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Abstract

This thesis presents experimental progress towards constraining cosmology with
21cm radio observations. In particular, dark energy can be constrained by map-
ping out the cosmic web on large scales (> 10 Mpc) to see the evolution of the
baryon acoustic oscillation (BAO) scale. 21cm Hydrogen has been detected at
redshift 0.8 in cross-correlation using the Green Bank Telescope. The Pittsburgh
Cylinder Prototype Telescope was built to investigate the use of a modern cylin-
drical paraboloid interferometer as a survey instrument and its first results are
presented.
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1

Introduction

Understanding dark energy is one of the great drivers of cosmology today. General

relativity brought about a testable model of the Universe. The discovery that the

universe was expanding established a model. The cosmic microwave background

(CMB) measurement of a pristine blackbody at a redshift of 1100 confirmed the

universe started with a hot big bang. These measurements established a standard

model of big bang cosmology with the following components. The universe has

a flat space metric. It is comprised of 4% baryonic matter. 23% is dark matter,

which appears to interact with baryonic matter only via the force of gravity. The

remaining 73% of the universe is comprised of an even more mysterious dark en-

ergy. This repulsive-gravity agent could most simply be a cosmological constant,

though there is no known theoretical cause for such a force at such a weak level.
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1.1 Dark Energy

In order to measure something about the evolution of dark energy, we must start

with a model. The usual parameter used to define dark energy is the equation of

state:

w =
PΛ

ρΛ
(1.1)

where P is the pressure and ρ is the energy density using units with c = 1. In

the cosmological constant model, w = −1 for all z, but other models can have an

evolution of w with z.

In a flat universe, the Hubble parameter, H(z) and the angular diameter

distance, DA(z) are given by:

H(z) = Ho

√
Ωm (1 + z)3 + ΩΛe

[
3
∫ z

0
1+w(z)

1+z dz
]

(1.2)

DA(z) =
c

1 + z

∫ z

0

dz
H(z)

(1.3)

A comoving object with observable ∆z along the line of sight (r||) and fea-

tures of size ∆θ perpendicular to the line of sight, (r⊥) are related by:

r|| = c
∫ z+∆z

z

dz
H(z)

≈ c∆z
H(z)

(1.4)
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r⊥ = (1 + z)DA(z)∆θ = c∆θ
∫ z

0

dz
H(z)

(1.5)

Measuring a comoving feature’s angular and radial evolution, ∆z(z) and

∆θ(z) will then constrain H(z), ΩΛ, and w.

1.1.1 Cosmological Model

See Frieman et al. [27] for an excellent review of the current cosmological model

and the near term prospects for observational progress. An excellent textbook on

the subject is Modern Cosmology by Dodelson [21]. Following the analysis in these

two reference the key equations needed for this thesis are as follows:

On scales larger than 100 Mpc, the Universe is extremely isotropic and ho-

mogeneous. Assuming isotropy leads to the Friedman-Robertson-Walker metric:

ds2 = dt2 − a2(t)
(

dr2

1− kr2 + r2dθ2 + r2sin2θdφ2
)

(1.6)

with r, θ, φ as the comoving spatial coordinates, t is time, a is the scale factor,

normalized to 1 today. k is the curvature, with k > 0 corresponding to a closed

universe, k < 0 a open universe, and k = 0 a flat universe.

Applying the FRW metric to Einstein’s field equations gives the Friedman

Equation:
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H2 =

(
ȧ
a

)
=

8πGρ

3
− k

a2 +
Λ
3

(1.7)

where ρ is the total energy density including baryons, radiation, and dark matter.

and:

ä
a
= −4πG

3
(ρ + 3p) +

Λ
3

(1.8)

where p is the total pressure. The equation representing adiabatic expan-

sion, the fluid equation, can be derived from the other two:

ρ̇ + 3
ȧ
a
(ρ + p) = 0 (1.9)

The first law of thermodynamics, dE = −pdV is given by:

d(a3ρi) = −pida3 (1.10)

and

wi =
Pi

ρi
(1.11)

is the equation of state, where wm = 0 for matter, wR = 1
3 for radiation. If w

is constant, then energy density is:

ρi ∝ (1 + z)3(1+wi) (1.12)
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and in general:

ρi ∝ e3
∫ z

0 (1+wi(z′))d ln(1+z′) (1.13)

1.2 Baryon Acoustic Oscillations

1.2.1 CMB

The big bang starts with an initial hot dense state and the universe rapidly expand-

ing and cooling. Once the universe cools to the point Hydrogen atoms form, which

happens at a temperature of about 0.25 eV [21], photons no longer Compton scatter

off electrons, and light becomes decoupled from the matter. This leaves the light

able to free stream to us today. This time is called recombination, and the remnant

photons, greatly redshifted, are called the cosmic microwave background.

Before recombination, density structure left from inflation [31] creates pressure-

density waves which will propagate at the speed of sound, c2
s = dp/dρ. The speed

of sound is given in the early universe by

cs =
1√
3

(
1 +

3
4

ρb
ργ

)− 1
2

(1.14)

where ρb is the baryon density and ργ is the radiation density [42]. The comoving

distance this wave will travel before recombination is:

5



s =
∫ tCMB

0

cs

a(t)
dt =

∫ ∞

zCMB

cs

H(z)
dz (1.15)

This scale has been measured well via the CMB anisotropies power spec-

trum, and is given by s = 147± 2Mpc. In Komatsu et al. [39] what is measured

is the location of the peak multipole moment in the angular power spectrum,

lA = 302.09± 0.76 and z∗ = 1091.3± 0.91 with z∗ the redshift of recombination

and

lA = (1 + z∗)
πDA(z∗)

s(z∗)
(1.16)

which using standard ΛCDM cosmology gives a measurement of the sound

horizon scale s = 147 Mpc.

This scale is strongly shown as the period of the oscillation in the CMB

power spectrum, which is shown in figure 1.1

1.2.2 Standard Ruler

The sound horizon scale that left an imprint in the cosmic microwave background

also left an imprint in the baryon density. Since the dark matter was not affected,

the signature is smaller. However there is enhanced clustering of matter at 147

Mpc comoving scales. This leads to a peak in the correlation function and a set

of oscillations in the power spectrum which are known as Baryon Acoustic Os-
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Figure 7. WMAP seven-year temperature power spectrum (Larson et al. 2011),
along with the temperature power spectra from the ACBAR (Reichardt et al.
2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and
QUaD data only at  ! 690, where the errors in the WMAP power spectrum are
dominated by noise. We do not use the power spectrum at   2000 because of a
potential contribution from the SZ effect and point sources. The solid line shows
the best-fitting six-parameter flat ΛCDM model to the WMAP data alone (see
the third column of Table 1 for the maximum likelihood parameters).

the magnitude–redshift relation of 240 low- Type Ia su-
pernovae at   0 1. The absolute magnitudes of super-
novae are calibrated using new observations from Hub-
ble Space Telescope (HST) of 240 Cepheid variables in
six local Type Ia supernovae host galaxies and the maser
galaxy NGC 4258. The systematic error is minimized by
calibrating supernova luminosities directly using the geo-
metric maser distance measurements. This is a significant
improvement over the prior that we adopted for the five-
year analysis,  0  72  8 km s−1 Mpc−1, which is from
the Hubble Key Project final results (Freedman et al. 2001).

2. Gaussian priors on the distance ratios,      (  0 2)  
0 1905  0 0061 and      (  0 35)  0 1097  0 0036,
measured from the Two-Degree Field Galaxy Redshift
Survey (2dFGRS) and the Sloan Digital Sky Survey Data
Release 7 (SDSS DR7; Percival et al. 2010). The inverse
covariance matrix is given by Equation (5) of Percival
et al. (2010). These priors are improvements from those
we adopted for the five-year analysis,      (  0 2)  
0 1980  0 0058 and      (  0 35)  0 1094  0 0033
(Percival et al. 2007).
The above measurements can be translated into a measure-
ment of      ( ) at a single, “pivot” redshift:      (  
0 275)  0 1390  0 0037 (Percival et al. 2010). Kazin et al.
(2010) used the two-point correlation function of SDSS-
DR7 LRGs to measure      ( ) at   0 278. They found
     (  0 278)  0 1394  0 0049, which is an ex-
cellent agreement with the above measurement by Percival
et al. (2010) at a similar redshift. The excellent agreement
between these two independent studies, which are based on
very different methods, indicates that the systematic error
in the derived values of      ( ) may be much smaller
than the statistical error.
Here, rs is the comoving sound horizon size at the baryon
drag epoch   ,

  (  )   √
3

∫ 1 (1+  )

0

  

 2  ( )
√

1 + (3Ω  4Ωγ ) 
 (15)

For   , we use the fitting formula proposed by Eisenstein
& Hu (1998). The effective distance measure,   ( )

(Eisenstein et al. 2005), is given by

  ( ) ≡
[

(1 +  )2  2
 ( )

  

 ( )

]1 3

 (16)

where   ( ) is the proper (not comoving) angular diameter
distance:

  ( )   

 0

  

[
 0

√
 Ω  

∫  

0
  ′

 ( ′)

]

(1 +  )
√

 Ω   
 (17)

where   [ ]  sin  , x, and sinh  for Ω   0 (   1;
positively curved), Ω  0 (   0; flat), and Ω  0
(  −1; negatively curved), respectively. The Hubble
expansion rate, which has contributions from baryons,
cold dark matter, photons, massless and massive neutrinos,
curvature, and dark energy, is given by Equation (27) in
Section 3.3.

The cosmological parameters determined by combining the
WMAP data, baryon acoustic oscillation (BAO), and H0 will
be called “WMAP+BAO+H0,” and they constitute our best esti-
mates of the cosmological parameters, unless noted otherwise.

Note that, when redshift is much less than unity, the effective
distance approaches   ( ) →     0. Therefore, the effect of
different cosmological models on   ( ) does not appear until
one goes to higher redshifts. If redshift is very low,   ( ) is
simply measuring the Hubble constant.

3.2.3. Power Spectrum of Luminous Red Galaxies

A combination of the WMAP data and the power spec-
trum of LRGs measured from the SDSS DR7 is a powerful
probe of the total mass of neutrinos,

∑
 ν , and the effective

number of neutrino species, Neff (Reid et al. 2010b, 2010a). We
thus combine the LRG power spectrum (Reid et al. 2010b) with
the WMAP seven-year data and the Hubble constant (Riess et al.
2009) to update the constraints on

∑
 ν and Neff reported in

Reid et al. (2010b). Note that BAO and the LRG power spectrum
cannot be treated as independent data sets because a part of the
measurement of BAO used LRGs as well.

3.2.4. Luminosity Distances

The luminosity distances out to high- Type Ia supernovae
have been the most powerful data for first discovering the
existence of dark energy (Riess et al. 1998; Perlmutter et al.
1999) and then constraining the properties of dark energy, such
as the equation of state parameter,  (see Frieman et al. 2008,
for a recent review). With more than 400 Type Ia supernovae
discovered, the constraints on the properties of dark energy
inferred from Type Ia supernovae are now limited by systematic
errors rather than by statistical errors.

There is an indication that the constraints on dark energy
parameters are different when different methods are used to fit
the light curves of Type Ia supernovae (Hicken et al. 2009a;
Kessler et al. 2009). We also found that the parameters of the
minimal six-parameter ΛCDM model derived from two com-
pilations of Kessler et al. (2009) are different: one compilation
uses the light curve fitter called SALT-II (Guy et al. 2007) while
the other uses the light curve fitter called MLCS2K2 (Jha et al.
2007). For example, ΩΛ derived from WMAP+BAO+SALT-II
and WMAP+BAO+MLCS2K2 are different by nearly 2σ , de-
spite being derived from the same data sets (but processed with
two different light curve fitters). If we allow the dark energy
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Figure 1.1: CMB power spectrum. Reproduced from [39].
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cillations (BAO). The theoretical framework for the anisotropies in the CMB and

BAO was first developed by Sunyaev and Zeldovich [65] and Peebles and Yu [51]

in 1970, Bond and Efstathiou [10],Bond and Efstathiou [11], and Holtzman [34] in

the 1980’s. The framework was further developed by Hu and Sugiyama [36] and

Eisenstein and Hu [22]. The first proposal that BAO could be used to constrain

cosmology was by Eisenstein et al. [23]. More detailed projections for the use of

galaxy redshift surveys to measure BAO and constrain cosmological models were

established by Seo and Eisenstein [62], Blake and Glazebrook [9], Hu and Haiman

[35], Glazebrook and Blake [30], andAmendola et al. [3] although this list is not

meant to be exhaustive.

1.2.3 Previous Measurements

The very first marginal BAO detections were done by Percival et al. [52] in the

power spectrum of the 2dF survey, and by Miller et al. [48] combining independent

smaller surveys. Tegmark et al. [69] independently analyzed the 2dF 100k data set

and were not able to detect the BAO with their errors. The first strong detection of

BAO was done by [24] using the SDSS LRG sample, and the correlation function

reproduced from that paper is in figure 1.2. A weaker detection was by [17] in

the 2dF power spectrum, and the Sloan data was combined with the 2dF data to

get stronger constraints [53]. The best BAO measurement yet is with more recent

Sloan data release 7 [54]. Most results to date do not measure radial and angular

8



directions independently. Instead they measure a total effective volume element

with side length:

DV =

(
(1 + z)2D2

A
cz

H(z)

)
(1.17)

These measurements cannot measure H(z) independently from DA. Recent at-

tempts by Gaztanaga et al. [29] make a BAO detection using only the line of sight

direction in the SDSS data release 7 data. From this Gaztanaga et al. [29] are able

to make measurements of the Hubble parameter, H(z) at two redshifts.

Baryon Acoustic Oscillations 5

Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are Ωmh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with Ωbh

2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (Ωmh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in ξ(s). Subtracting 0.002 from ξ(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit χ2 by only 1.3. The bump at 100h−1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no effect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width ∆z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc−1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc−1 is reduced by 13% (86%). The effect of this
suppression is negligible, only 5 × 10−4 (10−4) on the cor-
relation function at the 30 (100) h−1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h−1 Mpc scales that is
controlled by the redshift of equality (and hence by Ωmh2). Vary-
ing Ωmh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h−1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r − i color makes a 8-10% change in number den-
sity; a 1% shift in the g − r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6◦ wide and up to 15◦ long. This means that there
are 20 independent calibrations being applied to a given
6◦ (100h−1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

Figure 1.2: Detection of the BAO peak in the SDSS LRG sample. The models are
Ωm h2 = 0.12 (green line), 0.13 (red line), and 0.14 (blue line), all with Ωb h2 = 0.024
and n = 0.98 [24]
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1.2.4 Current Constraints on Dark Energy

The current cosmological parameters for the standard ΛCDM cosmology with

Ωk = 0 are listed in table 1.1. These parameters come from combining the mea-

surement of H0 by Riess et al. [57] and the BAO measurement of rs/DV(z) from

the SDSS data release 7 [54]. Using the same the same combination the constraint

the dark energy equation of state is w = −1.10 ± 0.14[39]. Including the high

redshift type Ia supernovae data from Hicken et al. [32] changes the estimate to

w = −0.98± 0.053[39]. Letting the dark energy equation of state vary, parameter-

ized as w(a) = w0 + wa(1− a), the current best constraints are w0 = −0.93± 0.12

and wa = −0.38+0.66
−0.65[39] using WMAP, H0, BAO, SN, and also adding constrains

from gravitational lensing by Suyu et al. [66].

1.2.5 21cm Intensity Mapping BAO experiment

The 21cm hydrogen line can be used to create a galaxy redshift survey out to high

redshifts and measure the BAO scale. This was proposed by Abdalla and Rawlings

[1] as a major SKA science goal. Such a survey’s constraints on dark energy are

presented in Glazebrook and Blake [30] and more recently in [2].

The intensity mapping technique takes a step further and directly maps

the three dimensional specific intensity of the 21 cm line, in voxels of size 5-10

h−1 Mpc. Intensity mapping is about 100 times as efficient as the traditional red-

shift survey, in which galaxies are individually detected, redshifts measured, then

10



Table 1.1: Current ΛCDM cosmology measured and derived parameters. Repro-
duced from [37]

. These are derived combining the

Symbol Description WMAP + BAO + H0

t0 Age of Universe 13.75± 0.11 Gyr
H0 Hubble constant 70.4+1.3

−1.4 km s−1 Mpc−1

Ωb Baryon density 0.0456± 0.0016
Ωc Dark matter density 0.227± 0.014
ΩΛ Dark energy density 0.728+0.015

−0.016
∆2
R Curvature fluctuation amplitude, k0 = 0.002 Mpc−1 (2.441+0.088

−0.092)× 10−9

σ8 Fluctuation amplitude at 8h−1 Mpc 0.809± 0.024
ns Scalar spectral index 0.963± 0.012
zeq Redshift of matter-radiation equality 3232± 87
dA(zeq) Angular diameter distance to zeq 14238+128

129 Mpc
z∗ Redshift of decoupling 1090.89+0.68

−0.69
t∗ Age of universe at decoupling 377730+3205

−3200 yr
dA(z∗) Angular diameter distance to decoupling 14073+129

−130 Mpc
rs(z∗) Sound horizon at decoupling 146.2± 1.1 Mpc
lA(z∗) Acoustic scale at decoupling 302.4± 0.73
τ Reionization optical depth 0.087± 0.014
zreionization Redshift of step reionization 10.4± 1.2
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Figure 13. Joint two-dimensional marginalized constraint on the linear evolution
model of dark energy equation of state,  ( )   0 +   (1 −  ). The contours
show the 68% and 95% CL from WMAP+H0+SN (red), WMAP+BAO+H0+SN
(blue), and WMAP+BAO+H0+ ∆ +SN (black), for a flat universe.

Daniel et al. 2008; Jain & Zhang 2008; Bertschinger & Zukin
2008; Amin et al. 2008; Hu 2008) and determine the mass of
neutrinos (Hu et al. 1998; Lesgourgues & Pastor 2006).

In Section 5.5 of Komatsu et al. (2009a), we provided a
“WMAP normalization prior,” which is a constraint on the power
spectrum of curvature perturbation, ∆2

R. Vikhlinin et al. (2009b)
combined this with the number density of clusters of galaxies to
constrain the dark energy equation of state,  , and the amplitude
of matter density fluctuations, σ8.

The matter density fluctuation in Fourier space, δ  k, is
related to Rk as δ   k( )  2 3

5 2
0 Ω 

Rk  ( ) (   ), where D(k, )
and  ( ) are the linear growth rate and the matter transfer
function normalized such that  ( ) → 1 as  → 0, and
(1+  ) (   ) → 1 as  → 0 during the matter era, respectively.
Ignoring the mass of neutrinos and modifications to gravity,
one can obtain the growth rate by solving a single differential
equation (Wang & Steinhardt 1998; Linder & Jenkins 2003).32

The seven-year normalization prior is

∆2
R( WMAP)  (2 208  0 078) × 10−9(68% CL) 

where  WMAP  0 027 Mpc−1. For comparison, the five-year
normalization prior was ∆2

R(0 02 Mpc−1)  (2 21  0 09) ×
10−9. This normalization prior is valid for models with Ω $ 0,
 $ −1, or  ν  0. However, these normalizations cannot be
used for the models that have the tensor modes,   0, or the
running index,      ln  $ 0.

