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A B S T R A C T 

A measurement of the 21-cm global signal would be a revealing probe of the Dark Ages, the era of first star formation, and the 
Epoch of Reionization. It has remained elusive owing to bright galactic and extra-galactic foreground contaminants, coupled 

with instrumental noise, ionospheric effects, and beam chromaticity. The simultaneous detection of a consistent 21-cm dipole 
signal alongside the 21-cm global signal would provide confidence in a claimed detection. We use simulated data to investigate 
the possibility of using drift-scan dipole antenna experiments to achieve a detection of both monopole and dipole. We find 

that at least two antennae located at different latitudes are required to localize the dipole. In the absence of foregrounds, a 
total integration time of ∼10 

4 h is required to detect the dipole. With contamination by simple foregrounds, we find that the 
integration time required increases to ∼10 

5 h. We show that the extraction of the 21-cm dipole from more realistic foregrounds 
requires a more sophisticated foreground modelling approach. Finally, we moti v ate a global network of dipole antennae that 
could reasonably detect the dipole in ∼10 

3 h of integration time. 

Key words: methods: data analysis – methods: observational – dark ages, reionization, first stars. 
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 I N T RO D U C T I O N  

he cosmological 21-cm signal, if measured, would be the best direct
robe of the universe in the as of yet unobserved era of Cosmic Dawn,
s well as the Dark Ages and Reionization. The limited information
e have so far about these eras comes primarily from indirect cosmic
icrowave background (CMB) optical depth constraints (Planck
ollaboration VI 2020b ) and observations of luminous sources
ith HST / JWST (see e.g. Robertson 2022 ). Alongside upcoming

xperiments such as SKA that aim to map the 21-cm fluctuations,
uch information is to be gained in the observation of the 21-cm

ll-sky signal (Pritchard & Loeb 2010 ). In particular, the largest
bsorption trough in the theorized signal is expected to be formed as
he first generation of stars emit Ly α radiation into the Intergalactic

edium (IGM), disappearing as the IGM becomes heated by the
ormation of the first X-ray binaries (Pritchard & Loeb 2012 ). 

Bowman et al. ( 2018 ) announced a detection of this absorption
ignal by the EDGES experiment, which they found to be more
han twice the depth of the largest standard cosmological predictions
Cohen et al. 2017 ). This has inspired a multitude of theoretical expla-
ations beyond the standard cosmological model. The magnitude of
he predicted trough can be increased by introducing an extra cooling

echanism to the baryon fluid. This may be achieved in interacting
ark matter models (Barkana 2018 ; Fraser et al. 2018 ; Mu ̃ noz &
oeb 2018 ), wherein the cooler dark matter is weakly coupled to

he baryon fluid with a cross-section that fa v ours interaction in the
osmic dark ages. Conversely, the 21-cm absorption trough may
e deepened if the CMB were enhanced by a spectrally smooth
xcess radio background component. This component would then
e fitted out in the fore ground remo val process. Ev en before the
 E-mail: yi17@ic.ac.uk 
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DGES detection, the effects of such a component on the 21-cm
ignal were being investigated (Fixsen et al. 2011 ), following the
xcess radiation background detected by ARCADE 2 (Singal et al.
011 ), and later LWA (Dowell & Taylor 2018 ). Both galactic (Reis,
ialkov & Barkana 2020 ; Sikder et al. 2023 ) and extra-galactic
ources have been considered, with Fraser et al. ( 2018 ) and Pospelov
t al. ( 2018 ) suggesting annihilating and oscillating DM, respectively,
nd Brandenberger, Cyr & Shi ( 2019 ) discussing superconducting
osmic strings. Mirocha & Furlanetto ( 2019 ) showed that either the
nhanced cooling or enhanced radiation approaches can produce a
1-cm signal of the correct depth while agreeing with the UVLF, but
ould not capture the signal’s exact spectral shape. Mittal & Kulkarni
 2022 ) found that capturing the signal shape requires either a non-
onventional star formation rate density or non-standard models of
tellar populations. 

Alongside a claimed non-detection of the EDGES signal by
he SARAS-3 experiment, with 95.3 per cent rejection confidence
f the best-fitting EDGES trough (Singh et al. 2022 ), there has
een substantial discussion surrounding the validity of the EDGES
ata analysis methodology. Both the Galactic and extra-Galactic
oregrounds are much brighter than the signal at all frequencies
f interest. F ore ground/signal separation in Bowman et al. ( 2018 )
s carried out in a manner typical to global 21-cm experiments, by
ssuming a signal model and relying on the spectral smoothness
f the foregrounds to fit them away. Hills et al. ( 2018 ) show that
eplacing the assumed flattened Gaussian signal model of Bowman
t al. ( 2018 ) with a sinusoide provides an equally good fit. Singh &
ubrahmanyan ( 2019 ) go further to demonstrate the compatibility of

he EDGES data with a sinusoidally varying artefact along with a
aussian signal. They also show that three different 21-cm templates
f Cohen et al. ( 2017 ) can equally take the place of this Gaussian.
his set of analyses are troubling; very differently shaped 21-cm
© The Author(s) 2023. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Top: The 21-cm dipole sky in galactic coordinates at 60 MHz. 
Middle: 21-cm sk y-av eraged differential brightness temperature of the 21-cm 

signal, generated by ARES . Bottom: Corresponding 21-cm dipole brightness 
temperature. The Gaussian approximation to the ARES signals is also shown 
(dashed lines). 
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ignal models are able to fit the EDGES data equally well once
he foreground model parameters are adjusted to accommodate this 
hange, as the foreground models typically used are degenerate with 
he 21-cm model. 

In order to address the uncertainty associated with the foreground 
emo val strate gy and monopole detection, we consider the simul-
aneous detection of the 21-cm signal’s dipole component. The 
ipole’s orientation is fixed by Earth’s motion relative to the CMB
est frame, much like the CMB dipole (Planck Collaboration III 
020a ). The dipole’s spectral shape is determined by the 21-cm global
ignal (the monopole). These stringent constraints on the nature of 
he dipole are unlikely to be mimicked by false troughs brought 
bout by experimental errors, imperfectly modelled foregrounds 
r beam achromaticity. Slosar ( 2017 ) and Deshpande ( 2018 ) have
reviously identified a concurrent detection of these components 
s a conclusive test case of a true global 21-cm signal detection.
otinli & Ahn ( 2023 ) have additionally shown that measuring higher
rder 21-cm multipoles may impro v e 21-cm global signal parameter 
onstraints. 

