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Instrumenta*on	
  needs	
  in	
  Dark	
  Energy	
  

• 	
  Probes	
  for	
  dark	
  energy	
  
• 	
  Quick	
  survey	
  of	
  the	
  main	
  players	
  (DES,	
  MS-­‐DESI,	
  EUCLID,	
  LSST)	
  	
  
• 	
  MKIDs	
  or	
  my	
  own	
  prejudice	
  of	
  what	
  to	
  do	
  during	
  or	
  aJer	
  LSST	
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  “Ground-­‐based	
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  Airborne	
  Instrumenta8on	
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  Astronomy	
  IV”	
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Two	
  kinds	
  of	
  probes	
  are	
  used	
  to	
  measure	
  dark	
  energy:	
  
	
  
1.   Distance	
  measurements	
  (to	
  track	
  the	
  expansion	
  of	
  the	
  Universe)	
  

2.   Growth	
  of	
  cosmic	
  structure	
  (to	
  answer	
  the	
  ques*on:	
  is	
  the	
  accelera*on	
  
due	
  to	
  dark	
  energy	
  of	
  modified	
  gravity?)	
  

In	
  linearized	
  GR	
  both	
  quan88es	
  depend	
  on	
  the	
  Hubble	
  ra8o:	
  

H (z) = !a
a
= H0 !r (1+ z)

4 +!m (1+ z)
3 +!k (1+ z)

2 +!"

!" =!DE exp 3 (1+W0 +Wa )ln(1+ z)#Wa z / (1+ z){ }

With	
  W=p/E=W0+Wa	
  (1-­‐a)	
  	
  we	
  have:	
  

For	
  a	
  cosmological	
  constant	
  W0=-­‐1	
  and	
  Wa=0	
  

Probes	
  for	
  Dark	
  Energy	
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Dc = c
dz '
H (z ')0

z

!

Distance	
  measurements	
  

Then	
  the	
  co-­‐moving	
  distance	
  is:	
  

Two	
  proven	
  forms	
  of	
  measuring	
  distances	
  are:	
  

old High-Z Team and new members Casertano, Strolger,
Ferguson, Giavalisco, Mobasher, and Dickinson) would sub-
tract these images to find fresh supernovae. Unlike previous
ground-based surveys, we would already have a good idea of
the type and redshift of the supernovae from color measure-
ments obtained by the GOODS Team. If we found a supernova
at z greater than 1 with the right colors to be a type Ia
supernova, we could interrupt Hubble’s schedule to reobserve
it withACS andNICMOS.Our proposal was accepted, but that
did not guarantee our plan. The NASA crew of the Space
Shuttle flight STS 109 first had to install ACS! One of the
greatest privileges I have ever had as a scientist was to present
the science case for the observations to the astronauts before
their trip to Hubble. These folks (John Grunsfeld, Mike
Massimino, Scott Altman, Jim Newman, Duane Carey,
Nancy Curry, and Richard Linnehan) were real life heroes
who risked their lives to refurbish Hubble. Their successful
mission inMarch 2002 brought Hubble again to the peak of its
capabilities and allowed us to undertake the proposed
investigation.

Compared to our searches using ground-based telescopes,
using Hubble to find and follow supernovae had advantages
and disadvantages. On the positive side, the weather was
always good in space, the image quality always razor sharp,
andmoonlight never got in theway of our observations. On the
negative side, the Hubble does not have the protection of
Earth’s atmosphere and magnetic fields that ground-based
telescopes do, so cosmic rays strike Hubble about 100 times
more frequently. A cosmic ray strike can look quite similar to a
supernova: they both appear as a new source not in the prior
image. Because cosmic rays affect only about 2% of the pixels
in a Hubble image, and because the odds of consecutive strikes
are small most astronomers can distinguish a real astronomical
source from a cosmic ray strike by obtaining a second image.
However, because a supernova could appear on any pixel of the
ACS’s 16! 106 pixels, we determined we needed four con-
secutive images to rule out the fluke of even three consecutive
strikes. Another challenge was imposed by the way Hubble is
scheduled: observing schedules are uploaded to the telescope
weekly. We could alter Hubble’s schedule only on a Tuesday
by noon, in advance of the next schedule upload. It was ironic
that a supernova’s light could travel for 9! 109 years but
needed to reach Hubble shortly before Tuesday to be of any
use! We found that if you look for a supernova only on the
weekends, you could naturally meet this requirement.

Our year-long program from 2002 to 2003 to measure
supernovae on Hubble was highly successful. We found six
type Ia supernovae at redshifts over 1.25. They allowed us to
rule out gray dust and evolution and to clearly determine that
the Universe was decelerating before it began accelerating
(see Fig. 6). In physics, a change in the value or sign of
deceleration (which results from a change in force) is called a
jerk. So when we announced this result in a conference in
2003 we described the change from the Universe’s past
deceleration to its present acceleration as evidence of a recent
‘‘cosmic jerk.’’ I saw Dennis Overbye from the New York
Times in the front row as I discussed the result and asked him
to please not run a picture of me next to a headline ‘‘Cosmic
Jerk Discovered,’’ to no avail.

Over the next 2 years we continued using Hubble to collect
type Ia supernovae at redshifts greater than 1 and by 2007 we
published a sample of 23. Not only did these data appear to
confirm that supernovae were faithfully communicating the
history of cosmic expansion, they also could be used to help
determine if the properties of dark energy had been changing
over the last 10! 109 years. So far those properties seem
unchanged, adding credence to Einstein’s cosmological con-
stant. But to quote Edwin Hubble from Realm of the Nebulae,
‘‘With increasing distance, our knowledge fades, and fades
rapidly. Eventually, we reach the dim boundary—the utmost
limits of our telescopes. There, we measure shadows, and we
search among ghostly errors of measurement for landmarks
that are scarcely more substantial. The search will continue.
Not until the empirical resources are exhausted, need we pass
on to the dreamy realms of speculation.’’

Although Hubble did not know about acceleration, his
description fits our work. Today we seek to learn more about
the cause of cosmic acceleration by refining a wide range of
cosmological measurements. Many feel this challenge is one
of the greatest for cosmology and fundamental physics and I
agree. Since about 2003, WMAP data, measurements of
baryon acoustic oscillations (BAO), large-scale structure,
weak lensing, and the integrated Sachs-Wolfe effect also
give strong evidence for dark energy in ways independent
from supernovae. The BAO technique alone now provides
independent confirmation of the recent acceleration. For my
own work I have been focusing on improving the measure-
ments of the present expansion rate, also known as the Hubble
constant, because knowing this to percent level precision
would significantly aid the present quest. Already we have
improved the determination of the Hubble constant by a
factor of 3 to 3.5% precision. This, combined with the
WMAP measurements of the cosmic microwave background
are good enough to measure the properties of dark energy
about as well as high-redshift supernovae—to around 10%—
and to provide another independent check of the results. An

FIG. 6 (color). Supernovae observed with Hubble at z > 1 con-
firm the result. By observing the transition from acceleration to
deceleration (looking back in time) the Higher-Z Team papers could
rule out simple astrophysical dimming (dust or evolution) as an
alternative to acceleration and a mixed dark matter and dark energy
Universe.

