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SUMMARY !
US astronomers are in a position of leadership with the rstxploration of large-scale
structure in the baryonic universe via the 21cm line of hydigen. We present a phased devel-
opment approach toward this primary scienti ¢ goal using Hdrogen Epoch of Reionization
Arrays (HERA) and stepping from: (I) detection of the power pectrum of the 21cm line
emission structures; through (I1) characterization of thestructures including both galaxy for-
mation astrophysics and cosmological physics results inishdecade; to (111) detailed imaging
of structures across a large fractional step in cosmic time the following decade. The transi-
tion to Phase Il will be importantly guided by results obtaired early in the decade, and hence
a thorough review and opportunity to move ahead then is warrded. Other important and
complementary science can be conducted with the current apthnned HERA instruments.

The HERA antenna elements are nominally simple, but signalrpcessing, calibration and
imaging with largeN arrays are current technological frontiers. Accumulatiorof experience
with each step in the HERA program and parallel developmentra required to achieve the
goals of signal detection, detailed statistical characteation, and structural imaging.

We outline an organizational structure that involves mergig of the two US Phase | groups
PAPER?! and the MWA?, and enhancing international participation. The activity schedule
focuses on a $60M HERA Il project involving rst construction of an array with 10° m?
e ective area to reach to milliKelvin sensitivity at 10° angular resolution during 2015-17,
and then a science program during 2017-19. The costing of HERI is solidly based on
HERA | (PAPER, MWA projects) development, deployment and ug costs during 2009-14.
We further state that with the high level of activity and assued progress with these two
path nding e orts over the next few years, a HERA Il proposal mid-decade will be both
rmly justi ed scienti cally and accurately costed. A HERA Il project started at the end
of the decade can inform and mesh with the Square Kilometer ray program low frequency
goals.

! Precision Array for Probing the Epoch of Reionization; [27]
2 Murchison Wide eld Array; [18]



FIG. 1. Simulated maps of the 21cm background during the east and late stages of a particular
reionization scenario (top and bottom panels). Blue regios are highly ionized; yellow regions are
mostly neutral. In the vertical direction, the slice subtends 35' on the sky. From [28].

I. KEY SCIENCE GOALS OF HERA: HYDROGEN EPOCH OF
REIONIZATION ARRAYS

A. Primary Goal: Hydrogen at High Redshift

Introduction. Measurements of our Universe's fundamental parameters aits history
have improved enormously over the past twenty years. One did key remaining challenges
is to explore (and exploit) the \high-redshift frontier" at z > 7 before and during the
formation epochs of the rst galaxies. Here we describe a nekind of telescope that can
study the otherwise inaccessible cosmic \dark ages" (at$z < 50, during and before the
\reionization" of intergalactic hydrogen) with the 21cm transition of neutral hydrogen. This
era includes nearly 60% of the (in principle) observable wohe of the Universe. Thepotential
for improved measurements of the fundamental cosmologiqarameters is impressive, with
the eventual possibility of, e.g., tightening constraintson our Universe's curvature by two
orders of magnitude. It also beautifully complements dirécgalaxy observations for our
understanding of galaxy formation and the intergalactic m#ium (IGM). The Hydrogen
Epoch of Reionization Array (HERA) will address two sets of &y questions: what were
the properties of high  z galaxies, and how did they a ect the Universe around
them? , and does the standard cosmological model describe the Universe during
the \dark ages?" These are described more fully in the two science white pagesubmitted
to the Astro 2010 Decadal Survey, \Astrophysics from the Higly-Redshifted 21cm Line"
and \Cosmology from the Highly-Redshifted 21cm Line."

Scienti c Context:  Observations of HI 21cm emission from the neutral IGM o er ammber
of unique and powerful probes into the formation of the rst @laxies and cosmic reionization
[11]. The signal is rich in physical diagnostics, dependingn four properties of the IGM:
density, neutral fraction, \spin temperature” (i.e., the excitation temperature of the 21cm
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FIG. 2: Fiducial histories of the sky-averaged FIG. 3: Evolution of the spherically-averaged
21cm brightness temperature, T ,. The solid blue 21cm power spectrum during reionization, from
curve uses a typical Population Il star formation a numerical simulation of that process. Here the
history, while the dashed red curve uses only very  uctuations are presented in units of Tﬁ for a
massive Population Il stars. Both X reionization fully neutral universe; h;i is the ionized fraction
toend atz, 7. From [10]. during reionization. From [16].

transition), and the local velocity eld (sourced primarily by gravity). Because it speci cally

probes the neutral IGM, this provides the ideal complementa observations of the rst

galaxies and quasars in the near-IR using eg. JWST, and to CMilarization studies, which

probe the ionized IGM. Moreover, the 21cm line is the only dact probe of the preceding
\dark ages," prior to the formation of the rst stars and black holes.

Fig. 2 shows two example scenarios for the sky-averaged 21lbrightness temperature
during the era of the rst galaxies. The solid curve assumeshat high-z star formation
has similar properties to that at lower redshifts; the dash#curve assumes that these stars
were all very massive metal-free objects. In either case, evhthe rst galaxies form, they
ood the Universe with ultraviolet photons that break the equilibrium between the CMB
and 21cm line { rendering the gas visible in absorption agahthe CMB [19]. Somewhat
later, X-rays { produced by the rst supernovae or black hols { heat the IGM, turning
this absorption into emission, which fades as ionizing phots from the maturing galaxies
destroy the intergalactic HI. The large variations betweerthese scenarios indicate that the
21cm background is quite sensitive to the basic parametergtagh-z star formation.

