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• I got involved in this because of DES-BigBOSS Joint Working Group

• Basic question: how much does it help (or hurt) measurements of dark 
energy to have overlapping spectroscopic (redshift) surveys and photometric 
(lensing) surveys? (Specifically BB and DES.)

• Gaztanaga et al. (2012) and (in some interpretation) Cai & Bernstein (2012) 
had found big gains from having overlapping surveys.

• The basic idea of these papers is that lensing calibrates the bias of redshift 
survey galaxies through overlapping angular modes, which can then enhance 
the constraining power of the full redshift survey.
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Fisher matrix calculations
• LRGs and ELGs from BigBOSS (or DESpec)

• DES(-like) galaxies with photo-z’s following a realistic distribution (J. Annis)

• Use full galaxy density power spectrum at k<~0.1 h/Mpc, but only BAO at 
higher k, to avoid non-linearities.

• Use C_l’s in dz=0.2 redshift bins for angular clustering calculations. (Results 
insensitive to bin width because finer radial scale information included 
through power spectrum calculation.) l_max=500 for shear-shear

• Generally include all possible cross-correlations between different types of 
galaxy density and lensing.

• Standard cosmological parameters following FoMSWG (Albrecht et al.). 

• Can include many nuisances/systematics like bias, photo-z systematics, 
shear calibration bias, intrinsic alignments, etc.

• Include Planck CMB in all projections.
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• In the DES/BigBOSS joint study we concluded 
that, all else being equal, overlap was clearly 
desirable, but it was surprisingly difficult to find 
strong quantitative benefit (at the time I might not 
have believed it without cross-check from Cai, 
although since then I have explored enough that I 
think it makes sense, as I will discuss).

•  We focused on a fixed spectroscopic survey with 
a possible low-cost move of DES footprint.  

• Since then, I’ve expanded the calculations more 
generally. 
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TABLE II. Similar to previous table but exploring other things. Column “pz sys” means photo-z systematics are included at
some level and marginalized over.

RS WL overlap ∆z zmax !max d ln ! κκ photo-gg mag pz sys DE FoM
kdeg2 kdeg2 kdeg2

14 0 0 0.2 2.0 500 0.2 y y n n 217.3
14 14 0 0.2 2.0 500 0.2 y y n n 385.2
14 14 14 0.2 2.0 500 0.2 y y n n 397.7
13 13 13 0.2 2.0 500 0.2 y y n n 370.4
14 14 0 0.2 2.0 500 0.2 n y n n 241.0
14 14 14 0.2 2.0 500 0.2 n y n n 247.2
14 14 0 0.2 2.0 500 0.2 n n n n 217.9
14 14 14 0.2 2.0 500 0.2 n n n n 227.8
14 14 0 0.2 2.0 500 0.2 y y n y 296.1
14 14 14 0.2 2.0 500 0.2 y y n y 313.6
14 14 0 0.2 2.0 500 0.2 n y n y 219.6
14 14 14 0.2 2.0 500 0.2 n y n y 224.2
14 0 0 0.2 2.0 500 0.2 y y y n 217.4
14 14 0 0.2 2.0 500 0.2 y y y n 386.4
14 14 14 0.2 2.0 500 0.2 y y y n 399.0
13 13 13 0.2 2.0 500 0.2 y y y n 371.6

TABLE III. Table II for talk. Last set of points, includes magnification but not photo-z calibration.

RS area WL area overlap DE FoM
14000 0 0 217
14000 14000 0 386
14000 14000 14000 399
13000 13000 13000 372

A. Magnification

We see in Table II that including the magnification contribution to density fluctuations has very little effect on the
FoM. How can we understand this? Figure 1 shows an example of cross-correlation driven by magnification. We see
that it is not detectable in these slices, even though cross-correlation with lensing is easily detectable. The reason
can be seen by considering Eq. 10. By far the largest error term between the two cross-correlations is the term
involving both galaxy auto-correlations, C!,LRGC!,DES num. In other words, the background noise for standard lensing
cross-correlations is the lensing auto-power itself, while for magnification cross-correlations it is the much larger galaxy
density fluctuations (this point that shear is generally much more powerful than number magnification was also made
by... somebody I remember... I can’t find the reference). Figure 2 illustrates another problem with magnification –
for realistic photo-z error distributions with tails there will typically be a significant cross-correlation signal due to
galaxies with common true redshift.

