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• 21cm Cosmology and the Epoch of Reionization 
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• Future Prospects and Conclusions 



21CM COSMOLOGY 
Scientific Motivation and Techniques 



Hydrogen 
• The most abundant element in the 

universe 
• 75% of all baryons by mass 

 

• Ionization potential of 13.6 eV 

 

• Hyperfine splitting energy 
differential of 5.9 × 10-6 eV 
• ν = 1420 MHz 

• λ = 21 cm 

• T = 0.068 K 

 

• Describe relative population of 
hyperfine state with spin 
temperature: 
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Fluctuations 
• Spatial variations in Ts, xHI, and δ all source brightness 
temperature fluctuations around the global signal 

 

• Describe spatial fluctuations in Fourier space with power 
spectrum 

• UV photons from first galaxies 

reionize intergalactic hydrogen 

• 21cm can measure: 

• Duration and timing of EoR 

• Clustering of ionizing sources 

Figure adapated from Mao et al. (2008), Podevin illustration in Scientific American  



Detecting the Signal 

• Signal is faint 

• Long integrations and 

large collecting areas 

required 

 

• Foregrounds are 

orders of magnitude 

brighter 

• Separate from 21cm 

signal using spectral 

smoothness 

J
y
 

Galactic Plane 
Supernova Remnant 

Extragalactic Radio 

Sources 



THE PAPER EXPERIMENT 
Design, Status and Results 
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• Array of dual-polarization, non-
tracking dipole elements 

 

• Sensitivity from 110 to 180 MHz 
(z ≈ 7-12) in 1024+ frequency 
channels 

 

• Full correlation of all dipoles   
with CASPER FPGA/GPU 
architecture 

 

• Store all raw visibilities for later 
analysis 
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Deployments • PGB-4: 2004 

• PGB-8: 2006 

• PGB-16: 2008 

• PGB-32: 2010 

• PSA-16: 2009 

• PSA-32: 2010 

• PSA-64: 2011 

• (PSA-128: 2013) 
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THE PAPER APPROACH 
Redundancy and the “Delay Spectrum” 



“Minimum 

Redundancy” 

Array 

Parsons, JCP, et al. (2012a) 



“Maximum 

Redundancy” 

Array 

Parsons, JCP, et al. (2012a) 



A Pictorial View of the PAPER Pipeline 
Visibility “Waterfall” of 1 Baseline 



Visibility “Waterfall” of 1 Baseline 

• Why are there fringes vs. 

frequency? 

• Baseline length (in 

wavelengths) is frequency 

dependent 

 

• Why are there fringes vs. 

time? 

• Drift scanning telescope 

means sources move through 

fringe pattern 

(Image: Thompson, Moran & Swenson) 



Delay/Delay-Rate Transforms (Parsons & Backer 2009) 

Visibility “Waterfall” of 1 Baseline 

Delay/Delay-Rate Space 

Delay Spectrum of 1 Baseline 

Delay 

Transform 

(Fourier 

Transform of 

Frequency-

axis) Fringe-

Rate 

Transform 

Fringe-Rate Spectrum of 1 

Baseline 

(Fourier 

Transform 

of Time-

axis) 

“Horizon 

Limit” 



Data “Compression” 
Delay/Delay-Rate Space 

• DDR space divides into 

regions with 

delays/delay rates “on” 

and “off” sky 

 

• Retain only “on” sky 

portions 

 

• Be conservative with 

delays (they will be your 

k|| modes) 

 

• Potential for further 

benefit by weighting 

delay rates “on”-sky 

Parsons, Liu, et al. (2013) 



Parsons, JCP, et al. 2012b 

Datta et al. 2010 

Vedantham et al. 2012 

Morales et al. 2012 

Trott et al. 2012 
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EoR “Window” 

From Delay-Space to P(k) 

(Parsons, JCP, et al. 2012b) 
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Cleaning up the Power Spectrum 

PAPER-32 Power Spect rum Results 9

Fig. 5.— Upper-left : T he covariance mat rix of delay modes from two representat ive baselines generated by applying a narrow-band delay
t ransform (§3.6) to data without the applicat ion of a wide-band delay filter; upper-right : Similar to upper-left , but applied to data after
the applicat ion of a wide-band delay filter (§3.4); lower-left : Similar to upper-right , but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right : Similar to lower-left , but after removing o↵-diagonal covariance terms common to
all baselines associated with the cent ral seven delay modes. T his final step at tenuates the expected level of the reionizat ion signal in these
cent ral modes by ⇠30%, but only at tenuates other modes by ⇠ 5%.

losslessremoval of systemat ics isanother substant ial ben-
efit of the highly redundant configurat ions presented in
P12a.

We apply this technique for each baseline cross-
product , using all baselines except the two being cross-
mult iplied for est imat ing the average covariance in or-
der to avoid, to the greatest extent possible, coupling
baseline-dependent systemat ics into each est imate of the
common-mode covariance. Iterat ing this process a mod-
est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
t racted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
in the bot tom-left panel of Figure 5.