5.5. WMAP Distance Prior

The temperature power spectrum of CMB is sensitive to the
physics at the decoupling epoch,   1090, as well as the
physics between now and the decoupling epoch. The former
primarily affects the amplitude of acoustic peaks, i.e., the ratios
of the peak heights and the Silk damping. The latter changes the
locations of peaks via the angular diameter distance out to the

32 See, e.g., Equation (80) of Komatsu et al. (2009a). Note that there is a typo
in that equation:  eff ( ) needs to be replaced by  ( ).

Table 9
WMAP Distance Priors Obtained from the WMAP Seven-year Fit to Models

with Spatial Curvature and Dark Energy

  Seven-year MLa Seven-year Meanb Error, σ

lA 302 09 302 69 0 76
R 1 725 1 726 0  018
 ∗ 1091 3 1091 36 0 91

Notes. The correlation coefficients are       0 1956,      ∗  0 4595, and
    ∗  0 7357.
a Maximum likelihood values (recommended).
b Mean of the likelihood.

decoupling epoch. One can quantify this by (1) the “acoustic
scale,” lA,

   (1 +  ∗)
π   ( ∗)
  ( ∗)

 (56)

where  ∗ is the redshift of decoupling, for which we use the
fitting formula of Hu & Sugiyama (1996), as well as by (2) the
“shift parameter,” R (Bond et al. 1997),

  

√
Ω   2

0

 
(1 +  ∗)  ( ∗) (57)

These two parameters capture most of the constraining power of
the WMAP data for dark energy properties (Wang & Mukherjee
2007; Wright 2007; Elgarøy & Multamäki 2007; Corasaniti &
Melchiorri 2008), with one important difference. The distance
prior does not capture the information on the growth of structure
probed by the late-time ISW effect. As a result, the dark energy
constraints derived from the distance prior are similar to, but
weaker than, those derived from the full analysis (Komatsu et al.
2009a; Li et al. 2008).

We must understand the limitation of this method. Namely,
the distance prior is applicable only when the model in question
is based on

1. the standard Friedmann–Lemaitre–Robertson–Walker uni-
verse with matter, radiation, dark energy, as well as spatial
curvature,

2. neutrinos with the effective number of neutrinos equal to
3.04, and the minimal mass ( ν ∼ 0 05 eV), and

3. nearly power-law primordial power spectrum of curvature
perturbations,       ln   ' 0 01, negligible primordial
gravitational waves relative to the curvature perturbations,
 ' 0 1, and negligible entropy fluctuations relative to the
curvature perturbations, α ' 0 1.

In Tables 9 and 10, we provide the seven-year distance prior.
The errors in lA, R, and  ∗ have improved from the five-year
values by 12%, 5%, and 2%, respectively. To compute the
likelihood, use

− 2 ln   
∑

  

(  −   )( −1)   (  −   ) (58)

where    (      ∗) is the values predicted by a model in
question,    ( WMAP

   WMAP   WMAP
∗ ) is the data given

in Table 9, and  −1
  is the inverse covariance matrix given in

Table 10. Also see Section 5.4.1 of Komatsu et al. (2009a) for
more information.

23

Figure 1.3: Current constraints on a varying dark energy equation of state. Con-
stant with cosmological constant. figure from Komatsu et al. [39]
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the galaxy positions are used as a tracer of large scale structure. This is a new

technique, recently proposed and experimentally verified (See Peterson et al. [55],

Chang et al. [13], Masui et al. [47], and Chang et al. [14], Wyithe [71], Wyithe and

Loeb [72] ). By measuring the radial and angular size of this BAO scale at each

redshift we can probe the expansion history during the time period when dark

energy began to dominate the attractive gravitational interactions on the largest

scales. The constraints of a future intensity mapping survey in 21cm are compared

to other surveys in Chang et al. [13] and Ansari et al. [5]. The dark energy equation

of state constraints parameterized as w(z) = w0 + wa
z

1+z reproduced from Ansari

et al. [5] is shown in figure 1.4. Bagla et al. [6] simulate the 21cm signal and project

what could be observed using the Giant Metrewave Radio Telescope (GMRT) 1.

R. Ansari et al.: Reconstruction of HI power spectra with radio-interferometers to study dark energy 9
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Fig. 11. 1σ and 2σ confidence level contours in the parameter
plane (w0,wa) for three configurations : a) unpacked array of
north-south oriented cylinders (black line), b) packed array of
north-south oriented cylinders (blue line) and c) packed array of
dishes (red line).
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Fig. 12. 1σ and 2σ confidence level contours in the parameter
plane (w0,wa) for three BAO projects: WFMOS project (blue
dotted line), SDSS-III (red dashed line) and packed cylinder ar-
ray with HI intensity mapping (black solid line).

Table 2. Sensitivity on w0 and wa and Figure of Merit (FoM) for
various telescope configurations. 1st row: simulations without
noise with pure cosmic variance; 2nd row: simulations with same
electronics noise for a telescope in an unpacked cylinder ar-
ray configuration a); 3th row: simulations with same electronics
noise for a telescope in a packed cylinder array configuration b);
4th row: simulations with same electronics noise for a telescope
in a packed dish array configuration c); 6th row: Configuration
b) for an optimized 4-year survey with 0.4 < z < 1.6.

σ(w0) σ(wa) FoM (95%)
No Noise 0.059 0.24 136
a) Unpacked cylinder array 0.17 0.69 10.1
b) Packed cylinder array 0.091 0.36 69.1
c) Packed Dish array 0.15 0.64 13.6
Packed cylinder array - 4 years 0.063 0.25 119

the GHz sky, we derived expressions for the noise power spec-
trum. Adding this spectrum to the expected HI power spectrum,
we determined with what precision the positions of the BAO
peaks can be measured. This led to a sensitivity to cosmologi-
cal parameters that is competitive with other BAO projects.

In calculating the noise power spectrum, we considered three
interferometer arrays using cylinders or dishes. Packed-cylinder
and packed-dish arrays have comparable noises so the choice for
one or the other must be based on cost and technical considera-
tions, with cylinder arrays having simpler mechanical design but
requiring more receivers.

Acknowledgements. We thank J.B. Peterson and U.-L. Pen for triggering our
interest in cosmological HI interferometry and for many interesting discussions.

References
Abdalla, F.B. & Rawlings, S. 2005, MNRAS, 360, 27
Albrecht, A., Bernstein, G., Cahn, R. et al. (Dark Energy Task Force) 2006,
arXiv:astro-ph/0609591

Barkana, R., and Loeb, A. 2007, Rep. Prog. Phys, 70 627
Bassett, B.A., Nichol, B., & Eisenstein, D.J. 2005, Astr. & Geoph., 46, 5.26-5.29
Binney, J. & Merrifield, M. 1998, Galactic Astronomy. (Princeton Univ. Press,
Princeton)

Blake, C. & Glazebrook, K. 2003, ApJ, 594, 665; Glazebrook, K. & Blake, C.
2005 ApJ, 631, 1

Bowman, J. D., Barnes, D.G., Briggs, F.H. et al 2007, AJ, 133, 1505-1518
Chang, T., Pen, U.-L., Peterson, J.B. & McDonald, P. 2008, Phys. Rev. Lett.,
100, 091303

Cole, S. Percival, W.J., Peacock, J.A. et al. (the 2dFGRS Team) 2005, MNRAS,
362, 505

Eisenstein, D.J. & Hu, W. 1998, ApJ, 496, 605
Eisenstein D. J., Zehavi, I., Hogg, D.W. et al., (the SDSS Collaboration) 2005,
ApJ, 633, 560

Furlanetto, S., Peng Oh, S. & Briggs, F. 2006, Phys. Rep., 433, 181-301
Hinshaw, G., Weiland, J.L., Hill, R.S. et al. 2008, arXiv:0803.0732)
Jackson, C.A. 2004, New A, 48, 1187
Mauskopf, P. D., Ade, P. A. R., de Bernardis, P. et al. 2000, ApJ, 536,59
Percival, W.J., Nichol, R.C., Eisenstein, D.J. et al., (the SDSS Collaboration)
2007, ApJ, 657, 645

Peterson, J.B., Bandura, K., & Pen, U.-L. 2006, arXiv:astro-ph/0606104
Rottgering H.J.A., Braun, r., Barthel, P.D. et al. 2006, arXiv:astro-ph/0610596
SDSS-III 2008, http://www.sdss3.org/collaboration/description.pdf
Tegmark, M., Blanton, M.R., Strauss, M. A. et al. 2004, ApJ, 606, 702
Tegmark, M. & Zaldarriaga, M. 2008, arXiv:0802.1710
Wolfe, A. M., Gawiser, E. & Prochaska, J.X. 2005 ARA&A, 43, 861
Wyithe, S., Loeb, A. & Geil, P. 2007 http://fr.arxiv.org/abs/0709.2955, submitted
to MNRAS

Zwaan, M.A., Meyer, M.J., Staveley-Smith, L., Webster, R.L. 2005, MNRAS,
359, L30

Figure 1.4: Projected constraints on a varying dark energy equation of state. Figure
from Ansari et al. [5]

1http://gmrt.ncra.tifr.res.in/

13

http://gmrt.ncra.tifr.res.in/


1.3 21 cm Hydrogen Line

There have been a number of excellent reviews on the 21 cm line and its use in

cosmology. Recent reviews concentrating on the 21cm line are Morales and Wyithe

[50], Furlanetto et al. [28], Fan et al. [26],and Barkana and Loeb [7], which all go

into great detail. In particular Morales and Wyithe [50] discusses both the epoch

of reionization and intensity mapping afterward.

1.3.1 21 cm Emission

The Hydrogen hyperfine splitting of the ground state has a rest frequency ν0 =

1420.40575MHz. Due to the expansion of the universe, neutral hydrogen at a red-

shift z will be observed at a corresponding frequency ν = ν0/(1+ z). The apparent

brightness temperature observed will be Tb(ν) = Tb(ν0)/(1 + z)

The radiative transfer equation can be written as:

dP = emission− absorption (1.18)

dIdAdΩ = JdAdsdΩ− KIdAdΩds (1.19)

where I is the specific intensity, dA is the unit area perpendicular to the

direction of travel, ds is the element of distance along the line of travel, and dΩ

is a unit of solid angle. J is the emissivity of the medium and K is the extinction

coefficient.
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This leads to a brightness temperature in the Rayleigh-Jeans limit:

Tb(ν) = TS(1− e−τν) + TBG(ν)e−τν (1.20)

where TS is called the spin temperature of the atomic hydrogen gas cloud,

τν is the optical depth, and TBG is the brightness of the background behind the

cloud.

The spin temperature TS is defined as the effective temperature which gives

the number population between the two spin states 1 and 2 possible, where state

one has total atomic angular momentum of 0, and state 2 has a total angular mo-

mentum of 1. TS is defined by the equation:

n2

n1
=

g2

g1
e−

E21
kBTS (1.21)

where g2 = 3 is the degeneracy of the excited state and g1 = 1 is the degen-

eracy of the ground state.

The optical depth is defined as

τν =
∫

Kds =
∫

σ12(1− e−
E21

kBTS )φ(ν)n1 (1.22)

with
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σ12 =
3c2A21

8πν2 (1.23)

and A21 = 2.85× 10−15s−1 is the spontaneous emmission coefficient, φ(ν)

is the line shape, and n1 is the density.

this leads to an optical depth:

τν0 =
3

32π

hc3A12

kBTSν2
0

xHInH

(1 + z)(dv‖/dr‖)
(1.24)

where (dv‖/dr‖) ≈ H(z)/(1 + z) is the gradient of the proper velocity along the

line of site, xHI is the neutral fraction and nH = (1 + z)3nH,0 the density of hydro-

gen.

The 21cm brightness relative to TCMB is then

TB =
TS − TCMB(z)

1 + z
(1− e−τν) (1.25)

and can be parameterized, assuming τν << 1 and TS >> TCMB as

Tb = 0.3
(

1 + z
2.5

) 1
2

(1 + δ)

(
Ωm + (1 + z)−3ΩΛ

0.29

)− 1
2
(

ΩHI

10−3

)
mK (1.26)

with Tb = T̄b + ∆Tb is the brightness temperature, δ is the normalized HI

density ρH/ ¯ρH, and ΩHI is the neutral hydrogen density over the critical density.
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1.4 Outline

In order to make a significant contribution to dark energy constraints a single dish

telescope is not enough. However, existing telescopes can be used to develop tech-

niques for intensity mapping, and are availabe to use right now. We use the Green

Bank Telescope (GBT) to make first the first detections of HI at a redshift of ∼0.8,

as described in Chapter 5.

To make a detection with high precision, approximately 500 channels are

necessary, see Ansari et al. [4]. In order to do this we will need a dedicated instru-

ment. Peterson et al. [56] propose cylinders as a possible low cost option, but a

cylinder design may have calibration advantages to make it the best regardless of

cost. An array of dishes might be an excellent option as well. Chapter 2 explores

a prototype cylinder telescope option. Chapter 3 discusses imaging with the pro-

totype cylinder. Chapter 4 describes the collapse and rebuilding of the cylinder.

Chapter 6 discusses ongoing projects to observe the universe with 21cm intensity

mapping.
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2

Pittsburgh Cylinder Prototype

Telescope Design and Characteristics

2.1 Design

There is a revolution going on in radio astronomy. The early telescopes were sin-

gle dish designs. Karl Janksy made the first astronomical radio observations in

1931, detecting a radio hiss from the Milky Way galaxy. Grote Reber made the first

dish for astronomical observations in 1937 in Illinois. World War II and the de-

velopment of radar had technology development that crossed-over well into radio

astronomy. The first interferometric measurements were made by Ryle in 1946[60].

In the 50’s and 60’s the parabolic cylinder style of antenna design became popular.

The Mills Cross[12], Illinois 400ft[68], Cambridge 4C Mullard[59], Northern Cross,
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and Ooty[67] Telescopes were all built in that time period. Ooty is still being used

and the Mills Cross was upgraded to MOST[49]. However in general cylinders

have lost favor. Cooled amplifiers are quiet but expensive. Cryogenic low noise

amplifiers favored a large collecting area with low loss before the amplifier as sup-

plied by dishes and difficult to achieve with cylinders. The line feed of a cylinder

requires many amplifiers, which becomes prohibitively expensive with a cryogenic

system.

Cylinders were initially built to conduct surveys. However, traditionally

the feed elements were analog-summed and phase-shifted using adjustable cable

lengths and feed rotations to steer the beam. This lead to an unreliable beam which

was adjusted by hand for each observation. Returning to the same calibration state

was difficult.

Development of room temperature amplifiers for satellite television, and

exponential growth of computational power have brought along technologies that

make cylinders an attractive technology again. It is possible to integrate an un-

cooled amplifier with 5K noise temperature into the feed system. It is also possible

to sample every single feed element, and adjust phases and amplitudes digitally.

The key program of this thesis is to construct a prototype cylinder telescope

that can detect neutral hydrogen from the Milky Way galaxy on large scales. The

prototype is used to help determine whether a cylinder telescope designed with

today’s technology can be calibrated to achieve the dynamic range and stability in
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order to detect Baryon Acoustic Oscillations in the 21-cm intensity field.

A single dish can only point at a single place in the sky at a time. Advances

in focal plane arrays with many feeds have allowed single dishes to look at 7-

15 pixels on the sky at once. Such multi-beam arrays are in place at Parkes [64],

Arecibo [8], and Green Bank [40]. Off axis distortion limits the focal plane size

of most single dish telescopes to tens of beams. In contrast a cylinder can have

hundreds or thousands of receivers and beams. Thus a cylinder can conduct a

survey of the sky more quickly, since it collects radiation from an entire strip of

sky at once. .

A fixed design parabolic cylindrical drift scan telescope was chosen. Given

that we want an all-sky survey, steering ability only adds to the cost. The cylinders

are oriented along the north-south direction. The feeds are all placed along the

parabolic cylinder focal line rather than a single focal point. Using electronic beam-

forming the telescope can be used to form many simultaneous beams along the

north-south meridian.

2.1.1 Cylinder

The cylinders are oriented in a north-south direction. They are 10m wide and have

supports 75 feet long. The surface itself is 68 feet long on the East cylinder and 58

feet long on the West cylinder. The East and West cylinders are spaced 25 m from

center to center ( 15m space between them ). See figure 2.1
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Figure 2.1: The Pittsburgh cylinders viewed from above looking west. Orange
covering is the instrumented feed-line. Each cylinder is 10m wide, 25m long, and
spaced 25m East-West.
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2.1.1.1 Surface

The surface is a welded and not woven 0.042” diameter steel wire mesh, galva-

nized after welding. The welded construction leads to a much stiffer surface than

a woven mesh. The mesh is made of continuous sheets transverse to the cylinder

axis. The mesh is stiffened by steel 5’ by 6”, 3/16” galvanized steel flat plates,

which we call battens, on top of the mesh. These are bolted to bent mating plates

on the bottom.

The East and West cylinders were constructed with slightly different de-

signs in order to test costs and performance.

On the East cylinder the battens were spaced along the mesh such that the

projection on the ground would be evenly spaced 1m apart in the east-west direc-

tion. Along the mesh, the center to first separation is 39”, the first to second is 43”,

the second to third is 44”, and the third to forth is 53”.

On the East cylinder the battens are attached to the mesh by 5 3/8” carriage

bolts, with the bolts on each end overlapping with the adjacent battens. Below,

the bent battens overlap so they stiffen the length, but are able to move a bit for

adjustment.

The West cylinder used steel 2x4 studs as beams 10 feet long. These were

attached with self-drilling screws to the mesh and the flat steel plates on top. Pairs

of 10 foot sections were then also attached together and erected as a unit. The steel

2x4’s turned out to be a bit flimsy, so the bent battens were then screwed on to add
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weight and stiffen the structure. The focal length of the east cylinder is 78” and is

77” for the west cylinder.

2.1.1.2 Support

The foundation consists of concrete footings poured approximately 3ft deep with

rebar crosses and 1/2” j-bolts protruding from the surface. For guying and attach-

ing the surface mesh, concrete dead-men were poured directly into the ground,

with rebar and 3/8” galvanized steel cable loops extending above ground for at-

tachment.

The support columns are custom weldments made by Vegely Welding. The

columns are 12 feet tall schedule 10 (approximately 1/4” thick) 8 inch pipe with

an 18 inch square plate 1/2 inch thick welded to the bottom, and a 12 inch square

1/4” thick square plate welded to the top. The bottom plates have slotted holes to

attach to the J-bolts in the concrete. The top plates have slotted holes to attach to

the trusses. The columns were guyed from the top in 4 directions to the bottom of

the adjacent columns and the dead-men. The columns were raised with 2-3 people.