The state of the art and upcoming global 21-cm experiments 
oday consist of drift-scan radiometers such as EDGES (Bowman 
t al. 2018 ), SARAS (Nambissan et al. 2021 ), PRIZM (Philip
t al. 2019 ), LEDA (Price et al. 2018 ), REACH (de Lera Acedo
t al. 2022 ), and MIST Monsalve et al. ( 2023 ). In this paper, we
imulate such an experiment to explore the possibility of detecting 
he monopole and dipole simultaneously when masked by simple 
oregrounds consisting of a monopole and a dipole, and when 
asked by more realistic foregrounds based on extrapolating radio 

urv e ys. Typically, the time series data from global experiments is
v eraged o v er the entire day. We consider splitting the day into
everal temporal bins required to resolve the spatial properties of the 
ipole. We also explore the benefits of using the data from multiple
xperiments situated at different latitudes together to improve the 
ipole’s detectability and break degeneracies in the inference. 
This paper is organized as follows. We discuss the 21-cm dipole, 

ntroduce the foreground simulations we will consider, and build up 
n observation model in Section 2 . In Section 3 , we examine the
inimum requirements necessary to confidently detect the dipole 

y considering the case where the foreground contaminants have 
een perfectly remo v ed from the data. We generalize the logarithmic
olynomial method commonly used in 21-cm global signal extraction 
n Section 4 , and apply it to 21-cm observations contaminated 
y simple foregrounds. We moti v ate a global antenna network 
hat would be able to extract the 21-cm monopole and dipole for
hese foregrounds in Section 5 . We also show that the foreground
emo val strate gy used in this work is insufficient for a 21-cm
ipole detection in the presence of fully realistic foregrounds, and 
iscuss strategies that may be successful. We conclude in Section 6 ,
xamining the necessary requirements to leverage the presence of 
he 21-cm dipole signal in measured data to validate a monopole 
etection. 

 T H E O RY  

.1 The 21-cm dipole signal 

1-cm cosmology measures the radio signal of the 21-cm transition 
f neutral hydrogen. The 21-cm spin temperature, T S , is defined by
he relative occupation number densities of the ground n 0 and excited 
 1 hyperfine states via the Boltzmann equation: 

n 1 

n 0 
= 3 e −T ∗/T S ≈ 3 

(
1 − T ∗

T S 

)
, (1) 

here T ∗ ≡ h ν0 / k ≈ 0.07K is the characteristic temperature as-
ociated with the energy of the 21-cm transition and ν0 is the
requency of the transition. The factor of 3 comes from the relative
e generac y of the two states. The approximate e xpansion abo v e is
ell suited for all astrophysical applications, as T S � T ∗ in all cases

Furlanetto, Oh & Briggs 2006 ). The resultant 21-cm differential 
rightness temperature (the difference between the 21-cm brightness 
emperature and CMB temperature) generated by the ARES package 
Mirocha 2014 ) running its default parameters is shown in Fig. 1
middle panel). 

The 21-cm dipole, as measured on Earth, is formed by our
otion with respect to the 21-cm monopole signal present in the
MB rest frame. This motion may be separated into the Earth’s
rbital motion around the Sun (inducing the ‘orbital dipole’), 
nd the Sun’s motion relative to the CMB in the direction
 b , l ) = (48.3 ◦, 264.0 ◦), with speed β ≡ v/ c = 1.2 × 10 −3 

inducing the ‘Solar dipole’, Planck Collaboration III 2020a ). 
hile Earth’s orbital motion is not negligible, the 21-cm orbital 

ipole may be calculated and subtracted from any real-world data 
iven the exact date and time of observation. The 21-cm dipole
onsidered in this work therefore consists solely of the Solar 
ipole. 
The observer’s motion relative to the 21-cm signal produces two 

ffects, the first of which is the increase in apparent brightness
emperature of photons incident along the Earth’s direction of motion. 
he second is the relativistic Doppler shift of lower frequency 
hotons into higher frequency observation bins in the direction of 
MNRAS 527, 11206–11217 (2024) 
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Figure 2. Top row: Mollweide projections of the two foreground simulations 
considered, shown in galactic coordinates and evaluated at 60 MHz. Bottom 

row: The foregrounds skies convolved with a cosine-squared beam. The 
pixel ranges for every sky shown are bounded by the maximum value of the 
convolved GSMA map for ease of comparison. The pixel temperatures of the 
GSMA map which exceed this value are downweighted to this maximum. 
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otion (and vice versa in the opposite direction). The latter effect
s dependent on the spectral shape of the monopole, and dominates
he 21-cm dipole signal. The brightness temperature of the dipole is
Slosar 2017 ) 

 dip ( ν, ̂  n ) = β

(
T mon ( ν) − ν

d T mon 

d ν

)
ˆ n · ˆ n 21 = βF ( ν) ̂  n · ˆ n 21 , (2) 

here T mon is the sk y-av eraged differential brightness temperature
f the 21-cm signal, which we henceforth refer to as the monopole
emperature. F ( ν) is the frequency-dependent quantity in the brackets
f the first equality, ˆ n 21 is the unit vector in the direction of the
ipole and ˆ n is the unit observation vector. The corresponding
quation in Slosar ( 2017 ) contains a frequency-independent CMB
ipole temperature term. The foreground model we later use treats
ach sky bin independently, so this frequency-independent term
ould be subsumed into the CMB monopole temperature. We

herefore neglect it in our analysis. T dip ( ν, ̂  n ) generated with the
RES monopole is plotted spatially in the top panel of Fig. 1 , and
pectrally in the bottom panel. 

.2 Sky modelling 

hroughout this paper, we will be considering several components
hat make up the full 21-cm sky . Namely , the 21-cm monopole,
he 21-cm dipole, and the galactic and extra-galactic foreground
ontaminants to these signals. In order to begin simply and build
omplexity along the way, we model first the foreground sky
s a simple monopole and dipole with power-law amplitudes in
requency, and later consider the more realistic map used in Anstey,
e Lera Acedo & Handley ( 2021 ). The foreground skies are shown
n the two top panels of Fig. 2 , plotted using HEALPIX, 1 and are
NRAS 527, 11206–11217 (2024) 

escribed in further detail below. 

 HEALPIX website – http://healpix.sourceforge.net

2

L
p

.2.1 21-cm sky 

or simplicity we simulate the 21-cm monopole as the Gaussian 

 mon ( ν) = −A 21 exp 

[
− ( ν − ν21 ) 2 

2 � 

2 

]
. (3) 

his is fitted using the function scipy.optimize.curve fit
o the largest predicted absorption feature of the ARES monopole
emperature in Fig. 1 , for the frequency range of 40 −100 MHz. The
esultant fiducial parameters are A 21 = 132.42 mK, ν21 = 68.57 MHz,
nd � = 9.399 MHz. The dipole is calculated by substituting
quation ( 3 ) into equation ( 2 ). These Gaussian approximations to
he monopole and dipole signals are also shown in Fig. 1 . 

