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Foreground	Challenges	—	Galaxy

Amplitude	700	K,	spectrally	smooth



Foreground	Challenges	—	21cm	Signal

Amplitude	1	mK,	lots	of	spectral	structure



Foreground	Removal

Spectral	smoothness	allows	separation	of	21cm. Options:
1 Fit	power	law	to	maps
2 Remove	low	order	polynomials
3 Measure	components	and	model	(Liu	and	Tegmark)
4 FastICA (Chapman	et	al., for	EoR)

Most	methods	have	difficulties:
Mode	mixing of	angular	and	frequency	fluctuations	by

frequency-dependent	beams	(esp. interferometers)	[1, 2]
Robustness Biasing	introduced	if	foreground	model	poorly

understood	(esp. non-gaussianities). [1, 3]
Statistical	Optimality Need	to	keep	track	of	transformations

on	statistics, for	optimal	PS estimation	[1, 2]



Signal-to-Noise	Eigenmodes

Measurement v is	a	combination	of	the	sky a and	noise n

v = Ba + n (1)

Construct	the	covariances	of	the	signal	and	foregrounds
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f
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Jointly	diagonalise	both	matrices	(eigenvalue	problem)

Sx = λFx (3)

Gives	a	new	basis, where	we	expect	that	all	modes	are
uncorrelated. Eigenvalue λi gives	ratio	of	signal	to
foreground	variance	for	mode i.



Foreground	Removal	with	S/N modes

Foreground	removal	is	performed	by	projecting	out	modes
with	low	signal-to-foreground	ratio.

Robustness	to	model	uncertainties	comes	from	choosing	a
conservatively	large	threshold. Ultimately	we	would	prefer
to	increase	our	errors	bars	in	order	to	remove	bias.
Addresses	the	previous	problems

Analysis	uses	all	measured	data	to	avoid mode	mixing.
Can	be	made	arbitrarily robust, by	increasing	threshold	for
removal
Linear	transformation	in	the	data	space, keeps	track	of
statistics



Transit	Telescopes/Interferometers

Initially	pretend	light	is	unpolarised.

Visibility	is	the	instantaneous	correlation Vij ∝
⟨
FiF∗

j
⟩
.

After	including	noise	(nα)	and	sky	rotation	(ϕ)

Vα(ϕ) =

∫
d2n̂ Bα(n̂;ϕ)T(n̂) + nα(ϕ) (4)

where α gives	the	feed	pair ij and	the	transfer	function	is

Bij(n̂;ϕ) =
1
Ωij

Ai(n̂;ϕ)A∗
j (n̂;ϕ)e2πin̂·uα(ϕ) . (5)

Signal	is	periodic	in ϕ —	fourier	transform. Using	spherical
transform	of T(n̂) and Bα(n̂;ϕ)

Vα
m =

∑
l

Bα
lmaT∗

lm + nα
m . (6)



m-transform

Observing	process	does	not	mix m-modes	on	the	sky.

Write	as	vector	equation for	each m

v = B a∗ + n . (7)

Physical	size	of	instrument	means	we	are	sensitive	to	only	a
finite	range	of	multipoles (l,m).

Gives	an	alternative	way	of	analysing	interferometers	to	the
usual	UV plane	gridding	approach, which	is	particularly
useful	with	large	sky-coverage.



Original

Beam	projected	(ML solution a = B+v)

Example: 2x10m	wide	cylinders, 20	feeds	each, 0.5m	spacing.



Signal/Foreground	Spectrum



Constrained	Galaxy

21cm	Signal



Beam	projected

Fixed	color	scales



S/N > 0.001



S/N > 0.01



S/N > 0.1



S/N > 1



S/N > 10



Fisher	Forecasting

Want	to	know	how	well	we	can
estimate	power	spectrum. Assume
linear	sum	of	basis	functions

P(k) =
∑

a
paPa(k) . (8)

Use	Fisher	matrix	to	estimate
errors Cab =

[
F−1]

ab

Fab = tr
[
C̃aC̃−1C̃bC̃−1

]
. (9)

Can	propagate	forward	to
estimation	of H(z) and DA(z),
(and w0 and wa).
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Conclusions

Foreground	removal	is	the	primary	problem	for	21cm
Intensity	Mapping

Signal-to-Noise	eigenmodes	are	a	promising	avenue	for
foreground	removal.

Combined	with	the	formalism	for	analysing	transit	telescopes
this	gives	a	full	procedure	for	data	analysis	and	forecasting.

Not	discussed	here:
Polarisation Extension	to	polarisation	is	straightforward
Computation Problem	is	numerically	very	intensive.

m-mode	separation	is	very	helpful.
Effects	to	consider There	are	many	instrumental	effects	that

we	can	address, gain/beam	variations, in-cylinder
cross-talk	etc.



Interesting	Questions

What	S/N threshold	for	extraction?
Use	best	known	model	and	Monte-Carlo	over	uncertainties
to	check	power	leakage.

