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Information in CMB

Snapshot of the primordial plasma when the Universe became transparent
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plus the effects (lensing, scattering, emission) of everything in front.
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Probing gravitational potential

Last scattering

Q______

Overdensity

Potential

/cold photon!



Inflation and initial fluctuations
Unknown physics at spatial flatness
high energies causing
exp(60)-fold expansion
could explain:

rarity of magnetic monopoles
uniformity of CMB sky

Expand by 10%®in 1072 s (!) driven by a scalar field (?)

V(®)

L Dl ful




Inflation and initial fluctuations
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quantum
fluctuations
in field value macroscopic cosmological

Nearly scale-free spectrum of initial fluctuations
Tensor perturbations (gravitational waves)



Evolution of overdensity
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Evolution of overdensity
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Correlations in harmonic space
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Temperature fluctuations [ 1 K? ]
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Power spectra provide...
Big picture of ACDM cosmology:
5% baryons

277% dark matter
68% dark energy
Spatial flatness

Inflationary spectral tilt n, = 0.9649 + 0.0042

... with ~ percent-level precision



Much more to discover...

* SCIENCES - ENGINEERING * MEDICINE

CONSENSUS STUDY REPORT

Pathways to Dlscovery in
Astronomy and Astrophysws |

for the 2020s

National Academies
Decadal Survey

[G]iven technical and scientific progress over the last
decades, ground-based cosmic microwave background
(CMB) studies are poised in the next decade to make
a major step forward, and the CMB Stage 4 (CMB-54)
observatory (with support from NSF and DOE) will
have broad impact on cosmology and astrophysics.

The Survey is also excited by the breadth of science,
including time-domain and transient studies, and the
potential engagement of a community well beyond
traditional CMB cosmologists.

Recommendation: The National Science
Foundation and the Department of Energy
should jointly pursue the desigh and
implementation of the next generation
ground-based cosmic microwave
background experiment (CMB-54).

https://nap.nationalacademies.org/catalog/26 14| /pathways-to-discovery-in-astronomy-and-astrophysics-for-the-2020s



Showmass cosmic frontier plenary,
Seattie July 2022

The Cosmic Frontier strategy

In order to completely fulfill its science mission:

e |CF’s top project priority is to complete the construction of
CMB-S4) launch new efforts to delve deep and search wide for
dark matter, and to aim high in advancing dark energy and
cosmic acceleration research.

CF seeks increased research support to execute the science
goals of all projects in its portfolio, including new funding
mechanisms to support cross-survey science and theory, and to
leverage projects such as DESI, LSST, and CMB-54.

Marcelle Soares-Santos | Cosmic Frontier Large Projects
Snowmass Community Summer Meeting | Summary Panel | July 26, 2022

https://indico.fnal.gov/event/22303/contributions/246084/subcontributions/862 |



What is the excitement about?

Primordial gravitational waves 4K
Light relic particles beyond-the-standard-model ¥X
Neutrino mass

Integrated maps of gas pressure to high redshift (incl. galaxy
clusters)

Integrated (lensing) maps of total mass to high redshift
Time-domain millimeter-wave astronomy <4

...and more!



Gravitational Waves

Polarization

B modes



inflaton potential
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Exciting!

Scalar amplitude A

, tilt ng - |
P(k) ratio r
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Tensor amplitude A, tilt n,
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Fourier wavenumber k



The big picture of gravitational wave astronomy

5 ELF VLF LF HF
CMB

-

.; ~ .+, Pulsar Timing

1 O_ 10 *Primordial gravitational

waves
« Inflation Space-based
interferometers
—15 ¢ 5
10 > Ground-based
*Supermassive Black interferometers
Hole Binaries ‘
1 O —920 *Cosmic strings
oStellar mass compact
binaries
—925 *Massive black hole mergers  «Neutron star binaries
10 eBlack hole binaries

1071 10~° 10~4 107
Frequency |Hz]



Perturbations generating quadrupoles

Scalar Tensor

BN

(Hu 2001)

density gravity wave

\ inflation/



Types of polarization patterns

Mmode

CMB last scattering

scalar & \ ‘ / —_ . \ tensor-

tensor only
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Polarization analysis

100%Q | 100% U | 100% V
Step |:decompose +Q |’ +U |7 +v/_>y\
incoming E field into " B N
Stokes parameters: Q>0;U=0;V=0 Q=0;U=0;V=0 | Q=0;U=0;V>0
(a) C (e)
_Q y _U Y _V hy
TQU,V | = | P
Q<0:U=0:V=0 Q=0,U<0,V=0 Q=0;U=0;V=<0
(b) (d) M




projected in polarized 3d

STARRING St S2ab rachae coiPs wmma;;{
RICHARD CARLSON - JULIA ADAMS 3-D\MENSION
RICHARD DENNING - ANTONIO MORENO - NESTOR PAIVA - WHIT BISSELL
PIRECTED B JACK ARNOLD “<ReeN®LAY By HARRY ESSEX ano ARTHUR ROSS Propwce® Bx WILLIAM ALLAND




Polarization analysis

100%Q | 100% U | 100%V
Step |:decompose +Q |’ +U |7 +v/_”\
incoming E field into ‘ | T
StOkeS par'ametel‘SZ Q>0;U=0;V=0 Q=0;U>0;V=0 Q=0;U=0;V>0
a (c) e
Q ( )y -U : V ( )y
' N D
LQUYV ‘ RN
Q<0:U=0:V=0 Q=0,U<0,V=0 Q=0;U=0;V<0
(b) (d) M

Step 2: rewrite in spin-0 and spin-2 sph. harm. basis:

T(n) — Z aT,levlm(n)
(Q+1iU)(n) = E az,.im 2Yim (n)

(Q T ZU)(H) Z a—2,lm —2lem(n)



Polarization analysis

Step 3:Take even and odd parity combinations.

