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BUT:
Still pursue this since we have good theoretical understanding of CMB
bispectrum and space between fnl = 1 and current bounds is populated with
many early universe models and a detection would be monumental.



Background on NGs
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Main take-away fn1 ~ O(1) typically presents theoretically compelling threshold
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What are these shapes:

floc = (klkg)_g + 2 perm.

fequﬂ = — floc — 2(k1k2k3)_2 + kl_lkz_zkgg + 5 perm

foHR0 = =3 fioe + 8(k1kaks) ™ + 3k "k; “k3® 4 5 perm.



CMB: theoretical limitations



Mode counting

 From simple arguments on the variance (of a parameter) the error on a measurement is
reduced as v NV



Mode counting

 From simple arguments on the variance (of a parameter) the error on a measurement is
reduced as v NV

e Here N is the number of independent samples



Mode counting

 From simple arguments on the variance (of a parameter) the error on a measurement is
reduced as v NV

e Here N is the number of independent samples

 Forthe CMB, N is the number of pixels. In spherical harmonics, the counting will be
translated in ~ /2 which is effectively the resolution of your (CMB) experiment

max J



Mode counting

From simple arguments on the variance (of a parameter) the error on a measurement is
reduced as v NV

Here N is the number of independent samples

For the CMB, N is the number of pixels. In spherical harmonics, the counting will be
translated in ~ ¢2,_ ., which is effectively the resolution of your (CMB) experiment

So when we talk about mode counting in the CMB, we mean the inverse error (or the S/N)
will scale as the square root of this, i.e. {iax



Mode counting

From simple arguments on the variance (of a parameter) the error on a measurement is
reduced as v NV

Here N is the number of independent samples

For the CMB, N is the number of pixels. In spherical harmonics, the counting will be
translated in ~ /2 which is effectively the resolution of your (CMB) experiment

max J

So when we talk about mode counting in the CMB, we mean the inverse error (or the S/N)
will scale as the square root of this, i.e. {iax

Similarly, in a full 3D experiment, e.qg. large scale structure (see next talk by Olivier) we
count as k°_. and signal to noise going as the square root

Imax



Mode counting

From simple arguments on the variance (of a parameter) the error on a measurement is
reduced as v NV

Here N is the number of independent samples

For the CMB, N is the number of pixels. In spherical harmonics, the counting will be

translated in ~ ¢2,_ ., which is effectively the resolution of your (CMB) experiment

So when we talk about mode counting in the CMB, we mean the inverse error (or the S/N)
will scale as the square root of this, i.e. {iax

Similarly, in a full 3D experiment, e.qg. large scale structure (see next talk by Olivier) we
count as k2. and signal to noise going as the square root

Hypothetically then, a theoretical limitation for constraints on the amplitude of the
bispectrum fni, Is determined by this scaling
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Local non-Gaussianity

CMB in HD workshop 2018
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* S0, in principle could reach compelling threshold. (For very high ell back to mode counting
(Babich & Zaldariagga 2004))
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* \ery poor scaling; pretty much impossible to reach threshold w CMB even in crazy limit
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Orthogonal non-Gaussianity

CMB in HD workshop 2018
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« Somewhere in between; Take away, not good/great. Worse then mode-counting for all
shapes other than local
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the importance of full-sky maps for this kind of analysis. For
other shapes such as equilateral, one instead has (S IN)?* ~
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e So hurray for LSS
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So what about this scaling?

What about the CMB? Similarly (in flat sky approximation)

(S/N)? /H éj_ 5(; 0;)B2(ly, 0o, 03)

We then find

* Local: S/N o /2, 10g lrmax/min
e Equilateral: S/N o< \/fmax  Found also by Bartolo & Riotto 2009

e Orthogonal : WIP

So this reduction on all other shapes except local, MUST be a projection effect. However, it is
rather peculiar since remember that both the equilateral and orthogonal shapes are defined
containing the local shape.

