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Galaxy	  RedshiA	  Surveys	  

Basic	  idea	  :	  	  
galaxy	  posiEons	  and	  redshiAs	  
measured	  in	  the	  opEcal	  eg.	  2DF,	  SDSS	  

Use	  P(k)	  to	  deduce	  BAOs	  and	  constraints	  on	  DE	  
-‐	  also	  neutrino	  masses	  &	  redshiA	  space	  distorEons	  

“Inefficient”	  :	  detecEon	  at	  5σ	  throws	  away	  all	  but	  a	  small	  
fracEon	  of	  the	  detected	  photons	  !	  	  

∆ =
N − 〈N〉

〈N〉
Density	  PerturbaEon	  =	  
Number	  PerturbaEon	  	  



Views	  of	  the	  
Universe	  

States of hydrogen in galaxies 9

Figure 3. The distribution of various baryonic components in typical haloes with Mvir ≈ 1012, 1013 and 1014 h−1M" from the N = 512
simulation with L = 25, 50 and 100 h−1Mpc, left to right columns respectively, at z = 2 for L = 25 h−1Mpc and z = 0 for L = 50
and 100 h−1Mpc. We show the densities of different baryonic components in rows, from top to bottom these are HII, HI, H2 and Stars.
In order to visualise the compact stellar disk we zoomed in a factor 10. The colours correspond to the volume density as given by
the colourbar. The outer red circle denotes Rvir and inner, blue, circle is 0.1 Rvir, note that the coordinates (density) are in comoving
(proper) units. The boxes are as thick along the line of sight as they are wide, indicated by the arrow in comoving h−1Mpc.
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Galaxy	   Group	   Cluster	  

Ionized	  gas	  :	  HII	  

Neutral	  gas	  :	  HI	  

Molecular	  gas	  :	  H2	  

Stars	  

From	  Duffy,	  Kay,	  Ba5ye,	  Dalla	  Vechia,	  Booth,	  Schaye	  (2012)	  



Bias	  

•  Scale	  and	  redshiA	  depdendent	  bias	  -‐	  problem	  
•  Bias	  for	  HI	  surveys	  will	  be	  different	  to	  opEcal	  !	  
•  Marin	  et	  al	  
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Figure 6. Neutral hydrogen bias factor bMS
H i,1(k) at different redshifts from the

Millennium Simulation (symbols) for the model A in the PNE scenario and our
analytical predictions for the linear bias b1,H i (horizontal lines). The dashed lines
show analytical predictions for the whole set of halos (Mmin = 104 h−1 M"),
while solid lines show the analytical calculations for the set of halos resolved in
the Millennium Simulation (Mmin = 1011 h−1 M").
(A color version of this figure is available in the online journal.)

Figure 6 shows, in symbols, the measured bias bMS
H i,1(k) for

a series of redshifts from z = 0 to z = 3 for model A in the
PNE scenario. The solid lines represent bH i,1 from our analytical
modeling, with a minimum mass cut Mmin = 1011 h−1 M"; the
dashed lines are the results of bH i,1 with Mmin=104 h−1 M".

The bias measured from the simulation using Equation (22)
should agree with bH i,1 obtained from Equation (19) on large
scales; on smaller scales, a contribution from the clustering
within a halo results in a scale dependence in bias (Seljak 2000)
which we refer to as a nonlinear bias effect. From the figure,
we indeed observe a strong redshift evolution of large-scale
bias in agreement with the behavior found in our analytical
calculations; the agreement is of the order of 5%. The small
differences are due mainly to the fact that our analytical halo
mass function, though a good approximation, indeed has small
differences to the one measured in simulations. The figure also
shows that the linear bias assumptions break down for k !
0.15 h Mpc−1, but the effective nonlinear scale (where the
linear bias deviates strongly from a constant value) appears
to evolve little with redshift, likely a consequence of our
adopted MH i–Mtot relationship, given the fact that in simulations
this scale varies greatly with redshift. We point out that if
our assumption of the one-to-one correspondence between the
HIPASS source and the halo breaks down for large halo masses,
it will alter bMS

