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Outline

Inflation and cosmic microwave background (CMB) polarization

The BICEP/Keck Array and South Pole Telescope (SPT)

Improving constraints of inflation from BICEP /Keck through “delensing”
Lensing measurements from SPT + neutrino mass
Neural network approaches

The Future: from BICEP /Keck + SPT to CMB-54
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Some ol the biggest questions in cosmology today

Atoms
+ What is dark matter? 4.6% EDszlr(gy
0
# What is dark energy? Dark ®
Matter
#”What are the properties of 23%

neutrinos?

= —

{ What is the physics of inflation?

TODAY Figure: WMAP
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Inflation

Fluctuaticins

- Quantuin

Inflation
Protons Formed

Nuclear Fusion Begins
Meytral Hydrogen Forms
Modern Universe
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* near-exponential expansion within a fraction of a second
* solves conceptual problems with hot big bang
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Observational Signatures of Inflation

Gravitational Waves
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Polarization requires quadrupole anisotropy
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Density waves: quadrupole temperature anisotropy

Density Wave

Temperature
Pattern Seen
by Electrons
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Gravitational waves: quadrupole temperature anisotropy

Gravitational Wave
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CMB Polarization

Density Wave

Temperature
Pattern Seen
by Electrons

Gravitational Wave
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Observational Signatures of Inflation

Gravitational Waves
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We are probing the highest energy phenomenon in the universe!
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Planck’s all sky CMB

’ g UMb spectra

L03f Temperature
102}
> 5 orders of magnitudes
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Polarized foregrounds

Synchrotron
I 00

3 uKgr, at 353 GHz

10 1Kry at 30 GHz 300
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CMB spectra + foregrounds
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Polarized foregrounds: constrained through multifrequency measurements
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CMB spectra + foregrounds
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Gravitational lensing as a contaminant: lensing B modes

¢: integrated
weighted gravitational
potential along the
line of sight

Background image: ESA
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CMB spectra + foregrounds
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CMB B modes provide a unique window to test the
inflationary prediction: existence of primordial
gravitational waves.

Primordial B modes are contaminated by galactic
foregrounds and lensing B modes —> Need component
separation and delensing.




Outline

Inflation and cosmic microwave background (CMB) polarization

The BICEP /Keck Array and South Pole Telescope

Improving constraints of inflation from BICEP /Keck through “delensing”
Lensing measurements from SPT + neutrino mass

Neural network approaches

Outlook - from BICEP/Keck + SPT to CMB-54
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The South Pole has exeellent eonditions for -
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Stage 2 Stage 3

BICEP2 Keck Array ~ BICEP3 BICEP Array
‘(2010-2012)‘ N 77(721_2019) ‘ \ ‘ ';w | S
small aperture; — .

1/4 deg resolution ;‘__:
to resolve GW B-mode bump | \i

2

Focal Plane Telescope and Mount

Beams on Sky

-5 0 5 -5 0 5 -10 -5 0 5 10 -10 -5 0 S5 10
Degrees on sky Degrees on sky 24 Degrees on sky Degrees on sky
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SPT-3G foc
(2017-)

+ Highest resolution CMB Telescope (1").

# Produced the largest deep CMB
polarization maps in sub-degree scales

» Current camera (SPT-3G) has the largest
number of detectors in a single receiver.
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High resolution: small angular scales

Temperature
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Improving constraints of 7 through delensing



Delensing: the idea

1. Use ¢ tracer and lensed E map to get estimate of lensing B modes

lensed E map ¢ map B template

(-

2. Cross-correlate the lensing B template with observed B mode map to
quantify how much lensing B modes are in the observed map

Observed B ma B template Common structure
in both maps!
N,

Kimmy Wu, UChicago 30
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CIB as a ¢ tracer

Can reconstruct ¢ from CMB, but S/ zz | .VCIB redshift ken;l]
N rather low currently (Later part of Sl - ]
this talk!)

Cosmic infrared background (CIB)
from dusty star-forming dusty

galaxies with redshift distribution
peaked between z~1 and 2.

