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Reionisation & Cosmic Dawn
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Reionisation & Cosmic Dawn

The chronology & topology of reionisation can shed light on 
- the birth of first stars
- the density of galaxies
- the nature of the IGM
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We already have some clues about reionisation

1. Spectra of quasars and galaxies: Lyman-ɑ forest vs. Gunn-Peterson trough

The forest shows as soon as 0.1% of atoms are neutral

Gunn & Peterson 1965
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We already have some clues about reionisationCosmic Reionization 73

Figure 1: Moderate resolution spectra of nineteen SDSS quasars at 5.74 < z <

6.42. Adapted from Fan et al. (2006b)
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1. Spectra of quasars and galaxies

Fan+2001, 2006

The SDSS quasars tell us reionisation 
should be over by redshift 6
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We already have some clues about reionisation

1. Spectra of quasars and galaxies: reionisation is over by z=6

2. Luminosity of high-redshift galaxies: amount of radiation available to ionise the IGM

Bouwens+2015, Robertson+2016, Ishigaki+2015, 2018…
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We already have some clues about reionisation

1. Spectra of quasars and galaxies: reionisation is over by z=6

2. Luminosity of high-redshift galaxies: amount of radiation available to ionise the IGM

3. CMB optical depth

Planck collaboration 2016 XLVII, 2018 I, Gorce 2020
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We already have some clues about reionisation

1. Spectra of quasars and galaxies: reionisation is over by z = 6

2. Luminosity of high-redshift galaxies: amount of radiation available to ionise the IGM

3. CMB optical depth: reionisation halfway through at z = 6.5

Gorce+2018, Ishigaki+2018, Mason+2019, Greig+2017…

Does it mean we know everything already?!
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The 21cm signal
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The 21cm signal

z = 1100

z ≃ 1
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The 21cm signal

With the 21cm signal, we can map the Universe at any redshift
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The 21cm signal

Chapter1.Introduction

Figure1.2:Snapshotsoftheionisationfieldinthersageconstsimulation(seeApp.B.2)
atdifferentphasesinthereionisationprocess.Leftpanel:Pre-overlap:HIIregionsgrow
aroundeachisolatedionisingsource.Middlepanel:Overlap:Galaxiesformandremote
ionisedbubblesoverlap.Rightpanel:Postoverlap:IGMisfullyionised.

vationallimitofeventhenext-generationinfraredinstruments,suchastheJamesWebb
SpaceTelescope(JWST,Gardneretal.2006)2andsowouldlikelybemoreeasilyspotted
inthe21cmpowerspectrum(Qinetal.2020a).Finally,high-redshiftmini-quasarsare
thepotentiallow-massseedsforz>7supermassiveblackholes.Theycouldbetheresult
ofthedirectcollapseofPopIIIstars,ofprimordialblackholes,orbePopIIIremnants
(Zackrisson2020).BecauseoftheirpotentialhardX-rayemission,theycouldalsohave
contributedtoIGMheating,andtheyareobservablewithfar-futureX-raytelescopessuch
asNASA’sLynx(Gaskinetal.2019)3,uptoz=10.Onecanalsoimaginecontribution
fromPopulationIIIgamma-rayburstsorgalaxies.

ReionisationoftheIGMwillhappenoncethefirstluminousobjectsappearinthesky,
emitphotonswithsufficientenergytoioniseanhydrogenatom(E>13.6eV)andonce
thisradiationescapesfromthehalohostingthesource.Ifweconsiderthatgalaxiesled
thereionisationprocess,inaninside-outscenario,weassumethationisedbubblesform
aroundeachsourceandthesebubblesgrowinvolume,eventuallyoverlappinguntilthey
covertheentireIGM.ThisisillustratedinFig.1.2inthecaseofthersagesimulation
(Seileretal.2019).Inthisscenario,thedensestregionsoftheIGMarethefirstonesto
getionisedbecometheyhosttheverysourcesofreionisation.However,thehighdensity
oftheseregionsalsomeansthatrecombinationsaremostlikelytohappenatahigherrate
inthem.Thiscanleadtonewlyformedionisedregionstorecombineveryquickly,and
theleastdenseregionsoftheIGMtobethefirstdefinitivelyionisedregionsofthesky,in
aso-calledoutside-inscenario.Indeed,considerasourceionisingitssurroundingneutral
medium4.Asmentionedabove,recombinationscompetewithionisationsuntilreaching

2
Seehttps://www.jwst.nasa.gov.
3

Seehttps://www.lynxobservatory.com.
4

Thisformalism,originallyderivedinthecaseofasinglestar,isheregeneralisedtoawholegalaxy,

morerelevantforcosmicreionisation.
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The 21cm signal
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The 21cm signal

Chapter1.Introduction
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Radio interferometers around the world
A world-wide effort…

GMRT
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Current upper limits
… which has only led to upper limits so far.

