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10–41, orange in Figure 1), and those whose eastern element is
one row down (e.g., 49–3, blue in Figure 1). These baseline
groups consist of 56, 49, and 49 baselines, respectively. We
de�ne a redundant group of baselines as being the set of
baselines that have the same grid spacing; baselines in each of
the three redundant groups described above are instantaneously
redundant and therefore measure the same Fourier modes on
the sky. Thus, within a redundant group, measurements from
baselines may be coherently added to build power-spectrum
sensitivity as N rather than N , where N is the number of
baselines added.

PAPER-64 conducted nighttime observations over a 135 day
period from 2012 November 8 (JD 2456240) to 2013 March 23

(JD 2456375). Since solar time drifts with respect to local
sidereal time (LST), this observing campaign yielded more
samples of certain LSTs (and hence, sky positions) than others.
For the power spectrum analysis, we use observations between
0:00 and 8:30 hr LST. This range corresponds to a “cold patch”
of sky away from the galactic center where galactic
synchrotron power is minimal, but also accounts for the
weighting of coverage in LST. Figure 2 shows our observing
�eld with the contours labeling the beam weighted observing
time relative to the peak, directly over head the array.

The PAPER-64 correlator processes a 100–200 MHz
bandwidth, �rst channelizing the band into 1024 channels of
width 97.6 kHz, and then cross multiplying every antenna and

Figure 2. Global Sky Model (de Oliveira-Costa et al. 2008), illustrating foregrounds to the 21 cm cosmological signal, with contours indicating beam-weighted
observing time (relative to peak) for the PAPER observations described in Section 2. The map is centered at 6:00 hr in R.A.

Figure 3. Stages of power-spectrum analysis. Black lines indicate data �ow; red lines indicate Monte Carlo simulations used to measure signal loss. Yellow boxes
indicate stages that by construction have negligible signal loss. Signal loss in other stages is tabluted in Table 1.
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estimated empirically through bootstrapping (see Section 5.4),
the slight increase in measurement error associated with
truncating the tails of the Gaussian distribution are naturally
accounted for.

3.5. Fringe-rate Filtering

By averaging visibilities in time, we aim to maximize
sensitivity by coherently combining repeated measurements of
k-modes before squaring these measurements and averaging over
independent k-modes to estimate the power spectrum amplitude.
This is mathematically similar to the more traditional process of
gridding in the uv plane, but applied to a single baseline.
However, rather than applying a traditional box-car average, we
can apply a kernel—a so-called “fringe-rate” �lter—that weights
different temporal rates by the antenna beam corresponding to
the parts of the sky moving at the same rate.

For a given baseline and frequency, different parts of the sky
exhibit different fringe-rates. Maximum fringe rates are found
along the equatorial plane, where the rotation rate of the sky is
highest, and zero fringe rates are found at the poles, where the
sky does not rotate and hence sources do not move through the
fringes of a baseline (Parsons & Backer 2009). Fringe rates are

not constant as a function of latitude. Bins of constant fringe
rate correspond to rings in R.A. and decl., where the east–west
projection of a baseline projected toward a patch of the sky is
constant. We use this fact in conjunction with the rms beam
response for each contour of constant fringe rate to construct a
time average kernel or “fringe-rate �lter.”

As examined in Parsons et al. (2015), it is possible to tailor
fringe-rate �lters to optimally combine time-ordered data for
power-spectrum analysis. Fringe-rate �lters can be chosen that
up-weight points of the sky where our instrument is more
sensitive and down-weight those points farther down in the
primary beam, which are less sensitive. For white noise, all
fringe-rate bins will contain the same amount of noise, but the
amount of signal in each bin is determined by the primary beam
response on the sky. By weighting fringe-rate bins by the rms
of the beam response, we can get a net increase in sensitivity.

Applying this �lter effectively weights the data by another
factor of the beam area, changing the effective primary beam
response,20 A(l, m) (Parsons et al. 2015). By utilizing prior

Figure 8. Visibilities measured by a �ducial baseline in the PAPER-64 array, averaged over 135 days of observation. From left to right, columns represent data that:
(1) contain foregrounds prior to the application of a wideband delay �lter or fringe-rate �ltering, (2) are fringe-rate �ltered but not delay �ltered, (3) are delay �ltered
at 15 ns beyond the horizon limit but are not fringe-rate �ltered, (4) are both delay and fringe-rate �ltered, and (5) are delay and fringe-rate �ltered and have been
averaged over all redundant measurements of this visibility. The top row shows signal amplitude on a logarithmic scale; the bottom row illustrates signal phase.
Dashed lines indicate the 0:00–8:30 range in LST used for power spectrum analysis. The putative crosstalk is evident in the center panel as constant phase features
which do not fringe as the sky. The two right panels show some residual signal in the phase structure which is present at low delay. Away from the edges of the
observing band, over four orders of magnitude of foreground suppression is evident.

