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Types of Systematics

๏Measurement: e.g. shapes and redshift
๏Theory: e.g. non-linear correction
๏Astrophysical: e.g. intrinsic alignment
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Photometric Red-Shifts
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๏ Important to have redshift information for 
the galaxies

๏ We create a simple model for the redshift 
errors:
‣ spread (δz)
‣ Catastrophic failures (Fcat)
‣ Spectral calibration (ns)

๏ Provide a scaling relation which we have 
found to be in good agreement with results 
using PDF from a photo-z code

๏ Redshift errors are not dominant BUT 
intrinsic alignment has not been considered

Redshift Information
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Figure 5. The upper panel shows the redshift distribution of
galaxies, with zm = 0.9, divided into 10 redshift bins. The pho-
tometric redshifts are assumed to have δz = 0.01 and no catas-
trophic failures. The lower panel shows the distribution of the
galaxies in the 8th redshift bin. The red curve shows this red-
shift slice for δz = 0.1, and the blue curve also has δz = 0.1 and
fcat = 0.3.

Figure 6. Impact of statistical errors in photometric redshift on
the figure of merit parameter. In black, we see the impact on the
ideal survey, and in red we see the results for a low redshift survey
(zm = 0.9). The symbols show the results of the Fisher matrix
analysis, and the lines show a linear fit to the data to highlight
the trends.

Figure 7. Impact of catastrophic failures of photometric redshifts
on the figure of merit for four survey configurations. The results
in black are for surveys with δz = 0.01, and the red results are for
surveys with δz = 0.1. The crosses show the Fisher matrix results
of surveys that have the same geometry as our ideal survey. The
triangles show the results for a shallower survey, with zm = 0.9
and ng = 35. The lines show a linear fit.

Figure 8. Importance of spectroscopic redshift measurements
for cosmic shear tomography. Four cases are shown: (i) our ideal
survey -black solid curves; (ii) our ideal survey with δz = 0.1 -
black dashed curves; (iii) our shallow survey with δz = 0.01 -
red solid curves; and (iv) our shallow survey with δz = 0.1 - red
dashed curves. For each case, two curves are shown. The bottom
curves correspond to marginalizing over both mean and variance
of the distribution, while the top curves are the results when we
marginalize only over the mean and fix the variance.
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Survey Amara et al Abdalla et al
DES 84 72

DES + NIR 124 120
Panstarrs 87 80

Panstarrs + NIR 131 132
LSST 112 116

LSST + NIR 148 156

Also,  Ma et al (2006), Mandelbaum (2007) ... 
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atic error: (i) additive with no redshift evolution; (ii) addi-
tive with redshift evolution; and (iii) multiplicative term. As
well as an amplitude, each of theses systematic signals could
have a scale dependence. For this paper we focus on: (i) a
log-linear systematic; (ii) systematics that have the same
shape as the lensing signal; and (iii) systematic errors that
mimic a small change in the cosmological parameters. In sec-
tion 4 we show the impact of various levels of systematic as
a function of survey area. Our conclusions are summarised
in section 5.

2 GENERAL BIAS FORMALISM

[♠ AA: Alex, can you rework this section? I think
the idea was to move some of the equations into the
text and add the MSE stuff. We can then define our
tolerance target. The point where σ = b.]

In a weak lensing survey, the observed powerspectrum
derived from the shapes of background galaxies is given by

Cobs
! = Clens

! + Csys
! + Cnoise

! , (1)

where each term corresponds to, respectively, the lensing
signal (Clens

! ), residual systematics (Csys
! ), and noise arising

from measurement errors and intrinsic shape noise (Cnoise
! ).

An estimator of the weak lensing shear powerspectrum can
thus be defined as

Ĉlens
! = Cobs

! − Cnoise
! , (2)

where it is assumed that the residual systematics is unknown
and therefore uncorrected. The errors of this estimator are
given by

∆Cl =

s
1

(2" + 1)fsky
[Clens

! + Csys
! + Cnoise

! ], (3)

where fsky is the fraction of the sky covered by the survey.
The measurement of this powerspectrum can then be

used to constrain a set of cosmological parameters pi. For
this, we form the usual statistic

χ2(p) =
X

!

∆C−2
l

h
[Ĉlens

! − Clens
! (p)]2

i
. (4)

An estimator for the parameters bpi is then defined such that
dχ2(p̂i)/dpi = 0.

Neglecting the dependence of the errors ∆C! in
the parameters, the covariance matrix of the parameters
cov[pi, pj ] = 〈(p̂i − 〈p̂i〉)(p̂j − 〈p̂j〉)〉 = (F−1)ij is then given
by the inverse of the Fisher matrix

Fij =
X

!

∆C−2
l

dClens
!

dpi

dClens
!

dpi
. (5)

It is also easy to show that, for small residual systematics,
the bias of the parameter estimator is given by

b[p̂i] = 〈p̂i〉 − 〈ptrue
i 〉 = (F−1)ijBj , (6)

where ptrue
i is the true value of the parameters, the summa-

tion convention has been assumed and the bias vector Bj is
given by

Bj =
X

!

∆C−2
l Csys

!

dClens
!

dpj
. (7)

Figure 1. Illustration of the distinction between statistical errors
which can be estimated using the Fisher matrix and the biasing
effect of residual systematics, which can be estimated using our
formalism. The black dashed line shows the results of a Fisher
matrix calculation with the cross showing the fiducial model that
has been used. The solid red line shows the error ellipses when
the effects of a systematic signal are also included. We see that
the systematic errors can induce a bias that moves the central
value relative to the fiducial model.

This simple expression is similar to that for the Fisher ma-
trix and is therefore a convenient way to evaluate the im-
pact of residual systematics and has also used by Huterer
and Takada (2005) and Huterer et al. (2006). Note that this
expression, while derived for the measurement of a single
weak lensing powerspectrum, is general and can be applied
to any estimation of a model using a χ2 fit in the presence
of residual (unknown) systematics. In particular, it can be
easily generalised for the case where several powerspectra
are considered, such as in weak lensing tomography, and
if the powerspectrum estimators at different multipoles are
correlated.

Figure 1 shows error estimates for the equation of state
parameters using only the Fisher matrix formalism (black
dashed curve). This error ellipse is centred on the fiducial
model. In red we show the error ellipses including the bias
discussed in equation 7. Here we see that uncertainties have
an additional effect of moving the centre of the error ellipses
away from the fiducial model.

3 SHAPE SYSTEMATICS

Cosmic shear is measured using the shapes of distant galax-
ies. In order to measure these, the galaxy images must
have the effects of the point spread function (PSF) removed
through a deconvolution, where the PSF is measured from
stars in the image. Errors in both the PSF deconvolution
and galaxy shape fitting will induce errors in the measured
galaxy shapes, and hence lead to errors in shears. These

b
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This paper is divided into the following sections. In sec-
tion 2, we outline the formalism that we use in the paper. In
section 3, we explore the effect of three types of systematic
error: (i) additive with no redshift evolution; (ii) additive
with redshift evolution; and (iii) multiplicative. As well as
an amplitude, each of theses systematic signals could have a
scale dependence. For this paper we focus on: (i) a log-linear
systematic; (ii) systematics that have the same shape as the
lensing signal; and (iii) systematic errors that mimic a small
change in the cosmological parameters. In section 4 we show
the impact of various levels of systematic as a function of
survey area. Our conclusions are summarised in section 5.

2 GENERAL BIAS FORMALISM

[♠ AA: Alex, can you rework this section? I think
the idea was to move some of the equations into the
text and add the MSE stuff. We can then define our
tolerance target. The point where σ = b.] [AR: let’s
talk about this]

In a weak lensing survey, the observed power spectrum
derived from the shapes of background galaxies is given by

Cobs
! = Clens

! + Csys
! + Cnoise

! , (1)

where each term corresponds to, respectively, the lensing
signal (Clens

! ), residual systematics (Csys
! ), and noise arising

from measurement errors and intrinsic shape noise (Cnoise
! ).