• The 21cm power spectrum

HERA collab et al. 2022a

x 100
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Radio interferometers around the world
A world-wide effort…

GMRT
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The Hydrogen Epoch of Reionization Array

52 14m dishes (→ 350)

The signal is faint so HERA is huge!
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Why an array of antennae?
Interferometers measure “visbilities” i.e. Fourier modes on the sky

Baseline length bij
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= hãb̃i+ termes croisés

�Tb = T0(z)xHI (1 + �b)


1� TCMB

TS

�
(3)

�obs = �em ⇥ (1 + z) = 21 cm⇥ (1 + z) $ ⌫obs =
⌫em

1 + z

✓ ' �

b

kk = k?
H(z)dc(z)✓

c(1 + z)

Vij(⌫) =

Z
Bij(r̂, ⌫)I(r̂, ⌫) exp

h
�2⇡i

⌫

c
bij · r̂

i
d⌦ (4)

2

Signal intensityBeam (PSF)

is the Fourier dual of the sky angle 
(k⟂)

• Dense arrays measure large-scale fluctuations (e.g. EDGES’ “table”)
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An estimator of the power spectrum is built directly from the visibilities:
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The Hydrogen Epoch of Reionization Array

52 14m dishes (→ 350)

o 10° stripe (beam) at fixed declination
o Bandwidth: 100 < "/MHz < 200 (6 < z < 13)
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Foregrounds vs. HERA: Round 1

Extremely bright foregrounds lie between the first stars and us
o Galactic (synchrotron): 73%
o Extra galactic (point sources): 27%

4 E. Chapman et al.

our analysis in Section 5 we wish to look at these results
on di↵erent scales and so we utilise wavelet decomposition
to do this. We will use the IUWT both within gmca and
later to analyse the images at di↵erent scales, though we
briefly consider other wavelets when we question how much
our results depend on this choice of wavelet.

For our gmca implementation we set the number of
decomposition scales to be eight, the maximum allowed by
the dimensions of our data cube.

3 SIMULATED EOR DATA

We simulate 170 frequency maps between 115 and 199.5
MHz with spacings of 0.5 MHz. The maps consist of 5122

pixels representing a comoving 1734 Mpc2 area. At z =10.8
this is equivalent to a field of view of 10�⇥10� or a reso-
lution of 1.17 arcminutes per pixel. Since an interferometer
like LOFAR is insensitive to the mean value of the bright-
ness temperature, we use mean-subtracted maps. We use the
same set of simulations as Chapman et al. (2012) and the
reader can refer there for more detailed information on the
simulations.

The observable of the 21-cm radiation, the
brightness temperature �Tb, is simulated using the
semi-numeric modelling tool 21cmfast (Mesinger
& Furlanetto 2007; Mesinger, Furlanetto & Cen
2011). The code was run using a standard cosmology,
(⌦⇤,⌦m,⌦b, n,�8, h)=(0.72,0.28,0.046,0.96,0.82,73)(Komatsu
et al. 2011) and initialised at z=300 on a 18003 grid. The
velocity fields used to perturb the initial conditions as well
as the resulting 21-cm �Tb boxes were formed on a cruder
grid of 4503 before being interpolated up to 5123. We define
halos contributing ionizing photons as having a minimum
virial mass of 1⇥ 109M�.

The foreground simulations are obtained using the fore-
ground models described in Jelić et al. (2008, 2010). We
model Galactic di↵use synchrotron emission (GDSE), Galac-
tic localised synchrotron emission, Galactic di↵use free-free
emission and extragalactic foregrounds consisting of contri-
butions from radio galaxies and radio clusters. While the
Galactic foreground emission is simulated using Gaussian
random fields, the total foreground signal is non-Gaussian.
We do not consider the polarisation of the foregrounds. The
foregrounds simulated here can be up to five orders of mag-
nitude larger than the signal we hope to detect but since
interferometers such as LOFAR measure only fluctuations,
foreground fluctuations dominate by ‘only’ three orders of
magnitude.

To simulate the noise at each frequency, a LOFAR mea-
surement set was filled with Gaussian noise in the uv plane.
This was then imaged to create a real-space image, the root
mean square of which can be normalized to the value as given
by the prescription detailed in Chapman et al. (2012). For
example the noise sensitivity at 150 MHz for an integration
time of 600 h, a PSF of width 4 arcminutes and a frequency
spacing of 0.5 MHz is 64 mK. The 170 noise maps were un-
correlated over frequency - i.e. a di↵erent noise realization
was used to fill the measurement set for each frequency.

