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Abstract: Measurements of gravitational lensing in the cosmic microwave background (CMB) allow the dark matter distribution to be mapped
uniquely high redshifts. After giving a brief overview of current and upcoming CMB lensing measurements, | will focus on two new ways of
CMB lensing, in combination with galaxy surveys, to constrain the early universe. First, | will explore how CMB lensing and galaxy surveys
provide insights into current discrepancies in measurements of the Hubble constant. Second, | will explain why new approaches to de-
a€“&nbsp;removing the lensing effect to reveal the primordial polarization sky &€* will be important for probing the early universe with the Sin
Observatory CMB experiment.
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CMB lensing, galaxy surveys and new constraints
on the early universe
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Large Scale Dark Matter Structure

« Want to probe distribution in detail, as contains clean
information on open questions in cosmology and physics:

Pirsa: 20090014 Page 3/78



Large Scale Dark Matter Structure

« Want to probe distribution in detail, as contains clean
information on open questions in cosmology and physics:

Is standard

Whatisthe & : @ _, cosmology
W : correct?
inflation and the
early universe?

0= Sy What are the
How quickly <~ SEEas T properties /
is the universe | ‘ g > Masses of

: neutrinos?
expanding?

.........
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Source for Studying Gravitational Lensing:
The Cosmic Microwave Background (CMB) Radiation

L ’ s
S RN AR

CMB temperature fluctuations 7 (picture of primordial plasma from the Planck Satellite)
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CMB: A Unigue Source for Gravitational Lensing

dark matter

CMB photon ,f/
path |3

P
[
" we are here
55
l__;

&
7

Y./ Primordial CMB (most
5/ distant and oldest
source of radiation)
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CMB Gravitational Lensing

 Distribution of dark matter deflects CMB light that passes
through
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CMB Lensing: An Approximate Picture

P 2 .

* Original, un-lensed, CMB fluctuations. Very well understood
statistical properties, e.g., isotropy.

Pirsa: 20090014 Page 9/78



CMB Lensing: An Approximate Picture
Tlensed(ﬁ) — To(ﬁ 1 d)

a2 p L W R
y ey o '_.‘
‘ 1 % M ‘:' | .
v ’ ' "% described by
| | lensing
— deflection

field: d

(very small:
here
exaggerated
by x ~100,

' actually a
b few arcmins)

 Dark matter causes lensing magnification feature in the CMB
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CMB Lensing Measurement:
An Approximate Picture

d: lensing deflection

field

/
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CMB Lensing Measurement:
An Approximate Picture

TR TR d: lensing deflection
‘ 4 ~ e Twi field

i i . Infer magnification and lensing

: i  from “stretching” of the local
PV ' CMB power spectrum
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Aside: Lensing Reconstruction Detalls

 From troanslation invariance (of 2-point correlation function),

<T(l)]_&(l _ L)> — () T:temperature (Fourier mode)

l: wavenumber
» Lensing breaks translation invariance => new correlations

(TrMT*(1 - L)) ~ d(L)

» So: measure lensing by looking for these new, non-
Gaussian correlations in the CMB two-point function

d(L) ~ / 1 T()T*(1- L)
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What Does CMB Lensing Tell Us?

* Lensing probes the projected total mass density in each
direction (of which most is dark matter) from z~0.5-5

geometric projection kernel

TCMB ¥
d(n) = / drW(r)o(n,r)
/ ’ ’ﬁ
lensing deflection J : fractional mass overdensity
radial d=(p—p)/p
distance

 Next decade:

Pirsa: 20090014 Page 14/78



Outline

« Part 1: Lensing from ACT and Simons Observatory

« Part 2: Can CMB lensing and galaxies tell us something
new about the Hubble tension?

« Part 3: Delensing Simons Observatory: new methods for
revealing inflationary signals

With Omar Darwish, Toshiya Namikawa, Frank Qu, Toshiya Namikawa
et al.
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Example Physics Lensing Can Tell Us:

Neutrinos!