Fig. 1 shows the most dramatic epoch to which the 21cm line igrssitive: the \reion-
ization" epoch where ultraviolet photons from highz galaxies ionized the entire IGM over
a relatively short time interval [7]. This event marked the mint when the small fraction
of matter inside galaxies completely changed the landscapé the diuse IGM gas. The
21cm background provides thedeal probe of reionization. Its weak oscillator strength (in
comparison to Ly ) allows us to penetrate even extremely high redshifts. We galso image
it across the entire sky { instead of only rare, isolated Ly forest lines of sight. Moreover,
unlike the CMB, it is a spectral line, and we can easily sepata redshift slices to study
the full history of the \dark ages." Finally, it directly samples the 95% (or more) of the
baryons that reside in the IGM, requiring no di cult inferen ces about this material from the



properties of the rare luminous galaxies. 4

In addition to this all-sky 21cm background, the 21cm signahlso uctuates strongly
as individual IGM regions grow through gravitational instaility and are heated or ionized
by luminous sources. These uctuations can ideally be imadgebut over the short term
statistical measurements are likely to be more powerful (gebelow). Fig. 3 shows how
these statistical uctuations (here parameterized by the pwer spectrum) evolve throughout
reionization. The uctuations brie y fade as galaxies ionke their dense surroundings in the
rst stage of reionization, then increase as large ionizedubbles form, nally fading again as
the gas is ionized. At higher redshifts, variations in the ttaviolet and X-ray backgrounds, in
addition to the normal density uctuations in the IGM, induc e similar structure in the 21cm
background. These uctuations, during and before reionizeon, are the primary target
of HERA, and they will allow us to study two key questions, emampassing both galaxy
formation and cosmology.

What were the properties of high z galaxies, and how did they a ect the Uni-
verse around them? We can address this from several di erent directions.

When did reionization occur?The 21cm background evolves strongly throughout reion-
ization and will provide the clearest measurement of the tim history of reionization.

What sources were responsible for reionizationPhe properties of the ionizing sources
strongly a ect the topology of the neutral IGM and hence havequanti able impacts on
the HI 21cm statistics. We can thus constrain the sources obnization and gauge the
importance of exotic, very massive Population Il stars. Otourse, exploring this era is a
primary goal of many other forthcoming experiments. Comp&on with, e.g., galaxy surveys
will connect the small-scale physics of galaxies with landirk events encompassing larger
scales and illuminate the relation between galaxies and tH&M, through for example the
anti-correlation between regions of active galaxy formain (detected with near-IR surveys)
and the HI 21cm images [15].

How did the cosmic web evolverhe end of reionization is dominated by the topological
transition from ionized bubbles into the \cosmic web" that ve see in the Ly forest. This
process also imprints distinctive features on the 21cm siginand allows us to measure directly
the evolution of the IGM's structure and its interactions wth ionizing sources [6]. Beyond
the statistical measurements, HERA has the potential for decting HI 21cm absorption by
the neutral IGM toward the rst radio loud AGN. Absorption pr ovides a unique probe of
intermediate to small scale structure in the neutral IGM duing reionization [9], but detecting
it is predicated on the existence of radio loud AGN during renization [5].

Where did the rst generations of quasars form, and what wetbeir properties? Bright
guasars form enormous HIl regions in the IGM (larger than 5 pisical Mpc according to cur-
rent estimates; [8]), visible in the 21cm sky even after theuasar becomes dormant, because
the recombination time is relatively long. Studying theseegions in detail will constrain the
quasar emission mechanism and their lifetimes, luminosifyunction, and redshift evolution.
There may be hundreds of such regions in the large elds pratbdy HERA, and they may
be su ciently large for detailed images [31].

When did the rst galaxies form, and what were their properis? As mysterious as they
are, the galaxies responsible for reionizing the Universeerg probably relatively mature.
The 21cm transition also probes the very rst structures to ppear in the Universe { an era
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most likely inaccessible even tdWST { through the rst phase of 21cm absorption in Fig. 2
{ and the rst black holes, through the heating era.

Does the standard cosmological model describe the Universe during the \dark
ages?" A second focus of this experiment is to open an entirely new stnological era to
precision tests. The prospects for \new" physics during tBiera are di cult to quantify but
nevertheless exciting, and 21cm surveys cgotentially dramatically improve cosmological
constraints on parameters such as the in ationary power spgum, the neutrino mass, and
the curvature of the Universe [20].

The challenge will lie in separating astrophysical process from the \pure" cosmological
information, which will require detailed and robust modehg of the astrophysics. From
the experimental side, enormous strides in this directionilvbe enabled by measuring the
redshift-space distortionsof the 21cm background, in which peculiar velocities changbe
mapping from frequency to radial distance, amplifying uctiations along the line of sight
(but not in the plane of the sky). The peculiar velocities tha source these distortions
depend almost only on gravity and so provide a purer view of éhunderlying cosmological
parameters. A key goal of HERA will be to measure these redfthspace distortions and to
assess their potential utility for cosmological and astrdyysical measurements.

Milestones. The ultimate goal of studying the 21cm background is to makeatfailed maps
of the IGM throughout the \dark ages" and reionization, as inFig. 1. The top axis of Fig. 2
shows the observed frequency range for these measurementstl within the low-frequency
radio regime. Unfortunately, this is an extremely challerigg band, because of terrestrial
interference, ionospheric refraction, and (especially}lwer astrophysical sources (see [11]). In
particular, the polarized Galactic synchrotron foregroud hasTgy  180(=180 MHz) %° K,
at least four orders of magnitude larger than the signal. Faan interferometer, the noise per
resolution element (with an angular diameter and spanning a bandwidth ) is then

100 m? 10 2 14z * MHz 100 hr ¥

Thoi 20 mK
noise A. 10 tie

; (1)

where A, is the e ective collecting area and;, is the integration time. These angular and
frequency scales correspond to 30 Mpc. Figure 4 shows some estimates for how well we
can measure the 21cm power spectrum with a variety of expermts.