The success of an interferometer such as LOFAR is
highly dependent on how uv space is sampled. The particu-
lar pattern of uv sampling forms a beam which a↵ects how
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Figure 1. The redshift evolution of the simulated cosmological

signal (red; dot), foregrounds (black;solid), noise (purple; dash)

and total combined signal (blue; dash dot). All components have

undergone the PSF convolution. Note the 21-cm signal has been

amplified by 10 and displaced by -1K for clarity.

the components such as the foregrounds are seen by the in-
terferometer. Dirty foreground and 21-cm images were simu-
lated by convolving with the PSF of the LOFAR set-up used
to simulate the noise. The PSF used for creating dirty im-
ages (and for creating the noise as described in the previous
section) was chosen to be the worst in the observation band-
width - i.e. the PSF at 115 MHz. In observations the syn-
thesized beam decreases in size with increasing frequency,
causing point source signals to oscillate with the beam, pro-
ducing a foreground signal with an oscillatory signal very
much like that of the 21-cm signal (Vedantham, Shankar &
Subrahmanyan 2012). However, this mode-mixing contribu-
tion has been found not to threaten the 21-cm recovery and
have a power well below the 21-cm level (Bowman et al.
2006; Liu, Tegmark & Zaldarriaga 2009; Trott, Wayth &
Tingay 2012). As such we do not consider a frequency de-
pendent PSF here.

Once the foregrounds and 21-cm signal have been ad-
justed for uv sampling, the three component cubes are added
together. The components of the total �Tb along a random
line of sight are shown in Fig. 1.

4 RESULTS

In the following section, the word ‘reconstructed’ refers to
a component which has been estimated from the simulated
data using gmca. The ‘residuals’ or (‘rest’ for short) are
the di↵erence between the total mixed signal and the re-
constructed foregrounds and should therefore consist of the
21-cm signal, noise and any fitting errors.

4.1 Source Number

gmca requires the specification of the number of sparse
sources that the data can be defined by. We utilise this com-
ponent separation technique to define the foregrounds in or-
der to subtract them, treating the 21-cm signal as noise.
Therefore, the number of sources refers to the number of
foreground contributions which can be described by unique

c� 0000 RAS, MNRAS 000, 000–000

4-5 orders of 
magnitude Foregrounds

Cosmological signal

Thermal noise

Chapman+2013

But luckily they are spectrally smooth,
so we can separate them from the cosmological signal in Fourier space…

Foregrounds 1 – HERA 0
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Foregrounds vs. HERA: the power of the wedge
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Parsons+2013, Liu+2015a,b

Chapter1.Introduction

Figure1.2:Snapshotsoftheionisationfieldinthersageconstsimulation(seeApp.B.2)
atdifferentphasesinthereionisationprocess.Leftpanel:Pre-overlap:HIIregionsgrow
aroundeachisolatedionisingsource.Middlepanel:Overlap:Galaxiesformandremote
ionisedbubblesoverlap.Rightpanel:Postoverlap:IGMisfullyionised.
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SpaceTelescope(JWST,Gardneretal.2006)2andsowouldlikelybemoreeasilyspotted
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thepotentiallow-massseedsforz>7supermassiveblackholes.Theycouldbetheresult
ofthedirectcollapseofPopIIIstars,ofprimordialblackholes,orbePopIIIremnants
(Zackrisson2020).BecauseoftheirpotentialhardX-rayemission,theycouldalsohave
contributedtoIGMheating,andtheyareobservablewithfar-futureX-raytelescopessuch
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emitphotonswithsufficientenergytoioniseanhydrogenatom(E>13.6eV)andonce
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Seehttps://www.lynxobservatory.com.
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Thisformalism,originallyderivedinthecaseofasinglestar,isheregeneralisedtoawholegalaxy,
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Foregrounds vs. HERA: the power of the wedge
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Foregrounds vs. HERA: the power of the wedge
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HERA is designed to maximise sensitivity on short baselines (small k⟂)
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Results: Cylindrical power spectra
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Results: Spherical power spectra
o Lowest upper limits to date

o With only 18 nights of data, 39 antennae and foreground avoidance

HERA collab et al. 2022a

HERA

Constraints on theory?
o Rule out an IGM unheated by X-rays at  z = 7.9
o Difficult to say more at this point

Foregrounds 2 – HERA 1?
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Another big issue: Systematics

o Understand temporal and spectral structure of systematics to identify them:
→ Cross-coupling systematics have a slow time variability

The 21cm power spectrum

Kern+2019

Systematics chromatography
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Another big issue: Systematics
o Understand temporal and spectral structure of systematics to identify them:

→ Cross-coupling systematics have a slow time variability

Kern+2019
o We are approaching the thermal noise limit!
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Building confidence in the HERA results
End-to-end simulation pipeline with

