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<+ The Big Bang

The Universe filled
with ionized gas

<+The Universe becomes
neutral and opaque

The Dark Ages start

Galaxies and Quasars
begin to form
The Reionization starts

The Cosmic Renaissance
The Dark Ages end

<-Reionization complete,
the Universe becomes
transparent again

Galaxies evolve

The Solar System forms

Today: Astronomers
figure it all out!

The First Stars
John Wise, Georgia Tech

Dare Science Questions
When did the First Stars ignite?
What were these First Stars?
When did the first accreting Black
Holes turn on? What was the
characteristic mass?

When did Reionization begin?
Any signs of exotic physics (e.g.
Dark Matter decay) from global
signal?




Constraint I: Gunn-Peterson Effect

Before the Reionization
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Contraint ll: The CMB

Temperature fluctuations due to density
iInhomogeneities at the surface of last
scattering (z ~ 1000)

Thomson scattering of the
photons by the ionized medium

during reionization (z~10)

From large-scale temperature-
polarization cross power
spectrum, we get the T.S.
Optical depth :-

T = 0.087 £ 0.014 >
0.066+/- 0.016 (Planck

‘15)

Ziroion <10.4+2->88+/-14
(Planck’15)

WMAP 7 results
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The 21-cm Hyperfine Line of Neutral Hydrogen

Vo1em = 1,420,405,751.768 = 0.001 Hz

Hyperfine transition of neutral hydrogen Useful numbe IrsS:

ni 200MHz — 2 =6
11S112 TT 100 MHz — z = 13
7T0MHz — 2z ~ 20

A=21cm 40 MHz — z= 35

l0S112 x Tl tage(z = 6) = 1Gyr
No tage(z = 10) & 500 Myr

tage(z = 20) =~ 150 Myr

Spin temperature describes relative occupation of levels

nl/n(] — Sexp(_hi/Zlcm/kTS) (,,/"”-T;““* R



First Attempt

A radio search for primordial pancakes

D . H. O . Bf.’abblﬂ tON Mullard Radio Astronomy Observator , Cavendish
) ¥
Laboratory, Madingley Road, Cambridge CB30HE

Accepted 1985 August 22. Received 1985 August 2; in original form 1985 May 15

Summary. According to the pancake theory of formation of large-scale structure
in the Universe, gaseous pancakes are expected to form in the range of redshifts
5-10. One of the ways in which they should manifest their presence is through
emission in the 21-cm line by their neutral hydrogen component. An aperture
synthesis radio telescope has been used at 151 MHz to map the sky north of
declination 82°. Data sampling was arranged to permit a differential mapping
technique to be used, which enabled the continuum emission in the field to be
almost entirely cancelled, to leave a residuAt the 2o level,
no sources were found in a 1 per cent redshift range around z=8.4, the nominal
survey redshift. The observations are found to provide new limits on the pancake
population under certain Friedmann cosmologies.




Signal I: Cosmic Stromgren spheres @z > 6 QSOs

Cosmic Stromgrene Sphere is different from
Galactic HIl region.

CSS is large in size and not static.
Brightness Temperature ~ 20 mK
Size of a HIl region ~ 4 Mpc

Angular size ~ 15 arcmin.
@ 200 MHz (z~ 6.5)

Bandwidth ~ 2 MHz

Density of CSS ~1-2 Mcquinn (2007)
per 15 deg FOV
per 16 MHz



Signal II: 1D Spherically Averaged Power spectrum

3D tomography of IGM- best way to
probe EoR

y (arcmin})

Not possible with first generation EoR
Telescopes
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_log ST. {(mK)

-1 0 ! McQuinn, Zahn, Hernquist, & Furlanetto (2006)

Power spectra to gain S/N
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Signal lll: HI 21 cm Forest

HI clouds

1zZB 128 130
Observing Frequency (MHz)

Observing Frequency (MHz)
Carilli et al. (2002)

Telescope

@ “Easiest” to detect — single line of sight

@ Only probe of small scale structure

® Requires strong radio sources beyond

@ Epoch of reionization

@ Can be done with existing telescopes
like GMRT or WSRT

@Constrain the IGM temperature and

@neutral HI content.



