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Abstract: <p>The next frontiers in cosmic microwave background (CMB) science include a detailed mapping of the CMB polarization anisof
with goals of detecting the inflationary B-mode signal and reconstructing high-fidelity maps of the matter distribution via CMB lensing, as wel
first detection of CMB spectral distortions.&nbsp; At this level of precision (~nK), Galactic and extragalactic foregrounds may be the ulti
limiting factor in deriving cosmological constraints.&nbsp;&nbsp;! will discuss biases due to foregrounds in CMB lensing measurements, incl
the first calculation of the lensing bias due to the kinematic Sunyaev-Zela€™dovich effect, as well as recent progress in developing
foreground-free CMB lensing estimators.&nbsp; | will then present methods to extend CMB foreground parameterizations in a systematic, fi
way, with applications to both polarization and spectral distortion measurements.&nbsp; Using this framework, | will discuss spectral dist
forecasts for CMB spectrometer mission concepts, showing that high-significance measurements of the Compton-y and relativistic tt
Sunyaev-Zela€™dovich signals can be expected, as well as a potential detection of the primordial mu-type distortion due to Silk damg
small-scale acoustic modes.</p>
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Colin Hill

Cosmic Microwave Background****
What have we learned?

* Precise constraints on cosmological parameters: matter
density, baryon density, age, spatial curvature

* Properties of initial fluctuations: near-scale invariant,
Gaussian, adiabatic, super-horizon
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Colin Hill

Cosmic Microwave Background"”*<
What have we learned?

* Precise constraints on cosmological parameters: matter
density, baryon density, age, spatial curvature

* Properties of initial fluctuations: near-scale invariant,
Gaussian, adiabatic, super-horizon

What questions remain?

* How did structure grow?
Neutrinos, dark energy, modified gravity
* How did galaxies form? Where are baryons today?
Astrophysical feedback

 \What seeded the initial fluctuations?
Inflgtion
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Colin Hill

Cosmic Microwave Background"*<
What have we learned?

Precise constraints on cosmological parameters: matter
density, baryon density, age, spatial curvature

Properties of initial fluctuations: near-scale invariant,
Gaussian, adiabatic, super-horizon

What questions remain?

How did structure grow? — CMB Lensing
Neutrinos, dark energy, modified gravity :

How did galaxies form? Where are baryons today”
Astrophysical feedback |
What seeded the initial fluctuations? |

|nf|at|on —» CMB Polarization|
CMB Spectral Distortions|
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Colin Hill

Cosmic Microwave Backlight "<
Secondary Anisotropies

Years after the Big Bang
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Colin Hill

Gravitational Lensing of the CMB®*sces

The paths of CMB photons are bent by the gravity of intervening
matter (e.g., clusters of galaxies) along the way

sensitive to total matter density — including dark matter
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CMB Lensing IASICCA
— Integrated Total Mass

Re-mapping of CMB fluctuations (preserves blackbody form)

Many (~50) small random deflections lead to a net deflection (~2-3
arcmin), coherent on ~deg scales

v

z ~ 1089

T(ﬁ)lensed = T(ﬁ i d(ﬁ))unlensed
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CMB Lensing IASICCA
— Integrated Total Mass

Re-mapping of CMB fluctuations (preserves blackbody form)

Many (~50) small random deflections lead to a net deflection (~2-3
arcmin), coherent on ~deg scales

z ~ 1089

T(ﬁ)lensed - T(ﬁ T d(ﬁ))unlensed

Quadratic - TP =
reconstruction: ) ~ T(OT(L =) d=Vo
lensing potential

13
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CMB Lensing IASICCA
— Integrated Total Mass
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CMB Lensing IASICCA
— Integrated Total Mass
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CMB Lensing IASICCA
— Integrated Total Mass
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Colin Hill

Cosmic Microwave Backlight "
Secondary Anisotropies

Years after the Big Bang
|
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- Deflection: gravitational lensing
- Scattering: thermal / kinematic Sunyaev-Zel'dovich effect
redshift-independent
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Colin Hill

Kinematic SZ Effect ASICCA

— Integrated Electron Momentum

e

Kinematic Sunyaev-Zel’dovich Effect:
Doppler boosting of CMB photons
Compton-scattering off free electrons
with non-zero line-of-sight velocity

20

Sudeep Das/ACT
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Kinematic SZ Effect el

— Integrated Electron Momentum

Kinematic Sunyaev-Zel’dovich Effect:
Doppler boosting of CMB photons
Compton-scattering off free electrons
with non-zero line-of-sight velocity

* Preserves blackbody CMB spectrum

* Probe of electron momentum field

ATisa(®d) 1 [ N\
szih) 1 / dng(n) P - B
C Jo 4

visibility function
* Unbiased tracer of free electrons — a
precise tool to measure gas distribution
(e.g., find “missing baryons”)