An estimator of the weak lensing shear powerspectrum can
thus be defined as

Ĉlens
! = Cobs

! − Cnoise
! , (2)

where it is assumed that the residual systematics is unknown
and therefore uncorrected. The errors of this estimator are
given by

∆Cl =

s
1

(2" + 1)fsky
[Clens

! + Csys
! + Cnoise

! ], (3)

where fsky is the fraction of the sky covered by the survey.
The measurement of this powerspectrum can then be

used to constrain a set of cosmological parameters pi. For
this, we form the usual statistic

χ2(p) =
X

!

∆C−2
l

h
[Ĉlens

! − Clens
! (p)]2

i
. (4)

An estimator for the parameters bpi is then defined such that
dχ2(p̂i)/dpi = 0.

Neglecting the dependence of the errors ∆C! in
the parameters, the covariance matrix of the parameters
cov[pi, pj ] = 〈(p̂i − 〈p̂i〉)(p̂j − 〈p̂j〉)〉 = (F−1)ij is then given
by the inverse of the Fisher matrix

Fij =
X

!

∆C−2
l

dClens
!

dpi

dClens
!

dpi
. (5)

It is also easy to show that, for small residual systematics,
the bias of the parameter estimator is given by

b[p̂i] = 〈p̂i〉 − 〈ptrue
i 〉 = (F−1)ijBj , (6)

where ptrue
i is the true value of the parameters, the summa-

tion convention has been assumed and the bias vector Bj is
given by

Bj =
X

!

∆C−2
l Csys

!

dClens
!

dpj
. (7)

This simple expression is similar to that for the Fisher ma-
trix and is therefore a convenient way to evaluate the im-
pact of residual systematics and has also used by Huterer
and Takada (2005) and Huterer et al. (2006). Note that this
expression, while derived for the measurement of a single
weak lensing power spectrum, is general and can be applied
to any estimation of a model using a χ2 fit in the presence
of residual (unknown) systematics. In particular, it can be
easily generalised for the case where several power spectra
are considered, such as in weak lensing tomography, and
if the powerspectrum estimators at different multipoles are
correlated.

Figure 1 shows error estimates for the equation of state
parameters using only the Fisher matrix formalism (black
dashed curve). This error ellipse is centred on the fiducial
model. In red we show the error ellipses including the bias
discussed in equation 7. Here we see that uncertainties have
an additional effect of moving the centre of the error ellipses
away from the fiducial model.

In general, it is convenient to consider the total Mean
Square Error (MSE) of a parameter pi which includes both
the statistical and the systematic errors, i.e.

MSE[p̂i] = σ2[p̂i] + b2[p̂i], (8)

where the statistical error variance is σ2[p̂i] = (F−1)ii. It
is this total error which needs to be minimised when opti-
mising future surveys rather than statistical error alone. An
interesting criterion is to define a tolerance on the system-
atics such that they do not dominate over statistical error.
This is verified when

b[p̂i] ! σ[p̂i], (9)

for all or a selected subset of the paramters pi. In the fol-
lowing, we will apply this formalism to cosmic shear and
derived the systematics tolerance for future surveys. [need
to refer to this in the rest of the text and avoid
redefining the MSE and the tolerance].

3 SHAPE SYSTEMATICS FOR WEAK
LENSING TOMOGRAPHY

[need a bit more about cosmic shear tomogra-
phy and possible systematics] Cosmic shear is mea-
sured using the shapes of distant galaxies. For this purpose,
the observed galaxy images must be corrected from the ef-
fects of the point spread function (PSF) which is monitored
using stars in the image. Errors in the PSF deconvolution
and galaxy shape fitting will induce errors in the measured
galaxy shapes, and hence lead to errors in shears. These
shape measurement errors generally have spatial correlation
(since the PSF itself has a spatial variation) which can be
described by its power spectrum Csys

! . In this work, we de-
compose residual systematic powerspectrum into two parts:
an additive term (i.e. independent of the lensing signal) and
a multiplicative term (i.e. dependent on the lensing signal).
Each term and its impact on the systematics power spec-
trum is described in AppendixA. Huterer et al. (2006) have
also decomposed the residual systematic in this way. Our
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for all or a selected subset of the paramters pi. In the fol-
lowing, we will apply this formalism to cosmic shear and
derived the systematics tolerance for future surveys. [need
to refer to this in the rest of the text and avoid
redefining the MSE and the tolerance].

3 SHAPE SYSTEMATICS FOR WEAK
LENSING TOMOGRAPHY

[need a bit more about cosmic shear tomogra-
phy and possible systematics] Cosmic shear is mea-
sured using the shapes of distant galaxies. For this purpose,
the observed galaxy images must be corrected from the ef-
fects of the point spread function (PSF) which is monitored
using stars in the image. Errors in the PSF deconvolution
and galaxy shape fitting will induce errors in the measured
galaxy shapes, and hence lead to errors in shears. These
shape measurement errors generally have spatial correlation
(since the PSF itself has a spatial variation) which can be
described by its power spectrum Csys

! . In this work, we de-
compose residual systematic powerspectrum into two parts:
an additive term (i.e. independent of the lensing signal) and
a multiplicative term (i.e. dependent on the lensing signal).
Each term and its impact on the systematics power spec-
trum is described in AppendixA. Huterer et al. (2006) have
also decomposed the residual systematic in this way. Our
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trix and is therefore a convenient way to evaluate the im-
pact of residual systematics and has also used by Huterer
and Takada (2005) and Huterer et al. (2006). Note that this
expression, while derived for the measurement of a single
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to any estimation of a model using a χ2 fit in the presence
of residual (unknown) systematics. In particular, it can be
easily generalised for the case where several power spectra
are considered, such as in weak lensing tomography, and
if the powerspectrum estimators at different multipoles are
correlated.

Figure 1 shows error estimates for the equation of state
parameters using only the Fisher matrix formalism (black
dashed curve). This error ellipse is centred on the fiducial
model. In red we show the error ellipses including the bias
discussed in equation 7. Here we see that uncertainties have
an additional effect of moving the centre of the error ellipses
away from the fiducial model.

In general, it is convenient to consider the total Mean
Square Error (MSE) of a parameter pi which includes both
the statistical and the systematic errors, i.e.

MSE[p̂i] = σ2[p̂i] + b2[p̂i], (8)

where the statistical error variance is σ2[p̂i] = (F−1)ii. It
is this total error which needs to be minimised when opti-
mising future surveys rather than statistical error alone. An
interesting criterion is to define a tolerance on the system-
atics such that they do not dominate over statistical error.
This is verified when

b[p̂i] ! σ[p̂i], (9)

for all or a selected subset of the paramters pi. In the fol-
lowing, we will apply this formalism to cosmic shear and
derived the systematics tolerance for future surveys. [need
to refer to this in the rest of the text and avoid
redefining the MSE and the tolerance].
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[need a bit more about cosmic shear tomogra-
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sured using the shapes of distant galaxies. For this purpose,
the observed galaxy images must be corrected from the ef-
fects of the point spread function (PSF) which is monitored
using stars in the image. Errors in the PSF deconvolution
and galaxy shape fitting will induce errors in the measured
galaxy shapes, and hence lead to errors in shears. These
shape measurement errors generally have spatial correlation
(since the PSF itself has a spatial variation) which can be
described by its power spectrum Csys

! . In this work, we de-
compose residual systematic powerspectrum into two parts:
an additive term (i.e. independent of the lensing signal) and
a multiplicative term (i.e. dependent on the lensing signal).
Each term and its impact on the systematics power spec-
trum is described in AppendixA. Huterer et al. (2006) have
also decomposed the residual systematic in this way. Our
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trix and is therefore a convenient way to evaluate the im-
pact of residual systematics and has also used by Huterer
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expression, while derived for the measurement of a single
weak lensing power spectrum, is general and can be applied
to any estimation of a model using a χ2 fit in the presence
of residual (unknown) systematics. In particular, it can be
easily generalised for the case where several power spectra
are considered, such as in weak lensing tomography, and
if the powerspectrum estimators at different multipoles are
correlated.