This process, though quite e↵ect ive, int roduces a sec-
ond issue that must be addressed. In Equat ion 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result . The benefits of avoiding this bias far outweigh
the slight improvement in sensit ivity that including such

“ auto-products” would produce. Unfortunately, by using
the average of many baselines to est imate and subt ract
an average covariance from each baseline cross-product ,
and then subt ract ing o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spectrum
est imate.

The most st raight forward approach we have found for
eliminat ing this residual noisebias, other than direct sub-
t ract ion (which int roduces addit ional complicat ions), is
to divide baselines into two separate groups of approxi-
mately equal size. Within each group, we apply the o↵-
diagonal covariance removal process, including the sub-
t ract ion of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these two groups to est imate P (k ). By excluding
int ra-group cross-products, this approach sacrifices a fac-

tor of approximately
p

2 in sensit ivity (in mK2), but as
before, we find the benefits of avoiding noise bias to out-
weigh the loss in sensit ivity.

The last step in the process of suppressing o↵-diagonal
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losslessremoval of systemat ics isanother substant ial ben-
efit of the highly redundant configurat ions presented in
P12a.

We apply this technique for each baseline cross-
product , using all baselines except the two being cross-
mult iplied for est imat ing the average covariance in or-
der to avoid, to the greatest extent possible, coupling
baseline-dependent systemat ics into each est imate of the
common-mode covariance. Iterat ing this process a mod-
est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
tracted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
in the bot tom-left panel of Figure 5.

This process, though quite e↵ect ive, int roduces a sec-
ond issue that must be addressed. In Equat ion 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result . The benefits of avoiding this bias far outweigh
the slight improvement in sensit ivity that including such

“ auto-products” would produce. Unfortunately, by using
the average of many baselines to est imate and subtract
an average covariance from each baseline cross-product ,
and then subtract ing o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noisebias
approximately equal to the noise in the power-spectrum
est imate.

The most st raightforward approach we have found for
eliminat ing this residual noisebias, other than direct sub-
tract ion (which int roduces addit ional complicat ions), is
to divide baselines into two separate groups of approxi-
mately equal size. Within each group, we apply the o↵-
diagonal covariance removal process, including the sub-
tract ion of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these two groups to est imate P (k). By excluding
intra-group cross-products, thisapproach sacrificesa fac-

tor of approximately
p

2 in sensit ivity (in mK2), but as
before, we find the benefits of avoiding noise bias to out-
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lossless removal of systemat ics isanother substant ial ben-
efit of the highly redundant configurat ions presented in
P12a.

We apply this technique for each baseline cross-
product , using all baselines except the two being cross-
mult iplied for est imat ing the average covariance in or-
der to avoid, to the greatest extent possible, coupling
baseline-dependent systemat ics into each est imate of the
common-mode covariance. Iterat ing this process a mod-
est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
t racted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
in the bot tom-left panel of Figure 5.

This process, though quite e↵ect ive, int roduces a sec-
ond issue that must be addressed. In Equat ion 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result . The benefit s of avoiding this bias far outweigh
the slight improvement in sensit ivity that including such

“ auto-products” would produce. Unfortunately, by using
the average of many baselines to est imate and subt ract
an average covariance from each baseline cross-product ,
and then subt ract ing o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spect rum
est imate.

The most st raight forward approach we have found for
eliminat ing this residual noisebias, other than direct sub-
t ract ion (which int roduces addit ional complicat ions), is
to divide baselines into two separate groups of approxi-
mately equal size. Within each group, we apply the o↵-
diagonal covariance removal process, including the sub-
t ract ion of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these two groups to est imate P (k). By excluding
int ra-group cross-products, this approach sacrifices a fac-

tor of approximately
p

2 in sensit ivity (in mK 2), but as
before, we find the benefit s of avoiding noise bias to out -
weigh the loss in sensit ivity.

The last step in the process of suppressing o↵-diagonal

Covariance Matrix of the Data 
• Cross-multiply redundant, but 

independent samples 

• Time (JCP, Parsons, et al. 

2013) 

• Redundant baselines 

(Parsons, Liu, et al. 2013) 

Parsons, Liu, et al. (2013) 
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tween these two groups to est imate P (k). By excluding
intra-group cross-products, thisapproach sacrificesa fac-

tor of approximately
p

2 in sensit ivity (in mK2), but as
before, we find the benefits of avoiding noise bias to out-
weigh the loss in sensit ivity.