If we measure mass
sum Y_m can get
iInsight to key
questions:

— What is unknown

neutrino mass?

— Ordering?

— Dirac / Majorana?
— What new physics?
Part of a big program
to understand this
new physics!
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Neutrinos Affect How Cosmic Structure Grows

 The more massive neutrinos are, the more small-scale dark
matter structure is suppressed.

Large-scale
mass
distribution:

Image:
Viel++
2013

Neutrino Mass Negligible Neutrino Mass Really Large
(qualitative)

« Suppression also visible in lensing map — want to measure

(and compare with primordial CMB amplitude)! .
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Key Observable: CMB Lensing Power Spectrum ¢g4

white =
o higher
density

Y axis: “How much |
lensing ...."

Describe lensing
maps statistically
with lensing power
spectrum:

0 500 1000 1500 2000
1

X axis: “for a lens of this angular scale?”
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CMB Lensing Power Spectra:
From First Measurements...to a Precise Probe

2 [ Planck 2018 (MV) —— SPT-SZ 2017 (T, 2500 deg?)
[ Planck 2015 (MV) ACTPol 2017 (MV, 626 deg?)
— SPTpol 2015 (MV, 100 deg?)
15 L First detection with ACT [Das, Sherwin++ 2011, Sherwin++ 2011],

" 25% precision (building on Smith++ 2007 first lensing)

o™

£ o e

2a Planck, 2018, 2.5% precision

£ 1

i 2

+

~

gq-_/

= 05 |

™

10 100 500 1000 2000

L
» Rapid progress - but only just beginning!
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Rapid Progress:
Upcoming Ground-Based CMB Experiments

CMB . Ay,
- | Space based experiments
EX perlmeﬂt 107 Stage-1 - = 100 detectors
. 2 b \ Stage-Il — = 1,000 detectors
Noise = Stage-IIl - = 10,000 detectors
> (7) = = : Stage-IV - = 100,000 detectors
Level z N
.*E
e
?
s 107} -
c
(]
E ACTPol / SPTPol
8 POLARBEAR
3
g, .
& 10 °f
g CMB
s Lensing ]
%
<% Becomes B~
107l Increasingly Powerful! ]
. 2000 2005 2010 2015 2020
[Abazajian++ 2014] Year
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Atacama Cosmology Telescope (ACT)

« Arcminute resolution CMB telescope high in the Chilean Atacama desert,
with arrays of sensitive (TES bolometer) detectors 24
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ACTPol (Darwish et al. 2020):
High-resolution Lensing Map release

ACT lensing mass map (potential), one 500 deg? field (out of ~2100 in 2019 release)

Color scale: strength of lensing
[light = more lensing / matter]

Map uses new foreground cleaning process

[Omar Darwish,
Madhavacheril,
Sherwin+ 2020.]
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ACTPol (Darwish et al. 2020):
High-resolution Lensing Map release

Orange/blue contours: cosmic infrared background (galaxy emission)
[orange = more galaxies]

OF 8 = 6 od

ﬁ-’-tuh—"\—"\ e, ;
42 40 38 34 32 30 28 26

2 e 2w e

Grey color scale: strength of lensing
[light = more lensing / matter]

[Omar Darwish,
Madhavacheril,
Sherwin+ 2020.]
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ACTPol (Darwish et al. 2020):
High-resolution Lensing Map release

Orange/blue contours: cosmic infrared background (galaxy emission)
[orange = more galaxies]

, a0

42 40 38 36 34 32 30 28 26 24 22 20

Grey color scale: strength of lensing
[light = more lensing / matter]

[Omar Darwish,
Madhavacheril,
Sherwin+ 2020.]
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Much more to come: AdvancedACT
lens. map and (SNR~70) spectrum

S16 S17 S18
PA2 @ 150 GHz MF @ 90 / 150 GHz LF @ 28 /41 GHz
PA3 @ 90/ 150 GHz MF @ 90/ 150 GHz MF @ 90 / 150 GHz
HF @ 150 / 220 GHz HF @ 150 / 220 GHz HF @ 150 / 220 GHz
165 150 135 120 105 90 75 60 45 30 15 0 -15 -30 5 g

» S16: 18000 deg? mapped

. -~

extremely preliminary!

