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A next generation experiment for reionization studies =
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- The Epoch of Reionization and the Dark Ages
W1th the 21 cm line

WDesigning a telescope exclusively for 21 cm
Studies - =

' The path from PAPER (and MWA) to HERA

' Sc1ence W1th HERA




-+ Probing the history of the Universe via the 21cm emission from HI

+ Focus primarily on the Epoch of Reionization (EoR), with capacity for
probing earlier times |

~* Key Questions:
= - * What objects first lit up the Universe and reionized the neutral IGM?
s Overwhat redshift range did this occur?

» How did the process proceed (Wrt heating, feedback, scale- '-
dependence)7 |

. How dld_thlslead to the large,_sc'ale galaxy é’tructure seen today?
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- HERA isa foCussed experiment, not a facility

| Des1gned to mcrease sen51t1v1ty greatly in the near
= future

-’ Obtain a robust detection and characterization of
__EOR -

B Contmue development of multiple techmques
(mcludmg the delay spectrum (talk by L1u) and
- 1magmg) ' « '
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Collecting area of order Arecibo (40,000 m )
Bandwidth: 50 250 MHz d1g1tized ~100 MHz Correlated

* Located in the-Ka.roo Desert of South Africa near the future SKA-mid and
~current MeerKAT arrays

* 331 hexagonally close packed 14-meter parabolic dishes with dipole feeds

~ (full Stokes) with 21 outriggers; 352 total antennae. This will be done in
- two stage-s; with 127 elements using existing PAPER elements, and 351 |
 with an upgrade to the signal chain with digitization close to the antenna &

AHUGE'leap forWard in sensitivity, redshift coverage and imaging over

- PAPER, w1th proven technology and a staged instrument and analys1s |
e build-out | ' =
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+ FUNDED! by US NSF Mid-Scale Instrumentation
Program for a pilot instrument. One of 6 selected
from field ot 38 from across astronomy.

* Intemational collaboration (US, SA, UK, and
others)

=+ We are targeting a 19 element array by September "
2015, and 37 elements by September 2016, which
. will have > 5 times more sens1t1v1ty than PAPER
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 Recall the challenges

ﬁ ThermalnoiSe (sensitivity) .

- Strong foregrounds 1nc1ud1ng polarized
= foregrounds *

» Radio frequency interference
' Instrument calibration and stability

Data analys1s of large complex data set: we reduce
200 TB to ~1OO numbers plus error bars .




- Design choices: frequency coverage

The sampled range is necessarily larger than the useful
range, but we expect to be able to use 70 MHz (z=19.3) to
220 MHz (2—5 5)

' Thrs all_owsus to probe to when (H) reionization is expected
- to be fully over (giving a null result), and also to probe
~ before reionization

. Importantly, the full frequency coverage is sampled
_ 81mu1taneously (no sub-bands, no mixing): full frequency
~coverage is avallable for foreground analy51s and for
~ scientific ana1y81s - |




 Alittle reality: RFI is not zero

» We will lose some '
_ frequency '

- coverage to
:-satelhtes |

; MHz (z. 9 4)

o ‘The Contammatlon _

 of the FM rad10 ‘ IR ,
band IS belng | I:rgquency [MI-}26]O
explored SERREEIN




"?'De31gn Cho1ces number of antennas'
ad Collectm; atea

| * Minimizing number of antennas keeps
~ correlator cost down (N?scaling)

-+ Collecting area designed to give sufficient
. sensitivity to detect most models of
~ reionization in a season of observing




‘?ﬂ'eSl:n Cho1ces hexagonal close-i"-.

~ Array Configuration is highly redundant: of
54,615 baSelines, only 630 are unique

' Redundancy allows coherent averaging of
= _redundant baselines

. Ca11brat1on using redundancy minimizes the
‘ need for a sky model and is fast and 11near1zable

+ yp-plane is densely ‘Sampled




Minimize systematic effects due to :
frequency non-smoothness (limit :
delay of internal reflections) aff N
3 | 4 ‘

Minimize systematic effects due to B A

. . / .
polarization :
Optimize over full frequency T o |
range HERA DISH paper feed cyl36 150mhz X HERA DISH paper feed cyl36 150mhz Y

