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Probing the Cosmic Frontier with
CMB

ne Big Bang

We now have a model that describes the
evolution of our Universe from a hot and
dense state.

The model has some unusual features
- new physics -
Dark Matter, Dark Energy, and starts with
a period of Inflation.

Most of the model has been learned from
measurements of the cosmic microwave

background (CMB).

PRESENT
13.7 Billion Years
after the Big Bang

from NASA/WMAP Team
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Favored model - Slow-roll inflation:

Universe’s density is dominated by the
potential of a scalar field with ‘flattish’
potential

Open question: Can you use
the Higgs for this scalar field?
(see last talk)

Inflation

Period of accelerating expansion in the
early Universe during which the
observable Universe shrinks

Hg)
Intlate while
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and reheating
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Cosmic Microwave Background

L I

Jue {:ace o‘?

Q\; lact Scaﬂem\'ﬁ

Q\GC.* fown

?ro"tOn

| M&)
m\/

2 R Predlcted |n 1948 ~5 K
Seen in 1965: 3.5 K
Current: 2.7 K




Polarization of the CMB

CMB is polarized by Thomson Scattering

Quadrupole
Anisotropy
gl
Thomson
Scattering
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Linear

from W. Hu's web page

Polarization
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The CMB is polarised (~10%)

e Any polarisation pattern can be
decomposed into “E” (grad) and
“B” (curl) modes
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Smith et al 2008




Why use E&B?

look at what produces each
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Why use E&B?

look at what produces each
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(Power)

(e+1)/2nCp [pK?]

Measurements of CMB Power spectra

from CMB-S4
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(e+1)/2nCp [pK?]

from CMB-S4

Measurements of CMB Power spectra g . ce Book 2016
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from CMB-S4
Measurements of CMB Power spectra o . ce Book 2016
Angular scale ¢ [degrees]
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Chasing inflationary
gravitational waves

“smoking gun of inflation”

The power in G. Waves is described by “r’ = tensor-to-scalar
ratio

Current 95% CL upper limitis r < 0.06 (BICEP/Keck + Planck)

Goal: r < 0.002 (o(r)=0.001)

How do we get the next factor of ~30?



Basic Ingredients

e More detectors

— Detectors have reached noise floor of
photon statistics

e Both large and small angular scales

— Large scales for IGW signal; small scales to
remove lensing power

e Wide frequency coverage
- Separating CMB and the Milky Way
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First receiver of the
Simons Array (Chile)

Putting New wafers

on the South Pole
Telescope

Instrument work
on right now!



Simons Observatory

Instrument overview: arxiv:1808.04493
_Science overview: arxiv:1808.07445

3x Small Aperture Telescopes
Kav ag heap way to

et sensitivity
systematics
control

No pretty hardware
pictures yet, but
telescope contract is

Half wave plate
assembly

stop

1x Large Aperture a8
crossed Dragone design

Focal plane
array

Key adv: Allows large focal
plane (2m!) for lots of detectors ) 19m g e




Simons Observatory

Instrument overview: arxiv:1808.04493
cience overview: arxiv:1808.07445

3x Small Aperture Telescopes

Key advs: 1) Cheap way to
— get sensitivity
I 2) Improved systematics
control

' Half wave plate
Window assembly

Dilution
refrigerator

1x Large Aperture Telescope
crossed Dragone design

Focal plane
array

Key adv: Allows large focal Y
plane (2m!) for lots of detectors < 19m g e




Importance of Delensing

Manzotti et al. Apd 2017: 24% delensing on the SPTpol 100d field
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New era: delensing crucial to IGW
searches

Credit: BICEP

Array collaboration
1072 - | -
7 N\ BICEP Array; No delensing -
_ oSN _
T - _
o
With SPT-3G delensing
1073 | | | I

2019 2020 2021 2022 2023

SPT-3G will remove 2/3s of lensing BB power



also, CMB-S4 (still in flux) vore cetais

coming soon
Technology overview: arxiv:1706.02464
cience overview: arxiv:1610.02743

Current plan:
18x Small Aperture Telescopes

For testing inflation, the small telescopes provide the raw

sensitivity, and the large telescopes remove the

gravitational lensing signal (that would otherwise act as a

noise floor) Half wave plate

assembly

Dilution / ‘
refrigerator i °C§3

\ W% | i
&

ol Aperture

stop

Lenses

Current plan: A _
2x Large Aperture Telescope itk | |\ Focalplane
array
~6m crossed Dragone '