.2.2 Foreground sky models 

he Global Sky Model (GSM; de Oliveira-Costa et al. 2008 ; Zheng
t al. 2017 ) is a sky simulation that interpolates between a number
f radio surv e ys with full and partial co v erage of the sky. With
imited sk y co v erage and low-resolution data at low frequencies, the
SM suffers from discontinuous power law behaviour and ne gativ e

emperatures in the frequency ranges of interest. To construct a
ealistic sky model more suited for this application, we follow the
 xample of Anste y, de Lera Acedo & Handle y ( 2021 ) by fitting
 power-la w inde x, γ , to each pixel of the 2008 GSM at the two
requencies 230 and 408 MHz: 

( ̂  n ) = 

log 
(

T 230 ( ̂ n ) −T CMB 
T 408 ( ̂ n ) −T CMB 

)
log (230 / 408) 

, (4) 

here ˆ n is the unit vector corresponding to the position of the pixel
n the sky. The temperature of the sk y in the frequenc y range of
nterest is scaled to lower frequencies following 2 : 

 GSMA ( ̂  n , ν) = ( T 408 ( ̂  n ) − T CMB ) 
( ν

408 MHz 

)γ ( ̂ n ) 
+ T CMB . (5) 

he frequency-independent CMB present in the 2008 GSM temper-
ture is subtracted from the temperature map before the frequency
escaling, and added back afterwards. We refer to this model as the
lobal Sky Model Anstey (GSMA). 
For an instructive, yet simpler simulation of the 21-cm foreground

ky, we use the monopole and dipole components of the GSMA sky.
he foreground dipole will likely be the most problematic component

o separate from the 21-cm dipole, in analogy to the foreground
onopole when aiming to detect the 21-cm monopole. We fit the
SMA’s monopole and dipole with amplitudes A mon/dip and power-

a w inde x es αmon/dip , as well as fitting the position of the dipole in
he sky, ˆ n GMD . The maximum frequency-dependent dipole direction
ariation from the mean value was found to be ∼0.1 ◦, which is
uch smaller than the full width at half-maximum of the beam.
e therefore take the dipole direction to be frequency independent.
e refer to this simulation as the Global Monopole-Dipole (GMD),

iven by 

 GMD ( ν) = A mon ( ν/ 60 MHz ) −αmon 

+ A dip ( ν/ 60 MHz ) −αdip ˆ n · ˆ n GMD . (6) 
 This corrects a sign error in the corresponding equation from Anstey, de 
era Acedo & Handley ( 2021 ), which differs by a minus sign in front of the 
ower law index. 

http://healpix.sourceforge.net


Measuring the 21-cm dipole 11209 

T  

α

t

G
G
w  

t  

a
t
s
p  

s  

c
 

p  

w  

r  

o
i  

t

2

T
a
c
s

B

w  

p  

c  

t  

p
b  

s

B

w  

m  

p  

w
o  

g

T

W  

s

T

w
b
t  

i

T

 

a  

w
e  

a

w
s  

N
N  

v

σ

w  

o
N  

w
T  

s

m  

d
v  

t
i  

t  

i  

a  

d  

p  

c  

fi  

w
e  

f  

t
 

l  

G
r  

v

3

W  

i  

d
c  

3

W
o  

c

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/11206/7491080 by guest on 30 January 2024
he fitted parameters values are A mon = 5382 K, A dip = 3100 K,
mon = 2.726, αdip = 2.555 and the foreground dipole is centred at 

he galactic coordinates ( b, l) = (3 . 6 ◦, 16 . 3 ◦). 
The GMD is both spectrally and spatially an approximation to the 

SMA. Spatially, the GSMA and GMD are very different, with the 
SMA featuring temperatures close to the galactic centre (down- 
eighted in Fig. 2 ) that are hundreds to thousands of times brighter

han the GMD’s maximum amplitude. Ho we ver, the broad beam of
 dipole antenna experiment smears out the concentrated power of 
he GSMA on to larger scales. The convolution of both foreground 
imulations with a cosine-squared beam are shown in the two bottom 

anels of Fig. 2 . The convolved GSMA’s maximum amplitude is
till slightly brighter than that of the convolved GDM, owing to the
ontribution from higher order multipoles. 

Spectrally, the GSMA is highly comple x, featuring o v er 3 million
ixels, each with their own spectral inde x. A sk y observation with a
ide-angle beam takes a weighted sum of many of these indices. The

esultant temperature may be modelled as a power law with a number
f running terms. The GMD only contains two distinct power-law 

ndices, so the number of running terms required to fit the observed
emperature across multiple frequencies is smaller. 

.3 Obser v ation model 

o simulate observations of the sky, we neglect ionospheric effects 
nd assume a perfectly axis-symmetric, non-chromatic beam. Our 
hoice of beamfunction B is the Hertzian dipole as a functionally 
imple, idealized beam (Rybicki & Lightman 1986 ) 

( ̂  n ; ̂  n 

′ ( t)) = 

{
(3 / 2 π) | ̂  n · ˆ n 

′ ( t) | 2 for ˆ n · ˆ n 

′ ( t) > 1 
0 otherwise 

, (7) 

here ˆ n 

′ ( t) is the unit vector direction that the beam instantaneously
oints in. Here, t denotes local sidereal time , and is simply a
oordinate with a period of 24 h. The normalization factor ensures
hat the beam integrates to unity over the sky. A drift-scan experiment
roduces continuous time-series data, which is binned into several 
ins per day. As the Earth rotates, within the j th bin the beamfunction
mears across the sky, producing the smeared beamfunction 

 j ( ̂  n ) = 

∫ t j + �t 

t j 

d t 

�t 
B( ̂  n ; ̂  n 

′ ( t)) ≈ 1 

N p 

N p ∑ 

i= 1 

B 

(
ˆ n ; ̂  n 

′ 
i,j 

)
, (8) 

here the j th bin ranges from t = t j to t = t j + � t . We have approxi-
ated the integral as a Riemann sum o v er a set of N p distinct pointings

er bin, where ˆ n 

′ 
i,j ≡ ˆ n 

′ ( t j + i�t/N p ). This approximation works
ell owing to the broad observation beam. The sky temperature 
bserved in the j th bin by a normalized smeared beamfunction is
enerally given by 

 

obs 
j ( ν) = 

∫ 

d ̂  n B j ( ̂  n ) T sky ( ̂  n , ν) . (9) 

e can calculate the observed 21-cm temperature in the j th bin by
ubstituting equations ( 2 ), ( 7 ), and ( 8 ) into equation ( 9 ) 

 

obs 
21 ,j ( ν) = T mon ( ν) + 

3 

4 
βF ( ν) 

1 

N p 

N p ∑ 

i= 1 

ˆ n 

′ 
i,j · ˆ n 21 , (10) 

here the monopole term is unchanged for a normalized smeared 
eamfunction, and the second term is the observed dipole tempera- 
ure in each bin, T obs 

dip ,j ( ν). Similarly, the observed GMD temperature
n the j th bin is 

 

obs 
GMD , j ( ν) = A mon ( ν/ 60 MHz ) −αmon 

+ 

3 

4 
A dip 

( ν

60 MHz 

)−αdip 1 

N p 

N p ∑ 

i= 1 

ˆ n 

′ 
i,j · ˆ n GMD . (11) 

Unlike the 21-cm signal sky and the GMD, the GSMA is defined as
 piecewise function on the sky for each sky pixel. Using HEALPIX,
e calculate the smeared beamfunction sky maps and e v aluate 

quation ( 9 ) for T sky = T GSMA , which takes the form of a sum o v er
ll sky pixels. 

