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Assuming a detection of r has been made.

Then what?



Synergies and challenges

Outline

 How do we know it is from inflation?
* Look at statistics?
» Cross-correlations?
* Challenges
 Foregrounds and secondaries
* Intrinsic’ signal
* For discussion: what if we don’t detect a signal w S47
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Beyond r

Targets of interest

« Prediction for PS: P(k) «x r (k/k*)nt

» But, in SFSR |n,| < 1. Hard to do with CMB (see e.g. Dodelson 2014)

e Can try using (Tania Regimbau, Robert Caldwell’s talks, see also e.g. Meerburg et al 2015); but really
(see Kinney 2021) — N ¢?
 Beyond the PS, look at , €.9. bispectrum (see e.g. Muresuke 2014, Meerburg et al 2016, Duivenvoorden,
Meerburg, Freese 2019)

 For SFSR, all these are (see e.g. Maldacena & Pimentel 2012).

. of freedom there is a bound (Higuchi bound, mass of spin-2 mediator particle is bound, cant be
massless, see e.g. Bordin et al 2016);

« Specifically, correlating e.g. a tensor (y) with two scalars () should have . Caveat when
breaking isometries of dS (e.g. solid inflation, Endlich et al 2012, Bordin et al 2018) or higher order partially massive particles (Baumann et al
2017)

e So to leading order,



Tensor NGs

Forecasts

* Forecasts show that we can do really well on sgueezed limits (see S4 DSR,
science book)

Shape: (RR~) Current CMB-S4 goal Conservative CV-limited
(BTT),(BTE),(BEE)
foky 69% 3% 3% 100%
o (/7 figcal) 28 0.79 1.2 0.052
o (y/rfeamh . 16 24 1.7
o (/1 fQto) . 4.4 7.4 0.41

 NGs are therefore typically generated away from squeezed limit (equilateral);
those in general, unfortunately, are harder to constrain



Cross-correlations (2)
Squeezed NGs

* Assuming there exist tensor NGs. In the squeezed limit, can we cross
correlate between different data??

« Example 1: primary CMB x spectral distortions

 Example 2: primary CMB x direct G\Ws



Ex. 2: primary CMB x direct GWs

In the energy density of can be
generated from squeezed (Adshead et al.

2020, Malhotra et al. 2021, Dimastrogiovanni et al. to appear)

leads to modulations of GW energy & CMB
density ({y, 7, )) arising from different regions CMB: K CME
v & CMB
(CMB — GW) probes configurations, k%" at D
or scales u distortions: Foms
_?SD
Needs significant v > 1, and ’
n, >0
K GW
GW: k}CMB




Ex. 2: probing (yy{) from (T — GW)

affected by <7ks7’ks§kz> Ine = 1}\/72(:
dk . "
5 (ky, 1) = — e~ ki (K, k)E
(27)’ |
k<<k,

Observations limited by
(...~ 15— 30), need a high sensitivity

max
network e.g. futuristic BBO

Cross-correlations may also help to
in presence of

Can also correlate (E — GW) from (y, ¥, {; ), and non-

Zero from (; 71 7x,) could hint to

Qaw (f) =107

— fyvp=10° — fxp =10 - CVL

D 10 15 20 25 30

EI]IHX

Cross-correlation only forecast for a BBO level experiment

Afni 1.4

ny

fNL \/fmax(fmax + 2) — 3

CVL error from (T — GW) :

...more in Dimastrogiovanni, Fasiello, Malhotra, Meerburg, Orlando, to appear



Challenges



Challenges for a detection

General limitations

) /similar (bias)
« Statistically
* Spectrally
) (noise)
* [ypically, both occur
* [o mitagate:
* |dentify and

e *note that that we treat these as noise
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The CMB bispectrum

Example

o Sources that look the same/similar (bias)
o (see Hill 2018, Coulton et al in prep)
e Sources that add variance (nhoise)
o (but in principle all above sources as well, see Coulton et al 2019)

« (Galactic foregrounds; however here we will likely rely on simulations to check if they
contain statistics that is similar to signal; obviously , as we do for
the PS,

 Note that In principle have the advantage that there are more
dof, which benefits our ability to
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The CMB bispectrum