Figure 1 shows error estimates for the equation of state
parameters using only the Fisher matrix formalism (black
dashed curve). This error ellipse is centred on the fiducial
model. In red we show the error ellipses including the bias
discussed in equation 7. Here we see that uncertainties have
an additional effect of moving the centre of the error ellipses
away from the fiducial model.

In general, it is convenient to consider the total Mean
Square Error (MSE) of a parameter pi which includes both
the statistical and the systematic errors, i.e.

MSE[p̂i] = σ2[p̂i] + b2[p̂i], (8)

where the statistical error variance is σ2[p̂i] = (F−1)ii. It
is this total error which needs to be minimised when opti-
mising future surveys rather than statistical error alone. An
interesting criterion is to define a tolerance on the system-
atics such that they do not dominate over statistical error.
This is verified when

b[p̂i] ! σ[p̂i], (9)

for all or a selected subset of the paramters pi. In the fol-
lowing, we will apply this formalism to cosmic shear and
derived the systematics tolerance for future surveys. [need
to refer to this in the rest of the text and avoid
redefining the MSE and the tolerance].
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sured using the shapes of distant galaxies. For this purpose,
the observed galaxy images must be corrected from the ef-
fects of the point spread function (PSF) which is monitored
using stars in the image. Errors in the PSF deconvolution
and galaxy shape fitting will induce errors in the measured
galaxy shapes, and hence lead to errors in shears. These
shape measurement errors generally have spatial correlation
(since the PSF itself has a spatial variation) which can be
described by its power spectrum Csys

! . In this work, we de-
compose residual systematic powerspectrum into two parts:
an additive term (i.e. independent of the lensing signal) and
a multiplicative term (i.e. dependent on the lensing signal).
Each term and its impact on the systematics power spec-
trum is described in AppendixA. Huterer et al. (2006) have
also decomposed the residual systematic in this way. Our
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An estimator for the parameters bpi is then defined such that
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cov[pi, pj ] = 〈(p̂i − 〈p̂i〉)(p̂j − 〈p̂j〉)〉 = (F−1)ij is then given
by the inverse of the Fisher matrix

Fij =
X

!

∆C−2
l

dClens
!

dpi

dClens
!

dpi
. (5)

It is also easy to show that, for small residual systematics,
the bias of the parameter estimator is given by

b[p̂i] = 〈p̂i〉 − 〈ptrue
i 〉 = (F−1)ijBj , (6)

where ptrue
i is the true value of the parameters, the summa-

tion convention has been assumed and the bias vector Bj is
given by

Bj =
X

!

∆C−2
l Csys

!

dClens
!

dpj
. (7)

This simple expression is similar to that for the Fisher ma-
trix and is therefore a convenient way to evaluate the im-
pact of residual systematics and has also used by Huterer
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expression, while derived for the measurement of a single
weak lensing power spectrum, is general and can be applied
to any estimation of a model using a χ2 fit in the presence
of residual (unknown) systematics. In particular, it can be
easily generalised for the case where several power spectra
are considered, such as in weak lensing tomography, and
if the powerspectrum estimators at different multipoles are
correlated.

Figure 1 shows error estimates for the equation of state
parameters using only the Fisher matrix formalism (black
dashed curve). This error ellipse is centred on the fiducial
model. In red we show the error ellipses including the bias
discussed in equation 7. Here we see that uncertainties have
an additional effect of moving the centre of the error ellipses
away from the fiducial model.

In general, it is convenient to consider the total Mean
Square Error (MSE) of a parameter pi which includes both
the statistical and the systematic errors, i.e.

MSE[p̂i] = σ2[p̂i] + b2[p̂i], (8)

where the statistical error variance is σ2[p̂i] = (F−1)ii. It
is this total error which needs to be minimised when opti-
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interesting criterion is to define a tolerance on the system-
atics such that they do not dominate over statistical error.
This is verified when

b[p̂i] ! σ[p̂i], (9)

for all or a selected subset of the paramters pi. In the fol-
lowing, we will apply this formalism to cosmic shear and
derived the systematics tolerance for future surveys. [need
to refer to this in the rest of the text and avoid
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model. In red we show the error ellipses including the bias
discussed in equation 7. Here we see that uncertainties have
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model. In red we show the error ellipses including the bias
discussed in equation 7. Here we see that uncertainties have
an additional effect of moving the centre of the error ellipses
away from the fiducial model.

In general, it is convenient to consider the total Mean
Square Error (MSE) of a parameter pi which includes both
the statistical and the systematic errors, i.e.

MSE[p̂i] = σ2[p̂i] + b2[p̂i], (8)

where the statistical error variance is σ2[p̂i] = (F−1)ii. It
is this total error which needs to be minimised when opti-
mising future surveys rather than statistical error alone. An
interesting criterion is to define a tolerance on the system-
atics such that they do not dominate over statistical error.
This is verified when

b[p̂i] ! σ[p̂i], (9)

for all or a selected subset of the paramters pi. In the fol-
lowing, we will apply this formalism to cosmic shear and
derived the systematics tolerance for future surveys. [need
to refer to this in the rest of the text and avoid
redefining the MSE and the tolerance].

3 SHAPE SYSTEMATICS FOR WEAK
LENSING TOMOGRAPHY

[need a bit more about cosmic shear tomogra-
phy and possible systematics] Cosmic shear is mea-
sured using the shapes of distant galaxies. For this purpose,
the observed galaxy images must be corrected from the ef-
fects of the point spread function (PSF) which is monitored
using stars in the image. Errors in the PSF deconvolution
and galaxy shape fitting will induce errors in the measured
galaxy shapes, and hence lead to errors in shears. These
shape measurement errors generally have spatial correlation
(since the PSF itself has a spatial variation) which can be
described by its power spectrum Csys

! . In this work, we de-
compose residual systematic powerspectrum into two parts:
an additive term (i.e. independent of the lensing signal) and
a multiplicative term (i.e. dependent on the lensing signal).
Each term and its impact on the systematics power spec-
trum is described in AppendixA. Huterer et al. (2006) have
also decomposed the residual systematic in this way. Our
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atic error: (i) additive with no redshift evolution; (ii) addi-
tive with redshift evolution; and (iii) multiplicative term. As
well as an amplitude, each of theses systematic signals could
have a scale dependence. For this paper we focus on: (i) a
log-linear systematic; (ii) systematics that have the same
shape as the lensing signal; and (iii) systematic errors that
mimic a small change in the cosmological parameters. In sec-
tion 4 we show the impact of various levels of systematic as
a function of survey area. Our conclusions are summarised
in section 5.

2 GENERAL BIAS FORMALISM

[♠ AA: Alex, can you rework this section? I think
the idea was to move some of the equations into the
text and add the MSE stuff. We can then define our
tolerance target. The point where σ = b.]

In a weak lensing survey, the observed powerspectrum
derived from the shapes of background galaxies is given by

Cobs
! = Clens

! + Csys
! + Cnoise

! , (1)

where each term corresponds to, respectively, the lensing
signal (Clens

! ), residual systematics (Csys
! ), and noise arising

from measurement errors and intrinsic shape noise (Cnoise
! ).

An estimator of the weak lensing shear powerspectrum can
thus be defined as

Ĉlens
! = Cobs

! − Cnoise
! , (2)

where it is assumed that the residual systematics is unknown
and therefore uncorrected. The errors of this estimator are
given by

∆Cl =

s
1

(2" + 1)fsky
[Clens

! + Csys
! + Cnoise

! ], (3)

where fsky is the fraction of the sky covered by the survey.
The measurement of this powerspectrum can then be

used to constrain a set of cosmological parameters pi. For
this, we form the usual statistic

χ2(p) =
X

!

∆C−2
l

h
[Ĉlens

! − Clens
! (p)]2

i
. (4)

An estimator for the parameters bpi is then defined such that
dχ2(p̂i)/dpi = 0.

Neglecting the dependence of the errors ∆C! in
the parameters, the covariance matrix of the parameters
cov[pi, pj ] = 〈(p̂i − 〈p̂i〉)(p̂j − 〈p̂j〉)〉 = (F−1)ij is then given
by the inverse of the Fisher matrix

Fij =
X

!

