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TL;DR

e LUSEE-Night is a pathfinder telescope on the far side of

the Moon:

o ontological advantage over other experiments

m itis happening!

o Launch expected in winter 2026, landing early 2027
e Moon is hard!l Harder than space and harder than Mars
e Frequency range <30 MHz largely unexplored:

o 2lcm Dark Ages is a Platonic goadl

o Other exciting science possibilities abound



The Dark Ages

e Period between CMB and Cosmic Dawn
e No compact radiation sources — linear physics
e No compact radiation sources — no optical radiation to observe

One of the least constrained frontiers of modern cosmology!

Years after the Big Bang
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21cm emission

e Hyperfine fransition in neutral
hydrogen at v=1420MHz, A=21.1cm;
e Thisis the only transition around -- if
you see a line at 710MHz, it is a z=1
galaxy;
(noft true in optical)
Universe is mostly hydrogen (75%)
Hydrogen is in various states and 21cm
emission dominated by different
mechanism across the cosmic ages
e NB: you need atomic hydrogen:
neither ionized nor molecular
hydrogen work




21cm shines differently at different epochs

Years after the Big Bang
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Dark Ages Epoch of Reionization Low redshift
205z< 150 652520 Zzs 6
e Pristine primordiall e First stars and galaxies are ° U”iVErSTe isfreior}rizeld
density field reionizing universe ¢ E;/)groegseg ir?gélrc?xies
° We.se'e 21cm in | e Large bubbles of |on.|zed gas e Very similar science fo
emission / absorption among neufral medium standard galaxy surveys
against CMB light from * Signaldriven by astrophysics e We don't aim to go after
the global density field * NonDOEscience individual galaxies



You eat the elephant in small pieces

CMB Dark Ages

e Monopole
detected 2030s

(%)

e Monopole discovered 1965 |
by Penzias and Wilson
(Nobel Prize in 1978)

©2004 Thomson - Brooksoole

e Fluctuations discovered
1990 by COBE satellite
(Smoot’'s Nobel Prize in
2006)

detected
2060(?)




______________________________________________________________

Decadal Survey on Astronomy &
. Astrophysics,
 Panel on Cosmology p.258

DISCOVERY AREA: THE DARK AGES AS A
: COSMOLOGICAL PROBE l

“The panel sees 21 cm and molecular line

 intensity mapping of the Dark Ages and :
| reionization era as both the discovery area for |
: the next decade and as the likely future !
' technique for measuring the initial conditions of :
i the universe in the decades to follow. !

* SCIENCES - ENGINEERING - MEDICINE

CONSENSUS STUDY REPORT

Pathways to Dlscovery in

Astronomy and Astrophysncs
for the 2020s




Physics of the 21cm monopole

Brightness [mK]

We see hydrogen in
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contrast with CMB.
There can be net
absorption or net
emission:
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e V) (resonant scattering of

Frequency [MHz]

Three processes matter: .
e absorption / emission from
CMB
e collisions with other particles
e Wouthuysen-Field effect

Ly-alpha photons)

8

200 <z £ 1100: The residual free electron fraction left after recombination
allows Compton scattering to maintain thermal coupling of the gas to the CMB,
setting Tx = T5,. The high gas density leads to effective collisional coupling so
that Ts = T, and we expect Ty, = 0 and no detectable 21 cm signal.

e 40 <z < 200: In this regime, the gas cools adiabatically so that Tk o (1 + z)?

leading to T < T and collisional coupling sets T's < T, leading to T, < 0 and
an ecarly absorption signal. At this time, T} fluctuations are sourced by density
fluctuations, potentially allowing the initial conditions to be probed [32, 22].

z, <z < 40: As the expansion continues, decreasing the gas density, collisional
coupling becomes ineffective and radiative coupling to the CMB sets Ts = T,
and there is no detectable 21 cm signal.

8
(Pritchard and Loeb review, 2011)



Dark Ages Monopole: A cosmic calorimeter

e The size of the dark ages through is sensitive to any
non-standard energy injection or sink in the early universe.

e Measuring it would be confirmation of our understanding of
thermodynamics in the post-CMB era

e Deviations would imply something from a large menu of
options:

dark matter-baryon scattering

millicharged dark matter

dark matter annihilation

axions

neutrino decay

charge sequestration

quark nuggets

dark photons
interacting early dark energy

O 0O O o0 o o o0 o0 o o



What do we need to measure this?