H i,1(k) to some extent.
As stated earlier, the difference between the two sets of hor-

izontal lines in Figure 6 shows the contribution of halos with
Mtot < Mmin = 1011 h−1 M". This contribution is substantial.
It is important to note that in the case of the 21 cm intensity
mapping, we suffer no lower detection limit in neutral hydrogen
mass and therefore halo mass. In that case, the bias derived with
Mmin = 0 is the appropriate one. As a much higher mass resolu-
tion would be required to reduce Mmin much below 1011 h−1 M",
the Millennium Simulation—or another simulation with similar
resolution—cannot be used to provide an accurate estimate for
the H i bias for this kind of survey but only as a useful tool to
validate the semi-analytical estimates obtained in the previous
section.

3.3. Impact of Bias Evolution on the Power Spectrum

Having shown how the H i bias evolves with redshift, we turn
to assess to what extent this may or may not have an effect on the
measurement of the power spectrum. At tree level in perturbation

theory, the density fluctuations in the neutral hydrogen δH i and
in the dark matter δdm ≡ δ are related through

δH i($x,χ ) = b(χ )δ($x,χ ) = b(χ )D+(χ )δ($x, 0)
≡ E(χ )δ($x, 0), (23)

where D+(χ ) is the linear growth factor, and we exchanged
redshift z for comoving distance χ . When observations are
performed, only the product E(χ ) can be measured, as the
redshift evolution of the bias contributes a component that
combines with the growth of structure. To understand to what
extent this has an influence on the measurement of the power
spectrum, we start by Taylor expanding E(χ ) =

∑
E

(n)
0 χn/n!,

where all derivatives E
(n)
0 = dnE/dχn are evaluated at the

observer’s position. Next, we Fourier transform δH i($x) to obtain

δH i($k,χ ) =
∫

d3 $x e−i$k·$xδH i($x,χ )

=
∫

d3 $x e−i$k·$x

[ ∞∑

n=0

E
(n)
0 χn

n!

]

δ($x, 0)

=
∞∑

n=0

inE
(n)
0

n!
∂n
k‖

δ($k, 0), (24)

where we used the fact that χn = in ∂n
k‖

e−i$k·$x . Next, we note that

δ($k, 0) is a Gaussian random variable with dispersion σδ($k,0) =√
P (k, 0). We can then rewrite it as δ($k, 0) =

√
P (k, 0)λ$k

with λ$k a Gaussian random variable with 〈λ$k〉 = 0 and
〈λ$kλ

∗
$k′ 〉 = (2π )3δ3

D($k − $k′). Note that $k for λ$k is nothing but a

label and that all the dependence of δ($k, 0) on the wavevector is
really encoded in the prefactor. Defining the H i power spectrum
by 〈δH i($k,χ )δ∗

H i($k′,χ )〉 ≡ PH i(k,χ ) (2π )3 δ3
D($k − $k′), we can

then express PH i as

PH i(k,χ ) ≈ [L(k) + µ2H (k)]P (k, 0), (25)

where µ = cos(θ ) is the cosine of the angle the wavevector $k
makes with the line of sight and L(k) and H (k) are the first two
terms that encode the χ dependence of δH i. We calculate the first
few terms of L and H using the fact that k‖ = k cos(θ ) = kµ

and $k⊥ = k sin(θ ) = k
√

1 − µ2. They turn out to be

L ≈ E2
0 − E0E

′′
0

P ′

2kP
, (26)

H ≈ E0E
′′
0

(
P ′2

4P 2
− P ′′

2P
+

P ′

2kP

)
+ E′2

0
P ′2

4P 2
, (27)

where P ′ and P ′′ denote first and second derivatives of P
with respect to k, while E′

0 and E′′
0 denote derivatives of

E(χ ) with respect to the comoving distance evaluated at the
observer position. In general, the comoving distance dependence
generates in the power spectrum a directionality dependence that
is reminiscent of redshift space distortions. Despite the fact that
the nature of the effect considered here is completely different
from the effect of redshift space distortions (which is due to
peculiar velocities), the two effects may be in practice difficult
to separate from one another, unless we have a sufficiently small
sample variance on the clustering measurement. However, we
point out that the nth derivative with respect to the comoving

CompaEble	  with	  observaEons	  !	  