-80
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The Future: Simons Observatory and CMB Stage-|V
High-Precision Lensing Power Spectra

é— B -
%I / N g 10°
5 i [ S‘\
I el =
| E N R : 1
. . S 107 | o
= = Simons Observatory e
Simons Observatory lensing forecast: "
' ~0.6%, half sky (2021- _
+ Will determine (to b S 2 SRS SRS .
: precise j
>few sigma) unknown i e
neutrino mass in any Multipole L

scenario

(Simons Obs.
O'(Z my) ~ 20 — 30meV / CMB-S4)

c.f. limit, >60meV
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Outline

« Part 1: Lensing from ACT and Simons Observatory

« Part 2: New application: can CMB lensing and galaxies
tell us something about the Hubble constant tension?

« Part 3: Delensing Simons Observatory: new methods for
revealing inflationary signals

With Eric Baxter Oliver Philcox Gerrit Farren

See: arXiv:2007.04007, 2008.08084
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| a
Ways to measure Hubble constant Hy = —
.e. expansion rate of Universe @

CMB power spectrum / early / indirect Cosmic distance ladder / late / direct
Multipole moment, /
— 2 10 50 500 1000 1500 2000 2500
6000 _ :
= f’
E 5000 .t i'.l
‘% 4000 § g
S 3000 ¢ :
® I A A %
2 2000 | ".\_." "-.‘“.
o : ',J ¥ I!"t..f"‘*. Geometry —+ Cepheids o
[i}] 1000 e 1) [ ___‘.i' " ———Tr .' ;
£ ] T[ i i " = 2 SO, f bt doo B
& ol i T g P it ar?
T 1 0.2° 0.1° 0.07° =, I ;
Angular scale s " ] P
o / o -
- &
i ppiget
seotnetry: 5 log D [Mpe] = 25
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A big puzzle: the current Hubble constant tension

~67 km/s/Mpc ? ~74 km/s/Mpc ?
flat — ACDM
66 68 70 72 74 76 78 80 [Verde et al. “19]

Hy [kms ! Mpc ']

~5 sigma tension between distance ladder and early-time/indirect measurements
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Hubble tension: not just one probe (7)

Figure credit: A. Font-Ribera

Prefer low Ho Consistent with both

~67 km/s/Mpc SPT
( Planck \ TRGB
Planck + SPT LIGO GW
Planck + BOSS Prefer high Ho ~74km/s/Mpc
WMAP + BOSS
SPT + BOSS ( SES
. HoLICOW
ACT + BOSS N\
ra+SN +BOSS —1—— This does not assume A Byt picture is no
‘BN + BOSS longer so clear with
— These do not use CMB 2 =
\ JBN + DES + BOSS ’_ recent analyses (e.g.

l Birrer et al. 2019)

They all assume we understand early universe physics (to compute [5')
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The sound horizon r, and the CMB

Sound horizon:
distance a sound
wave travels

= B
‘/ H(z) "

Characteristic
scale imprinted in
the CMB peaks
and in LSS as
BAO feature
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Measuring Hubble using the CMB

« Compute sound
horizon ry

* ¢
[?‘s 0, TS_/zr H(z)dz

* Measure angle 6,
and infer distance

X[HO] L3 Ts/gs
» Distance[H,]
=> HO '

|dea for resolving tension: is new physics changing rg ?
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Possible explanation for tension:
Changing sound horizon via early expansion

The final category is the set of solutions that introduces
new components to increase H(z) in the decade of scale
factor evolution prior to recombination. We see these
as the most likely category of solutions. They are also

oy [Knox + Millea 2019]
Ts__/; —E'Cz*j 2z

1.0 1

dlnr,
dln H(z) os.