1174 Adam G. Riess: Nobel Lecture: My path to the accelerating . . .
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BOSS measures the BAO standard ruler 
using the distribution of galaxies 

6.7 sigma  
1.7% distance  

8 

BOSS results with 1/3 of Data; on track for 1% distance measurements at 2 redshifts Supernovae	
   Baryon	
  Acous*c	
  Oscilla*ons	
  (BAO)	
  

(Courtesy	
  of	
  M.	
  Levi)	
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Structure	
  measurements	
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Fig. VI-6: Schematic of gravitational lensing: the deflection angle apparent to the 
observer at left depends both upon the mass of the deflector and on the distance ratios 
between source, lens, and observer. 
 

 
 
Fig. VI-7:  At left is an image of a galaxy cluster from the Hubble Space Telescope, 
exhibiting arc-like images of faint background galaxies that are characteristic of strong 
gravitational lensing.  At left: the upper panels show a fictitious collection of circular 
background galaxies before (left) and after (right) lensing by a foreground mass 
concentration.  While galaxy A, on axis, is grossly distorted into a ring, all the other 
galaxies undergo a slight shearing by the lens.  On the lower panels, the galaxies have a 
variety of initial shapes, so the lensing shear pattern is less obvious, but would be 
detectable by statistical analysis. 

DETF,	
  Albrecht	
  et	
  al.	
  

The	
  two	
  “common”	
  methods	
  are:	
  
	
  
•  Weak	
  Lensing	
  (WL)	
  
	
  
•  Galaxy	
  cluster	
  coun*ng	
  (CC)	
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Two	
  ques8ons	
  

1.   How	
  far	
  in	
  redshiJ	
  do	
  we	
  need	
  to	
  go?	
  

2.   	
  What	
  kind	
  of	
  redshiJ	
  resolu*on	
  do	
  we	
  need?	
  

N.G. Busca et al.: BAO in the Lyα forest of BOSS quasars

Table 2. Measurements of H(z)/(1 + z). The first seven mea-
surements use rs = 152.75 h−1Mpc as the standard of length.
The measurements of Blake et al. (2011b) use supernova data
and therefore measure H(z) relative to H0. We quote the results
they obtain without assuming a flat universe.

z H(z)/(1 + z) method reference
km s−1Mpc−1

2.3 66.5 ± 7.4 BAO this work
2.3 67.8 ± 2.4 BAO +WMAP7 this work
0.35 60.8 ± 3.6 BAO Chuang & Wang (2012)
0.35 62.5 ± 5.2 BAO Xu et al. (2012)
0.57 58.8 ± 2.9 BAO + AP Reid et al. (2012)
0.44 57.4 ± 5.4 BAO + AP Blake et al. (2012)
0.60 54.9 ± 3.8
0.73 56.2 ± 4.0

0.2 H0 × (1.11 ± 0.17) AP + SN Blake et al. (2011b)
0.4 H0 × (0.83 ± 0.13)
0.6 H0 × (0.81 ± 0.08)
0.8 H0 × (0.83 ± 0.10)

0 73.8 ± 2.5 Riess et al. (2011)

position to derive DV (z)/rs = ((1 + z)2D2
AczH

−1/rs. They then
studied the Alcock-Paczynski effect on the broadband galaxy
correlation function to determine DA(z)H(z). Combining the two
measurements yielded H(z)rs.

To demonstrate deceleration in the redshift range 0.5 < z <
2.3, we fit the BAO-based values of H(z) in table 2 to theΛCDM
form H(z) = H0(ΩΛ + ΩM(1 + z)3 + (1 − ΩΛ − ΩM)(1 + z)2)1/2.
Marginalizing overΩΛ and H0 we find

[H(z)/(1 + z)]z=2.3

[H(z)/(1 + z)]z=0.5
= 1.17 ± 0.05 , (29)

clearly indicating deceleration between z = 2.3 and z = 0.5.
This measurement is in good agreement with the fiducial value
of 1.146. We emphasize that this result is independent of rs.

To map the expansion rate for 0 < z < 2.3, we must adopt the
fiducial value of rs and compare the resulting H(z) with H0 and
with other BAO-free measurements. Besides the H0 measure-
ment of Riess et al. (2011), we use the WiggleZ analysis com-
bining their Alcock-Paczynski data with distant supernova data
from the Union-2 compilation (Amanullah et al., 2010). The su-
pernova analysis does not use the poorly known mean SNIa lu-
minosity, so the SNIa Hubble diagram gives the luminosity dis-
tance in units of H−1

0 , DL(z)H0. Combining this result with the
Alcock-Paczynski measurement of DA(z)H(z) yields H(z)/H0.
The values are given in table 2.

We fit all the data in table 2 to theΛCDM form of H(z). This
yields an estimate of the redshift of minimum H(z)/(1 + z)

zd−a = 0.82 ± 0.08 (30)

which compares well with the fiducial value: zd−a =
(2ΩΛ/ΩM)1/3 − 1 = 0.755

6. Conclusions
In this paper, we have presented the first observation of the BAO
peak using the Lyα forest. It represents both the first BAO de-
tection deep in the matter dominated epoch and the first to use a
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Fig. 20. Constraints on (DA/rs, rsH)z=2.3 within the frame-
work of OwOwaCDM models. The green contours are our 1σ
and 2σ constraints using method 2 and broadband (24). The
gray contours are the 1σ and 2σ constraints from WMAP7
(Komatsu et al., 2011). The red contours show the combined
constraints.
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Fig. 21. Measurements of H(z)/(1 + z) vs z demonstrating
the acceleration of the expansion for z < 0.8 and deceleration
for z > 0.8. The BAO-based measurements are our point at
z = 2.3 (red square), the SDSS DR7 BAO measurement at z =
0.35 [Xu et al. (2012); filled black square] and [Chuang & Wang
(2012); open black square], the BOSS BAO-Alcock-Paczynski
measurement at z = 0.57 [Reid et al. (2012), cyan square], and
the WiggleZ BAO-Alcock-Paczynski measurement [Blake et al.
(2012), green square]. The green circles are from WiggleZ
(Blake et al., 2011b) Alcock-Paczynski data combined with su-
pernova data yielding H(z)/H0 (without the flatness assumption)
plotted here assuming H0 = 70km s−1Mpc−1. The blue circle
is the H0 measurement of Riess et al. (2011). The line is the
ΛCDM prediction for (h,ΩM,ΩΛ) = (0.7, 0.27, 0, 73).

tracer of mass that is not galactic. The results are consistent with
concordance ΛCDM, and require, by themselves, the existence
of dark energy. Combined with CMB constraints, we deduce the
expansion rate at z = 2.3 and demonstrate directly the sequence
of deceleration and acceleration expected in dark-energy domi-
nated cosmologies.