TeumB

21
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Thermal SZ Effect Can

— Integrated Electron Pressure

Thermal SZ Effect: P
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Thermal SZ Effect Ll

— Integrated Electron Pressure

Unique spectral signature
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Figures: Carlstrom+ (2002)
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Thermal SZ Effect e

— Integrated Electron Pressure

Unigque spectral signature

Lo ‘f.bo
-q

1| R S
X b

-0.5f

'1.0‘ " . PR RRr | A N .|..|..'
. 100 Frequency (GHz)

simulation

Credit: ESA/Planck Collaboration 24

Pirsa: 18050009 Page 19/72



Colin Hill

Cosmic Microwave Backlight "<

Secondary Anisotropies

Years after the Big Bang
1 billion

The Big Bang
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- Deflection: |gravitational lensing
- Scattering:{thermal |/ kKinematic Sunyaev-Zel'dovich effect

- Evolvm/gpfotentials: integrated Sashs-Wolfe, Rees-Sciama

spectral quadratic cross-correlation
reconstruction reconstructionze analysis
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Colin Hill

CMB I_ensing IAS/CCA

This has been measured!

74 \ brightness = density

Matter underdensity Overdensity

ACT: Das, Sherwin+ (2011): first detection 28
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Colin Hill

CMB Lensing ASICCA

This has been measured!

A map of matter (dark + luminous) in the entire universe®

light regions = more matter
dark regions = less matter *(almost)

Planck Collaboration (2016)
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Colin Hill

CMB Lensing Power Spectrum "

Current status of the field
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compilation by A. van Engelen
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: a Colin Hill
Neutrino Mass Hierarchy  scea

Fundamental physics from CMB lensing

What new physics is responsible for neutrino masses?

Mass? o |
( ma) l\/Df
atmospheric m
oscillations —
2.5x%x 10° eV? <
solar
oscillations \ m)
7.6 X 10° eV? { =
m) m,
?
0" Normal Inverted
Minimum total mass: ~60 meV ~100 meV
Credit: Hyper-Kamiokande 32
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Colin Hill

Neutrinos in Cosmology  nsees

Massive neutrinos affect how cosmic structure grows: fast-
moving neutrinos do not cluster!

- density

with massive neutrinos  without massive neutrinos

Agarwal & Feldman (2011)
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Colin Hill
IAS/CCA

Neutrino Masses from CMB Lensing
Massive neutrinos suppress the lensing power spectrum

l[): Ym, = 0meV
™ Ym, = 30 meV
:_i Ym, = 60 meV i
::__ Ym, = 90 meV u p Com | n g
_y B Yy, = 120 meV .
— 10 CMB-S4 experlmeﬂ’[s
T‘ B CV limit 4
= will be
10-9 _ _ ) _ T sensitive
0 500 1000 1500 2000 2500 3000 &
L {O MINIMum
= allowea
E mass from
g === oscillation
experiments
4
() o00) 1000 1500 2000 2500 3000

L

CMB-S4 Science Book (2016)
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Colin Hill

Cosmic Infrared Background "=

cumulative emission of dusty, star-forming galaxies over cosmic time

strongly correlated with CMB lensing
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Colin Hill

Foreground Challenges "

* Temperature lensing reconstruction

- Cosmic infrared background l

correlated w/
lensing field!

- Thermal SZ
- Kinematic SZ
- Point sources

37
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Colin Hill

Foreground Challenges "

* Temperature lensing reconstruction

- Cosmic infrared background l

correlated w/
lensing field!

- Thermal SZ

- Kinematic SZ

- Point sources

- Galactic dust

- Other Galactic foregrounds

» Polarization lensing reconstruction (dominates S/N for CMB-S4)
- Polarized Galactic dust
- Polarized Galactic synchrotron 9
- Point sources :

38
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. Colin Hill
CMB Lensing: Foregrounds see
quadratic estimator susceptible to biases from other non-
Gaussian signals in the microwave sky (e.g., tSZ, dust, etc.)

’ —

$(L) ~ T(O)T(L — 1)

van Engelen+ (2014); Osborne+ (2014) 39
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CMB Lensing: Foregroundssee:

quadratic estimator susceptible to biases from other non-
Gaussian signals in the microwave %ky (e.g., tSZ, dust, etc.)