∆C−2
l

dClens
!

dpi

dClens
!

dpi
. (5)

It is also easy to show that, for small residual systematics,
the bias of the parameter estimator is given by

b[p̂i] = 〈p̂i〉 − 〈ptrue
i 〉 = (F−1)ijBj , (6)

where ptrue
i is the true value of the parameters, the summa-

tion convention has been assumed and the bias vector Bj is
given by

Bj =
X

!

∆C−2
l Csys

!

dClens
!

dpj
. (7)

Figure 1. Illustration of the distinction between statistical errors
which can be estimated using the Fisher matrix and the biasing
effect of residual systematics, which can be estimated using our
formalism. The black dashed line shows the results of a Fisher
matrix calculation with the cross showing the fiducial model that
has been used. The solid red line shows the error ellipses when
the effects of a systematic signal are also included. We see that
the systematic errors can induce a bias that moves the central
value relative to the fiducial model.

This simple expression is similar to that for the Fisher ma-
trix and is therefore a convenient way to evaluate the im-
pact of residual systematics and has also used by Huterer
and Takada (2005) and Huterer et al. (2006). Note that this
expression, while derived for the measurement of a single
weak lensing powerspectrum, is general and can be applied
to any estimation of a model using a χ2 fit in the presence
of residual (unknown) systematics. In particular, it can be
easily generalised for the case where several powerspectra
are considered, such as in weak lensing tomography, and
if the powerspectrum estimators at different multipoles are
correlated.

Figure 1 shows error estimates for the equation of state
parameters using only the Fisher matrix formalism (black
dashed curve). This error ellipse is centred on the fiducial
model. In red we show the error ellipses including the bias
discussed in equation 7. Here we see that uncertainties have
an additional effect of moving the centre of the error ellipses
away from the fiducial model.

3 SHAPE SYSTEMATICS

Cosmic shear is measured using the shapes of distant galax-
ies. In order to measure these, the galaxy images must
have the effects of the point spread function (PSF) removed
through a deconvolution, where the PSF is measured from
stars in the image. Errors in both the PSF deconvolution
and galaxy shape fitting will induce errors in the measured
galaxy shapes, and hence lead to errors in shears. These

b
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Parameter Ωm w0 wa h σ8 Ωb n
Central value 0.28 -0.95 0.00 0.72 1.0 0.046 1.0

Marginalised errors 0.006 0.06 0.19 17 0.008 4 0.009

Table 1. Cosmology parameters for our fiducial model with marginalised Fisher matrix errors for the survey we consider.

Figure 2. Different classes of additive systematic signals we con-
sider. In each case, the systematics power spectra shown have
been normalised so that they induce a a bias on w0 equal to
the systematics error (b[w0] = σ[w0] = 0.06). The top left panel
shows examples of the log-linear models for n=-1.4, -1.0, -0.6, -
0.2, 0.2 and 0.6; the top right panel shows systematics that have
the same shape as the lensing signal (all 15 powerspectra shapes
are shown); and the bottom left panel shows signal that have the
shape of dC33

! /dpα, where C33
! is the auto-correlation power spec-

trum of the third redshift slice and pα are the parameters in our
fiducial model. Finally, the bottom right panel shows systematic
signals that have the same functional form as dCij

! /dw0, where

Cij
! is the lensing correlation function between bins i and j.

the effect of a change in one of the cosmological parameters
(pα):

Csys
! = A2

dCij
!

dpα
, (16)

whereA2 is another normalisation factor.

Figure 2 shows examples of these different classes of
systematic signals. Each of the systematic signals have been
normalised so that they introduce a bias on the equation of
state parameter w0 of 0.06, which is the same level as the
marginalised statistical error on this parameter calculated
from a standard Fisher matrix approach see Table 1.

3.1.1 Additive term with no redshift evolution

We first consider additive systematics whose amplitude is
independent of redshift. Figure 3 shows the bias introduced
to each parameter in our log-linear model (Eq. 14 and top

Figure 3. The bias of all 7 parameters considered in our fiducial
model produced by the log-linear systematic as a function of n,
the scaling in equation 14. A0 is chosen so that σ2

sys = 4 × 10−7.

left panel of figure 2)) as function of the scaling parameter
n. The 7 curves in the figure show the bias for a system-
atic signal with an amplitude such that σ2

sys = 4× 10−7. As
can be seen from equations 8 and 13, the bias scales linearly
with σ2

sys. The level of the bias depends on the cosmological
parameter considered and the absolute value of the bias re-
mains roughly flat with n. The apparent dips around n = −1
correspond to a change of sign of the biases (e.g. goes from
positive to negative). The black-solid and blue-dashed curves
show that a log-linear systematic with σ2

sys = 4 × 10−7 will
introduce a bias of ∼ 0.05 on w0 and ∼ 0.1 on wa, for most
values of n. The range of possible bias values is large depend-
ing on which cosmology parameter is under scrutiny (note
that the y-axis of figure 3 is on a log scale). For example,
the absolute bias induced in Ωm is typically ∼ 0.005 for a
wide range of n values.

Although the value of the bias on the Ωm is smaller than
that for w0, a more relevant quantity is the size of the bias
relative to the statistical errors (which are shown in table
1). Figure 4 shows the ratio of the bias to the marginalised
Fisher matrix errors of all 7 cosmology parameters for the
log-linear model with σ2

sys = 4 × 10−7. Expressed in this
manner, we see that many of the cosmological parameters
respond to the same extent to the presence of a systematic
signal (note that the y-axis is now on a linear scale). We also
see more clearly that as we vary n, the bias on any given
parameter can change sign.

The grey shaded region in the figure is where the bias
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dominates over statistical errors, i.e. where |b(pi)|/σ(pi) > 1.
With this in mind, we can now adjust the level of the the
systematic (σ2

sys) and find our tolerance (σ2
sys−tol), which,

from equation 11, is the maximum value that σ2
sys can have

before the potential bias on one of the cosmology param-
eters breaches our acceptable threshold (i.e. before one of
the curves in figure 4 enters the grey area). Figure 4 shows
that, for the log-linear systematic, setting a threshold of
σ2

sys−tol = 4× 10−7 would be sufficient to meet this criterial
for the dark energy parameters.

Appendix B, shows the results for the other classes
of systematics. Table B1 shows the ratio of the bias to
marginalised statistical errors for the residual systematic
signals shown in the top right panel of figure 2, table B2
correspond to the bottom left panel figure 2 and B3 are
the results for the bottom right panel. We see that, if the
residual systematic has the same shape as the lensing sig-
nal, then a tolerance level of σ2

sys−tol = 4 × 10−7 is suffi-
cient to keep |b(pi)/σ(pi)| < 1 for the w0 and wa param-
eters. However, table B3 shows that a systematic level of
σ2

sys−tol = 4 × 10−7 can lead to a ratio greater than one for
w0 for some systematic power spectrum shapes, for instance
Cs

! ys ∝ dC3
! 3/dw0. It is also interesting to note the the most

stringent constraints on systematics does not always come
from dark energy. For instance for a systematic that has a
shape Csys

! ∝ dC45
! /dw0, it is the constraint from Ωm that

would dominate.
Focusing again on dark energy parameters, figure 5

shows the biases (as a fraction of statistical errors) for w0

and wa for all the additive systematics we have considered.
Once again the grey area shows regions where the bias would
dominate over the statistical errors. We see that a system-
atic with σ2

sys−tol = 4 × 10−7 is not always sufficient (this
can also be seen in tables B2 and B3). Instead a more com-
fortable tolerance level is σ2

sys−tol = 3× 10−7, which we can
be considered as the target for the control of additive sys-
tematics with no redshift evolution.

