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ABSTRACT

We describe a radio experiment that will test tleoiof structure formation in the early univers€éhe 1.42 GHz
spectral line of neutral hydrogen, redshifted dotenthe 45-200 MHz band, traces the ionisation statehe

intergalactic medium through the first billion yeaf the now 14 billion year old universe. Measgrihe metre-wave
sky spectrum with milli-Kelvin accuracy may thudele the epoch when the first sources of ionisadjation formed,
termed “the epoch of reionisation”. We discuss ¢émgineering challenges presented by this expetirapd the

opportunities provided by radio-quiet sites in AaBé.

INTRODUCTION

Detecting the epoch of reionisation poses severgineering challenges. We describe a pathfindpegment over
100-200 MHz which requires a receiving system with80 dB dynamic range, 8,192 spectral channetsaahl dB
noise figure. The antenna attached to this receiwest have a pattern which is invariant over t86-200 MHz band
and a very good VSWR. Greater than the challefigssembling this equipment is the challenge dbeating it. The
bandpass, or relative channel to channel gain, toeistalibrated to within 0.00003 dB (1 part in T&®@). These
challenges may seem formidable, but they are ndorasidable as the contribution to science madealsuccessful
detection.

SCIENCE BACKGROUND

The best model for structure formation in the urseeis the gravitational growth of density perttidres within a hot
big bang cosmology. Several independent obsenatralidate this theory, particularly observatiofsnisotropies in
the cosmic microwave background (CMB) and the posparctrum of the spatial distribution of galaxiédle wish to
shed further observational light on the dark patiding from the tiny density fluctuations obseriedhe primordial
universe to the large galaxies and galaxy clusteserved in the today’s universe.

A challenge for the current structure formation mlad to explain the thermal evolution of the udgieg intergalactic
gas, the intergalactic medium (IGM), as it is bordlea by ionising radiation from the first stars agalaxies. It is
difficult to understand the feedback mechanismg tim/ern the thermal evolution of the IGM becauserent

observations do not provide adequate constraintshenvariety of models proposed. Observationshef tecent
temperature of the IGM, together with measuremehthie CMB and the absorption spectra of Quasaiggest that
reionisation must have been a complex, multi-stegss [1] [2]. Conversely, simulations basedhendurrent model
of early structure formation suggest a simple, Isisgep process [3]. We aim to constrain strgcformation models
by providing a measurement of the evolution ofItBl1 over the first billion years of structure fortian.

The IGM consists mostly of hydrogen and helium, Watfocus specifically on hydrogen due to the pramce of its
1.42 GHz spectral line. We wish to measure thexcspl line, averaged over the sky, as it varigh Vaok-back time
(redshift) and hence frequency. From this avesggetrum we may deduce the ionisation history efttixdrogen in
the IGM.



IONISATION HISTORY OF HYDROGEN IN THE EARLY UNIVERS E - WHAT WE KNOW

Fourteen billiod years ago, near the very beginning, all matteh@universe was ionised due to the extremely high
temperatures associated with the big bang. Ab60t®O0 years laterz(~ 1088), this plasma cooled sufficiently to
recombine and to form neutral hydrogen and helidthis neutral state persisted for at least a huhdrdlion years (to

z~ 30) as implied by WMAP’s measurement of the geginisation optical depth to electron scattefi2ig

Thirteen billion years aga ¢ 6), ionising (Lyman continuum) photons beganetiing toward Earth’s telescopes from
the most distant quasars observed. The spectrtheske quasars indicate that the hydrogen in the K34
predominantly ionised by that time and has remastedntil now [4] [6].

The intervening billion years (30&< 6), between these two observational pointsraésts us most. During this period
there must be at least one change, of order unithe ionised fraction of hydrogen. This implibat there should be a
step, of order 10 mK, in the integrated, all-skeapum of neutral hydrogen [5] in the range 45 -© 20Hz. A
detection of one or more such steps will indicateranprecisely when in the first billion years okthiniverse’s
existence the first sources of ionising radiatiomfed and what they may have been.

