4RXeHO28OO/Ox7w152Qzh/AHzucPcHWQGw==</latexit>

(NG)

Log scale factor (time)

Lo
g
ρ

σ

In this case, the GW anisotropy can be un-correlated to CMB
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But Universe can have multiple reheating processes!



GW perturbations can even be highly non-Gaussian

<latexit sha1_base64="kooGqmftrZeMWHSp9P5XeydIZIU=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RTAxklzA7O5sMmZldZnqFEPIbXjwo4tWf8ebfOHkcVBQsaCiquumi4lwKi77/4ZWWlldW18rrlY3Nre2d6u5e22aFYbzFMpmZTkwtl0LzFgqUvJMbTlUs+V08vJr6d/fcWJHpWxzlPFK0r0UqGEUnhWHCJdLQir6ivWotqPszkL9JDRZo9qrvYZKxQnGNTFJru4GfYzSmBgWTfFIJC8tzyoa0z7uOaqq4jcazzBNy5JSEpJlxo5HM1K8XY6qsHanYbSqKA/vTm4q/ed0C04toLHReINds/igtJMGMTAsgiTCcoRw5QpkRLithA2ooQ1dT5X8ltE/qwVndvzmtNS4XdZThAA7hGAI4hwZcQxNawCCHB3iCZ6/wHr0X73W+WvIWN/vwDd7bJzc6kc0=</latexit>

��

<latexit sha1_base64="kooGqmftrZeMWHSp9P5XeydIZIU=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RTAxklzA7O5sMmZldZnqFEPIbXjwo4tWf8ebfOHkcVBQsaCiquumi4lwKi77/4ZWWlldW18rrlY3Nre2d6u5e22aFYbzFMpmZTkwtl0LzFgqUvJMbTlUs+V08vJr6d/fcWJHpWxzlPFK0r0UqGEUnhWHCJdLQir6ivWotqPszkL9JDRZo9qrvYZKxQnGNTFJru4GfYzSmBgWTfFIJC8tzyoa0z7uOaqq4jcazzBNy5JSEpJlxo5HM1K8XY6qsHanYbSqKA/vTm4q/ed0C04toLHReINds/igtJMGMTAsgiTCcoRw5QpkRLithA2ooQ1dT5X8ltE/qwVndvzmtNS4XdZThAA7hGAI4hwZcQxNawCCHB3iCZ6/wHr0X73W+WvIWN/vwDd7bJzc6kc0=</latexit>

�� <latexit sha1_base64="kooGqmftrZeMWHSp9P5XeydIZIU=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RTAxklzA7O5sMmZldZnqFEPIbXjwo4tWf8ebfOHkcVBQsaCiquumi4lwKi77/4ZWWlldW18rrlY3Nre2d6u5e22aFYbzFMpmZTkwtl0LzFgqUvJMbTlUs+V08vJr6d/fcWJHpWxzlPFK0r0UqGEUnhWHCJdLQir6ivWotqPszkL9JDRZo9qrvYZKxQnGNTFJru4GfYzSmBgWTfFIJC8tzyoa0z7uOaqq4jcazzBNy5JSEpJlxo5HM1K8XY6qsHanYbSqKA/vTm4q/ed0C04toLHReINds/igtJMGMTAsgiTCcoRw5QpkRLithA2ooQ1dT5X8ltE/qwVndvzmtNS4XdZThAA7hGAI4hwZcQxNawCCHB3iCZ6/wHr0X73W+WvIWN/vwDd7bJzc6kc0=</latexit>

��

Conformal time

The resulting GW anisotropy can even be  
non-Gaussian (NG) with non-vanishing             .⟨δρ3

GW⟩
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Measuring non-Gaussianity (the bi-spectrum)