B. Modified Gravity

III. DISCUSSION

[1] J. Guzik, B. Jain, and M. Takada, Phys. Rev. D 81, 023503 (2010), arXiv:0906.2221 [astro-ph.CO].
[2] A. A. Collister and O. Lahav, PASP 116, 345 (2004), arXiv:astro-ph/0311058.

General bottom line:

• Redshift surveys and lensing are highly complementary.

• If it’s just a matter of where to point your telescope, 
overlap is better - you might as well go for it. 

• You don’t want to sacrifice measurable total area for it.
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Number density 
probes mass 
distribution

Lensing 
probes mass 
distribution

Lensing always a broad average, z-error determines 
how well resolved density/source fields are.

Mass only correlated at relatively short distances.

redshift

angle
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Observable fields
• For each type of object, e.g., in a nominal 

photo-z bin, we can generally talk about 
measuring (at least) two fluctuation fields:

true number density

Estimated number density

Estimated lensing convergence

magnification

true convergenceintrinsic alignments

3D 2D projected

4

F. Noise

Noise power is n̄�1 for galaxy-galaxy correlations, 0.32

2 n̄�1 for ! ! ! .

G. C! covariance matrices

In our most standard angular calculation we divide the objects into ! z = 0.2 groupings by estimated redshift,
spanning the range 0 < z < 2. Considering LRGs, ELGs, photo-galaxy density, and photo-galaxy lensing, this gives
40 angular fields (we tried included lensing of LRGs and ELGs, but they made no contribution). From these we can
measure 820 cross and auto correlations of the form C! ,ij . The covariance between two of these measurements is

"(C! ,xy ! " C! ,xy #) (C! ,mn ! " C! ,mn #)#= (f sky ! " (2" + 1))�1 (C! ,xm C! ,yn + C! ,xn C! ,ym ) (10)

where ! " is the width of the bin in ", f sky is the fraction of the sky covered by the survey, and C! s include appropriate
noise.

H. Photo-z error distribution

For a given estimated photo-z, we assume a true distribution of DES-like galaxy redshifts based on simulations of
photo-z performance by H. Lin, using the ANNz code of [4], hereafter referred to as ANNz distributions. While this
distribution has long tails of objects with badly wrong redshifts, we find remarkably similar cosmological results using
a simple Gaussian distribution with rms width 0.05(1 + z) (as we show below).

When desired, it is relatively straightforward to incorporate photo-z calibration via cross-correlation into our Fisher
matrix calculation by adding parameters that describe photo-z errors. Specifically, we allow an o" set #øz to the mean
true redshift in each of the photo-z bins, and we allow the width of the distribution in each bin to be scaled by a factor
(1 + #" ). We also consider a parameter for each photo-z bin representing the fraction of galaxies with true redshift
outside the range we are considering, i.e., not correlated with anything. Note that the non-linear power spectrum
shape, which is visible and robustly predictable in the shear-shear signal, evolves with redshift and can generally help
break degeneracies and allow self-calibration of the photo-z’s.

I. Magnification

We consider two observable fluctuation fields, number density #̂n and shear convergence #̂# . The dominant contri-
bution to #̂n is simply the physical number density of objects in space, biased relative to mass fluctuations, #n = b #m ,
but there is also a small contribution from lensing magnification, to give

#̂n = b #m + 2(s ! 1)## + $n (11)

where s is the power law slope of the flux distribution of objects when defined as dn/df $ f �s, and $n is the noise.
The prefactor 2(s ! 1) will generally be of order unity (we assume it is known and exactly 1 – the term turns out to
be unimportant anyway). The dominant contribution to #̂# is the true shear convergence ## , but there can generally
be an intrinsic alignment term tracing mass fluctuations, bia #m , to give

#̂# = bia #m + b# ## + $# (12)

where $# is the shape noise. We have included b# as a potential shear calibration bias, but in the present calculations
we assume b# = 1 and bia = 0 (this would be easy to change).

J. Redshift space Fisher matrix

We use all broad-band power, including but not exclusively RSD (e.g., including AP), up to some quoted kmax
(usually 0.1hMpc�1). At k > k max we continue to use BAO information, following [5] (to be clear, we compute the
usual BAO fisher matrix, but simply cut modes with k < k max out of the integration, since they are already included
in the broadband calculation).
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noise
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where�` is the width of the bin in `, f
sky
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noise.