ü Cosmological signal
ü Foregrounds
ü Systematics

→ Extract a simulated signal

→ Quantify biases

(raised our limits by ≃ 10%)

Aguirre+2022

Noise

Foregrounds
“Detections”
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Understanding how measurements
The power spectrum measured by an interferometer is different from the intrinsic 
cosmological power spectrum. 28 The HERA Collaboration

Figure 20. Here we show in greater detail the most sensi-
tive 2� upper limit on the 21 cm power spectrum we report,
namely 457mK2 at 0.34hMpc�1 Band 2 (z = 7.9), Field
C. The information in the top panel is identical to that in
Figure 19. We also include the window functions W (k) in
the bottom panel, which tell us how each measurement is
expected to be a linear combination of the underlying band-
powers. All band window functions peak at the measured k
and are relatively narrow, hence the relatively narrow hor-
izontal errors bars which are interpolated from the window
functions to span the 16th to the 84th percentile.

for signs of possible residual systematic e↵ects. By re-
peating key tests from H22a, we can help ensure that no
new failure modes have cropped up.

6.1. Noise Integration Tests at High Delay

As in H22a, we performed a series of noise integra-
tion tests to determine whether bandpowers outside the
wedge region are consistent with being noise-dominated.
By cumulatively averaging the samples that went into
the fully-averaged power spectra shown in Figure 19, we
are able to test whether the samples average together as
would be expected for bandpowers formed from uncor-
related (white) random noise, or whether an additional
correlated or non-random signal, such as a source of sys-
tematic contamination, may be present.
Our first test is to simply integrate all bandpowers

above a fixed k. Following H22a, we randomly draw
300,000 pure-noise realizations of the bandpowers using
the error covariance matrix propagated through our var-
ious averaging steps and used to set the error bars on
our power spectra. We then compute the fraction of
noise realizations that are larger than the data, which is

by definition the p-value of the measurement if the null
hypothesis is that measured values are drawn from the
noise covariance and have mean zero. In Table 5, we
show the results of this test for both the real and imag-
inary parts of both bands’ and all fields’ power spectra.

Table 5. Statistical p-values, testing the consistency of the
real and imaginary components of the spherical �2(k) with
noise over di↵erent overlapping ranges of k. At high k, most
measurements are consistent with noise. At low k, we do
see decisive evidence for residual systematics (values when
p < 0.01, in bold)—mostly foregrounds and perhaps also
crosstalk, especially in Band 1. We do not quote numbers
below p < 0.001, since we cannot precisely calculate such low
p-values with our 300,000 random draws.

p-value

Data Selection k � 0.2 k � 0.5 k � 1.0

Re[�2], Band 1, Field A <0.001 0.378 0.464

Im[�2], Band 1, Field A <0.001 0.052 0.089

Re[�2], Band 1, Field B <0.001 0.015 0.730

Im[�2], Band 1, Field B 0.773 0.633 0.844

Re[�2], Band 1, Field C <0.001 0.016 0.050

Im[�2], Band 1, Field C 0.182 0.790 0.859

Re[�2], Band 1, Field D <0.001 0.015 0.024

Im[�2], Band 1, Field D 0.810 0.925 0.686

Re[�2], Band 1, Field E <0.001 0.745 0.939

Im[�2], Band 1, Field E 0.343 0.686 0.506

Re[�2], Band 2, Field A <0.001 0.182 0.124

Im[�2], Band 2, Field A 0.262 0.320 0.144

Re[�2], Band 2, Field B 0.077 0.385 0.654

Im[�2], Band 2, Field B 0.499 0.398 0.356

Re[�2], Band 2, Field C 0.198 0.214 0.314

Im[�2], Band 2, Field C 0.041 0.120 0.095

Re[�2], Band 2, Field D 0.007 0.767 0.937

Im[�2], Band 2, Field D 0.100 0.116 0.366

Re[�2], Band 2, Field E 0.006 0.276 0.724

Im[�2], Band 2, Field E 0.383 0.714 0.819

In general, we find our imaginary power spectra con-
sistent with noise across k, as expected. The one excep-
tion is in Field A for Band 1, where we are likely seeing
noise-foreground cross terms dominating the imaginary
power spectrum. Our real power spectra are another
matter. We see strong evidence for inconsistency with
noise at low k, which is expected given the foreground
leakage just outside the wedge bu↵er in both cylindrical

HERA collaboration 2022c, Gorce+2022
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⌘⇣
b̃+ f̃B + ñB
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An illustration of mode mixing: Test cases
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Figure 10. Impulse response of the interferometer, illustrating mode-mixing. We compare the input (Dirac) power spectrum given in equation (26) to the
resulting estimated bandpowers obtained with the HERA window functions on Band 1 by applying equation (27). Left and middle panels: Cylindrical power
spectra. Right panel: Spherical power spectrum. In the right panel, we compare the spherical power spectra obtained in different cases: with exact window
functions but with or without weights (dashed purple line, thick pink line, respectively), without a frequency taper (dash-dotted line), or with weights and taper
but a Gaussian beam (thick light blue line). We see that mode mixing leads to power leaking outside of the impulse, and so missing power in the estimator at
: = :0. This effect is, however, mitigated by the use of a taper, which however adds structure to the recovered cylindrical power (see the ripples in the middle
panel). Again, the Gaussian approximation of the beam performs well.