ENGINEERING REQUIREMENTS
Sensitivity

Sharp changes in the ionisation state of the hyarggas imply sharp features in the background spacat the level
of a few mK. The level of this signal alone does challenge us. We assume that the Galactic sgtrolm emission
dominates the system temperature and follows alsimpdel of 150 K at 150 MHz with a spectral inddx-2.6. This
is consistent with cooler parts of the sky at higBalactic latitudes. Fig. 1 shows that the regplit mK sensitivity is
reached in just 1.4 hrs at the upper end of the baimterest with a 1 MHz channel.

If the Galaxy dominates the system temperatureneesl not over-optimise the noise figure of theeayst We can

allow a receiver with an equivalent noise tempemt@anywhere up to 10% of the Galactic brightnessptrature.
Fig. 2 plots the resulting noise figure requiremeftreceiver with a noise figure of 0.1 dB will baitable.

Integration Time for 1 mK Sensitivity
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Fig. 1. Integration time to reach 1 mK r.m.s. s/ in a 1 MHz channel.
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System Noise Figure Requirement
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Fig. 2. Receiver system noise figure requirementte equivalent system noise
temperature not to exceed 10% of the sky temperatur

Antenna

The signal that interests us is constant over thelevsky so we may choose an antenna of arbitiaeytare. We are
considering low gain antennas with sizes comparé&bla wavelength (1-7 m in the band of interesg) amooth,
frequency independent radiation patterns. Ifahtenna pattern varied with frequency it would addanted spectral
structure to the measured sky spectrum. Fig. 3ctiepne type of antenna, the flat spiral, whichynsatisfy our
requirements.

Fig. 3. Example of a cavity backed, planar, RH@Pas antenna with a frequency independent beahis garticular
antenna was designed for the ARGUS antenna arcgarers 900-1700 MHz with a VSWR better than 2[3]1
Image courtesy of Steve Ellingson, Ohio State Unsite



Spectral Dynamic Range

The Galactic synchrotron emission will dominate tipeerating levels of the receivers, and hence $etvar limit for
their required dynamic range. Using the same mmteGalactic brightness temperature as earlier caleulate the
intrinsic dynamic range required of the receiviygtem as the ratio between the Galactic emissiahtha desired
1 mK sensitivity. A dynamic range of 56 dB is re@qd to cover the whole band. In practice, a fartallowance of
25-70 dB may be necessary to accommodate lineaatipe in the presence of radio frequency interfeee(RFI) as
shown in Fig. 4.

By dynamic range, we specifically mean spectralasyic range. That is the range between the trugabkjgower in
each channel and the erroneous signal power im@&snnel due to harmonics and intermodulationyetsd We limit
harmonics and even order intermodulation produgtsdiecting an observing band equal to or less Hraoctave.
Initial modelling of odd order harmonics for a coemtial, bipolar LNA suggests that it will be suitalior RFI levels
representative of Mileura in Australia [8].

Spectral Resolution

We require a fractional redshift resolutidn’z of 1% to achieve the science goals of the experimé 1 MHz channel
bandwidth corresponds tw/z ~ 0.5-2% depending on the redshift. Finer speodsolution is necessary to recognize,
if not mitigate, interference. A simple investigat of the data collected at Mileura showed that BFnost efficiently
excised with resolutions equal to or better thalkH2.

Quantisation Levels

The spectral analysis may be performed by a cdivelgpectrometer, a polyphase filterbank, or ai.FRIl of these
may be implemented in hardware or software and fit@dy all could be engineered to meet the spéctrsolution and
dynamic range requirements. A remaining quessom@w many quantisation levels are required, pgodhe spectral
analysis, in order to achieve the overall desinpecsal dynamic range? We may select from the leimp-3 bit
systems employed by traditional radioastronomyesystor the more complex, 8+ bit systems being desigor SKA
[10] and LOFAR [11].