3.1.2 Additive term with redshift evolution

The additive term discussed in the previous section was for a
systematic signal that is the same for all tomographic power
spectra, i.e. independent of the galaxy redshifts. An exten-
sion of the above results is to consider an additive term that
evolves with redshift. This, for example, could be due to
the fact that more distant galaxies tend to be smaller than
nearby galaxies, making their shape measurements more
prone to errors in PSF deconvolution. We can model such an
effect by introducing a simple redshift scaling to the additive
part of equation A5:

γadd = γadd
0 (1 + zm)βa , (17)

where zm is the median redshift of a tomographic redshift
bin. The systematic power spectrum now depends on the
redshift of the two galaxies being correlated and, for sim-
plicity, we assume that this redshift dependence can be sep-
arated from the angular dependence such that,

Csys
! (zi

m, zj
m) = (1+zi

m)βa(1+zj
m)βaCsys

! (zi
m = 0, zj

m = 0),(18)

where zi
m and zj

m are the median redshifts of bins i and j,
and Csys

! (zi = 0, zj = 0) is the systematic auto-correlation
power spectrum of galaxies at redshift z=0.

Figure 4. The ratio of the systematic bias to the marginalised
statistical errors for each of the cosmological parameters as a func-
tion of n, the scaling parameter of the log-linear scaling model.
The amplitude has been set to σ2

sys = 4 × 10−7. The grey area
corresponds to regions where the bias dominates over the statis-
tical errors (i.e. |b(pi)/σ(pi)| > 1). We see that it is not always
the dark energy equation of state parameters that drive the sys-
tematic requirements.

Figure 5. Impact of additive systematics (with no redshift evo-
lution) on the dark energy parameters, w0 and wa, for all classes
of scale dependence considered. As before, the grey area corre-
sponds regions where the bias dominates over the (marginalised)
statistical errors. In all cases, we set σ2

sys = 4 × 10−7.
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dominates over statistical errors, i.e. where |b(pi)|/σ(pi) > 1.
With this in mind, we can now adjust the level of the the
systematic (σ2

sys) and find our tolerance (σ2
sys−tol), which,

from equation 11, is the maximum value that σ2
sys can have

before the potential bias on one of the cosmology param-
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the curves in figure 4 enters the grey area). Figure 4 shows
that, for the log-linear systematic, setting a threshold of
σ2

sys−tol = 4× 10−7 would be sufficient to meet this criterial
for the dark energy parameters.

Appendix B, shows the results for the other classes
of systematics. Table B1 shows the ratio of the bias to
marginalised statistical errors for the residual systematic
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be considered as the target for the control of additive sys-
tematics with no redshift evolution.

3.1.2 Additive term with redshift evolution

The additive term discussed in the previous section was for a
systematic signal that is the same for all tomographic power
spectra, i.e. independent of the galaxy redshifts. An exten-
sion of the above results is to consider an additive term that
evolves with redshift. This, for example, could be due to
the fact that more distant galaxies tend to be smaller than
nearby galaxies, making their shape measurements more
prone to errors in PSF deconvolution. We can model such an
effect by introducing a simple redshift scaling to the additive
part of equation A5:
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where zm is the median redshift of a tomographic redshift
bin. The systematic power spectrum now depends on the
redshift of the two galaxies being correlated and, for sim-
plicity, we assume that this redshift dependence can be sep-
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Csys
! (zi

m, zj
m) = (1+zi

m)βa(1+zj
m)βaCsys

! (zi
m = 0, zj

m = 0),(18)

where zi
m and zj

m are the median redshifts of bins i and j,
and Csys

! (zi = 0, zj = 0) is the systematic auto-correlation
power spectrum of galaxies at redshift z=0.

Figure 4. The ratio of the systematic bias to the marginalised
statistical errors for each of the cosmological parameters as a func-
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corresponds to regions where the bias dominates over the statis-
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of scale dependence considered. As before, the grey area corre-
sponds regions where the bias dominates over the (marginalised)
statistical errors. In all cases, we set σ2

sys = 4 × 10−7.
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Figure 1. Illustration of the distinction between statistical errors
which can be estimated using the Fisher matrix and the biasing
effect of residual systematics, which can be estimated using the
present formalism. The black dashed line shows the results of
a Fisher matrix calculation with the cross showing the fiducial
model that has been used. The solid red line shows the error
ellipses when the effects of a systematic signal are also included.
We see that the systematic errors can induce a bias that moves
the central value relative to the fiducial model.

measured using the shapes of distant galaxies. For this pur-
pose, the observed galaxy images must be corrected from
the effects of the point spread function (PSF) which is mon-
itored using stars in the image. Errors in the PSF decon-
volution and galaxy shape estimation induces errors in the
measured galaxy shapes, and hence lead to errors in shears.
These shape measurement errors generally have spatial cor-
relations (since the PSF itself has a spatial variation) which
can be described by its power spectrum Csys

! . In this work,
we decompose residual systematic power spectrum into two
parts: an additive term (i.e. independent of the lensing sig-
nal) and a multiplicative term (i.e. dependent on the lensing
signal). Each term and its impact on the systematics power
spectrum is described in AppendixA.

In the following, we consider a flat cosmological model
with 7 parameters listed in table 1. In particular, the evo-
lution of the dark energy equation of state parameter is
assumed to take the form w(a) = wn + (an − a)wa, with
w0, listed in the table, corresponding to a pivot point of
an = 1. For the cosmic shear survey parameters, we focus
on the DUNE-like ‘shallow’ survey described in Amara and
Refregier (2006), namely a 20,000 sq. degree survey con-
taining 35 galaxies per amin2 with σγ = 0.25 and zm = 0.9,
with the galaxies divided into 5 redshift bins so that each bin
contains the same number of galaxies. We assume that the
overall galaxy distribution is given by Smail et al. (1994),

P (z) = zα exp

"

−

 
z
z0

!β#

, (12)

where we set α = 2 and β = 1.5. The median redshift of the
survey, zm, is then used to set z0 " zm/1.412. We use multi-
poles in the range 10 < $ < 2×104. The lensing tomography
formalism we use is also described in Hu and Jain (2004) and
Amara and Refregier (2006). Table 1 shows the central val-
ues of our fiducial model and the marginalised Fisher matrix
errors on each of the cosmological parameters for this sur-
vey. These errors come from the same calculation used to
produce the results (dashed curve) shown in figure 1. The
errors on the dark energy parameters are sometimes stated
in terms of wn corresponding to the pivot point an where
wn and wa are uncorrelated. For our survey the marginalised
error on wn is 0.02.

3.1 Additive Term

First, we consider an additive systematic signal, which, by
definition is not correlated with the lensing signal. Such a
systematic could, for instance, result from residual errors in
the correction of the PSF. This signal can in general have
an arbitrary scale dependence and may also depend on the
galaxy redshift.

To quantify the amplitude of the systematic signal it is
convenient to consider its variance

σ2
sys =

1
2π

Z
|Csys

! |$($ + 1)d ln $, (13)

where the absolute value sign is included to account for pos-
sible changes of sign. To explore the possible scale depen-
dence of the systematic signal, we consider the following
three classes of shape of the systematic power spectrum:

• The first is a log-linear systematic:

$($ + 1)Csys
! = A0

“
n log10($/$0) + 1

”
, (14)

where $0 is a reference scale, n a scaling parameter and
A0 is a normalisation. This parametrisation allows for the
possibility that the residual power spectrum of systematic
signal, after correction, be positive or negative and may
transition from one to the other. More specifically, the
quantity $($ + 1)Csys

! scales linearly with log $ and goes
through the point $($ + 1)Csys

! = A0 at $ = $0 and has
a slope of nA0.In general, each correlation function could
have its own normalisation (i.e. Aij , rather than A0). For
instance this would be the case if the systematic signal had
a redshift dependence.

• Secondly, we explore systematic signals that have the
same shape as one of the lensing power spectra, Clens

! . Since,
in this work, the galaxies have been divided into 5 redshift
bins, this gives us 15 possible power spectra to investigate:

Csys
! = A1C

ij
! , (15)

where Cij
! is the correlation spectrum between bins i and

j, and A1 is a normalisation. Once again each correlation
function could have a different normalisation. For instance
this would be the case if the systematic signal had a redshift
dependence.