The column was positioned on the ground at the J-bolts, then one person guided

the bottom into place while the others lifted. See figure 2.2

The trusses use heavy duty standard bar joist trusses 25’ long. The trusses

have a 6” pipe welded to their top, precision shimmed to be straight and level. The

top of these pipes determines the surface for the mesh to hang from and served as
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Figure 2.2: Putting up the columns. Wagon used to bring columns into place before
raising. Columns were raised with just 2-3 people and no machinery.
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a reference for measurements.

2.1.1.3 Adjustment

The tops of the trusses at each column were measured using a Total Station retro

reflector based surveying transit. This allowed for adjustment of the position of the

truss height to a few mm accuracy. See figure 2.3. The cylinder heights were ad-

justed to within 5mm within each cylinder, and the West cylinder is approximately

1cm higher than the East.
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Figure 2.3: Cylinder heights were measured with a Total Station surveying transit.
Plotted is the height vs. North-South position for each of the 4 truss line supports.
The height of the East and West cylinders independently were within 5mm, and
the two cylinders have heights that differed by about 1cm.

The cylinder shape is adjusted with pull-downs attached approximately ev-

ery 5-10 feet along the length of the cylinder. The cylinders were built upon a slag
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material, which was acted like solid, brittle rock when trying to dig. In softer

soil concrete curbs or a drilled or driven anchor in the ground would serve as

attachment points for the pull-downs. Since the slag matrix was so hard below

our cylinders, we attached out pull-downs to steel 4x4’s bolted to the base of the

columns. We also used 3/8” steel cables run underneath each line of battens. The

pull-downs were made from steel cables connecting the battens to the 3/8” steel

cables running underneath. We used adjustable turnbuckles with 3” range on each

pull-down.

2.1.1.4 Feedline Support

The feed line support structure was made from Rohn 25G tower sections. The sec-

tions were welded together so that no bolt heads would stick out. This allowed for

a rolling Antenna feed support. However, the rolling feed never actually worked

smoothly, and the feed system was attached with u bolts instead. 1” square steel

bar were welded to the tower to have attach points holding up the tower. The

feedline was supported using marine grade spectra polyethylene rope which has

very little stretch and a tensile strength to weight ratio larger than steel.

2.1.2 Feed System

The analog feed system integrates four antennas and LNA channels onto one cir-

cuit board. Each channel is connected to a receiver box which amplifies, mixes
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down and filters the signal to a band in the range 50-100MHz. This intermediate

frequency (IF) signal is then carried on coax 100m into the “white house” where

it arrives at a filter box, which then leads into the ADC. See figure 2.4 for a block

view of the system.

BPF

BPF

BPF

BPF

Functional Diagram for Feed 
Electronics

Antenna and LNA

Receiver Board

1405-1430 MHz

36077 MGA-61563

BPF

BPF

50-80 MHz

50-80 MHz

1480 MHz LO

1480 MHz LO

LPF
I.F. 

ERA-2

MAR-6

RMS-11

HPF

MAR6 MAR6 GALI-84110 Mhz 50 MHz

MAR-6

LPF
I.F. 

ERA-2

MAR-6

RMS-11

HPF

MAR6 MAR6 GALI-84110 Mhz 50 MHz

MAR-6

Figure 2.4: Block diagram of the feed system. Each box represents a unit. The
antenna, LNA and receiver board are all at the prime focus line of the cylinders.
The final band pass filter is placed immediately before the ADC boards.
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2.1.2.1 Integrated Antenna

For the longitudinal polarization the antenna lies in the plane of the circuit board.

For the transverse polarization small antennas printed on FR-4 were soldered to

the main circuit board. This allowed for the LNA circuit to start right at the an-

tenna, minimizing system temperature. See figure 2.5 for an image of the antenna

and LNA boards.

2.1.2.2 LNA

The need for smaller satellite TV dishes brought about development of very low

noise amplifiers at room temperature. These are high electron mobility transis-

tor(HEMT) devices.

I designed a low noise amplifier (LNA) around the Avago ATF-36077 which

was the lowest noise figure device at the time. Lab tests of the LNA show a 0.3 db

( 21K) noise figure, see figure 2.6.

It was found that the RFI in Pittsburgh was overloading the LNA. To pre-

vent this, the LNA circuit was then re-designed with a 9 element High-pass filter

at 1200 MHz before the amplifier. These filter elements were also included in opti-

mization of the noise matching of the amplifier to the antenna.

Immediately following the first gain block is a Neosid helical filter. It has a

tunable frequency range approximately 30 MHz wide. A second gain stage follows

the first using a MGA61563. It has a 1 dB noise figure and 20dB of gain, see figure
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Figure 2.5: View of the antenna circuit board used. Transverse and longitudinal
polarizations are interleaved, offset by 0.35λ. The longitudinal antennas are built
into the circuit board. The transverse antennas are soldered to the board. The first
LNA is covered by the brass shields. The space between the shields and the filter
is for attachment of the ground plane. The RF is filtered by a Neosid Helical filter
to a 30MHz passband and then amplified by a second LNA before coming out the
F connector.
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2.7.

The entire circuit was simulated using Agilent’s Advanced Design System

(ADS). The schematic is shown in figure 2.8, and the simulated results are shown in

figure 2.9. The simulated gain of the system is 32 dB, and the simulated noise figure

is 1 dB. For some tests we used aircoil inductors which lowered the noise figure to

0.75dB. The LNA was unconditionally stable in simulation. The simulation has the

Neosid helical filter set at 1425MHz center. In actuality the filter is continuously

tunable, and was set to have the gain maximum between 1410MHz and 1415MHz.

We built over 100 of these LNA’s. The best channels did approach the model

predictions. See figure 2.10 where the measured noise figure was 0.8dB. Most chan-

nels had a noise figure at about 1dB, see figure 2.11a and figure 2.11b
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Figure 2.6: Measured noise figure and gain of Avago ATF-36077 LNA. The LNA
has a 20K (0.3dB) noise temperature using room temperature components. Design
had to be refined to use a high-pass filter to attenuate the cell phone band.

31



0.6 0.8 1.0 1.2 1.4
freq (Hz) 1e9

0

5

10

15

20

25

30

G
a
in

 (
d
B

)

0.6 0.8 1.0 1.2 1.4
1e9

0.0

0.5

1.0

1.5

2.0

n
o
is

e
 (

d
B

)

MGA-61563

n1 Gain
n1 Noise

Figure 2.7: Measured noise figure and Gain of Avago MGA61563 second stage
LNA. The amplifier has an approximately 1dB noise figure and 15-20dB gain across
a wide band. Gain is about 15dB in the region of interest.

2.1.2.3 Receiver

The receiver mixes the signal down to 50MHz-100MHz. The actual bandpass filter

ranges from 50-110MHz at the 3db point, and has 65-70db of gain. There is 20db

of RF gain before the mixer, 50db after mixing. The LO is injected at 1380MHz,

at a power level of -18dbm going into the receiver box. Each receiver box has 2

independent channels. The schematic for a receiver box is shown in figure 2.12,

and one of the boards can be seen in figure 2.13. The receiver has a measured noise

figure of ∼ 6db.
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(d) Match

Figure 2.9: Simulated performance of an LNA channel. Figure (a) shows a sim-
ulated noise figure of 1dB. Figure (b) shows a simulated gain of 32db. Figure (c)
plots the stability of the amplifier, which is > 1 for all frequencies, and therefore
unconditionally stable. Figure (d) shows the input and output match. The input
match is designed for noise figure. The output is matched for 75 ohms impedance.
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Figure 2.10: Measured performance of one of the best LNA antenna cards. Noise
figure at 0.8dB, gain at 30dB. Shows all four channels on a card.
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Figure 2.11: Measured performance of a typical LNA’s antenna card. Noise figure
at 1dB, gain from 28dB to 29dB for different channels. Matches very closely to the
simulated circuit performance in figure 2.9 on the previous page.

35



22
0p
f

280

47
0n
H

8.
2p
f

0.1uf

8.
2p
f

47
0n
H

8.2pF
0.
1u
f

280

47
0n
H

8.2pf

0.
1u
f

280

47
0n
H

0.
1u
f

8.2pf

220

47
0n
H

0.
1u
f

8.2pf0.1uf8.2pf

8.2pF

0.1uf 0.1uf+8V+8V+8V

47
pf

27
pf

27
pf

47
pf

12
0n
H

10
0n
H

12
0n
H

82nH 180nH 180nH 82nH

39pF 47pF 39pF

8.
2p
f

280

47
0n
H

0.1uF8.2pf

GALI-84

22
nf

22
nf

22
nf

22
nf

22nf

0 36

8214
38.45 8.45FCONNECTOR

FCONNECTOR

FCONNECTOR18
0n
H

8.
2p
f
0.
1u
f

22

113

RMS-11F

0

+8V

7808T
0.22uF

+8
V

+1
2V

22
0p
f

280

47
0n
H

8.
2p
f

0.1uf

8.
2p
f

47
0n
H

8.2pF

0.
1u
f

280

47
0n
H

8.2pf

0.
1u
f

280

47
0n
H

0.
1u
f

8.2pf

280

47
0n
H

0.
1u
f

8.2pf0.1uf8.2pf

8.2pF

0.1uf 0.1uf+8V+8V+8V

47
pf

27
pf

27
pf

47
pf

12
0n
H

10
0n
H

12
0n
H

82nH 180nH 180nH 82nH

39pF 47pF 39pF

8.
2p
f

280

47
0n
H

0.1uF8.2pf

GALI-84

22
nf

22
nf

22
nf

22
nf

22nf

0 36

8214
38.45 8.45FCONNECTOR

FCONNECTOR

FCONNECTOR18
0n
H

8.
2p
f
0.
1u
f

22

113

RMS-11F

0

+8V

7808T
0.22uF

+8
V

+1
2V

C1

R1

L1

RF-IN RF-OUT

GN
D2

GN
D

U$1
MAR-6SM

C2

C3

C4

L2

RF-IN RF-OUT

GN
D2

GN
D

U$3
era-2sm

C5

C7

R3

L3

RF-IN RF-OUT

GN
D2

GN
D

U$4
MAR-6SM

C9

C1
0

R4

L4

RF-IN RF-OUT

GN
D2

GN
D

U$5
MAR-6SM

C1
1

C12 R5

L5

C1
4

C15C16C17

C18

C19 C20

C2
1

C2
2

C2
3

C2
4

L6 L7 L8

L9 L10 L11 L12

C25 C26 C27

C2
8

R6

L1
3

RF-IN RF-OUT

GN
D2

GN
D

U$7
MAR-6SM

C30C31

IN1 OUT 3

U14
2

GND

TAB

C3
2

C3
3

C3
4

C3
5

C37

R7 R8

R9R1
0

R11 R12X1

X2

X3

L1
4

C8
C1
3

R13

R14

LO

RF IF

U$2G$1

R2

VI 1

2

VO3

IC1

GND

C6

C2
9

R15

L1
5

RF-IN RF-OUT

GN
D2

GN
D

U$6
MAR-6SM

C3
6

C38

C3
9

L1
6

RF-IN RF-OUT

GN
D2

GN
D

U$8
era-2sm

C40

C4
1

R16

L1
7

RF-IN RF-OUT

GN
D2

GN
D

U$9
MAR-6SM

C42

C4
3

R17

L1
8

RF-IN RF-OUT
GN

D2
GN

D
U$10

MAR-6SM

C4
4

C45 R18

L1
9

C4
6

C47C48C49

C50

C51 C52

C5
3

C5
4

C5
5

C5
6

L2
0

L2
1

L2
2

L23 L24 L25 L26

C57 C58 C59

C6
0

R19

L2
7

RF-IN RF-OUT

GN
D2

GN
D

U$11
MAR-6SM

C61C62

IN1 OUT 3

U24
2

GND

TAB

C6
3

C6
4

C6
5

C6
6

C67

R20 R21

R2
2

R2
3

R24 R25X4

X5

X6

L2
8

C6
8

C6
9

R26

R27

LO

RF IF

U$12G$1

R2
8

VI 1

2

VO3

IC2

GND

C70

Figure 2.12: View of the receiver schematic. Shows the exact components used.
Two channels shared a box but were completely independent of each other.
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Figure 2.13: Image of the receiver board. Shows the two channels are just exact
copies, and the layout of the components.
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2.1.2.4 Final filter

Immediately before analog to digital conversion, there is a final anti-aliasing filter-

ing stage. This stage has a sharp filter with a pass-band from ∼55MHz to 85MHz.

There is also a gain stage, and resistive 75ohm to 50 ohm impedance transforma-

tion to go into the adc’s. See figure 2.14 for a view of the circuit board, and figure

2.15 for the schematic. This board is also meant to be protection for the ADC from

lightening. The anti-aliasing filters are housed in a rack mounted box, 24 channels

to a box. This box can be seen in the image in 2.18

Figure 2.14: View of the final filter board. Was designed as a low-pass filter fol-
lowed in series by a high pass filter. Included impedance matching and gain such
that the overall gain was zero. Each board again had two completely independent
channels.
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Figure 2.15: Schematic for the final filtering stage. Only a single channel is shown.
Used matching for 75Ω input and 50Ω output. Amplifier to make the board have
zero gain in band overall.
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2.1.3 Correlator

The correlator is a software based correlator, following the design used at GMRT

[58]. The analog to digital converter (ADC) used is an acquisition logic AL81004C,

with customized firmware and linux drivers. The card has four synchronized

channels sampled at 100Msps. Each card receives a 10 MHz external clock sig-

nal from a global positioning system disciplined oscillator (GPSDO) 1. One ADC

board acts as the master, sending a triggering signal to itself as well as to all the

other ADC’s when all boards report that they have an empty buffer and are ready

for a trigger. The ADC cards have 256 MB of onboard buffer space shared between

the channels. We only use a 32MB buffer, giving 8MB for each channel. The data

buffer is sent out the pci bus via DMA transfer to the system memory while the

next buffer is filled. The time-stream buffer is split into two pieces, and the first

half is Fourier transformed in blocks of 4096 on the acquisition nodes, the sec-

ond half is sent to another 16 nodes which perform the Fourier transform on that

half, and then truncate the signal to 4 bits. The channels are then broken into 16

frequency chunks and each frequency slice is sent to a different correlation node,

such that each correlation node has 1/16th of the frequencies from every antenna.

These nodes then multiply all correlation pairs and average(accumulate) an entire

buffer, which then gets saved to disk using only 16bits for each complex number.

Each buffer is stored as an overall integer multiplicative factor times the square

1http://www.jackson-labs.com/products_fury.html
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root turned into an 8bit number. n = sign(A f )
√
|A f |/N. The FFT uses the intel

Fourier transform as well as low level register shifting. The correlation also uses

specific Intel SSE instructions to vectorize the multiply and accumulate. See figure

2.16 for a block diagram of the correlator.

!"#$

%%&$

'()$'*+,-.$ %%&$

#/0$

1

1

2

2
"*3($4

Figure 2.16: Block representation of the correlator. The sky signal is digitized by
a set of 16 nodes. The digital time-stream is split in half, with one half Fourier
transformed on the acquisition nodes. The other half is sent to another 16 nodes
to be Fourier transformed. The resultant spectra are truncated to 4 bits and 1/16th
of the frequencies are transferred to each of the 16 correlation nodes. All correla-
tion pairs are calculated, and the spectra are averaged and saved to disk for every
0.08 seconds of data. It takes 0.3 seconds total to process the 0.08 seconds of data,
including the sampling time.

For the 64 channels we have each buffer takes approximately 0.30 seconds

to process. An 8MB buffer of 8 bit samples at 100Msps takes ideally 0.08 seconds

to fill. The correlation is computed at a ∼20% duty cycle. The main bottleneck is

the transfer of data off the acquisition card into the PC memory.

The acquisition boards are all in dual xeon single core 2.4GHz computers.

The compute nodes are dell r410 machines with dual quad-core 2.0 GHz Xeon

Nehalem processors. The nodes are all connected through two independent 48
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port Dell switches. Disk storage is through two Dell MD1000’s hosted by a Dell

r710. The disk server and other auxiliary services are connected to another 24 port

gigabit switch, along with one of the compute nodes. See figure 2.17 and figure

2.18 for images of the setup.

Figure 2.17: The PC cluster of correlator machines. The 16 machines on the far
left contain the ADC’s. They were used for sampling and FFT. 32 of the dual CPU
quad core machines are used for FFT and correlation. The data is stored on the
RAID boxes at the top of the image.
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Figure 2.18: Image of the correlator machines from the back. The rack on the right
has the 64 channels coming from the telescope, contain the final filtering and then
connect to the ADC boards. The bottom box of the rack contains the clock and
trigger distribution.
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2.2 Cylinder Shape

The cylinder is made by hanging a mesh between two columns. A constant weight

object hanging between two points will form a catenary. By pulling down at even

points along the length with equal force, this catenary will turn into a better fo-

cusing parabola. The telescope was designed to do exactly this. However, equal

spacing across the ’x’ direction will also cause it to be an equal spacing across the

aperture plane. For this reason one of the cylinders has this spacing, the other

has the pull-downs spaced equally along the length, naturally forming a catenary.

Pulling on these points with different weights will still turn the catenary into a

parabola.

The cylinder shape was determined in a two step process.

2.2.0.1 physical technique

First the feed line was leveled using a water level, so that it was at a known height.

The feed line was then made straight using a laser line. The distance of each end

of the feed line was measured to each set of columns, and was made to be within

about a half inch of centered and level. The surface was then adjusted to this feed

position.

Cables were attached to the feed line at exactly the ground plane height,

and each was measured out and marked a length for a specific parabolic arc length

distance along the mesh. The cables were then dropped through the mesh at these
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positions, and the mesh was adjusted to the feed to get the desired focus position

and shape. The East cylinder was fit to a 78 inch focus; the West to a 77 inch focus.

2.2.0.2 Optical Technique

The shape was determined using an optical technique. We set up a camera with a

zoom lens about 150m away down the center line of the cylinder. Florescent flags

were set up all along the cylinder, with different colors for each row. See examples

in figure 2.19 and 2.20. The fits of the cylinder shapes are shown in figure 2.22 and

2.21.

Figure 2.19: East cylinder image used to fit the parabolic cylinder shape. The bot-
tom of each florescent marker is marked with software and then fit to a parabola,
assuming a 78 or 77 inch focus depending on the cylinder. The best fit focus is then
marked on the image.

2.3 Focusing

The feed used has an expected focus center a bit behind the ground plane. This was

calculated from nec2 simulations using cocoaNEC. In simulation the phase center

45



Figure 2.20: West cylinder image used to fit the parabolic cylinder shape. Camera
is centered at the feed height.