To generate noisy observations of the desired sky components, 
e first generate noise-free observations in each frequency and 

ky bin in a vector: T obs 
j ( νk ) = { T obs 

1 ( ν1 ) , T obs 
1 ( ν2 ) , ..., T obs 

2 ( ν1 ) , ... } .
oisy observations are then sampled from a N freq × N bin -dimensional 
ormal distribution with mean T obs 

j ( νk ) and variance σ j ( νk ) 2 . The
ariance is calculated using the radiometer equation 

j ( ν) = 

T obs 
j ( ν) √ 

t int �ν
, (12) 

here t int is the integration time for the j th bin and �ν is the bandwidth
f each frequency bin. The total integration time is then equal to t int ×
 freq × N bin . Since the sky temperature is dominated by foregrounds,
e neglect the contribution of the observed 21-cm temperature to 
 

obs 
j , and take it to equal the observed temperature of the foreground
imulation used. 

Noisy observations of both foreground simulations, the 21-cm 

onopole and 21-cm dipole are shown in Fig. 3 , for a single-antenna
ipole experiment situated at the Murchison Radio-astronomy Obser- 
atory (MRO) site in Western Australia, at a latitude of −26.7 ◦. The
hree smeared beamfunctions used to observe the sky temperatures 
n each of three equally-spaced time bins are also shown. The
emperatures are measured in 2 MHz frequency bins, for a total
ntegration time of 10 5 h. A value of 10 5 h is chosen here to produce
 noise level in each bin comparable to (but smaller than) the peak
ipole amplitude in each of the time bins of Fig. 3 . This choice
roduces a noise level at 78 MHz (the peak of the observed 21-
m dipole) averaging 0.18 mK across the three time bins, while the
ducial dipole signal amplitude averages 0.32 mK. In Section 4.2 ,
e find that this integration time is a reasonable order-of-magnitude 

stimate of the time required to detect the dipole in the presence of
ore grounds. F or these reasons, 10 5 h is used repeatedly throughout
his work. 

Although the antenna beam spreads the power of the GSMA on to
arger scales, it does the same to the GMD. Therefore the observed
SMA temperatures are still greater than GMD temperatures in sky 

egions closer to the galactic centre (blue bin in Fig. 3 ), and vice
 ersa a way from it (red bin). 

 F O R E G RO U N D - F R E E  I NFERENCE  

e begin our analysis by considering the 21-cm signal alone, assum-
ng that a perfect foreground removal method has been applied to the
ata. We generate noise assuming GSMA foregrounds. Inference is 
arried out using the EMCEE package (F oreman-Macke y et al. 2013 ).

.1 Single-antenna inference 

e consider the inference of the 21-cm parameters from observations 
f a single dipole antenna experiment situated at the MRO site,
hosen to simulate the sky seen by the EDGES experiment. 
MNRAS 527, 11206–11217 (2024) 
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Figure 3. Single-antenna mock observations of the radio sky across three equally spaced time bins o v er a 24-h period, with an integration time of 10 5 h and 
2 MHz frequency bins. Left column: We plot the full observation (top) for the GSMA as dots and the GMD as crosses, the observation with foregrounds removed 
(middle), and the observation with foregrounds and 21-cm monopole removed (bottom). The noise-free dipole temperatures for each bin are also shown as solid 
lines. Right column: Mollweide projection of the smeared beamfunctions used to observe the sky for each time bin in galactic coordinates. The red dashed line 
represents the direction of the zenith tracked out by the antenna (located at the MRO site) as the Earth rotates. 
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At least three time bins are a necessary requirement to infer the
ocation of the 21-cm dipole in the sky. The Gaussian monopole
arameters and the dipole magnitude parameter affect both the
pectral and spatial structure of the 21-cm sky. Meanwhile, the dipole
irection parameters affect only the spatial structure. If only the
ipole were present in the sky, at least three time bins would be
equired (one for each degree of freedom of the dipole) to accurately
nfer the location of the dipole. The remaining three parameters,
orresponding to the spectral shape of the monopole, are constrained
sing the spectral information of the observations. 
When the 21-cm monopole is added to the sky, the dipole param-

ters become degenerate with themselves and with the monopole
arameters. This is seen the corner plot of Fig. 4 , showing the
osterior distribution of the 21-cm monopole and dipole inference
n three time bins. Note that the number of model parameters do not
hange with the addition of the 21-cm monopole; consequently, the
ause of the de generac y is the presence of the monopole signal itself,
ntermingling with the dipole signal. A total integration time of 10 5 

 is again used here. 
The top panel of Fig. 5 shows the posterior dipole location of

ig. 4 in an equatorial projection. The degenerate region lies along
 line perpendicular to the drift-scan track of the antenna, which is
olour coded to represent the three time bins. The fiducial location
NRAS 527, 11206–11217 (2024) 
f the dipole is intersected by this degenerate region. The use of a
arger number of time or frequency bins does not further collapse
he uncertainty region. Together, these findings indicate that the
e generac y is formed by the ability to mo v e the dipole location
erpendicularly away from the observation track, while changing a
ombination of the other parameters, in such a way as to keep the
emperature of the sky viewed from any point of the observation
rack at a fixed temperature. The nature of the degeneracy suggests
he need for multiple antennae at different Earth locations to properly
ocalize the dipole location. 

Despite the de generac y, the monopole parameters in Fig. 4 are
ell-constrained and the presence of the dipole is detected, as a non-

ero β is inferred. A non-zero dipole magnitude certainly provides
seful evidence for the validation of a 21-cm monopole detection.
o we ver, a full cross-check would involve matching the 21-cm
ipole direction with the CMB dipole. 

.2 Multi-antenna inference 

n order to collapse the de generac y between the 21-cm dipole
arameters for observations of the foreground-free 21-cm sky, we
imulate observations from a second antenna. This antenna (antenna
) is situated at a latitude of 26.7 ◦ (ne gativ e the latitude of the MRO).
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Figure 4. Posteriors of the 21-cm monopole and dipole inference of single- 
antenna observations (blue) and two-antenna observations (green), both for 
10 5 h of integration time and three time bins per antenna. The fiducial 
parameter values are shown (dashed lines). The first three parameters 
correspond to the spectral shape of the Gaussian monopole, while the latter 
three describe the amplitude and direction of the dipole. 

