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The First Billion Years
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A Schematic Outline of the Cosmic History

<+ The Big Bang

The Universe filled
with ionized gas

<The Universe becomes  z=1100
neutral and opaque

The Dark Ages start

Galaxies and Quasars

begin to form D0
The Reionization starts 2~20-30

The Cosmic Renaissance
The Dark Ages end

<Reionization complete, z~6
the Universe becomes
transparent again

Galaxies evolve

The Solar System forms

Today: Astronomers
figure it all out!



The History of Hydrogen
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adapted from A. Loeb, 2006, Scientific American, 295, 46



The History of Hydrogen
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Hydrogen seen in absorption against the CMB




The History of Hydrogen

WMAP ATOMIC GAS
Planck

STELLAR IGNITION Energy levels of hydrogen
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Hydrogen seen in absorption against the CMB CMB photans and UV photons from first stars interact with cold hydrogen
atoms producing a deep absorption trough in the observed spectrum.




The History of Hydrogen
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CMB photons and UV photons from first stars interact with cold hydrogen First accreting black holes begin heating Hot Bubble dominated epoch, corresponding to
atoms producing a deep absorption trough in the observed spectrum. hydrogen via X-Rays redshifted 21cm heated hydrogen in emission.
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The History of Hydrogen
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CMB photons and UV photons from first stars interact with cold hydrogen First accreting black holes begin heating Hot Bubble dominated epoch, corresponding to : Intergalactic medium is completely ionized by stars
atoms producing a deep absorption trough in the observed spectrum. hydrogen via X-Rays redshifted 21cm heated hydrogen in emission. L A b




DARE will focus on determining or
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Adapted from Pritchard & Loeb, 2010, Phys. Rev. D, 82, 023006
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The Science of DARE

“What were the first
objects to light up the universe and when did they do it?”

DARE tests the hypothesis:

The Universe underwent a previously unobserved
major phase transition driven by radiation from the
first stars and accreting black holes.

DARE SCIENCE OBJECTIVE:
FIRST STARS & BLACK HOLES

{01 WHEN DID THE FIRST STARS FORM?

02 WHEN DID THE FIRST ACCRETING
" BLACK HOLES FORM?

03 WHEN DID THE HOT BUBBLE-DOMINATED 3 Y
" EPOCH AND REIONIZATION BEGIN?

‘04, WHAT SURPRISES DOES THE END OF
" THE DARK AGES HOLD?

osmic Dark Ages
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\

Cosmic First Stars ' F|r t Galaxies
Microwave & Black Holes
Background

Modern Galﬁes




DARE’s Biggest Challenge:

Highest foreground (RFI) eliminated by
being above lunar farside!

DARE's Key Mission Design Features:
» Weak Stability Boundary (WSB) trajectory - requires less AV

EDGES RFI Experience on for LOI and allows a flexible launch date
Earth: * Equatorial, 200km mean orbit altitude - long-period stability
10%10 dynamic range difficult * Low inclination orbit - maximizes Earth occultation
=>A/D converters need high * Launch May 2016 - allows science ops by Dec. 2016 é‘g&‘"
bit-depths & be highly linear. * Baseline Mission 3 years o
Susceptible to internal clock *Threshold Mission 1 year \QS&Q ,\\%\\'
stability errors & digital : » \@‘
: TCM-1 5 minutes N
noise. W e
W
o
\

Sun Direction
-

DARK AGES RADIO EXPLORER

Analogous
to
why COBE
went to
space



DARE’s Biggest Challenge:

1) Milky Way synchrotron
emission + “sea” of 223530 25 20
extragalactic sources.

2) Solar system objects: Sun,
Jupiter, Moon




DARE Antenna

Payload Dipole
Antennas (4)

Spacecraft Bus

Payload Antenna Support
Structure

1.8 m2 Solar

Array

Payload Antennas Radials
High-gain (12)

Antenna

ST a 0.25 Instrument Response Function
Figure E.1-2. Simulated beam pattern as a function 0 : : . . . .
of angle at 75 MHz. Color scale is -33.2 dBi (blue) 40 50 60 70 8 90 100 110 120
to 6.8 dBi (red). v/MHz




DARK AGES RADIO EXPLORER DARK AGES RADIO EXPLORER

DARE Spacecraft

The DARE S/C, consisting of an integrated suite of
flight-proven components, traces its high heritage
. - to Kepler, Deep Impact, WISE and STPSat2. Main
owed Spacecraft fits within . .
standard 4m fairing envelope design features include:
* proven RF-quiet bus

Ball has demonstrated capability in constructing RF i * unobscured instrument antenna FOV

quiet S/C as evidenced by DARPASat, which beat % « simple, light-weight, & low-risk monopropellant
MIL-STD-461E standards by 44 dB. Technology | 1 propulsion system

advances since DARPASat will further quiet the DARE o = * parallel integration & reduced schedule risk
8/C by another 10 dB. : using moduFar construction

* uninterrupted science (even with missed
ground contacts) using large data storage.




Utilize Markov Chain Monte Carlo

code to fit data with model

describing:

« 21-cm signal

« spatially-dependent Galaxy
foregrounds

« solar system foregrounds

« instrumental response.

99 995 v, }MHZIOO'S 101

: — nmul_mmmm
urning ; ower )

tion . e ' flt ' s . certainty

W | 292 | 305t | %58 | 12
(| @620 | @0 | @s09)| @soy | o)
/ | z |075| 253 2086 | 2121 | 16 | 24
—Batracted v ()| 6530) | @597 | 6099 | @390 | () | @3
z [ 1329 1313 | 1321 ] 1329 | 06 | 1.
v (MHz)| (99.40) | 10055 |(39.93)| (9937) | (@6) | (1.0)

True




DARE TO BE BOLD

—7
ACADEMY AWARD NOMINEE
BEST ACTRESS - NATA ALIE PORTMAN

s W I NN E R | e
SCREEN ACTORS GUILD AWARD
BEST ACTRESS - NATALIE PORTMAN

Dark Ages Radio
Explorer (DARE)

When did the First Stars ignite?
When did the first accreting Black Holes turn on?
When did Reionization begin?

Constructing first sky-averaged spectrum of
redshifted 21-cm signal at 11<z<35.

Flying spacecraft in lunar orbit & collecting data
above lunar farside - only proven radio-quiet zone
in inner solar system.

Using biconical dipole antennas with smooth
response function & Markov Chain Monte Carlo
method to recover spectral turning points in the
presence of bright foregrounds.

Using high heritage spacecraft bus (WISE) &
technologies/techniques from EDGES.




Line in Cosmology
Is

1y

z =13
v =1.4GHz v = 100 MHz

CMB acts as Neutral gas Redshifted signal
back light imprints signal detected

baryon peculiar

neutral . spin o
) density velocities
fraction 1 temperature \

brightness 1 “—

Ts —T,\ (1+2\'"?] Qv 17
temperature 7} — 27xy1(1 + ) (M) (ﬁ) [ (% ] mK
(P=KT,Av) Ts 10 (1+2)H(z)

Radiative transitions (CMB)
spin temperature set by different mechanisms:  cq|lisions

Wouthysen-Field effect
Adapted from J. Pritchard



But, what about other scenarios?
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Additional physics