Figure 2.21: Fits to a 78 inch focus parabola for the east cylinder at 4 different
locations along the North-South direction. Deviations are in centimeters. RMS less
than a centimeter for these points.
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Figure 2.22: Fits to a 77 inch focus parabola for the west cylinder at 4 different
locations along the North-South direction.
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is 0.09λ behind the groundplane, however it was also relatively insensitive to the

exact position. The output of the simulation gives a phase shift with angle from

the center assuming that the phase center was the groundplane (the 0,0 coordinate

of the simulation). The phase center from that point can then be calculated using:

d =
∆φλ

2π(1− cos(θ)
(2.1)

where ∆φ is the relative phase of that particular angle relative to the 0 angle phase,

and θ is the angle from zero, see [25]. Using the average of this value over a given

set of angles (Included angle of the dish) gives the phase center. I used ±60◦ to

get the phase center of 0.09λ behind the ground plane, and was approximately

the same for the longitudinal and transverse polarizations. figure 2.23 shows the

phase variation when at the phase center. A general rule is that the phase changes

less than 1/20th, or 18◦ to actually be contributing to collecting area.

A focus sweep was performed, and it was found that the transverse and

longitudinal dipoles seemed to have different focus centers. In the end the focus

was placed such that the transverse and longitudinal polarizations had equivalent

gain.
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Figure 2.23: Phase change across angle given the simulated feed in figure 2.24a and
2.24b with the focus placed 0.09λ behind the ground-plane. A phase shift of < 18◦

is considered good. ±45◦ is well illuminated.

49



2.4 Cylinder and Feed Antenna Patterns

2.4.1 Feed Antenna Pattern

The feed antenna was modeled using cocoaNEC, which is a Numerical Electro-

magnetics Code (NEC) method of moments based os x application2. All elements

were simulated using a mesh of wires. Simulations were done assuming an excita-

tion current and transmission of the antenna, but due to reciprocity the receiving

pattern is the same. An attempt was made to simulate accurately the geometry of

the ground-plane and grounded cover of the LNA, and the differences between the

longitudinal and transverse antennas. The feed dipole was tested in an anechoic

chamber at CMU3.

The model of the longitudinal antenna is shown in figure 2.24a. The trans-

verse antenna is shown in figure 2.24b. An individual dipole was measured as

shown in figure 2.25. The simulated antenna pattern is shown in figure 2.26b for

the transverse dipole and in figure 2.26a for the longitudinal dipole. The measure-

ment of the E-Plane response is shown in figure 2.27a, and the H-Plane response is

shown in figure 2.27b. The simulated and measured patterns qualitatively match

up well.

The impedance was also simulated and measured. The transverse and lon-

gitudinal simulated impedances are shown in figure 2.28. The measured antenna

2http://homepage.mac.com/chen/w7ay/cocoaNEC/index.html
3http://www.preal.ece.cmu.edu/

50

http://homepage.mac.com/chen/w7ay/cocoaNEC/index.html
http://www.preal.ece.cmu.edu/


impedance is shown in figure 2.29. The dipole as tested is 9.5cm long and 5.28cm

above the groundplane. No balun was used, the dipole is fed unbalanced. Mea-

sured performance matched well to simulations.

/Users/kbandura/Documents/Research/nec2_simulation/dipole_finite_groundplane_circuit_cover.nc

Wednesday 08 Apr 2009 22:30

16x

1x

(a) longitudinal

/Users/kbandura/Documents/Research/nec2_simulation/dipole_transverse_finite_groundplane_circuit_cover.nc

Wednesday 08 Apr 2009 22:25

16x

1x

(b) transverse

Figure 2.24: Single dipole above ground-plane simulation layouts for a longitu-
dinal (the dipole is aligned in the East-West direction) and transverse (the dipole
is aligned North-South). The difference between the two polarizations is how the
dipole interacts with the LNA ground shield.

The feed was also measured in an array configuration as used on the feed

line. The full antenna with LNA was tested as used on the feedline. The system

could not be calibrated for an absolute gain measurement since it was being used

in reverse from standard, with the antenna under test receiving and the chamber

antenna transmitting. The setup used is shown in figure 2.30. The antennas are set

up with two polarizations, spaced 0.7λ apart, and the polarizations interleaved,

such that spacing between channels is 0.35λ, where 1420 MHz was used as the

reference frequency. The longitudinal polarization is the dipole which lies in the
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Figure 2.25: Single dipole above ground-plane in anechoic chamber. Shown in H-
Plane measurement configuration. The antenna is rotated left-right. This setup
was used to measure the pattern and impedance of a single dipole.
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/Users/kbandura/Documents/Research/nec2_simulation/dipole_longitudinal_finite_groundplane_circuit_cover.nc
Tuesday 14 Dec 2010 15:28

-2-4-6-8-10-13-16-20-30-40

0 dB = 8.33 dBi
Directivity = 6.38 dB

Azi. angle  0.0 deg.
Azi. angle  22.5 deg.

Azi. angle  45.0 deg.
Azi. angle  90.0 deg.

(a) longitudinal /Users/kbandura/Documents/Research/nec2_simulation/dipole_transverse_finite_groundplane_circuit_cover.nc
Tuesday 14 Dec 2010 15:30

-2-4-6-8-10-13-16-20-30-40

0 dB = 8.33 dBi
Directivity = 6.27 dB

Azi. angle  0.0 deg.
Azi. angle  22.5 deg.

Azi. angle  45.0 deg.
Azi. angle  90.0 deg.

(b) transverse

Figure 2.26: Simulated antenna pattern of a single dipole above ground-plane in
the transverse and longitudinal direction. The simulation used an unbalanced
dipole feed. The 0◦ angle is the E-plane, the 90◦ angle is the H-plane. Skewed pat-
tern due to the feed being unbalanced and the asymmetry due to the LNA cover.
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(a) E plane (b) H plane

Figure 2.27: Single dipole above ground-plane E-plane and H-plane pattern at 1.41
GHz. Testing the antenna shown in figure 2.25 but with the antenna rotated 90◦(E-
plane) or as shown (H-plane). The slight asymmetry in the pattern is due to the
unbalanced feed. At 45◦ the pattern is down by 5db on one side, 7db on the other
for the E-plane, 5db on both for the H-plane.

(a) longitudinal (b) transverse

Figure 2.28: Single dipole above ground-plane simulation input impedance for
longitudinal and transverse orientations. We intentionally used a thin dipole to
have a narrow response band. This helps immediately reject RFI at frequencies
below 1 GHz. This impedance matches well to that measured as shown in figure
2.29
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Figure 2.29: Single dipole above ground-plane impedance match (S11). Good per-
formance from 1.30GHz to 1.42GHz
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plane of the circuitboard. The transverse polarization is the one which lies trans-

verse to the antenna circuit board. The transverse E-plane pattern is in figure 2.32.

Figure 2.31 shows the transverse H-plane pattern. The longitudinal E-plane and

H-plane patterns are in figure 2.34 and figure 2.33 respectively.

2.4.2 Modelled Cylinder Pattern

To model the cylinder pattern in the east-west direction, a 1-d model was used. The

simulated feed pattern was assumed to be at the exact focus of the cylinder. Then

a physical optics approximation ray tracing was done assuming a perfect parabola

to an aperture plane. At many points along the aperture plane spherical waves

were placed with amplitude and phase based on the ray-tracing and amplitude of

the feed. For each angle the far field pattern was then calculated. For the perfect

parabola with a blocked feed, the expected east-west pattern is shown in figure

2.35. The 3dB full width is ∼ 2◦

To model the cylinder in the north-south direction, a phasing of dipoles

above a ground-plane spaced by 0.7λ was simulated in cocoaNEC. The dipoles

were phased together with a shift. The dipole gains were considered all the same

value. This leads to the pattern shown in figure 2.36. The synthesized beam has

a 3db full width of ∼ 5◦. As can be seen from the figure, beyond ±45◦ from the

zenith, the alias is in fact stronger than the pointing direction, and what will be

seen in the image is not what is at the phased to pointing, but instead a point
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Figure 2.30: Antenna array in the anechoic chamber. The central antennas were
tested (one of each polarization). The LNA was powered with a 9V battery for the
test. The setup as shown was for the transverse polarization E-plane and the lon-
gitudinal polarization H-plane. The entire setup was rotated to test the transverse
H-plane and longitudinal E-plane.
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Figure 2.31: H-plane measurement of the antenna array transverse antenna . This
configuration was physically rocking in the chamber as data was taken. This
caused quite a bit of raggedness to the pattern. This raggedness is believed to
be completely due to the setup of the chamber.
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Figure 2.32: E-plane measurement of the antenna array transverse antenna . Pat-
tern is slightly skewed. 5 dB down at 50◦ on one side and 35◦ on the other.
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Figure 2.33: E-plane measurement of the antenna array longitudinal antenna .
Slightly broader than the E-plane of the transverse antenna. Slightly broader than
±45◦ at the 5dB point.
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Figure 2.34: H-plane measurement Antenna array longitudinal antenna. Broadest
pattern measured.
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Figure 2.35: Simulated cylinder east-west response of a perfect parabola illumi-
nated with the simulated feed pattern and with feed blockage. First side-lobes are
∼18 dB down, and the pattern hits a floor at ∼ -30 dB due to the blockage of the
feed.
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closer to the zenith on the opposite side. Thus the image in the center is aliased to

the top and bottom of the image.

2.4.2.1 Window Function

The expected window function of a cos2 illumination of two 10m cylinders 25m

apart with the feed blocked is shown in figure 2.37, and the corresponding sky

pattern is shown in figure 2.38. The north-south beam with cos2 apodization of 16

elements with 0.7λ separation is shown in figure 2.39. The full 2d beam with 16

elements placed along the feed line 0.7λ apart is shown in figure 2.40.

2.4.3 Measured Cylinder Pattern and System Temperature

The East-West pattern of each individual dipole was measured with a total power

measurement on the sun. The pattern of each dipole is shown in figure 2.47. These

total power measurements are very sensitive to both RFI and gain fluctuations. As

can be seen in many of the plots, there are gain jumps, which are generally due to

strong RFI turning on and off.

This technique shows an enhancement of the noise from the sun on the level

of 0.5 to 1dB. The half-power beamwidths range from about 1.7 degrees to 2.7 de-

grees. This range really is most likely due to the true cylinder pattern range from

the shape of the cylinder at different locations. Those beamwidths correspond to

an effective width using W = λ
θ of 7.2m to 4.5m. The system temperature was cal-
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Figure 2.36: North-south simulated beam pattern. Simulated set of 16 dipoles
phased together. Each plot shows a phase step of 40◦. Steering the beam more
than 45◦ away from the zenith results in an alias of the sky in the opposite direc-
tion.

64



0 50 100 150 200
u (wavelengths)

0.2

0.0

0.2

0.4

0.6

0.8

1.0

Figure 2.37: Window function of two cylinders 25m apart, with the feed blocking
the aperture. Cylinders illuminated with cos2 function and not the exact dipole
pattern.
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Figure 2.38: Fourier transform of window function east-west. Dirty beam in the
east-west direction presuming a cos2 illumination and not the actual dipole pat-
tern. Very similar to the more accurate calculation in figure 2.35.
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Figure 2.39: Fourier transform of window function in the North-South direction.
Dirty beam North-South with cos2 apodization. Broadens the beam but reduces
the side-lobes.
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Figure 2.40: Fourier transform of window function. 2-D dirty beam of simulated
aperture. Has a cos2 apodization applied in the North-South direction, and an
assumed cos2 feed pattern in each cylinder.
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culated in two ways for each autocorrelation. It was calculated using the deflection

in total power from the sun:

Tsys = Tsun

(
o f f

on− o f f

)
(2.2)

with on being time on the sun, o f f data taken off the sun, Tsun = λ2

ΩPB2776 Ssun,

where λ is the wavelength, ΩPB is the solid angle of the primary beam, Ssun is the

flux of the sun in Janskys multiplied by the attenuation of the primary beam off

center (I used 1.21 × 105 for the sun on that particular day). Using this method

gets a Tsys in the 100K to 500K range.

The reason why the system temperature varies so much from channel to

channel is not well understood. The bench measurements of every channel showed

a similar noise figure for every channel, and at the level of 75K. Raising the system

temperature to ∼ 100K is expected from ground-spill and the addition of the sky

brightness.

The second method of measuring the system temperature was done using

the signal to noise ratio:

Tsys = Tsun

(√
∆ν∆t
RSN

)
(2.3)

where Tsun is the same as derived in the previous equation, ∆ν is the band-

width, ∆t is the integration time, and RSN is the ratio of the signal power to the
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RMS of the noise level. The system temperature calculated using this method

ranged from 300K to 1000K. The reason this noise level is higher is believed to be

RFI. This is one area where the cylinder was not performing as well as expected.

The Pittsburgh radio environment may well be too severe to get any better perfor-

mance and system checks. Further tests are discussed in section 2.6.

Further complicating matters, the pointings of the centers of each of the

dipoles does not necessarily line up. Seen in the plots in figure 2.47, the red vertical

line corresponds to the actual position of where the sun is crossing the meridian.

Figures 2.41 and 2.42 plot the pointing center for the East and West cylinders re-

spectively, each plot broken up by polarization. These plots show that the pointing

center for the two different polarizations is different by approximately one degree.

However, looking at figures 2.43 and 2.44, one can see that this pattern was very

repeatable, and the East and West cylinders were both adjusted such that they are

both pointed at the same place for a given polarization. As seen in figures 2.45 and

2.46 the beamwidths of the two polarizations were not systematically different, if

anything the transverse dipoles have a slightly smaller beamwidth. Looking at

the measured beam patterns of the feed, the transverse dipole pattern across the

cylinder, shown in figure2.32 has a 3db full width of less than 90◦. The longitudi-

nal pattern across the cylinder, shown in figure 2.33 is slightly wider. One would

expect the longitudinal dipoles to have a slightly smaller beam pattern than the

transverse dipoles, but if anything the opposite is true. This may well be due to
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# Tsys via Deflection Tsys via SN ratio

1 3219. 553.1 5.82
2 368.6 1626. 0.22
3 663.0 1683. 0.39
4 325.0 5336. 0.06
5 120.3 158.3 0.76
6 505.3 850.0 0.59
7 494.2 538.9 0.91
8 168.0 1079. 0.15
9 608.8 916.1 0.66
10 2536. 1067. 2.37
11 348.4 1022. 0.34
12 287.8 1129. 0.25
13 463.6 625.9 0.74
14 482.7 865.0 0.55
15 321.3 324.4 0.99
16 2862. 1607. 1.78
17 1334. 940.0 1.41
18 296.1 1061. 0.27
19 2036. 523.1 3.89
20 862.8 929.0 0.92
21 229.8 417.7 0.55
22 410.9 1217. 0.33
23 413.6 818.1 0.50
24 630.9 1579. 0.39
25 121.0 1325. 0.09
26 855.1 1406. 0.60
27 310.4 609.0 0.50
28 117.8 355.2 0.33
29 240.7 327.8 0.73
30 780.1 676.9 1.15
31 865.7 3083. 0.28
32 405.0 272.7 1.48

Continued on next page
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Continued from previous page

# Tsys via Deflection Tsys via SN ratio

33 226.0 520.5 0.43
34 1282. 837.4 1.53
35 313.1 635.8 0.49
36 4115. 1243. 3.30
37 356.6 859.4 0.41
38 299.1 698.6 0.42
39 382.7 434.3 0.88
40 331.6 603.0 0.54
41 555.2 559.6 0.99
42 283.4 626.7 0.45
43 6.087 770.2 0.00
44 377.3 409.3 0.92
45 126.3 1747. 0.07
46 179.6 390.8 0.45
47 274.6 510.8 0.53
48 286.8 548.3 0.52
49 264.1 704.1 0.37
50 205.7 779.3 0.26
51 834.2 1162. 0.71
52 167.1 330.2 0.50
53 339.9 268.0 1.26
54 331.0 848.8 0.38
55 1903. 835.5 2.27
56 312.0 470.3 0.66
57 239.4 723.6 0.33
58 244.5 646.8 0.37
59 167.9 397.3 0.42
60 283.7 964.6 0.29
61 181.5 1285. 0.14
62 353.9 577.6 0.61
63 298.8 517.8 0.57
64 370.6 1221. 0.30

Table 2.1: Tsys calculated using the deflection from the sun and via the signal to
noise. The number calculated from the sun deflection is in general 1/2 to 1/3 that
calculated using the signal to noise ratio. This implies the noise floor is dominated
by RFI.
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the cylinder having a less perfect shape further away from the center, or to slightly

different phase centers for the two polarizations.

0 2 4 6 8 10 12 14 16
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212.5
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long
trans

Figure 2.41: Pointing of each dipole on the East cylinder. Broken into transverse
and longitudinal polarizations. The transverse and longitudinal pointing centers
are a degree off from each other for the same cylinder.

2.5 Pittsburgh RFI Mitigation

Early tests were plagued by RFI contamination. The first attempts at unfiltered

LNA’s and Receivers were overloaded by tv signals. In the northern direction there

are tv towers in direct line of sight of the feeds. These signals are transmitting 1

MWatt power in the 700MHz range, and are required to have harmonics down by
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Figure 2.42: Pointing of each dipole on the West cylinder. Broken into transverse
and longitudinal polarizations. Again the pointing centers for the two polariza-
tions are different by about one degree in the same way.
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Figure 2.43: Pointing of each longitudinal dipole. Plotting East and West cylinders
on top of one another. The within polarization centers are well matched.
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Figure 2.44: Pointing of each transverse dipole. Plotting East and West cylinders on
top of one another. Again the pointing of the transverse dipoles are well matched
for the east and west cylinders.
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Figure 2.45: Full width half maximum (FWHM) of each dipole on the East cylinder.
Broken into transverse and longitudinal polarizations. Both polarizations have a
similar beam-width.
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Figure 2.46: Full width half maximum (FWHM) of each dipole on the West cylin-
der. Broken into transverse and longitudinal polarizations. Again, both polariza-
tions have a similar beam-width.
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Figure 2.47
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Figure 2.47
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Figure 2.47

81



Figure 2.47
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Figure 2.47: East-West beam pattern of each individual dipole. Blue lines are the
data. Red line is where the sun passes the meridian and should be the peak of the
data. Green line is the gaussian best fit to the data.
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106, however that is still 1 Watt transmitted directly in our passband.

In order to deal with the RFI two techniques were used. The first was to

erect a mesh ground screen on the north end of the cylinders to get rid of line of

sight transmission. The second was to put a 1200MHz high pass filter as the first

thing before any amplification. This hurts the noise figure, but was required to not

overload the first amplifier.

2.6 Correlated Noise and RFI

An experiment was conducted with neighboring feeds. One feed used was a lon-

gitudinal dipole built into the antenna card. The other had the antenna removed

and an SMA connector attached instead. See figure 2.48 for an image of the setup.

During a continuous set of data taking, the SMA connector was open, which gives

a close measurement to the amplifier noise contribution, was terminated with a

75Ω load, this gives a ∼300K load on the amplifier, and had an antenna con-

nected, which was approximately 1
2 λ from the groundplane, so did not have a

proper match or pattern compared to the others. The continuum averaged result

is plotted in figure 2.49. The load measurement was presumed to be 300K, so the

amplitude scaling is referenced to that. What can be seen from this plot is an am-

plifier noise level of∼ 120K, which is very flat with time, giving a equivalent noise

figure using the signal to noise level. When the antenna is connected, the level

of the power goes down, to give a measurement of 200K using the overall power
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level, but giving a Tsys of 1000K using the RMS. This implies that RFI is raising the

noise floor, even with only ∼ 1 second of integration.