The primordial perturbation of the CMB 
looks very Gaussian 
(size of NG) < 10−3

<latexit sha1_base64="r3R3cQkp3vT2X5deg5RTZ6OcyXY=">AAACE3icjZBLS8NAFIUn9VXrK+rSzWARWoWStKIui25cVrAPaGKYTG7aoZMHM5NCCf0Pbvwrblwo4taNO/+N6UNQUfDAwMc59zIzx405k8ow3rXcwuLS8kp+tbC2vrG5pW/vtGSUCApNGvFIdFwigbMQmoopDp1YAAlcDm13cDHJ20MQkkXhtRrFYAekFzKfUaIyy9EPS1UrZuWbmuUBV6RkDYHigWMezaH6CbWyoxfNijEV/huKaK6Go79ZXkSTAEJFOZGyaxqxslMiFKMcxgUrkRATOiA96GYYkgCknU7/NMYHmeNhPxLZCRWeul83UhJIOQrcbDIgqi9/ZhPzt6ybKP/MTlkYJwpCOrvITzhWEZ4UhD0mgCo+yoBQwbK3YtonglCV1Vj4XwmtasU8qRhXx8X6+byOPNpD+6iETHSK6ugSNVATUXSL7tEjetLutAftWXuZjea0+c4u+ibt9QMjY5vP</latexit>

(2⇡)3�(~k1 + ~k2 + ~k3)* have stripped off                               from the correlators

<latexit sha1_base64="gCv6890iW7/7zU6KZiBmhwoRoDM="></latexit>

⇠ ��1
� ⇥ (size of NG)

<latexit sha1_base64="H5HHfyAEqPagkNn3gPvTbU5znNk="></latexit>

FCMB ⌘ h��(~k1)��(~k2)��(~k3)i
h��(~k1)2ih��(~k2)2i+ permutations
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the 3-point function 
             but 

Reheating from the curvaton         decay can be  non-Gaussian, 
giving NG isocurvature perturbations (energy fraction from curvaton  )fBSM ≪ 1

<latexit sha1_base64="Vq68lWXUmHYpQH1Fs7J9Uq9zoog=">AAACH3icjZBLSwMxFIUz9VXra9Slm2ARBLFMRarLogtdVrQP6Iwlk962ocnMkGSEOsw/ceNfceNCEXHXf2M67UJFwQOBj3PuJcnxI86UdpyxlZubX1hcyi8XVlbX1jfsza2GCmNJoU5DHsqWTxRwFkBdM82hFUkgwufQ9Ifnk7x5B1KxMLjRowg8QfoB6zFKtLE6dsXtAtekk7hS4ItmeptB6KvUVUzgQ/cesjQasPTg2oBifUHSjl0sl5xM+G8ooplqHfvD7YY0FhBoyolS7bITaS8hUjPKIS24sYKI0CHpQ9tgQAQoL8n+l+I943RxL5TmBBpn7teNhAilRsI3k4LogfqZTczfsnase6dewoIo1hDQ6UW9mGMd4klZuMskUM1HBgiVzLwV0wGRhGpTaeF/JTSOSuVKybk6LlbPZnXk0Q7aRfuojE5QFV2iGqojih7QE3pBr9aj9Wy9We/T0Zw129lG32SNPwEvpaOy</latexit>

�obsGW ⇠ �⇣� + S�

<latexit sha1_base64="awK5Pq6aLWIyz14t5qff/pc2bZI=">AAACKnicjVBNS8NAFNz4bf2KevSyWAQvllREPVa9eBEUrQpNDS/bl3bpbhJ2N0IN+T1e/CtePCji1R/iNvagouDAg2HmDbtvwlRwbTzv1Rkbn5icmp6ZrczNLywuucsrlzrJFMMmS0SirkPQKHiMTcONwOtUIchQ4FXYPxr6V7eoNE/iCzNIsS2hG/OIMzBWCtwDv4PCQJD7XZASipvcV5ImoS58zSXd8u+wdNMeL7aioHQPz0+Kc0s179pE4FbrNa8E/ZtUyQingfvkdxKWSYwNE6B1q+6lpp2DMpwJLCp+pjEF1ocutiyNQaJu5+WpBd2wSodGibITG1qqXxM5SK0HMrSbEkxP//SG4m9eKzPRfjvncZoZjNnnQ1EmqEnosDfa4QqZEQNLgClu/0pZDxQwY9ut/K+Ey+1afbfmne1UG4ejOmbIGlknm6RO9kiDHJNT0iSM3JNH8kxenAfnyXl13j5Xx5xRZpV8g/P+AXr6qII=</latexit>

�obs� ⇠ �⇣� � fBSMS�

* see Kumar, Sundrum, YT (2021) for more details

fBSM ≈
ρσ

ρtotal

<latexit sha1_base64="GNtbOnI00/f5aG7wLRBlhYpv/MA="></latexit>

FGW ⇠
 
hS2

�i+ ...

h⇣2�i+ ...

