New observables for future CMB anisotropy observations

Antony Lewis
http://cosmologist.info/

Two things that should definitely be non-zero:

1. CMB bispectrum
2. non-Blackbody spectrum
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Observed CMB blackbody power spectrum
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Constrain theory of early universe
+ evolution parameters and geometry



1. Beyond Gaussianity — general possibilities
Flat sky approximation: 0(x) = %f d?le()e™ !

Gaussian + statistical isotropy
(0()6(,)) =6, +1,)G

- power spectrum encodes all the information
- modes with different wavenumber are independent

Higher-point correlations

Gaussian: can be written in terms of C;

Non-Gaussian: non-zero connected n-point functions

©=T)



Bispectrum
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Flat sky approximation: (0(11)0(l,)0(l3)) = %5(11 + 1, +13)by,

13

If you know ©(l,), ©(l,), sign of b, ;,;,tells you which sign of ©(l;) is more likely
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Trispectrum
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N-spectra...



Equilateral ky + k, + k3 =0, |k1| = |k,| = |k3]
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AL: The Real Shape of Non-Gaussianities, arXiv:1107.5431



Millennium simulation



Near-equilateral to flattened:




Local (squeezed) k;i+k; + ks =0, ky <kz ks k,~—kg
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Squeezed bispectrum is a correlation of small-scale power with large-scale modes
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b<0



Primordial local non-Gaussianity

Temperature (f,, =10%)

e.g.¢{=4¢p (1 + ngL(O,l)

6
=T ~Ty(1+ ngLC*,l)

0.00016

Single-field slow-roll inflation: fy; ~ 0

= Any significant detection would rule out large classes of inflation models



But even with fy; = 0, we observe CMB at last scattering modulated by other perturbations




Last-scattering is modulated
by the large-scale perturbations

Different lensing, expansion
and redshifting along the
/ line of sight geodesics

CMB frame

Last scattering surface

Rehaating surface

Overdensit larger
Underdensity y (¢ larger)

arXiv:1204.5018

Also: astro-ph/0405428, arXiv:1109.1822 Single field inflation: physics locally identical
- statistically equivalent



= observable CMB bispectrum even with single-field inflation

Linear-short leg approximation for nearly-saueezed shapes (I; < [,, l3):

L 5 .
(T1ymy TlomaLlgms) = Cf:f"us <dX* (ngﬂthﬁa??13)>

idymy

Weyl lensing bispectrum — from correlation of T with lensing via ISW

1. b <
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Similar result for polarization

(l2 —13)/2



Lensing signal-to-noise variance as a function of the largest-scale mode
(T+E; lax = 2000; 0 = 1/+area under curve)
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Perfect Planck ~ 5g;
Cosmic Variance ~ 9¢

Already detected by Planck TT at ~ 2.50
arXiv:1303.5077



Other effects of super-horizon modes:
Ricci focussing (anisotropic dilation) bispectrum

Squeezed limit (I; < 1), = _c{i:i d (26))

[2dInl

Anisotropic redshifting bispectrum
biyia1s = Cl, (tf‘eg - (l:'es)
Allowing for polarization (X,Y,Z = T,E), total is

d(62Cr?)  ds*cr?)
2 d 0 3d 0
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This term dominates:

depends on peakiness
of C;: boost from polarization



What about sub-horizon effects? Need full second-order Boltzmann code

Impact of polarisation on the intrinsic CMB bispectrum

Guido W. Pettinari, ! ?: * Christian Fidler,” Robert Crittenden,? Kazuya Koyama,? Antony Lewis,! and David Wands®

JDepaﬂment of Physics & Astronomy, University of Susser, Brighton BN1 9QH, UK
° Institute of Cosmology and Gravitation. University of Portsmouth, Portsmouth PO 3FX, UK
(Dated: June 12, 2014)

We compute the bispectrum induced in the cosmic microwave background (CMB) temperature
and polarisation by the evolution of the primordial density perturbations using the second-order
Boltzmann code SONG. We show that adding polarisation increases the signal-to-noise ratio by
a factor four with respect to temperature alone and we estimate the observability of this intrinsic
bispectrum and the bias it induces on measurements of primordial non-Gaussianity,. When including
all physical effects except the late-time non-linear evolution, we find for the intrinsic bispectrum a
signal-to-noise of /N = 3.8, 2.9, 1.6 and 0.5 for, respectively, an ideal experiment with an angular
resolution of £, = 3000, the proposed CMB surveys PRISM and COrE, and Planck’s polarised
data; the bulk of this signal comes from the E-polarisation and from squeezed configurations. We
discuss how CMB lensing is expected to reduce these estimates as it suppresses the bispectrum for
squeezed configurations and contributes to the noise in the estimator. We find that the presence
of the intrinsic bispectrum will bias a measurement of primordial non-Gaussianity of local type
by fir™ = 0.66 for an ideal experiment with f,.. = 3000. Finally, we verify the robustness of our
results by reproducing the analyvtical approximation for the squeezed-limit bispectrum in the general
polarised case.

arXiv:1406.298 1



Intrinsic signal-to-noise variance as a function of the largest-scale mode
(ideal experiment, I,,,x = 3000, T+E; 0 = 1/+Varea under curve)
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- accurate ana|ytic result - requires Boltzmann code (SONG)



Lensing bispectrum is detectable at about 50

Is the intrinsic (non-lensing) bispectrum also observable?