Figure 2.48: Setup for testing the noise figure of the LNA’s in the cylinder. Shown
with 75Ω load attached to the SMA connecter instead of an antenna.
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Figure 2.49: Test with LNA open, with 75Ω load, and antenna attached. With the
LNA open, the curve is very flat and at a level of∼ 125K. Connecting the load puts
the temperature at 300K by definition, but the curve is still very flat. Connecting
the antenna, the noise level goes down to about 200K and the fluctuations of the
noise become very visible.
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Figure 2.50: Test with LNA open, with 75Ω load, and antenna attached. Measure-
ment with the longitudinal antenna directly adjacent to the channel being manip-
ulated. The power level with time shows visible fluctuations throughout the test.
The noise level goes up with the load attached, and up further when the antenna is
attached to the adjacent LNA channel. The correlation between the fluctuations is
visible when the antenna is attached, implying they are both receiving RFI. Noise
increased by 15% when adjacent antenna is attached.

Figure 2.51: Test with LNA open, with 75Ω load, and antenna attached. Water-
fall plot with time on the vertical axis and frequency on the horizontal. Broad
horizontal structures only visible in the bottom third section when the antenna is
connected.

Figure 2.52: Test with LNA open, with 75Ω load, and antenna attached. Measure-
ment with the adjacent antenna. Broad horizontal structures visible in all three
sections, presumably broad band RFI.
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3

Cylinder Imaging

Synthesis imaging in radio astronomy involves taking a sparsely sampled aper-

ture and turning it into an approximate image expected from sampling the entire

aperture.

The electric field at a position~r from a source at very far distance at location

~rp is given by:

E(~r) =
∫

ε(~rp)
ei2πν|~r−~rp|/c

|~r−~rp|
dS (3.1)

with ε(~rp) the electric field at the emitted location. The visibility for two receivers

at~r1 and~r2 is given by:

V(~r1,~r2) = 〈E(~r1)E∗(~r2)〉 (3.2)
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assuming again the source is far away, we write the visibilities as:

V =
∫

4π
AN(σ)I(σ)e−i2πD˘·σdΩ (3.3)

where V is the complex visibility, AN is the normalized antenna pattern, I(œ) is the

source intensity 〈ε2〉, D˘ is the baseline vector between antennas in wavelengths

and sigma is the vector to the element of solid angle from the pointing center.

This can be rewritten as:

V(u, v) =
∫ ∫

AN(l, m)I(l, m)ei2π(ul+vm)dldm (3.4)

and

I′(l, m) = AN(l, m)I(l, m) =
∫ ∫

V(u, v)e−i2π(ul+vm)dudv (3.5)

where l is sin(θ) and m is sin(φ)

We don’t actually know a true visiblility, but a measured visibility. The

assumed relationship is:

V̂ij = gig∗j Vij + nij (3.6)

where g = aeφ is the complex gain of the telescope and n is the noise term.

solving for the complex gains gives a solution for the true visibilities which
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is:

Vij =
V̂ij

gig∗j
(3.7)

The visibilities can then be used to solve for an intensity pattern on the sky. The

gains are either solved for each baseline independently, writing gig∗j = gk, or is

gig∗j solved for each gain.

The most straightfoward imaging is:

ID(θ, φ) = ∑
ij

wijVije−i2π(uijl+vijm) (3.8)

where ij is all possible baselines (i and j) and wij is an apodization function

ID = P(θ, φ) ⊗ I′(θ, φ) is the sky intensity modified by the antenna beam

convolved with the dirty beam defined as:

P(l, m) = ∑
ij

wije−i2π(uijl+vijm) (3.9)

3.0.1 Cleaning

The clean algorithm was first developed by Högbom [33], and further refined by

Clark [15] and again by Cotton and Schwab [61] [19]. Refinements are still under

active developemnt [18]. The algorithm assumes that the images is made of a sum
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of point sources. Choose the brightest sources, and subtract at a known position:

IR = ID −∑
i

BiPi (3.10)

where the sum is over the locations, B is the intensity of the source, and P is the

dirty beam of a point source at that location. Can continue to identify and subtract

point sources until the entire map left is considered noise like. The map is then the

sum of all the identified point sources, usually smoothed with a gaussian of the

primary beam.

3.1 Calibration

Cylinder calibration using the point source Cygnus A. This is a least squares matrix

method of calibration.

The eigenvalues and eigenvectors of a matrix is usually given by:

Axk = λkxk (3.11)

(A− λk I)xk = 0 (3.12)

which is the same as:

A = PΛP−1 (3.13)
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where P is the set of Column eigenvectors xk and Λ is a diagonal matrix

with eigenvalues λk along the diagonal.

If A is Hermitian then P is a Unitary matrix, and we can write eqn 3.13 as:

A = PΛP† = ∑
k

λkxkx†
k (3.14)

for a point source at a at given (l’,m’) I = ISδ(l′, m′). Looking at eqn 3.4 V is

then

V(u, v) = AN(l′, m′)ISei2π(ul′+vm′) (3.15)

Multiplying each visibility by e−i2π(ul′+vm′) will result in all of the visibilities be-

ing a constant. If this point source dominates the Visibilities it can be used for

calibraiton. Comparing equation 3.6 and 3.14, the eigenvector corresponding to

the largest eigenvalue of the Visibility matrix is the complex gain solution g. The

remaining eigenvalues/vectors correspond to the remaining noise. All of this is

ambiguous to an overall normalization.

V̂ = λ1x1x†
1 + ∑

k>1
λkxkx†

k = gg∗V + N (3.16)

This calibration technique was applied using Cygnus A as the phase center,

since it nearly passes overhead at the center of the telescope pointing. For our

cylinder telescope the cross-cylinder visibilities are much cleaner than the within

cylinder visibilities. For this reason instead of using the measured visibilities for
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calibrating, they were filled with an initial guess, the complex gains were solved

for and subbed back into the equation, and this was iteratively solved until the

solution converged on a value, or the solution stopped improving the the residual

visibility defined as:

r = ∑ |Vij − gig∗j | (3.17)

This solution was calculated independently for the two different polariza-

tions. The resulting calibration matrix is shown in figure 3.1 for the longitudinal

polarization and in figure 3.3 for the transverse polarization. The comparison of

the cross-cylinder visibilities direct baseline solution (Vij) and the antenna based

solution (gig∗j ) is shown in figure 3.2 and 3.4 for the longitudinal and transverse

polarizations respectively. The spread here shows how well the cylinders are ac-

tually calibrated. In the case of the longitudinal polarization the results are quite

good. The transverse polarization results are less impressive.

The stability of the calibration is plotted in figures 3.5 and 3.6 for the gain

and phase of the two polarizations. For the longitudinal polarization the solutions

over multiple days were the same to a few percent. The transverse polarization

amplitudes were stable to 5-10%, but the phase had more variation.

By changing the weighting in equation 3.9 one can control the beam shape.

The best images are weighted by the gain/noise estimates for each visibility, us-

ing all visibilities. Figure 3.7 shows a equal weighting of all visibilities measured,

which is close to what the noise weighted image should be. Other possible weights
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(a) Gain (b) Phase

Figure 3.1: Longitudinal antenna based visibility gain and phase matrix. Is a
Hermitian matrix. Ordered alternatively East and West visibility, or within cylin-
der/cross cylinder visibilities.

(a) Gain (b) Phase

Figure 3.2: Longitudinal visibility gain and phase antenna based comparison to
measured visibilities. Blue points are the gain/phase solved for using an individ-
ual baseline. The red points are the computed visibility gain and phase based on
that calculated from individual antenna gains and phases.
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(a) Gain (b) Phase

Figure 3.3: Transverse visibility gain and phase antenna based matrix. Appears to
have more phase structure than the longitudinal solution.

(a) Gain (b) Phase

Figure 3.4: Transverse visibility gain and phase showing the difference between the
antenna based visibility gain and phase (red points) to baseline based visibilities
(blue points). Much higher spread in the solution compared to the longitudinal
polarization.
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Figure 3.5: Gain vs. dipole number. Solution calculated using Cygnusa A repeated
on four successive days. Most feeds in the longitudinal polarization were stable
to a few percent. The fourth day the gain for all channels was much lower. The
transverse polarization was stable to 5-10 percent.
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(b) Longitudinal

Figure 3.6: Phase (rad) vs. dipole number. Longitudinal phase solutions were
again stable to a few percent. Transverse solution was not nearly as stable.
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are a cos2(v), shown in figure 3.9 or what is called natural weighting where each

visibility position is weighted equally, shown in figure 3.8. These other weightings

can lower the sidelobes or narrow the primary beam, but will increase the noise

due to weak visibility pairs.
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Figure 3.7: North-south dirty beam model, assuming equal weighting for all visi-
bilities. This is the closest model to the weightings used for imaging.

3.2 Continuum Map

The imaging procedure and calibration of the previous section was applied to

data taken drift scanning the telescope for ∼28 contiguous hours. The band from
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Figure 3.8: North-south dirty beam model using natural weighting. Each possi-
ble visibility is weighted equally, regardless of how well the baselines are mea-
sured. This weighting makes the side-lobes higher, but provides the highest signal
to noise if the baselines have similar noise.
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Figure 3.9: North-south dirty beam model with Hanning weighting. The visibili-
ties are weighted as cos2(v), giving very low side response, but widening the pri-
mary beam.
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1395MHz to 1425MHz is averaged together. Only the longitudinal dipoles were

used. The visibilities were weighted (wij) using the calculated gain divided by the

standard deviation of the first ∼ 3 minutes of data. The map is shown in figure

3.10. The map was normalized to Cygnus A at a amplitude of 1600Jy. The band-

width used was 30MHz. This is an image of the entire visible sky completed in

just one day.

Figure 3.10: Continuum image averaged from 1395-1425 MHz. All-sky map with
28 hours of continuous data. The very bright source that is cut is the Sun, which
crossed the beam twice during the observation.

Another interesting aspect to look at is the differences between the images

made with the transverse and longitudinal antennas, as well as the within cylinder

and between cylinder correlations. Using only cross-cylinder correlations, the lon-

gitudinal map is much cleaner and has a higher dynamic range by a factor of ∼ 3
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when compared to the transverse map, shown in figure 3.11. The only thing visible

in the map are the brightest point sources. Two possible reasons for the transverse

map having higher noise than the longitudinal map:

• The transverse dipoles are more sensitive to RFI radiation from the horizon

in the north-south direction, raising the contribution from RFI

• The transverse dipoles are broadside and couple to each other more strongly.

In simulations of the feeds this effect is quite small, and may well not be an

actual cause for concern.

Using the within cylinder correlations, the images show more larger scale

structures. The longitudinal map remains cleaner than the transverse map here as

well. The extended structure of the continuum Milky Way Galaxy is apparent. The

images are in figure 3.12

Looking closer at the image beam around Cygnus A and Cassiopeia A, the

measured beams come close to ideal. See figure 3.15 and 3.18 for zoomed images

around the point sources. Figures 3.13 and 3.14 have the cuts through Cygnus

A in the east-west and north south direction. Figures 3.16 and 3.17 have the cuts

through Cassiopeia A in the east-west and north south direction. Without applying

any sort of clean algorithm the image is already showing few artifacts. Since the

u-v plane is sampled well in the region of interest, the resulting image does not

have the huge sidelobes of a standard interferometer which need to be subtracted

out of the image.
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(a) Longitudinal (b) Transverse

Figure 3.11: Continuum image of Cygnus A and Cassiopeia A made using only
the correlation pairs between the cylinders. The longitudinal dipoles show a better
dynamic range than the transverse polarization.
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(a) Longitudinal (b) Transverse

Figure 3.12: Continuum image of Cygnus A and Cassiopeia A using only the corre-
lation pairs within a cylinder. The transverse map has much higher noise than the
longitudinal map. Extended structure of the Milky Way becomes apparent using
the within-cylinder correlation pairs.
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Figure 3.13: East-west beam measured on Cygnus A. Shows -20dB sidelobes and
-30dB noise floor.
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Figure 3.14: North-south beam on Cygnus A. Synthesized beam direction with 16
dipoles. Shows -20dB sidelobes and -30dB noise floor.
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Figure 3.15: Continuum image of Cygnus A. Units of Janskys.
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Figure 3.16: East-West beam on Cassiopeia A. Has -20dB side-lobes and -25 to -
30dB noise floor.
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Figure 3.17: North-South beam on Cassiopeia A. Asymmetric side-lobes since not
centered on overhead. Larger side-lobe alias visible at the horizon.
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Figure 3.18: Continuum image of Cassiopeia A. Units of Janskys. Shows very little
structure along the diagonal.
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3.3 Image noise level

For a continuum map the signal to noise ratio RSN = Sr/σ where σ is the noise

level in a empty piece of the map is defined as:

RSN =
AIη
√

2N∆ντ

2kBTsys
(3.18)

Where RSN is the signal to noise, A is the effective area of a single element, I is

the flux density of the source, N is the number of correlation pairs used, ∆ν is the

bandwidth, τ is the integration time, kB is boltzmann’s constant, and Tsys is the

effective system temperature for producing the image.

For each individual correlation pair, N = 1. Calculating Tsys
ηA is then:

Tsys

ηA
=

S
√

∆ντ2N
2RSNkB

(3.19)

In our continuum image made, τ = 1.28s, ∆ν = 30MHz, N = 248, S =

1600Jy for Cygnus A, and RSN = 80 for the less noisy parts of the map. This gives

a Tsys
ηA = 1000. Our dipoles all have slightly different effective areas, but each has an

approximate collecting area of 1.4 m2 giving an effective Tsys for the map of 1400K.

This high Tsys is driven by the RFI environment in Pittsburgh as well as not fully

understanding and correcting for the instrument.
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3.4 Milky Way Map

The Milky Way does not have much power in the scale corresponding to the visi-

bilities between cylinders, and maps made with just visibilities between cylinders

do not show an image. Instead, the within cylinder visibilities are required. Cal-

ibration for the within cylinder baselines were solved for using the continuum

map and cross-cylinder baselines. This is an important point about the cylinder

calibration to understand. Without the cross-cylinder visibilities, an individual

cylinder is not calibrated to nearly the same level. The images have the contin-

uum subtracted by just taking the average image in the 1419.57MHz, 1419.66MHz,

1421.35MHz,and 1421.47MHz 100kHz wide bins, and subtracting that from all the

images. The stripes around the sun are set to zero to remove the residual.

The map is shown in figure 3.19 through figure 3.26. The aliases of the

galaxy at the north and south ends are due to the 0.7λ spacing of the dipoles. The

images were made using only the within-cylinder visibilities.
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(a)

(b)

Figure 3.19: Milky Way galaxy 21cm emission. Frequency bins 100KHz each.
1419.57MHz and 1419.66MHz. These bins were averaged with the 1421.35MHz
and 1421.47MHz bins and subtracted from all as the continuum subtraction.
Shows the noise level after subtraction.
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(a)

(b)

Figure 3.20: Milky Way galaxy 21cm emission. Frequency bins 100 KHz each.
1419.76 MHz and 1419.86 MHz. Neighboring bins to those used for continuum
subtraction. Also shows the noise level of the images.
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(a)

(b)

Figure 3.21: Milky Way galaxy 21cm emission. Frequency bins 100KHz each.
1419.96MHz and 1420.05MHz. The Milky Way galaxy is becoming apparent.
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(a)

(b)

Figure 3.22: Milky Way galaxy 21cm emission. Frequency bins 100KHz each.
1420.15MHz and 1420.25MHz. The Milky Way is now visible in two regions.
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(a)

(b)

Figure 3.23: Milky Way galaxy 21cm emission. Frequency bins 100KHz each.
1420.35MHz and 1420.44MHz. More extended structure of the Milky Way visible.
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(a)

(b)

Figure 3.24: Milky Way galaxy 21cm emission. Frequency bins 100KHz each.
1420.54MHz and 1420.64MHz. Continuous slices of the Milky Way are visible.
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(a)

(b)

Figure 3.25: Milky Way galaxy 21cm emission. Frequency bins 100KHz each.
1420.74MHz and 1420.84MHz. Large regions of the Milky Way are visible.
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(a)

(b)

Figure 3.26: Milky Way galaxy 21cm emission. Frequency bins 100KHz each.
1420.93MHz and 1421.03MHz. Beginning to get out of the region of neutral hy-
drogen emission from the Milky Way.
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(a)

(b)

Figure 3.27: Milky Way galaxy 21cm emission. Frequency bins 100KHz each.
1421.13MHz and 1421.23MHz. Mostly just noise left visible.
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(a)

(b)

Figure 3.28: Milky Way galaxy 21cm emission. 100KHz wide frequency bins.
1421.35MHz and 1421.47MHz. Both used in average with 3.19a and 3.19b as a
continuum subtraction.
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4

Winter Storm Cylinder Collapse and

Rebuild

4.1 Collapse

On February 5th-6th 2010 Pittsburgh was covered in 21 inches of snow falling

within a 24hr period. This amount of snowfall happens only once every 30 year

in Pittsburgh. It was a heavy snow with no wind. The cylinders are made with

the surface mesh as the major structural element. The mesh has a half inch hole

spacing. It was designed so that snow and weather would fall through the mesh,

with only some collecting on the metal battens. In all previous storms the system

functioned as planned. However during this storm the snow collected in the dish.

The snow was compressed enough to form pieces hanging below as well as that
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collected above, see figure 4.1. The total collected snow was nearly 2 feet over the

entire surface, see figure 4.2. This brought the structure to its limit and the surface

partially collapsed (half of the east side) on the East cylinder and fully collapsed

on the west side of the West cylinder. See figure 4.3a and 4.3b. The next few days

brought another six inches of snow, and the East cylinder fully collapsed on the

east side, see figure 4.4.

Figure 4.1: The snow collected and created square icicles which hung below the
mesh adding weight to what was already collecting above.
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Figure 4.2: Depth of the snow collected on the cylinder. Approximately 14-16
inches above and 4 inches below the mesh surface.

(a) Partial collapse of the east cylinder. (b) Collapse of the west cylinder

Figure 4.3: The snow storm on Febuary 5th and 6th built up too much weight on
the surface of the cylinder mesh causing collapse.
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Figure 4.4: After more snowfall and a few days, the East cylinder collapsed fully
on the east side.
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4.2 Failure analysis

The system was designed to fail by the steel wires breaking first. On the East

cylinder the failure modes were close to what was expected. We found that the

steel wire broke where it was bent to a small radius to attach to a punched hole, see

figure 4.5. There were instances where the wire broke along its length as expected,

see figure 4.6. The fence wires connect to a ”finger plate” which is used to connect

the high strength wires to the mesh. The finger plate also was a point of failure,

where the plate bent and then tore through the mesh. See figure 4.7 for an example.