H. Photo- z error distribution

For a given estimated photo-z, we assume a true distribution of DES-like galaxy redshifts based on simulations of
photo-z performance by H. Lin, using the ANNz code of [4], hereafter referred to as ANNz distributions. While this
distribution has long tails of objects with badly wrong redshifts, we Þnd remarkably similar cosmological results using
a simple Gaussian distribution with rms width 0.05(1 + z) (as we show below).

When desired, it is relatively straightforward to incorporate photo-z calibration via cross-correlation into our Fisher
matrix calculation by adding parameters that describe photo-z errors. SpeciÞcally, we allow an o↵set �

z̄

to the mean
true redshift in each of the photo-z bins, and we allow the width of the distribution in each bin to be scaled by a factor
(1 + �

�

). We also consider a parameter for each photo-z bin representing the fraction of galaxies with true redshift
outside the range we are considering, i.e., not correlated with anything. Note that the non-linear power spectrum
shape, which is visible and robustly predictable in the shear-shear signal, evolves with redshift and can generally help
break degeneracies and allow self-calibration of the photo-zÕs.

I. MagniÞcation

We consider two observable ßuctuation Þelds, number densityö�
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and shear convergenceö�
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(11)

where s is the power law slope of the ßux distribution of objects when deÞned asdn/df / f ! s, and ✏
n

is the noise.
The prefactor 2(s � 1) will generally be of order unity (we assume it is known and exactly 1 Ð the term turns out to
be unimportant anyway). The dominant contribution to ö�
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is the true shear convergence�


, but there can generally
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where ✏


is the shape noise. We have includedb


as a potential shear calibration bias, but in the present calculations
we assumeb



= 1 and b
ia

= 0 (this would be easy to change).

J. Redshift space Fisher matrix

We use all broad-band power, including but not exclusively RSD (e.g., including AP), up to some quotedk
max

(usually 0.1h Mpc! 1). At k > k
max

we continue to use BAO information, following [5] (to be clear, we compute the
usual BAO Þsher matrix, but simply cut modes with k < k

max

out of the integration, since they are already included
in the broadband calculation).
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Errors on cross-correlation
(total of 820 cross-correlations per l band)

• A few examples

• LRGs in range 0.4<z<0.6

• photo-z galaxies in range 
0.8<z<1.0 (with lensing)

• Realistic long-tailed photo-z 
distribution. 

• Density cross-correlation 
(marginally detected) measures 
tails of the photo-z distribution 
(magnification also present)

Galaxy density cut off at k~0.1 h/Mpc

LRG

lensing

photo-galaxies

lensing x LRG

photo-g x LRG
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Bias calibration “works”... just not 
well enough
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The illusion of overlap
Fourier space coverage

Radial k

Angular k

Redshift space density

Photo-z densityLensing

4

F. Noise

Noise power is øn! 1 for galaxy-galaxy correlations, 0.32

2 øn! 1 for ! ! ! .

G. C! covariance matrices

In our most standard angular calculation we divide the objects into ! z = 0 .2 groupings by estimated redshift,
spanning the range 0< z < 2. Considering LRGs, ELGs, photo-galaxy density, and photo-galaxy lensing, this gives
40 angular Þelds (we tried included lensing of LRGs and ELGs, but they made no contribution). From these we can
measure 820 cross and auto correlations of the formC! ,ij . The covariance between two of these measurements is

"(C! ,xy ! " C! ,xy #) (C! ,mn ! " C! ,mn #)#= ( f sky ! " (2" + 1)) ! 1 (C! ,xm C! ,yn + C! ,xn C! ,ym ) (10)

where! " is the width of the bin in ", f sky is the fraction of the sky covered by the survey, andC! s include appropriate
noise.

H. Photo- z error distribution

For a given estimated photo-z, we assume a true distribution of DES-like galaxy redshifts based on simulations of
photo-z performance by H. Lin, using the ANNz code of [4], hereafter referred to as ANNz distributions. While this
distribution has long tails of objects with badly wrong redshifts, we Þnd remarkably similar cosmological results using
a simple Gaussian distribution with rms width 0.05(1 + z) (as we show below).