4.2.3 Spherical binning

The choice of spherical bins used to derive upper limits from the
initial Phase I data set (HERA Collaboration 2022) has been changed
for the newest results, based on the full Phase I data release (see
Sec. 3.1 and HERA Collaboration prep). These new spherical bins
allow an even distribution of (: k , :?) pairs probed in each spherical
bin, as illustrated in Fig. 6. The upper and lower panels of this figure
present the distribution of baseline-delay (1, g) pairs contributing to
each spherical :-bin for Band 2. As mentioned before, in the HERA
data, : ⇠ : k , which explains the nearly vertical distribution of (1, g)
pairs in the upper panel and the nearly horizontal distribution in the
lower panel. Indeed, all baselines will contribute to each :-bin, for a
given : k , or, equivalently, |g |. We show the corresponding spherical
window functions obtained for weighted HERA data in the middle
panel.

To avoid sampling errors, it is necessary to make sure at least one
delay is included in each : k -bin when choosing the grid the window
functions will be computed along. The spacing �: k between two
modes must be a multiple of 2c�g/U(I) where �g is the spacing
between two measured delays, that is 1/⌫ where ⌫ is the length
of the spectral window considered. Because, for HERA, the :?
sampled by the instrument are shorter than the : k by at least one
order of magnitude, choosing the spherical binning is effectively
equivalent to choosing the : k binning. Hence, to not oversample the
:-range, one must ensure that �: is a multiple of 2c/⌫U(I).

The above examples show what impact some analysis choices, such
as the bandwidth or the :-sampling pattern, can have on the window
functions and, subsequently, on power spectrum measurement and
analysis. In the following section, we demonstrate for several test
cases the importance of window functions when reconstructing the
21 cm power spectrum via a delay-based analysis.

4.3 Validation

In this section, we illustrate how window functions can explain mode
mixing by analysing the impulse response of the power spectrum

estimator. We then proceed to applying the exact window functions
to the validation simulations presented in Aguirre et al. (2022), for a
data set made of a known cosmological signal, following a power-law,
as well as physical foregrounds (see Sec. 4.3 for details).

4.3.1 Toy models to illustrate mode mixing

As a proof of concept, let us consider the impulse response of the
power spectrum estimator. That is, we consider a spherical power
spectrum such that

%in (:) =
(

1010 if : = :0,

1 else,
(26)

and construct the corresponding power in cylindrical space for the
HERA setup, %in (:?, : k ), shown in the left panel of Fig. 10. We
then use equation (17) to obtain the estimated bandpowers for the
input power spectrum:

%̂out (1, g) =
π

d:?d: k %in (:?, : k ), (:?, : k ; 1, g). (27)

The estimator at (1, g) is then matched to the appropriate (:?, : k )
pair according to equation (22). Results for Band 1 are shown for the
cylindrical and spherical power spectra in, respectively, the middle
and right panels of Fig. 10. We compare several results in spherical
space: The power spectrum recovered with window functions includ-
ing or not the data noise errors and flagging (see Sec. 3.1), in the
dashed purple and thick pink line, respectively. We also show the re-
sults obtained with weighted window functions for a Gaussian beam
and for the HERA beam, but without applying a tapering function
along the spectral window.

We see that despite the input power being overall well recovered,
the estimated power spectrum contains power at scales : < :0,
which is a perfect illustration of mode mixing (Morales et al. 2012).
The shape of the recovered spherical power spectrum is the exact
shape of the spherical window function at the corresponding :-bin,
scaled by the amplitude of the input power. We find that the power
at : = :0 is underestimated by a factor three whilst the power in
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Figure 10. Impulse response of the interferometer, illustrating mode-mixing. We compare the input (Dirac) power spectrum given in equation (26) to the
resulting estimated bandpowers obtained with the HERA window functions on Band 1 by applying equation (27). Left and middle panels: Cylindrical power
spectra. Right panel: Spherical power spectrum. In the right panel, we compare the spherical power spectra obtained in different cases: with exact window
functions but with or without weights (dashed purple line, thick pink line, respectively), without a frequency taper (dash-dotted line), or with weights and taper
but a Gaussian beam (thick light blue line). We see that mode mixing leads to power leaking outside of the impulse, and so missing power in the estimator at
: = :0. This effect is, however, mitigated by the use of a taper, which however adds structure to the recovered cylindrical power (see the ripples in the middle
panel). Again, the Gaussian approximation of the beam performs well.

