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Cosmic Dawn and Reionization 
(Loeb 2006) 
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Cosmic Dawn and Reionization 

The frequency range of the 
LWA is well-matched to this 
measurement. 
 
But it requires 1 part in ~106 
relative spectral calibration! 

(Loeb 2006) 
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The first LWA station (LWA1) 
•  256 dual-pol antennas within 110 m diameter 
•  10–88 MHz; > 4:1 sky:noise dominance for 25–87 MHz 
•  Complete and operating 



Beamformed observing 
•  Four simultaneous, independently steerable beams 
•  Two ~16 MHz BW tunings per beam; full Stokes 
•  Co-aligned beams: two 64 MHz BW beams, here 20–84 MHz 



(Oliveira-Costa et al. 2008) 50 MHz model of northern sky 

Cosmic Dawn with the LWA1 
• We use all four beamformers to make two simultaneous 

beams, each 20–84 MHz, for >100 hour integrations 
•  Science beam targets a relatively cold region of the sky 
•  Calibrator beam targets a bright, smooth spectrum source 
•  Beams are large enough to average over angular variations 

Science beam 
Avg. 4200 K 

Calibrator beam 
Cyg A: 77000 K 

~



Bandpass calibration 
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•  Benefits: ability to repeat measurements, same signal path 
•  Observed power in each beam: 

 
(             = gain,             = foreground power) 

•  Simultaneous beams mean same signal path, so shared  
•  Beam gain terms change slowly, are smooth, and are predictable with knowledge of station’s EM properties 
•  Foreground terms must be modeled but should be smooth, with 0–1 inflection points in our bandpass (vs. 3–4 inflection points for the expected 21 cm signal 
•  Uncertainties due to bandpass calibration should be ~10 mK with 100 hr integration, enough to constrain z ~ 20 feature 



Frequency dependence of sidelobes 
Goal: prevent frequency-dependent variations in sidelobes from 
coupling foreground angular structure into spectrum 
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Frequency dependence of sidelobes 
Goal: prevent frequency-dependent variations in sidelobes from 
coupling foreground angular structure into spectrum 
Techniques: 
•  Defocusing primary beam averages over more foreground, can 

lower sidelobe power — option of heterogeneous beams 
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Frequency dependence of sidelobes 
Goal: prevent frequency-dependent variations in sidelobes from 
coupling foreground angular structure into spectrum 
Techniques: 
•  Defocusing primary beam averages over more foreground, can 

lower sidelobe power — option of heterogeneous beams 
•  Steering sidelobes away from bright sources 
•  Sidelobe blurring by continuously varying weighting coefficients 

to constantly “shimmer” sidelobes 
•  Optimal beamforming by accounting for mutual coupling 

(Ellingson 2011) 



Other issues / benefits 
•  Development of novel beamforming techniques should 

be of general interest to low-frequency radio community 
•  Excellent spectra of the calibrator sources 
•  A deep transient survey in targeted science fields 
•  Ionospheric absorption / TEC variability 
•  RFI 



New worlds, new horizons? New stations! 

where x̄H i is the mean neutral fraction (taken to be unity in this
paper). Using equations (13) and (14) and recalling thatDM (z) /
h!1, the amplitude of the observed power spectrum is now seen
to be proportional to

PH i /
!2

b h
5

(1þ z)2E(z)
P!!: ð15Þ

Equation (15) indicates that the amplitude of the redshifted 21 cm
fluctuations does contain useful information about the cosmo-
logical model (with the caveat that the H i spin temperature must
be known). This is in contrast to measurements of the matter
power spectrum by galaxy clustering surveys, where the connec-
tion between the observed amplitude of the power spectrum and
the underlying physical amplitude remains weakly understood.

Figure 3 shows the spherically binned redshifted 21 cm power-
spectrum signal for the fiducial model (thick line; !b ¼ 0:05,
!M ¼ 0:30, h ¼ 0:70, ns ¼ 1:00, " s ¼ 0), along with the ex-
pected signals obtained by varying individual parameters. We can
see that varying!b or h primarily results in a simple scaling of the
observed power spectrum, as expected from equation (15). Thus,
these parameters are highly degenerate with each other and with
the amplitude factor A, as shown in Figure 2 and Table 6.

The primordial power-spectrum slope ns and running of the
spectral index " s do not enter into the overall amplitude factor in
equation (15) for the observed power spectrum, but instead affect

the shape of the underlying matter power spectrum. Increasing
ns lowers the power at small k and increases the power at large k,
whereas increasing" s boosts the power spectrum at both extremes.
Because these parameters do not strongly affect the amplitude
normalization, they are relatively independent of A, !b, and h,
as shown in Figure 2 and Table 6. They are also independent of
our foreground parameter, F, because the shape they introduce
is different than the k!2

3 shape of the residual foreground con-
tamination. Thus, ns and" s are the best-constrained cosmological
parameters for the planned redshifted 21 cm observations.