15

Beau8ful	
  new	
  result:	
  “BAO	
  in	
  the	
  Lyα	
  forest	
  of	
  BOSS	
  quasars”	
  	
  arXiv:1211.261v1,	
  Nov	
  2012.	
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Growth	
  of	
  structure	
  (I)	
  
Aeer	
  the	
  mafer-­‐radia8on	
  equality	
  epoch	
  (at	
  z	
  ≈	
  3000)	
  non-­‐rela8vis8c	
  mafer	
  evolves	
  prefy	
  
much	
  following	
  Newton’s	
  gravity.	
  The	
  correct	
  treatment	
  (GR	
  +	
  Boltzmann’s	
  equa8on)	
  in	
  the	
  
linear	
  approxima8on	
  give	
  the	
  same	
  equa8ons	
  and	
  for	
  me	
  at	
  least	
  it	
  is	
  easier	
  to	
  think	
  in	
  
Newtonian	
  terms.	
  	
  Newton’s	
  gravity	
  is	
  expressed	
  in	
  Euler’s	
  equa8on:	
  

One	
  ends	
  up	
  with	
  a	
  second	
  order	
  differen8al	
  equa8on	
  for	
  δ	
  

!!
!t
+".(!

!
V ) = 0 Conserva*on	
  of	
  mass	
  

!(! vi )
!t

+".(! vi

!
V ) = (i-axis force)/volume Newton’s	
  second	
  law	
  

The	
  force	
  has	
  two	
  components,	
  one	
  due	
  to	
  pressure	
  and	
  the	
  other	
  due	
  to	
  gravity,	
  so	
  one	
  
has	
  to	
  add	
  Poisson’s	
  equa8on.	
  	
  Using	
  co-­‐moving	
  coordinates	
  and	
  wri8ng	
  the	
  mafer	
  
density	
  as	
  

! = !0 (1+") = !m
a3 (1+"),         (!m =matter desity today)
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Growth	
  of	
  structure	
  (II)	
  

d 2!
dt2

+ 2H d!
dt
!
vs
2

a2
"c
2! ! 4"G#0 ! = 0

We	
  can	
  see	
  that	
  if	
  that	
  the	
  sound	
  speed	
  vs	
  is	
  large	
  the	
  density	
  contrast	
  δ	
  forms	
  traveling	
  
waves.	
  	
  But	
  aeer	
  recombina8on	
  (z≈1000)	
  the	
  speed	
  of	
  sound	
  becomes	
  zero	
  and	
  the	
  
waves	
  “freeze”.	
  	
  From	
  there	
  on	
  δ	
  just	
  changes	
  amplitude,	
  the	
  structure	
  sits	
  in	
  place	
  and	
  
just	
  grows.	
  	
  If	
  there	
  is	
  no	
  dark	
  energy	
  and	
  vs=0	
  the	
  solu8on	
  of	
  the	
  above	
  equa8on	
  is	
  just	
  	
  

G(a) = (constant)H da '
(a 'H )30

a

!
G	
  is	
  called	
  the	
  growth	
  factor	
  and	
  (constant)	
  is	
  usually	
  set	
  such	
  that	
  G(a<<1)=a	
  

When	
  dark	
  energy	
  is	
  present	
  the	
  growth	
  slows	
  down	
  and	
  can	
  be	
  wrifen	
  as:	
  

!(x, t) =G(t)!(x),    with  G(t) = a(t)
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The	
  growth	
  factor	
  

The	
  growth	
  factor	
  can	
  also	
  be	
  wrifen	
  as:	
  

G(a) = exp !
da '
a '

f (a ')
a

1

"#
$
%

&
'
(

f = a
G
dG
da

! ["m (a ')]! ,     with "m (a) = "m

a3
H0

H
#

$
%

&

'
(

2

Where	
  the	
  growth	
  rate	
  f(a)	
  can	
  be	
  approximated	
  by:	
  

In	
  GR	
  γ=0.55,	
  an	
  any	
  devia8on	
  from	
  this	
  number	
  will	
  indicate	
  a	
  modifica8on	
  of	
  GR.	
  	
  
Since	
  measures	
  the	
  change	
  in	
  growth	
  is	
  not	
  surprising	
  that	
  it	
  will	
  sensi8ve	
  to	
  mafer	
  
veloci8es	
  on	
  large	
  scales.	
  	
  Which	
  brings	
  as	
  to	
  Redshie	
  Space	
  Distor8ons.	
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2910 E. Gaztañaga et al.

Figure 2. Top-left panel shows the ξ (π , σ ) correlation in the Kaiser model with no photo-z error, i.e. σ z = 0 (from Gaztañaga et al. 2009a). The correlation
is clearly squashed in the radial direction with a region of negative correlation (in blue) between π = 50 and 100 Mpc h−1. Top-right panel shows the same
model but with a photo-z degradation of σ z = 0.003(1 + z), corresponding to the PAU survey. The difference is small and is mostly confined to small radial
scales. Bottom panels show how the results are degraded as we increase σ z to 0.006 (left-hand panel), 0.016 (centre) and 0.033 (right-hand panel). As the
photo-z increases the radial squashing disappears, turning instead into a radial elongation. Note also how the region of negative correlation vanishes as we
increase the photo-z error.

"100 Mpc h−1 (see Matsubara 2004; Gaztañaga, Cabré & Hui 2009)
and put constraints on DE equation of state (Gaztañaga, Miquel &
Sanchez 2009b).

The remaining panels display the same measurements done over
a distribution of objects with photometric redshifts of increasing
photo-z error (as labelled). The distortion pattern due to coher-
ent infall for the case of σ z = 0.003(1 + z) (top-right panel) is
remarkably similar to the one in the original redshift sample. More-
over, it is precisely this anisotropic signal that we will employ to
disentangle bias and growth of perturbations. For most purposes
σ z ∼ 0.003(1 + z) is almost equivalent to having a (spectroscopic)
redshift sample. This will be quantified better later. Notice how this
agreement degrades rather quickly with σ z.

In the large-scale linear regime and in the plane-parallel approx-
imation (where galaxies are taken to be sufficiently faraway from
the observer that the displacements induced by peculiar velocities
are effectively parallel), the distortion caused by coherent infall ve-
locities takes a particularly simple form in Fourier space (Kaiser
1987):

δs(k, µ) = (1 + f µ2)δ(k) (23)

where µ is the cosine of the angle between k and the line of sight, the
subscript s indicates redshift space and f (z) is given by equation (5).
If we assume that galaxy fluctuations are linearly biased by a factor
b relative to the underlying matter density δ (i.e. δg = b δ) but

velocities are unbiased, then

δg(k, µ) = (b + f µ2)δ(k), (24)

where δg are the measured galaxy fluctuations in redshift space.
However in practice what we measure is the rms value σ (b + µ2f ),
where σ is the rms amplitude of fluctuations at some scale. Hence
by fitting the µ dependence we can have independent measurements
of b σ and f σ as a function of redshift (or the ratio β = f /b, but we
cannot separate f from both σ or b). This means that f (z) cannot
be measured unless we fix the normalization of δ(z). Combining
RSD with WL (see below) or higher order correlations in the same
galaxy sample (e.g. see Gaztañaga et al. 2005; Sefusatti et al. 2006,
and references therein) we can break this degeneracy. Nonetheless
having an estimate for f (z)σ (z) (independent of bias) can be as
valuable as just having f , as both are ways to constrain D(z) and
therefore γ .