The 21-cm Line in Cosmology

Is
T <
z2 — 93
v =1.4GHz v = 100 MHz
CMB acts as Neutral gas Redshifted signal
back light imprints signal detected
baryon , peculiar
neutral dens! spin i
, ensity o Ee velocities
fraction temperature \
brightness 1 l T &";/ 1 1/2 P i
temperature gt 5T 2y L rUr
P Ty = 27xu1(1 + o) mK
(P=KT,Av) Tg 10 (1+2)H(z2)

Radiative transitions (CMB)
spin temperature set by different mechanisms:  cgjlisions

Wouthysen-Field effect Courtesy of J. Pritchard



The 21-cm Global Signal Reveals the Birth &

Characteristics of the First Stars & Galaxies

dark ages first stars black holesz galaxies EoR
80 40 30 20 15 12 10 9

v (MHz)
B: ignition of first stars C: heating by first black holes D: the onset of reionization
* When did the First Stars « When did the first accreting black « When did Reionization begin?
ignite? What were these First holes turn on? What was the
Stars? characteristic mass?

—== === uncertainties in 1St star models

* What surprises emerged from .
-== === uncertainties in 1St black hole models

the Dark Ages?

Adapted from Pritchard & Loeb, 2010, Phys. Rev. D, 82, 023006
and Mirocha, Harker, & Burns, 2015, Ap]J, 813, 11. 11
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Range of Model Parameters for 15t Stars & Galaxies

z
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ARES ( Accelerated Reionization Era Simulations) code
Courtesy of Jordan Mirocha https://bitbucket.org/mirochaj/ares
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https://bitbucket.org/mirochaj/ares
https://bitbucket.org/mirochaj/ares

Range of Model Parameters for 15t Stars & Galaxies
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ARES ( Accelerated Reionization Era Simulations) code
Courtesy of Jordan Mirocha https://bitbucket.org/mirochaj/ares
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https://bitbucket.org/mirochaj/ares
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Astrophysics Decadal Survey & Astrophysics Roadmap

identify Cosmic Dawn as a top Science Objective

« “A great mystery now confronts us: When and how did the first ;“v”,;’gs,;'gss :
galaxies form out of cold clumps of hydrogen gas and start to A

shine—when was our cosmic dawn?” New Worlds, New
Horizons (NRC 2010)

* How Does our Universe Work? Small Mission:

’ B\ “Mapping the Universe’s hydrogen clouds using
21-cm radio wavelengths via a lunar orbiter .y . vere the first objects to

- observing from the farside of the Moon” NASA  light up the Universe and when

& Ast hvsics Divisi Road 2013 did they do it?” We can

5 strophysics Livision Roda map( ) uniquely address this mystery

with DARE in orbit above the
lunar farside.

Gosmic Dawn ~ Reionization
\

Cosmic ' First Galaxies \ Hot Bubbles 0 _Modern Galaxies
Microwave & Black Holes Dominate o Y - :

Background




Observational Approaches for Detection of Global

21-cm Monopole

Single Antenna Small, Compact
Radiometers Interferometric Arrays
- EDGES (Bowman & Rogers) « Vedantham et al.
«  SARAS (Patra et al.) « Mahesh et al.

« LEDA (Greenhill, Bernardi etal.) Presley, Parsons & Liu

«  SCI-HI (Lopez-Cruz, Peterson,

Voytek et al.) Subrahmanyan, Singh et al.

Challenges include cross-talk
among antenna elements, mode-
- DARE (Burns et al.) coupling of foreground continuum
sources into spectral confusion,
sensitivity.

« BIGHORNS (Sokolowski et al.)

Challenges include systematics
arising from stability issues,
accurate calibration, polarization
leakage, foregrounds.

15



Current/Upcoming Global Signal Experiments

13 12 10 9 8 7

. . 11
Experlment Site A range I I ]éowmarll & Rogefs, 2010, Scilence, 468, 796 |
(MHz)
White region represents
EDGES WA 100_200 allowed reionization durations
| =>EDGES excludes rapid reionization timescale of Az<0.06 |
at 95% confidence for 6<z<13.
DARE Moon 40-120
0.1
LEDA NM 30-80 o
DAWN NM 30-80
BigHorns WA 50-200
SARAS India 875_1 75 allowed reionization durations
0‘01 1 l l 1 L L 1 L 1
110 120 130 140 150 160 170 180 190
v MHz .
< __ P “instantaneous” reionization |
| | | | 1 | | | |
100 110 120 130 140 150 160 170 180 180 16 200

v [MHz]



Ground-Based Heritage

Ground-based telescopes generally operate at >100 MHz & probe only the end
of the Epoch of Reionization (EoR)

Single Antenna, Total Power: EoR Interferometric Arrays: Measure Power Spectrum of EOR
Global Sig

LOFAR - Europe MWA - Western Australia

Experlment to Detect the Global EoR
Step = EDGES (Bowman & Rogers) e — — St
* Total power receiver; 3 position Dicke- \ e : ' S
switch to calibrate spectrum. | ' . S S e A A
« New antenna topologies. NS
* New wide-band receiver.
 Set first limits on Reionization step PAPER - South Africa HERA - 320 element array
function.