Galaxy	  redshiA	  surveys	  using	  HI	  
•  Problem	  :	  21cm	  line	  is	  very	  weak	  

-‐	  L*	  galaxies	  at	  z=1	  need	  1km2	  to	  detect	  in	  hours	  
-‐	  Need	  the	  SKA	  	  

•  Use	  21cm	  line	  –	  detecEon	  plus	  redshiA	  automaEc	  	  
-‐	  109	  galaxies	  out	  to	  z	  =	  1.5	  with	  SKA	  	  	  
-‐	  strong	  constraints	  on	  DE	  

•  What	  has	  been	  done	  so	  far	  ?	  
	  -‐	  HIPASS	  104	  galaxies;	  ALFALFA	  	  
-‐	  Upcoming	  MEERKAT,	  ASKAP,	  APERTIF,	  FAST	  

•  QuesEon	  I	  asked	  myself	  	  around	  10	  years	  ago:	  
	  -‐	  what	  can	  be	  done	  cheaply	  &	  quickly	  before	  SKA	  ?	  

Abdalla	  &	  Rawlings,	  2005	  	  

Wilkinson,	  1991	  



HI	  surveys	  with	  a	  low	  	  
resoluEon	  at	  high	  redshiA	  

•  Standard	  formula	  of	  radio	  astronomy	  

Radio	  astronomers	  are	  usually	  interested	  in	  collecEng	  area	  –	  point	  source	  flux	  
sensiEvity	  as	  opposed	  to	  brightness	  temperature	  sensiEvity	  

•  Instrument	  with	  104m2	  collecEng	  area	  –	  100m	  dish!	  

-‐	  1011	  solar	  masses	  of	  HI	  -‐>	  150µJy	  	  
-‐	  can	  be	  detected	  in	  around	  an	  hour	  

•  Clusters	  contains	  approx	  1011	  solar	  masses	  of	  HI	  !	  

•  Problem	  confusion	  noise	  –	  ie	  the	  large-‐scale	  HI	  	  

(Ba5ye,	  Davies	  	  
and	  Weller,	  2004)	  

MHI

M!
=

2.35 × 105

1 + z

(
dL(z)

Mpc

)2 (
S∆v

Jy kmsec−1

)



HI	  intensity	  mapping	  

•  Just	  deal	  with	  the	  intensity	  field	  T(f,θ,φ)	  
	  -‐	  don’t	  detect	  the	  galaxies	  

	  -‐	  use	  the	  unresolved	  background	  

	  -‐	  treat	  like	  the	  CMB	  	  

•  Average	  temperature	  

T̄ = 44µK

(
ΩHI(z)h

2.45 × 10−4

)
(1 + z)2

E(z)

Calibrated	  to	  local	  HI	  density	  from	  HIPASS	  	  
-‐	  Factor	  2ish	  change	  expected	  with	  redshiA	  

Weak	  redshiA/	  
Frequency	  dependence	  	  

Peterson	  et	  al	  (2006)	  
Pen	  et	  al	  (2008)	  
Loeb	  &	  Wyithe	  (2008)	  
Ansari	  et	  al	  (2008)	  
Chang	  et	  al	  (2010)	  



Consider	  datacube	  at	  z=0.5	  

Δfobs	  =	  1MHz	  

(30	  arcmin)2	  

Average	  HI	  mass	  in	  side	  the	  datacube	  =	  1.2	  x	  1010	  Msun	  

Brightness	  Temp	  =	  approx	  100	  µK	  	  with	  fluctuaEons	  =	  O(1)	  	  