The last step in the process of suppressing o↵-diagonal

P(k||,k^ ) µ V
~

(t, u )

2

PAPER-32 Power Spect rum Results 9

Fig. 5.— Upper-left : T he covariance mat rix of delay modes from two representat ive baselines generat ed by applying a narrow-band delay
t ransform (§3.6) to data without the applicat ion of a wide-band delay filter; upper-right : Similar to upper-left , but applied to data after
the applicat ion of a wide-band delay filter (§3.4); lower-left : Similar to upper-right , but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right : Similar to lower-left , but after removing o↵-diagonal covariance terms common to
all baselines associated with the cent ral seven delay modes. T his final step at tenuates the expected level of the reionizat ion signal in these
cent ral modes by ⇠30%, but only at tenuates other modes by ⇠ 5%.
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der to avoid, to the greatest extent possible, coupling
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est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
t racted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
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This process, though quite e↵ect ive, int roduces a sec-
ond issue that must be addressed. In Equat ion 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result . The benefit s of avoiding this bias far outweigh
the slight improvement in sensit ivity that including such

“ auto-products” would produce. Unfortunately, by using
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we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spect rum
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Fig. 5.— Upper-left : T he covariance mat rix of delay modes from two representat ive baselines generated by applying a narrow-band delay
t ransform (§3.6) to data without the applicat ion of a wide-band delay filter; upper-right : Similar to upper-left , but applied to data after
the applicat ion of a wide-band delay filter (§3.4); lower-left : Similar to upper-right , but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right : Similar to lower-left , but after removing o↵-diagonal covariance terms common to
all baselines associated with the cent ral seven delay modes. T his final step at tenuates the expected level of the reionizat ion signal in these
cent ral modes by ⇠30%, but only at tenuates other modes by ⇠ 5%.
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ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
t racted, such that the remainder of the baseline-specific
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sary, as the process rapidly converges to the result shown
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result . The benefits of avoiding this bias far outweigh
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we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spectrum
est imate.

The most st raight forward approach we have found for
eliminat ing this residual noisebias, other than direct sub-
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mately equal size. Within each group, we apply the o↵-
diagonal covariance removal process, including the sub-
t ract ion of an average covariance, using data only from
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Fig. 5.— Upper-left : The covariance mat rix of delay modes from two representat ive baselines generated by applying a narrow-band delay
t ransform (§3.6) to data without the applicat ion of a wide-band delay filter; upper-right : Similar to upper-left , but applied to data after
the applicat ion of a wide-band delay filter (§3.4); lower-left : Similar to upper-right , but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right : Similar to lower-left , but after removing o↵-diagonal covariance terms common to
all baselines associated with the cent ral seven delay modes. This final step at tenuates the expected level of the reionizat ion signal in these
cent ral modes by ⇠30%, but only at tenuates other modes by ⇠ 5%.
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mult iplied for est imat ing the average covariance in or-
der to avoid, to the greatest extent possible, coupling
baseline-dependent systemat ics into each est imate of the
common-mode covariance. Iterat ing this process a mod-
est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
tracted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
in the bot tom-left panel of Figure 5.
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tract ion of an average covariance, using data only from
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Fig. 5.— Upper-left : T he covariance mat rix of delay modes from two representat ive baselines generated by applying a narrow-band delay
t ransform (§3.6) to data without the applicat ion of a wide-band delay filter; upper-right : Similar to upper-left , but applied to data after
the applicat ion of a wide-band delay filter (§3.4); lower-left : Similar to upper-right , but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right : Similar to lower-left , but after removing o↵-diagonal covariance terms common to
all baselines associated with the cent ral seven delay modes. T his final step at tenuates the expected level of the reionizat ion signal in these
cent ral modes by ⇠30%, but only at tenuates other modes by ⇠ 5%.
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der to avoid, to the greatest extent possible, coupling
baseline-dependent systemat ics into each est imate of the
common-mode covariance. Iterat ing this process a mod-
est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
t racted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
in the bot tom-left panel of Figure 5.

This process, though quite e↵ect ive, int roduces a sec-
ond issue that must be addressed. In Equat ion 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result . The benefits of avoiding this bias far outweigh
the slight improvement in sensit ivity that including such

“ auto-products” would produce. Unfortunately, by using
the average of many baselines to est imate and subt ract
an average covariance from each baseline cross-product ,
and then subt ract ing o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spectrum
est imate.

The most st raight forward approach we have found for
eliminat ing this residual noisebias, other than direct sub-
t ract ion (which int roduces addit ional complicat ions), is
to divide baselines into two separate groups of approxi-
mately equal size. Within each group, we apply the o↵-
diagonal covariance removal process, including the sub-
t ract ion of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these two groups to est imate P (k ). By excluding
int ra-group cross-products, this approach sacrifices a fac-
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Fig. 5.— Upper-left : The covariance mat rix of delay modes from two representat ive baselines generated by applying a narrow-band delay
t ransform (§3.6) to data without the applicat ion of a wide-band delay filter; upper-right : Similar to upper-left , but applied to data after
the applicat ion of a wide-band delay filter (§3.4); lower-left : Similar to upper-right , but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right : Similar to lower-left , but after removing o↵-diagonal covariance terms common to
all baselines associated with the cent ral seven delay modes. This final step at tenuates the expected level of the reionizat ion signal in these
cent ral modes by ⇠30%, but only at tenuates other modes by ⇠ 5%.
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efit of the highly redundant configurat ions presented in
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mult iplied for est imat ing the average covariance in or-
der to avoid, to the greatest extent possible, coupling
baseline-dependent systemat ics into each est imate of the
common-mode covariance. Iterat ing this process a mod-
est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
tracted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
in the bot tom-left panel of Figure 5.