To implement RSD constraints on the growth rate f and bias we
follow the approach of White et al. (2009). First we write the cross-
power spectrum of galaxy samples A and B at the same redshift bin
i as

P
(i)
AB (k, µ) =

(
bA + f µ2) (

bB + f µ2) Gσz (k, µ) PL(k), (25)

where A and B are indices for different galaxy types and Gz

Gz(k, µ) = exp
[
−(1/2)k2µ2

(
σ 2

A + σ 2
B

)]
(26)

C© 2012 The Authors, MNRAS 422, 2904–2930
Monthly Notices of the Royal Astronomical Society C© 2012 RAS

Simula8ons	
  from:	
  
Enrique	
  Gaztañaga	
  et	
  al,	
  	
  
MNRAS	
  422,	
  2904	
  (2012)	
  	
  

! (r, cos", f ) = !0 (r, f )P0 (cos" )+!2 (r, f )P2 (cos" )+!4 (r, f )P4 (cos" )

The	
  two	
  point	
  correla8on	
  func8on	
  ξ	
  looks	
  like:	
  

Redshie	
  Space	
  Distor8ons	
  (RSD)	
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Anisotropic clustering in CMASS galaxies 5
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Figure 3. Left panel: Two-dimensional correlation function of CMASS galaxies (color) compared with the best fit model described in Section 6.1 (black lines).
Contours of equal ξ are shown at [0.6, 0.2, 0.1, 0.05, 0.02, 0]. Right panel: Smaller-scale two-dimensional clustering. We show model contours at [0.14, 0.05,
0.01, 0]. The value of ξ0 at the minimum separation bin in our analysis is shown as the innermost contour. The µ ≈ 1 “finger-of-god” effects are small on the
scales we use in this analysis.

in Figure 4. The effective redshift of weighted pairs of galaxies in
our sample is z = 0.57, with negligible scale dependence for the
range of interest in this paper. For the purposes of constraining cos-
mological models, we will interpret our measurements as being at
z = 0.57.

3.2 Covariance Matrices

The matrix describing the expected covariance of our measure-
ments of ξ"(s) in bins of redshift space separation depends in linear
theory only on the underlying linear matter power spectrum, the
bias of the galaxies, the shot-noise (often assumed Poisson) and the
geometry of the survey. We use 600 mock galaxy catalogs, based
on Lagrangian perturbation theory (LPT) and described in detail in
Manera et al. (2012), to estimate the covariance matrix of our mea-
surements. We compute ξ"(si) for each mock in exactly the same
way as from the data (Sec. 3.1) and estimate the covariance matrix
as

C"1"2i j =
1
599

600∑

k=1

(
ξk"1 (si) − ξ̄"1 (si)

) (
ξk"2 (s j) − ξ̄"2 (s j)

)
, (7)

where ξk" (si) is the monopole (" = 0) or quadrupole (" = 2) correla-
tion function for pairs in the ith separation bin in the kth mock. ξ̄"(s)
is the mean value over all 600 mocks. The shape and amplitude of
the average two-dimensional correlation function computed from
the mocks is a good match to the measured correlation function
of the CMASS galaxies; see Manera et al. (2012) and Ross et al.
(2012) for more detailed comparisons. The square roots of the di-
agonal elements of our covariance matrix are shown as the error-
bars accompanying our measurements in Fig. 4. We will examine
the off-diagonal terms in the covariance matrix via the correlation

matrix, or “reduced covariance matrix”, defined as

C"1"2,redi j = C"1"2i j /
√
C"1"1ii C"2"2j j , (8)

where the division sign denotes a term by term division.
In Figure 5 we compare selected slices of our mock covari-

ance matrix (points) to a simplified prediction from linear theory
(solid lines) that assumes a constant number density n̄ = 3 × 10−4
(h−1 Mpc)−3 and neglects the effects of survey geometry (see, e.g.,
Tegmark 1997). Xu et al. (2012) performed a detailed compari-
son of linear theory predictions with measurements from the Las
Damas SDSS-II LRG mock catalogs (McBride et al. prep), and
showed that a modified version of the linear theory covariance with
a few extra parameters provides a good description of the N-body
based covariances for ξ0(s). The same seems to be true here as
well. The mock catalogs show a deviation from the naive linear
theory prediction for ξ2(s) on small scales; a direct consequence is
that our errors on quantities dependent on the quadrupole are larger
than a simple Fisher analysis would indicate. We verify that the
same qualitative behavior is seen for the diagonal elements of the
quadrupole covariance matrix in our smaller set of N-body simu-
lations used to calibrate the model correlation function. This com-
parison suggests that the LPT-based mocks are not underestimating
the errors on ξ2, though more N-body simulations (and an account-
ing of survey geometry) would be required for a detailed check of
the LPT-based mocks.

The lower panels of Figure 5 compare the reduced covari-
ance matrix to linear theory, where we have scaled the Credi j pre-
diction from linear theory down by a constant, ci. This compar-
ison demonstrates that the scale dependences of the off-diagonal
terms in the covariance matrix are described well by linear the-
ory, but that the nonlinear evolution captured by the LPT mocks
can be parametrized simply as an additional diagonal term. Finally,

c© 0000 RAS, MNRAS 000, 1–1
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Figure 4. ξ0(s) and ξ2(s) measured from BOSS CMASS galaxies. The er-
rorbars correspond to diagonal elements of the covariance matrix. The best-
fitting model described in Section 6.1 is shown as the solid curve. We use
23 logarithmically spaced bins and include pairs between 25 and 160 h−1
Mpc.

while not shown here, the reduced covariances between ξ0 and ξ2
are small.

Our analysis uses the LPT mock-based covariance matrix,
which accurately accounts for both complexities of the survey ge-
ometry as well as nonlinear corrections to the growth of structure
on the relatively large scales of interest here, and this allows us to
accurately report uncertainties associated with both our measure-
ments and parameter fits.

Figure 5. Upper panels: Diagonal elements of the monopole and
quadrupole components of the covariance matrix computed from the LPT-
based mocks (points) compared with the linear theory prediction (solid
lines). Lower panels: Two slices through the reduced covariance matrices
C00,redi j and C22,redi j for separation bins of 33 and 103 h−1 Mpc. Linear theory
predictions for the reduced covariance matrices in the lower panels have
been scaled by a constant factor to produce good agreement between linear
theory and mock covariances for off-diagonal elements, demonstrating that
the scale dependence of the off-diagonal terms matches the mock covari-
ance matrix well, but that there is extra diagonal covariance in the mocks
compared with linear theory. Elements of C02 are small (not shown).