Equivalent	  to	  (8h-‐1Mpc)3	  

σ
8	  ~	  1	


Typical	  Noise	  Level	  on	  1MHz	  is	  50mKs1/2	  	  
	  -‐>	  around	  3days	  to	  detect	  100	  µK	  



Simulated	  spectra	  from	  S3	  
HI intensity mapping : a single dish approach 5
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(b) �f = 10 MHz, �FWHM = 60 arcmin

800 900 1000 1100 1200
Frequency [MHz]

0

100

200

300

400

Te
m

pe
ra

tu
re

 [µ
!
]

(c) �f = 1 MHz, �FWHM = 20 arcmin

800 900 1000 1100 1200
Frequency [MHz]

0

100

200

300

400

Te
m

pe
ra

tu
re

 [µ
!
]

(d) �f = 10 MHz, �FWHM = 20 arcmin

Figure 3. The simulated HI signal for di⇥erent telescope beam
resolution and frequency bin size combinations. A smaller fre-
quency bin or telescope beam size results in larger fluctuations,
as expected.
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Figure 4. The number of galaxies contributing to the mock HI
signal as a function of redshift.
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Figure 5. The RMS temperature fluctuations in the HI signal
as a function of both telescope beam �FWHM and frequency bin
width �f .

3 FOREGROUND CONTAMINATION

3.1 Overview

To detect BAO in the faint HI signal, we will need to remove
the contributions from much brighter foreground emission.
The observed brightness temperature of the sky, Tsky(f,x)
at a frequency f and position x, consists of several compo-
nents

Tsky(f,x) = TCMB(f,x) + Tgal(f,x) + Tps(f,x) + THI(f,x) ,
(21)

where TCMB is the CMB temperature, Tgal is di�use Galac-
tic radiation, Tps is emission from (mostly) unresolved extra-
galactic sources, and THI is the HI emission we are intending
to detect. If the telescope and receiver are perfect, the total
system temperature is given by Tsys = Tsky + Tnoise i.e. no
other contributions (e.g. from ground-spillover) will add to
Tsys.

The contribution from each foreground can be decom-
posed into a smooth component, T̄ (f), and frequency and
position varying fluctuations, �T (f,x), about this smooth
background

T (f,x) = T̄ (f) + �T (f,x) . (22)

c� 0000 RAS, MNRAS 000, ??–??

HI intensity mapping : a single dish approach 5
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(d) �f = 10 MHz, �FWHM = 20 arcmin

Figure 3. The simulated HI signal for di⇥erent telescope beam
resolution and frequency bin size combinations. A smaller fre-
quency bin or telescope beam size results in larger fluctuations,
as expected.
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Figure 4. The number of galaxies contributing to the mock HI
signal as a function of redshift.
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as a function of both telescope beam �FWHM and frequency bin
width �f .

3 FOREGROUND CONTAMINATION

3.1 Overview

To detect BAO in the faint HI signal, we will need to remove
the contributions from much brighter foreground emission.
The observed brightness temperature of the sky, Tsky(f,x)
at a frequency f and position x, consists of several compo-
nents

Tsky(f,x) = TCMB(f,x) + Tgal(f,x) + Tps(f,x) + THI(f,x) ,
(21)

where TCMB is the CMB temperature, Tgal is di�use Galac-
tic radiation, Tps is emission from (mostly) unresolved extra-
galactic sources, and THI is the HI emission we are intending
to detect. If the telescope and receiver are perfect, the total
system temperature is given by Tsys = Tsky + Tnoise i.e. no
other contributions (e.g. from ground-spillover) will add to
Tsys.