When desired, it is relatively straightforward to incorporate photo-z calibration via cross-correlation into our Fisher
matrix calculation by adding parameters that describe photo-z errors. SpeciÞcally, we allow an o" set #øz to the mean
true redshift in each of the photo-z bins, and we allow the width of the distribution in each bin to be scaled by a factor
(1 + #" ). We also consider a parameter for each photo-z bin representing the fraction of galaxies with true redshift
outside the range we are considering, i.e., not correlated with anything. Note that the non-linear power spectrum
shape, which is visible and robustly predictable in the shear-shear signal, evolves with redshift and can generally help
break degeneracies and allow self-calibration of the photo-zÕs.

I. MagniÞcation

We consider two observable ßuctuation Þelds, number densityö#n and shear convergenceö## . The dominant contri-
bution to ö#n is simply the physical number density of objects in space, biased relative to mass ßuctuations,#n = b #m ,
but there is also a small contribution from lensing magniÞcation, to give

ö#n ($, z) = b #m ($, z) + 2( s ! 1)## ($, ÷z) + %n (11)

ö#n ($, z) = b #m ($, z) + bmag ## ($, ÷z) + %n (12)

where s is the power law slope of the ßux distribution of objects when deÞned asdn/df $ f ! s, and %n is the noise.
The prefactor 2(s ! 1) will generally be of order unity (we assume it is known and exactly 1 Ð the term turns out to
be unimportant anyway). The dominant contribution to ö## is the true shear convergence## , but there can generally
be an intrinsic alignment term tracing mass ßuctuations,bia #m , to give

ö## = bia #m + b# ## + %# (13)

where %# is the shape noise. We have includedb# as a potential shear calibration bias, but in the present calculations
we assumeb# = 1 and bia = 0 (this would be easy to change).

J. Redshift space Fisher matrix

We use all broad-band power, including but not exclusively RSD (e.g., including AP), up to some quotedkmax
(usually % 0.1h Mpc! 1). At k > k max we continue to use BAO information, following [5] (to be clear, we compute the
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FIG. 2. Similar to Fig. 1 except we use a more realistic photo-z error distribution with tails. In this case the cross-correlation
signal has a substantial contamination from galaxies with true redshift within the LRG bin.

TABLE IV. Similar to III except including γ and G9.

RS WL overlap DE FoM σγ σlnG9

14000 0 0 175.2 0.0244 0.0287
14000 14000 0 185.5 0.0239 0.0223
14000 14000 14000 191.7 0.0229 0.0208
13000 13000 13000 179.4 0.0237 0.0214

With modified gravity parameters

• Again, overlap helps, but you wouldn’t give up any 
significant survey area for it.  

• includes photo-z systematic calibration

2

I. BASIC EQUATIONS AND NUMBERS

A. Cosmology

We use the FoMSWG parameters [1]. When we included possible modifications of gravity, they are parameterized
by � in d lnD

d ln a

= ⌦�

m

(z) and by a multiplicative o↵set G
9

relative to the GR-predicted amplitude at z = 9 (applied to
the z < 9 power, to decouple the low redshift amplitude from CMB measurements, following FoMSWG).

We include the Planck CMB experiment in all parameter projections.

B. Angular Clustering

Suppose we define an angular field �
i,x

(✓) as the redshift integral with weight W
x

(z) over a 3D field �
i

(z, ✓), i.e.,

�
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(✓) =

Z
dz W
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The angular correlation function of two such fields is
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dz̄
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(z̄)W
y

(z̄ +�z)⇠
ij

(z̄,�z,�✓) (2)

where note that there is no approximation or loss of generality here, i.e., z̄ = (z + z0)/2 and �z = z � z0 are equally
good parameters of two-point function evolving completely generally with redshift (although note that in general the
sign of �z does matter, i.e., we cannot use |�z|). We can now FT ⇠

ij

(z̄,�z,�✓) with respect to �✓ and �z and plug
that in to obtain

P
xiyj

(k
✓
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Z
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, k
✓

) (3)

Now we make an approximation, that the kernels W (z) are broad enough that we can assume we are sensitive only
to modes with small k

z

, specifically k
z

much less than k
✓

, so that P (k
z

, k
✓

) ' P (0, k
✓

) (note that it would be fairly
straightforward to include higher order terms in a Taylor expansion here). This allows us to integrate the exponential
factor over k

z

to obtain 2⇡�D(�z) and then

P
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✓

) '
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(z, k
z

= 0, k
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) . (4)