B. Other Science Goals

While the focus of this submission is the exploration of intgalactic atomic hydrogen at
high redshift, the proposed instruments for the coming deda will have signi cant capability
to serve other scientic needs with modest incremental castA primary example is the
transient radio sky that is a likely byproduct of image analgis for the deep integrations
required to detect hydrogen structures. In the Science WP &7\The Dynamic Radio Sky:
An Opportunity for Discovery,” Lazio et al. ask, \What New Sources and Phenomena
Populate the Sky?" They point out that the time domain of the &y has been only sparsely
explored. Recent discoveries indicate that there is much tbe found on timescales from
nanoseconds to years and at wavelengths from meters to nmileters. These observations
have revealed unexpected phenonmena such as rotating rattemsients and coherent pulses
from brown dwarfs. In addition to the known classes of radioransients, possible other
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FIG. 4: Sensitivity of three ducial arrays to the
spherically-averaged power spectrum, aiz = 10
and 15, expressed in units ofTﬁ for a fully
neutral universe, as in Figure 3. The solid and
dashed curves are forAe = 0:1 and 1 kn?, re-
spectively. Observing is split over four elds for
1000' each, with a total bandwidth B = 8 MHz,
Tsky = (471; 1247) K at z = (10;15), and N =
5000 stations centered on a lled core and with
an envelope out to Rmax = 3 km. The black
squares show the location of the independenk
bins. The dotted curve shows the MWA sensi-
tivity at z = 10. The vertical dotted line corre-
sponds to the bandwidth; modes with smallerk
are compromised by foreground removal.

classes of objects include extrapolations from known clasand exotica such as orphan-
ray burst afterglows, radio supernovae, tidally-disrupté stars, are stars, and magnetars.
Meter-wavelength transient sources will likely emphasizteep spectrum emission phenomena
where correlated particle motions boost emitted signals.

In A2010 Science WP 150, Kasper et al. point out that Low-Fregency Arrays are sensitive
to both direct radio emission from coherent plasma processm the solar corona and to the
modi cation of radiation from background sources by the camal and heliospheric plasma
through Faraday Rotation (FR) and Interplanetary Scintillation (IPS). The greatly improved
dynamic range, frequency coverage, and bandwidth of modearrays will open a new window
on the physics of magnetic reconnection and particle acoelgon at shocks. The combination
of FR and IPS measurements of coronal mass ejections (CMEsppagating from the corona
through interplanetary space has the potential to revolutnize our understanding of how
CMEs evolve and to predict the severity of their impact at Eath. The leading science
guestions that the meter wavelength observations can coittute to are: How does the solar
coronal magnetic eld change with time? How does the coronahtagnetic eld extend into
interplanetary space? How do Coronal Mass Ejections erupito the heliosphere? How are
particles accelerated by CMESs?

The instrumental properties required for 21cm studies, féaring wide eld capability,
large-N architecture, provision for high precision full plarimetric calibration, large fractional
bandwidths, and high sensitivity, inevitably lead to excdént science potential for these and
other non-21cm science investigations. Application-spex constraints on capability will
lie largely in the digital domain, and the primary HERA implementations will employ, for
example, time and spectral resolutions appropriate to 21cstience. It can nevertheless be
appropriate for other science groups to contribute funded @t as warranted to augment
the HERA digital hardware, rmware and software for their applications. In this document,
we limit our focus to the 21cm reionization and dark ages sciee.



TABLE I: Technical Progression of Hydrogen Epoch of Reioniation Arrays
Instrument | Phase | Ae No. FoV |GoaVl
(km?)|Elements| ()

PAPER [2010{14 0.003| 128-512| 60 |PS Detection

MWA 2010{14f 0.01 512 20-40 |PS Detection
HERA Il |2015-19 0.1 5000 | 20-60 |PS Characterization
HERA IlIl | 2020{ | O(1) |O(50000) (20-60¥ |Structure Imaging

Y{ PS: Power Spectrum. { Field of view depends on detailed trade-o
study following HERA-I e orts. #{ HERA-IIl parameters will depend
on experience gained by mid-decade.

II.  TECHNICAL OVERVIEW OF HERA PROGRAM

The study of cosmic reionization using HI requires instrunmés with high sensitivity over
a wide range of angular scales and redshifts, translating teide eld of view, wide band-
width, and large collecting area. These instruments must fther fully characterize the
low-frequency celestial sky and model their own system respse so that foregrounds can
be e ectively suppressed and the EoR signal revealed. Thiequires calibration of the ar-
ray with high accuracy. Wide elds-of-view, large fractioml bandwidths, radio frequency
interference (RFI), and ionospheric variation all compliate the calibration of interferomet-
ric arrays. Obtaining an accurate sky model requires accusemodels of primary beams,
receiver passbands, gain variation, and array geometry. #@ining su cient collecting area
places demands on antenna design, correlator size, and dptacessing and handling.

These technical challenges are being addressed in phasd&s (The development of the
technology is driven to advance the science from statisticdetection of the EOR uctuations
to full three-dimensional imaging of the high-redshift unierse.

HERA |. Power Spectrum Detection. The arrays now operating or under construction
have A, 10° 4 m? and so are limited to imaging only the most extreme ionized géons

(such as those surrounding bright quasars). Neverthelesbese arrays have su ciently large
elds of view (> 400 )?) to make reasonably good statistical measurements [3, 2Hig. 4

shows the projected errors for the MWA atz = 10. The array will be able to detect
uctuations over a limited spatial dynamic range forz < 12, constraining the timing of
reionization and some source physics.

HERA II: Power Spectrum Characterization. Fig. 4 shows that larger telescopes, with
A, 10° m? (and large elds of view), will clearly be needed for precismeasurements, and
especially to identify distinctive features of the power sgctrum (see Fig. 3). Instruments
in this class will also be able to measure more advanced sstics, such as the redshift-
space distortions induced by velocity uctuations. These r@ extremely useful for breaking
degeneracies in the signal [1] but lie beyond the reach of trgeneration experiments. (For

more information, see the white paper \Cosmology from the Ighly-Redshifted 21cm Line".)

HERA IlI: Hydrogen Structures Imaging. For Ae 10° m?, imaging on moderate
angular scales becomes possible, and statistical congttaibecome exquisite even at high
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redshifts (provided that the large eld of view, not strictly necessary for imaging, is main-

tained; see Fig. 4). Plans for these later generations wilv@ve as we learn more about
\dark age" physics and the experimental challenges aheadyrfexample, the Long Wave-
length Array, MWA, and LOFAR will study the ionospheric calibration required to explore
the high-z regime ¢ > 12, or < 110 MHz) and help determine the relative utility of a
terrestrial Square Kilometer Array or a far-side Lunar Radd Array (LRA). At the same
time, we must explore whether telescope designs that areenided to be closely aligned with
the observables, such as an FFT Telescope [29], are both fireed and cost-e ective.

The HERA roadmap, accompanied by e orts to improve theoretial modeling of the rst
galaxies and to enhance data analysis techniques (such ag@plized statistical measures)
will position the community to explore the major science gutions concerning highe galaxy
formation, IGM evolution, precision cosmology.