This process, though quite e↵ect ive, int roduces a sec-
ond issue that must be addressed. In Equat ion 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result . The benefits of avoiding this bias far outweigh
the slight improvement in sensit ivity that including such

“ auto-products” would produce. Unfortunately, by using
the average of many baselines to est imate and subtract
an average covariance from each baseline cross-product ,
and then subtract ing o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noisebias
approximately equal to the noise in the power-spectrum
est imate.

The most st raightforward approach we have found for
eliminat ing this residual noisebias, other than direct sub-
tract ion (which int roduces addit ional complicat ions), is
to divide baselines into two separate groups of approxi-
mately equal size. Within each group, we apply the o↵-
diagonal covariance removal process, including the sub-
tract ion of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these two groups to est imate P (k). By excluding
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Fig. 5.— Upper-left : T he covariance mat rix of delay modes from two representat ive baselines generat ed by applying a narrow-band delay
t ransform (§3.6) to data without the applicat ion of a wide-band delay filter; upper-right : Similar to upper-left , but applied to data after
the applicat ion of a wide-band delay filter (§3.4); lower-left : Similar to upper-right , but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right : Similar to lower-left , but after removing o↵-diagonal covariance terms common to
all baselines associated with the cent ral seven delay modes. T his final step at tenuates the expected level of the reionizat ion signal in these
cent ral modes by ⇠30%, but only at tenuates other modes by ⇠ 5%.

lossless removal of systemat ics isanother substant ial ben-
efit of the highly redundant configurat ions presented in
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We apply this technique for each baseline cross-
product , using all baselines except the two being cross-
mult iplied for est imat ing the average covariance in or-
der to avoid, to the greatest extent possible, coupling
baseline-dependent systemat ics into each est imate of the
common-mode covariance. Iterat ing this process a mod-
est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
t racted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
in the bot tom-left panel of Figure 5.

This process, though quite e↵ect ive, int roduces a sec-
ond issue that must be addressed. In Equat ion 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result . The benefit s of avoiding this bias far outweigh
the slight improvement in sensit ivity that including such

“ auto-products” would produce. Unfortunately, by using
the average of many baselines to est imate and subt ract
an average covariance from each baseline cross-product ,
and then subt ract ing o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spect rum
est imate.

The most st raight forward approach we have found for
eliminat ing this residual noisebias, other than direct sub-
t ract ion (which int roduces addit ional complicat ions), is
to divide baselines into two separate groups of approxi-
mately equal size. Within each group, we apply the o↵-
diagonal covariance removal process, including the sub-
t ract ion of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these two groups to est imate P (k). By excluding
int ra-group cross-products, this approach sacrifices a fac-
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before, we find the benefit s of avoiding noise bias to out -
weigh the loss in sensit ivity.

The last step in the process of suppressing o↵-diagonal

Covariance Matrix of the Data 

PAPER-32 Power Spectrum Results 9

Fig. 5.— Upper-left : The covariance mat rix of delay modes from two representat ive baselines generated by applying a narrow-band delay
t ransform (§3.6) to data without the applicat ion of a wide-band delay filter; upper-right : Similar to upper-left , but applied to data after
the applicat ion of a wide-band delay filter (§3.4); lower-left : Similar to upper-right , but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right : Similar to lower-left , but after removing o↵-diagonal covariance terms common to
all baselines associated with the cent ral seven delay modes. This final step at tenuates the expected level of the reionizat ion signal in these
cent ral modes by ⇠30%, but only at tenuates other modes by ⇠ 5%.
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efit of the highly redundant configurat ions presented in
P12a.

We apply this technique for each baseline cross-
product , using all baselines except the two being cross-
mult iplied for est imat ing the average covariance in or-
der to avoid, to the greatest extent possible, coupling
baseline-dependent systemat ics into each est imate of the
common-mode covariance. Iterat ing this process a mod-
est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
tracted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
in the bot tom-left panel of Figure 5.

This process, though quite e↵ect ive, int roduces a sec-
ond issue that must be addressed. In Equat ion 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result . The benefits of avoiding this bias far outweigh
the slight improvement in sensit ivity that including such

“ auto-products” would produce. Unfortunately, by using
the average of many baselines to est imate and subtract
an average covariance from each baseline cross-product ,
and then subtract ing o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result isa low-level residual noisebias
approximately equal to the noise in the power-spectrum
est imate.