Note that the units of P
ij

are redshift times angle squared, i.e., it is related to the usual comoving coordinate power
spectrum, which we will identify by arguments kk and k?, by

P
ij

(z, k
z

= 0, k
✓

) =
H(z)/c

r2(z)
P
ij

(z, kk = 0, k? = k
✓

/r(z)) (5)

The usual formula for C
`

is just C
xiyj

(`) = P
xiyj

[k
✓

= l + 1/2], i.e.,

C
xiyj
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(z)
H(z)/c

r2(z)
P
ij

✓
z, kk = 0, k? =

`+ 1/2

r(z)

◆
. (6)

This formula is no di↵erent from the usual one in the literature (e.g., [2]), but may show more clearly the origin and
units of the various factors.

C. Weight functions

Weight functions here are defined in terms of the actual redshift distribution of galaxies in a bin. For a bin defined
by measured redshifts, the redshift errors must be accounted for.
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Bias calibration “works”... just not 
well enough

You don’t design a 
survey around the 
blue curve when 
the baseline overall 
precision is the 
red... in my 
opinion.
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TABLE II. Similar to previous table but exploring other things. Column “pz sys” means photo-z systematics are included at
some level and marginalized over.

RS WL overlap ∆z zmax !max d ln ! κκ photo-gg mag pz sys DE FoM
kdeg2 kdeg2 kdeg2

14 0 0 0.2 2.0 500 0.2 y y n n 217.3
14 14 0 0.2 2.0 500 0.2 y y n n 385.2
14 14 14 0.2 2.0 500 0.2 y y n n 397.7
13 13 13 0.2 2.0 500 0.2 y y n n 370.4
14 14 0 0.2 2.0 500 0.2 n y n n 241.0
14 14 14 0.2 2.0 500 0.2 n y n n 247.2
14 14 0 0.2 2.0 500 0.2 n n n n 217.9
14 14 14 0.2 2.0 500 0.2 n n n n 227.8
14 14 0 0.2 2.0 500 0.2 y y n y 296.1
14 14 14 0.2 2.0 500 0.2 y y n y 313.6
14 14 0 0.2 2.0 500 0.2 n y n y 219.6
14 14 14 0.2 2.0 500 0.2 n y n y 224.2
14 0 0 0.2 2.0 500 0.2 y y y n 217.4
14 14 0 0.2 2.0 500 0.2 y y y n 386.4
14 14 14 0.2 2.0 500 0.2 y y y n 399.0
13 13 13 0.2 2.0 500 0.2 y y y n 371.6

TABLE III. Table II for talk. Last set of points, includes magnification but not photo-z calibration.

RS area WL area overlap DE FoM
14000 0 0 217
14000 14000 0 386
14000 14000 14000 399
13000 13000 13000 372

A. Magnification

We see in Table II that including the magnification contribution to density fluctuations has very little effect on the
FoM. How can we understand this? Figure 1 shows an example of cross-correlation driven by magnification. We see
that it is not detectable in these slices, even though cross-correlation with lensing is easily detectable. The reason
can be seen by considering Eq. 10. By far the largest error term between the two cross-correlations is the term
involving both galaxy auto-correlations, C!,LRGC!,DES num. In other words, the background noise for standard lensing
cross-correlations is the lensing auto-power itself, while for magnification cross-correlations it is the much larger galaxy
density fluctuations (this point that shear is generally much more powerful than number magnification was also made
by... somebody I remember... I can’t find the reference). Figure 2 illustrates another problem with magnification –
for realistic photo-z error distributions with tails there will typically be a significant cross-correlation signal due to
galaxies with common true redshift.

B. Modified Gravity

III. DISCUSSION
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• Redshift surveys and lensing are highly complementary.

• If it’s just a matter of where to point your telescope, overlap is better - you 
might as well go for it. 

• You don’t want to sacrifice measurable total area for it.

• Experience shows that quantifying our imagination about how things work - 
I mean especially systematics control here - often leads us to deeper 
understanding and different conclusions than we expected. 

The bottom line:

Wednesday, March 6, 13