Ongoing investigation (Kalaja et al in prep.); it COULD have some consequences also for LSS
surveys (e.g. measuring the bispectrum by redshift could significantly reduce your sensitivity to
equilateral/orthogonal triangles)
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Forget about instrumental limitations, infinite money. Still limitations as resolution
Increases:

* 1) signal confusion;
 2)increasing (co)variance

1) Signal confusion: 2 types. Cosmological (i.e. secondaries) and Galactic
(astrophysical).

2) Increasing variance: variance on np function is proportional to the full (2 x n)p
function.

Note: also a (much worse?) problem measuring bispectrum in LSS

Cosmological secondaries are introduced by gravity at late times. Well known example
if ISW-lensing (or reioniztion lensing in polarization). Hill 2018 identified a whole set of
new ones (e.g. induced by kinematic and thermal SZ effects)

All these in principle could also increase covariance
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Extra covariance from gravitational lensing

Mitigation strategy: marginalization (if signal confusion) or cleaning of maps (e.g.
multi-frequency cleaning)

For extra covariance, marginalization might also help (we tried, but failed). Cleaning
would help, but at least one large contribution would persist: gravitational lensing

Loosly, if we esti[ngte the CMB bispectrum as B, the covariance is
proportional to (B B)

Here B is estimated (w a cubic estimator) by contracting CMB maps, e.g. (I'TT)
and (TEE)

Hence, the covariance will be proportional to 6 copies of those maps. And for
a fact that gravitational lensing of the CMB introduced a large 4p function

Schematically, the effect of lensing will then be:

(BB) = Var(B) = Var(B)g + AVar(B),

AVar(B) = Var(B)sxa, + Var(B)axs, + Var(B)ayxa, + Var(B)ep.
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Coulton et al arXiv this week
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« Computed effect analytically and compared these to simulations (offset due to higher order effects)

« Up to 50% effect for CV limited experiment with £,,,.« ~ 5000 for local non-Gaussianities

~35% for an experiment like SO
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e \What to do?

Coulton et al arXiv this week
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Tensor Non-Gaussianities with the CMB

* With B-mode searches we can now start to constrain NG involving tensors (1++), tNG
e Significant improvements over current bounds (Meerburg et al 2016)

* Motivation driven by models that either involve other fields (e.g. gauge fields), different symmetry
pattern (e.g. solid inflation) or partially (spinning) massless particles

 Yes, in some cases you could imagine BBB Cosmic variance only, 7 =0.001

> BB. But generally this is hard. Also
observationally (dust!!). Probably easier to
do something like BTT.

e First attempt to constrain tNGs was
Shiraishi et al 2017 using TTT with modal
estimator

e (favourably scaling) standard estimator
needs some modification

* Figure shows forecasts for local-like hzz
template (using BTT, BTE and BEE)

Duivenvoorden, Meerburg, Freese, 2019

harmonic band-limit £,



Are there other ways to probe the ‘primary modes’ with the CMB?
Possibly....
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Photons couple to neutral hydrogen through Rayleigh scattering (Peebles and Yu 1970, Yu,
Spergel, Ostriker 2001))

Cross section is frequency dependent, with leading order scattering or o v*

4 7

Because of this, does not scale well, i.e. effect goes as ngv™ oc a™

It can thus only be relevant immediately after recombination, i.e. as early as possible in a
neutral Universe

Yu et al considered this effect as a contaminant to the Thomson scattered photons. Lewis
and later Alipour et al consider cosmological applications

LeWIS 201 3 — RMS primary anisotropy
! RMS Rayleigh anisotropy |

Several key aspects

* Negligible at CMB frequencies (200 GHz)

ol
* At high frequencies, it will become more important, but fewer 2 .|
photons to scatter (peak at ~500 GHz). Brightness still ~3% %

 The Rayleigh visibility function is shifted (closer to us)

L | | | |
0 200 400 600 800 1000
v/GHz



Rayleigh scattering

e What can we learn?