Required Dynamic Range for All-Sky EOR Experiment
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Fig. 4. Required dynamic range (DNR) for all-sketettion of the epoch of reionisation. Tileeline shows the DNR
required when the Galaxy dominates system temperaflhegreenline shows the DNR required to cope with peak
interferers 25 dB above the level of the Galaatiission as experienced at a radio-quiet Austraisan[8]). Thered

line shows the DNR required to cope with peak feters 70 dB above the level of Galactic emiss®experienced at

a European site [9].



OBSERVATION & CALIBRATION
The observed spectrum from any system configuratidirdisplay:

1. an additive contribution (receiver noise, ohmic €sion from the antenna elements, ground emissiuh, a
atmospheric emission);

2. a multiplicative contribution (the band-pass fuantbf the receiving system); and

3. erroneous spectral features due to sky emission dlicections off the bore-sight.

We must minimise all of these features, and thedehand remove their remaining contributions witmK accuracy.

Minimising and Calibrating the Additive Contributio n

Configuring the system as a correlation receivér minimise the additive contribution. The sigrsdould be split as
early as possible in the RF chain. One could epdihthe signal before the antenna, in free-sphgeysing a partially
reflecting screen. This option requires duplicatid the entire RF chain including the antenna.

If there are only passive elements prior to thenaigplit, we may calibrate the remaining additeantribution by
varying their temperature. Any ohmic emission dtiaary in direct proportion to physical temperatur

Minimising and Calibrating the Multiplicative Contr ibution

The regularity with which the multiplicative, or fidpass, calibration must be applied is minimiseariaximising the
gain stability of the receiving system. The bars$pealibration is ideally implemented by measutimg response of
the system with and without the desired signahatibput. Normally this would be effected by paigtthe telescope
toward and away from the source of interest. Hawewe seek a global signature which is all overgky and thus
there is no “off-source” position for this type adlibration. Possible alternative methods include:

frequency switching;

differential measurements between the galacticepéam high galactic latitudes;

operating the system as an interferometer to rerttevglobal signal by means of a high-pass, spkitied;
blocking the global signal with an opaque foregmgnurce such as the Moon or Cas-A; and
blocking the antenna with RF absorber.

agrwpPE

Minimising and Cancelling Off-Axis Responses

Off-axis responses are minimised by choosing alginigw gain antenna with a frequency independeanbpattern as
discussed earlier. Any residual off-axis respansest be modelled and used in conjunction with arskgel to predict
and hence subtract its contribution from the measgpectrum. This may require observations ofcasuin the target
field with other metre-wave radio telescopes.

FOREGROUND SOURCES

A perfectly calibrated sky spectrum, with all instrental effects removed, will still be contaminatgda number of
foreground sources. In the absence of RFI, tre toterage sky spectrum will include the constaiitBQ~ 2%), the
desired hydrogen emission/absorption spectrum sgaime CMB (~ 0.001%), and the following foreground
sources [5]:

1. the integrated emission from extragalactic souteex7%);
2. Galactic thermal (free-free) emission (~ 1%); and
3. Galactic synchrotron emission (~ 70% at 150 MHz).



These must all be accurately modelled and removexh fthe total average sky spectrum to leave therdggh
emission/absorption spectrum with 1 mK accurachisTs not a simple task, but will be aided by thet that all the
natural foreground sources have smooth radio spsjr They may thus be removed by fitting a loder polynomial
or by some form of trend analysis. More recent eflgty of this foreground confusion hints that ieynbe more
difficult and require advanced statistical methfg]s

RADIO FREQUENCY INTERFERENCE — AN AUSTRALIAN ADVANT AGE

Our primary strategy for avoiding interferenceasgb where it is not. An Australian advantagehis availability of
radio-quiet sites such as those proposed for LOBARthe SKA.

RFI surveys of the prospective LOFAR sites covaledentire band of interest (45-200 MHz). The it@sy reports
from Australia [8], the USA [12], and the Netherdsn[9] represent radio-quiet sites deemed suitkdrl¢he world’s
most sensitive metre-wave radiotelescope.