Figure 5. Mollweide projection in equatorial coordinates of the marginalized 
posteriors of the 21-cm dipole direction, inferred from observations of the 
21-cm sky using a single antenna (top) and two antennae (bottom). Mock data 
was generated with 10 5 h of integration time. The fiducial dipole direction is 
denoted by a star. The drift-scan antenna tracks are shown as horizontal lines, 
with colours denoting the longitude boundaries of the time bins. 

T
p
a  

a  

t
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case, the different possible bin longitudes are averaged over. Additionally 
shown (dashed lines) is the corresponding 1 σ confidence interval for four 
antennae and six time bins. 
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his is an arbitrary choice, and other reasonably-spaced latitude pairs 
roduce similar results. Both antenna’s time bins are taken to begin 
nd end at the same longitudes. This is equi v alent to having two
ntennae at the same longitude, with time bins that begin and end at
he same LST. The temperatures measured by antenna 2 are appended 
o the observation vector T obs 
j ( νk ), and equation ( 10 ) is used to fit

hem, with smeared beam functions calculated for the two different 
ntenna latitudes. 

The addition of these measurements remo v es the 21-cm dipole
arameter de generac y of Section 3.1 , as seen in Fig. 4 . The
ottom panel of Fig. 5 shows the posterior distribution of the
1-cm dipole direction projected in equatorial coordinates, which 
as collapsed onto a single point with the addition of the second
ntenna track. The two antenna’s time bins are colour-coded by 
ongitude, so appear as three distinct colours, despite there being 
ix distinct bins in total. The extra antenna’s observations addi- 
ionally double the integration time, resulting in a dipole loca- 
ion that is better constrained laterally (parallel to the observation 
rack). 

We test the ability of different two-antenna observation strategies 
o detect the 21-cm dipole as a function of integration time, by
aking an estimate for the SNR of β, shown in Fig. 6 . The

ntegration time is calculated as a sum over all frequency bins
nd time bins. To calculate this for each integration time, we find
he marginalized posterior of β inferred from 10 observations of 
he 21-cm sky, each with a different noise realization. For each
f the 10 posteriors, the SNR estimate is computed as the mean
f the distribution, divided by the 1 σ width. For each integration
ime, the 10 SNR values are used to compute a 1 σ confidence
nterv al. This gi ves us a lo wer bound estimate of the integra-
ion time required to detect the monopole and dipole simultane- 
usly with two antennae, assuming a perfect foreground removal 
ethod. 
We find that an integration time between 10 4 and 10 5 h is required

o confidently detect the dipole. Three time bins are required as a
inimum, and more than that make little difference to the SNR. Two

ime bins are also able to detect the dipole, but must be oriented
ith the dipole in close longitude alignment with the bin centre. The
ariability in SNR is shown in Fig. 6 , where the 2-bin case has been
v eraged o v er all possible time bin orientations. 

Also shown in Fig. 6 is the dipole detection SNR for 6 time bins and
 antennae, situated at latitudes −53.5 ◦, −26.7 ◦, 26.7 ◦, and 53.5 ◦.
he detection SNR impro v es relativ e to the 6-bin, 2-antenna case in
MNRAS 527, 11206–11217 (2024) 



11212 Y. D. Ignatov, J. R. Pritchard, and Y. Wu 

M

p  

o  

t  

m  

d
 

f  

i  

i  

t

4

T  

t  

f  

t  

s  

2  

i  

t  

a  

fi  

b

w  

p  

c  

s  

w  

b
 

f  

s  

s  

e  

s  

i  

m  

a
 

o  

f  

d  

G  

c  

1  

a  

i  

i  

d
 

d  

t  

s  

2
 

m  

(  

Figure 7. Posterior densities of the N poly = 4 log-polynomial inference in a 
single sky bin for 100 h of GMD-only observations (green) and GMD plus 
21-cm monopole observations (blue). In the latter case, we have marginalized 
o v er the 21-cm signal parameters. 
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roportion to the increased integration time that doubling the number
f antennae offers. This suggests a solution to the large integration
ime required to confidently detect the dipole: a global network of
any simple dipole antenna experiments. This possibility is further

iscussed in Section 5 . 
No significant difference was found between using 1, 2, or 5 MHz

requency bins. This is likely due to there being only five parameters
n the model which impact the spectral structure of the signal, which
s much smaller than the number of frequency bins. For the rest of
his work, we use 2 MHz bins. 

 SIMPLE  F O R E G RO U N D  INFERENCE  

o increase complexity, we consider 21-cm parameter inference in
he presence of the GMD foregrounds. The typical approach of
oreground-signal separation in 21-cm global experiments assumes
hat the spectrally smooth foregrounds may be fit using spectrally
mooth log-polynomial functions, while the non-spectrally smooth
1-cm signal is fit using a Gaussian-like model. Usually, this
nv olves time-a veraging all timeseries data and solely working in
he frequency domain. Since inferring the dipole direction involves
t least three time bins and two antennae, we extend this method by
tting a separate log-polynomial to the observed temperature in each
in of each antenna, given by 

log P 

N poly 
j ( ν) = 

N poly −1 ∑ 

q= 0 

d q,j 

[
log ( ν/ 60 MHz ) 

]q 
, (13) 

here j is the bin number, N poly is the dimension of the log-
olynomial, and d q , j are a set of N poly × N bins independent coeffi-
ients. The noisy simulated observations in each bin, T obs 

j , are fit

imultaneously across all bins by the function P 

N poly 
j + T obs 

21 ,j . Where
e refer to fitting the log-polynomial to observations of a single sky
in, we drop the bin index j . 
This method is simple and can work well for spectrally smooth

oregrounds in the absence of beam achromaticity or unknown
ystematic errors. Bernardi, McQuinn & Greenhill ( 2015 ) show that
eventh-order polynomial can extract the 21-cm monopole if the
xperiment has a chromatic beam, while fifth-order polynomial is
ufficient in the achromatic case. While their exact foreground model
s dif ferent, Bo wman et al. ( 2018 ) use a fiv e term, smooth fore ground
odel with the same methodology for one of the two EDGES data

nalysis pipelines. 
An issue inherent to this method and well known in the context

f 21-cm global signal extraction is the covariance between the
oreground polynomial and the 21-cm monopole parameters. To
emonstrate this effect, we simulate the observations of both the
MD sky alone, and the GMD sky with an added 21-cm monopole

omponent, both for a single sky bin with an integration time of
00 h. The observations are fitted by P 