A. HERAI

The rst-generation experiments must be extremely focuseth order to attain the goal
of a convincing detection of the EoR signal. We outline herené technical approaches of
MWA and PAPER. These experiments focus on redshiftg < 12 and the coldest patches
of sky. Both have the sensitivity to obtain statistical detetion of the power spectrum of
21cm brightness temperature uctuations and possibly to imge the very rare, largest-scale
structures formed at the end of the reionization epoch. Theyepresent di ering but in
many ways complementary paths to addressing the key issuecifeg the rst generation
arrays: calibration. Various methods for estimating the eects of instrumental calibration
on a statistical EoOR detection have been analyzed [2, 22, 24jut achieving the requisite
calibration quality and stability in early instruments remains an open problem [3, 12].

PAPER proceeds with an emphasis on hardware, controlling drunderstanding the in-
dividual antenna responses, so that tha priori estimates of the instrument response are of
the highest possible quality, thereby minimizing the cha#inge to the calibration software.
MWA emphasizes techniques enabled by High Performance Comtipg, new adaptable al-
gorithms, high data volume, and a breadth of calibration irdrmation intended to solve for
instrument response and ionospheric distortion on the y. WA also points, and picks out
preferred regions of cold sky for EOR detection in order to mimize overall system noise.
PAPER observes with a simpler transit strategy, and again ephasizes hardware stability
and constancy to maximize quality ofa priori calibration.

Murchison Wide eld Array. The MWA is an 80-300 MHz, large, synthesis array sited
in a protected radio-quiet zone centered at Murchison Radi@bservatory, Western Aus-
tralia. The collecting area, eld of view (FoV), and imaging characteristics of the MWA
are tuned primarily to enable statistical detection of the pwer spectrum of 21cm brightness
uctuations for redshifts < 12. In addition, the MWA will study the Sun and heliosphere,
including direct measurement of the magnetic eld structue at di erent radii, and conduct
a systematic sky survey for radio transient emission. Seecemt image in Fig. 6.

The array comprises 512 tiles of 16 dual polarization dipde(Fig. 5; 4 4) that are
steered electronically by an analog beamformer, achieviagprimary beam width of 30 at
200 MHz. This scale is well matched to the sizes of the coldgsitches on the sky. Field



of view is a primary design consideration of the array. Beafiorming has the added a%l-
vantages of increased rejection of out-of-beam power froinet complex polarized brightness
distribution of the low-frequency sky and rejection of RFI surces at the horizon. Digital,
multi-bit, baseband sampling leverages recent advancesalectronics, in particular Field Pro-
grammable Gate Arrays (FPGAS), to achieve uniform sensitity, stability, and high-enough
dynamic range to maintain linearity even in the presence ohterference, as from satellites,
aeronautical transmission, and re ections within the atmsephere of distant transmissions.
Received signals are combined in a 1024-input FPGA-basedretator capable of 103s !
cross-multiply and accumulate operations. The native timend frequency resolutions of
the output are 0.5s and 10kHz, respectively. Polyphase lation enables spectral dynamic
range of 10:1 and good performance even when faced with strong narrowrul interference.
High time resolution enables tracking of ionospheric distton of the sky images.

The array is centrally condensed within 1.5 km with a maximunextent of 3 km, to provide
optimal sensitivity to the reionization signal (for the ch@sen A, ) over a range of angular
scales on the sky and over a range of redshifts. The synthesizbeam is 2:4° at 200
MHz (half-power width). Dense sampling of spatial frequemes, enabled by the large num-
ber of apertures and full cross-correlation architecturgyrovides very good full-polarization
point-source response, which is a necessity for charactérg and removing foreground con-
tamination. The MWA is distinctive in its use of a once-throwgh real-time calibration and
imaging pipeline as opposed to iterative techniques such sslf-calibration. The choice is
motivated by the 160 gigabits! data rate output by the correlator and practical limita-
tions to storage. The pipeline achieves tile beam and iondsgric calibration using O(10%)
simultaneous calibrator sources, subtracts strong souscérom the data stream, constructs
full-Stokes images, and and resamples to a storage frame @vance of time averaging every
few to 10 minutes.

Precision Array to Probe the Epoch of Reionization. PAPER is a 100-200 MHz transit
synthesis array sited at the Murchison Radio Observatory (IRO), with a prototype station
in the NRAO radio-quiet zone in Green Bank, West Virigina. PAPER antenna elements are
dual-polarization sleeved dipoles mounted above groungjrstructures with side re ectors
(Fig. 7). These elements have been designed for smooth sphtind spectral responses to
facilitate calibration. The primary beam has a FWHM of 60 at 150 MHz. The PAPER
analog signal path ows from crossed dipole elements attaethi to a Pseudo-Di erential
Ampli er, through coaxial cable that runs above ground to a Receiver Card, which band
limits signals to 130-185 MHz before transmitting them to tk correlator.

A sequence of real-time, digital, FX correlators employingPGA processors is addressing
the growing digital signal processing (DSP) needs in progsvely more ambitious PAPER
deployments. These correlators are based on the exible &itecture described in [26],
whereby DSP engines transmit packetized data through 10-@lEthernet links to commer-
cial switches that are responsible for routing data among leods. This architecture, analog-
to-digital converters, modular FPGA-based DSP hardware, ral software environment for
programming, debugging, and execution were developed inllaboration with the Center
for Astronomy Signal Processing and Electronics ReseardBASPER) at the University of
California, Berkeley. The hardware and rmware developedyoCASPER emphasize modu-
larity and scalability, and the exibility of the correlato r design shortens development time,
allowing correlators of increasing scale to be developedparallel to the rapid incremental
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FIG. 5: MWA antennatile (5m  5m), consisting
of 16 broadband, crossed dipoles with low-noise
ampli ers in central hub. Signals are routed to the

adjacent analog beamformer; power and coaxial F|G. 6: MWA image of the double-lobed radio
cables to the digital receiver exit at the bottom galaxy Fornax A at 159 MHz in a 5-minute expo-
[18]. sure.

build-out of the array.