20 The angular area in Equation (24) will re�ect the new angular area
corresponding to the change in beam area.
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In this erratum, we retract the upper limits on the 21 cm power spectrum presented in the published article. The published article
reported an upper limit on k21

2�% ( ) of (22.4 mK)2 at z�= �8.4 in the range k h0.15 0.5 Mpc 1� � � � �� . This analysis underestimated the
level of signal loss, or attenuation of the target cosmological 21 cm signal associated with the chosen power spectrum estimator, and
also underestimated the statistical error on those estimates. A revised result, with a new analysis, is presented in M. K. Kolopanis
et al.(2018, in preparation). Below, we brie� y summarize the errors in the original analysis and how they are corrected. For an in-
depth analysis and discussion of the errors, we refer the reader to Cheng et al.(2018).

Signal loss was expected in the original analysis because the covariance matrices,C, used to weight the un-normalized bandpower
estimates,q�B�l , in

q xC Q C x 11 1��� B � B
� � � ��l ( )

were empirically estimated from a time-averaged� nite ensemble of the data,x, such thatC C xxx t� l � � � ˜ � §�l • . While the true
covarianceC leads to an inherently unbiased lossless estimator of the power spectrum, using an empirically estimatedC�l can lead to
signal loss. Speci� cally, weighting data by an empirically estimated covariance carries the risk of over� tting and downweighting EoR
� uctuations that are coupled to the data. In Cheng et al.(2018), it is shown that these couplings are especially strong in the fringe-rate
� ltered PAPER-64 data set.

The � rst and most impactful error relates to the method by which signal loss was estimated. To assess signal loss from the
empirically estimated covariance matrix, different realizations of mock cosmological signalse of known amplitudes are added to the
original data to form a new data vector,r x e� w � �. New covariance matrices,C rrr t� � � ˜ � §�l • , are used to estimate un-normalized
bandpowers,q r,�B�l , which can be written as

q xC Q C x xC Q C e

eC Q C x eC Q C e. 2

r r r r r

r r r r

,
1 1 1 1

1 1 1 1

� � � �

� � � �

� B � B � B

� B � B

� � � � � � � �

� � � � � � � �

�l � l � l � l � l

� l � l � l � l ( )

The normalized power estimate can then be compared to the known injected power ine to estimate signal loss.
The key error in the previous analysis was to assume that, sincee was statistically independent ofx, that the two middle cross-

terms in Equation(2) would average to zero in an ensemble. However, as shown in Cheng et al.(2018) and Switzer et al.(2015),
these cross-terms can contain signi� cant negative power becauseCr

�l contains information that correlates the two vectors. Ignoring
these cross-terms leads to a signi� cant underestimate of signal loss.

As a result, we presented negligible signal loss in our original analysis, when in fact approximately� 99.99% of the signal was
removed(Cheng et al.2018). Correcting for the actual signal loss is the biggest factor revising the upper limit on21

2�% .
The second mistake made in the original analysis was to underestimate the statistical errors in the reported power spectrum

estimates. The original analysis used a bootstrap resampling technique on power spectral measurements over the baseline and time
axes. However, fringe-rate� ltering introduces signi� cant correlations in the data along the time axis. As is discussed in Cheng et al.
(2018), bootstrapping across correlated samples can result in a signi� cant underestimate of the variation in the data if the number
of resamplings is not equal to the number of independent samples in the data, as in the case of the original analysis. The error
bars associated with this oversampling were underestimated by approximately a factor of 2(in mK). The revised analysis in
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M. K. Kolopanis et al.(2018, in preparation) only applies bootstrap resampling across the baseline axis to avoid this problem.
The mistake in estimating the statistical errors should have become apparent when comparing results to our theoretical thermal

noise sensitivity. Unfortunately, a third miscalculation was made in estimating the thermal noise sensitivity. As detailed in Cheng
et al.(2018), this miscalculation stemmed from numerous small mismatches between the idealized analysis pipeline used to estimate
sensitivity and the actual analysis applied to the data. As a result, our estimated thermal noise sensitivity was approximately a factor
of 3 low (in mK), leading to the mistaken impression that our error bars were consistent with the level of thermal noise.

In summary, we retract the power spectrum results shown in Figures 18 and 20 in the published article. Results that relied on the
original limits, including those presented in Figure 21, are retracted. Additionally, the companion paper to the original manuscript,
Pober et al.(2015), used the original limits to place constraints on the spin temperature of the intergalactic medium(IGM) atz�= �8.4.
Our revised limits do not place signi� cant constraints on the IGM temperature, and the results of Figure 4 from Pober et al.(2015)
should be disregarded. However, we note that their analysis would still be relevant should a future experiment place constraints
on the 21 cm signal similar to those claimed in the published article. An updated analysis of this same data set is presented in
M. K. Kolopanis et al.(2018, in preparation), where these revised results are put into context with measurements at other redshifts.
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