(L) ~ T(O)T(L - ¢)
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. Colin Hill
CMB Lensing: Foregrounds s

In principle, all biases can be removed via multi-frequency
component separation — except kinematic SZ

biases k auto-spectrum and LSS cross-correlations

‘ CMB S4 auto, £ = 4000
= == full calculation (Terms B + C + E)
- Term B (s 1re))
would
fractional . lead to
biasto ¢ "™} ',l | non-
correlation:s """ e | ’\H bias on
3 kSZ2 x kterm | all terms NeUtANG
ANy (incl. kSZ
. mass
015 ] trispec.)
0= T)lTJll lt;!(l J.':l)(l ;'li'lMi ‘2.’:[)[1 _l;[;ltl l;:':;)t] 1000
L multipole
Ferraro & JCH (2018) 42
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Colin Hill

CMB Lensing: Foregrounds”se

INn principle, all biases can be removed via multi-frequency
component separation — except kinematic SZ

biases K auto-spectrum and LSS cross-correlations

cross spectrum (f,,,. = 4000)

0.10
— Planck SMICA
— CMB S3
0.05 — CMB S4
) > -] Simulations H WOUId
fractional - = lead to
biasto < non-
K-galaxy = -oo negligible
cross- - | bias on
correlation i neutrino
e mass
-0.20 . - -
500 1000 1500 2000 2500 3000
multipole
Ferraro & JCH (2018) 43
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Colin Hill

CMB Lensing: Foregroundsssices

perhaps already signs of such biases in current measurements?

R, (Mpc/h)
1§0 IQO 8;) 6p 4.0 3.0
ol Puzzling deficit on large scales |
Planck
K Cross- _|_
correlation
w/ BOSS T’ 1- l
CMASS
galaxy
catalog —  Model
10°8 o= 4= Planck x CMASS
60 100 200 300 400
g .
multipole

Pullen+ (2016); similar low-L deficit seen in WISE-k cross-correlation JCH+ (2016)
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Colin Hill

CMB Lensing: Foregrounds #scex

N.B. SMICA map used in Planck lensing reconstruction has
significant tSZ residuals

; 6« Planck 143 GHz
) 29
stack on . 15
SDSS DR8 : 08
redMaPPer 5 13 s Planck SMICA CMB
clusters 33
: 3. LGMCA CMB
s -10%  (tSZ deprojected)

-50 0 50
8 (arcmin)

Madhavacheril & JCH (2018)

Pirsa: 18050009 Page 35/72



Colin Hill

Asymmetric Lensing Recon.sscex

Observation 1:

KXY (0) = —F 1 {AXY(L)F {Re [V - [VX;(0)Y(0)"]]} }

T gradient saturates by ell~2000

Madhavacheril & JCH (2018)
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Colin Hill

Asymmetric Lensing Recon.xscex

Observation 1:

kXY (9) = —F 1 {AXY (L)F {Re [V - [VX(8)Y;(6)*]]}}

T gradient saturates by ell~2000

Observation 2:

(R(8)) = (V- [[VT°(0)]sT7(0)]) (3)
= (V- [[VT;(0) + VF(0)][Ty(0) + F(0)]]) ”
(V- [[VT¥(0)]Ty(0))]) + (V- HVFI(B)]FI(B()J%




Colin Hill

Cause for Optimism  #sces

foreground cleaning requirements may be less stringent than
originally thought: we only need to foreground-clean one “leg”
of the quadratic estimator (“asymmetric” lensing recon.)

—&— tSZ contaminated gradient
0.2 —4— Clean gradient
fractional
biasto
K-galaxy o '
X _
_ Q‘J 0.0 o000 00006e00ee0%e,
Cross 3
correlation | B
-0.21 : ,
0 1000 2000 3000
| multipole
Madhavacheril & JCH (2018) 48
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Colin Hill

CMB Lensing Outlook s

on the road to M,

e tS/Z and CIB biases can be mitigated with minimal loss in S/N
(~ < 10%)

e The same trick appears to work for CMB lensing auto-power
spectrum as well — need to verify with simulations

e Similar arguments expected to work in polarization

e Jo-do:
- End-to-end tests of lensing reconstruction with full component
separation in T (this has never been done! even by Planck...)
- Continued analysis of polarized foreground biases in
simulations + data (including end-to-end tests)
- New methods for kSZ bias (in the era until we have ~few pK-
arcmin maps over large sky areas, i.e., the next 5-10 years)

— promising development: shear-only reconstruction

&6 Prince+ (2018); Schaan & Ferraro (2018)
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CMB Lensing Outlook "

on the road to M,

e tSZ and CIB biases can be mitigated with minimal loss in S/N
(~ < 10%)

e The same trick appears to work for CMB lensing auto-power
spectrum as well — need to verify with simulations

e Similar arguments expected to work in polarization

e To-do:
- End-to-end tests of lensing reconstruction with full component
separation in T (this has never been done! even by Planck...)
- Continued analysis of polarized foreground biases in
simulations + data (including end-to-end tests)
- New methods for kSZ bias (in the era until we have ~few pK-
arcmin maps over large sky areas, i.e., the next 5-10 years)

— promising development: shear-only reconstruction

i Prince+ (2018); Schaan & Ferraro (2018)
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Colin Hill

Foregrounds RSISEH

Polarization Temperature
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- Anomalous microwave emission
- CO line emission

- Radio sources
- Atmosphere

L Frequency (GHz)

N.B. foregrounds can cross-talk w/ other
systematics: e.g., CMB polarimeter
Kogut+ (2016) self-calibration [Abitbol, JCH+ (2016)]
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