PAPER has conducted a test eld deployment at MRO (PWA-4) andmaintains a site
in Green Bank (PGB-4, 8, and currently 16). This allows prottyping to take place quickly
under realistic eld conditions. The PAPER approach to calbration has been to emphasize
precision, with the goal of characterizing system componanto within 1% in order to facil-
itate further model re nement via sky modeling and self-cabbration. The PAPER antenna
elements are easily re-deployed on their uniform length caal cables to test various array
con gurations.

B. HERAII Il

The larger second-generation experiment (Tablel) will beotused on more detailed sta-
tistical analyses of the reionization signal. Technical ements will build on experience with
systems already in the eld. Some will be production elemestin use for scienti ¢ data
acquisition; others will be development prototypes integted into the arrays for testing and
characterization. The central science of HERA Il will be poer spectrum characterization,
the study of redshift-space distortions, pre-reionizatio cosmology, and early imaging of dis-
crete structures.

Drawing upon lessons learned during HERA-I activity, HERA 1 will combine PAPER
and MWA approaches and technologies (e.g., high correlatdata rate will motivate real-
time calibration and imaging as in MWA, but with some iterative elements to improve
characterization of the instrument). Calibration purity and image dynamic range will be
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FIG. 8. All-sky map in a band between 138.8

MHz and 174.0 MHz. The northern hemisphere
FIG. 7. PAPER antenna. The ground screen  wasimaged using PGB-8 data (Dec 3% ) and the
structure includes side re ectors that narrow the southern hemisphere with PWA-4 (Dec 26.7 )
size of the primary beam to more closely match  data. Scale log[Jy]: peak 16 Jy; min rms 100
the size of colder patches in the synchrotron sky. mJy. [27].

critical gures of merit (in addition to A . and FoV). Order of magnitude improvements will
be sought to advance foreground subtraction over that achied with HERA |I.

Point-source subtraction will be fostered by likely incorpration of baselines up to the
limit (  3km) at which ionospheric distortions cannot be approximatd by simple refractive
shifts and perhaps minor second-order perturbation (focumy and de-focusing). The long
baselines will suppress the confusion limit while denserrmspling of baselines will reduce
sidelobe contamination that also limits the detection oor (At 150 MHz, there is 1 source
per square degree with ux density greater than 1 Jy, growingnore than linearly with the
inverse of ux density.) The nature of the faint source popwdtion at low frequencies is
currently unknown, beyond the scope of HERA |, and will condute part of the HERA-II
discovery space.

Accuracy of instrument polarization calibration will requre careful engineering of an-
tenna structures, a development activity to be conducted apart of HERA | operations.
Post calibration purity will need to exceed that of HERA | in response to the need to
improve subtraction of the intrinsically linearly polarized, di use Galactic synchrotron radi-
ation, which has an angular spectrum falling as 2 in other wavebands. The polarization
spectrum at low frequencies is at present not well constrad [14, 30], and so predictions
of contamination from leakage are correspondingly uncerta This too represents HERA-II
discovery space. Achieving high image delity for this di tse emission will require dense
baseline coverage over the full range of baselines (in cadr to MWA where the longest
baselines are supported by outrigger tiles) and constraimn missing polarized ux due to
the minimum spacing between elements.

At present, the technical outlines of HERA IIl may be de ned d the level of published
general speci cations for the low-frequency component dfi¢ SKA. The technical elements of
the system will be described in depth as a result of experienwith operations and scienti ¢
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campaigns using HERA I, as well as the development work thatill be done using that

array as a testbed. Several groups [4, 13, 17, 25] have showattfor correctly chosen

antenna distributions and careful observing strategy, feground removal even to the level of
the tomography planned for HERA Il is possible. HERA Il will be suitable to implement

and test these theoretical foreground subtraction schemem very large volumes of data
obtained with systematics that approximate the low level aticipated for HERA IlI.
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[1l. TECHNOLOGY DRIVERS FOR HERA II,l1I

A. Antennas and Array Con gurations

The primary science drivers for HERA require an array with lege collecting area and
large eld of view for survey speed, a large frequency ranger fredshift coverage, low cost,
and precise calibration. The survey speed consideratiors/ér a large number (\largeN ")
of antenna elements with small aperture. As discussed el$@re, two complementary large-
N designs are being tested as part of the current Phase-I HERAtavities, tiles of crossed
dipole arrays and individual crossed sleeve dipoles moudt@above grounding structures.
Both have been designed to have broad spectral response, andt considerations have been
an important factor in both designs. A third class of antennaunits consisting of four phased
helical antennas, are being prototyped as a part of desigruslies for the Lunar Radio Array
(Lazio et al. science & program white papers).

The calibration requirements for HERA are extremely stringnt. Considering a 30-degree
eld of view and source counts at 180 MHz we expect to have onerage about one 100 Jy
source in each eld of view. Such a source produces an antentenperature of about
150,000 K in a synthesized beam of a few arc minutes, leadirmga dyamic range requirement
of better than 1. Propagating visibility phase measurement errors to uctations in the
map and considering a snapshot with the MWA or PAPER Phase-lreay, leads to the
requirement that each antenna must have an uncertainty in & phase calibration of order @1
or smaller. For the long integrations that will be carried ot for EOR measurements, each
gridded visibility cell will be formed from the average of may visibility measurements, and
the averaging of random phase errors relax the calibratiorquirement on a single visibility
to more than 10, which is not a challenge at these frequencieslowever, systematic phase
errors, that do not average down, have to be controlled at tleel of the0:01 requirement.
Also as discussed elsewhere, MWA and PAPER are complementan their approach to
control systematic errors in calibration; the Lunar Radio Aray (LRA) approach is similar
to that of PAPER in that the antenna element has been designei have a single-lobed beam
that varies smoothly with frequency and angle. A further calbbration issue, that has not yet
been explored, is the e ect of the polarization basis (linesor MWA and PAPER, circular
for LRA) on achieving the required dynamic range in the presee of polarized foregrounds.

The optimum con gurations for 21cm power spectrum detectio and characterization
given a total collecting area and element size will continu® be explored as we learn more
about calibration and foreground subtraction. This inclués unique designs such as xed
viewing of celestial pole and regular gridding.