Z contribution
to sound
horizon

0.6 4

0.4 1
change H(z)
- here?

0.0 1 l,zrecombination

107 10*
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Example: Early Dark Energy

[Poulin et al. 2018, ...]

"

Energy
density

0.14
012
\
%\
\ N o.10 b
v new fluid X
\ 0.08 -
- w
“ A £
L 0.06 |
S\
\(.“\ 0.04 |
"
L e
\ 002 F k
¢ .02
\
‘\
\\
\ o L : -
101 10 10" 10° 10
radiation é

FIG. 2: Fraction of the cosmic energy density in the EDE
field ¢ as a function of redshift, for the parameters in Eq. (7).

v

L 4
= Scale factor ~time
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[Poulin et al. 2018,

Example: Early Dark Energy

]

Constraining Early Dark Energy with Large-Scale Structure

Michael W. Toomey,”

1 Center for Cosmology and Particle Phyeics, Deportment of Phy
NY 10008, 154
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ldea:
Can | measure early H, without the sound horizon?

* Hyfrom different "standard ruler”: matter radiation
equality scale k,, in the matter power spectrum

« Details: get kyq ~ O, Ho? [actually Q, Hyas probe kqq/Ho].
Then just need a probe of (), and solve for Hy!

A

P(k) //_\

v

Keg k/h
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Example: Early Dark Energy

[Poulin et al. 2018, ...]

014

! WY 012
d gy 0.10
0.08 |

=)
e
0.06 x
0.04 F
002 -
000 = . L
107 10 1o 104 10
zZ
matter FIG. 2: Fraction of the cosmic energy density in the EDE
field ¢ as a function of redshift, for the parameters in Eq. (7).
.
\\\
N
N,
.

N

.
Loga

Scale factor ~time

Pirsa: 20090014 Page 37/78



Pirsa: 20090014

Possible explanation for tension:
Changing sound horizon via early expansion

The final category is the set of solutions that introduces
new components to increase H(z) in the decade of scale
factor evolution prior to recombination. We see these
as the most likely category of solutions. They are also

oy [Knox + Millea 2019]
Ts__/; —E'Cz*j 2z

1.0 1

dlnr,
dln H(z) os.

Z contribution
to sound
horizon

0.6 4

0.4 1
change H(z)
- here?

0.0 l,zrecombination z

107 10*
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Hy Via Ky, : different sensitivity to new physics

.14

0.12 |

010

1.0 1 . .
z contribution
to equality E

0.8 1 scale

D04 -

dlnrg
dln H(z) o -

0.02 |

n.n L . ' 1 .
10! 10% 104 10 107
Z

FIG. 2: Fraction of the cosmic energy density in the EDE
field ¢ as a funetion of redshift, for the parameters in Eq. (7).

0.4

0.24 z contribution
to sound
horizon scale

0.0 ~

103 & 104

rs and k., have somewhat different sensitivity to different redshifts
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Problem for matter power spectrum analysis:
still some dependence on sound horizon

CMB lensing power spectrum ~

projected matter power » First step: avoid BAO

- wiggles (and broadbanad
baryon suppression) as
these contain rg information

15

10

4 vedd
L4 C /4

» Projection washes these
out...so use CMB lensing
power to probe Ly, ~ Q2 Hy

0.3

P o ot e o i e e e e B R R R T T

* (+lots of work to show the
information is rg
independent)

Get H!
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Hubble constraints from current data
[Planck CMB lensing, SNae Q,,,, weak A, prior]