4 2 » \] L] N

=>In contrast, DARE will measure Global Cosmic Dawn monopole down
to 40 MHz, a measurement requiring a lunar-orbiting telescope.

DARK AGES RADIO EXPLORER 17




OSMIC MICROWAVE
BACKGROUND

13.7 Gyr

DARK AGES
EPOCH OF
13.2 Gyr REIONIZATION
11.5 Gyr EXTRAGALACTIC
FOREGROUNDS
GALACTIC
iy FOREGROUNDS
0.6 ms IONOSPHERE
Single
Antenna
t=0s

Diagram has been modified from a LOFAR presentation by S. Zaroubi
(http://WWW.Isw.uni—heideIberg.de/users/christlieb/teachingNV50910/100126_Zar0ubi_LOFAR.pdf)

18



Foregrounds: Major Challenge

« Earth’s lonosphere (e.g., Vedantham et al. 2014; Datta et al. 2016; Rogers et al. 2015;
Sokolowski et al. 2015)

o Refraction, absorption, & emission

o Spatial & temporal variations related to forcing action by solar UV & X-rays => 1/f or
flicker noise acts as another systematic or bias.

o Effects scale as v2 so they get much worse quickly below ~100 MHz.

19



Foregrounds: Major Challenge

« Earth’s lonosphere (e.g., Vedantham et al. 2014; Datta et al. 2016; Rogers et al. 2015;
Sokolowski et al. 2015)

o Refraction, absorption, & emission

o Spatial & temporal variations related to forcing action by solar UV & X-rays => 1/f or
flicker noise acts as another systematic or bias.

o Effects scale as v2 so they get much worse quickly below ~100 MHz.

 Radio Frequency Interference (RFI)
o RFI particularly problematic for FM band (88-110 MHz).

o Reflection off the Moon, space debris, aircraft, & ionized meteor trails are an issue
everywhere on Earth (e.g., Tingay et al. 2013; Vedantham et al. 2013).

o Evenin LEO (108K) or lunar nearside (106 K), RFI brightness Tj is high.
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Foregrounds: Major Challenge

« Earth’s lonosphere (e.g., Vedantham et al. 2014; Datta et al. 2016; Rogers et al. 2015;
Sokolowski et al. 2015)

o Refraction, absorption, & emission

o Spatial & temporal variations related to forcing action by solar UV & X-rays => 1/f or
flicker noise acts as another systematic or bias.

o Effects scale as v2 so they get much worse quickly below ~100 MHz.

 Radio Frequency Interference (RFI)
o RFI particularly problematic for FM band (88-110 MHz).

o Reflection off the Moon, space debris, aircraft, & ionized meteor trails are an issue
everywhere on Earth (e.g., Tingay et al. 2013; Vedantham et al. 2013).

o Evenin LEO (108K) or lunar nearside (106 K), RFI brightness Tj is high.

* Galactic/Extragalactic

o Mainly sypchrotrop with expected smooth spectrum (~3 order log polynomial,
log T, = ;0 ailog (\:}() , although it is corrupted by antenna beam; e.g., Bernardi et al. 2015).

o EDGES finds spectral structure at levels <12 mK in foreground at 100-200 MHz.
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Foregrounds: Major Challenge

« Earth’s lonosphere (e.g., Vedantham et al. 2014; Datta et al. 2016; Rogers et al. 2015;
Sokolowski et al. 2015)

o Refraction, absorption, & emission

o Spatial & temporal variations related to forcing action by solar UV & X-rays => 1/f or
flicker noise acts as another systematic or bias.

o Effects scale as v2 so they get much worse quickly below ~100 MHz.

 Radio Frequency Interference (RFI)
o RFI particularly problematic for FM band (88-110 MHz).

o Reflection off the Moon, space debris, aircraft, & ionized meteor trails are an issue
everywhere on Earth (e.g., Tingay et al. 2013; Vedantham et al. 2013).

o Evenin LEO (108K) or lunar nearside (106 K), RFI brightness Tj is high.

* Galactic/Extragalactic
o Mainly sypchrotrop with expected smooth spectrum (~3 order log polynomial,

log Tr, = Y ailog (\:}() , although it is corrupted by antenna beam; e.g., Bernardi et al. 2015).

i=0

o EDGES finds spectral structure at levels <12 mK in foreground at 100-200 MHz.