On the West cylinder the failure mode seemed to be different. On the north-

west side the fence wire cables did break, and are believed to be the first to fail.

The rest of the length broke at the mesh right at the top batten point, see figure

4.8. The theory is that the north-west corner failed first, but the mesh was frozen

enough to the tops of the trusses for the rest of the cylinder that the mesh tore, and

then a zipper effect brought the rest of the cylinder down.

Both the West and East cylinders also had failures of the steel trusses. The

worst failure was the north-east truss of the East cylinder, which is the section that

collapsed a few days after the others. The trusses were only designed for a vertical

load, no side loading. In the collapse (due to freezing of the mesh?) the trusses

were twisted towards the center of the cylinder, with some breaking welds to the

plate that hold the trusses in place, see figure 4.9. The north-east truss in particular

came very close to failure, with all but one weld broken, see figure 4.10.
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The feedline made it through the snow completely undamaged, see figure

4.11.

Figure 4.5: The wires were designed to be the failure point. Most wires that broke
failed where they were bent to a small radius.

4.3 Tests

Heavy snow weighs about 20 lbs/ cu ft.1. The exact weight of the snow from that

storm was not recorded and is unknown. Each cylinder has 65 ft long mesh by

about 40ft arc length between the columns, and had about 20 inches (1.67 ft) of

snow built up, which is a volume of 4333.33 cu ft. 20lbs/ cu ft gives 86,666 lbs of

1http://www.flagstaff.az.gov/DocumentView.aspx?DID=12809
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Figure 4.6: The wire was designed to be the failure point. This is an example of a
wire that failed as expected.

Figure 4.7: The finger plates also ended up being a point of failure. They bent and
tore through the mesh.
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Figure 4.8: The West cylinder seemed to fail differently. The northwest end had
fence wire failures. The rest of the cylinder failed at the mesh right above the top
batten.

Figure 4.9: The truss twisted and was torqued when the mesh fell instead of being
under pure compression.
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(a) north end (b) south end

Figure 4.10: This truss was twisted so strongly that welds to the plate, which bolted
the truss in place, were broken. This was an unforeseen failure mode. (a) shows
the northern end of the truss where all the welds were broken, and the truss was
just resting on the column plate. (b) shows the south end of the truss where one
weld point was still attached.

Figure 4.11: Image of the feedline covered with snow. The feedline did not get
damaged from the snow.
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snow per cylinder! The 5 ft sections of mesh are held up by two 2000 lb tension

strength wires pulling off at 45◦ in the north south direction, giving a tension

strength about 2800 per 5 linear feet, or 36,400 per side of the cylinder, or 72,800 lbs

total weight on the cylinder. None of these numbers are known exactly, but the fact

that the east cylinder partially failed before totally failing after more snow means

that the snow weight was almost exactly at the breaking point of the cylinders.

4.3.1 Mesh Stress Tests

We set up a stress test to determine how the current system failed. We attached

mesh on one side strongly. We used a 2in diameter iron pipe, wrapped the mesh

around it and clamped it together with a strip of sheet metal and fender washers.

We then used the same fence wire, wrapping around the pipe approximately 1/4

of the way from the end of the mesh. The first round of testing just had the wire

looped around the ends which made the pipe bend a bit. This was considered our

“fixed end” of the mesh, and throughout the testing it never failed, see figure 4.12.

The other side was the tested side.

The tested side was terminated to a winch with a 0.5 inch radius. The ten-

sion was measured using a torque wrench as shown , see figure 4.12.

First we tested a finger attach point as used, with a finger plate connected

with two fence wires through the punched hole. We found that the bend in the

finger plate was pulled out at 1800lbs of tension. At 2600lbs tension the finger
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plate buckled perpendicular to the mesh, and fence wires were pulling through

the punched hole, see figure 4.13. This shows the finger plate as a point of failure.

The second test was again with a finger plate, but wire wrapped around bolt

with washers, going through hole in fingers, see figure 4.14a. This was to alleviate

the high stress point of failure in the previous test. We found deformation of the

finger plate at 1200lbs of tension, see figure 4.14b, but the failure was actually the

fence wire at the winch at 2900lbs.

The third test was a standard batten attachment, attaching to the center car-

riage bolt and wrapping around the washer on then bottom, see figure 4.15a. This

scheme would be the easiest to use to raise the downed cylinders, if it was strong

enough. In this test, the mesh ended up being the failure point, and it tore near the

bolts at 2000lbs. The mesh seemed to rip out at one end first. It then just zippered

across from each bolt to complete failure, see figure 4.15b.

The fourth test involved taking a finger plate and flatten out its bend. The

finger plate was then attached to the mesh, tightened up, and screwed into a stan-

dard batten attachement with five self tapping screws, see figure 4.16b. The fence

wire was then attached by wrapping around washers attached with a carriage bolt

to the finger plate, see figure 4.16a. Using this setup the fence wire broke at 3200lbs

of tension. The fingerplate and mesh showed no signs of problems before the fence

wire broke.
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Figure 4.12: The fixed end of the mesh pulling test setup.

Figure 4.13: Test of mesh connection similar to the as-configured termination. Both
wires were pulled straight instead of at an angle. The bend in the finger plate
straightened out at 1800 lbs of tension. At 2600 lbs the plate buckled in the perpen-
dicular direction and the wires sheared through the punched hole.
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(a) new wire attachment method (b) finger plate starting to bend

Figure 4.14: Wire attachment to finger plate was changed to use a bolt through the
finger plate, with the fence wire wrapped around smaller washers, and a larger
washer to hold it in place. With this connection method the finger plate started to
bend at 1200 lbs of torque, but the catastrophic failure mode was, in fact, the fence
wire at 2900 lbs.
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(a) wire attachment method

(b) mesh beginning to tear (c) all tearing

Figure 4.15: Wire attachment to mesh changed to use standard batten scheme. Flat
sheet metal on top of a bent sheet with 5 carriage bolts sandwiching the mesh. The
attachment was to use the washer on the middle carriage bolt, shown in (a). At
2000 lbs of tension the mesh tore, shown in (b). Full failure is shown in (c).
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(a) wire attachment method

(b) mesh setup (c) under tension

Figure 4.16: Wire attachment to mesh changed to use finger plate attached to a
standard batten scheme. The finger plate is flattened and then screwed to a flat
sheet metal on top of a bent sheet with 5 carriage bolts sandwiching the mesh. The
attachment was to use the washers through the hole in the finger plate. All shown
in (a). The fence wire broke at 3200 lbs of tension. Shown in (c) is the mesh under
approximately 2900 lbs.
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4.4 Changes Made

On the fallen side, the mesh attaches to the wire inside the cylinder. This creates

less friction going over the truss tube making adjustment easier (before the mesh

would have to settle for a day or two to reach a static shape), and lessening the

possibility of twisting the truss. The attachment of the mesh to the steel cable

is now the same as testing method 4, figure 4.18 for most of the East cylinder.

Concrete coffin blocks were added along the outside of each cylinder to enable

attachment of the steel wire with no north-south component, such that adjustment

is easier and the load per wire is reduced. Where straight pulls were not possible

we switched to using a pulley attach point on the finger plate. One side of the fence

wire terminated to a concrete block and the other using a winch. The West cylinder

was changed to use pulleys to attach all, even the straight pulls, see figure 4.19.

Attachment of the steel wire to the coffin blocks was done using DOT winches (see

figure 4.17) instead of hayes, see figure 4.20 or wheel style, see figure 4.21 winches

as they were not easy to adjust, did not loosen very well.

4.4.1 Truss Repair

The trusses were twisted and pulled back into place, but the ∼5mm precision of

the location was lost. The positions of the end of each truss were remeasured using

steel tape relative to each other, and the positions were made accurate to about

3cm. The heights were not remeasured or readjusted. The trusses were repaired
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Figure 4.17: The DOT winch, standard for flat bed trucks.

Figure 4.18: East cylinder new standard attachment of the mesh to the steel wire.
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Figure 4.19: West cylinder new standard attachment of the mesh to the steel wire.

Figure 4.20: Hayes style wire tightener.

140



Figure 4.21: Wheel style wire tightener
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by not just redoing the spot welds, but by welding all along the sides of the plate,

see figures 4.22 and 4.23. This was to reduce the possibility of the truss breaking off

from the attachment to the top of the columns and falling during a major failure.

Under normal load stresses it should not be a problem.

Figure 4.22: Welding the truss back together.

Figure 4.23: Finished weld

142



4.4.2 Mesh Raising

The mesh was cut back to the highest batten on the side that fell down. The mesh

was then pulled over to a working height using standard tiedown straps, see fig-

ure 4.24. Then finger plates, figure 4.25, were flattened and attached to the mesh

below the batten, and then screwed into the batten. The steel wire was attached

and then made slightly tight. See figure 4.24 for the first connection. Once all the

unbent sections were connected the mesh was raised enough such that the bent

battens were no longer touching the steel column cable supports. These battens

were then repaired or replaced, and a fingerplate was attached. The entire row

was reattached and then ready to be raised, see figure 4.26. The winches were

tightened one or two at a time raising each by 10-20cm before moving to the next,

see figure 4.27, until the mesh was completely back off the ground, see figure 4.28.

The same procedure was done on the West cylinder until it was raised again as

well, see figure 4.29. The missing top sections of mesh were then again filled with

mesh, which was attached to the trusses and overlaps with the rest of the cylinder,

it does not actually attach to it. The cylinder was then readjusted to a parabolic

shape using physical and optical methods described in section 2.2. The final states

are shown in figures 4.30 and 4.31
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Figure 4.24: East cylinder at the start of the raising process. The top batten on the
fallen side is brought to a working height with standard straps. Finger plates are
attached to the mesh and steel wire, which then runs over the truss.

Figure 4.25: Example of a finger plate.
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Figure 4.26: East cylinder re-attached and ready to raise.

Figure 4.27: Raising the East cylinder. Each winch was tightened 10-20cm before
moving to the next, going north-south along the cylinder.
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Figure 4.28: East cylinder again off the ground.

Figure 4.29: West cylinder again off the ground.
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Figure 4.30: West cylinder raised and adjusted, mesh added back along the top
side.

Figure 4.31: East cylinder raised and adjusted, mesh added back along the top side.
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5

Brightness Mapping with the Green

Bank Telescope

5.1 The Green Bank Telescope

5.1.1 GBT Design

The Green Bank Telescope is a 100m diameter fully-steerable radio telescope de-

signed for use from 290 MHz to 100 GHz. It is off axis design, meaning that the

aperture is not blocked by the feed structure, see the image of the telescope in

figure 5.1. The offset makes the primary 100m by 110m. In order to have good

efficiency up to 100 GHz the surface is made of panels which are actively moved

to counter the effects of gravity, temperature and wind to keep their shape.
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Figure 5.1: Image of the Green Bank Telescope
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5.1.2 Single Dish Astronomy

Intensity mapping requires good brightness sensitivity, and single dishes generally

have higher sensitivity than aperture synthesis telescopes.

In aperture synthesis astronomy, the RMS brightness-temperature error is

given by:

∆Tb =
M λ2 Tsys

AeΩb
√

2N t ∆ν
(5.1)

where ∆Tb is the RMS brightness temperature, M is a correlator efficiency factor of

order 1, k is boltzmanns constant, λ is the wavelength, Tsys is the system tempera-

ture, Ae is the effective collecting area of a single telescope, Ωb is the synthesized

beam solid angle,N is the number of pairwise correlations, t is integration time

and ∆ν is the bandwidth. This equation can be simplified to approximately:

∆Tb ≈
Tsys B2

d2 n
√

t ∆ν
(5.2)

where B is the longest baseline, d is a single dish diameter, and n is the number of

dishes and M has been set to 1.

This is easily compared to the single dish radiometer equation where:

∆Tb =
Tsys√
t ∆ν

(5.3)

and the area of the telescope does not effect the final Brightness Sensitivity
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Temperature. If the required signal level ∆Tb is held constant, a single dish sensi-

tivity is determined by its system temperature, integration time and the bandwidth

of the spectrum elements. An interferometer’s sensitivity is reduced by the ’filling

factor’ ( d2

B2 ), where the brightness sensitivity falls with the area covered out of the

total area expected from the longest baseline. However if d2

B2 = n, then the inter-

ferometer will be just as good as the single dish, and if d2

B2 < n the interferometer

would appear to be more sensitive than a single filled dish, but this is not possible

since dishes touch when d2 = B2n

5.1.3 Why Green Bank

A filled, or nearly filled aperture telescope is necessary in order to get the best

brightness sensitivity. Since we have not yet built CRT, there are no close packed

interferometers in existence, making a single dish telescope the only way to pro-

ceed. With a single dish, the brightness sensitivity is independent of the size of

the dish, but the beam size scales with the size of the telescope. We would like to

resolve the non-linear scale, ∼ 10h−1 Mpc. At redshift one, 10 h−1 Mpc is approx-

imately 15’ on the sky assuming WMAP5 cosmology [38]. This angular resolution

at 700MHz corresponds to a telescope diameter of 100m. In order to study large

scale structures down to the non-linear scale at redshift one, a 100m class telescope

is needed.

152



5.2 Observation

Observations of the DEEP2 fields were conducted in the spring (April 25th and

28th, May 1st) and summer ( August 28th and 29th, September 6th, 7th, and 17th)

of 2008. Observations of the zCOSMOS field were conducted in the fall/winter of

2009 ( October 17th and 18th, November 23rd, and December 22nd) and the winter

of 2010 ( January 13th).

5.2.1 Scan Strategy

We tried multiple scan strategies. We want to optimize useful on sky time while

also getting data that could be calibrated extremely well with the fewest systemat-

ics. On the DEEP2 fields we tried three different scan modes:

• Standard mapping mode. In this mapping mode data was taken by actively

scanning the telescope at 1.75◦/minute at constant Right Ascension across

the DEEP2 fields. There were 6 such scans, half increasing in RA, half de-

creasing in RA, at different declination separated by 0.05◦ creating overlap-

ping beams. The GBT beam size is approximately 0.25◦ at this frequency

range. Data was saved every 0.5 seconds with full stokes information.

• Drift Scan. In this mode data was taken by parking the telescope and let-

ting the sky drift by at constant Right Ascension, covering the DEEP2 fields.

There were 6 such scans across a field at different declination separated by
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0.05◦ creating overlapping beams. The GBT beam size is approximately 0.25◦

at this frequency range. Data was saved every 0.5 seconds full stokes infor-

mation.

• Daisy Scan. This mode had the telescope actively moving in Azimuth at

constant elevation while letting the DEEP2 field drift through the beam. The

telescope pointed within the field being observed the entire time, so the turn

around points dominated the observing time.

Of these three observing modes, the drift scans and standard maps seemed

to work best. The Daisy scan method was a custom modification of a higher fre-

quency observing mode which only moved the telescope arc minutes. We were

using the mode to move the telescope by about a degree. Therefore, the saved

pointing information may not have been accurate enough during the turning of

the telescope, which is when the majority of the data is recorded.

The coverage of the DEEP2 field3 are plotted in figures 5.3, 5.2, and 5.4.

5.2.2 RFI Mitigation

Green Bank is an official national radio quiet: approximately 13,000 square miles

where cell phone and tv towers are prohibited. The telescope is also surrounded

by mountains, so there is no direct path to most interfering signals. Even so, RFI is

a major problem at Green Bank, because the receiver is typically 400 feet above the

ground and also very sensitive.

154



Figure 5.2: Coverage of the DEEP2 field3 in right ascension and declination. The
green circles are the locations of the optically identified DEEP2 galaxies, giving an
idea of the optical survey angular coverage. The red lines are the pointing centers
of the radio observations.

Figure 5.3: Coverage of the DEEP2 field3 in right ascension and Redshift. The
green circles are the locations of the optically identified DEEP2 galaxies. The red
lines are the pointing centers of the radio observations.
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Figure 5.4: Coverage of the DEEP2 field 3 in declination and redshift. The green
circles are the locations of the optically identified DEEP2 galaxies. The red lines
are the pointing centers of the radio observations.
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In general the strong line-spectrum RFI is flagged. To accomplish this the

cross-polarization information was used. Since RFI is in general highly polarized,

any strong signals in the cross-polarizations should be RFI. In order to determine

the RFI cut, the cross-correlation coefficient of the signal from the X and Y polar-

ized feeds is calculated as:

r =

√
XY2 + YX2
√

XX YY
(5.4)

where XX is the X polarization power, YY is the Y polarization power, XY

is the real part of the cross-power, and YX is the imaginary part of the cross power.

To flag RFI, first, anywhere in the time-frequency data stream that r > 0.05

is considered RFI and flagged. For each 60 second sweep of the field, the median

is calculated and the frequency structure is fit to a 20th order polynomial and then

subtracted from each spectrum. The RMS of the sweep is then calculated and any-

thing above 4σ is cut as RFI as well. This results in approximately 5-10% of the

data being cut.

Further RFI excision is done after the data is averaged together from all the

different days. Each 2d frequency-right ascension slice is arranged as a matrix. A

singular value decomposition (SVD) is then performed on the matrix.

Any real mxn matrix can be written as:

M = UsV∗ (5.5)
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Where U is an mxm unitary matrix (UU∗ = 1), s is an mxn diagonal matrix of

non-negative real numbers, and V∗ is an nxn unitary matrix which is the conjugate

transpose of V. By convention the elements of s are listed in descending order, and

are the singular values of the matrix. The singular values are unique to the matrix,

but the matrices U and V do not necessarily have only one solution. U and V form

an orthonormal basis. The original matrix can be written as:

M = ∑
i

siUi ⊗V∗i (5.6)

where Ui and Vi are the ith column of the matrices, and si is the ith singular

value. In this way U can be thought of as containing the vertical structure of the

matrix, V contains the horizontal structure, and s is the weighting for each. The

structure we are looking for should not have any broad structure in the horizontal

or vertical component (right ascension and frequency). Any structure constant in

right ascension will be some sort of noise, and any structure constant in frequency

will be either a continuum source on the sky or broadband RFI on the ground. The

21cm wideband signal should be very small.

5.2.3 GBT Measured Beam

In order to do a flux calibration with frequency both the point source fluxes and

antenna gain (in Kelvin per Jansky) must be known. The flux calibrators used were

the sources 3c218 (Hydra A), 3c48, and 3c286 which are all active galaxies. To get

158



a spectral index, all the data on NED1 between 150MHz and 8GHz was fit to a

power law. For 3c286, it deviated from a power law below 350MHz, so it was fit

from 365MHz to 2.7GHz. See the plots below in Figures 5.5,5.6, 5.7, 5.8
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Figure 5.5: Fit to measured catalog flux for 3c218

Green Bank documentation claims the gain of the telescope at low frequen-

cies is a flat ∼1.99 K/Jy. In order to measure the gain, the beamwidth was mea-

sured. Given a measured gaussian fit round Half-Power beam width(HPBW) on

the sky, θHPBW , and an assumed gaussian illuminated dish, the effective area of a

telescope, Ae is then given by:

Ae =
4 ln(2)

π

λ2

θ2
HPBW

(5.7)

1http://nedwww.ipac.caltech.edu/
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Figure 5.6: Fit to measured catalog flux for 3c48
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Figure 5.7: Fit to measured catalog flux for 3c286
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Figure 5.8: Fit to measured catalog flux for 3c286 over the wider range from 150
MHz to 8 GHz. Can see the tail off from a linear fit at about 300 MHz
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where λ is the wavelength. The gain of a telescope in K/Jy is given by:

G =
Ae

2kB
(5.8)

where kB is Boltzmann’s constant, so the gain can be directly calculated from a

measured beamwidth.