Q= 0.303 £ 0.020

y - A, = (2.105 +£0.09) x 10~ and 4y = 0.298 + 0.022
\ \\ B No A, or ), priors
N\
f’ \ \
/ [ \
/ I | “\
'
/1 o\
. A . h = 0.750 £ 0.053
0.9} /’\< \
0.8} / F %
W\ / / \
=07} ]\ / \
Al / \
f \
0.6 ; / \
' N\ 10°A, = 2.110 = 0.060
3.5 ﬁ' it
|\
3.0} I\

= 25 n
2 2.5} ,
= = — |

y = |

2.0¢ — 1 .‘ 'I

1.5 _ / ff \

. l A

02 03 04 05
Q

* Hy =75 +/-5 km/s/Mpc - constraint without the sound horizon!

15 20 25 30 35
10° A,
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Hubble constraints from future data

[CMB-S4 lensing + Pantheon supernovae + conservative priors]

£, = 0.300 = D011

only, 107 A,) = 0.00, 2(§2,} = 0.012
(A} = 0,08, 2{f},) = 0.012
(fh,) = 0.012

— galaxy lensing, 10°7(4,) = 004

/ A \
7 4 b
> \
/ 4,;/ A M £ = 00453 £+ 0.0058

.06 —

£ g

v // ™
0.05 i v\
0.0 \ =
= e -

3.0

=25

=) .

. — —3
2.0 "

7\

b %

= &>

.I__.f ™ |

1074, = 2168 + 0.055

028 040 082 034
i,

0.6 0.7 0.8 LiA!] b4 006 006 007

h 1978

Future forecast: H, to within 3km/s/Mpc. Improvements quite slow.
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Further Improvements:
3D galaxy power spectrum analysis

« 3D P(k) has more modes and
potential for stronger sound-

horizon free Hubble £
measurements. Again, get ]

Keg/h ~ O Ho, combine with 24 2 cpyp
external Q) to derive H, — =~ BBKS + baryonstep

104 10-*

kL {;P*(] 10! 10"
» But must ensure

independence of sound

horizon features (BAO,

suppression)
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Ho without the sound horizon from galaxy

SUrveys
BOSS galaxy power spectra
* For current data: use Ivanov et RN . ... W
al. 2020 EFT full-shape 1600

analysis of BOSS galaxies,
combined with matter probe
from supernovae.

k P (k). (Mpcihy?

» Use ~ no baryon constraint so
hope rg is uncalibrated. But:
worry of self-calibration...

k P,(k), (Mpc/hy?

» Challenge: how to show the
constraints do not derive from

rs’?
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Showing that this is rq independent |:
Sims with no wiggles / baryons give same results

I Mock Data
I Mock Data, No Wiggles
N Mock Data, No Baryons

102 Wy : x : & k
=N W

0.6 0.7 08 0.10 015 T2 3 09 1.0 1.1 1.2
h Wedm lozwb (Asfﬂis.Planck)lp
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Showing that this is rg independent |l:
Constraints derive only from large scales
(unlike BAQO)

B Pik): k<0.10h~'Mpc
EEE F(k): k<0.25h Mpc
B P(k) + CMB Lensing: k < 0.10h~Mpc
Bl Pi(k) + CMB Lensing: k < 0.25h~IMpc

0.16 6 -
£ 0.13 /
3
0.10 /
0.07+,° 4
a4 "
§ 3t A 4
~
= b Y,
= 5| & 4 1
£ &
1 i ; T ;o |
o
= 11} —+ : —+
§ r
- (W -
[
< 4
=
0.8 s T 1
06 07 08 0.10 0.15 1 2 3 4 0.8 1.0 1.2
h Wedm 102 Wh {As J"As. 1-'Ianck}1’;2
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Showing that this is rg independent IlI:
Can marginalize over r,
in forecasts with no change

B r; Marginalization
j\ I no ry; Marginalization
A ;
016
£ 0.1
o

(AsfA
- 10°w
(=] s w
1 LI

=So1ap |+
2
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