4 and P 

4 + T mon , respectively,
nd the marginalized foreground parameter posteriors are shown
n Fig. 7 . The uncertainty in foreground parameters dramatically
ncreases with the addition of the 21-cm monopole, driven by the
e generac y between the two model sectors. 
This methodology suffers from additional issues, namely Anstey,

e Lera Acedo & Handley ( 2021 ) found that the achromaticity in
he antenna beam can couple to either the shape of the galaxy or its
pectral features, leading to false troughs larger than the predicted
1-cm signal. 
Impro v ements on this method have been proposed, such as

aximally smooth function analysis by Singh & Subrahmanyan
 2019 ). This method ensures that there are no turning points in the
NRAS 527, 11206–11217 (2024) 
eri v ati ves of equation ( 13 ). Since the 21-cm signal features turning
oints in its deri v ati ves, maximally smooth functions cannot fit away
he signal’s main features. This advantage comes at the cost of less
e xibility; an y instrumental artefacts that have not been accounted
or and are less smooth than the foregrounds cannot be fitted away
y the polynomial, so will be confused with the signal. Various other
ethods which capture this flexibility while remaining independent

o the 21-cm monopole degrees of freedom have been suggested,
uch as the SVD analysis of Tauscher et al. ( 2018 ) and Tauscher,
apetti & Burns ( 2020a ), which uses the spatial uniformity of the
onopole signal to discard the requirement for an assumed signal

hape. 
Ho we ver, the consideration of extra complications such as achro-
aticity, systematic errors, and ionospheric effects are beyond the

cope of this paper, in which we assume good knowledge of the nature
f the source of the data and the components present within it. We
im to grasp the basic feasibility of the 21-cm dipole’s observation,
o we take the simplest reasonable foreground model. 

We find an estimate for the value of N poly necessary for the
oreground polynomial model to encapsulate either the GMD or the
SMA foreground behaviour by calculating the standard deviation
f the residuals to the fit for different values of N poly . We measure the
ky temperature for a single all-day time bin, using a total integration
ime of 10 7 h to a v oid the result being noise-limited. This integration
ime results in a mean noise level of 0.01 mK, which is completely
ub-dominant to the scale of the 21-cm dipole. As shown in Fig. 8 ,
he residuals decrease with polynomial order roughly as a power
aw, with the GSMA fit requiring greater N poly than the GMD. It

ust be emphasized that these results are strictly a lower bound of
he polynomial order required to reco v er a signal without bias when
oupled with a signal model. 

Notably, the frequency range chosen to observe has a large impact
n the goodness of fit, with the polynomial model especially strug-
ling to fit lower frequency components. This is to be expected; the
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Figure 8. The standard deviation of the residuals of fitting a polynomial fore- 
ground model to the GMD (left) and GSMA (right) for varying polynomial 
order. The fit to three different frequency ranges is considered. Black dashed 
lines indicate the approximate magnitude of the dipole signal, providing 
a lower bound for the polynomial order required to fit the foregrounds 
sufficiently well to observe the dipole signal in the residuals. 

Figure 9. Results from the N poly = 4 inference of single antenna observations 
of the GMD and 21-cm monopole and dipole sky across three time bins, with 
an integration time of 10 5 h. Top left: Fiducial monopole (black, dashed) 
and the 1 σ and 2 σ regions of the inferred monopole (orange). Top right: 
Residuals of the fiducial monopole curve to the inferred monopole. Bottom 

left: Fiducial dipole signals (dashed) measured in each of the three time bins, 
along with the corresponding 1 σ regions of the inferred dipole. Bottom right: 
Mock data residuals of the full model compared to zero (dashed). 
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Figure 10. As for Fig. 9 , with N poly = 5. 
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esiduals of the log-polynomial fit to the full foreground temperature 
l w ays diverge for low frequencies. To see this, assume that a
on-truncated log-polynomial, with a certain choice of parameters, 
an perfectly fit the GMD or GSMA. The residuals obtained by 
ubtracting a truncated log-polynomial with any choice of parameters 
 q , from this non-truncated polynomial, will al w ays diverge a
 ν → 0. 

.1 Single-antenna inference 

e now consider the inference of the 21-cm parameters in the 
resence of GMD foregrounds, from the observations of a single 
ipole antenna experiment situated at the MRO site, with a total 
ntegration time of 10 5 h. For simplicity, the observations are binned 
cross three time bins. We fit the model P 

4 
j ( ν) + T obs 

21 ,j ( ν) for j ∈
 1, 2, 3 } to these simulated observations. The results are shown
n Fig. 9 . The top-left panel shows the fiducial 21-cm monopole
ignal (black, dashed). This is compared to the orange 1 σ and 2 σ
egions, generated by e v aluating T mon at a random sample of 1000
oints drawn from the marginalized monopole parameter posterior 
istribution. The marginalized posterior distribution clearly shows 
he presence of a monopole with a size of the correct magnitude. The
op-right panel shows the residuals after the 1 σ and 2 σ regions are
ubtracted from the fiducial monopole of the top-left panel. These 
llustrate the uncertainty region around the inferred monopole. While 
t is less visible in the prior panel, the posterior distribution is clearly
iased away from the fiducial line. 
The bottom-left panel shows the fiducial 21-cm dipole temper- 

tures observed in each of the three time bins (dashed). This is
ompared to the 1 σ regions corresponding to each bin, generated 
y e v aluating the observed dipole temperature (the second term
f equation 10 ) at a random sample of 1000 points drawn from
he marginalized 21-cm parameter posterior distribution. This is 
ssentially the same information for the dipole that the top left
anel shows for the monopole. The yellow and red bins show weak
etections of the dipole signal, as their 1 σ regions are inconsistent
ith zero. The blue bin detects a signal consistent with zero to 1 σ ,

ikely due to the larger noise values associated with the bin, which
oints towards the galactic centre. 
The bottom right panel shows the residuals after the full model,

 v aluated at the mean posterior point, has been subtracted from the
ock data. The mean point has been chosen to minimize the chi-

quared statistic of the residuals. The larger noise in the blue bin is
pparent. The residuals are consistent with zero. 