!
FS�

<latexit sha1_base64="hEK8VWVTeva7ROxj+MeGA5qotJ8="></latexit>

FCMB ⇠ f3
BSM

 
hS2

�i+ ...

h⇣2�i+ ...

!
FS�

<latexit sha1_base64="DztkElbWl9LRCRzwPdb3d0tPKa8=">AAACGHicjVDLSsNAFJ3UV62vqEs3g0WoC2uioi6LblxWtA9oQphMb9qhk4czk0IN+Qw3/oobF4q47c6/MX0oKgoeuHDmnHu5c48bcSaVYbxpuZnZufmF/GJhaXlldU1f36jLMBYUajTkoWi6RAJnAdQUUxyakQDiuxwabu985Df6ICQLg2s1iMD2SSdgHqNEZZKj7185iSVZxyepBTcx6+PDknULinzKex/PqMvSXUcvmmVjDPw3KaIpqo4+tNohjX0IFOVEypZpRMpOiFCMckgLViwhIrRHOtDKaEB8kHYyPizFO5nSxl4osgoUHqtfJxLiSznw3azTJ6orf3oj8TevFSvv1E5YEMUKAjpZ5MUcqxCPUsJtJoAqPsgIoYJlf8W0SwShKsuy8L8Q6gdl87hsXB4VK2fTOPJoC22jEjLRCaqgC1RFNUTRHXpAT+hZu9cetRftddKa06Yzm+gbtOE7s/egzw==</latexit>

S� ⌘ 3(⇣� � ⇣�)

<latexit sha1_base64="WVd5FvsqG1n7vMTYM5KhVgiKp3w=">AAAB7XicjVDJSgNBEK2OW4xb1KOXxiB4CjMi6jHoxWMEs0AyhJ5OT9Kml6G7RwhD/sGLB0W8+j/e/Bs7y0FFwQcFj/eqqKoXp4JbFwQfqLC0vLK6VlwvbWxube+Ud/eaVmeGsgbVQpt2TCwTXLGG406wdmoYkbFgrXh0NfVb98xYrtWtG6cskmSgeMIpcV5qdi0fSNIrV8JqMAP+m1RggXqv/N7ta5pJphwVxNpOGKQuyolxnAo2KXUzy1JCR2TAOp4qIpmN8tm1E3zklT5OtPGlHJ6pXydyIq0dy9h3SuKG9qc3FX/zOplLLqKcqzRzTNH5oiQT2Gk8fR33uWHUibEnhBrub8V0SAyhzgdU+l8IzZNqeFYNbk4rtctFHEU4gEM4hhDOoQbXUIcGULiDB3iCZ6TRI3pBr/PWAlrM7MM3oLdPomqPKw==</latexit>

�

<latexit sha1_base64="+XVQDHuKGAmXiN0haCb+F0kO6Ks=">AAACCXicjZA7T8MwFIUdnqW8AowsFhUSU5UCAsYKFsYi6ENqQuS4N6lV2wm2g1RFXVn4KywMIMTKP2Dj35CmHQCBxJEsHX3nXtk+QcKZNo7zYc3Mzs0vLJaWyssrq2vr9sZmS8epotCkMY9VJyAaOJPQNMxw6CQKiAg4tIPB2Thv34LSLJZXZpiAJ0gkWcgoMTnybexyIiMO+NLPXM0iQUbXB64qmCvhxvHtSq3qFMJ/mwqaquHb724vpqkAaSgnWndrTmK8jCjDKIdR2U01JIQOSATd3EoiQHtZ8ZMR3s1JD4exyo80uKBfNzIitB6KIJ8UxPT1z2wMf8u6qQlPvIzJJDUg6eSiMOXYxHhcC+4xBdTwYW4IVSx/K6Z9ogg1eXnl/5XQ2q/WjqrOxWGlfjqto4S20Q7aQzV0jOroHDVQE1F0hx7QE3q27q1H68V6nYzOWNOdLfRN1tsndfCaLw==</latexit>