Maximize area per element while

retaining o O

manufacturability

sufficient field of view

537  0.0145005 167.742



* HERA Specifications

Parameter Design Performance
Element diameter / FoV 14 m 9°
Min baseline length / largest scale 14.6 m 7.8°
Max core baseline length / synthesized beam 306.6 m 24’
Max outrigger baseline length 1066.5 m 9’
Frequency / redshift range 50 - 250 MHz digitized
70 - 230 MHz useable 19.2 - 5.2
100 MHz correlated
Spectral channel width 97.7 kHz
System temperature / sensitivity 100 + 120(~/150 MHz)~255 K | 50 pJy beam™ " v/hour
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To coafcable
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For PAPER-128, the data rate is
215 Mb/s
1.1 TB in 12 hours (one night)

This will increase by more than an
order of magnitude for HERA-351




Computing and Storage

e
"on
LA

QE:‘::?‘:: :':{ : 140 TB of storage space using
e Penn leads the 1) s :ﬁ 1 :
: - %'..P""" m Dell HPC NFS Storage Solution
computing for PAPER s ,...-«)u.,.w-z_ --3{--«- Gl . :
] e o A IO, (NSS), with 10 Gbe connection
C e 5 "2‘2’? g ’:’:{‘ :-_;'{‘_"i":'- to compute nodes and parallel
* Computing cluster a OO et A full RAID back
Penn: 22 nodes, 200 S Toehh. o i T e (107 = S up

cores N O -j';.f""

* Data compression in
South African done
with small 4-node
cluster, plus 110 TB
RAID storage
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HERA Sensitivity

1 1 T 1 1 T T T

HERA-127, foreground avoidance
HERA-331, foreground avoidance
HERA-331, foreground modeling
Mesinger et al. 2011
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Moderate Foreground Removal

v

cience with
HERA:

Power Spectrum
Constraints

2

SNR of Pomer Spectrum Meas urement
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'HERA-331

Pessimistic Moderate Optimistic
SKA-low 8e5 14 98 280 A
? HERA 5e4 19 23 80 '
' '. LOFAR-core 3e4 1.4 2.8 17 E
MWA-128 900 0.6 2.5 6.4 |
./ PAPER-128 530 1.7 1.9 8.9 I
.



Science with HERA:

The ab111ty to constrain the evolution of the neutral fractlon |

unamb1guously

0.8

0.6

0.4

0.2

X

0.01
10-3
104

Forest T — - -
Near Zone i= §
LyaGal T -
GRB P e :
HERA B S B
WMAP A -

| I I I I I

sol s ML + 68% Credibility Interval
- [ Robertson et al. 2013
I Forced Match to

& Dark Ly-a Forest Pixels

10° 0 m Quasar Near Zone .
© GRB Damping Wing Absorption 3
O Ly-a Emitters
10“ & Ly-a Galaxy Clustering
® Ly-a Emission Fraction '3
6 8 10 12
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HERA should be one of the

first experiments to reach

beyond reionization to the
era of X-ray heating

-- HERA, 1000 h
..+ MWA, 1000 h

=== Heating by hot ISM
=== Heating by HMXBs |

107
k (Mpc™h)

Total S/IN

e o T

T -
'Reionization:

—
@)
[es)

X-ray heating :

WF Coupling

— HERA

— LOFAR

— PAPER
— MWA 128T




Sk Universe wiph U RA

Frequency [MHZ]
170 140 120 100
i LOFAR-Hi MWA [[ LOFAR-Lo:

Fiducial Model
Extreme X-ray Heating ««=+ -
Cold Dark Matter Annihilation e 7
, Wa{m Daltk Maltter —

11 12 13 14 15 16 17 18 19
- Redshift




[ R w111 be a powerful 1magmg
'mstrument -

Physical configuration

—1009

_ Fourier plane coverage

-1000

~500

0
u(A)

500

1000

1

The fmal conf1gurat10n of 331 antennas in dense core, with 21 outriggers, ' gives
excellent uv coverage and a well-behaved synthe31zed beam
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. MWA Foreground ©bservati
R ~ LSl ‘_:q__‘.._ 3

See Beardsley et al
Pe . 2015 Ap]J 800 128 for

T Doy identitying bubbles
for JWST and other

follow-up

HERA Field of View

Declination
-31

- | Representative HI shells and Hll holes

detectable at SNR>10 after 100 hours

Simulations by Danny Jacobs Right ascension
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HERA will be a highly sensitive imaging and power
spectrum instrument for 21 cm studies on the timescale of
the next 5 years ’

- It will be able to determine the reionization history with
high significance, and have sensitivity to probe beyond
~ the epoch of reionization

ﬂ HERA builds on existing techniques and instruments, and g

allows for mcorporatlon of new ideas

. ConstruCtion- is 'und,erway!!! _