CMB lensing potential’s redshift
kernel peaks between 1 <z <3

Cross-correlation can be as high as 0.0
0 1 2 3 4 5 6
~80% N
Em M/M, <10 3 M/M<10” e M/M, <10"
B M/M, <10"  Em M/M<10®  ml M/M, <107

Planck 2013 XVIII
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One of the first demonstrations of B-mode delensing

Kyle Alessandro

SPTPOl Story Manzotti
1.2 — ‘
Observed B map ~= Sims
‘ 1.0 |- .
4 *: . T _ »®e Nominal
A : 0.8 ¢¢¢ Delensed |
[a\}
Mi 0.6 SPTpOl Data
[ap]
| 0.4
RA O
—
_ 0.2
B template 0
S
7 ¥ o2 | ? |
—0.4 |- | .
—60° :|:15/.,L.I< o —0.6 | | | |
RA (72000) 0 500 1000 1500 2000 2500
Manzotti + Story + KW (SPT, 2017) £
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Inputs to BICEP/Keck lensing template

# ¢ tracer: Planck’s CIB map

*  Q/U maps: combination of
BICEP /Keck, SPTpol, and
Planck maps

BK patch; ~500 deg”2

E-modes in Fourier plane

-1500 ~1500 =500 =-1500

-1000 ~-1000 -1000

-500 ~600 =500

500 500 500

1000 1000 1000

1500 500 1500
-1000 0 1000 -1000 0 1000 -500 n 500 -1000 0 1000

SPTpol Planck BICEP / Keck Combined

(note different ell-range)
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Connecting delensing to o(r)

BICEP /Keck likelihood analysis framework:

how is delensing incorporated

34



BK multicomponent analysis (no delensing)

Maps from Planck

* Input maps to multicomponent analysis

Q
that extracts constraints on r 30 GHz Q‘—i*r..d | _‘w@q P

.
o L)

44GHz ~ - -

70GHz  —

Maps from BICEP/Keck (95/150/220GHz) (:‘.?-lo (T o e (8 i
, ‘

150 GHz Q signal

143
GHz

217
GHz

353
GHz

LOCRnEnon j0eg. |
. . y )
& &
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BK multicomponent analysis (no de

* Take the auto- and cross-spectra of
the BICEP /Keck and WMAP/
Planck maps

* To calculate the likelihood, compare
the data bandpowers against the
model expectation values of lensing
BB, r, and 7 parameter foreground
model:

Adusta Qdust Bdusta Asynca Qsync) 6Sync
dust/sync correlation

Kimmy Wu, UChicago
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BK 15 constraints

1 —— BK14 baseline
— BK15 base|infasan:

r <0.07 (95% CL)

L/ I-Deak

Adust

ASYHC

D) ®

0 0.04 008 012 0.16 0 2

4 6 8 .
r Adusﬁ

6 8

10 0 2 4 -
A Sne BICEP Collaboration (incl. KW), 2018
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BK multicomponent analysis (+ delensing)

* Input maps to multicomponent analysis 5 len51£}§m’femplate
that extracts constraints on r y
' .‘ “:~ ...-. ¥ )il 02
g Sl . 1
¥ R gt I
WAL S Simf o2
R 20 el 2% I RA((l)deg) T PT R —T) 50 08
Maps from Planck
Q v
Maps from BICEP/Keck (95/150GHz) PSPRL SRR
- nsoau'om
44GHz - e
70GHz
100
GHz @
143 .
z GHr O (o
.
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Lensing template as input in multicomponent analysis

no delensing

g; / With delensing
~

Simulation

]

o
o

AdUSt353GH [ K
w H~
=R

—_
(S
T

0.025 0.075 0125 1.5 3.0 45 60 7.5 90
2
r AduSt353GHz [MK ]

KW+ (BICEP, SPT), in prep.
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How much do we improve o(r)?

With perfect ¢ map (no

BK14

decorrelation, no noise), adding
a lensing template to the BK14

data set improves o(r) from
0.025 to 0.018

Perfect
Phi

. Using CIB phi tracer to form the
01 -005 0005 04 lensing template, o(r) improves
by ~10% from BK14

5
<t »
Z 5 : : z f
Tl | ‘
s .‘ . . |
0 1 First demonstration of G(T) ‘
7 reduction through delensing! |

i
|

|
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Current limitation to delensing

B mode variance is dominated by galactic foregrounds; even with perfect
delensing we do not improve o(r) very significantly.

Need better ¢ tracer: CIB map we use has cross-correlation with underlying ¢ at
60-80%. CMB-derived ¢ from next-generation CMB experiments will do better!

Key takeaways:

1) Incorporated delensing into a likelihood analysis for 7;
2) Delensing reduces o(r) by ~10% for the BK14 dataset.
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Alternative @ tracer: CMB lensing reconstruction

CMB photons are on average deflected by
~2 arcminutes coherent on ~degree scales

Good lensing reconstruction requires
hlgh resolution CMB maps

O
. A-‘> ) \- *
Lensing correlates CMB modes across :‘ i

angular scales ) S
These correlations are proportional to ¢(L); can use the correlations to measure ¢!