Fig. 10 is the same as Fig. 9 , corresponding to the parameter
nference of the same observed data, with a N poly = 5 foreground
olynomial instead of an N poly = 4 polynomial. Again, the model
nfers a 21-cm monopole signal with the correct magnitude and 
hape, which this time is not biased away from the fiducial monopole.
o we ver, the 21-cm monopole uncertainty region is much larger

han in the previous case, despite the same data noise. Both the full
odel residuals and the 21-cm dipole uncertainty regions are almost 

dentical to the N poly = 4 case, with a weak 1 σ detection of the 21-cm
ipole present in the yellow and the red bins. 
Increasing the foreground polynomial order both decreases the 

ias and increases the variance of the inferred 21-cm monopole pa-
ameters. These effects are seen in the marginalized 21-cm monopole 
arameter posteriors shown in Fig. 11 . The biased inference of the
onopole posteriors for N poly = 4 and the broad monopole posteriors

f N poly = 5 are caused by the interaction between the foreground
olynomial and 21-cm Gaussian model sectors alone, which is made 
lear by the similarity between the inferred 21-cm dipole parameter 
MNRAS 527, 11206–11217 (2024) 
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M

Figur e 11. Mar ginal posteriors of the 21-cm monopole and dipole parame- 
ters, inferred by observations of the GDM and 21-cm monopole and dipole 
sky in 3 time bins and 10 5 h of integration time. A foreground log-polynomial 
with N poly = 4 (green) and N poly = 5 (blue) is used to fit the foregrounds in 
each bin. 
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Figure 12. Results from the N poly = 5 inference of two-antenna observations 
of the GMD and 21-cm monopole and dipole sky across three time bins and an 
integration time 10 5 h per antenna. Panels are as for Fig. 9 , with the following 
additional panels. Middle-right: Antenna 2’s inferred dipole observations. 
Bottom-right: The marginalized posterior distribution of the 21-cm dipole 
direction parameters, with the fiducial value shown (dashed lines). For clarity, 
the full model residuals are averaged across time bins in this figure, producing 
a single value for each frequency bin. 

2  

s  

t  

2  

a  

o  

f  

d  

G  

g
 

m  

s  

1  

a  

a
 

a  

y  

a  

n  

o  

(  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/11206/7491080 by guest on 30 January 2024
osteriors of the two cases. The N poly = 4 polynomial partially uses
he Gaussian monopole degree of freedom to fit the foregrounds,
iasing the 21-cm monopole parameters. Meanwhile, the N poly = 5
olynomial has the complexity required to capture the foregrounds.
o we ver, the freedom this adds to the model can be mistaken for a
aussian, broadening the variance of the inferred 21-cm monopole
arameters. 
Nev ertheless, this de generac y is limited to affecting the foreground

nd monopole model sectors, while the inferred 21-cm dipole and
otal model residuals remain reasonably unaffected by the change
n foreground model. The results of the following sections should
e treated with caution with this de generac y in mind. Ho we ver, a
ess degenerate foreground modelling approach will only improve
stimates for the feasibility of signal detection. Therefore, we believe
t is safe to assume that rough upper bounds may be set using this
ethod. 

.2 Multi-antenna inference 

s for the single-antenna inference of Section 3.1 , the 21-cm dipole
arameter posteriors inferred in Section 4.1 are degenerate, and
he dipole location is not localized to a single point in the sky.
o investigate the possibility of fully leveraging the CMB dipole

o validate the 21-cm signal detection in the presence of simple
oregrounds, we must again consider the observations from two
atitude-separated dipole antennae. 

As in Section 3.2 , we extend the observation of the GMD and 21-
m sky to two antennae, with antenna 1 at latitude −26.7 ◦ and antenna
 at latitude 26.7 ◦. Each antenna’s observations are again binned in
hree time bins, and each bin’s observations are fit by the model
 

5 
j ( ν) + T obs 

21 ,j ( ν) for j ∈ { 1, . . . , 6 } . The total model dimension is
 dof = 36. The inference is showcased in Fig. 12 , which is laid out as
igs 9 and 10 , with the addition of a 21-cm dipole panel for antenna
 and a panel showing the marginalised posterior distribution of the
NRAS 527, 11206–11217 (2024) 
1-cm dipole direction. The dipole panels are colour coded in the
ame way as Fig. 5 , with time bins of both antennae corresponding
o the same observation longitudes having the same colour. The two
1-cm dipole panels appear similar, as the fiducial dipole location is
pproximately equidistant to the two observation tracks, and the two
bservation tracks’ time bins are aligned in longitude. For clarity, the
ull model residuals here are represented as the mean and standard
eviation of the six time bin temperatures within each frequency bin.
iven that the points in each bin are correlated, this only serves to
ive an idea of the spread of temperatures in each bin. 
As for the single-antenna N poly = 5 inference, the inferred
onopole is not biased, but the uncertainty associated with it is again

ignificantly larger than the data noise. This is to be expected; antenna
 models the foregrounds it observes independently to antenna 2, so
ntenna 2’s data cannot be used to ‘help’ distinguish the foregrounds
nd 21-cm monopole temperatures that antenna 1 observes. 

The dipole inference is significantly impro v ed o v er the single-
ntenna case, with more significant dipole signal detections in the
ellow and red bins of each antenna. Even the blue bins of both
ntennae weakly detect the dipole signal to 1 σ . This impro v ement is
ot seen when we run the N poly = 5 inference on single-antenna mock
bservations with double the integration time used in Section 4.1
2 × 10 5 h). This indicates that the impro v ement is not caused by
he ef fecti v e doubling of inte gration time that the second antenna
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Figure 13. The detection SNR of the 21-cm dipole magnitude parameter β
as for Fig. 6 , but in the presence of GMD foregrounds. The foregrounds are 
fit with an N poly = 5 log-polynomial. Only two antennae with three time bins 
each are considered here. 
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Figure 15. As for Fig. 9 , with N poly = 8 and the GMD foregrounds replaced 
by the GSMA foregrounds. 
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rovides. Rather, it results from the broken 21-cm dipole parameter 
e generac y. 
To estimate the integration time required to detect the 21-cm 

ipole signal in the presence of foregrounds, we carry out the 
ame SNR analysis for the inferred value of β as in Section 3.2 .
e consider the case with three time bins and two antennae only,

ince any more was seen to only marginally change the result in
he foreground-free analysis. The results are shown in Fig. 13 . The
NR rises more slowly than for the foreground-free case, reaching 
 confident detection threshold for ∼10 5 −10 6 h. For much higher 
ntegration times, the steady SNR increase begins to trail off, possibly
ndicating a threshold where the inference becomes totally model 
imited. 

 DIP OLE  DETECTION  IN  PRAC TICE  

hus far, we have shown that a dipole detection that corroborates 
 21-cm all-sky detection could be possible with the data from at
east two latitude-separated drift-scan dipole antenna experiments. 
nfortunately, the integration times we estimate for this, even in 

he absence of foregrounds, are prohibiti vely large. Ho we ver, in
ection 3.2 , we have shown that additional data from more than

wo antennae scales the detection SNR of the dipole magnitude 
ith the e xtra inte gration time that the additional antennae provide.
ssuming a perfect foreground removal method, a global network of 
0 such antennae could reasonably detect the 21-cm monopole and 
ipole signals concurrently, with a much more reasonable integration 
ime of 10 3 h. Meanwhile, our results in the presence of the GMD
oregrounds indicate that significantly higher total integration times 
ay be required. Assuming the same relationship holds in this case 

etween the detection SNR and the number of antennae, we estimate 
hat a network of ∼200 global antennae could be utilized to achieve
 4 σ dipole detection with 10 3 h of integration time. 