Objective:

e oObserve the sky atf low radio frequencies (0.5 — 50MHz)

where the Dark Ages signal lives e S " o

| | | I I
o . LR P | wo | HF | w | wr |
Impossible from Earth: | | | | |
k. B S B pE =@
e RF contamination from anthropogenic and atmospheric \ - i
5 o
sources \\ RADIO FREQUENCY SPECTRUM ol
e |onosphere absorbs, emits, and refracts at these fo—nos k | r//m Mol
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e Telescope on the Moon'’s far side is protected from
terrestrial RFI
e The Moon has no atmosphere — no ionospheric distortions
During the lunar night, solar RFl is also blocked
e Alternatives with their own advantages and disadvantages:
o Lunar Orbit
o  QOuter solar system



RELATIVE ANTENNA TEMPERATURE (°K)

What do we know about low-frequency sky
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The Dark
Side of the
Moon by
Pink Floyd
released in
March 1973

Radio-Astronomy-Explorer-2 was the largest
spacecraft ever built with four 230m antennas

UNIVERSAL TIME - 12 DECEMBER 1973

e We have empirical
evidence that the far
side of the moon is
radio-quiet

e Caveat: in orbit, not
on the surface

e Lastreal data on the
low-frequency sky
from the late 1970s

e Still state-of-the-art
dataset to be
superseeded

Low Frequency Galactic Emission
temperature

10®
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frequency, MHz
e Dark Ages signal is

dominated by orders
of magnitude brighter
synchrotron emission
from Galaxy

11



Even without Dark Ages: low frequency sky unknown

at O(1)

e Itis very easy to hide new physics at very low
frequencies

e For allwe know, CMB could be 1000s of K at
low
frequency )

e O(1) lines could exist pointing at new DM -
physics or inferactions

e Making maps, even crude maps at

frequencies below 20 MHz would push the field .

forward

Low Frequency Galactic Emission

temperature

1074

102




Lots of interesting science

Hope for the unexpected:
Blind search for radio lines

Very bright CMB

Polarization rotation

An unexpected news class
of fransients

... science book coming

out soon!

N. K. Porayko
D. Blas{]'*"" L. Guillemot[p]>"* M. Peelp]" C. Tiburzif]* K. Postnov

123 p, Usynina,™ J. Terol-Calvof]**% J. Martin Camalich BI** G.M. Shaifullah5]""* A. Castillo

In Situ Measurements of Dark Photon Dark Matter Using Parker Solar Probe:
Going beyond the Radio Window
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Dark photon dark matter (DPDM) emerges as a compelling candidate for ultralight bosonic dark matter,
detectable through resonant conversion into photons within a plasma environment. This Letter employs

New Physics in the Rayleigh-Jeans Tail of the CMB

Maxim Pospelov,' 23 Josef Pradler,* Joshua T. Ruderman,®? and Alfredo Urbano% 3

! Perimeter Institute for Theoretical Physics, 31 Caroline Street N, Waterloo, Ontario N2L 2Y5, Canada
2 Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 5C2, Canada
3 Theoretical Physics Department, CERN, Geneva, Switzerland
4 Institute of High Energy Physics, Austrian Academy of Sciences, Nikolsdorfergasse 18, 1050 Vienna, Austria
5 Center for Cosmology and Particle Physics, Department of Physics,
New York University, New York, NY 10003, USA
SINFN, sezione di Trieste, SISSA, via Bonomea 265, 34136 Trieste, Italy
(Dated: September 14, 2018)

We show that despite stringent constraints on the shape of the main part of the CMB spectrum,
there is considerable room for its modification within its Rayleigh-Jeans (RJ) end, w < Temps. We
construct explicit New Physics models that give an order one (or larger) increase of photon count
in the RJ tail, which can be tested by existing and upcoming experiments aiming to detect the
cosmological 21 cm emission/absorption signal. This class of models stipulates the decay of unstable

Searches for signatures of ultralight axion dark matter in polarimetry data
of the European Pulsar Timing Array
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How to build a telescope on the Moone

e People were daydreaming about putting a telescope of the far side of the Moon since
1950s

e Richard Vondrak working at Apollo Science Operations Center proposed using lunar
craters to build radio telescopes like the Arecibo Observatory in Puerto Rico.