4.2.3 Spherical binning

The choice of spherical bins used to derive upper limits from the
initial Phase I data set (HERA Collaboration 2022) has been changed
for the newest results, based on the full Phase I data release (see
Sec. 3.1 and HERA Collaboration prep). These new spherical bins
allow an even distribution of (: k , :?) pairs probed in each spherical
bin, as illustrated in Fig. 6. The upper and lower panels of this figure
present the distribution of baseline-delay (1, g) pairs contributing to
each spherical :-bin for Band 2. As mentioned before, in the HERA
data, : ⇠ : k , which explains the nearly vertical distribution of (1, g)
pairs in the upper panel and the nearly horizontal distribution in the
lower panel. Indeed, all baselines will contribute to each :-bin, for a
given : k , or, equivalently, |g |. We show the corresponding spherical
window functions obtained for weighted HERA data in the middle
panel.

To avoid sampling errors, it is necessary to make sure at least one
delay is included in each : k -bin when choosing the grid the window
functions will be computed along. The spacing �: k between two
modes must be a multiple of 2c�g/U(I) where �g is the spacing
between two measured delays, that is 1/⌫ where ⌫ is the length
of the spectral window considered. Because, for HERA, the :?
sampled by the instrument are shorter than the : k by at least one
order of magnitude, choosing the spherical binning is effectively
equivalent to choosing the : k binning. Hence, to not oversample the
:-range, one must ensure that �: is a multiple of 2c/⌫U(I).

The above examples show what impact some analysis choices, such
as the bandwidth or the :-sampling pattern, can have on the window
functions and, subsequently, on power spectrum measurement and
analysis. In the following section, we demonstrate for several test
cases the importance of window functions when reconstructing the
21 cm power spectrum via a delay-based analysis.

4.3 Validation

In this section, we illustrate how window functions can explain mode
mixing by analysing the impulse response of the power spectrum

estimator. We then proceed to applying the exact window functions
to the validation simulations presented in Aguirre et al. (2022), for a
data set made of a known cosmological signal, following a power-law,
as well as physical foregrounds (see Sec. 4.3 for details).

4.3.1 Toy models to illustrate mode mixing

As a proof of concept, let us consider the impulse response of the
power spectrum estimator. That is, we consider a spherical power
spectrum such that

%in (:) =
(

1010 if : = :0,

1 else,
(26)

and construct the corresponding power in cylindrical space for the
HERA setup, %in (:?, : k ), shown in the left panel of Fig. 10. We
then use equation (17) to obtain the estimated bandpowers for the
input power spectrum:

%̂out (1, g) =
π

d:?d: k %in (:?, : k ), (:?, : k ; 1, g). (27)

The estimator at (1, g) is then matched to the appropriate (:?, : k )
pair according to equation (22). Results for Band 1 are shown for the
cylindrical and spherical power spectra in, respectively, the middle
and right panels of Fig. 10. We compare several results in spherical
space: The power spectrum recovered with window functions includ-
ing or not the data noise errors and flagging (see Sec. 3.1), in the
dashed purple and thick pink line, respectively. We also show the re-
sults obtained with weighted window functions for a Gaussian beam
and for the HERA beam, but without applying a tapering function
along the spectral window.

We see that despite the input power being overall well recovered,
the estimated power spectrum contains power at scales : < :0,
which is a perfect illustration of mode mixing (Morales et al. 2012).
The shape of the recovered spherical power spectrum is the exact
shape of the spherical window function at the corresponding :-bin,
scaled by the amplitude of the input power. We find that the power
at : = :0 is underestimated by a factor three whilst the power in
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neighbouring cylindrical cells is overestimated by a factor eight. As
already noted in Sec. 4.2, applying inverse-variance weights to the
window function only has a small impact on the recovered power,
removing the contribution from low-: modes, or small delays, located
in the foreground wedge. Indeed, the weights change the sampling
pattern along : k (see Fig. 8), to which the spherical window functions
are only weakly sensitive. The Gaussian approximation once again
performs well, slightly enhancing the modulations around the peak
due to the Gaussian beam power decreasing exponentially with :?,
in contrast to the simulated HERA beam.