The technology development for HERA Phases Il & Il must inalde several years of
study of the performance of the di erent antenna prototypesand array con gurations as
they are deployed in the eld, observing wide elds dominaté by confusing bright sources,
and with the data processing carried through the full pipefie of calibration, imaging, and
foreground subtraction. These studies started as part of theled HERA Phase-1 path nder
design, prototyping and simulations. They will continue as vital part of Phase-I activities
that require exact understanding of instrumental e ects, ad, as a result, make us ready for
informed and accurate costing of future phase instruments.
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B. Large- N Digital Signal Processing

Phase Il of HERA will require a substantial ( 10 ) increase in collecting area over the
Phase-I arrays. The increase in area can be achieved both hgreasing the e ective collect-
ing area of each antenna element and by increasing the numbmrantenna elements. The
former approach leads to an increase in the cost of antennaghereas the latter increases the
cost of the antennas and digital signal processing (DSP) ihé cross-correlation computer for
a conventional array architecture. As DSP costs continue tdecrease, we may be reasonably
certain that future designs will drive us in the direction oflarge-N arrays. The correlation
schemes adopted by all existing large radio interferometgrincluding MWA and PAPER,
have DSP costs that scale quadratically with the number of @mentsN, once this exceeds
a few hundred. Thus, developing technologies for buildingrigeN correlators at reasonable
cost is critical.

Calibrating and imaging the correlator output also poses aubstantial computational
burden at low frequencies. For large-N arrays, data rates maeach levels where the tradi-
tional data reduction path of data storage and o ine post-processing is no longer viable.
For Phase Il of HERA, calibration and imaging will demand digal processing comparable
in complexity to correlators. Current solutions for real-time imaging and calibration em-
ploy CPU- or GPU-based cluster-computing solutions. Othetechnologies may need to be
explored for power-e cient calibration and imaging in large-N arrays.

Speci ¢ technical issues that must be addressed include:

Selection of low-cost digital processors - Current Phaseadtivities are based on FPGAs.
Developments in FPGA technologies must be monitored and impations for large-
N correlator design assessed. In the larger Square Kilome#@ray (SKA) program
this exploration is being led by the low-frequency array delopments, albeit at small
bandwidth per N.

Signal routing - Each cross-correlation processor must ee¢e data from every an-
tenna. For large numbers of antennas, providing cross-coramcation on this scale
is a challenge. Switch-based correlator architectures aggxr promising [26] and may
prove viable for largeN arrays should switch capacity continue to follow the growth
of the internet.

Power consumption - The cost of providing power to larght correlators and real-time

calibration systems is signi cant. Developments in low-p@er electronics such as those
being carried out for the space program may have implicatienfor the design of large
DSP processing systems for Phase Il of HERA.

Algorithms for real-time post-processing - It is not feasile to store the visibility data

produced by large-N correlators. Time-variable ionosphierconditions require that cal-
ibration solutions be computed over short time intervals biere averaging. Algorithms
for real-time calibration, wide- eld imaging, and architectures for implementing these
algorithms must continue to be developed.

New architectures - By gridding electric eld data before itis presented to the corre-
lator, FFT techniques can be employed to change the scaling computational com-
plexity in correlators from N2 to N logN. The FFT Telescope [29] and the MOFF
correlator [23] are two examples of architectures that meriurther exploration.
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IV. ACTIVITY ORGANIZATION, PARTNERSHIPS, AND CURRENT STAT us

HERA |. PAPER is an NSF-funded collaboration among scientists at UC Berley,
UVA, NRAO and UPenn in the US and at Curtin University in Perth. PAPER is hosted
by the MRO, and receives support from CSIRO sta . Field work Wth an engineering array
in Green Bank, WV allows full-up testing of all components, lgorithm development, and
training prior to deployments at MRO, where 64 dipoles will ke in place in 2009 (and
128 in 2010).MWA is pursued by a collaboration among researchers at (i) Hagsk, MIT,
Smithsonian, and Harvard, supported by NSF and institutioal funds; (ii) a consortium of six
Australian universities; and (iii) the Raman Research Instute. CSIRO provides logistical
and select engineering support. Management is centered dtet International Center for
Radio Astronomical Research in Perth. Field work is focuseat MRO, where a 5% prototype
array will be demonstrated, from steerable beam formatiorotreal-time imaging, in mid-2009.
Build-out will be completed in 2010.

HERAIl. The nucleus of US activity will comprise the PAPER and MWA cdiborations.
A board-governed consortium will include host-nation orgaizations and other overseas part-
ner institutions. The Board will work under a memorandum of nderstanding and provide a
conduit to coordinating sponsor organizations. The MWA prades a model for development
of governance and management structures. Near-industristale design, replication of hard-
ware elements, and signal-processing performance will ndate formal project engineering
and management. Management responsibility will lie in a ggoaphically distributed Project
O ce responding to the Board. Positions will include Direcior, Sponsor Liason, Engineer,
Manager, Scientist, and Regional Project Managers, and Eingers. Integration of regional
positions will ensure communication, foster common purpesand enact lines of spending
authority and accountability that parallel funding lines from di erent sources.

HERA Ill. Long-term coordination with SKA e orts is anticipated, though HERA sci-
ence will be more focused to minimize cost. HERA Il is anticgied to provide technical,
intellectual, and operations leadership for the low-freqncy segment of the SKA project, for
which it is a recognized path nder. Coordination in SKA plaming and design with a second
path nder program, LOFAR, is anticipated, though a critical di erence may be the location
of HERA Il on the actual site of the SKA core, bene tting from related development of
infrastructure (SKA siting preference to be set early in thenext decade).

Partnerships. The MRO is established and operated by CSIRO, in collaborath with
the federal and state governments. It is home to the Austran SKA Path nder (ASKAP).
Site access is controlled by CSIRO. Curtin University of Tdmology and the University
of Western Australia have formed the International Centre dr Radio Astronomy Research
(ICRAR), supported by $A20M of state government funding (209-2013) and $A60M of
university contributions. ICRAR has expressed interest ilbeing part of discussions underway
in the US regarding HERA and future instruments. The MWA expe&ence, in particular, has
shown the great value to international projects of crediblecal collaborators (e.g., support of
site activity, management, scienti ¢ cause). ICRAR could le such a collaborator for HERA
at MRO. As well, ICRAR aims to provide data-intensive archivng and processing facilities
to its sta and collaborators that would bene t HERA and SKA activities. It is noted that
CSIRO is the primary party to be consulted in the developmenbf any such plan, and this
should occur early, if MRO siting is sought. ICRAR only proviles informal advice into these
discussions currently and represents its own priorities aspotential collaborator.