1950s concept from Apollo times: Arecibo (now decommissioned)
Arecibos in Lunar Crater i



Lunar Crater Radio Telescope

Lunar Crater Radio Telescope (LCRT)

é Crater
: e o = :
b) Lunar Landing Operation ; = ~ (3-5km diameter)

Separation arrive attached

Deployable Wire-mesh
(1-km diameter)

DuAxel lander
to surface, then
deploys DuAxels

Suspended
Receiver

-2
DuAxel Rovers®s

Mo
foon ~low noise
~— incoming long

Earth noise — wave-length
radio emission

Far Side L

LCRT: modern incarnation of the crater concept

Pl: Saptarshi Bandyopadhyay DuAxels

actually exist



FARSIDE:

System launched and carried to the Lunar surface by a
commercial lander. During Cruise, the base station
collects health data and downlinks through the lander’s
telecom system.

Once on the surface, the rover egress ramps are deployed,
and the rover drives off the top of the lander, assisted by a
winch system. The rover carries 4 spools with the tethers
and receiver boxes.

Outgoing Spoke

Ingoing Spoke

Each lunar day, the rover drives 5km from the base station
and 5km back forming a “petal” of two spokes. As it drives, it
deploys the tether and receiver boxes that are spaced along
the tether. When night falls, the rover has returned to the
base, and it enters deep sleep with minimum function to
keep warm and alive. The next day, it deploys the next petal

Data }‘ o
//I%

ower

Once the rover has completed the network, the base
station begins operations. In the nominal case, during the
Lunar night, the system collects data for 24 hours, then
returns data to the Earth via the Gateway for 24 hours. No
data is collected during the Lunar daytime.

Lands and installs a 128-node
interferometric array of dipole

antennas
Pl Jack Burns




ALO: Astronomical Lunar Observatory

e Inflatable 32x32 array

e 1-80 MHz, total cargo
~1500kg

e |aunch ~2027-2029

e Pl: Marc Klein Wolt

e ESA funded conceptual
design level, designed by
ASTRON in Netherlands

e See Koopmans' talk

17



Motivated by the hierarchy problem....
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A very high energy hadron collider on the Moon

James Beacham' " and Frank Zimmermann’

! Duke University, Durham, N.C., United States of America
2 CERN, Meyrin, Switzerland
* Author to whom any correspondence should be addressed.

E-mail: j.beacham@cern.ch and frank.zimmermann@cern.ch

Keywords: high-energy physics, future colliders, beyond the standard model, high-temperature superconductors, lunar science, space
travel, megastructures

Abstract

The long-term prospect of building a hadron collider around the circumference of a great circle of
the Moon is sketched. A circular collider on the Moon (CCM) of ~11 000 km in circumference
could reach a proton—proton center-of-mass collision energy of 14 PeV—a thousand times higher
than the Large Hadron Collider at CERN—optimistically assuming a dipole magnetic field of 20 T.
Several aspects of such a project are presented, including siting, construction, availability of
necessary materials on the Moon, and powering, as well as a discussion of future studies and
further information needed to determine the more concrete feasibility of each. Machine
parameters and vacuum requirements are explored, and an injection scheme is delineated. Other
unknowns are set down. Due to the strong interest from multiple organizations in establishing a
permanent Moon presence, a CCM could be the (next-to-) next-to-next-generation discovery
machine for high-energy particle physics and a natural successor to next-generation machines,
such as the proposed future circular collider at CERN or a super proton—proton collider in China,
and other future machines, such as a collider in the Sea, in the Gulf of Mexico. A CCM would serve
as an important stepping stone toward a Planck-scale collider sited in our Solar System.

18
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Chang’e-4

Chinese Lander to the Far Side of the Moon
Achieved first soft landing on the far side of the
Moon, on 3 January 2019

Carried Low. Frequency Radio Spectrometer
(LFRS) on lander

Carried NCLE (Netherlands-China Low-Frequency
Explorer) on relay satellite

Both instruments believed to be dominated by
switching noise

carried extra antenna to detect that, but no cigar

==
i 1




Do you want to be on the Moon or in orbit?