Does	isotropic	random	field	approx	work? Feed	in	an	actual	map
of	the	galaxy	(eg. Haslam	with	random	spectral	indices),
and	see	how	power	leaks.

Polarisation? In	progress. See	later	slides.

Dealing	with	cross	talk? Each	feed	receives	a	small	component
from	each	other	feed. Mixes	beam	transfers B̂α = Mαα′B′

α.
Can	treat	if	known, otherwise, Monte-Carlo	to	see	level	at
which	it	needs	to	be	controlled.

Analogue	beam	forming	issues/beam	wandering? Observe	until
distribution	becomes	stationary. Looks	like	overall
broadening	of	beam.



Polarisation

Can	extend	formalism	to	polarisation

Vij(ϕ) =

∫ [
BT

ij (n̂;ϕ)T(n̂) + BQ
ij (n̂;ϕ)Q(n̂)

+ BU
ij (n̂;ϕ)U(n̂)

]
d2n̂ + nij(ϕ) (10)

where	the	beam	transfer	functions BX
ij involve	projections

onto	the	actual	feed	orientations.

After	the	same	process	and	after	performing	the E − B
transform

Vα;m =
∑

l

[
BT
α;lmaT∗
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α;lmaE∗

lm + BB
α;lmaB∗

lm
]
+ nα;m .

(11)

Correlation	matrices	become	3	times	bigger	on	each	side.



Polarised	Foregrounds

Need	models	for T, E and B foregrounds, correlations and
cross	correlations.

Models	are	uncertain, especially	in	frequency	structure.

Faraday	rotation	is	difficult, makes E and B modes	correlate
at	different	frequencies.

Currently	using	polarisation	fraction	of	30	%, with
correlation	structure	identical	to	temperature	(E and B
equal).



Polarisation	modes

Two	cylinders, 25cm	feed	spacing, 30 feed	pairs	per	cylinder, parallel
and	perpendicular; 500–600 MHz	with	25	channels; Tsys = 50 K.



Computational	Requirements

Pathfinder	—	minimal

Unique	baselines = 190 (commensurate); channels ∼ 100 at
a	time, (400 total); polarisations	3

Correlations	approximately 57, 000 × 57, 000 for	each	m.
Requires ∼ 50 Gb	memory	(16	nodes)

Computing	eigenmodes	for	all m, & 60 core-years

Storage	for	eigenmodes ∼ 8 Tb	(5%), 1.5 Tb	(1%)



Computational	Requirements

Pathfinder	—	maximal

Unique	baselines = 190 (commensurate); all	channels
∼ 400; polarisations	4
Correlations	approximately 300, 000 × 300, 000 for	each	m.
Requires ∼ 1.4 Tb	memory	(350	nodes)

Computing	eigenmodes	for	all m, & 2250 core-years

Storage	for	eigenmodes ∼ 60 Tb	(5%), 15 Tb	(1%)



Computational	Requirements

CHIME —	maximal

2000	degrees	of	freedom	(after	SVD); 100 channels	at	a	time
(400	total); polarisations	3

Correlations	approximately 600, 000 × 600, 000 for	each	m.
Requires ∼ 6 Tb	memory	(1400	nodes)

Computing	eigenmodes	for	all m, & 72, 000 core-years

Storage	for	eigenmodes ∼ 1.5 Pb	(5%), 0.4 Pb	(1%)



Sensitivity	in (l,m) space

Finite	telescope	size	means
that	we	are	only	sensitive	to
a	finite	set	of	spherical
harmonics.

In	this	case Vm ̸= 0 only	for
|m| . 2π 2W

λ

Only	sensitive	to	scales	on

the	sky l .
√

m2
max + D2

For	a	large	cylinder
lmax ∼ 2000

.

.W

.D

.W + ϵ

Two	cylinders	of	width W
and	separation ϵ with	a	pair
of	feeds	such	that	they	are
separated	by W + ϵ in	the
E-W direction	and	by D in
the	N-S direction.



Projecting	correlations	—	sky	to	visibilities

Measurements	are	a	function	of	baseline α (∼ 1000),
frequency	channel ν (∼ 500)	and m-mode	(∼ 2000).
Full	correlation C(ανm);(α′ν′m′) is	hard, dimensionality ∼ 109.

If	we	think	of	the	sky	as	an	isotropic	random	field⟨
aT

lmν′aT∗
l′m′ν′

⟩
= Cl(ν, ν

′)δll′δmm′

Makes	correlation	diagonal	in m, consider m by m

C(αν);(α′ν′) =
∑

l
Bαν

l Bα′ν′∗
l Cl(ν, ν

′) + N(αν);(α′ν′) (12)

Now	we	have ∼ 2000 correlations	of	size ∼ 5 × 105. Around
2000 times	less	storage, 4 × 106 less	computation.
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