These modulations, also seen as ripples along : k in the recovered
cylindrical power spectrum, correspond to the Fourier transform of
the beam being convolved by the Fourier transform of the tapering
function, a leakage that was already observed in Aguirre et al.
(2022). If no taper (or a step-like taper) is applied, the Dirac input
power spectrum is smeared into a :�2

k power-law corresponding to
the Fourier transform of the step function – the sinc function. This
is visible in the right panel, where we show the spherical power spec-
trum recovered in the no-taper case. According to Tegmark (1997), a
way to mitigate this effect would be to improve the modelling of the
data covariance matrix, and doing so equivalently lower the weights
applied to the edges of the spectral window. Additionally, applying a
taper such as Blackman-Harris widens the tails of the window func-
tions as it reduces the effective bandwidth by half (see Sec. 4.2). We
refer the interested reader to Thyagarajan et al. (2013) for a discus-
sion of the impact of tapering choices in terms of foreground leakage.

Let us now increase the complexity of the model and consider a
simplified foregrounds and cosmological model, defined on the two
HERA Bands. We generate a Gaussian cosmological signal in 3D
Fourier space such that %cosmo (:) / :�2, following Aguirre et al.
(2022). We add a simplified foreground model, analogous to a diffuse
sky model, such that

%fg (:?, : k ) =
(

106 if : k < :lim,

1 else,
(28)

where :lim = 0.15 ⌘Mpc�1, corresponding to the wedge limit (see
3.1). These two contributions, along with their sum, which is our
mock signal, are shown as spherical power spectra in the upper panel
of Fig. 11 for Band 1. Because there are no correlations between the
cosmological and foreground signals, the two power spectra simply
add up: %in (:) = %cosmo (:) + %fg (:).

Again, we use the exact window functions and equation (27) to ob-
tain the estimated bandpowers corresponding to the HERA analysis.
We compare in the lower panel of Fig. 11 the difference between the
input %in (:) and the output %out (:) spherical power spectra. Some
leakage of the foregrounds power above :lim is visible in cylindrical
and spherical space, extending to ⇠ 2:lim = 0.30 ⌘Mpc�1. Note that
the reconstruction is identical for a Gaussian beam.

4.3.2 Validation simulations

We now consider the validation simulations introduced in Aguirre
et al. (2022) and succinctly described in Sec. 3.2. We take the data set
made of the mock EoR signal only, noting that it is simulated to have
a power spectrum %(:) / :�2. No foreground emission, noise, or
instrumental corruption beyond the beam is included in the data. We
consider a bandwidth 100.0 < a/MHz < 114.0 centred on I = 12.3.

These simulated visibilities are run through the HERA analysis
pipeline, and Fig. 12 presents the resulting power spectrum (blue
data points) compared to the theoretical input power (black line). As

Figure 11. Input (upper panel) and recovered (lower panel, equation 27)
spherical power spectra for a toy model including a Gaussian cosmological
signal and a simplified (diffuse) foregrounds model where the foregrounds
are limited to :k < :lim, represented as the vertical line in the lower panel.
This figure illustrates how the exact window functions can explain foreground
leakage around the wedge.

in Aguirre et al. (2022), we find that the recovered power spectrum
is generally in good agreement with the theoretical %(:) / :�2

on the central modes of the :-range. Namely, this test validates the
normalisation conventions and cosmological conversions carried out
throughout the analysis. However, there is a clear discrepancy on large
and small scales. On small scales, the authors of Aguirre et al. (2022)
find that the positive bias can be corrected by a simple approximation
of the aliasing effect, as illustrated in Fig. 12 as the dashed line.
This correction brings the recovery back to a 5% precision on : &
0.4 Mpc�1. On large scales, the discrepancy is partly due to the
window functions: For each :-bin, the estimated power spectrum
is effectively a weighted average of the true power spectrum over
neighbouring modes. Since the input power spectrum is a decreasing
function of : , this effect is stronger for low :-modes, corresponding
to a larger power. We use equation (17) to correct for this effect by
including the window function weighting in the estimated power.
We achieve a better recovery of the input power spectrum, reducing
the discrepancy that was seen in Aguirre et al. (2022): All modes
: > 0.04 Mpc�1 are recovered within a 5% precision. However,
the asymmetry on the window functions on the edge of the :-range
lead to a largely underestimated power for the first few bins. Note
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neighbouring cylindrical cells is overestimated by a factor eight. As
already noted in Sec. 4.2, applying inverse-variance weights to the
window function only has a small impact on the recovered power,
removing the contribution from low-: modes, or small delays, located
in the foreground wedge. Indeed, the weights change the sampling
pattern along : k (see Fig. 8), to which the spherical window functions
are only weakly sensitive. The Gaussian approximation once again
performs well, slightly enhancing the modulations around the peak
due to the Gaussian beam power decreasing exponentially with :?,
in contrast to the simulated HERA beam.