4 THEORY

4.1 Redshift Space Distortions: Linear Theory

The effects of redshift space distortions in the linear regime are
well-known (Kaiser 1987; Fisher 1995, see also Hamilton 1998 for
a comprehensive review). We briefly summarize them here. The
redshift-space position, s, of a galaxy differs from its real-space
position, x, due to its peculiar velocity,

s = x + vz(x) ẑ, (9)

where vz(x) ≡ uz(x)/(aH) is the change in the apparent LOS posi-
tion of a galaxy due to the contribution of the LOS peculiar veloc-
ity uz to the galaxy’s redshift. Since overdensities on large, linear
scales grow in a converging velocity field (∇ · v = − f δm), the effect
of peculiar velocities induces a coherent distortion in the measured
clustering of galaxies that allows us to measure the amplitude of
the peculiar velocity field. In linear theory, and with some approx-
imations, the anisotropic galaxy power spectrum becomes (Kaiser
1987)

Psg(k, µk) =
(
b + fµ2k

)2
Prm(k) = b2

(
1 + βµ2k

)2
Prm(k) (10)

where b is the linear galaxy bias, δg = bδm, f ≡ d lnσ8/d ln a is the
logarithmic growth rate of matter fluctuations, and µk is the cosine
of the angle between k and the LOS.
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Then	
  for	
  Dark	
  Energy	
  studies	
  we	
  want	
  to	
  measure	
  the	
  following	
  objects	
  over	
  as	
  large	
  
a	
  volume	
  as	
  possible	
  (many	
  Gpc3):	
  
	
  
1.   Galaxy	
  shapes,	
  types,	
  angular	
  posi*on	
  and	
  redshiJs.	
  
	
  
2.   Supernovae	
  (SNe	
  Ia).	
  
	
  
3.   Angular	
  posi*on	
  and	
  spectrum	
  of	
  quasars.	
  	
  Mapping	
  of	
  hydrogen	
  clouds.	
  
	
  

Future	
  projects	
  that	
  will	
  do	
  that	
  on	
  a	
  large	
  scale	
  are:	
  
	
  
•  DES:	
  imager	
  with	
  5	
  filters.	
  In	
  5	
  years	
  will	
  cover	
  5000	
  square	
  degrees	
  to	
  magnitude	
  24	
  

and	
  z	
  up	
  to	
  ~1.5.	
  	
  Status:	
  running.	
  
•  MS-­‐DESI	
  (BigBOSS/DESpec):	
  Spectrograph.	
  	
  Status:	
  start	
  in	
  2017?	
  
•  EUCLID:	
  Space	
  imager	
  and	
  spectrograph.	
  	
  Status:	
  launch	
  date	
  ~2019.	
  
•  LSST:	
  imager	
  with	
  6	
  filters.	
  	
  	
  Status:	
  scheduled	
  to	
  start	
  in	
  2021.	
  

So,	
  what	
  needs	
  to	
  be	
  measured	
  to	
  study	
  DE?	
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5 The BigBOSS Instrument

5.1 Overview

The BigBOSS instrument is composed of a set of telescope prime focus corrector optics, a

massively multiplexed, roboticized optical fiber focal plane, and a suite of fiber-fed medium

resolution spectrographs, all coordinated by a real-time control and data acquisition system.

The conceptual design achieves a wide-field, broad-band mulit-object spectrograph on the

Mayall 4-m telescope at KPNO.

Table 5.1 summarizes the key instrument parameters such as field of view, number

of fibers, fiber size and positioning accuracy, spectrograph partitioning, and integration

time, were derived from a blend of science requirements and technical boundaries. These

were derived from a confronting the science requirements for the Key Science Project with

realistic technical boundaries.

Figure 5.1: BigBOSS instrument installed at the Mayall 4-m telescope. A new corrector

lens assembly and robotic positioner fiber optic focal plane are at mounted at the prime

focus. The yellow trace is a fiber routing path from the focal plane to the spectrograph

room incorporating fiber spooling locations to accommodate the inclination and declinaton

motions of the telescope. The two stack-of-five spectrograph arrays are adjacent to the

telescope base at the end of the fiber runs.

The instrument wavelength span requirement of 340–1060 nm was determined by the

need to use galaxy [O II] doublet(3727Å and 3729Å) emission lines to measure the redshift

of Luminous Red Galaxies (0.2 < z < 1) and Emission Line Galaxies (0.7 < z < 1.7) and

Fiber Positioners 

35  
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Unit under 
Test 

China 

LBL 

Spain 

~5	
  μm	
  
resolu8on	
  
	
  
~12	
  mm	
  
actuator	
  
pitch	
  

1.  4	
  m	
  telescope	
  
2.  5000	
  fiber,	
  3	
  arm	
  spectrograph,	
  R~4000	
  
3.  Spectra	
  for	
  1800	
  objects/deg2	
  (~10%	
  of	
  

available	
  galaxies)	
  	
  
4.  Magnitude	
  limit	
  ~22.5,	
  z~3.5	
  
5.  Will	
  cover	
  14,000	
  deg2	
  in	
  3	
  years	
  
6.  20	
  M	
  galaxies,	
  0.6	
  M	
  QSO	
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EUCLID	
  	
  
1.  1.2	
  m	
  telescope	
  
2.  Visible	
  imager	
  (VIS),	
  NIR	
  photometry,	
  

low	
  resolu8on	
  NIR	
  spectroscopy	
  R~250	
  
to	
  0.7<z<2.1	
  

3.  Visible	
  m~24.5,	
  NIR	
  m~24	
  
4.  Shapes	
  for	
  ~1.5	
  B	
  galaxies	
  
5.  Low	
  resolu8on	
  spectra	
  for	
  ~50	
  M	
  

galaxies	
  to	
  0.7<z<2.1	
  
6.  Will	
  cover	
  15,000	
  deg2	
  in	
  6	
  years	
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LSST	
  	
  

1.  ~8	
  m	
  telescope	
  
2.  6	
  filter	
  for	
  visible	
  photometry	
  
3.  Reach	
  up	
  to	
  magnitude	
  ~27.5	
  
4.  Will	
  cover	
  20,000	
  deg2	
  in	
  10	
  years.	
  
5.  Will	
  measure	
  ~20	
  B	
  galaxies	
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LSST	
  	
  

Di	
  =	
  co-­‐moving	
  distance	
  
Gi	
  =	
  growth	
  rate	
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What	
  do	
  we	
  do	
  in	
  the	
  decade	
  2020-­‐2030?	
  

Situa8on	
  aeer	
  DES,	
  MS-­‐DESI	
  (BigBOSS),	
  EUCLID,	
  Panstars	
  …	
  :	
  
	
  
•  About	
  15,000	
  deg2	
  of	
  the	
  sky	
  will	
  have	
  been	
  imaged	
  to	
  magnitude	
  of	
  24-­‐24.5.	
  	
  This	
  

will	
  give	
  about	
  1.5	
  billion	
  galaxies.	
  
•  High	
  resolu8on	
  spectroscopy	
  will	
  exists	
  for	
  about	
  25	
  million	
  galaxies	
  and	
  about	
  

0.5-­‐1.	
  M	
  QSO.	
  	
  Low	
  resolu8on	
  NIR	
  spectroscopy	
  will	
  exists	
  for	
  about	
  50	
  M	
  galaxies.	
  

Situa8on	
  during/aeer	
  LSST:	
  
	
  
•  Imaging	
  will	
  improve	
  by	
  an	
  order	
  of	
  magnitude.	
  	
  About	
  20,000	
  deg2	
  of	
  the	
  sky	
  will	
  

be	
  imaged	
  to	
  magnitude	
  of	
  about	
  27.5.	
  	