hS3
�i 6= 0

<latexit sha1_base64="2fmeOWo6BalepvByfyoR2anklU0=">AAACB3icjZBLSwMxFIUz9VXra9SlIMEiuCozKupGKLpxWcE+oDMOmfROG5rJDElGqEN3bvwrblwo4ta/4M5/Y/pYqCh4IHD4zr0kOWHKmdKO82EVZmbn5heKi6Wl5ZXVNXt9o6GSTFKo04QnshUSBZwJqGumObRSCSQOOTTD/vkob96AVCwRV3qQgh+TrmARo0QbFNjbHieiy8G7BU2C3Et7bHh94MkxPHUCu+xWnLHw36aMpqoF9rvXSWgWg9CUE6XarpNqPydSM8phWPIyBSmhfdKFtrGCxKD8fPyPId41pIOjRJojNB7Trxs5iZUaxKGZjInuqZ/ZCP6WtTMdnfg5E2mmQdDJRVHGsU7wqBTcYRKo5gNjCJXMvBXTHpGEalNd6X8lNPYr7lHFuTwsV8+mdRTRFtpBe8hFx6iKLlAN1RFFd+gBPaFn6956tF6s18lowZrubKJvst4+ATjamYU=</latexit>

h⇣3�i = 0

In the multiple-reheating scenarios 
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<latexit sha1_base64="jYYbmo/AME/Cqy/WO92B+uIXiJE=">AAACEHicjVDLSsNAFJ34rPUVdelmsIiuSqKiLksL6qZQ0T6giWEynbRDZyZhZiKUkE9w46+4caGIW5fu/BvTNgsVBQ9cOHPOvdy5x48YVdqyPoyZ2bn5hcXCUnF5ZXVt3dzYbKkwlpg0cchC2fGRIowK0tRUM9KJJEHcZ6TtD2tjv31LpKKhuNajiLgc9QUNKEY6kzxz78xLHMlhrV5NHUU5DKbv6lU9vTnMzfN26pklu2xNAP8mJZCj4ZnvTi/EMSdCY4aU6tpWpN0ESU0xI2nRiRWJEB6iPulmVCBOlJtMDkrhbqb0YBDKrISGE/XrRIK4UiPuZ50c6YH66Y3F37xurINTN6EiijUReLooiBnUIRynA3tUEqzZKCMIS5r9FeIBkgjrLMPi/0JoHZTt47J1eVSqVPM4CmAb7IB9YIMTUAEXoAGaAIM78ACewLNxbzwaL8brtHXGyGe2wDcYb5/1e5vp</latexit>

FCMB ⇠ f3
BSMFGW

the 3-point function 
             but 

Reheating from the curvaton         decay can be  non-Gaussian, 
giving NG isocurvature perturbations (energy fraction from curvaton  )fBSM ≪ 1

<latexit sha1_base64="Vq68lWXUmHYpQH1Fs7J9Uq9zoog=">AAACH3icjZBLSwMxFIUz9VXra9Slm2ARBLFMRarLogtdVrQP6Iwlk962ocnMkGSEOsw/ceNfceNCEXHXf2M67UJFwQOBj3PuJcnxI86UdpyxlZubX1hcyi8XVlbX1jfsza2GCmNJoU5DHsqWTxRwFkBdM82hFUkgwufQ9Ifnk7x5B1KxMLjRowg8QfoB6zFKtLE6dsXtAtekk7hS4ItmeptB6KvUVUzgQ/cesjQasPTg2oBifUHSjl0sl5xM+G8ooplqHfvD7YY0FhBoyolS7bITaS8hUjPKIS24sYKI0CHpQ9tgQAQoL8n+l+I943RxL5TmBBpn7teNhAilRsI3k4LogfqZTczfsnase6dewoIo1hDQ6UW9mGMd4klZuMskUM1HBgiVzLwV0wGRhGpTaeF/JTSOSuVKybk6LlbPZnXk0Q7aRfuojE5QFV2iGqojih7QE3pBr9aj9Wy9We/T0Zw129lG32SNPwEvpaOy</latexit>