These modulations, also seen as ripples along : k in the recovered
cylindrical power spectrum, correspond to the Fourier transform of
the beam being convolved by the Fourier transform of the tapering
function, a leakage that was already observed in Aguirre et al.
(2022). If no taper (or a step-like taper) is applied, the Dirac input
power spectrum is smeared into a :�2

k power-law corresponding to
the Fourier transform of the step function – the sinc function. This
is visible in the right panel, where we show the spherical power spec-
trum recovered in the no-taper case. According to Tegmark (1997), a
way to mitigate this effect would be to improve the modelling of the
data covariance matrix, and doing so equivalently lower the weights
applied to the edges of the spectral window. Additionally, applying a
taper such as Blackman-Harris widens the tails of the window func-
tions as it reduces the effective bandwidth by half (see Sec. 4.2). We
refer the interested reader to Thyagarajan et al. (2013) for a discus-
sion of the impact of tapering choices in terms of foreground leakage.

Let us now increase the complexity of the model and consider a
simplified foregrounds and cosmological model, defined on the two
HERA Bands. We generate a Gaussian cosmological signal in 3D
Fourier space such that %cosmo (:) / :�2, following Aguirre et al.
(2022). We add a simplified foreground model, analogous to a diffuse
sky model, such that

%fg (:?, : k ) =
(

106 if : k < :lim,

1 else,
(28)

where :lim = 0.15 ⌘Mpc�1, corresponding to the wedge limit (see
3.1). These two contributions, along with their sum, which is our
mock signal, are shown as spherical power spectra in the upper panel
of Fig. 11 for Band 1. Because there are no correlations between the
cosmological and foreground signals, the two power spectra simply
add up: %in (:) = %cosmo (:) + %fg (:).

Again, we use the exact window functions and equation (27) to ob-
tain the estimated bandpowers corresponding to the HERA analysis.
We compare in the lower panel of Fig. 11 the difference between the
input %in (:) and the output %out (:) spherical power spectra. Some
leakage of the foregrounds power above :lim is visible in cylindrical
and spherical space, extending to ⇠ 2:lim = 0.30 ⌘Mpc�1. Note that
the reconstruction is identical for a Gaussian beam.

4.3.2 Validation simulations

We now consider the validation simulations introduced in Aguirre
et al. (2022) and succinctly described in Sec. 3.2. We take the data set
made of the mock EoR signal only, noting that it is simulated to have
a power spectrum %(:) / :�2. No foreground emission, noise, or
instrumental corruption beyond the beam is included in the data. We
consider a bandwidth 100.0 < a/MHz < 114.0 centred on I = 12.3.

These simulated visibilities are run through the HERA analysis
pipeline, and Fig. 12 presents the resulting power spectrum (blue
data points) compared to the theoretical input power (black line). As

Figure 11. Input (upper panel) and recovered (lower panel, equation 27)
spherical power spectra for a toy model including a Gaussian cosmological
signal and a simplified (diffuse) foregrounds model where the foregrounds
are limited to :k < :lim, represented as the vertical line in the lower panel.
This figure illustrates how the exact window functions can explain foreground
leakage around the wedge.

in Aguirre et al. (2022), we find that the recovered power spectrum
is generally in good agreement with the theoretical %(:) / :�2

on the central modes of the :-range. Namely, this test validates the
normalisation conventions and cosmological conversions carried out
throughout the analysis. However, there is a clear discrepancy on large
and small scales. On small scales, the authors of Aguirre et al. (2022)
find that the positive bias can be corrected by a simple approximation
of the aliasing effect, as illustrated in Fig. 12 as the dashed line.
This correction brings the recovery back to a 5% precision on : &
0.4 Mpc�1. On large scales, the discrepancy is partly due to the
window functions: For each :-bin, the estimated power spectrum
is effectively a weighted average of the true power spectrum over
neighbouring modes. Since the input power spectrum is a decreasing
function of : , this effect is stronger for low :-modes, corresponding
to a larger power. We use equation (17) to correct for this effect by
including the window function weighting in the estimated power.
We achieve a better recovery of the input power spectrum, reducing
the discrepancy that was seen in Aguirre et al. (2022): All modes
: > 0.04 Mpc�1 are recovered within a 5% precision. However,
the asymmetry on the window functions on the edge of the :-range
lead to a largely underestimated power for the first few bins. Note
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Conclusions: What is next for HERA?
o Use more date to decrease noise: new results coming with full data set

→ From a pure sensitivity perspective, the next limit could be as much as ≃ 3 times 
deeper. 

Current limits: 18 nights

Full season of HERA Phase I

Epoch 0 Epoch 1 Epoch 2 Epoch 3

o Build all 350 antennae (first 
results with only 52) and 
upgrade existing ones

→ Longer bandwidth (4.7 < z < 29)

o With full season (100 nights), should easily 
conclude on EDGES and constrain the 
reionisation history at z +/- 0.1

Liu+2016