• Finally, we explore the systematic shape that should
have the greatest impact on our measured cosmological pa-
rameter estimation, namely systematics that exactly mimic

σ2
sys = 4x10-7
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This paper is divided into the following sections. In sec-
tion 2, we outline the formalism that we use in the paper. In
section 3, we explore the effect of three types of systematic
error: (i) additive with no redshift evolution; (ii) additive
with redshift evolution; and (iii) multiplicative. As well as
an amplitude, each of theses systematic signals could have a
scale dependence. For this paper we focus on: (i) a log-linear
systematic; (ii) systematics that have the same shape as the
lensing signal; and (iii) systematic errors that mimic a small
change in the cosmological parameters. In section 4 we show
the impact of various levels of systematic as a function of
survey area. Our conclusions are summarised in section 5.

2 GENERAL BIAS FORMALISM

[♠ AA: Alex, can you rework this section? I think
the idea was to move some of the equations into the
text and add the MSE stuff. We can then define our
tolerance target. The point where σ = b.] [AR: let’s
talk about this]

In a weak lensing survey, the observed power spectrum
derived from the shapes of background galaxies is given by

Cobs
! = Clens

! + Csys
! + Cnoise

! , (1)

where each term corresponds to, respectively, the lensing
signal (Clens

! ), residual systematics (Csys
! ), and noise arising

from measurement errors and intrinsic shape noise (Cnoise
! ).

An estimator of the weak lensing shear powerspectrum can
thus be defined as

Ĉlens
! = Cobs

! − Cnoise
! , (2)

where it is assumed that the residual systematics is unknown
and therefore uncorrected. The errors of this estimator are
given by

∆Cl =

s
1

(2" + 1)fsky
[Clens

! + Csys
! + Cnoise

! ], (3)

where fsky is the fraction of the sky covered by the survey.
The measurement of this powerspectrum can then be

used to constrain a set of cosmological parameters pi. For
this, we form the usual statistic

χ2(p) =
X

!

∆C−2
l

h
[Ĉlens

! − Clens
! (p)]2

i
. (4)

An estimator for the parameters bpi is then defined such that
dχ2(p̂i)/dpi = 0.

Neglecting the dependence of the errors ∆C! in
the parameters, the covariance matrix of the parameters
cov[pi, pj ] = 〈(p̂i − 〈p̂i〉)(p̂j − 〈p̂j〉)〉 = (F−1)ij is then given
by the inverse of the Fisher matrix

Fij =
X

!

∆C−2
l

dClens
!

dpi

dClens
!

dpi
. (5)

It is also easy to show that, for small residual systematics,
the bias of the parameter estimator is given by

b[p̂i] = 〈p̂i〉 − 〈ptrue
i 〉 = (F−1)ijBj , (6)

where ptrue
i is the true value of the parameters, the summa-

tion convention has been assumed and the bias vector Bj is
given by

Bj =
X

!

∆C−2
l Csys

!

dClens
!

dpj
. (7)

This simple expression is similar to that for the Fisher ma-
trix and is therefore a convenient way to evaluate the im-
pact of residual systematics and has also used by Huterer
and Takada (2005) and Huterer et al. (2006). Note that this
expression, while derived for the measurement of a single
weak lensing power spectrum, is general and can be applied
to any estimation of a model using a χ2 fit in the presence
of residual (unknown) systematics. In particular, it can be
easily generalised for the case where several power spectra
are considered, such as in weak lensing tomography, and
if the powerspectrum estimators at different multipoles are
correlated.

Figure 1 shows error estimates for the equation of state
parameters using only the Fisher matrix formalism (black
dashed curve). This error ellipse is centred on the fiducial
model. In red we show the error ellipses including the bias
discussed in equation 7. Here we see that uncertainties have
an additional effect of moving the centre of the error ellipses
away from the fiducial model.

In general, it is convenient to consider the total Mean
Square Error (MSE) of a parameter pi which includes both
the statistical and the systematic errors, i.e.

MSE[p̂i] = σ2[p̂i] + b2[p̂i], (8)

where the statistical error variance is σ2[p̂i] = (F−1)ii. It
is this total error which needs to be minimised when opti-
mising future surveys rather than statistical error alone. An
interesting criterion is to define a tolerance on the system-
atics such that they do not dominate over statistical error.
This is verified when

b[p̂i] ! σ[p̂i], (9)

for all or a selected subset of the paramters pi. In the fol-
lowing, we will apply this formalism to cosmic shear and
derived the systematics tolerance for future surveys. [need
to refer to this in the rest of the text and avoid
redefining the MSE and the tolerance].

3 SHAPE SYSTEMATICS FOR WEAK
LENSING TOMOGRAPHY

[need a bit more about cosmic shear tomogra-
phy and possible systematics] Cosmic shear is mea-
sured using the shapes of distant galaxies. For this purpose,
the observed galaxy images must be corrected from the ef-
fects of the point spread function (PSF) which is monitored
using stars in the image. Errors in the PSF deconvolution
and galaxy shape fitting will induce errors in the measured
galaxy shapes, and hence lead to errors in shears. These
shape measurement errors generally have spatial correlation
(since the PSF itself has a spatial variation) which can be
described by its power spectrum Csys

! . In this work, we de-
compose residual systematic powerspectrum into two parts:
an additive term (i.e. independent of the lensing signal) and
a multiplicative term (i.e. dependent on the lensing signal).
Each term and its impact on the systematics power spec-
trum is described in AppendixA. Huterer et al. (2006) have
also decomposed the residual systematic in this way. Our
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Figure 10. Same as Results in figure 9 but for different values of
βm and αm. We have set m0 = 10−3, i.e. 5 times more stringent
than those iinfered from a simple scaling that is always positive.

In both cases we have found that the evolution with redshift
must remain weak (β < 1.5).

To illustrate this scaling relation we consider its impact
for current day surveys. Benjamin et al. (2007) have per-
formed a joint analysis of the latest cosmic shear surveys
together covering about 100 deg2 with a median redshift of
0.78 and roughly 10 galaxies per arcmin2 on average. From
our scaling relation we see that, for this analysis, the shear
calibration m needs to be determined to a precision of bet-
ter than 3%. As we have already stated, this is close to the
limit of current shear measurement methods in simulated,
therefore somewhat idealised, conditions. This underscores
the fact that, for future larger surveys, control of systematic
signals needs to be a priority since we are already at the
point where they are likely to dominate. With the progress
currently being made in the STEP program it is reasonable
to expect the shape measurements methods to improve their
accuracy for multiplicative systematics, and hence be able
to keep up with ever more ambitious surveys. For the addi-
tive requirement we find that for the Benjamin et al. (2007)
study we need σ2

sys < 3 × 10−6 and corresponds roughly to
an additive error of c ∼ 0.002 (as defined in STEP (Hey-
mans et al. 2006; Massey et al. 2007)). While less attention
has been given to additive systematics, STEP studies have
shown this level is also achievable with the best current mea-
surement methods, assuming that the measurements are not
limited by PSF modeling and interpolation. A detailed study
of requirements for additive systematics and PSF calibration
will be presented in a later paper (Paulin-Henriksson et al
in prep.).

Figure 11. The root mean square error (RMSE) on the dark
energy equation of state parameter w0 as a function of survey
area. This error includes both the effects of statistical errors and
the bias induced by a systematics with a shape, Csys

! ∝ dC33
! /dw0

with σ2
sys = 10−5, 10−6 and 10−7 and βa = 1. The red line shows

the uncertainty with no systematic errors.