The most st raightforward approach we have found for
eliminat ing this residual noisebias, other than direct sub-
tract ion (which int roduces addit ional complicat ions), is
to divide baselines into two separate groups of approxi-
mately equal size. Within each group, we apply the o↵-
diagonal covariance removal process, including the sub-
tract ion of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these two groups to est imate P (k). By excluding
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Fig. 5.— Upper-left : T he covariance mat rix of delay modes from two representat ive baselines generated by applying a narrow-band delay
t ransform (§3.6) to data without the applicat ion of a wide-band delay filter; upper-right : Similar to upper-left , but applied to data after
the applicat ion of a wide-band delay filter (§3.4); lower-left : Similar to upper-right , but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right : Similar to lower-left , but after removing o↵-diagonal covariance terms common to
all baselines associated with the cent ral seven delay modes. T his final step at tenuates the expected level of the reionizat ion signal in these
cent ral modes by ⇠30%, but only at tenuates other modes by ⇠ 5%.
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product , using all baselines except the two being cross-
mult iplied for est imat ing the average covariance in or-
der to avoid, to the greatest extent possible, coupling
baseline-dependent systemat ics into each est imate of the
common-mode covariance. Iterat ing this process a mod-
est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
t racted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
in the bot tom-left panel of Figure 5.

This process, though quite e↵ect ive, int roduces a sec-
ond issue that must be addressed. In Equat ion 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result . The benefits of avoiding this bias far outweigh
the slight improvement in sensit ivity that including such

“ auto-products” would produce. Unfortunately, by using
the average of many baselines to est imate and subt ract
an average covariance from each baseline cross-product ,
and then subt ract ing o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spectrum
est imate.

The most st raight forward approach we have found for
eliminat ing this residual noisebias, other than direct sub-
t ract ion (which int roduces addit ional complicat ions), is
to divide baselines into two separate groups of approxi-
mately equal size. Within each group, we apply the o↵-
diagonal covariance removal process, including the sub-
t ract ion of an average covariance, using data only from
baselines within that group. Then, to avoid incurring a
noise bias, we use only cross-products of baselines be-
tween these two groups to est imate P (k ). By excluding
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Fig. 5.— Upper-left : T he covariance mat rix of delay modes from two representat ive baselines generated by applying a narrow-band delay
t ransform (§3.6) to data without the applicat ion of a wide-band delay filter; upper-right : Similar to upper-left , but applied to data after
the applicat ion of a wide-band delay filter (§3.4); lower-left : Similar to upper-right , but after removing per-baseline o↵-diagonal covariance
terms that deviate from the average (§3.7); lower-right : Similar to lower-left , but after removing o↵-diagonal covariance terms common to
all baselines associated with the cent ral seven delay modes. T his final step at tenuates the expected level of the reionizat ion signal in these
cent ral modes by ⇠30%, but only at tenuates other modes by ⇠ 5%.

lossless removal of systemat ics isanother substant ial ben-
efit of the highly redundant configurat ions presented in
P12a.

We apply this technique for each baseline cross-
product , using all baselines except the two being cross-
mult iplied for est imat ing the average covariance in or-
der to avoid, to the greatest extent possible, coupling
baseline-dependent systemat ics into each est imate of the
common-mode covariance. Iterat ing this process a mod-
est number of t imes (two or three), produces an improve-
ment in the results as init ial baseline-specific system-
at ics are first removed from the baseline, allowing an
improved est imate of the average covariance to be sub-
t racted, such that the remainder of the baseline-specific
systemat ics are removed. Further iterat ion is not neces-
sary, as the process rapidly converges to the result shown
in the bot tom-left panel of Figure 5.

This process, though quite e↵ect ive, int roduces a sec-
ond issue that must be addressed. In Equat ion 5, we
were careful to exclude products between the same base-
line in order to avoid incurring the noise bias that would
result . The benefits of avoiding this bias far outweigh
the slight improvement in sensit ivity that including such

“ auto-products” would produce. Unfortunately, by using
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an average covariance from each baseline cross-product ,
and then subt ract ing o↵-diagonal terms in the residual,
we couple the baseline-averaged noise into the data from
each baseline. The result is a low-level residual noise bias
approximately equal to the noise in the power-spectrum
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The most st raight forward approach we have found for
eliminat ing this residual noisebias, other than direct sub-
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Adrian’s talk this afternoon) 

• Redundant baselines 
• Increase power spectrum sensitivity  

• Facilitate calibration 

• Separate residual systematics from sky-signal 



RESULTS 



The Wedge 

JCP, Parsons, et al. (2013) 