* Other Foregrounds - lunar thermal emission & reflections; Jupiter; Recombination lines.

22



These observations are best done from the lunar farside which is free of
Radio Frequency Interference & the Earth’'s lonosphere => DARE will be
placed in lunar orbit to access the radio-quiet zone above the lunar farside.

EDGES in
Western Australia

150
v [MHz]

Blue spikes in spectrum is caused
by interference from the Orbcomm

Satellite.

Also, reflection of FM band
from the Moon (Mckinley
et al. w/ MWA).

Spectrum taken at the output of the receiver and 31dB attenuation
1772'!\,1 HZ 21’51 IM HZ — dErm /100 KHz

13.64MHz  \ 4 .

-0 - 10.56MHz \ z 225 MHz EgLez
: ¥ 29.37MHz 43,3 MHz
39.33MHz &

3.89 MHz %

dBm / 100KHz

\
442 MHz

15.43 MHz 16.93 MHz

Freq[MHz]

Data collected by DARE engineering prototype in Western

Australia. Interference spikes are probably due to naval radar.

DARE spectra
GSM spectra

Data collected by DARE engineering prototype in Green Bank, WV.
FM band (88-108 MHz) wipes out major portion of low frequency
spectrum. Below 60 MHz, effects due to ionosphere become apparent.



RFI Excision and Callbratlon

201 111 00 ant

Observations on April 21, 2014; plots averaged over

20 min intervals 0.33 hours (UT)
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Top Panel: Initial calibrated data without RFI excision (in red). About 50% of the data
Bottom Panel: Initial calibrated data with RFI excision (in blue).  are flagged due to RFI.

-20.8

5/12/2014 DARE MCR, NASA Ames 24



Lunar Farside: No RFI or Ionosp

8 8 g 8 3 3 8 55888 ¢ ¢ 2 €5 28 3 N R OIRRRER 3 e
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Case for Space: Combined Effects of Refraction and

Absorption/Emission from the lonosphere

104
30 i
103}

25 1 10?}
10t}

20

10° |

i \ |
102k, ‘;/\?

103L 21cm Signal

|
|
] [ |
1

15

TEC (10"m™2)

10
10 | —2
5L — GPS [{ 105k — Residual (GPS) ]
—— IRI || — Residual (IRI) _
1 1 1 1 'E‘ 1 1 1 1 1 1 1
0] 5 10 15 20 25 — 40 50 60 Y0 80 90 100 110 120
Hours v (MHz)

GPS data Green Bank (WV) location IRI- International Reference lonosphere Model

Datta et al. 2015
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<TEC>

TEC s
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20
(a)

ey MM A “JLWM i

Does flicker noise matter at all if lonosphere does not
Introduce frequency structure ?

Night-time TEC Variation over 2010-2011 period (5-9 hours UTC)
T T T T T

(r IJ'k kmﬂ “ [
\M fl erl Wh 4 ﬂrmw»mu *,J”{WL\

I 1 1
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800
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(b)
‘“]5 — T —TT T —T— T — T —TT T
— World-wide GPS network data
= —1"" - best fitted powetr law
£
=
&
g
=
a
-
=
3
3
0
i

101[] N R B R
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Abhi Datta et al,

Data from file : 201411_201412_201501_201502_201503_201504_201505_ALL_DATA resid_ve_lst lomb_scargle

x? / ndf 60.47 /1 69

<

= PO 0.0267 = 0.02397
- Af 0.1484 + 0.19
10 BEN AL b

o _0.4751+ 0.08628

—

_. Power [arbitrary units]

<

-
<
[~

10 107 1072
Frea [Hz]
Flicker noise power spectrum of
fluctuations observed in BIGHORNS.
Night time data — unclear if roll-off is real or

artefact of the analysis.



Extraterrestrial Foregrounds

1) Milk nchrotron
) Milky Way synchrotron Spectra of Foregrounds
emission + “sea” of extragalactic
Redshift (z)
sources. 30 24 17 14 12
DARE Diffuse foregrounds at 80 MHz Galactic Synchrotron i
' 10°

-~

e 21-cm signal

|
584.597 T/K 180131

2) Solar system objects: Sun,
Jupiter, Moon.

Brightness Temperature (K)

F———
1 -
-

40 50 60 70 80 90 100 110 120
Frequency (MHz)

=>Must employ advanced statistical techniques to
simultaneously fit signal, foregrounds, & instrument

parameters 28




| Challenges Low—Frequency Foregrounds

Effelsberg 408 MHz Image
(Haslam + 1982)

: °° oﬁd j zM ¢.