Advantages of lunar surface:
e Long, stable nights
e  Stabler baselines for interferometers
e Potentially quieter environment with less dense
plasma

Advantages of orbit:

e system to simulate is compact and considerably

smaller than wavelength
o  The entire system can be made
geometrically simple and symmetric

e power management is easier: can re-charge every
few hours

e orbit is cheaper than landing

e easy to implement rotation modulation (e.g.
through tumble)

PRATUSH concept
21



Meanwhile, in the US...

Department of Energy

Department of Energy and NASA Sign

Memorandum of Understanding

OCTOBER 20, 2020

nergy.gov » Department of Energy and NASA Sign Memorandum of Understanding

WASHINGTON, D.C. - Today, U.S. Secretary of Energy Dan Brouillette and NASA Administrator Jim
Bridenstine signed a new memorandum of understanding (MOU) furthering the longstanding

commercial Lunar Pa\/load Ser\/ices 7 2 ; partnership between the Department of Energy (DOE) and NASA that has enabled 50 years of

notable space exploration.

The agreement - discussed during the October 2020 Secretary of Energy Advisory Board meeting -
supports President Trump’s Space Policy Directive-1 and other U.S. national space policies. Under

Commercial Lunar Payload Services Overview Images Videos Media Resources

the directive and NASA’s Artemis program, America will land the first woman and the next man on
the Moon by 2024 and establish sustainable lunar exploration by the end of the decade to prepare

Moon to Mars

for the first human mission to Mars.

o “From achieving a better understanding of the Moon, to providing the nuclear fuels to propel
atewal
v Voyager 1 and 2 into space, DOE and NASA have been strong collaborators in our Nation’s space
FRmAre o e HEon P mission for decades,” said Secretary Brouillette. “This new MOU will continue our esteemed work
together as this Administration strives to reach the next generation of space innovations and
Commercial Lunar Payload Services 3 b exploration.
"Artemis depends on a coalition of partners across U.S. government, industry, and the world," said
Preparing People to Go R ) . i .
NASA Administrator Jim Bridenstine. "The DOE's energy, science, and technology expertise remains
: crucial to the success of NASA missions. Together, we will mature and ready systems for explorin,
Getting There: SLS and Orion “ . € sy, P e
more of the Moon and venturing humans farther into space, all for humanity's benefit on Earth."

Mars Today

Media and Program Contacts

e ' _ e Increased desire for NASA/DOE
B e W - cooperation as part of Artemis program
v : - e CLPS looking for “oven-ready” payloads




CLPS - Commercial Lunar Payload Services

e advent of SpaceX taught NASA that a lot of
money can be saved with commercial providers

e asimilar program is developed to support Artemis
program:

e Now at ~11 eligible vendors that bid on contracts

o Number of vendors is expected to settle around ~a
few.

awarding 1-4 missions every year
actively looking for payloads through PRISM
(Payloads and Research Investigations on the
Surface of the Moon) calls and otherwise
e they view payloads as essentially an exercise in
how to run the contracting process Landers selected in the first
round: Peregrine (Astrobotic
Technology), Nova-C (Intuitive
Machines), Z-01 (OrbitBeyond) 23




What happened to first CLPS launches.

First CLPS launch: Second CLPS launch:
e January 2024 e February 2024
e Astrobotic, Peregrine e Intuitive Machines, Odysseus,
e Launched on an untested ULA rocker e Managed foland... sideways
e Rocked performed flawlessly, but mission e Carries aradio-instrument called ROLSES
was doomed almost immediately after e Many things went wrong with this mission, alme

separation due to a stuck valve from the get-go
o none of them was totally catastrophic

o the company learned an enormous lot

24
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What happened to first CLPS launches.

Third CLPS launch: Fourth CLPS launch:
e 2nd March 2025 e 6 March 2025
e Firefly Blue Ghost 1 e Intfuitive Machines 2, Athena
e Landed flawlessly e Managed to land... sideways... again.
e Executed operations for entire lunar day

25



NASA-DOE LuUSEE partnership

e UC Berkeley's Space Sciences laboratory (SSL) was chosen
to provide a payload for a 2024 CLPS mission.