A caveat to this is the somewhat simple GMD foreground compo- 
ent and the polynomial modelling used thus far in this work. When
ock observations of the full GSMA foregrounds and 21-cm sky are 
t using a foreground polynomial and 21-cm model, the result is poor. 
ith one antenna, three time bins and N poly = 8, the model succeeds

n inferring the 21-cm monopole parameters without bias, but fails 
o convincingly infer the dipole parameters (Fig. 14 ). The posterior
istribution of β is running up against the lower prior bound, and
ails off for larger values. The model inference is ef fecti vely choosing
alues of β that make the 21-cm dipole sector small compared to the
esiduals of the foreground and 21-cm monopole sectors. This results 
n an unconstrained 21-cm dipole direction. 

Fig. 15 shows the results of this inference in the same format
s Figs 9 and 10 . The 21-cm monopole is detected, and is not
iased away from the fiducial line. Ho we ver, the inferred monopole’s
ariance is much larger than the monopole inferred when an N poly =
 polynomial is used to fit the GMD foregrounds (Section 4.1 ). This
s likely caused by the extra foreground degrees of freedom, which
re covariant with the Gaussian signal model. As expected from 

he unconstrained 21-cm dipole parameters, the dipole observations 
arry no information. Additionally, the full model residuals are 
iased. 
MNRAS 527, 11206–11217 (2024) 
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Given the much greater spectral complexity of the GSMA over the
DM as discussed in Section 2.2.2 , a foreground polynomial with
 greater number of terms is required to fit these observations. This
aises two issues with the foreground modelling strategy used in this
ork. Namely, the foreground model dimension is N poly × N bins ×
 antennae , so any increase in foreground polynomial order corresponds

o a large increase in model dimension. EMCEE is not made to
andle inference with large numbers of parameters. Leveraging other
ackages such as PYMC (Oriol et al. 2023 ), for Hamiltonian Monte-
arlo sampling, or POLYCHORD (Handley, Hobson & Lasenby 2015a ,
 ), for nested sampling, may provide a solution, which we leave to
uture work. 

Secondly, since the foreground model fits observations in each
ime bin independently, it has no access to the information carried by
he spatial variation of the fore grounds. This strate gy risks o v erfitting
he data. To fit GSMA observations, the amount of freedom that the
oreground model must be given means that it will likely be able to
ompletely fit the spectral form of the 21-cm dipole in each of the
bservation bins. 
To alleviate this, a more sophisticated foreground model which

akes the spatial structure of the foreground sky into account may be
tilized. Multiple such modelling approaches have been developed
or global 21-cm e xperiments. F or instance, Anste y, de Lera Acedo &
andley ( 2021 , 2023 ) split the sky into N separate regions, each with

heir own amplitude and power-law index. Tauscher et al. ( 2018 ),
apetti et al. ( 2020 ), and Tauscher, Rapetti & Burns ( 2020b ) develop
 formalism that leverages the differing spatial variation of the
oreground and 21-cm signals across different antenna pointings.
auscher, Rapetti & Burns ( 2020a ) include a discussion on how to
pply this formalism to also extract the 21-cm dipole. An alternate
trategy that may be explored is modelling the foregrounds using a set
f frequency varying spherical harmonics with coefficients a lm 

( ν).
he spectral form of the a lm 

would have to be chosen carefully to
itigate the risk of fitting out the 21-cm signal. All of these suggested

oreground models’ dimensions do not scale with the number of
ntennae used. It is possible that by using any of these strategies, data
rom additional antennae would increase the 21-cm dipole detection
NR by more than just the extra integration time they add, as each
ntenna would work together to constrain the same foreground sky. 

Clearly, real-world data require more sophisticated foreground
odelling than the log-polynomial fitting used in this work. While
ore realistic foregrounds act to increase the integration times

equired for a dipole detection, these may be counteracted by better-
uited foreground modelling and observation strategies. 

 C O N C L U S I O N  

n this work, we have investigated the minimum requirements for
rift-scan dipole antenna experiments to confidently detect the 21-
m dipole, with the aim to verify a global 21-cm signal detection.
e have found that the data necessary to localize the dipole position

nd magnitude consists of the observed temperatures by at least two
ntennae situated at different latitudes, with at least three time bins
er antenna. This finding suggests that global 21-cm experiments
ased in the Northern hemisphere, such as MIST, may significantly
ontribute to the search of the 21-cm dipole. An added benefit is that
n antenna situated in the Northern hemisphere f aces aw ay from the
adio-bright galactic centre. 

In the absence of foregrounds, instrumental or ionospheric effects,
e find that the total integration time required to detect the dipole to
 few σ is ∼10 4 h. This estimate indicates that even if EDGES and
ARAS-3 data were combined, with a perfect foreground removal
NRAS 527, 11206–11217 (2024) 
trategy, we do not expect a dipole detection to be possible. Ho we ver,
 global network of 20 such antennae could achieve this detection
n ∼10 3 h. For the more realistic case of detecting the 21-cm
ipole in mock observations contaminated by simple foregrounds,
e generalized the standard log-polynomial model used for 21-cm
lobal signal foreground fitting to the case of multiple time bins
nd antennae. The total integration time required for a two-antenna
xperiment to detect the dipole to a few σ rose to ∼10 5 −10 6 h, which
e estimate could be achieved within ∼10 3 h with a global network
f 200 antennae. 
When the 21-cm signal is contaminated by realistic foregrounds,

he log-polynomial strategy fails to recover the 21-cm dipole for any
easonable integration time. The covariance between the foreground
nd signal sectors of the log-polynomial model is known to be a major
ource of uncertainty in global 21-cm signal extraction. A multitude
f impro v ements to the strate gy e xist in the literature, some of which
ay be applied to the 21-cm dipole context. We moti v ate the use of

wo such models, both of which remo v e the need to bin timeseries
ata, and could make global antenna networks more powerful by
aving the data from each antenna work together to constrain the
ull foreground model. The application of such foreground models is
eyond the scope of this work, in which we seek basic insights into
he possibility of detecting the 21-cm dipole with global drift-scan
ntenna experiments. 

Detection of the 21-cm dipole is clearly a challenging proposition.
entral to this effort is a need to better exploit not only spectral, but
lso spatial, information from 21-cm global experiments. Further
onsideration of how best to exploit time stream data from widely
eparated global experiments seems warranted. More detailed work
ould feature more sophisticated foreground modelling, and would

ake beam chromaticity and ionospheric effects into account. At-
empts to measure the 21-cm dipole and other low-order multipoles
ay pro v e highly complementary to e xisting monopole detection

fforts. 
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