BICEP Array: receivers being installed now

W And many others

/ such as

LiteBIRD (Japan)

also, CMBpol, PIXIE (US)
CoRE (EU)



Note: CMB looks
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Separating the CMB and Milky Way:
A trip from low to high frequencies

Multiple frequency bands can distinguish
CMB from the dust and synchrotron
emission of the Milky Way



Note: CMB looks Credit: S. Ferrara &
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S. Ferrara &

Cred
Planck

Planck 100 res9

CMB looks

the same in all

Note

ilky Way:

h frequencies
iple frequency bands can distinguish

CMB from the dust and synchrotron

ing the CMB and M
g
Mult

from low to h

Separat
Ip

A tr

CMB Anis 100uK

10°
103}

L
ind

o o
-~

(Is/AfIW) xni4

(2]
e
9o

o

f the Milky Way

emission O

Frequency (GHz)

10!



Note: CMB looks

the same in all

plots
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Note: CMB looks Credit: S. Ferrara &
the same in all Planck 217 res9 Planck
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Note: CMB looks Credit: S. Ferrara &
the same in all Planck 353 res9 Planck

plots
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Frequency ot »  the best frequency, far away from the plane of the Milky
Way, galactic signals are much larger than r=0.001

10,2 -

Flux (M}y/sr)

Syn

107} Free-free




Current state of play



(B-mode power)
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(B-mode power)
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Observational constraints on Inflation Parameters
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r (Grav Wave power)
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Credit;: Rubio 2018

Applied to Higgs Inflation

Note: Swapped
colors:
" Blue is now Planck k=1.01 ]
 Red arrow: —1.02 i}
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N, (power law index of density perturbations)



LiteBIRD

Conclusions

e Next decade: 30-fold
Improvement in searches
for inflationary gravitational
waves
— More detectors

— Careful treatment of galactic
foregrounds

- Removing grav lensing noise

- l -.l-. ,"';}"l —vs- }
RTINS i NextGeneratlonCMBExpenment 5B
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Credit: Rubig 2018 N
60

50 40 30 20 10 0
- Beyond r/n
7| _ . . .
10 n. —0.968, r=0.027 Higgs inflation produces more
_____ complex power spectra
1
' =0.968, r=0.015
-8 i 1 S ? [ ] [ ]
e 10 ; e CMB Spectral distortions
1
can probe smaller scales
b n, =0.968, r=0.007
107} I
1 1
1 1
1
1 n [
: ! n, =0.968, r =0.004 e Need a satellite: LiteBIRD;
-10 |, |_._____'. ) ) ) )
065 1ot 105 10° 108 107 107 PIXIE
k[Mpc ™
Addition ' =,
— 2 B — ——— — — ——
from 1 ————m T ————— _———— 2
i -—-P= —
SpeCtral 10—23 = —> E WIMP tm.m decoupling 10
: : : ERELELEEL 1 _
‘ Recent distusion of caveats: - - 10)
distortions (U Gosenca, Adamek, Byrnes & : _
Hotchkiss, |A Mmﬁmpns ' Allowed regions —{10-
~~ 105 | ] /'\_\
~C I ! === Ultracompact minihalos (gamma rays, Fermi-LAT) S/
\Eg 10—6 — : \\r\athermode[ : .. e = =110~ (2
Ay ] S —— eﬂende nt s = Ultracompact minihalos (reiomisation, WMAPS5 7, ) A
! ——— — 1(1—6
10— 7 = : \ ! - 77" e== Primordial black holes 10
' Probeextra| -1
10-8 = CMB et al. ¢ robe extra , — CMB, Lyman-o, LSS and other cosmological probes =110
— =10 e-folds | s
10~° of inflation! |
'
O Y N 0 I I I N I N (N O N Y I A [T
1071077907 L 10 40 4 100 40P 40P 40T 40P 40 100 10" 10*7 10 10M 10" 100 10" 10 10

Bringmann, Scott & Akrami, 2011, ArXiv:1110.2484 k (Mpc™1) Credit: J. Chluba



Credit: The Keck Array
and BICEP2 N
Collaborations, 2018
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Takeaway: Foreground cleaning will be crucial. Even at the best frequency, far away
from the plane of the Milky Way, galactic signals are much larger than r=0.001