Using spider scans, where we scan across the source in 4 directions (see

figure 5.9), on 3c286, we measured the GBT beam. The beam was then fit to a 2d

gaussian, see figure 5.9, and the resultant was used to calculate a gain, which is

plotted in figure 5.10. There is quite a scatter in the measurement, but there is a

good bit of slope to the measured curve. 3c286 is a polarized source, which could

cause an error in the measurement.

Figure 5.9: Measured GBT beam pattern example. Plotted is the actual scan data
in red, and the 2-D Gaussian fit surface below.
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Figure 5.10: Measured GBT gain vs. expected gain. Units in Kelvin per Jansky.
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5.3 Results

5.3.1 Cross-Correlation with zCOSMOS

In order to continue detection of neutral hydrogen at redshift of one, another red-

shift optical survey was targeted, the zCOSMOS survey [41]. We used a drift scan-

ning technique and daisy scanning for these observations, see section 5.2 for a

review of the scanning strategies. However, for the actual data analysis only the

drift scans were used. It has thus far been found that the daisy scans were not

stable enough to actually use. Plots of the field coverage and scans are shown in

figure 5.19.

The data was calibrated using a combination of astronomical observation

and the noise diode switched in and out every 0.5 seconds. An astronomical flux

calibration source was observed multiple times throughout an observing session.

See figure 5.6 and others in section 5.2.3. These observations were used to calcu-

lated the temperature of the noise diode with frequency. This frequency structure

was then fit to a 20th order polynomial. An example of the fit is shown in figure

5.11

The noise diode calibration temperature with frequency was found to be

very stable. We did however calculate the Tcal value to use for every session from

a source on the the sky.
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Figure 5.11: Fit of the noise cal with frequency using 3c218 as the flux calibration
source. Each 50MHz overlapping frequency window was fit to a 20th order poly-
nomial. This fit was used then for the session to calibrate the system temperature.
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We found that the calculated Tsys using

Tsys =
CALo f f

CALon − CALo f f
(5.9)

where CALon and CALo f f are frequency averaged raw data counts divided by

exposure time per bin. This calculated Tsys had major spikes high or low approx-

imately every 3 seconds, see figure 5.12. In order to use the data, for each drift

scan Tsys is calculated, and if it varies from the median by more than 5% then that

particular time bin is cut.

Figure 5.12: The Tsys calculated for one particular scan of the zCOSMOS field,
averaged over the 755 MHz 50 MHz window. There was a major problem with
the data approximately every 3 seconds. The data was flagged here for a Tsys that
varied more than 5% from the median for that particular scan. This problem has
been identified as a problem with the doppler tracking of the GBT system.
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Then RFI is flagged using the method described in section 5.2.2.

For the data set used, 15 drift scan maps were made, each with 9 strips 255

seconds long. This gives a total on sky integration time of ∼9.6 hours. The data

from the 15 scans were averaged together, and the standard deviation and number

of points going into the average were also recorded. The full radio map is shown

in the appendix in figure A.1. This map had a total of about 5 hours of actual

integration time after flagging of RFI and bad data. Using a 500kHz frequency

bin (approximately 2 h−1Mpc), an integration time per angular pixel of 40 seconds

(after some smoothing) and a Tsys of 30K, this should give a map RMS of 670 µK.

After the SVD and binning to the same resolution, the map RMS is approximately

980µK, see figure 5.13a. The remaining signal is only a factor of 2 higher than the

expected thermal noise.

The full radio maps are shown in the appendix. Figure A.1 is the mean

value of the multiple days of data. The statistical variance is shown in figure A.2.

This variance is calculated as the standard error on the mean. Single examples are

shown in figure 5.14

I found that the SVD was dependent on the mask value used in the matrix,

and did not clean up the better regions of data as well when the strong RFI regions

were included. The SVD would leave a visible offset from zero of a smooth func-

tion in the clean regions. Therefore I restricted the frequency range from 720MHz

to 790MHz. This was done by performing an SVD on the data, and looking for
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(a) Temperature

(b) 1/Variance

Figure 5.13: Radio and Variance maps of zCOSMOS data. This is one declination
of the map that was stacked to calculate the cross-correlation. The second map is
the weighting for each pixel used. Higher frequencies are weighted more.
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(a) Temperature

(b) 1/Variance

Figure 5.14: Example Radio and Variance maps of zCOSMOS data. These maps are
at full resolution, as data was taken. 15 observations are averaged together. The
temperature map shows the continuum structure, and how much data is cut due to
RFI and flagging due to system issues. The 1/Variance map shows how each pixel
was weighted for use in the data analysis. Higher frequencies were consistently
weighted higher.
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the largest clean contiguous region. Then the other regions of data were removed,

and the SVD performed only on the clean region. The selected region then did not

have any visible broad frequency structure.

The SVD was performed in two stages. First an SVD was performed on the

raw data matrix of frequency vs. RA, and the first 6 SVD modes were removed.

The average and standard deviation were calculated and any pixel over 2 sigma

was cut. This data was then binned dividing the resolution by 10 in the frequency

direction and 5 in the RA direction taking the inverse variance weighted mean of

all uncut data, and this resultant map had a second SVD performed, with the first

2 SVD modes removed.

The resultant map is then cross-correlated with the zCOSMOS data set.

There are approximately 1000 zCOSMOS galaxies within our observed field and

redshift range restricted from 720MHz to 790MHz. The cross-correlation is done

with a stacking method. For each galaxy in the zCOSMOS catalog that is within

the observed radio region, the radio data pixel that is nearest to the point in right

ascension and declination is chosen, and the surrounding spectra are averaged to-

gether. The resultant spectrum is then centered on the galaxy redshift, and the

surrounding +/- 100 h−1 Mpc is saved. The radio spectra for all the galaxies are

thus averaged together, using the variance of each pixel as a weighting. The pos-

itive and negative parts of the spectrum are averaged together, and the resultant

gives the cross-correlation.
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In order to calculate an estimate for the error as well as test if the signal is

real, a null test was performed. The optical zCOSMOS data redshift information

was randomized, and the cross-correlation was again performed. The random-

ization was done both by shuffling, which keeps the histogram of the zCOSMOS

catalog the same but still randomizes the data, and with a flat ra,dec and red-

shift distribution with the same number of galaxies within the observed region.

The randomizations were repeated 256 times, and the average and standard devi-

ation of the resultant cross-correlations calculated. The the cross-correlated data

is then plotted vs. lag, using the standard deviation of the null test as the error

bars. The plot is shown in figure 5.15. The excess shown is about 0.15 mK. The

two randomizations are show in figures 5.18 and 5.17. The random optical map

that preserved the redshift/angular distribution showed a bit more structure in

the resultant cross-correlation. Both would have shown expected structure if the

errorbars were the error on the mean (factor of 16 smaller) which are the more

appropriate errorbars to display for the null test.

Also plotted in figure 5.15 is a theoretical ξ = (r/3.5)−1.66 correlation taken

from [16] which is convolved with a velocity dispersion term, a gaussian with

width 300km/s at z=0.8, and set to 1.5× 10−4K at zero lag.

171



100 101 102

Mpc h−1

0.0003

0.0002

0.0001

0.0000

0.0001

0.0002

0.0003

C
ro

ss
-c

o
rr

 (
K

)

zCOSMOS-GBT Cross-correlation

Figure 5.15: Cross-correlation by stacking of the radio and optical maps shown
in figure 5.13a on the optical zCOSMOS data catalog. Consistent with a 150µK
cross-correlation.
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Figure 5.16: Cross-correlation of the radio and optical maps shown in figure5.13a
with the zCOSMOS optical data. Shown in both the positive and negative fre-
quency directions on a linear scale. At greater than 50 h−1 Mpc the noise looks
higher.

173



100 50 0 50 100
Mpc h−1

0.00020

0.00015

0.00010

0.00005

0.00000

0.00005

0.00010

0.00015

0.00020

N
u
ll-

T
e
st

 (
K

)

zCOSMOS-GBT Null Test

Figure 5.17: Null test of the cross-correlation. The optical data redshifts were shuf-
fled randomly and the correlated with the radio. 256 realizations were computed,
and the average and standard deviation are plotted. This standard deviation is
what was used as the error on the cross-correlation shown in figure 5.16. The error
on the mean is 16 times smaller.
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Figure 5.18: Null test of the cross-correlation. A randomly generated optical cata-
log evenly distributed in redshift, right ascension, and declination was correlated
with the radio. 256 realizations were computed, and the average and standard
deviation were plotted.
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(a) Dec - Redshift (Mpc) (b) Ra - Redshift (Mpc)

(c) Ra - Dec (deg) (d) Ra - Dec (deg)

Figure 5.19: Coverage of the zCOSMOS filed. Red is the radio data. Green circles
are the locations of galaxies identified in the zCOSMOS survey.
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5.3.2 Cross-Correlation with DEEP2

We used the Green Bank Telescope to make the first detection of 21 cm Hydrogen

at a redshift of ∼ 0.8. This data was taken before the zCOSMOS data. The first

optical survey region we observed were the DEEP2 [16] fields 3 and 4. Field 3 is a

roughly 2◦ by 0.5◦ field at about 23.4 hours right ascension and 0◦ declination. See

figure 5.2 for a plot of the optical and radio coverage. Field 4 is at about 2.5 hours

right ascension, 0.6◦ declination, and is roughly 1.5◦ by 0.5◦ in size. See figure 5.20

for a plot of the optical field and the radio coverage.

Figure 5.20: Coverage of the DEEP2 field 4 in right ascension and declination. The
green circles are the locations of the optically identified DEEP2 galaxies, giving an
idea of the optical survey angular coverage. The red lines are the pointing centers
of the radio observations.

First, anything with greater than 5% polarization was flagged and cut. The

data was then calibrated into units of temperature and averaged together. This re-
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sults in a map like the top of figure 5.21. Then an SVD continuum and RFI removal

was performed. The resultant radio map is then weighted with the inverse vari-

ance of each pixel to down-weight the regions with RFI still remaining. This results

in the map shown in the middle panel of figure 5.21. This figure uses Ωm = 0.24

and ΩΛ = 0.76. The 3d radio map is then correlated with the 3d optical map,

which results in the correlation function shown in figure 5.22. This technique was

primarily done by Tzu-Ching Chang and published in Nature[14].

Figure 5.21: Deep2 field 4 maps. Top is a 2-D plot of the radio map before SVD
continuum source removal. Middle plot is the radio map after SVD removal, used
to cross-correlate. Bottom is the optical map binned to 2 h−1 pixels.

I conducted another method of cross-correlation. Instead of smearing out
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Figure 5.22: Cross-Correlation of the radio and optical maps shown in figure 5.21.
The diamonds across the bottom are the average of the Null test. The line is a
model of the expected signal, with the zero lag signal fit to the data.
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the optical field to the radio resolution, I carried out a stacking sum. The optical

field was not treated as a density field, but instead a catalog of points. For each

point the nearest radio data point was found in angle and redshift. In the angular

direction the data within the GBT beam around that point was averaged together,

and the spectra +/-100 h−1Mpc from that point was recorded. Then each of these

spectra centered on galaxy points were averaged together. This technique of stack-

ing is less sensitive to the exact nature of the optical field and weighting functions.

The radio maps were made in a similar way to the previous analysis. Dis-

cussion of the exact radio map data reduction process is in section 5.3.1. An exam-

ple of the raw data radio map and the variance weighting map is shown in figure

5.23. Almost 50% of the data is cut due to RFI removal or systematic problems with

the data taking.

All of the raw maps in Right Ascension and Frequency for each of the six

declinations are shown in the appendix A in figure A.3 for field 4 and in figure A.5

for field 3. The inverse variance maps, used to weight each pixel, are shown in

figures A.4 and A.6 respectively. My temperature maps binned in the same was as

for the nature paper are shown in figures 5.24a and 5.24b. I used Ωm = 0.275 and

ΩΛ = 0.725 from [38] as my reference cosmology.

My RFI cleaned and SVD removed radio map for field 3 and 4 are shown in

figures 5.25 and 5.26. The data was cut to the largest contiguous frequency range

with minimal RFI. The piece of used spectrum was 725MHz-790MHz for field 4,
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and 740MHz-790MHz for field 3.

My stacking does not cleanly show the cross-correlation, and is dominated

by residual RFI and noise not removed by the cleaning. I was also using a smaller

range of frequencies. Field 3 and field 4 are plotted independently. The field 4

cross-correlation is shown in figure 5.27 and the null test is shown in figure 5.28.

The fact that the null-test still has structure means that there is still a residual fre-

quency structure in the data which hasn’t been eliminated by the RFI and fore-

ground removal techniques. The cross-correlation for field 3 is plotted in figure

5.29, and the corresponding null test in figure 5.30. Field 3 showed slightly better

results, however there is significant structure at high lags such that no real conclu-

sions can be drawn thus far from this data set. Plots on a linear scale showing the

positive and negative sides are shown in figures 5.31 and 5.32 for field 4 and field

3 respectively. The null test shown on the +/- scale are shown in figures 5.33 and

5.34. The residual structure is still larger than the expected signal.

The lack of a detection reported here is not meant to deminish what was

previously reported in Nature. The data reduction was completely independent,

and here has proven to be insufficient to reduce the noise level to the signal.
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(a) Temperature

(b) 1/Variance

Figure 5.23: Example of full resolution Temperature and 1/Variance maps of the
DEEP2 field3 radio data. Large portions of the data (shown in black) are cut due
to RFI and systematic problems. The variance map shows the higher frequencies
were given higher weight, and the systematic problems with the spectrometer still
visible.
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(a) First declination

(b) Second declination

Figure 5.24: Radio map of DEEP2 field 4, Top and bottom half of the field. Compa-
rable to the maps in figure 5.21.
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(a) Temperature

(b) 1/Variance

Figure 5.25: Radio and Variance maps of DEEP2 field3 data. This is one declination
of the map that was stacked to calculate the cross-correlation. The second map is
the weighting for each pixel used. Higher frequencies are weighted more.
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(a) Temperature

(b) 1/Variance

Figure 5.26: Radio and Variance maps of the DEEP2 field4 data. This is one decli-
nation of the map that was stacked to calculate the cross-correlation. The second
map is the weighting for each pixel used. Higher frequencies are weighted more.
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Figure 5.27: Cross-correlation by stacking of the radio data shown in figure 5.26
on the DEEP2 field 4 optical catalog. Error bars do not seem to account for all the
structure seen.
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Figure 5.28: Null test cross-correlation of the radio data shown in figure 5.26 with
256 redshift shuffled optical catalogs. The mean here shows residual structure
significantly deviating from zero. The standard deviation of this is used in figure
5.27.
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Figure 5.29: Cross-correlation by stacking of the radio data shown in figure 5.25
with the DEEP2 field 3 optical catalog. Shows residual structure at scales larger
than 20 h−1 Mpc.
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Figure 5.30: Null test by stacking of the radio map shown in figure 5.25a with 256
redshift shuffled optical maps. The mean and standard deviation are plotted. The
standard deviation is used as the error estimator in figure 5.29. Deviates from zero
at lag larger than 50 h−1 Mpc.
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Figure 5.31: Cross-correlation by stacking of the radio shown in figure 5.26 with the
DEEP2 field 4 optical catalog. Shown in both the positive and negative frequency
directions. Shows residual structure much larger than the expected signal.
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Figure 5.32: Cross-correlation by stacking of the radio shown in figure 5.25 with the
DEEP2 field 3 optical catalog. Shown in both the positive and negative frequency
directions. Again the structure is larger than the expected signal.
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Figure 5.33: Cross-correlation of the radio shown in figure 5.26 with 256 random
optical catalogs. Shown in both the positive and negative frequency directions.
Systematically higher at negative lag.
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Figure 5.34: Cross-correlation of the radio shown in figure 5.25 256 random optical
catalogs. Shown in both the positive and negative frequency directions. Systemat-
ically low at both positive and negative lag.
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6

Next Steps with Existing Telescopes

6.1 Green Bank

At Green Bank we continue to observe with the single pixel system. We will con-

tinue to collect more data to attempt a preliminary BAO detection. As worked

out in Masui et al. [47], 2000 hours of integration time may be enough to detect a

BAO signal. We will continue to collect data and find the real world problems to

integrate time and remove foregrounds well enough to detect the BAO signal.

6.2 Arecibo

To continue to pursue 21-cm intensity mapping, a program at Arecibo is being

established. More sophisticated arguments are presented in Masui et al. [47]. With

approximately 2000-10000 hours of sky time depending on actual RFI and system
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temperature, a marginal detection of BAO is possible.

Arecibo is a spherical reflector. It has a gregorian dome feed system which

corrects the spherical aberration and allows for standard point feeds to be used

instead of a line feed. We will also use a point feed, but placed at the parafocus

and not at the gregorian focus. This feed can then be observing the sky concurrent

with other observations using the gregorian feed system, but sacrifices total gain.

This will enable the project to collect thousands of hours of data within a year.

6.2.1 Feed Design Starting Parameters

The feed was designed for the band from 700Mhz to 800MHz. It is designed to be

dual polarization, and as symmetric as possible in the E and H planes. The design

of the system is to match 50 ohms. The desired 3db beam-width is±20◦

6.2.2 Feed Design

The feed was simulated in cocoaNEC using the NEC2c engine. The design refer-

ence frequency was 750MHz, and distances were referenced to that wavelength.

The dipoles are 0.464λ long and 0.2475λ above the groundplane. The dipoles

have a 5mm radius and each pair are separated by 0.5λ. The dipoles are fed with

100Ω transmission line made from #6 wire with a center to center separation of

4.7385mm. The groundplane is a circle with a radius of 0.75λ.

The results are plotted in the following figures. Figure 6.1 shows the physi-
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cal design of the simulated feed. Figure 6.2 shows the corresponding far field pat-

tern elevation plots, and figure 6.3 shows the azimuth plots. Figure 6.4 shows the

overall pattern. The actual 3db beam-width is ±27◦ which is wider than optimal.

However the design is not very sensitive to beam-width.

Figure 6.5 shows the impedance of the design at 750MHz. Figure 6.6 shows

the VSWR over the frequency range from 700MHz to 800MHz. The antenna has a

VSWR of less than 1.5 from 700MHz to 790Mhz.