e Original LUSEE (Lunar Surface Electromagnetics Experiment)
targeted plasma science, but incorporated a 20MHz RF
spectrometer:

o concept heavily relied on reusing existing spare parts
from Parker Solar Probe

e A synergy with DOE’'s 21cm cosmology program was
realized, and the mission was extended to include a
dedicated, multi-night instrument dedicated to Dark Ages

science
e Original concept split info 2+1 parts:
o  LuSEE-Lite - focus on day time solar science on CP-12 Parker Solar Probe

o  LUSEE-Night - focus on night-fime radio science on CS-3
o Far field calibration “service provision” on CS-4

26



Overarching Science Goals

LUSEE-Night is a pathfinder for the Dark Ages Science from the far-side of the
Moon:

Goal 1: Establish the Lunar surface as a viable observatory for
low-frequency radio astronomy;

Goal 2: Perform the most sensitive observations of the radio sky at
1-50MHz with 20% absolute calibration;

Goal 3: Quantify the systematic effects affecting global spectrum
measurement accuracy, and investigate methods to mitigate them;

Goal 4: Constrain the presence of a non-smooth monopole component
at the 1072 level compared to foregrounds.

27



LUSEE-Night instrument

Instrument design largely driven by the
project timeline
We need to optimize within the limits of:

(@)
(@)
(@)

max heritage technology
realistic improvements given budget
budget includes $, power, time-to-develop

Basic design includes:

(@)

(@)
(@)
O

(@)

4 STACER antennas

ability to actuate in azimuth

independently amplified

all possible cross-correlations measured and
integrated with full bandwidth spectrometer

4 real auto-correlations

6 complex cross-correlation quantities, including two
pseudo-dipoles




LUSEE-Night Mission.

B i \
o Firefly Aerospace has been selecied as  FIEET BRI S

the CLPS mission provider 0 Ar
, [ wwrane A STI2M Nasy

e We will launch of CLPS CS-3 mission ==
Firefly Blue Ghost 2 mission

e Firefly Blue Ghost 1 was the sole
successful CLPS mission to the Moon!

70 LAND ON THE

N\

e\ i

DARK SIDE OF THE Mooy

|}

e Launch was supposed to be Dec 2025, gl MEIREF Ly \‘
then summer 2026, now spring 2027 b A o |
e We are the main payload, in addition: R Nasdag |

o MUser Terminal” — a communication testbed
o Rashid Rover (more later)
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SpaceX Falcon 9

Firefly Aerospace

~ LUSEE-Night

- BG Lander

- Lunar
Pathfinder

- Elytra - calibration




LUSEE-Night payload on Blue Ghost 2

— LuSEE-Night

— User Terminal

Blue Ghost 2
/

Deployed antennas\
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Preamp boxes
Turntable

Solar panels

Stacer antenna housing

N %

LUSEE-Night payload
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Antenna motor and
encoder
Main Electronics Box

Heat-pipe base

Baseplate

LUSEE-Night payload

solar panel mounts

Battery Pack

Comm module

Power isolation box

35
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The instrument how now been accepted
by the Firefly and is awaiting integration.




Spectrometer

e Spectrometerruns a fully duty
cycle 51.2MHz PFB (4-taps) with
2048 channels

e Measures all 16 correlation
products

e Nominal output is full resolution
every 41s, but additional

functionality exists:

o automatic gain and bitslicer control

o tfime-resolved spectra at 0.65s time
resolution for time-domain

o spectral zoom feature, giving 400Hz
bins over limited BW

o oultlier rejection

o scripting capability

Response (dB)

= prediction
—— measurement

delta AWG frequency [MHz]

0
Frequency (kHz)

20

f\f\ /
40

PFB response

—0.005 0.000
delta zoom spectrometer frequency (MHz)

spectral zoom validation

0.010
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Self-RFl control

e Self-RFl control is crucial at low frequencies

e RFl from switching power-supplies
contaminates everything — radiatively and
conductively

e We have strong self-RFl approach:

o lander dies at the end of first day

o All switching noise is synchronized to the same
master clock

o approach known as picket fence successfully
used for Parker Solar Probe (PSP)

o Switching noise appears only at 200kHz and
harmonics

o We can either throw away every 8th bin or use
dedicated DSP notch filter in the spectrometer
engine

power (spectrometer units)

106

x 10°

x 10°

x 10°

1
| (Towu AT rw——

Chang’e-4 data dominated by platform RFI

—— no notch
—— w notch (renorm)