  This	
  will	
  give	
  about	
  10	
  billion	
  galaxies.	
  
•  But	
  no	
  big	
  improvement	
  in	
  spectroscopy	
  that	
  I	
  know	
  off.	
  

So	
  we	
  may	
  ask	
  the	
  ques8on:	
  can	
  we	
  get	
  high	
  or	
  low	
  spectroscopy	
  for	
  most	
  of	
  the	
  
LSST	
  galaxies	
  up	
  to	
  magnitude	
  ~24.5	
  ?	
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Can	
  we	
  scale	
  spectrographs	
  like	
  BigBOSS/DESpec?	
  

1.  Scaling	
  from	
  magnitude	
  22.5	
  to	
  24.5	
  requires	
  an	
  increase	
  in	
  the	
  number	
  of	
  
photons	
  by	
  a	
  factor	
  of	
  40.	
  	
  This	
  can	
  not	
  be	
  done	
  by	
  increasing	
  the	
  exposure	
  8me.	
  	
  
Going	
  to	
  an	
  8	
  m	
  telescope	
  will	
  s8ll	
  leaves	
  us	
  short	
  of	
  a	
  factor	
  of	
  10.	
  	
  Reducing	
  R	
  
may	
  help	
  but	
  not	
  by	
  much,	
  so	
  this	
  looks	
  difficult.	
  

2.  Right	
  now	
  with	
  4000-­‐5000	
  fibers	
  DESpec/BigBOSS	
  measure	
  1500-­‐1800	
  objects	
  
per	
  deg2	
  out	
  of	
  the	
  10,000	
  available.	
  

3.  At	
  magnitude	
  24.5	
  one	
  has	
  about	
  100,000	
  galaxies/deg2,	
  doing	
  spectroscopy	
  on	
  
half	
  of	
  them	
  will	
  require	
  30	
  8mes	
  the	
  number	
  of	
  fibers	
  and	
  2	
  mm	
  pitch	
  between	
  
fibers.	
  	
  To	
  me	
  that	
  kind	
  of	
  scaling	
  doesn’t	
  look	
  doable	
  with	
  current	
  technology.	
  

Can	
  MKIDs	
  provide	
  a	
  way	
  out	
  of	
  this	
  problem?	
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What	
  are	
  MKIDs	
  ?	
  	
  

Feedline
L Extension
Ground Straps

LEI 5.0kV X600 10pm WD 10.1 mm

Figure 1. Left: A photograph of the ARCONS 1024 pixel MKID array with microlenses mounted into a microwave package.

Right: Scanning electron microscope (SEM) images of the array highlighting the pixel design.

Previously deployed cryogenic superconducting detectors such as superconducting tunnel junctions (1; 2) and

transition edge sensors (3; 4) have had difficulties with large array size due to the challenge of wiring and multi-

plexing large numbers of detectors, although recently there have been proposals for larger TES multiplexers (5).

MKIDs (6) are an alternative cryogenic detector technology with sensitivity and ease of multiplexing initially

demonstrated at millimeter wavelengths (7; 8). Intrinsic frequency domain multiplexing allows thousands of

pixels to be read out over a single microwave cable (9). They can count individual photons with no false counts

and determine the energy and arrival time of every photon with good quantum efficiency (10). Their physical

pixel size and maximum count rate are well matched with large telescopes. These capabilities enable powerful

new astrophysical instruments usable from the ground and space. The MKIDs described here are sensitive to

0.1–5µm wavelength radiation (with cutoffs imposed by the sky count rate and the properties of the materials

being used) but are optimized for near infrared and optical (350–1350 nm) wavelengths.

The first optical/nIR MKID camera, the ARray Camera for Optical to Near-IR Spectrophotometry (AR-

CONS), was commissioned in July, 2011 at the Palomar 200 inch telescope over 4 nights (11; 12). During this

first run, several science targets were observed, including interacting binaries (AM Cvns, LMXBs, short period

eclipsing sources), QSOs (for low resolution redshift measurements), supernovae (Type Ia and Type II) and the

Crab pulsar, with data currently being analyzed. An image of the MKID array used in ARCONS is shown in

Figure 1. ARCONS is presently being upgraded to 2025 pixels, which will make it the largest optical/UV camera

based on low temperature detectors by over an order of magnitude.

The MKID technology is still very new, it is reasonable to expect that the energy resolution, R (= E/∆E), of

the devices, currently ≈ 20 at 254 nm and falling linearly with photon energy, will continue to improve towards

the theoretical limit of 150 over the next several years as designs and materials evolve. Furthermore, the parallel

technologies of infrared-blocking filters, broadband antireflection coatings, and MKID quantum efficiency will

continue to develop, increasing the performance of ARCONS and Giga-z.

3. THE GIGA-Z EXPERIMENT

In a conventional multi-object spectrograph, a mask is inserted at the focal plane so that light from the targets

may pass through the slits (or apertures), but background sky and other nearby source photons are blocked to

reduce sky noise and contamination. After passing through the mask, a dispersive element such as a diffraction

grating or prism is used to spread the light as a function of wavelength on a detector. In a SuperMOS, we use

the same mask-based approach to reduce sky background and contamination from other sources, but require

2

!"#$%&#'&(!)*&+#,%&-../&&-../0123

1.  A	
  photon	
  strikes	
  the	
  superconductor	
  breaking	
  
a	
  few	
  thousand	
  Cooper	
  pairs.	
  

2.  The	
  broken	
  Cooper	
  pairs	
  change	
  the	
  
inductance	
  of	
  the	
  resonator.	
  

MKIDs	
  =	
  Microwave	
  Kine8c	
  inductance	
  Detector	
  (or	
  a	
  superconduc8ng	
  resonator)	
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MKIDs	
  (superconduc8ng	
  resonators)	
  	
  

3.  The	
  resonance	
  frequency	
  and	
  phase	
  change	
  
due	
  to	
  the	
  change	
  in	
  inductance.	
  

4.  The	
  phase	
  change	
  is	
  measured	
  providing	
  a	
  
8me	
  and	
  energy	
  measurement	
  for	
  each	
  
photon.	
  

5.  The	
  theore8cal	
  energy	
  resolu8on	
  is	
  about	
  
R=λ/Δλ≈100	
  

6.  Up	
  to	
  about	
  2000	
  resonators	
  could	
  be	
  
coupled	
  to	
  the	
  same	
  feed	
  line.	
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Figure 3. One square degree is divided into 10” x 10” macropixels, delineated in yellow, with the Hubble UDF image used
for illustrative purposes here not to scale. Existing catalogs will be used to select a target for each macropixel, and a
corresponding ≈ 1” diameter hole drilled into a metal mask (red circle), with the diameter allowed to vary depending on
the object size. Source light passing through the mask will land on the corresponding MKID with the same plate scale as
the macropixel. Some subset of macropixels will be selected for each field and used to monitor the sky.

MKID located directly below.