Background image credit: ESA
Kimmy Wu, UChicago




SPTpol 500 deg]

f R

SPTpol lensing map

% 1 ® )
XY ir d2£ WXY vy Monica
e e iz e ar
] B R XY £.6—L £—-L Mocanu

0.05

0.04

0.03

0.02

— Lensing spec. 10.01

— Noise spec.

1.5¢
40.00

~4-0.01
-0.02
-0.03

0.5F
-0.04

107 [L(L+1))* C° J2n

-0.05

Mocanu+KW (SPT), in prep.

102 10°

Highest S/N per mode reconstruction to-date!
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Gravitational lensing as a signal!

Lensed field (7)) = unlensed field (n + Vo)

5| T
= T T
B . -00z s T
7= N
8“ o) Mv= 50meV
=
Q
' ;24- 2 —0.04}
©)

N = Voo
¢: sensitive to matter 2 £ M, = 100meV
density and structure = g
growth; can be used to &g
constrain e.g. sum of | | |

. 10! 10° 10°
neutrino masses. ( KW-++ (2014)

Background image: ESA

Kimmy Wu, UChicago 44



Cosmology from the CI*? spectrum

1.4 . -
= 12} Simulation |
i
X 1.0 O(Alens):+/-0.06 T
=
Q08 |
S
o U6} i
il
= 04} |
T oo02)
S = [ Planck2018
| S £ 10 B SPTpol (Sims)
o
—0.2102 s g 0.9
© o
[ 5 08
£ &
= 0.7-
£z
5T 06-
=% 06
A
. S 0.5
Comparable constraints to > , | I | I
Planck lensing! & 000 025 050 075 100 125

Matter density % Bianchini+KW
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Delensing efficiency

1.0

Cross-correlation of tracer

and ¢-field closer to 1, better
delensing

0.8
Ctracer—qﬁ
l

pe =
\/C;racer—tracer Cl¢¢

Correlation coefficient

For CMB reconstructed ¢
P
D Ce :
CF% 1 N

107 [L(L+1)]* CF° f2m

1.51

— Lensing spec.
— Noise spec.

In the limit that the E-mode noise is small, the correlation

between the ¢ tracer and the underlying ¢ field determines
how well the lensing B-modes are estimated —> delensing

efficiency

46



How to get better ¢?

1) Make deeper high-res CMB maps

2) Extract lensing information more optimally

Neural networks for CMB lensing reconstruction



Why neural network?

Underlying fields:

Observables: |

| Q K E rimordial CMB,
lensed CMB maps §= TR L O e b : .
L I 84+ 3 & PCTEN, lensing potential
._' 1 & . 10 '."f "" ,: e ——
i s . . ol [f10
o | *= 4 & Y "l 5 o - - ’I’ - -
2 ] ,: ) s 2 -f s e Y > e A' |
) el 0 . FL 4 A o
_»‘.. YO _5 ._,-d. . ‘,‘°~
4o  aon ‘t . 4 '. 10 o "'-‘.:'.. > :;_\.- F—10
| : .
,j Identify and train a network to transform Q/U to E/
‘L - = e = ——— e —
r 15 J %
'.“ L T
A J5:
e /o S y i : 5
20- " - '.. Yy ¥ 2 T . &
] " " v
- . " A . .
40_.’ > :‘.' : : ". : 4O-~ . : ," . : ':‘ : FT'
~ .
0° 2'0 4'0 0° 2° i

« We need a tool to transform one set of images to another —> neural networks seem to be a good fit to
this problem.

* Neural networks are also intrinsically non-linear —> could potentially be useful for extracting beyond-
Gaussian information (e.g. foregrounds, instrumental systematics, non-Gaussian lensing information).

e«  Maximum likelihood solution
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Netwwork architecture

1 x 1282
—>

1 x 1282
—>

» | (QU)
2 x 1282y, —
64 x 1282,
> >
v 1
g
v $64 % 1282
128 x 642, 4
T
>
256 x 322 1128 64
>

‘ 5 x 5 convolution ‘

‘ batch normalization ‘

conv layer

» 11200 sets of Q/U, E/K sim maps; 80:10:10 training:validation:test sets

 The loss function is MSE (mean square error) between the output E/K and the true E/K;
the network chooses weights to minimize the MSE.