BUT

|deal experiment, straight 2-nd order calculation with no other NG: 3.80 - YES!

Accounting for lensing variance: 2.7o

+ accounting for lensing smoothing (lensing of intrinsic bispectrum): ~ 2o

" @ Ideal experiment

@ PRISM
@ CoRE

| B Planck

Multipole ¢

Not a huge signal, but definitely an important bias for
any similar shapes

For local fy; biasis 0.4-0.6, small but not negligible

(includes lensing variance only)



2. Rayleigh scattering
blue sky thinking for future CMB observations

arXiv:1307.8148; previous work: Takahara et al. 91, Yu, et al. astro-ph/0103149




Classical dipole scattering

Oscillating dipole p = p, sin(wt) 2 = radiated power o« w*p3 sin? 8 dQ

Thomson Scattering Rayleigh Scattering
m.Z = —ekE, sin wt myZ = —ekE, sin wt — m,w,z
- = -e%E, . t 3 _ezEZ
p = st z =>p= sin wt 2

me ((‘)2_(‘)(2))

(mnucleus > me)

[/
e
Frequency independent Frequency dependent
Given by fundamental constants: Depends on natural frequency w, of target
81 e? 2 w*
= — — Op =~ —5 0 ((U K (1)0)
oT=3 <4neomecz> Rt

http://farside.ph.utexas.edu/teaching/em/lectures/node95.html



Photon scattering rate

Total cross section 2 I'(v) = n.or + op(v) [ng + Ryenp.]

v V' 638 v \® _ |8 6
op(v) = 4 — + ... |or Veff = §CRAQ-«"31X10 GHz ,RHezO.l
Veff 243 Voff

(Lee 2005: Non-relativistic quantum calculation, for energies well below Lyman-alpha)
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Visibility

Visibility
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Small-scale CMB

Primary signal Primary + Rayleigh signal
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Rayleigh temperature power spectrum
(Primary+Rayleigh)? = Primary? + 2 Primary X Rayleigh + Rayleigh?

Solid: Rayleigh x Primary

Dot-dashed: Rayleigh x Rayleigh
Dots: naive Planck sensitivity

-~ Small-scale signal is highly correlated
' to primary

Can hope to isolate using

Low frequency x High frequency

[

Note: not limited by cosmic variance of primary anisotropy
— multi-tracer probe of same underlying perturbation realization

Test of expansion and ionization history at recombination



Small-scale CMB cont.

Hot spots are red, cold spots are blue
Polarization is scattered and is red too

Rayleigh difference signal: (photons scattered in to line of sight) — (scattered out)
~ Tp AT very correlated to primary AT



Large-scale CMB temperature

Rayleigh signal only generated by sub-horizon scattering
(no Rayleigh monopole background to distort by anisotropic photon redshifting)
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perturbation at

recombination
(Newtonian Gauge)

Rayleigh scattering probes Doppler terms independently of SW/ISW



Measure new primordial modes with RayleighxRayleigh spectrum?

In principle could double number of modes compared to T+E!

BUT: signal highly correlated to primary on small scales; need the uncorrelated part
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Solid: Rayleighx Rayleigh total; Dashed: uncorrelated part; Dots: error per% = 10 bin a from PRISM



Number of new inflation modes with PRISM-like future CMB

Definen = (21 + 1) fa, Tr [“Ei + NI]_]G!}E
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New modes almost all in the [ < 500 temperature signal: total = 10 000 extra modes

More horizon-scale information (disentangle Doppler and Sachs-Wolfe terms)



Polarization

Generated by scattering of anisotropic unpolarised light at recombination

Rayleigh polarization signal highly correlated to the blackbody because scattering the same quadrupole

High-energy scattered more = large-scale polarization becomes blue



On horizon scales three nearly-independent perturbation modes being probed

Polarization from quadrupole scattering

SO +ISW fi - vi,: Doppler

(anisotropic redshifting to constant
temperature recombination surface)
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Rayleigh polarization power spectra

Solid: primary Dashed: primary + Rayleigh (857GHz)
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Large-scale polarization from scattering into the line of sight = polarized CMB sky is blue
but same quadrupole, so highly correlated to primary



Expected signal as function of frequency

Zero order: uniform blackbody not affected by Rayleigh scattering (elastic scattering, photons conserved)

1st order: anisotropies modified, no longer frequency independent
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Need sensitivity at 200GHz < v < 800GHz
(+probably higher for foreground separation efficiency; very hard above 350GHz from ground)
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Rayleigh summary

Significant Rayleigh signal at v = 200 GHz; several percenton T, E at v > 500GHz
Non-blackbody signal in the anisotropies (but no spectral distortion in monopole)

Strongly correlated to primary signal on small scales (mostly damping)
— robust detection via cross-correlation?

Powerful test of recombination physics/expansion
Boosts large-scale polarization (except B modes from lensing)
- consistency test that large-scale B modes are from scattering at recombination

- In principle separate lensing and tensors at the power spectrum level

Multi-tracer probe of last-scattering
- limited by noise/foregrounds, not cosmic variance

May be able to provide additional primordial information (10,000+ modes)
- mostly horizon-scale T modes at recombination from Doppler signal