The contribution from each foreground can be decom-
posed into a smooth component, T̄ (f), and frequency and
position varying fluctuations, �T (f,x), about this smooth
background

T (f,x) = T̄ (f) + �T (f,x) . (22)

c� 0000 RAS, MNRAS 000, ??–??

Average	  spectrum	  :	  	  T̄ = 44µK

(
ΩHI(z)h

2.45 × 10−4

)
(1 + z)2

E(z)

SKA	  Design	  Study	  Simulated	  Catalogue	  based	  on	  Millennium	  SimulaEon	  (Oberschkow,	  2009)	  

(Ba5ye	  et	  al,	  2012)	  



Line	  +	  conEnuum	  signal	  

HI	  Signal	  only	  

HI	  signal	  +	  noise	  from	  3	  days	  

Total	  signal	  +	  noise	  	  	  

Frequency	  differenced	  	  

ConEnuum	  

ConEnuum	  
+	  HI	  +	  noise	  



Zoom	  in	  on	  conEnuum	  
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Line	  +	  conEnuum	  signal	  

HI	  Signal	  only	  

HI	  signal	  +	  noise	  from	  3	  days	  

Total	  signal	  +	  noise	  	  	  

Frequency	  differenced	  	  

ConEnuum	  

ConEnuum	  
+	  HI	  +	  noise	  



Galaxies	  –	  Clusters	  –	  “Background”	  
What	  makes	  up	  the	  signal	  ?	  	  
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Other	  spectral	  lines	  

•  Intensity	  mapping	  for	  any	  line?	  	  
•  CO	  
	  1-‐0	  transiEon	  -‐	  15GHz	  :	  z=	  6.6 	  30GHz	  :	  z=2.8	  

	  2-‐1	  transiEon	  -‐	  30GHz	  :	  z=	  6.6	  

•  CII	  &	  Lyα	  –	  Peterson	  @	  Moriond	  Cosmology	  

•  HI	  is	  an	  isolated	  line	  
-‐	  Very	  li5le	  opportunity	  for	  confusion	  	  

PotenEal	  confusion	  



CalculaEng	  power	  spectra	  

•  Ignore	  absorpEon,	  redshiA	  space	  distorEons	  
•  Brightness	  temp	  	  

•  Power	  spectra	  
-‐	  3D	  power	  spectrum	  
	  -‐	  2D	  power	  spectrum	  in	  Δf	  =	  10	  MHz	  

δTb ∝ δρHI



3D	  power	  spectrum	  
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2D	  angular	  power	  spectra	  
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BAOs	  in	  2D	  v	  3D	  spectra	  

2D	  angular	  power	  spectra	   3D	  power	  spectra	  
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RedshiA	  space	  distorEons	  

•  ContribuEon	  from	  radial	  velociEes	  

•  Power	  spectrum	  

•  PotenEally	  powerful	  probe	  of	  modified	  gravity	  

δTb

T̄
∝

δρHI

ρHI
−

δvr

vr

(Masui,	  McDonald	  &	  Pen,	  2010;	  Talk	  by	  Alex	  Hall)	  

Dependence	  on	  
	  theory	  of	  gravity	  

Angular	  dependence	  
-‐	  cos2θ	  

Pobs(k, µ, z) =
(
b + [Ωm(z)]γµ2

)2
[D(z)]2Pi(k)

Bias	  –	  potenEally	  z	  and	  k	  dependent	  



Conclusions	  
•  Signal	  r.m.s	  approx	  100	  µK	  for	  HI	  
•  Adaptable	  to	  other	  spectral	  lines	  eg.	  CO	  
•  Thermal	  noise	  relaEvely	  easy	  to	  achieve	  

•  Many	  similariEes	  with	  the	  CMB	  
-‐	  Data	  analysis	  	  
-‐	  Foregrounds	  

•  Likely	  to	  be	  systemaEcs/analysis	  limited	  

•  Many	  observaEonal	  iniEaEves	  being	  taken	  –	  
which	  you	  will	  hear	  about	  today	  !	  