�obsGW ⇠ �⇣� + S�

<latexit sha1_base64="awK5Pq6aLWIyz14t5qff/pc2bZI=">AAACKnicjVBNS8NAFNz4bf2KevSyWAQvllREPVa9eBEUrQpNDS/bl3bpbhJ2N0IN+T1e/CtePCji1R/iNvagouDAg2HmDbtvwlRwbTzv1Rkbn5icmp6ZrczNLywuucsrlzrJFMMmS0SirkPQKHiMTcONwOtUIchQ4FXYPxr6V7eoNE/iCzNIsS2hG/OIMzBWCtwDv4PCQJD7XZASipvcV5ImoS58zSXd8u+wdNMeL7aioHQPz0+Kc0s179pE4FbrNa8E/ZtUyQingfvkdxKWSYwNE6B1q+6lpp2DMpwJLCp+pjEF1ocutiyNQaJu5+WpBd2wSodGibITG1qqXxM5SK0HMrSbEkxP//SG4m9eKzPRfjvncZoZjNnnQ1EmqEnosDfa4QqZEQNLgClu/0pZDxQwY9ut/K+Ey+1afbfmne1UG4ejOmbIGlknm6RO9kiDHJNT0iSM3JNH8kxenAfnyXl13j5Xx5xRZpV8g/P+AXr6qII=</latexit>

�obs� ⇠ �⇣� � fBSMS�

* see Kumar, Sundrum, YT (2021) for more details

<latexit sha1_base64="GNtbOnI00/f5aG7wLRBlhYpv/MA="></latexit>

FGW ⇠
 
hS2

�i+ ...

h⇣2�i+ ...

!
FS�

<latexit sha1_base64="hEK8VWVTeva7ROxj+MeGA5qotJ8="></latexit>

FCMB ⇠ f3
BSM

 
hS2

�i+ ...

h⇣2�i+ ...

!
FS�

<latexit sha1_base64="DztkElbWl9LRCRzwPdb3d0tPKa8=">AAACGHicjVDLSsNAFJ3UV62vqEs3g0WoC2uioi6LblxWtA9oQphMb9qhk4czk0IN+Qw3/oobF4q47c6/MX0oKgoeuHDmnHu5c48bcSaVYbxpuZnZufmF/GJhaXlldU1f36jLMBYUajTkoWi6RAJnAdQUUxyakQDiuxwabu985Df6ICQLg2s1iMD2SSdgHqNEZZKj7185iSVZxyepBTcx6+PDknULinzKex/PqMvSXUcvmmVjDPw3KaIpqo4+tNohjX0IFOVEypZpRMpOiFCMckgLViwhIrRHOtDKaEB8kHYyPizFO5nSxl4osgoUHqtfJxLiSznw3azTJ6orf3oj8TevFSvv1E5YEMUKAjpZ5MUcqxCPUsJtJoAqPsgIoYJlf8W0SwShKsuy8L8Q6gdl87hsXB4VK2fTOPJoC22jEjLRCaqgC1RFNUTRHXpAT+hZu9cetRftddKa06Yzm+gbtOE7s/egzw==</latexit>

S� ⌘ 3(⇣� � ⇣�)