• 4 hours of data from 64-element “imaging” PAPER array 
in SA 

• Power spectra formed from subsequent time samples of 
each baseline 

• Delay spectrum approach yields extremely clean EoR 
window 



Long Integration 

• 55 days of dual-

polarization, 32-

element “maximum 

redundancy” PAPER in 

SA 

• 10 MHz band @ 164 

MHz (z = 7.7) 

• 3 baseline “types” 

• Systematic limited at 

the lowest k’s 
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Fig. 6.— Power spect ra at z = 7.7 derived from t he 55-day PAPER observat ion described in §2. In both panels, solid cyan depicts
2σ upper limit s derived from PAPER observat ions without the removal of o↵-diagonal covariance terms, and black indicates the final
measured power spect rum with 2σ confidence intervals. T he measurements in the right panel are weighted averages of posit ive/ negat ive kk

cont ribut ions. T he horizon limit (vert ical dashed) illust rates the boundary within which emission has been filtered out in delay space and
re-inserted after the format ion of power spect ra. Dashed cyan illust rates the predicted noise power spect rum from Parsons et al. (2012a)
for a system temperature of 560 K . T he yellow t r iangles indicate 2σ upper limit s reported in Paciga et al. (2013) at z = 8.6. Magenta

illust rates a fiducial model at 50% ionizat ion (L idz et al. 2008). At k ⇡ 0.11 h M pc− 1 , we report an upper limit on ∆ 2
21 (k) of 2700 mK 2

with 2σ confidence.

covariances in our data is, for select modes, to relax the
constraint of not subt ract ing a baseline-averaged covari-
ance for selected modes, even if it results in overfit t ing
the noise and the signal suppression that is associated
with it . Part icularly, we note the interior seven k-modes
(the five inside of the horizon limit shown in Figure 6,
as well as the first modes beyond this limit on either
side) that we measure are more than an order of mag-
nitude brighter than other modes, and are so corrupted
by smooth-spect rum foreground emission that , barring a
heroic e↵ort aimed at modeling and removing these fore-
grounds, they are unlikely to be useful for const raining
high-redshift 21cm emission. We find it advantageous to
remove all o↵-diagonal covariances associated with these
modes, even if it means overfit t ing the noise. The re-
sult of this process is shown in the bot tom-right panel of
Figure 5.

Since we have overfit the noise in this final step, it now
becomes necessary to invest igate how we have a↵ected
the 21cm signal that we aim to measure, since failure to
account for signal at tenuat ion can lead to erroneous con-
st raints. We use Monte Carlo simulat ions (see, e.g., Ma-
sui et al. 2013, Paciga et al. 2013, and Switzer et al. 2013)
to est imate the expected signal at tenuat ion through the
analysis chain from §3.6 onward, as illust rated by the red
data-flow path in Figure2. Becauseour analysisdoesnot
model out modes of arbit rary shape (such as occurs in
principal component analysis), and because delay filter-

ing and covariance removal operates in the same space in
which the power spect rum is measured, the simulat ions
needed to characterize signal loss for our analysis are rel-
at ively st raight forward. In our simulat ions, we apply the
analysis pipeline used on the data, including o↵-diagonal
covariance suppression, to simulated data consist ing of
random realizat ions of a flat -spect rum signal common
to all baselines that rotates with the celest ial sphere, as
is output by the fringe-rate filtering that precedes the
narrow-band delay t ransform in Figure 2.

We examine two cases in our simulat ions. In the first ,
we apply the o↵-diagonal covariance removal process us-
ing empirically determined covariances internal to the
simulated data to invest igate the e↵ects of overfit t ing
the noise. In the second, we apply the exact operat ions
used to remove covariance terms in the measured data
to the simulated signal. In both cases, the amplitude of
each k-mode in the output power spect rum is compared
to the unity amplitude expected for a white-noise sig-
nal, averaged over 1000 independent simulat ions. In the
first case, results indicate that removing the o↵-diagonal
covariances associated with the cent ral seven modes re-
sult s in a ⇠ 5% reduct ion in signal amplitude (in mK 2)
for other modes, and a ⇠ 30% reduct ion for the seven
modes in quest ion. We compensate by dividing by these
signal at tenuat ions when report ing the power spectrum
limits in Figure 6. In the second case, which tests the
e↵ects of our exact analysis on the noise stat ist ics of an

Legend:  

 Final Result 
- -  Noise Level 

– Level Before Removing Systematics 

Δ GMRT Results (Paciga et al. 2013) 

– EoR Model (Lidz et al. 2008) 

Parsons, Liu, et al. 2013 



X-Ray Heating 

• Power spectrum measurement can 
constrain gas temperature 

• PAPER measurements inconsistent 
with pure adiabatic cooling of IGM 14 Parsons, et al.