Foregrounds (temperature only)

kSZ-kSZ-tSZ -

kSZ-kSZ-ISW

tSZ-tSZ-ICMB -

tSZ-tSZ-CIB -

tSZ-tSZ-kSZ -

tSZ-tSZ-tSZ -

tSZ-tSZ-ISW

ISW-tSZ-CIB -

ISW-ISW-ICMB

ISW-ISW-CIB -

ISW-ISW-KSZ -

ISW-ISW-tSZ -

ISW-ISW-ISW -

Bias
o(fne)

- ICMB-ICMB-ICMB

- ICMB-ICMB-CIB

- ICMB-ICMB-kSZ

- ICMB-ICMB-tSZ

- ICMB-ICMB-ISW

- CIB-CIB-ICMB

- CIB-CIB-CIB

- CIB-CIB-kSZ

- CIB-CIB-tSZ

- CIB-CIB-ISW

-kSZ-kSZ-ICMB

- kSZ-kSZ-CIB

- kSZ-kSZ-kSZ
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Credits: Will Coulton



The CMB bispectrum

Intrinsic bispectrum

Detectability w S4

* Besides primordial and secondary sources, *{ " Evolution and Scat
: Slmply j Quadratic
due to non-linear evolution of perturbations ||~ Parity Even

10° -

 These could also be possible sources of
confusion (and extra variance);

SNR

 Good news is that while they could be
(see Coulton 2021), they |
likely would not interfere with search for
primordial NGs

1072 —— T

10! 102 103

/
Credits: Will Coulton
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Discussion and conclusions

4 (4
wwf:hnjs
7\
. we should N 0 A
e Confirm it is from / \
e Look for \ 5

2
. measurement, but we should think more about those for cross
correlations (general synergies)
 Think more practically constrain GWSs using large scale structure
* Could still
 Could also which could potentially probe spin-2 fields (and higher) (see e.g. Bordin et al
20106)

* Obviously, constraining trispectra will open up a new can of worms,
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Cross-correlations (1)

Curl lensing

For sake of confidence,
using other tracers?

In the , Very

(See e.g. Masui & Pen 2012, Schmidt et al 2013,
Chisari et al 2014, Biagetti & Orlando 2020, fossil’ effects are
promising)

One example is ; presence of large scale primordial
GWs can induce lensing signal with odd parity structure.

; would provide proof of existence of large
scale gravitational waves (Sheere, van Engelen, Meerburg,
Meyers 2016)
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Intermezzo
Why is it hard to constrain non-local NG in the CMB?

e First, tensors decay

e Second, and this is general for scalar/tensor NG in the CMB, on small scales NG are
severely affected by blurring (See Kalaja, Meerburg, Pimentel & Coulton 2020)

* As aresult, the improvement on NGs of these types does not improve as mode-counting

* Interestingly, higher n-point functions can exceed mode counting (e.g. trispectrum)




Ex. 1: primary CMB x spectral distortions

» Spectral distortions are 3.0 [T AT
from the of acoustic waves in the photon-baryon 25 [ etortions |
ﬂU|d = 20k - 1 distortions (|

* They are quadratic in primordial perturbations: u,y ~ (:2, }/2 = Lo

* Probe than primary CMB. G o\

.« (CMB — u): Hitipe]

. . . TemB

» Previous work considered with (T ), (Ep). OMB: 1 o
(see e.g. Pajer and Zaldarriaga 2012, Emami et. al. 2015, —cus l
Shiraishi et. al. 2015, Ota 2016, Ravenni et al. 2017, :

Cabass et. al. 2018) —
distorti D — S "CMB
. In the | G(le\(])l?) < 1 u distortions — k

SD
ks

17



Ex. 1: tensor NGs from (CMB — 1)

see, e.g., Chluba et. al. 2015

— scalar
---- tensor |1
e yvs {: utransfer function:
5
* pro. 5
E
¢ con: 8
% ,,,,,
- Net effect: detecting squeezed A A
. . = e
signal is obscured by (y,{.£.), (£ C. £ :
3 N
 Alarge on y is needed, no viable models currently
in literature (Orlando, Meerburg, Patil, to appear)
» On squeezed
107702 100 102 103 108 10°
° k [1/Mpc]
» Signal is (similar to (BT') and (BE)) 0.01 \ /2
Y¢S, L ' 998
o ~ 10 o
. to introduce primordial Unzls) (rCMB ) Unzlr+e)
. (Bu) would be sourced by anisotropic NGs Orlando, Meerburg, Patil, to appear
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