<latexit sha1_base64="WVd5FvsqG1n7vMTYM5KhVgiKp3w=">AAAB7XicjVDJSgNBEK2OW4xb1KOXxiB4CjMi6jHoxWMEs0AyhJ5OT9Kml6G7RwhD/sGLB0W8+j/e/Bs7y0FFwQcFj/eqqKoXp4JbFwQfqLC0vLK6VlwvbWxube+Ud/eaVmeGsgbVQpt2TCwTXLGG406wdmoYkbFgrXh0NfVb98xYrtWtG6cskmSgeMIpcV5qdi0fSNIrV8JqMAP+m1RggXqv/N7ta5pJphwVxNpOGKQuyolxnAo2KXUzy1JCR2TAOp4qIpmN8tm1E3zklT5OtPGlHJ6pXydyIq0dy9h3SuKG9qc3FX/zOplLLqKcqzRzTNH5oiQT2Gk8fR33uWHUibEnhBrub8V0SAyhzgdU+l8IzZNqeFYNbk4rtctFHEU4gEM4hhDOoQbXUIcGULiDB3iCZ6TRI3pBr/PWAlrM7MM3oLdPomqPKw==</latexit>

�

<latexit sha1_base64="+XVQDHuKGAmXiN0haCb+F0kO6Ks=">AAACCXicjZA7T8MwFIUdnqW8AowsFhUSU5UCAsYKFsYi6ENqQuS4N6lV2wm2g1RFXVn4KywMIMTKP2Dj35CmHQCBxJEsHX3nXtk+QcKZNo7zYc3Mzs0vLJaWyssrq2vr9sZmS8epotCkMY9VJyAaOJPQNMxw6CQKiAg4tIPB2Thv34LSLJZXZpiAJ0gkWcgoMTnybexyIiMO+NLPXM0iQUbXB64qmCvhxvHtSq3qFMJ/mwqaquHb724vpqkAaSgnWndrTmK8jCjDKIdR2U01JIQOSATd3EoiQHtZ8ZMR3s1JD4exyo80uKBfNzIitB6KIJ8UxPT1z2wMf8u6qQlPvIzJJDUg6eSiMOXYxHhcC+4xBdTwYW4IVSx/K6Z9ogg1eXnl/5XQ2q/WjqrOxWGlfjqto4S20Q7aQzV0jOroHDVQE1F0hx7QE3q27q1H68V6nYzOWNOdLfRN1tsndfCaLw==</latexit>

hS3
�i 6= 0

<latexit sha1_base64="2fmeOWo6BalepvByfyoR2anklU0=">AAACB3icjZBLSwMxFIUz9VXra9SlIMEiuCozKupGKLpxWcE+oDMOmfROG5rJDElGqEN3bvwrblwo4ta/4M5/Y/pYqCh4IHD4zr0kOWHKmdKO82EVZmbn5heKi6Wl5ZXVNXt9o6GSTFKo04QnshUSBZwJqGumObRSCSQOOTTD/vkob96AVCwRV3qQgh+TrmARo0QbFNjbHieiy8G7BU2C3Et7bHh94MkxPHUCu+xWnLHw36aMpqoF9rvXSWgWg9CUE6XarpNqPydSM8phWPIyBSmhfdKFtrGCxKD8fPyPId41pIOjRJojNB7Trxs5iZUaxKGZjInuqZ/ZCP6WtTMdnfg5E2mmQdDJRVHGsU7wqBTcYRKo5gNjCJXMvBXTHpGEalNd6X8lNPYr7lHFuTwsV8+mdRTRFtpBe8hFx6iKLlAN1RFFd+gBPaFn6956tF6s18lowZrubKJvst4+ATjamYU=</latexit>

h⇣3�i = 0

In the multiple-reheating scenarios 
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A large NG can hide in the GWB

DECIGO/BBO can easily pick up the NG signal,  
and LISA also has a small chance 
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28Yuhsin Tsai ytsai3@nd.edu Kumar, Sundrum, YT (2021)

FCMB ∼ f 3
BSM FGW

current exclusion 
bound

within DECIGO/BBO 
sensitivity 

within LISA sensitivity



Can we see the anisotropy in GW detectors?
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Astrophysical foreground

Astrophysical foreground in frequency band from LISA to peak ET 
mainly comes from un-resolved black hole & neutron star binaries 

δΩastro
GW ∼ 10−11 × 10−(1∼2) ∼ 10−(12∼14)Expected signal

e.g., Perigois, Belczynski, Bulik, Regimbau (2021) e.g., Jenkins, O`Shaughnessy,  
Sakellariadou, Wysocki (2018)