5 CONCLUSIONS

In this paper, we have outlined a method for computing the
biases that residual systematics introduce. This approach
involves a simple extension of the Fisher matrix formalism
that is now widely used in cosmology to make error forecasts.
As an application, we have used it to study the impact that
residual systematic signals will have on future tomographic
cosmic shear measurements. Specifically, we have explored
three different types of shape systematic signal affecting to-
mographic shear power spectra: (i) additive systematics with
no redshift evolution; (ii) additive systematics with redshift
evolution; and (iii) multiplicative systematics. The require-
ment target is then to have all types of systematics close to
zero. This defines a tolerance envelope for the systematics
that allows the residual systematics errors in the power spec-
tra to be positive or negative within its limits. It is impor-
tant to note that it is the worst systematic possible within
this limit which drives the requirement, not a marginalised
average over all systematics. To this end we have investi-
gated a wide class of possible systematic shapes and used the
most constraining ones to set our systematic requirements.
In doing this, we have found that, for both the additive and
multiplicative parts, it is vital to consider systematics that
have positive and negative power spectra Csys

! . For instance
we see, in the multiplicative case, that investigating only
power-law behaviour for its redshift evolution (i.e. m is al-
ways positive) can lead to a factor of 5 underestimation of
the impact of a systematic within a given tolerance win-
dow. From our calculation we are able to set the following
requirements on the survey we have considered (a DUNE-
like survey covering 20,000 sq. degrees with 35 galaxies per
arcmin−2 and a median redshift of zm = 0.9):

Setting Systematic Limits
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Figure 7. The ratio of the bias to statistical error for the mul-
tiplicative systematics for the power-law redshift evolution. The
multiplicative calibration parameter is set m0 = 5 × 10−3.

respectively. The systematics were chosen to have a shape
Csys

! ∝ dC33
! /dwn without redshift evolution. The figure

demonstrates that, when designing future surveys, one needs
to consider both the statistical power of the survey and the
systematic floor of the survey. For instance, we see that if
an instrument was to have systematics with σ2

sys = 10−5

then there is very little point in surveying an area of sky
bigger than 20 square degrees. Alternatively, we see that if
we choose to do a 20,000 square degree survey, we will need
to control the residual systematic to σ2

sys ∼ 10−7 in order
to reach the statistical potential of the survey.

Since the requirements depend on the ratio of the bias
to statistical errors, the requirements for a specific survey
configurations depends on the statistical power of that spe-
cific survey. In Amara and Refregier (2006) we investigated
the statistical power for measuring dark energy of several
survey configurations. We then gave a simple scaling rela-
tion for calculation the dark energy Figure of Merit (FoM)
as a function of the survey properties. We have found that
these scaling relations hold well and capture most of the
relevant physics. In the same spirit we now give the scaling
relation for the systematic requirements. For a survey that
has an area As , a galaxy surface density ng (useful for lens-
ing) and a median redshift zm, the tolerance on the additive
systematic is,
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and the requirement on the multiplicative systematic is,
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Figure 8. The ratio of bias to statistical errors when m is al-
lowed to transition between positive and negative. Here we have
set m0 = 5 × 10−3 and βm = 1. With the simple redshift evolu-
tion used in figure 7 one would conclude that this level would be
sufficient for the equation of state parameters. Allowing a more
complicated redshift evolution can however cause the biases to
dominate.

Figure 9. The shaded area (yellow) shows the tolerance envelope,
with βm = 1 and α=10. Within this zone the residual systematic
can take any form. In blue we show the systematic described in
equation 19 and the red dashed curve shows the systematic from
equation 20.
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signals needs to be a priority since we are already at the
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5 CONCLUSIONS

In this paper, we have outlined a method for computing the
biases that residual systematics introduce. This approach
involves a simple extension of the Fisher matrix formalism
that is now widely used in cosmology to make error forecasts.
As an application, we have used it to study the impact that
residual systematic signals will have on future tomographic
cosmic shear measurements. Specifically, we have explored
three different types of shape systematic signal affecting to-
mographic shear power spectra: (i) additive systematics with
no redshift evolution; (ii) additive systematics with redshift
evolution; and (iii) multiplicative systematics. The require-
ment target is then to have all types of systematics close to
zero. This defines a tolerance envelope for the systematics
that allows the residual systematics errors in the power spec-
tra to be positive or negative within its limits. It is impor-
tant to note that it is the worst systematic possible within
this limit which drives the requirement, not a marginalised
average over all systematics. To this end we have investi-
gated a wide class of possible systematic shapes and used the
most constraining ones to set our systematic requirements.
In doing this, we have found that, for both the additive and
multiplicative parts, it is vital to consider systematics that
have positive and negative power spectra Csys

! . For instance
we see, in the multiplicative case, that investigating only
power-law behaviour for its redshift evolution (i.e. m is al-
ways positive) can lead to a factor of 5 underestimation of
the impact of a systematic within a given tolerance win-
dow. From our calculation we are able to set the following
requirements on the survey we have considered (a DUNE-
like survey covering 20,000 sq. degrees with 35 galaxies per
arcmin−2 and a median redshift of zm = 0.9):
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systematic floor of the survey. For instance, we see that if
an instrument was to have systematics with σ2
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then there is very little point in surveying an area of sky
bigger than 20 square degrees. Alternatively, we see that if
we choose to do a 20,000 square degree survey, we will need
to control the residual systematic to σ2

sys ∼ 10−7 in order
to reach the statistical potential of the survey.

Since the requirements depend on the ratio of the bias
to statistical errors, the requirements for a specific survey
configurations depends on the statistical power of that spe-
cific survey. In Amara and Refregier (2006) we investigated
the statistical power for measuring dark energy of several
survey configurations. We then gave a simple scaling rela-
tion for calculation the dark energy Figure of Merit (FoM)
as a function of the survey properties. We have found that
these scaling relations hold well and capture most of the
relevant physics. In the same spirit we now give the scaling
relation for the systematic requirements. For a survey that
has an area As , a galaxy surface density ng (useful for lens-
ing) and a median redshift zm, the tolerance on the additive
systematic is,
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Figure 8. The ratio of bias to statistical errors when m is al-
lowed to transition between positive and negative. Here we have
set m0 = 5 × 10−3 and βm = 1. With the simple redshift evolu-
tion used in figure 7 one would conclude that this level would be
sufficient for the equation of state parameters. Allowing a more
complicated redshift evolution can however cause the biases to
dominate.

Figure 9. The shaded area (yellow) shows the tolerance envelope,
with βm = 1 and α=10. Within this zone the residual systematic
can take any form. In blue we show the systematic described in
equation 19 and the red dashed curve shows the systematic from
equation 20.

msys=m0(1+z)β γobs= γlens+mγlens+γadd
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Numerical Simulations

2 Teyssier et al.: Full-sky weak-lensing simulation with 70 billion particles

Fig. 1. Full-sky simulated convergence map derived from the Horizon Simulation. Its resolution of 200 million pixels has been downscaled to fit
the page. The various inserts display a zoom sequence into smaller and smaller areas of the sky. The pixel size is 0.74 arcmin2.

the center of the simulation box (see Section 3). This light cone
was then used to calculate the corresponding Full Sky lensing
convergence field, which we map using the Healpix pixelisation
scheme (Górski et al. 2005) with a pixel resolution of ∆θ ! 0.74
arcmin2 (nside = 4096), and add “instrumental” noise for a typi-
cal all–sky survey with 40 galaxies per arcmin2, as expected for
example for the DUNE mission (Réfrégier et al. 2006). Using
an Undecimated Isotropic Wavelet Decomposition of this real-
istic simulated weak-lensing map on the sphere, we analyze the
statistics of each wavelet plane using second, third and fourth or-
der moments estimator (Section 4). We then apply in Section 5 a
multiresolution algorithm to filter a fictitious simulated κ data set
based on an extension of the wavelet filtering technique of Starck
et al. (2006b). We characterise the quality of the reconstruction
using the power spectrum of the error map and compare this to
the result of a standard Wiener filtering on the sphere. Our re-
sults illustrate the virtue of high resolution simulations such as
the one reported here to prepare for future weak lensing surveys
and to design new map–making technics.