Fig. 8.— Const raints at z = 7.7 on t he absolute value of t he 21cm brightness t emperature of t he neut ral gas (not normalized by ionizat ion
fract ion), |hTbi |, for t he patchy reionizat ion model described in Equat ions 9 and 12, as a funct ion of t he upper (km ax ) and lower (km i n )

bounds on the scale of fluctuat ions. Color indicates the maximum |hTbi | (in mK ) consistent with PAPER’s 2σ upper limits on ∆ 2
21 (k) (see

Figure 6) for the listed ionizat ion fract ions. Because the power spect rum amplitude for patch reionizat ion is invariant under the interchange
of ionized and neut ral regions, x i = 0.1 and 0.3 equivalent ly correspond to x i = 0.9 and 0.7, respect ively. T he maximum color scale of 400
mK indicates the threshold of brightness temperatures that can be excluded a priori on the basis of the maximum cont rast between the
21cm spin temperature and the CM B (see Equat ion 11). T he black dot and black t riangle indicate the coordinates of a patch-reionzat ion
approximat ion to the fiducial and high-mass halos models illust rated in Figure 9, respect ively.

Fig. 9.— Scaled 21cm EoR power spect ra predicted for the models described in §4.3 (Lidz et al. 2008), reflect ing bounds on the
21cm brightness temperature hTbi at z = 7.7, according to Equat ion 9. Magenta curves illust rate power spect ra scaled according to
hTb i ⇡ 30 mK , as predicted by simulat ions that include the e↵ects of X -ray heat ing on the IGM . Cyan curves illust rate power spect ra
scaled by the maximum hTbi that is under the 2σ upper limit s we measure (black). T hese are, left to right , top to bot tom, hTbi = 471,
451, 315, and 375 mK , respect ively.

Parsons, Liu, et al. 2013 
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reionization 
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CONCLUSIONS 



PAPER Prospects 

• New data on disk 
• ~50 more days of PSA-32 

• ~120 days of PSA-64 

 

• New deployments 
• PSA-128 beginning observations this fall 

 

• New techniques 
• “Aggressive” fringe rate filtering 

• Increases SNR 

• “Steers” beam N/S, can help with polarization leakage 

• More baselines / earth rotation synthesis 

• Multi-frequency and full-Stokes analyses 

 

x 1 - 2 

x 2+ 

 

 

 

 

x 2+ 

 

 

x 3 - 5 

 

 

 

x 1.5 - 2 

___________ 

≈ x 20 - 80 



HERA (Hydrogen Epoch of Reionization Array) 

• 14m reflector design significantly boosts PAPER 
dipole collecting area, better polarization 
properties 

 

• Short focal length keeps reflections to delays 
below k-modes of interest 

 

• 547 element sensitivity (left) opens door to next 
generation EoR science 

 

• Dense array allows for imaging and advanced 
foreground removal techniques 

 

PAPER 

Dipole 



THANKS 



EXTRA SLIDES 



Polarization 

• PAPER “naïvely” combines 
linearly polarized visibilities 
to make Stokes I 
• Sparse uv coverage prohibits 

beam correction 

 

• xx/yy beam asymmetries 
create polarization leakage 

 

• Faraday rotated spectra 
create frequency structure in 
Stokes I 

 

• Some models approach 
levels already ruled out by 
PAPER observations/ 
Bernardi et al. 2013 

Moore, Aguirre, et al. 2013 

Three 

different 

source 

count/RM 

distribution 

models 

z  = 9.73 

8.33 

7.25 



The Delay Transform 

V(u,v) = dldmò A(l,m)I(l,m)e-2pi(ul+vm)

t g =
b · ŝ

c
=

1

c
(bxl +bym)

u = (u,v) =
nb

c

V(n ) = dldmò A(l,m,n)I(l,m,n)e
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Vb(t ) = dl dmdnò A(l,m,n)I(l,m,n )e
-2pin (tg-t )
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The Delay Transform 

• Fourier transform vs. 

frequency of one baseline 

is delay transform 

 

• Sources on the sky map to 

a geometric delay, 

convolved with a kernel that 

is the FT of their spectrum 

 

• 1D per baseline “imaging” 



Avoiding Foregrounds in Delay Space 

• Horizon imposes maximum delay 

• Smooth spectrum sources stay 

within this boundary 

• Un-smooth sources have 

sidelobes that extend beyond 

horizon 



Avoiding Foregrounds in Delay Space II 

• Maximum delay 

is baseline length 

dependent 

 

• Shorter baselines 

can access more 

of 21cm signal 

 

• Free to maximize 

number of short 

baselines! 

– 25 –

Fig. 3.— The delay spect ra measured by baselines of four different lengths for a simulated sky

consist ing of several celest ial sources, whose spect ra are shown in Figure 2. The upper-left , upper-

right , lower-left , and lower-right plots show delay spectra obtained by Fourier t ransforming a 60-

MHz band centered at 150 MHz with a Blackman-Harris windowing funct ion (Harris 1978) for

east -west baselines of length 32, 64, 128, and 256 meters (16, 32, 64, and 128 wavelengths at 150

MHz), respect ively. Color scale denotes log10-Jy amplitude, ranging from 1 (blue) to 5 (red). As in

Figure 1, emission from sources with power-law spectra remains confined within the horizon limits

(dashed vert ical lines), while emission from the source with an unsmooth spectrum (top region of

each panel, corresponding to the source plot ted in cyan in Figure 2) extends beyond these limits.