Ω̄astro
GW δρastro

GW /ρ̄astro
GW

30Yuhsin Tsai ytsai3@nd.edu



Astrophysical foreground

Aa ∼ 10−(12−14)

Parametrize the anisotropy spectrum

(δΩastro
ℓ,GW)

2
= A2

a ( f
f0 )

2γ
ℓ2δ

ℓ(2ℓ + 1)

γ ≈
2
3

2δ ≈ 1

with uncertainties mainly come from BH & binary formation physics
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Using Fisher analysis to quantify the uncertainty of

(1)  seeing the anisotropic signal   
(2)  distinguishing the cosmo signal from the astro background

Parametrize the total anisotropic spectrum as

Will know the frequency spectrum  well due to the large 
isotropic (monopole) signal

S( f, f*)

(δΩtotal
ℓ,GW)

2
= A2

c S( f, f*)2 ℓ2β

ℓ(ℓ + 1)
+ A2

a ( f
f0 )

2γ
ℓ2δ

ℓ(2ℓ + 1)

cosmo astro
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Using Fisher analysis to quantify the uncertainty of

(1)  seeing the anisotropic signal   
(2)  distinguishing the cosmo signal from the astro background

33Yuhsin Tsai ytsai3@nd.edu

Fpq = ∑
f,ℓ

∂(Ωtotal
ℓ,GW)2

∂p

∂(Ωtotal
ℓ,GW)2

∂q

(Ωtotal
ℓ,GW)

2 [(Ωtotal
ℓ,GW)

2
+ (Ωnoise

ℓ,GW)
2]

−1

Obtain experimental sensitivity from the Fisher matrix

p, q = {Ac, Aa, β, γ, δ}



LISA sensitivity

34Yuhsin Tsai ytsai3@nd.edu
Cui, Kumar, Sundrum, YT (soon)

(δΩtotal
ℓ,GW)

2
= A2

c S( f, f*)2 ℓ2β

ℓ(ℓ + 1)
+ A2

a ( f
f0 )

2γ
ℓ2δ

ℓ(2ℓ + 1)

cosmo astro

LISA & LISA+Taiji can measure the anisotropy GWB from the strongest PT 
to O(10)% level, no chance of seeing the astro foreground

Preliminary



ET 
+ 

cosmic explorer
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ET+cosmic explorer can measure the anisotropy GWB from the strongest PT 
to O(10)% level, no chance of seeing the astro foreground

Preliminary



BBO sensitivity
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(δΩtotal
ℓ,GW)

2
= A2

c S( f, f*)2 ℓ2β

ℓ(ℓ + 1)
+ A2

a ( f
f0 )

2γ
ℓ2δ

ℓ(2ℓ + 1)

cosmo astro

BBO can measure the anisotropy GWB from the typical strength PT 
to O(10)% level, measure the astro foreground well

Preliminary



Conclusion

Stochastic GW background from early cosmology must be anisotropic

Depending on the inflationary & reheating processes,  
the GWB can be correlated or un-correlated to the CMB 

For GW from strong phase transitions, the anisotropic signal 
can be visible in future GW experiments: LISA(+Taiji), BBO, ET 

Large Non-Gaussian perturbations can still hide in the GWB 
and can be visible in future experiments  

Yuhsin Tsai ytsai3@nd.edu



Backup Slides



Power spectrum of the CMB fluctuation

 large angle  <->  small angle 
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~sub-horizon physics
~super-horizon 

physics
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In this case,  needs to satisfy the isocurvature constraintsδρGW

No previous bounds on dark radiation isocurvature (like for GW) 
We calculated it ourselves with the Planck 2018 data

perturbation needs to be less than 

 

Also helps to relax the H0 tension!

δρdr

ρ̄dr
< 10−3 (

ΔNeff

0.1 )
−1/2

Subhajit Ghosh, Soubhik Kumar, YT (2022)
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LISA sensitivity for different -modesℓ

arXiv: 2201.08782
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LISA+Taiji  &  BBO

Dimastrogiovanni, Fasiello, Malhotra, Tasinato (2022)
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