Ap.lm — _(a/2,l'rn + a—2,l’rn)/2 even

AB.Im — _(a2,l7n — a—2,l7n)/2ia odd

Variance of a, s are "easy" to compute from theory for
T, E, B.

B _Bx\ __ BB
c.8- <alm a’lm> — 5mm’ Cl

Theory: init'l 3d P(k) for fluct. from infl. (scal., tens.)
composition (gives expansion history and growth)



Polarization power spectra
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CIPANP plenary
Wednesday Morning, 10:30 am

Zeeshan Ahmed
BICEP 3 results
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etector Technology

— Transition Edge Sensor coupled
to a polarized bolometer

Major noise source (from ground)
is photon shot noise from
atmospheric glow

Go to the best atmosphere
(South Pole,Atacama in Chile)

Need more detectors, not necessarily
better detectors

Trend to big projects. Helpful to have
Nat'l Lab resources



Evolution of Ground-Based CMB Experiments

Simons Obs.

5 2010s
© SPTpol || BICEP3
~ & Keck
é Array
8 SPT-3G
2020s BICEP3
SPT-3G & BICEP
Array
3 South Pole Obs
O 10m + 5 x 0.5m
g 52,000 ietectors
LN
o

POLAR- ACTPol

BEAR +
Simons | | ADV-ACT

Array

(8x PB)

Simons Obs
6m + 3 x 0.4m
60,000 detectors

2030s CMB-S4 Start operations; 500,000 detectors



.B_SA&ject reference design
gy, ﬂ = .ihlle large telescopes (6m)
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~$600? million cost
§
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Simons Observatory large aperture
telescope under construction
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Observed data

‘7R7ecovered éijnal

Ultra-Deep,
obust Frequency "gﬂOdtler?te
Coverage esolution ]
Delensing Survey . =
(Prfmo]rdiai + Ii'orégroﬁund's + N (Prin{ordial +7% Fc.'Qreg’rouhd”gH . 7ﬁriﬁordial +7% Fc;reg(rouhd-g ‘
Lensing) Foreground + Lensing) Delensing +7% Lensing)

Cleaning

Ultra-Deep, True signal

Low Resolution
B-mode
Survey

m " Primordial (r=0.003) * "
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Foreground challenge

The primordial B-mode signal is smaller than Milky Way foregrounds and
lensing

At FSU we have made several studies of the relationships between the

filamentary interstellar medium and the power spectral properties of the

foreground polarization
T

0 2e+03 -50 50 -50 50

Rotti & Huffenberger 2019, Huffenberger et al 2020, Hervias-Caimapo & Huffenberger 2022



Light Relic
Particles




Light relic particles

Once they decouple/freeze out, relativistic,
free-streaming particles move mass-energy
density out of overdensities

SM has only v, but any BSM light particle
acts similarly: axions, sterile neutrinos, etc.

8 (11 4/3,0
Ng == (—) 2 SM _ g
ff 7(4> Py N = 3.044

*would be exactly 3 for instant V decoupling



N%ff effect on power spectrum
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CMB-54 (20)
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Mass (eV)

100 1027 102+ 1021 101 101 1012 109 106 10 1 103 106 10° 1012 10715

DM

Hlght RENSy annihilation

Ultralight Neutrino Mass

Axions & Warm DM

Axion DM Isocurvature DM-baryon scattering

Primary CMB Low-/ CMB
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Time domain mm-
wave astronomy



Emissive Sources




Transients in the millimeter

Gamma ray
bursts

Solar
system
objects

Tidal
disruption
events

Stellar
flares




Limiting Magnitude (AB)
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Long-G RB afterglows forward shock

~| week

afterglow visible in any direction
orphan afterglows

synchrotron from interaction with
ambient medium is visible in
mm waveband

reverse shock
~few hours

"collapsar/hypernova" direct collapse to black
hole + accretion disk




LGRB

LGRB 'high energy'
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ACT stellar transients | .. ac1)

Guns++ 2021 (SPT)

(GHz2) 3-day stack
90 D : <
90 o
220
150 V . 3
150 &
150

time

Diverse, young, main-sequence, magnetically active,
binary



Conclusions

CMB is rich in information about physics, astrophysics, and
cosmology.

Multifrequency analysis, wide/deep coverage, high-/low-
resolution all important (= ACT, SO, CMB-54 for me)

Primordial B-modes, light relics are among several
fundamental physics drivers.

Filament models for polarization foregrounds