17
V. ACTIVITY SCHEDULE

The decade begins with build out and operations for existingrrays that will also provide
many detailed developments required to design HERA |l owin the demanding calibration
that must be achieved to meet the 21cm science goals. Mid-dde will see merging of
PAPER and MWA e orts in construction of a single array, HERA 11, as a culmination of
coordinated development e orts. Science operation of HERA will drive realistic analysis
of an SKA-class low-frequency facility on which construain can begin by 2020 (Table ).

TABLE |I: HERA Eras
| < 2009 | 2009{2011| 2012{2014 | 2015{2019| 2020.. |

HERA |
MWA-32| MWA-512 | MWA-512
sclence, R&D JERA 11 | HERA I
PGB-16| PWA-128 |PWA-256/512| (N=5000) | SKA-Lo
PWA-4 Science, R&D)

[Funding: [$10M (3 y)| $20M (3 yr) [$60M (5 yr)[$240M (10 yr)|

HERA I: 2009-2014 { Activity begins with completion of build out of PAPER and MW A
and e orts to achieve rst detection of the reionization 21cm pwer spectrum (or upper limits
and targetted goals for next stage)This will severely test array and algorithm design con-
cepts. It will be conducted with current sources of fundingrad follow-on NSF support via
AAG, ATI, and URO programs, interdisciplinary initiatives such as CDI, and opportunities
through CISE or ATM divisions. Most importantly, the two arrays provide a critical running
start as testbed facilities supporting development workhis would improve individual array
performances, bene tting scienti ¢ productivity, and simultaneously enable assessment of
new hardware and software concepts in support of detailedsign and engineering of HERA
II. Priority development areas will focus on antenna elemertype and calibratability, corre-
lation techniques and scaling with number of inputs. imagip dynamic range, real-time data
post-correlation techniques, and foreground characteation and subtraction.

HERA II: 2015-2019 { Activity continues with HERA-II design and construction, driven
by the study of redshift-space distortions, pre-reionizan cosmology, and early imaging of
discrete structures.Elements of PAPER and MWA systems that are relevant to the exgnded
array architecture (e.g., correlation resources, ber imastructure) may be combined. The
baseline HERA-II system will feature 10 the collecting area of MWA (= 0:1 km? at 100-
200 MHz with as close to full correlation as costs permit. (Iss than full correlation of
elements de nes the hierarchy of station beam forming and nstrains eld of view.) Tech-
nologies available in the near term are anticipated to enablscaling of current PAPER and
MWA general approaches. These scale &?. HERA Il will also enable testing of new
concepts that might enable softerN logN, scaling that would be of critical value in design
of SKA-class instruments, though the geometric increase computing density may enable
well-tested, traditional approaches, thus greatly reduoig development e ort and risk.

HERA Il { SKA: 2020... { HERA-III development to achieve 1 kn? collection area
over at least 100-200 MHz will be driven largely by reionizain science focusing on high-
order statistics in HI power spectra and direct wide- eld imging. Once basic design or
operation is secure, transformation over time into a more geral-purpose, SKA-type facility
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is anticipated, with the addition of capability from other communities.

VI. COST ESTIMATES

Costs through 2020 are grouped around three phases of depetent (Tablell): (I) use
and extension of the PAPER and MWA instruments and concomitat work that signi cantly
defrays Phase-Il development costs; (I1) construction of &0 larger array by mid-decade
whose use and ongoing assessment of instrument parameteit$ mform ongoing develop-
ment work for the Phase-IIl instrument; and (I1I) an SKA-class instrument at the end of
the decade. We note that ratios of development costs to sciea use for the rst gener-
ation arrays have been moderately large. However, with thatompleted, we expect that
development costs drop to a smaller fraction of constructioand operation.

HERA I PAPER costs for the subsystem from an antenna through the analogeetronics
to the digitization stage is $2.6K per element in 2009 dollar The estimate assumes US
production and 32 units (as parts kits that can be containeried for shipping). Deployment
costs (shipping, travel) are  $20K for 32 units. The total cost to procure and deploy
128 elements in 2010 will be $41QKvith unit quantity discounts approaching 20% for 512
elements.

Digitization and FX correlation uses open-source, shared-development dediggh by the
CASPER [26]. A central goal is rapid development of correlat technology, maintaining
hardware \on the Moore curve,” with rmware that migrates between generations of FPGA
devices. In 2009 dollars (K), correlator replication cossiCex = (4N +0:04N?) (B=350),
where N is the number of dual-polarization antennas, and is the processed bandwidth
(MHz). For 128 antennas the correlator cost is $105Kassuming a ducial 32-MHz bandwidth
that matches MWA (below the current 100-MHz maximum of the PAER correlator [26]),
and fully-costed FPGAs.

Development and integration costs are approximate becauséthe staged growth of the
instrument. Analog subsystem development costs have beerstdbuted, and correlator
development costs have been reduced considerably by CASPERwus far, additional FTE
expenditure for system integration of a 32-antenna array wd approximately equal the cost
of the analog subsystem; scaled to 128 antennas, this is $40rhe estimated full cost of a
128-antenna PAPER instrument,Cpwai2s :full , IS $2-3M

MWA costing is well developed and based on extensive quotes f@amafacture, testing and
eld installation of major and heavily replicated systems.In 2009 dollars (K), the hardware
cost, minus developmentCywa hardware = 5:IN +7:6B +0:01INB +8:3 10 °N2B; where
N is the number of 4 4 antenna tiles and B is bandwidth (MHz). The terms correspah
to tiles, receivers, cables, correlation, and realtime cgmating for calibration and imaging.
For N =512 and B = 32, the MWA-512 hardware total is $3.7M

Implicit scalings breakdown for very largeN and maximum baseline lengths beyond a few
km, where current system architecture may require substane modi cation (e.g., parame-
terization and correction for ionospheric distortion of inages). The limiting N is not known
with precision because it depends on advances in commerd&thnology and declining unit
costs (e.g., Xilinx Vertex-4 chips in use now vs order of magunde more capable Vertex-6
chips due in mid-2009).
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Like PAPER, MWA development has been staged, with substante preparatory work

prior to initiation of the project contributing major design elements. This makes the full
cost di cult to estimate. A plausible forecast at completion of the 512 element array is
$11M for development across the contributing partners and spooss.