Parsons, JP, et al. (2012b) 



Mapping Delay Space to k-space 

• Delay-space is not a perfect 
match to cosmological k-space 
• A baseline samples different 

transverse modes as a function of 
frequency 

 

• How bad is the effect of “mode-
mixing”? 

 

• With short baselines and small-
bandwidths, you can get away 
with it! 
• Short baselines already desirable 

for foreground isolation 

• Small-ish (8 MHz) bandwidths 
already necessitated by cosmology 

– 26 –

Fig. 4.— Tracks sampled by baselines measuring 16, 32, 64, and 128 wavelengths (at 150 MHz), as

a funct ion of observing frequency, in (u, ν) space (solid, bot tom axis). The frequency dependence of

the wavemode sampled by an interferometer is one of the major complicat ing factors in foreground

removal, and is also the reason that emission from celest ial sources at different posit ions on the

sky maps to different regions of delay space. The delay t ransform described in §2 ext racts Fourier

modes measured along these t racks, rather than st rict ly along the frequency axis.

Parsons, JP, et al. (2012b) 

– 29 –

Fig. 7.— Top: the effect of the delay-t ransform PSF on measured power spect ra of 21cm reioniza-

t ion, using model power spect ra at various stages of reionizat ion from Lidz et al. (2008). Bot tom:

the k response (Wτ ,b(η), from Equat ion 9), of a delay-t ransform bin arising from the sloped re-

sponse in k shown in Figure 5, integrated over the primary beam response of a PAPER dipole,

at bins centered at k = 0.25, 0.5, and 1.0 h Mpc− 1 (dot ted, dashed, and sold plots, respect ively).

Color indicates baseline length in wavelengths at 150 MHz of 16 (blue), 32 (green), 64 (red), and

128 (cyan). The width of the response of a delay-t ransform bin arises from the inherent scaling of

uv-coverage with frequency, or equivalent ly, from the width of the primary beam in delay-space.

Only for the longest baselines does mode-mixing substant ially affect measurements of the power

spect rum of high-redshift 21cm emission.

Δ
2
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K
2
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Effect of mode mixing on power spectra 

measured 16λ, 32λ, 64λ, 128λ baseline 
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Fig. 8.— The predicted PAPER-132 power-spect rum sensit ivity from P12 (dot ted black), re-

plot ted to show binning intervals in k, and modified to only include cont ribut ions at each k value

from baselines that do not show foreground corrupt ion there, is overlaid on noiseless simulat ions of

contaminat ion by smooth-spect rum foreground emission observed by baselines of length 16 (blue),

32 (green), 64 (red), and 128 (cyan) wavelengths at 150 MHz. See §4 for simulat ion details.

Simulated 21cm reionizat ion power spect ra from Lidz et al. (2008), with ionizat ion fract ions of 0.02,

0.15, 0.21, 0.54, 0.82, 0.96, (black curves, top to bot tom, respect ively, on plot right ) are also shown,

projected to redshift 7.9, corresponding to 160 MHz. It should be noted that these predicted power

spectra are considerably more pessimist ic than those used in Beardsley et al. (2012). Judicious

use of windowing funct ions produces fall-off in foreground emission at a characterist ic scale that

depends on baseline length. The rise of foreground emission at higher k is not noise, but rather

is the result of sidelobes of smooth-spect rum foreground emission that are not fully suppressed by

the windowing and deconvolut ion steps used to compute the delay spect rum, mult iplied by the k3

factor in ∆ 2(k).

Delay Spectrum Technique: Predictions 

Legend 

• Dotted: PAPER-128 

sensitivity 

 

• Solid black: Lidz et 

al. 2008 EoR power 

specta vs. <xi> 

 

• Solid colors: 

Maximum k-mode 

foreground 

contamination for 

16λ, 32λ, 64λ, 128λ 

baseline 

Parsons, JP, et al. (2012b) 



HERA-576 Parameters 



The HERA Dish 
• 14m diameter, 4.5m focal height, zenith-pointing 

• Confines reflections to delays < 50 ns, ensuring smooth 

frequency response for foreground suppression 

• Dish diameter minimizes cost for sensitivity, given the 

foreground removal specification 



HERA Signal Flow 
• Short analog signal chain minimizes reflection timescales 

• New CASPER board digitizes 0-250 MHz, hosts correlator 

F-engine, transmits selected 100-MHz via 10GbE optical 

links 

• 42 GPU-accelerated servers act as correlator X-engines 

(night) and data compression engines (daytime) 