2. The Horizon N Body Simulation

This large N body simulation was carried out using the
RAMSES code (Teyssier 2002) for two months on the
6144 Itanium2 processors of the CEA supercomputer BULL
Novascale 3045 hosted in France by CCRT6. RAMSES is a
parallel hydro and N body code based on the Adaptive Mesh
Refinement (AMR) technics. Using a parallel version of the
grafic package (Bertschinger 2001), we generated the initial
displacement field on a 40963 grid for the cosmological param-
eters from the WMAP 3rd year results (Spergel et al. 2007),
namely Ωm = 0.24, ΩΛ = 0.76, Ωb = 0.042, n = 0.958, H0 = 73
km/s/Mpc and σ8 = 0.77. We used the Eisenstein & Hu (1999)
transfer function, which includes baryon oscillations. The box

6 Centre de Calcul Recherche et Technologie

size was set to 2 Gpc/h, which corresponds roughly to a comov-
ing distance to an object at z ! 0.8. We use 68.7 billion particles
to sample the dark matter density field, yielding a particle mass
of 7.7× 109 M# or 130 particles per Milky Way halo. This large
particle distribution was split accross 6144 individual files, one
for each processor, according to the RAMSES code domain de-
composition strategy (Prunet et al. 2007). Starting with a base
(or coarse) grid with 40963 grid points, each AMR cell is indi-
vidually refined if the number of particles in the cell exceeds 40.
In this way, the number of particles per cell varies between 5 and
40, so that the particle shot noise is ensured to remain at an ac-
ceptable level. This refinement strategy was applied recursively,
with a factor of 2 in linear size between each level of refinement.
At the end of the simulation, we reached 6 levels of refinement
with a total of 140 billion AMR cells. This corresponds to a
formal resolution of 2621443 or 7.6 h−1 kpc comoving spatial
resolution. Parallel computing is perfomed using the MPI mes-
sage passing library, with a domain decomposition based on the
Peano–Hilbert space–filling curve. The work and memory load
is dynamically adjusted by reshuffling particles and grid points
from each processor to its neighbors. The simulation required
737 main (or coarse) time steps and more than 104 fine time
steps for completion.

3. Light Cone and Convergence Map

We constructed a light cone by storing, at each main time step,
the positions of all the particles lying within the boundaries of a
photon plane moving at the speed of light towards an observer
located at the center of the box, based on technics presented in
Hamana et al. (2001). This lead to 348 slices in the light cone,
spanning the redshift range [0,1]. Note that, thanks to the large
size of the simulated volume, the effect of periodic replications
of the computational box are minimised. Each slice is then con-
verted into a full-sky Healpix map (nside = 4096) of the average
overdensity using a simple “Nearest Grid Point” mass projection
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Figure 4. Upper panels, simulated weak lensing mass map, middle panels, simulated mass map

with the mask pattern of CFHTLS data on D1 field (left) and with the mask pattern of Subaru

data in the same field (right), lower panels, inpainted mass map. The region shown is 1◦ x 1◦.

Impact of Theoretical Uncertainties on Current Weak Lensing Measurements of σ8 3

Figure 1. Example of the effective convergence of one of the
patches of sky. Each patch measures 20′ × 20′ and is made up of
800 × 800 pixels. The source red-shift in this case is z=1.

from the observer to the source. The light rays travel undis-
turbed between the sheets and experience a sharp deflection
as they pass a lensing sheet. In Chapter Four, we calculated
the deflection angles at the lens using an FFT method. This
is, however, not the only method available. In the multiple
sheet ray tracing routines developed by Wambsganss et al.
(2004), the deflection angles are calculated by the summa-
tion of contributions from each pixel. This method works
well, although the number of operations required to perform
direct summation becomes overwhelming for large number
of pixels. For this reason, a Tree method, similar to the one
discussed in Section ??, was used. This involved calculat-
ing the deflection angle contributions from nearby pixels di-
rectly, whereas distant pixels are grouped and their contri-
butions are calculated using their bulk properties, such as
their centre of mass. To increase the accuracy of the tree
code, higher order moments of a group of pixels, such as the
dipole and quadrapole, can also be used. Further details on
the ray multiple sheet ray tracing method can be found in
Wambsganss et al. (2004).

The output of the ray tracing routine discussed here is
the position of ray bundles on the source plane. Knowing
that ray bundles began their journey with the observer of
a regular grid, we are able to convert these positions into
the lensing properties of the density field. These properties
include shear, effective convergence and magnification out
to the source red-shift.

5 HOW TO STUDY

Our task is to use the 3D TPM simulations as well as the ray
tracing results to test the extent that the factors discussed
earlier may contaminate weak lensing surveys. These factors
are:

• the non-linear correction to the matter power spectrum;

Figure 2. Shear results for one of the ray shooting results. Once
again, the source red-shift is z=1.

• effect of non-Gaussian matter distribution;
• the fact that weak lensing measures reduced shear and

not shear; and
• selection bias due to lensing properties such as magni-

fication.

To do this we first need to produce simulated weak lensing
surveys that accurately reproduce the parameters of current
weak lensing observations. By isolating these factors on the
simulated weak lensing observations, we can gain further in-
sights into these biasing factors. Measuring the 3D matter
distribution of the TPM simulations will allow us to assess
the accuracy of the current best fitting formulae available.
Measuring the shear correlation and comparing that with
the power spectrum of the effective convergence will allow us
to investigate the effects of a non-Gaussian matter distribu-
tion and to test the validity of the many assumptions made
in weak lensing studies. Finally, by attributing galaxy prop-
erties, such as luminosity distribution and number density,
the selection bias factors can be tested. It is clear that the
red-shift distribution of galaxies could also introduce bias.
However, we will begin by placing all lensed galaxies at one
red-shift. Once this have been thoroughly investigated, we
can then study the added effects of including a galaxy dis-
tribution.

5.1 Summary of a Weak Lensing Survey

For our investigation, we shall use the recent survey con-
ducted by Massey et al. (2004a) as our point of comparison
with our simulated results. This survey was conducted using
the William Herschel telescope located at La Palma. By go-
ing to a depth of R = 25.8, Massey et al. (2004a) claim that
they are able to measure the shapes of galaxies where the
median red-shift is zs = 0.8. The normalisation of the power
spectrum is measured to be σ8 = 1.09 ± 0.12 for Ωm = 0.3.
This was done by using a maximum likelihood technique
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Fig. 3.— The simulated galaxy with the disk inclined at a 30 degree angle to the line of sight. Figure (a) shows the surface
density of the entire galaxy along with the buffering we use to make sure the repeating boundary conditions do not affect our
results. In (b) we see the inner region that is of interest to us. Here there is some substructure which affects some of the overall
lensing properties, such as the offset of caustics to density peaks as seen in (c). In (c) the critical curves are shown as dashed
curves and the caustic curves are shown in yellow. The critical curves clearly have small-scale irregularities. In (d) we look at
the inner caustics region and how it is affected by random noise. Results for three realizations of the shot-noise are shown in
black, green and blue. Without smoothing, shot-noise does affect the critical curves, which, in turn are mapped back to the
caustics. We see some evidence for swallow tail features in the caustics, but they are not prominent and the inner (radial)
caustic is relatively stable. No smoothing of the surface density has been done here. In the inner regions, where multiple images
form, roughly 2/3 of the surface density is due to dark matter where as the remaining 1/3 is due to baryons.

4 degrees

20

•All Sky Kappa Map

•1 Ultra-large simulation

•Born approximation

•Intermediate scale

•Set of simulations (few 
hundred) 

•Born approximation

•Small scale weak 
lensing 

•Multiple sheet ray 
shooting

•Baryons important

•Very Small Scale - Strong lensing

•Ray shooting

•Image finding 

•Baryons crucial

20 arcmin

0.7 arcsec

Teyssier et al (in prep) 

Amara, Ostriker, Wambsganss and 
Bode (in prep) 

Pires et al (in prep) 

Amara, Metcalf, Cox and Ostriker (2006) 



Tuesday, November 25, 2008 Department of Physics/Institute for Astronomy

Conclusion

๏Measurement Systematics
‣ Shape measurement 

- Very hard
- High quality (space quality) images needed
- Development of new analysis techniques (see GREAT08)

‣ Photo-z
- Can cause loss of statistical information & systematics bias
- For no IA: statistical loss not huge and systematics controlled with spectral sample
- For IA: photo-z can be improved by adding NIR

๏Theory
‣Non-linear corrections

- Large N-body effort and analytic work underway to model this

‣ Baryons
- More work needed ...

๏Astronomy
‣ Intrinsic alignments

- IA can be limited with good photo-z (Bridle et al)
- Adding galaxy correlation information gets rid of problem (Zhang 2008)


