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Introduction:
CMB Cosmology & CLASS



Cosmology Large Angular Scale Surveyor (CLASS) Telescope
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CMB Observation: Temperature

Multipole moment, ¢
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Temperature power spectrum measured by the
Planck Science Team
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CMB Observation: Polarization
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CMB Science Goals

. . . . Cosmic First Star§. Expansion Today
* Searching for evidence of inflation agiow | Dweos o
. . . rfiakl ’mﬂ&“uﬁﬁ&ﬂﬂlx
* Constraining the optical depth to R i e i ¥ O e e d
reionization

* Constraining the tensor-to-scalar ratio
on large angular scales

e Studying secondary distortions such as
those generated by gravitational lensing

13.7 113.3

On Sma” angU|ar Scales Billions of Years Before Today

* Characterizing galaxy clusters NASA/WMAP Science Team
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Frequency Bands

KRG E AN MVic-Trequency (W High Frequency (HF)

e 40 GHz W2) e 150/220 GHz dichroic

e Anomalous * 90 GHz e Dust tracing
NNV » CMB measurements | © Foresround removal
* Spinning dust e W1 currently on-sky

* Synchrotron e W2 to be deployed
dominates 2022
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* Cryogenic: 100 mK focal plane

* Feedhorn-coupled Transition Edge
Sensor (TES) bolometer with Tc =

150 mK

* Time-division multiplexing (TDM)
with Superconducting Quantum
Interference Devices (SQUIDs)

Challenge: read out many
detectors without heating up
the focal plane

Solution: transmit

multiple signals along
a common line




TES bolometers

P Joule

Tbath

TES schematic
Image credit: Y. Li
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Temperature dependence of TES resistance inits
transition state
Irwin and Hilton, 2005
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SQUIDs

Circuit schematic of a single TES.
The TES is biased by an incoming
bias current. Its resistance is
variable and is placed in parallel
with a shunt resistor, R« = 250
LQ. An inductor couples the TES to
a SQUID for readout. The TES island
(blue box) is linked to the cold bath
via its thermal conductance, G.

Tbath

Ibias

RTES

TES island

g Rshunt

Inductive
coupling to
the SQUID
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—ocal Plane
Development

Antenna
probe

Magic Tee

Bandpass 1
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TES H
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CLASS 90 GHz modules
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Wire bonding

e Aluminum wedge bonding for electrical
connectivity (detectors and readout
circuitry)

e Gold wedge bonding for thermal heat
sinking

e Ultrasonic pressure and downward force Q/ '

CLASS readout circuit
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Completed modules
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Deployment in Ch

lel Upgraded 90 GHz focal plane

I ~ -
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CLASS 90 GHz cryostat in the high bay at the site

28



Breaking News!! Happening now in Chile...
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Satellite Reflections Image by Marco
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Looking ahead: Are satellites a new foreground
contamination?

Image credit: European Space Agency




Image credit: CTIO/NOm AURA/DECam DELVE Survey




Radio Interference

UNITED

STATES
FREQUENCY
ALLOCATIONS

THE RADIO SPECTRUM

Downlink frequency bands:

17.7-20.2 GHz & 10.7-12.7 GHz &
27.5-30 GHz 37.5-42.5 GHz

Note: these bands may
expand within the next
decade, which would be very
bad news for us!
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Radio Interference
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“Back of the Envelope”

Goal: determine how many pixels on
detector are compromised any given time

Parameters at play:

* Apparent magnitude of satellites

* Emission spectrum of satellites

* Number of satellites

* Altitude of satellites

 Orbital velocity (depends on altitude)
* Integration time
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“Back of the Envelope”

Starlink: 550km in altitude
7.8km/s LEO orbital velocity
Field of View (FOV):
 SUPERBIT: 0.5°

e ACT: 1¢°
/lv

Creates streaks!

100,000 satellites — what’s the chance of being in a 12 LEOsats
field of view?

100,000(* /4srsy/deg2) = 242 > 2 satellites in FOV at any
given time

7.8/550 rad/s = 0.82/s

Earth
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Image credit: Alex Savello/NRAO



Tackling the Problem

* New data analysis methods to
remove contaminations

* Avoid satellites in observing
window (hard)

* Joint operations solutions

* Policy changes to govern
satellite operations and Observatories
protect ground-based
observatories

Satellite
operators



Astronomers engaging in space policy

Impact
of Satellite
Constellations

on Optical Astronomy and
Recommendations Toward
Mitigations

SATCON-1 Workshop in June 2020

|

AMERICAN
ASTRONOMICAL
SOCIETY

A
S

On-line Workshop

Dark and Quiet Skies
for Science and Society

Report and recommendations

y”:’ *y UNITED NATIONS ~.;,_"NOIR
NSZZ Office for Quter Space Affairs I 4 U BV, Lab

Dark & Quiet Skies Report
December 2020
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What can be accomplished via policy
changes?