* Residual UNet: “residual connections” at before each dimension changing step; “skip
connections” across the layers with same dimensions

Kimmy Wu, UChicago
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CMB map noise

Lensing field recovery
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Compare to “physics-ful” methods

10! 5 Joao Caldeira
] _ _ Fermilab /KICP
SuK-arcmin -7 __-----"" 1
solid lines: neural net
& 10 dashed lines: maximum
a\ ]
= likelihood approximation
S
(NZ e o
— 10714
— h
1 1 =
-’
~
55 1072 5 .
= Lensing spectrum
103 4
0 500 1000 1500 2000 2500 3000
Caldeira+KW ++ (2018) L

« The NN approach does not complete recover the input. So we model the
decorrelation as a noise term and compare that to standard methods’ noise.

« Lensing reconstruction noise from the neural nets approaches that of
maximum-likelihood methods. It works!
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Tests

1) maps that are not

Is the network really sensitive to lensed
lensing?? 2) maps generated with
s Nk more/less Qm

e Sensitive to differences in

input Qm l
How sensitive are the outputs to

the initialization randomness?

1x 128

e Randomness due to
initialization

1x 1282

Toy fit for cosmology
» Fit Qum

Kimmy Wu, UChicago 52



Key takeaways:

1)
2)
3)

4)

The network k recovery’s S/N is similar to maximum-likelihood methods;
Network is sensitive to changes in cosmology;

Lots to explore in understanding how the network extracts information

and incorporating more realistic foregrounds and systematics effects;

Potentially superior for extracting instrumental and astrophysical

systematic effects that are hard to model.

%)



The near future of 7 and delensing

SPT-3G for (de)lensing

BICEP Array for component seperation



SPT-3G status

Daniel
Dutcher

1 EE spectrum!
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Multipole ¢

Final depth by 2023 at 150 GHz
> 3x SPTpol
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Background: ‘
IRAS dust

— Lensing spec.
— Noise spec.
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CMB reconstructed ¢ will soon be the best lensing potential tracer for

B-mode delensing
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BICEP Array development
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BICEP Array + SPT-3G

Current olr) — 0.02 *

(BK15)_$
1072 1 —-1072
i BICEP Array; No delensing i

\

BICEP Array

| ﬁ G(f) ~0.003 ;

1073 10-3
2019 2020 2021 2022 2023
Year

Degrees on sky

Assuming BK15 feregronnd medels Aq, ¢, aair, Ddust) Asyne: Xayncs Dsyne
o(r) saturates without delensing even with the addition of 30/40 GHz and
220/280 GHz receivers in BICEP Array
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Key takeaways:
1) CMB reconstructed ¢ will soon be competitive for delensing.

2) BICEP Array + SPT-3G delensing is projected to give o(r) ~
0.003 (7x current o(r)).

3) Groundwork for next-generation experiment: CMB-54!
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CMB'S4 SouthiRole

Next Generation CMB Experiment

454 U
——
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#  ~500,000 detectors; begin survey ~2027 el )
+ deep survey (~3% sky) for r; wide survey (> 40% sky) for survey /lensing science
= o(r) ~0.0005; 0(Ym,) <20 meV
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¢ reconstruction reach + o( Y m,) in CMB-S4
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CMB-54 Science Book (incl. KW)

- Individual Phi modes below L ~ 1000 will be
measured to S/N > 1 by CMB-54.
- 0(Y my) <20 meV (with DESI BAO).
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r forecast with CMB-S4
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fsky:3%
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CMB-54 Science Book (incl. KW)

Can’t reach benchmark o(r) without delensing!

In high S/N regime, need much more detailed simulations to understand all real-world non-idealities
that can bias our measurements.
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Summary

CMB B modes provide a unique window to early universe physics; e.g. tensor
perturbation amplitude —> energy scale of inflation.

Lensing B modes are one of the foregrounds of primordial B-mode
measurements, and will be limiting the uncertainty of the r measurement o(r) in
the next 2-3 years.

We have demonstrated a reduction of o(r) through delensing of BICEP / Keck
simulations.

CMB lensing is sensitive to structure growth —> neutrino masses.

Delensing of BICEP Array maps using SPT-3G lensing potentials improves o(r)
by 2-3x.

Delensing is required for CMB-54 to reach benchmark o(r)~0.0005. Optimal
lensing estimators in active development currently!
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Thank you for your attention
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