Signal < 20mK

Sky > 200 K

DNR > 1e4

 Coldest regions: T ~ 180 (v/180 MHz)*-2.6 K

* 90% = Galactic foreground (~200-1000K, 99% Synchrtron, 1% Free-free),
10% = Egal. radio sources (~50K) , Galactic RRLs (< 1K), Sun



Low—Frequency Foregrounds at 45 MHz
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Maipu and MUradar Guzman et al. 2011



Foreground Removal Methods

Bowman et al. 2008, 2010. Harker et al. 2012

Rogers et al. 2008, 2012. Harker 2015

Voytek et al. 2013 Harker et al. 2015

Bernardi et al. 2013 Mirocha et al. 2015

Either schemes rely on the accurate knowledge of the
nature of the foreground- Otherwise the signal
recovery becomes a challenge!



Detecting the strongest spectral feature in the

presence of the Galactic foreground

Residual from 6™ degree fit with ares signal model

20

<

c 0

E

> —20 .

e~ Input theoretical

o model (Ares)

Q —40F i
S

@

-

0 —60f .
) Haslam quiet sky region,

b= constant spectral index.

'g,‘ —80r * Convolved with v-dependent ]
= Gaussian beam.

f _100kL * Ares 21-cm Global Signal 1
g model, 3 Turning Points.

© * 1000 hrs integration with

$ —-120+ DARE sensitivity. i
o * Polynomial fit removed from

foreground.
—_ 140 1 1 1 1 1 1 1
40 50 60 70 80 90 100 110 120

Frequency (MHz)
* Instrument Requirement: Minimize Chromatic beam effects
DARK AGES RADIO EXPLORER Keith Tauscher & ] Burns 32




Signal Extraction using MCMC

—-00} =
~80} -

< —100
—120

-140 i
716 77 78 79 80 81 82 83 84

I I
1

— 100k o ...................................... )

-150 1 ] 1 5 ] ] ] =
60 65 70 75 80 85 90 95 100
T

PDF

0T, (mK) v (MHz) 67, (mK) v (MHz)

End-to-end extraction results using

EMCEE for DARE instrument parameters:
1000 hr, 4 sky regions, DARE beam.

This technique captures degeneracies & covariances between
parameters, including those related to signal, foregrounds,
& the instrument.

For details see Harker et al. (2012), MNRAS, 419, 1070;

DARK AGES RADIO EXPLORER and Harker et al. (2016), MNRAS, 455, 3829. 33



Warning against removing higher order

polynomials!

~rsig sig
Z,°1 2,

sig / ns
Z,° /2]
ZSig | 7ss
<4 / Z:z

Sig 7 77ss
— Z;°/Z3

40¢

zp/2p
ze/ 2

sig / 7ss

30}

2A In(evidence)

0

_1 . : : . . : : . : .
8.5 1 2 4 8 16 32 64 128 256 512 1024
tobs/h Harker 2015
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Characterizing the First Stars & Galaxies

lonizing
Efficiency
% % %s

b

YT
Q 9

Using an MCMC statistical framework, the
Galactic foreground is fit along with the
physical parameters of the first luminous
objects yielding these confidence intervals
on physical parameters. Modeling assumes
DARE instrument sensitivity.

X-ray
Efficiency
o 00 o

>

é :

Sy

e f ?

E | I | | ; | | ; |
R I

£ *

Lya Efficiency lonizing Efficiency )E—ray Efficiency

Global Experiments have the potential to bound the properties (e.g., mass, spectra)
of the first generation of stars, black holes, & galaxies for the first time (0.1-0.2 dex).

DARK AGES RADIO EXPLORER
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Synergies: Major Instruments

Planck recently released their full dataset

e Limit on reionization, nothing about pre-
reionization

Hydrogen Epoch of Reionization Array
(HERA, PAPER, MWA, LOFAR, etc.)

 HERA is a next-generation ground-based 21- 107¢
cm interferometer (Parsons et al.).

z=150
Fixed SMHM:
~ " Relationship -

e Should nail down middle/late parts of
reionization history

e May poke into pre-reionization era

LEDA, LWA, others may go after very high-
redshift signal (but ionosphere...)

James Webb Space Telescope

[ )
wn
4

[y

=
I
4

& I
™TTTTTTT

Number Density [Mpc dex "]
=)
|
s
Fa

e DARE will have comparable timescale

e Images (bright) galaxies out to possibly 10

T I e 8 I I t — 10
10 10 10
z~15 Stellar Mass [M,]
Athena JWST

i : Deep Field
« X-ray probe of black holes/AGNs to z~10. Behroozi & Silk (2014)
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