« Space Traffic Management

Spectrum Management
[AU QiR SKAO

v/
% Radio Quiet Zones
®

Domestic vs. International policy

SOCHIAS

UNITED NATIONS
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Image credit: Alex Savello/NRAO



Image credit: Alex Savello/NRAO

FUTURISM.COM

Elon Musk'’s Starlink Internet Dishes Are Attracting Cats
Elon Musk's Starlink internet dishes are attracting local cats on c...
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Any questions?
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Variable-delay polarization modulator (VPM)

To Telescope To Sky

Movable Mirror

Encoder (1 of 3)

Grid Frame 0.1um resolution Kinematic
Supports 8500N Mount (1 of 3)
From Wires To Telescope

Mirror
Axis

Wire
Tensioner Reaction
Canceling

Axis

Voice Coil
Actuators

Kinematic Grid
Frame Mount Flexure Hinges

8 per axis

Aluminum

3 Honeycomb Mirror
Tungsten Wires

50um diameter
160pm spacing

\\ Adjustable Wire
Flattening Ring

K. Harrington
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HF

150 GHz
TESV
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Gold wire bonds

* Perimeter gold
bonds from
backshort to
baseplate

* Purpose: heat
sinking

Photo credit:
Caro Nunez
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Readout Circuit Assembly




Wafer Stackup

Antenna region cross section

Cap Wafer
Spacer Wafer

Handle Wafer

TES enclosure cross section

50 pm-}

T%z )

r—'

Choke Wafer

Membrane-isolated TES

1 mOhms-cm Wafer

1 um thick Au
5umFZSi

1 um BCB

200 nm Nb (Gnd Plane)
5 um In Bumps

1T um Al



Cryostats
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How bad is light pollution?

Before

Photo by Todd Carlson, International Dark Sky Association
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Satellite l[aunch cost
reduction

1970-2000: Average
launch cost =

$18,500/kg

2018: With Falcon 9
launch, SpaceX reduced
cost to $2,720/kg

Falcon 9 Iaunch,vSpaceX
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Notable decline in number of

satellites launched by
Exponential increase in the governments since 1960
number of active satellites from

Space Environment: Total Launches by Country
1957 to 2021

Total Lauches from the United States, China, Russia, and All Other Space-faring Nations from 1957 to 2018
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‘ Data validation and cybersecurity

‘ New regulatory institutions

‘ Militarization of Space

‘ Space as an environmental resource

|
‘ Space Situational Awareness

l
‘ Space Traffic Management

‘ Economic ramifications
V4
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Impact on Visible Spectrum

e Solar reflection causes trails

e Altitude matters — want orbits
as low as possible

e Starlink primarily at 550km
altitude (328-614km) ©

* OneWeb at 1200km ®
* Amazon/Kuiper (590-630km) ©

Tony Tyson, UC Davis

Credit: P. Yoachim (U. Washington/ Rubin Observatory), LSST Chief Scientist
as shown in SATCON-1 report
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Impact on Visible Spectrum

e Solar reflection causes trails

e Altitude matters — want orbits as
low as possible

e Starlink primarily at 550km altitude
(328-614km) ©

* OneWeb at 1200km ®
* Amazon/Kuiper (590-630km) ©

* Crosstalk (Rubin)

1 12 23 34 45 56 67 78 89

Credit: Tony Tyson, shown as Fig. 11
on p. 12 of
https://arxiv.org/pdf/2006.12417.pdf

Tony Tyson, UC Davis
LSST Chief Scientist
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https://arxiv.org/pdf/2006.12417.pdf

Impact on CMB observation

* 37.5-42.5 GHz range impacts LF
band — (SO LF is 27/39GHz dichroic)

e Sidelobes

* Thermal power: Blackbody from
heat

* Even if signal were 1000x smaller,
would still be seen

Grant Teply,
Lyman Page, SO Postdoc at UCSD

Princeton

Brad Johnson, Ben Mazin,
UVA UCSB



What can we (observatories) do?

(SATCON-1)

* Open-access software to identify, model,
subtract/mask trails from satellites

* Open-access software to predict time
situational awareness data of satellites

e Simulations of effects on data analysis
systematics

* Maintain dialogue with commercial
sector Very Large Array in Socorro, New Mexico
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What can Satellite Operators do?

* Supply high-accuracy orbit information
from on-board GPS
* Allows evasive maneuvers
 Facilitates removing contamination from data

 Hardware changes to reduce reflection
(Starlink)

* DarkSAT: | see a white panel and | want to
paint it black

* VisorSAT: sunshades to prevent solar
reflection

Credit: SpaceX 66
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What can Satellite Operators do?

* Supply high-accuracy orbit information
from on-board GPS
* Allows evasive maneuvers

 Facilitates removing contamination from
data

 Hardware changes to reduce reflection

e DarkSAT: | see a white panel and | want to
paint it black

* VisorSAT: sunshades to prevent solar
reflection

T

Credit: SpaceX



International Dark Sky Week: April 22-30,
2022




The Outer Space Treaty and Beyond
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Image of Sputnik from Air and Space Magazine; Sputnik,

the first artificial satellite was launched on October 4,
1957

Soviet Ambassador Anatoly F. Dobrynin, UK Ambassador Sir Patrick Dean, US Ambassador Arthur

J. Goldberg, US Secretary of State Dean Rusk, and US President Lyndon B. Johnson at the signing of
the Outer Space Treaty on January 27, 1967 in Washington. (credit: British Pathé)


https://www.youtube.com/watch?v=086Ygv-4ras&feature=youtu.be

United States
Space Force