Two potential drawbacks to this aperture masking technique are apparent: it requires ≈ 20,000 precut masks
each containing 100,000 precisely places holes, and it limits the galaxy sampling to a relatively uniform spacing,
making observations of galaxy clusters more difficult. However, a dedicated mask-making facility can address
the first issue, and careful survey design incorporating fields with multiple visits can ameliorate the second.

Adequate signal to noise (S/N) can be achieved in ≈ 15 minutes to determine the redshift of galaxies with
magnitudes < 25, as is shown in Section 5. With 15 minute integration per field and assuming 80% of the
macropixels contain a source, Giga-z would acquire ≈ 320,000 spectra per hour. Rapid (10 second) mask changes
can be performed with pre-loaded cartridges, and the photon counting nature of the MKIDs allows the mask to
be aligned using real time feedback from the science array. With 8 hours of observing per night, this equates
to approximately 2.5 million spectra per night. Assuming poor weather and issues with telescope or cryogenic
performance diminish the amount of useful data collected by one third, this still leaves about 625 million galaxy
spectra in one year. A three year survey will cover the entire LSST field.

Perhaps the hardest problem, especially when working into the near-IR, is sky subtraction. In a typical
observation we can expect 10–20% of the macropixels to map to known dark areas of the sky (selected from the
LSST imaging concurrent with galaxy target selection). Thus ∼ 10, 000 MKIDs will each collect ≈ 1000 photons
per second from the sky (based on the Gemini South model∗), with each photon individually time tagged to
within a microsecond. This sky background data can then be used to build up a map consisting of spectra as
a function of time at every point on the array, facilitating the subtraction of the sky background to the Poisson
limit over the entire spectral range of the detectors.

4. SIMULATED OBSERVATIONS

4.1 THE COSMOS MOCK CATALOG

Synthetic galaxy spectra from the COSMOS mock catalog (CMC) (14) can be combined with an instrument
throughput model to generate catalogs of simulated Giga-z observations. The CMC makes use of the latest
survey data gathered through deep extragalactic surveys. It was specifically designed to be used to forecast

∗www.gemini.edu/sciops/telescopes-and-sites/observing-condition-constraints

4
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Figure 2. An artists rendering of Giga-z. Located at a Cassegrain or Naysmyth focus, the incoming is corrected for
atmospheric dispersion (if required), and reimaged to modify the plate scale and flatten the field (if required). An
aperture mask at the focal plane feeds preselected target light through reimaging optics (possibly a microlens array)
which focuses the image onto the corresponding MKID. Filters at 4K and 100mK block thermal infrared radiation.

no dispersive element, instead using the intrinsic spectral resolution of the MKID detectors. Since each MKID

pixel provides spectral resolution the focal plane is used much more efficiently, yielding a simple and compact

system. The simplest implementation of Giga-z, a SuperMOS we plan to build for follow-up observations of

LSST objects, is shown in Figures 2 and 3.

Giga-z is enabled both by the inherent energy resolution and especially by the large pixels counts possible

with the MKIDs. It is currently envisioned as an instrument for the Cassegrain or Naysmyth focus of a dedicated

4m class telescope. In order to cover the 20,000 square degrees and approximately 2 billion objects detected

with LSST in a reasonable amount of time a one square degree focal plane is necessary. This square degree field

of view is divided among the 100,000 detectors, each fed by a macropixel covering 10”×10” of the sky. Galaxy

number counts (13) ensure that most macropixels (80 - 100%) will contain a galaxy at each pointing. A mask

cut using pre-existing LSST (or earlier DES) imaging allows the light from one celestial source per macropixel

to fall onto a square microlens array (99% fill factor), focusing the light onto the corresponding large plate scale

3

!"#$%&#'&(!)*&+#,%&-../&&-../0123

Giga-­‐Z,	
  a	
  low	
  resolu8on	
  mul8-­‐object	
  spectrograph	
  	
  
(See	
  B.	
  Mazin	
  et	
  al.	
  in	
  the	
  SPIE	
  Proceedings,	
  July	
  2012)	
  

A	
  1”	
  mask	
  (red	
  circles)	
  in	
  each	
  of	
  the	
  
10”	
  pixels	
  is	
  superimposed	
  over	
  a	
  
Hubble	
  UDF	
  image.	
  

Galaxies	
  are	
  projected	
  on	
  an	
  array	
  of	
  100,000	
  
MKIDs+microlense	
  array	
  (~0.7	
  deg2).	
  	
  A	
  mask	
  
selects	
  a	
  galaxy	
  in	
  each	
  pixel.	
  	
  The	
  readout	
  
consists	
  of	
  about	
  100	
  feed-­‐lines.	
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What	
  can	
  Giga-­‐Z	
  do	
  if	
  it	
  works	
  as	
  expected?	
  

1.  In	
  a	
  4	
  (8)	
  m	
  telescope	
  it	
  could	
  go	
  up	
  to	
  magnitude	
  24.5	
  (25.7),	
  covering	
  20,000	
  
square	
  degrees	
  in	
  3	
  years	
  (7	
  year	
  run).	
  

2.  It	
  could	
  provide	
  a	
  redshie	
  resolu8on	
  equivalent	
  to	
  a	
  distance	
  resolu8on	
  of	
  ≈15	
  
Mpc,	
  good	
  enough	
  to	
  be	
  into	
  the	
  non-­‐linear	
  regime	
  of	
  GR.	
  

3.  It	
  will	
  cover	
  most	
  of	
  the	
  available	
  galaxies/deg2	
  up	
  to	
  magnitude	
  24.5.	
  	
  That	
  is	
  
about	
  100,000	
  galaxies	
  per	
  square	
  degree	
  for	
  a	
  total	
  of	
  about	
  2	
  (4)	
  billion	
  
galaxies.	
  

What	
  are	
  the	
  problems	
  that	
  need	
  to	
  be	
  solved?	
  

The	
  list	
  is	
  daun8ng	
  but	
  we	
  believe	
  doable:	
  
1.  R	
  has	
  to	
  get	
  closer	
  to	
  the	
  theore8cal	
  limit.	
  
2.  The	
  packaging	
  need	
  to	
  be	
  greatly	
  improved.	
  
3.  The	
  RF	
  electronics	
  needs	
  improvement.	
  
4.  A	
  flat	
  RF	
  cable	
  suitable	
  to	
  work	
  at	
  100	
  mK	
  needs	
  to	
  be	
  developed.	
  
5.  It	
  will	
  help	
  to	
  improve	
  the	
  QE.	
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The End 
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Galaxy	
  numbers	
  as	
  a	
  func8on	
  of	
  magnitude	
  

that can produce the same SBF signal. In Figure 6 the
(!, n29) pairs that can account for our measured SBF signal
have been plotted (solid lines) for the F450W, F606W, and
F814W filters. With short-dashed lines we represent the
(!, n29) pairs that would produce the SBF measurements!1
". In this figure the (!, n29) sets corresponding to the extrap-
olation of nðmÞ obtained from Williams et al. (1996) (filled
circle) and Metcalfe et al. (2001) data (open circle) have also
been plotted.

It can be seen in Figure 6 that the Metcalfe et al. (2001)
(!, n29) reproduce our SBF results for the F814W filter, as
previously shown. For F450W, the Metcalfe et al. (2001)
(!, n29) is very close to our SBF measurements. In all cases
(except for F606W), theWilliams et al. (1996) (!, n29) results
are far from our SBF results, as previously argued.