e Signal highly correlated, but frequency dependence provides information



Rayleigh scattering

e What can we learn?

e Signal highly correlated, but frequency dependence provides information

 Because the Rayleigh signhal comes from different times, there are several interesting
applications:



Rayleigh scattering

e What can we learn?

e Signal highly correlated, but frequency dependence provides information

 Because the Rayleigh signal comes from different times, there are several interesting
applications:

* 1) details on the recombination physics (see Alipour et al)



Rayleigh scattering

e What can we learn?

e Signal highly correlated, but frequency dependence provides information

 Because the Rayleigh signal comes from different times, there are several interesting
applications:

* 1) details on the recombination physics (see Alipour et al)

e 2) expansion history (around recombination)



Rayleigh scattering

 What can we learn?
e Signal highly correlated, but frequency dependence provides information

 Because the Rayleigh signal comes from different times, there are several interesting
applications:

* 1) details on the recombination physics (see Alipour et al)
e 2) expansion history (around recombination)

» 3) Rayleigh signal can be distinguished spectrally from kSZ



Rayleigh scattering

e What can we learn?

e Signal highly correlated, but frequency dependence provides information

 Because the Rayleigh signhal comes from different times, there are several interesting
applications:

* 1) details on the recombination physics (see Alipour et al)

e 2) expansion history (around recombination)

» 3) Rayleigh signal can be distinguished spectrally from kSZ

e 4) Different transfer function might help tighten constraints on NG



Rayleigh scattering

e What can we learn?

e Signal highly correlated, but frequency dependence provides information

 Because the Rayleigh signhal comes from different times, there are several interesting
applications:

* 1) details on the recombination physics (see Alipour et al)

e 2) expansion history (around recombination)

» 3) Rayleigh signal can be distinguished spectrally from kSZ

e 4) Different transfer function might help tighten constraints on NG

* The first, could help with things like Yp



Rayleigh scattering

e What can we learn?

e Signal highly correlated, but frequency dependence provides information

 Because the Rayleigh signhal comes from different times, there are several interesting
applications:

* 1) details on the recombination physics (see Alipour et al)

e 2) expansion history (around recombination)

» 3) Rayleigh signal can be distinguished spectrally from kSZ

e 4) Different transfer function might help tighten constraints on NG

* The first, could help with things like Yp

 The second, could help constrain densities, i.e. Omegab, Omegac and maybe more
interestingly Neff (Beringue et al in progress)
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e What can we learn?

e Signal highly correlated, but frequency dependence provides information

 Because the Rayleigh signhal comes from different times, there are several interesting
applications:

* 1) details on the recombination physics (see Alipour et al)

e 2) expansion history (around recombination)

» 3) Rayleigh signal can be distinguished spectrally from kSZ

e 4) Different transfer function might help tighten constraints on NG

* The first, could help with things like Yp

 The second, could help constrain densities, i.e. Omegab, Omegac and maybe more
interestingly Neff (Beringue et al in progress)

* Third, would allow to go to much smaller scales in T (kSZ cleaned signal)
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CMB puts most stringent bounds on primordial NG... but is running out of modes
In principle, through measurement of the bispectrum, the local shape could reach fnl = 1 in the not too distant future.

For other shapes things look dire. Scaling in CMB (much) worse then mode counting (not for LSS, although they have
to be careful)

In practice, things are more complicated as you improve experiments. We investigated gravitational lensing which
would significantly affect the local shape. \We should be able to almost completely circumvent this by delensing the
data before analysis

B modes will allow us to put constraints on new types of NGs that involve gravitational waves (tensor dofs). CMB will
probably be the most sensitive to this type of interactions for a while.

Squeezing every bit of information from the last scattering surface: Rayleigh scattering could provide some additional
info that could see factors of a few on NGs constraints (but requires exquisite measurements).

Beyond the bispectrum: spectral distortions and cosmic variance mitigation. Both only applicable to local but could
reach fnl = 1.