General Infrastructure Costs . For work at MRO, these costs are covered by CSIRO
in its site operations model. We assume that infrastructurewill continue to be an in-
kind contribution intended to enable astronomy at the remo¢ MRO. As a result, central
power generators, buildings, internet connectivity and ta like havenot been included in the
calculations.

Operations Costs. Because the MWA model includes full-time (24 365) operation, we
use it for estimation of related costs. (PAPER is a campaigmstrument for which conditions
are optimal 3 months per year.)

Fixed dipole arrays have intrinsically low operating costsand follow a di erent model
than traditional radio (or other) observatories (e.g., no Bocations are needed for mechanical
elements, and cryogenics.) The dominant operations costeedor the stable power supply
that is required by digital signal processing and High Perfmance Computing (HPC) sys-
tems, and modular, transportable data storage that is antipated to service on the order of
50-500 TB per year depending on science application, whererjpdic site visits are required
to change out disk systems. Otherwise, most operation willebcontrolled remotely, via an
existing satellite or future hard link.

An early estimate for diesel fuel required for a budged(100) kW (c. 2007) was $350K
per year for full-time observing (24 3685!). For maintenance of MWA, 2 FTEs based within
a few hundred km of the site will be required. The mean time beten failure for hardware
elements exposed to ambient conditions and for HPC elemerdse under study. Assuming
that engineering anticipates serious failure modes of parttotal annual operations, including
site visit costs and administrative details are $700K per .

Research & Development. Irxlll we describe important R&D e orts that will be ongoing.
Once MWA and PAPER arrays are deployed, technical sta inclding students can be work-
ing on future deployments with improved performance and drcal components for future
phases. We estimate an average component of $500k per yeartlics.

Science and Related Costs. Expenses related to reduction and analysis is proportional
to data volume and inversely proportional to the time availle to complete work. Two
labor-intensive activities for both PAPER and MWA will be all-sky surveys to characterize
foreground emission and long integrations of selected cgddtches on the sky. The latter
will support iterative extraction of foreground emission mdels and statistical analyses to
search for a reionization signature. For either array, suey and reionization studies each
can readily generate hundreds of TB of raw data per year, witbomplete analysis desired
on an annual cycle. Prior to the start of science operationgost estimates are necessarily
uncertain. MWA planning in the US foresee€(10) FTEs working directly with these data
(crudely, a few TB per person per month), withO($500K) per year in o -site computing
hardware and storage costs. The total is about $2M per yearn, o 10%/year of total project
cost.

Summary of Phase | 2012-14 (two projects): Capital $8M; Opations $4M; R&D $1.5M;
Science $6M; TOTAL $20M.



HERA II: Costs for HERA Il are dominated by construction and operatin. The bulkzo?
development work will be accomplished during the earlier MWand PAPER programs up to
2014. We adopt a ducial array of 5000 phased tiles of antensawhich is driven simply by
desire for collecting array to meet sensitivity goals of theext phase, and an instantaneous
bandwidth of 32 MHz. Experience with MWA and PAPER and develpment work within
those programs will be used to justify deviations, such as arber number of individual
antennas, a somewhat smaller number of larger tiles, or a rixe.

We also assume for this cost estimation that HERA Il will be loated at the MRO site in
Australia. Alternate siting of HERA 1l is not anticipated un less either the SKA is awarded
to a di erent host nation, or scienti ¢ and technical drivers (array design, RFlI, etc) present
a compelling case for major changes. In that case, we readagaassume infrastructure
costs for US collaboration will continue to be an in-kind cdnibution from an international
partner. Implicitly a US site is not considered at this time @ing to strict limit on RFI.

For antenna and digital receiver hardware, we adopt the MWAast model, represented by
the rst term in the equation for Cywa .n Or $5K per unit or $25M Though HERA-II units
will be potentially more sophisticated, most cost will be indevelopment (e.g., propagation
modeling, rmware programming), rather than to pay for mandacturing. For correlation, we
adopt the geometric mean cost of PAPER and MWA units, expandkto a larger number of
inputs, and reduced as deemed appropriate for assumed gam&PGA processing e ciency:
3 (PAPER) and 10 (MWA). These savings correspond to productslose to market today.
The total cost is O($10M).

The nal large cost term for HERA-II construction is real-time calibration and imaging,
along the lines of what is being implemented for MWA. Focusgon the last term of the
previous cost equation, and conservatively assuming a quagling in GPU performance by
2014. The base cost for real-time computing would be $5M. Hever, forN 500, high data
rates and volumes are anticipated to require two very subgstéial changes in implementation:
(i) standard use of 10gE (or faster) network infrastructurefor input from the correlator,
output to disk, and exchange within the cluster, and (ii) useof integrated high-speed disk
storage systems. Roughly, the added impact on real-time pressing cost due to networking
may be O($2M). An added cost of O($1M) for 2 PB hosted at a local super computing
facility (e.g., IVEC, Perth) is motivated by the likelihood of costs 3 that of commodity
magnetic disk storage today and a 50% discount that re ectsethnological improvement.
The sub-total real-time computing cost is $8M to which we ad@5% contingency to reach
$10M total.

Operations and maintenance are anticipated to be a small fthon of capital costs for
HERA II, after the model being applied to PAPER and MWA. We anticipate a 5% levy on
resources, though this may be conservative if locally gea¢ed renewable energy is available
on site in place of diesel-powered generation. The consdiva estimate is $2M per year

Summary of Phase Il 2015-19: Capital $45M; Operations $10M; R&D $3M; Science
$10M; TOTAL $70M.
HERA III:

Phase Il core engineering and technical teams will continue design and develop for

Phase Ill once production construction is launched for HERAI. We outline our expected
areas of ongoing R&D inxlll. New ones will certainly arise in this demanding technalgy
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and calibration project. Base support at the level of $1M/yar will support this component

of our activity.