/Users/kbandura/Documents/Research/nec2_simulation/800MHz_dipole_round_gp_25abovegp_hires_freqstep_feedlines2.nc
Thursday 07 Jan 2010 18:57

16x

1x

Figure 6.1: Feed physical design

6.2.3 Beam Pattern Simulation

The beam on the sky was simulated using a ray tracing technique. Using the am-

plitude and direction of the feed, Each ray is traced to the aperture plane with a
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/Users/kbandura/Documents/Research/nec2_simulation/800MHz_dipole_round_gp_25abovegp_hires_freqstep_feedlines2.nc
Thursday 07 Jan 2010 18:56

-2-4-6-8-10-13-16-20-30-40

0 dB = 3.38 dBi
Directivity = 7.80 dB

Azi. angle  0.0 deg.
Azi. angle  45.0 deg.

Azi. angle  90.0 deg.
Azi. angle  135.0 deg.

Figure 6.2: Feed elevation plots
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/Users/kbandura/Documents/Research/nec2_simulation/800MHz_dipole_round_gp_25abovegp_hires_freqstep_feedlines2.nc
Thursday 07 Jan 2010 18:56
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0 dB = -0.28 dBi
Directivity = 7.80 dB

Elev. angle  30.0 deg.
Elev. angle  45.0 deg.

Elev. angle  60.0 deg.

Figure 6.3: Feed azimuth plots
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Max gain = 3.38 dBi

Figure 6.4: Feed 3-D pattern
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new phase based on geometric delay. The overall beam was simulated using a

spherical reflector with radius 265m, with an aperture diameter of 304m. First a

simulation is done using a perfect cos2(2.578θ) power pattern with the feed placed

at -2.213m from the ideal parafocus of r/2. These parameters are the ideal solution

calculated by Condon to optimize point feeds for Arecibo. The simulation results

are plotted in figures 6.7, 6.8 and 6.9. The 3db beam-width of this cos2 feed would

be ±17.5◦, and corresponds to a FWHM of 10 arcminutes on the sky. Figures 6.10

and 6.11 show the FWHM plotted vs. z, where z is the distance of the feed place-

ment from the parafocus. This sweeps shows that the minimum occurs with the

feed placed at -2.3m, coinciding well with that predicted by Condon.

The overall beam was then simulated with the actual feed designed in the

previous section. The results are plotted in figures 6.12, 6.13, 6.14, 6.15. Simulations

were done with both a perfect spherical reflector and a more realistic 2.2mm RMS

surface with a 10m circular feed blockage which attempts to more closely simulate

the actual dish. Figure 6.16 and figure 6.17 show the FWHM again plotted vs. z,

where z is the distance of the feed placement from the parafocus. The narrow-

est FWHM occurs need a z of -3m. However, the minimum of the first sidelobe

happens somewhere between a z of -1.5m and -2m.
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Figure 6.7: Feed with cos2(2.587θ) pattern placed at -2.213m from parafocus. Ideal
spherical reflector.
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Figure 6.8: Feed with cos2(2.587θ) pattern placed at -2.213m from parafocus.
Spherical reflector with 2.2mm RMS.

205



2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0
angle (deg)

60

50

40

30

20

10

0

P
o
w

e
r 

(d
B

)

Beam Pattern of 265m spherical with
 feed parafocus -2.213  750Mhz cos(2.578 t) feed

Figure 6.9: cos2(2.587θ) feed placed at -2.213m from parafocus. Ideal spherical
reflector, showing more of the side-lobes.
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Figure 6.10: An assumed cos2(2.587θ) feed. The resultant FWHM is plotted agains
z, where z is the distance from the parafocus. Ideal spherical reflector.
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Figure 6.11: An assumed cos2(2.587θ) feed. The resultant FWHM is plotted agains
z, where z is the distance from the parafocus. Spherical reflector with 2.2mm RMS.
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Figure 6.12: Beam pattern with current feed design. Perfect spherical reflector.
Feed placed -1.5m from the parafocus.
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Figure 6.13: Beam pattern with current feed design. Perfect spherical reflector.
Feed placed -2m from the parafocus.
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Figure 6.14: Beam pattern with current feed design. Feed placed -1.5m from the
parafocus. Spherical reflector with 2.2mm RMS. 10m centered circular feed block-
age assumed.
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Figure 6.15: Beam pattern with current feed design. Feed placed -2m from the
parafocus. Spherical reflector with 2.2mm RMS. 10m centered circular feed block-
age assumed.
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Figure 6.16: Beam pattern with current feed design. The FWHM is plotted against
z, where z is the distance from the parafocus. Perfect spherical reflector.
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Figure 6.17: Beam pattern with current feed. The FWHM is plotted agains z, where
z is the distance from the parafocus. Spherical reflector with 2.2mm RMS. Central
circle of 10m blocked out.
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6.2.4 Measured Prototype Feed

The prototype feed is shown in figure 6.18 and 6.18. The main changes from the

simulation was the use of 100Ω coaxial cable instead of twin-lead transmission

line, and an octagon ground-plane instead of circular. Measurements of the proto-

type were conducted in an anechoic chamber. The measurements of the H-plane

pattern are shown in figure 6.20, the E-plane measurement is shown in figure 6.21,

and the match is shown in figure 6.22. The measurements agree well with the

simulated pattern.

Figure 6.18: Image of prototype feed. Opposite dipoles are summed.
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Figure 6.19: Image of prototype feed, end on. 100Ω custom hard-line coaxial cable
visible. Cable feeds an SMA connector.
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Figure 6.20: H-Plane measurement of prototype feed.
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Figure 6.21: E-Plane measurement of prototype feed.
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Figure 6.22: Antenna reflection coefficient measurement(S11). Good match to 50Ω
from 700 MHz to 830 MHz. The center of the prototype match was closer to 775
MHz than the designed for 750 MHz.
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6.3 21cm BAO Redshift Survey Prospects

The neutral hydrogen at redshift one associated with optical galaxies has been

measured to be emitting at the 0.15 mK level. Assuming a system temperature

of 30K, a scale of 10 h−1Mpc at redshift one (2MHz), and using the single dish

radiometer equation, as 5.3, the integration time to get a noise level of 0.1 mK is

4.5× 104seconds, or 12.5 hours on each 0.25◦ pixel. To get a large enough volume

to well constrain BAO, 10,000 sq. deg. (π sr) is necessary to get a large survey

volume, or 1.6× 105 angular pixels. This is 2 million pixel observing hours. This

would be over 200 years on a single pixel instrument. However, with a 228 receiver

instrument ( 456 with dual polarization ) it would be possible to get the necessary

observing time with one year of on sky time. It will take a 500 receiver class instru-

ment to be able to well constrain the BAO, assuming excellent system parameters,

calibration, and perfect foreground removal. See Seo et al. [63] for recently calcu-

lated parameters.

The largest scale of interest (120 h−1Mpc) is about 3◦ at redshift one. This

corresponds to an 8m telescope.

In this case the cosmological goal sets the parameters. What is needed is a

filled aperture with angular information on scales from 0.25◦ to 3◦ at redshift one.

A moving dish will require a 100m aperture and a scan strategy which includes

information on such angular scales. A stationary interferometer would need to be

comprised of elements that are spaced by 8m and fill 10,000 sq. meters.
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A packed array of 8 meter dishes each with a focal plane array of at least

2 dual-polarization elements should be able to do the experiment well, and may

well be an excellent choice for the experiment.

A 100m long cylinder sampled λ/2 requires 500 feeds per polarization. As-

suming a feed design with summing of feeds in sets of 16, with eight 12m diameter

cylinders, this would also exactly cover the necessary scales well.

Reaching a low enough noise level and covering the necessary scales gives

needed constraints, but not sufficient constraints on whether a BAO detection is

possible. There are foreground signals which are > 104 times the expected signal.

This is a known problem with many presented solutions[20][70][45][46][43][44]. A

survey instrument will need to be constructed with foreground removal in mind.
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7

Conclusions

Twenty-one centimeter cosmology is a wide open, rapidly developing field. The

idea of using neutral hydrogen to map out the Universe, measure the baryon

acoustic oscillation scale, and constrain dark energy have been well thought out.

However there has been little previous experimental work done at redshifts of 0.5-

3.

We have made statistical detection of the 21cm neutral hydrogen emission

with the Green Bank telescope at redshifts from 0.6-1 in cross-correlation. We

found that the neutral hydrogen does correlate with the optically detected galax-

ies of the DEEP2 and zCOSMOS surveys. The SVD data reduction technique was

shown to reduce foregrounds to the level where the statistical detection is possi-

ble. The noise level is approaching that necessary to detect the hydrogen without

cross-correlation, and further observations must be made to get to the detection
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level.

We have constructed a cylindrical prototype survey telescope. Some per-

formance parameters, particularly the system temperature, measured on the sky

higher than on the bench. The cylinder is, I believe, the first cylinder telescope to

image the entire visible sky in one day with continuous data. I have made images

of our own Milky Way galaxy in 21cm emission. The telescope has been calibrated

to the best level possible in Pittsburgh, and has shown a beam pattern well suited

to such experiments. The primary calibration comes from the correlation between

cylinders and the sampling of every single feed. The instrument is stable enough

that the calibration using just one point source is enough to image the sky over 24

hours. Over multiple days the instrument is quite stable in its calibration.

The combination of these results further buttress the case for a large scale

21cm dark energy survey.
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Appendix A

Radio and Variance Maps

A.1 zCOSMOS

A.2 DEEP2
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(b) dec 2

Figure A.1
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Figure A.1
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(e) dec 5

(f) dec 6

Figure A.1
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(h) dec 8

Figure A.1
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(i) dec 9

Figure A.1: Radio map of zCOSMOS. Unreduced resolution, as data was taken.
Averaged all observations together.
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Figure A.2
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Figure A.2
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(e) dec 5

(f) dec 6

Figure A.2
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(g) dec 7

(h) dec 8

Figure A.2
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(i) dec 9

Figure A.2: Variance map of zCOSMOS data. Unreduced resolution, as data was
taken. Averaged all observations together.
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Figure A.3
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(c) dec 3

(d) dec 4

Figure A.3
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(e) dec 5

(f) dec 6

Figure A.3: Radio map of DEEP2 field4. Unreduced resolution, as data was taken.
Averaged all observations together.
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Figure A.4
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(c) dec 3
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Figure A.4
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(e) dec 5
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Figure A.4: Variance map of DEEP2 field4 radio data. Unreduced resolution, as
data was taken. Averaged all observations together.

239



(a) dec 1

(b) dec 2

Figure A.5
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Figure A.5
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(e) dec 5

(f) dec 6

Figure A.5: Radio map of DEEP2 field3. Unreduced resolution, as data was taken.
Averaged all observations together.
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Figure A.6
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Figure A.6
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Figure A.6: Variance map of DEEP2 field3 radio data. Unreduced resolution, as
data was taken. Averaged all observations together.
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J. Rich, V. Ruhlmann-Kleider, and C. Yèche. Reconstruction of HI power spec-
tra with radio-interferometers to study dark energy. arXiv.org, 0807:3614, July
2008.

[5] R. Ansari, J. M. Le Goff, C. Magneville, M. Moniez, N. Palanque-Delabrouille,
J. Rich, and von Ruhlmann-Kleider. Reconstruction of HI power spectra with
radio-interferometers to study dark energy. arXiv, astro-ph, July 2008.

[6] J. S. Bagla, N. Khandai, and K. K. Datta. HI as a probe of the large-scale struc-
ture in the post-reionization universe. Monthly Notices of the Royal Astronomical
Society, 407(1):567–580, Sept. 2010.

[7] R. Barkana and A. Loeb. In the beginning: the first sources of light and the
reionization of the universe. Physics Reports, 349(2):125–238, July 2001.

[8] T. Bird and G. Cortes-Medellin. Multibeam feed array design for the Arecibo
radio telescope. Antennas and Propagation Society International Symposium,
2003. IEEE, 1:116–119 vol.1, June 2003.

[9] C. Blake and K. Glazebrook. Probing Dark Energy Using Baryonic Oscilla-
tions in the Galaxy Power Spectrum as a Cosmological Ruler. The Astrophysi-
cal Journal, 594(2):665–673, Sept. 2003.

246



[10] J. R. Bond and G. Efstathiou. Cosmic background radiation anisotropies in
universes dominated by nonbaryonic dark matter. Astrophysical Journal, 285:
L45–L48, Oct. 1984.

[11] J. R. Bond and G. Efstathiou. The statistics of cosmic background radiation
fluctuations. Royal Astronomical Society, 226:655–687, June 1987.

[12] B. F. Burke. Mills Cross telescopes. The Astronomical Journal, 61:167, May 1956.

[13] T.-C. Chang, U.-L. Pen, J. B. Peterson, and P. McDonald. Baryon Acoustic
Oscillation Intensity Mapping of Dark Energy. Physical Review Letters, 100(9):
91303, Mar. 2008.

[14] T.-C. Chang, U.-L. Pen, K. Bandura, and J. B. Peterson. An intensity map of
hydrogen 21-cm emission at redshift z 0.8. Nature, 466(7305):463–465, July
2010. (c) 2010: Nature.

[15] B. G. Clark. An efficient implementation of the algorithm ’CLEAN’. Astron-
omy and Astrophysics, 89:377, Sept. 1980. A&AA ID. AAA028.021.016.

[16] A. L. Coil, M. Davis, D. S. Madgwick, J. A. Newman, C. J. Conselice,
M. Cooper, R. S. Ellis, S. M. Faber, D. P. Finkbeiner, P. Guhathakurta, N. Kaiser,
D. C. Koo, A. C. Phillips, C. C. Steidel, B. J. Weiner, C. N. A. Willmer, and
R. Yan. The DEEP2 Galaxy Redshift Survey: Clustering of Galaxies in Early
Data. The Astrophysical Journal, 609:525, July 2004.

[17] S. Cole, W. J. Percival, J. A. Peacock, P. Norberg, C. M. Baugh, C. S. Frenk,
I. Baldry, J. Bland-Hawthorn, T. Bridges, R. Cannon, M. Colless, C. Collins,
W. Couch, N. J. G. Cross, G. Dalton, V. R. Eke, R. de Propris, S. P. Driver, G. Ef-
stathiou, R. S. Ellis, K. Glazebrook, C. Jackson, A. Jenkins, O. Lahav, I. Lewis,
S. Lumsden, S. Maddox, D. Madgwick, B. A. Peterson, W. Sutherland, and
K. Taylor. The 2dF Galaxy Redshift Survey: power-spectrum analysis of the
final data set and cosmological implications. Monthly Notices of the Royal As-
tronomical Society, 362(2):505–534, Sept. 2005.

[18] T. J. Cornwell. Multiscale CLEAN Deconvolution of Radio Synthesis Images.
IEEE Journal of Selected Topics in Signal Processing, 2(5):793–801, Oct. 2008.

[19] W. D. Cotton. Special Problems in Imaging. Synthesis Imaging in Radio Astron-
omy II, 180:357, Jan. 1999.

[20] T. Di Matteo, R. Perna, T. Abel, and M. J. Rees. Radio Foregrounds for the
21 Centimeter Tomography of the Neutral Intergalactic Medium at High Red-
shifts. The Astrophysical Journal, 564(2):576–580, Jan. 2002.

[21] S. Dodelson. Modern Cosmology. Academic Press, 2 edition, Jan. 2003.

247



[22] D. J. Eisenstein and W. Hu. Baryonic Features in the Matter Transfer Function.
Astrophysical Journal v.496, 496:605, Mar. 1998.

[23] D. J. Eisenstein, W. Hu, and M. Tegmark. Cosmic Complementarity: H 0 and
Omega M from Combining Cosmic Microwave Background Experiments and
Redshift Surveys. Astrophysical Journal Letters v.504, 504:L57, Sept. 1998.

[24] D. J. Eisenstein, I. Zehavi, D. W. Hogg, R. Scoccimarro, M. R. Blanton, R. C.
Nichol, R. Scranton, H.-J. Seo, M. Tegmark, Z. Zheng, S. F. Anderson, J. Annis,
N. Bahcall, J. Brinkmann, S. Burles, F. J. Castander, A. Connolly, I. Csabai,
M. Doi, M. Fukugita, J. A. Frieman, K. Glazebrook, J. E. Gunn, J. S. Hendry,
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[33] J. A. Högbom. Aperture Synthesis with a Non-Regular Distribution of In-
terferometer Baselines. Astronomy and Astrophysics Supplement, 15:417, June
1974.

[34] J. A. Holtzman. Microwave background anisotropies and large-scale struc-
ture in universes with cold dark matter, baryons, radiation, and massive and
massless neutrinos. Astrophysical Journal Supplement Series (ISSN 0067-0049),
71:1–24, Sept. 1989.

[35] W. Hu and Z. Haiman. Redshifting rings of power. Physical Review D, 68(6):
63004, Sept. 2003.

[36] W. Hu and N. Sugiyama. Small-Scale Cosmological Perturbations: an Ana-
lytic Approach. Astrophysical Journal v.471, 471:542, Nov. 1996.

[37] N. Jarosik, C. L. Bennett, J. Dunkley, B. Gold, M. R. Greason, M. Halpern, R. S.
Hill, G. Hinshaw, A. Kogut, E. Komatsu, D. Larson, M. Limon, S. S. Meyer,
M. R. Nolta, N. Odegard, L. Page, K. M. Smith, D. N. Spergel, G. S. Tucker,
J. L. Weiland, E. Wollack, and E. L. Wright. Seven-year Wilkinson Microwave
Anisotropy Probe (WMAP) Observations: Sky Maps, Systematic Errors, and
Basic Results. The Astrophysical Journal Supplement, 192(2):14, Feb. 2011.

[38] E. Komatsu, J. Dunkley, M. R. Nolta, C. L. Bennett, B. Gold, G. Hinshaw,
N. Jarosik, D. Larson, M. Limon, L. Page, D. N. Spergel, M. Halpern, R. S. Hill,
A. Kogut, S. S. Meyer, G. S. Tucker, J. L. Weiland, E. Wollack, and E. L. Wright.
Five-Year Wilkinson Microwave Anisotropy Probe Observations: Cosmolog-
ical Interpretation. The Astrophysical Journal Supplement, 180(2):330–376, Feb.
2009.

[39] E. Komatsu, K. M. Smith, J. Dunkley, C. L. Bennett, B. Gold, G. Hinshaw,
N. Jarosik, D. Larson, M. R. Nolta, L. Page, D. N. Spergel, M. Halpern, R. S.
Hill, A. Kogut, M. Limon, S. S. Meyer, N. Odegard, G. S. Tucker, J. L. Weiland,
E. Wollack, and E. L. Wright. Seven-year Wilkinson Microwave Anisotropy
Probe (WMAP) Observations: Cosmological Interpretation. The Astrophysical
Journal Supplement, 192(2):18, Feb. 2011.

[40] J. Landon, M. Elmer, J. Waldron, D. Jones, A. Stemmons, B. D. Jeffs, K. F. War-
nick, J. R. Fisher, and R. D. Norrod. Phased Array Feed Calibration, Beam-
forming, and Imaging. The Astronomical Journal, 139(3):1154–1167, Mar. 2010.

249
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