The most likely nðmÞ function can be obtained from Fig-
ure 6. We assume that, for each filter, the best nðmÞ estimate
for magnitudes fainter than 28.8 is given by the nearest
point of the solid lines to the Metcalfe et al. (2001) point. In
this case, results for the slopes are ! ¼ 0:27, 0.21, and 0.26
forB450,V606, and I814, respectively.

The results are listed in Table 10 and plotted in Figure 7
(solid lines). The slopes obtained are valid down to a magni-
tude of 31 at least. The contribution to the SBF signal by
objects of fainter magnitudes is less than the uncertainty in
the SBF measurements. This value represents an extension
of more than 2 mag beyond the limits of the previous photo-

metric studies by Williams et al. (1996) and Metcalfe et al.
(2001). It should also be mentioned that, within the uncer-
tainties and except for the objects that could be merged into
brighter ones in Metcalfe et al. (2001), it is free from
incompleteness.

6. CONCLUSIONS

In this paper the faint end of the differential galaxy
number counts nðmÞ has been studied by means of SBF
measurements. Once the contribution from cosmic rays has
been evaluated and eliminated from the SBF signal, the
background PSF-convolved variance originating from faint
objects has been carefully analyzed. Our conclusions can be
summarized as follows:

1. In comparing the SBF-measured "2
BG with the nðmÞ-

estimated "2
BG predicted by the extrapolation of Williams

et al. (1996) number counts, a clear excess has been found in
the measured signal. The possibility that the excess might be
produced by Milky Way halo stars is ruled out because it
would be totally incompatible with the resolved stellar pop-
ulation present in the HDF. On the other hand, if this excess
is caused by a faint galaxy population modifying the faint
end of nðmÞ, then the required slopes for magnitudes fainter
than 28.8 are ! ¼ 0:60, 0.44, and 0.54 for B450, V606, and
I814, respectively. Such big changes in the nðmÞ slope seem
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Fig. 6.—Plot of nðmÞ slope ! vs. the number of galaxies in the HDF-N in the magnitude interval [28.75, 29.25], n29, for the F450W, F606W, and F814W
filters. Shown are the pairs (!, n29) that would produce our measured SBF signal (solid lines), the pairs (!, n29) that would produce the SBFmeasurements!1 "
(short-dashed lines), the set (!, n29) corresponding to the extrapolation of nðmÞ obtained from the Williams et al. (1996) data ( filled circle), and the same
corresponding toMetcalfe et al. (2001) (open circle). It can be seen that theMetcalfe et al. (2001) number counts nearly fit our SBF measurements. See text for
details.
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Fig. 7.—Plot of nðmÞ final results in the F450W, F606W, and F814W filters. Filled circles represent Williams et al. (1996) differential number counts, and
open circles show the results fromMetcalfe et al. (2001). The solid line represents the obtained faint end (fainter than magnitude 28.8) of nðmÞ. The obtained
nðmÞ function is valid down to amagnitude of 31 at least.
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DES	
  goes	
  to	
  magnitude	
  24,	
  BigBOSS/DESpec	
  to	
  22.5,	
  EUCLID	
  to	
  magnitude	
  24	
  and	
  LSST	
  
to	
  magnitude	
  27.	
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Figure 1. Fisher matrix predictions for f s8 measurement from RSD in various past, current and
proposed surveys. Points that are assumed to be independent correspond to redshift bins. See text
for details. (Online version in colour.)

9. Conclusions

RSDs have to be considered in any analysis that uses galaxy redshifts to make
cosmological measurements. This is true for the ISW effect and angular clustering
as well as more standard three-dimensional clustering measurements. As well as
being a ‘contaminant’ for other observations, RSD offers tremendous potential
for understanding cosmological structure growth. For models with anisotropic
stress, RSD measurements, which only depend on time-like fluctuations, are
complementary to measurements made through the ISW or weak lensing effects,
as these depend on both time-like and space-like metric fluctuations. Assuming
that GR holds on all scales, RSD makes competitive measurements of structure
growth, which depends on cosmological expansion. Figure 1 shows that the
potential offered by RSD will be realized by future surveys.
As with any observational technique there are issues that could turn into

systematic errors if they are not corrected, and we have tried to review some
of the major ones in this article. Clearly, in addition to the effort being put into
future surveys, we need further theoretical support to ensure that the systematic
effects are understood at a level where they do not impact on the measurements
being made. Given recent progress, we should be optimistic that this will be
achieved in time for the next generation of surveys.
L.S. and W.J.P. are grateful for support from the European Research Council. W.J.P., A.J.R.
and C.S. are grateful for support from the UK Science and Technology Facilities Council through
grants ST/100120/4/1 and ST/H02774/1. W.J.P. also thanks the Leverhulme Trust, and A.R. is
grateful for the support from a UK Science and Technology Facilities Research Council (STFC)
PhD studentship.
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REVIEW

Redshift-space distortions
BY WILL J. PERCIVAL*, LADO SAMUSHIA, ASHLEY J. ROSS,

CHARLES SHAPIRO AND ALVISE RACCANELLI

Institute of Cosmology and Gravitation, University of Portsmouth,
Dennis Sciama Building, Portsmouth PO1 3FX, UK

Comparing measurements of redshift-space distortions (RSDs) with geometrical
observations of the expansion of the Universe offers tremendous potential for testing
general relativity on very large scales. The basic linear theory of RSDs in the distant-
observer limit has been known for 25 years and the effect has been conclusively
observed in numerous galaxy surveys. The next generation of galaxy survey will observe
many millions of galaxies over volumes of many tens of Gpc3. They will provide RSD
measurements of such exquisite precision that we will have to carefully analyse and correct
for many systematic deviations from this simple picture in order to fully exploit the
statistical precision obtained. We review RSD theory and show how ubiquitous RSDs
actually are, and then consider a number of potential systematic effects, shamelessly
highlighting recent work in which we have been involved. This review ends by looking
ahead to the future surveys that will make the next generation of RSD measurements.

Keywords: cosmology; cosmology observations; large-scale structure of Universe

1. Linear redshift-space distortions

The rate at which cosmological structure grows provides significant evidence to
discriminate between cosmological models. In particular, dark energy models in
which general relativity (GR) is unmodified predict formation rates that are
different when compared with modified gravity models with the same background
expansion [1].
The overdensity field evolves through the motion of material within a co-

moving frame, and galaxies act as test particles following this peculiar velocity
field. Galaxy redshifts depend on the relative velocity of galaxies with respect to
the observer, and so include both the Hubble recession and the peculiar velocity.
Consequently, if only the Hubble recession is assumed when converting from
redshift to distance, then we recover a distorted field, with radial redshift-space
distortions (RSDs) caused by coherent co-moving flows.
If we follow the ‘plane-parallel’ approximation that observed galaxies are

sufficiently far away that their separations are small when compared with the
distances between them, then assume that the linearized continuity equation
*Author for correspondence (will.percival@port.ac.uk).
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