The three sets of data were taken with similar gment so we may make a simple judgement of thegteof RFI by
comparing the maximum deviations of the medianaifrom the median noise in the range 45-200 MHhis yields
a maximum excess median RFI power of 25 dB for M#ein Australia, 40 dB for the South-West Unitgdt&s and
70 dB for Drenthe in the Netherlands. Attemptihg &xperiment in Australia may thus relax the dyicarange
requirement by 15-45 dB.

Third order intermodulation products are visiblghe US FM band data showing that a low gain argemd amplifier
similar to that required for our experiment, maypehed into non-linear modes by the stronger ferters. In the
Netherlands data, the FM band is so crowded that dAlsinnels cannot be distinguished from their trorder
intermodulation products. Australia is the bediapfor experiments over the entire band of indereThe South-West
USA might be competitive at the upper frequendies,is not so good through the FM band.

Major spectrum allocations in the band of inteiastude broadcast radio (FM); broadcast televisiarjous satellite
systems; aviation communication and navigation; migtellaneous fixed and mobile services. Bandieisd Mileura
in Australia is reported in [13] together with ttiiscovery of a 23 MHz band of pristine spectrummrfrd51 to 174 MHz
at this site.

A PATHFINDER EXPERIMENT

We plan an initial experiment covering 100-200 M¢teresponding to searching for neutral hydrogethénepoch of
reionisation within the more recent redshift ran§& <z < 13. This increases the probability of succassur initial
work in several ways.

1. The upper frequency band covers the lower redshifiisre there is expected to be a reionisation tigaa

regardless of whether or not reionisation firstkiplace at higher redshifts [1].

The antenna size is halved for the upper frequeacyl, making antennas cheaper and more portable.

The observing time to reach the required sensitigiminimised (Fig. 1).

The dynamic range requirement is much more relaxéuke higher frequency band (Fig. 4).

Communication requires smaller fractional bandwsddt higher frequencies and so communications

channels (FM/TV) occupy smaller fractional bandsigher frequencies, possibly reducing the probtém

radio interference.

6. Limiting our bandwidth to an octave greatly reduties effect of even order nonlinearities in theereer
chain. We may ignore second order intermodulgiaaucts if there are no strong signals at the lealyds
and the skirts of the RF filter are sufficientleap.

arwnN

In one year, we hope to build the necessary equiprfiteg making an observation of the all-sky neutngtirogen
signature of the epoch of reionisation, developuitable calibration technique, and make a firstepbation on a
remote, radio-quiet Australian site. Thereon wey tlaoose to redesign at the same frequency otdmpt a detection
in the lower, 45-100 MHz band corresponding todshéft range of 30 €< 13.



Table 1. Summary of specifications for a 100-2082pathfinder experiment.

Parameter Nominal Specification
Frequency Range 100-200 MHz
Antenna low gain

frequency independent beam
Integration Time 2 days (8 days for off-the-shelfA)
LNA Noise Figure 0.1 dB (1 dB if off-the-shelf)
Receiver Spectral Dynamic Range >80 dB
Spectral Resolution <12 kHz
Quantisation Levels to be determined

LESSONS FOR SKA/LOFAR

This first data set will answer many questions atmw best to calibrate the bandpass of not ontyequipment, but
LOFAR and the low frequency band of the SKA. Weyntearn important lessons for achieving the vasicspl

dynamic range requirements of these hypersensiisteuments. In the long term, a successful dieteatiould allow

the optimisation of the SKA for imaging the expectpatial fluctuations in the reionisation signalhese spatial
fluctuations are expected to contain an amountnédrination that is orders of magnitude larger ttzany other
cosmological probe [14]. In the short term, wd {garn just how good radio-quiet sites in Ausaare by attempting
a core piece of SKA science on one of them.

DISCUSSION & CONCLUSION

This is a high risk, high gain experiment that lias potential to test theories of structure foiorain the early
universe. We must minimise the scientific riskrbgximising the technological lessons we learn alivegway. It is
our hope that the technical challenges presentetthibyexperiment will engage the Australian engimgeand radio
science community. The broader the technical injpet greater the chance of success.
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