The last class of observational effects due to the cosmological
model is from the coordinate mapping. Most significantly, for an
increase in h, a radially inward shift of scales (see eqs. [10] and
[11], withDM (z) / h!1) counteracts the amplitude increase from
the CJy and Jacobian factors over much of the observed range in
k-space. Increasing !M also shifts scales inward [through E(z)
andDM (z)], but does so differently for the line-of-sight and trans-
verse directions. This A-P effect cannot be represented easily in
Figure 3; however, we have included it in all the constraints. The
significance of the effect is limited, since we take!" ¼ 1! !M .
A 10% increase in !M yields an approximately 4% reduction in
scale, but only about 1% distortion between the directions. In
general, coordinate based effects may be better constrained with
observations targeting the quasar bubbles during reionization,
since sharper spatial features in the power spectrum may emerge
during reionization due to characteristic sizes of reionized regions
and Stromgren spheres around quasars.

4.2. Degeneracies in Amplitude

The uncertainty in A is considerable. Table 4 shows that the
MWA5000 only constrains A to within 45%. The origin of this
uncertainty is explained by the amplitude factor discussed above
and is clearly evident in Table 6, which displays the large de-
generacies (as normalized covariance factors with magnitudes
close to unity) betweenA,!b, h, and, more unexpectedly, ns. The
degeneracy with ns is due to the range of scales to which the ex-
periments are sensitive, which is primarily after the pivot point for
the primordial power-spectrum spectral index (k ¼ 0:05 Mpc!1).
Therefore, changes in ns tend to appear less similar to tilting to the
power spectrum and more like changing the amplitude, although
ns remains well constrained. In addition, the covariance between
A and !b confirms that the baryon acoustic oscillations in the
power spectrum are not contributing much information about the
baryon density relative to the amplitude changes from theCJy and
Jacobian factors.

4.3. Residual Foreground Contamination

Mitigating astrophysical foreground contamination is an im-
portant issue for redshifted 21 cm experiments, whether attempt-
ing to constrain cosmological models or determine reionization
processes and scenarios. To this end, the relationships between
PH i, PF , and PN , as described by the covariance between our
model parameters A, F, and N, are very useful to study in some
detail.

The constraints on the amplitudes of the residual astrophys-
ical foreground and residual thermal offset terms are especially
encouraging. Neither contribution is significantly degenerate with
changes to the redshifted 21 cm power spectrum. In particular, the
long, diminishing tail of the redshifted 21 cm power spectrum
providesmany statistical sampleswhich contribute little to knowl-
edge of the cosmological parameters, yet provide good references
to prevent degeneracy with changes in the magnitude of the

Fig. 3.—Redshifted 21 cm power spectrum for the fiducial cosmological
model parameters, shown with four example variations of the parameter values.
The top and bottom panels show the same elements plotted in different units. The
thick solid line is for the fiducial model with standard cosmological parameters
(!b ¼ 0:05,!M ¼ 0:30, h ¼ 0:70, ns ¼ 1:00," s ¼ 0). The other curves are pro-
duced by adjusting one cosmological parameter from the fiducial: !b þ 10%
(dotted line), hþ 10% (dash line), ns þ 10% (dash-dotted line), and " s ¼ 0:1
(thin solid line). The dark shaded region indicates the 1 # uncertainty due to cos-
mic variance within the observed field, and the light shaded region (at large k) is
the thermal uncertainty for the MWA5000 reference experiment. As in Fig. 1, the
measurements to the left of the vertical line are constrained by angular fluctua-
tions only and will be most sensitive to astrophysical foreground contamination.
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•  Core of 16 stations within a 10 km diameter: 
~1.6 arcmin resolution at 65 MHz gives k < 8 Mpc-1 at z = 20 

•  Both frequency and angular spectra 
•  Spatial variability of the heating by first stars, black holes 
•  “Purer” cosmology than the reionization experiments 

Deep Springs Valley, near OVRO / CARMA 



Summary 
•  LWA1 offers a novel method to measure or constrain the all-sky 

21 cm signal using large beams 
•  Bandpass calibration accomplished by comparing science and 

calibrator beams 
•  Currently testing advanced beamforming techniques 
•  Could begin measuring or constraining the early universe with 

~100 hours of integration 
•  Cosmic dawn tomography: a strong argument for more stations 