10 20 30 40 50
frequency [MHz]

self-RF filtering during TVAC testing
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Far-field Calibrator

Field of 21cm is a study of calibration methods
o Foregrounds many times brighter

Precision calibration of radio telescope beams
at sub-percent precision remains to be
demonstrated

Many attempts with drones, but nobody has
reached required precision

A true far-field, power stabilized calibrator is
almost certainly necessary for dark ages work:




Basic Concept

Calibration service beams a
known waveform |

Advantages of
cross-correlation

i technique:
e  sky background
does not

, cross-correlate
Instrument receives sum of sky
signal (dominant) and calibration . onIy one copy of
waveform template attenuated

by the distance (1/r
scaling), allowing

+ - high SNR recovery
- - - : e See
Qi ® ) ‘ HH| w ‘ arXiv:2201.11806
1 ' ” for similar approach

on the ground

A copy of template waveform is used to
t cross-correlate and isolate the subdominant 90
calibration contribution.
Y =

= Power Measurement
v Lag Measurement
—— GBO Equipment Measurement

P


https://arxiv.org/abs/2201.11806

Far-field calibration

e LN will, for the first time,
demonstrate calibration from a
dedicated in-orbit calibrator

e Will emit 400 tones between 10
and 50MHz de-Dopplered at
emission

e Spectrometer support of
coherent and incoherent
detection

e Source calibrated to 10%

¥ 11000
g

]

2
z
Q
o
5
a

7000

absolute with gain fluctuation a -

less than 1%

e Source developed by a
commercial provider as a
separate CLPS mission
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Rashid Rover

UAE developed rover hitching a
ride on Blue Ghost 2

In collaborating with SWRI, we
developed a 4 tone emitting
device that will furn LUSEE+rover
into a bistatic radar

Will probe the regolith below
LUSEE-Night based on interference
caused by regolith layer
interference
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Science with LUSEE-Night

e LUSEE-Night will address a number of scientific goals spanning
solar-system, astrophysics and cosmology
e It will make a low-resolution maps through data deconvolution

o first (nearly) full-sky maps after RAE-2
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LUSEE-Night forecasts (Camacho et al, 2025)
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Will we actually see the Dark Ages dip?

No!
The community has been sold on “smoothness separation”
You can make a hand-wavy argument that it only works when

§>ﬂ

F~ v
i.e. feature is either deep or narrow
Noft true for either Dark-ages nor Cosmic Dawn signals
My take is that you will need a high-resolution instrument in

55 60 65 70 75 80 85 920

“frequency" order to make it work
Signal S/F Avlv Does it work?
BAO ~0.3 ~0.2 Yes, barely (but we have no-wiggle
theory)
Cosmic Dawn ~103 ~0.1 No.
Dark Ages ~10% ~1 No No. 48




Sky Monopole Sensitivity plot (preliminary)

Current limits: 20%
variations around Novaco -
Brown

Novaco - Brown 1978
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Looking Ahead

Lunar Farside Technology & Transients Telescope (LFT3)

Take observations before RFI start to dominate
Several bands up to 2.5 GHz
Philanthropically funded, initiated by Breakthrough
Initiatives
David DeBoer is the Pl, AS Spectrometer subsystem
lead
Compared to LUSEE-Night:
o  alot of focus on time-domain and
techno-signature search
o would have a dedicated lander
o  being philanthropic it is driven by somewhat
different considerations

FIORE (Farside Interferometry Occultation and Regolith
Experimen)

Proposal to NASA PRIM call
Pl Stuart Bale (SSL), AS institutional PI
Continuation of LUSEE-Night, but this fime
demonstrating interferometry to 1.5km
Additional science focused on regolith (RadICE
GPR instrument)
Will use combination of horizontal and vertical
antennas
Vertical antennas will demonstrate a novel horizon
occultation imaging
Will use CLPS mobility to put a second element on
the rover
Signal /clock transport by laser comms:

o  Several Gbps

o led by UK Northumbria group
Proposal due in 3 months.
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Conclusions

e LUSEE-Night will land early 2027

o [T will:
o perform ground-breaking measurements at <50MHz
o demonstrate lunar far-side as a radio observatory
o demonstrate a number of technologies required to
push the field forward

e Further experiments already under
development:

o FIORE/RADICE
o LFT3

e Stay tuned!
e GCetin touch!
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