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Abstract. Weak lensing measurements provide a unique probe of the mass distribu-
tion in the Universe. Weak lensing measurements are best carried out in standard broad
band filters; the R-band gives the highest signal to noise for the shear measurement,
and observations in at least two other bands are very useful to provide a means of
varying the effective depth of the survey. Pan-STARRS will be able to obtain precise
measurements of the power-spectrum of mass fluctuations at low redshift, and over suf-
ficiently large scales that the results can be directly compared to measurements of the
power-spectrum at high redshift from microwave background anisotropies. By selecting
galaxies in color-color space it will also be possible to directly measure the evolution
of clustering. The optimal strategy for these observations is to survey the largest solid
angle that is practical, and to combine a very large number of short observations, in
order to control systematics. Other goals are measurement of higher-order statistics
of the mass-density field, including the evolution of the abundance of massive clusters
with redshift. The ultimate goal of these studies is to constrain cosmological parame-
ters and theories of cosmological structure formation. Cross-correlation of the galaxy
distribution with the shear field will measure the halos of galaxies and will measure the
bias of the large-scale galaxy distribution with respect to the underlying dark matter.
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1 Introduction

Weak lensing provides a direct probe of the total — luminous plus dark — mass
distribution in the Universe. By measuring the systematic anisotropy of the
shapes of background galaxies averaged over some patch of sky one can infer the
‘gravitational shear’. This is an integral of the tidal field along the line of sight
and provides an additional probe of cosmological structure to complement CMB
anisotropies, galaxy clustering and bulk flows. Weak lensing was first applied to
massive clusters, where the shear is on the order of 10% and is large compared
to any systematic errors in shapes measurement, and there are now several tens
of massive clusters which have been well studied, yielding 2-dimensional mass
maps and mass profiles out to ∼ 2h−1Mpc in many cases.

Weak lensing is not limited to these massive and rather extreme mass fluctuations.
It has long been recognized that weak lensing potentially provides a useful probe
of mass fluctuations over a much broader range of masses. At one extreme there
is galaxy-galaxy lensing, which provides mean galaxy halos on scales of tens to
hundreds of kpc; on intermediate scales one can cross-correlate the projected
mass fluctuations and the projected galaxy over-density and thereby directly
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measure the ‘bias’; and at the other extreme one can hope to detect the so-called
‘cosmic-shear’ and directly measure the power spectrum of mass fluctuations on
scales of tens or even hundreds of Mpc. A number of papers have appeared in
recent years that present measurements of cosmic shear on scales up to about
0◦.5. These probe length scales of a few Mpc, where the mass fluctuations are
in the ‘quasi-linear’ regime (δρ/ρ ∼ 1). It is of great importance to push these
observations to larger scales; this takes one into the linear regime, allows one to
measure the shape of the power spectrum, and also ties in to length scales that
are also probed directly by cosmic microwave background anisotropies. Unfor-
tunately this is very hard with current instrumentation.

All of the above are 2-point statistics — galaxy-galaxy lensing measures the
galaxy-mass cross correlation function, while the cosmic shear power spectrum
measures the mass variance as a function of scale. It is also of great interest
to explore higher order statistics and thereby reveal the non-Gaussianity of the
mass fluctuations in the quasi-linear regime. This is an area where there has been
extensive theoretical work, and extended perturbation theory has been developed
to the point where useful predictions can be made. However, so far there are few
hard observational results. The weak lensing cluster studies probe the extreme
tail of the non-Gaussian distribution of mass fluctuations, but these data do
not constitute a well controlled statistical sample suitable for constraining the
statistics of the non-linear growth of structure. What are needed for this task
are surveys of greater area and depth to provide the needed statistics.

In addition to these applications, which focus on revealing the structure of
the dark matter, there is another aspect to weak lensing; the effect depends on
the geometric distances to the lenses and the lensed sources, and this allows the
possibility to get a handle on the geometry of space-time and on the cosmological
distance out to high redshifts.

In all of these applications one is faced with the problem that the signals are
small, while instrumental artifacts can be comparable, and there is in addition
the problem of how to properly calibrate the signal — it is one thing to detect
the effect, but quite another to convert the measurement to quantitative mass
determination and constraints on cosmological parameters.

In recent years there has been much progress on both reducing or eliminating
systematics and correctly calibrating the observations, and both of these techni-
cal problems are now fairly well under control. There have also been substantial
advances in the instrumentation, and the 2K×2K detectors which were the state-
of the art have been superseded by much larger mosaics of CCDs, and ∼ 100
Mpixel detectors have now been deployed on a number of large telescopes. Pan-
STARRS will completely redraw the landscape in weak lensing measurements.
These measurements are strictly etendue limited. Pan-STARRS will have an
etendue about 6 times larger than either MEGACAM on CFHT or SUPRIME-
CAM on SUBARU. A large fraction of observing time will be devoted to all-sky
imaging — which is the best strategy for measuring the power-spectrum — and
weak lensing may also be able to take advantage of the medium-deep survey
modes.
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2 Scientific Questions

• What is the low-redshift power-spectrum of mass fluctuations? Observations
to a detection limit of R ∼ 26 (5-sigma, point source) probe galaxies at typ-
ical redshift z ∼ 1 and therefore are most sensitive to the mass fluctuations
at z ∼ 0.4. Current measurements are noisy, and limited to small scales. It
is of great importance to extent these measurements to larger angular scales
where one can compare directly with perturbations of the same scale at
z ∼ 1000 as deduced from cosmic microwave background anisotropies. Also
of interest is the shape of the power spectrum; does it show the turnover at
large scales predicted by theory?

• How does the power spectrum evolve? By selecting background galaxies ac-
cording to their location in multi-dimensional color space it is possible to
generate samples with quite different redshift distributions. These then probe
the power-spectrum at correspondingly different lens-redshifts. This allows
a measurement of the variation of the power-spectrum with time.

• What is the relation between the clustering of galaxies and the clustering of
mass on large scales? Comparing the cross-correlation of galaxies and mass
with the galaxy- or mass- auto-correlation function tells one directly how
the galaxies are ‘biased’ with respect to the mass. On smaller-scales galaxy-
galaxy lensing can tell one the mean dark matter halo profile of galaxies as a
function of luminosity and galaxy type and also how the halos have evolved
with time.

• What are the higher order statistics of the mass-fluctuation field? Current
measurements of the cosmic shear variance — or equivalently the power
spectrum — constrain the combination of cosmological parameters σ2

8Ω0.6
m .

Measuring higher order (than two-point) statistics can break this degeneracy.
• What is the abundance of massive clusters and how does it evolve with

time? It has long been realized that the evolution of the mass-function of
clusters is very sensitive to the background cosmology. Most estimates of
cluster mass-function evolution have used X-ray luminosity as a proxy for
mass. Blank-field weak lensing observations are starting to provide samples
of clusters detected on the basis of their mass alone, though admittedly in
rather low numbers to date. A very wide area survey would greatly increase
the number of clusters.

• What is the geometry of the Universe? Weak lensing depends on both the
mass distribution and on the cosmological model (through the redshift-
distance relation). In principal it is possible to decouple these. One way
to do this is to use a large sample of massive clusters and measure how the
shear of the background galaxies increases with the background galaxy red-
shift. However, this does really require a very large field of view as provided
by Pan-STARRS.
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3 Survey Requirements

3.1 Filters

Gravitational lensing is an achromatic effect, so one might imagine that very
broad band observations would be most efficient as it would allow one to detect
more galaxies and thereby give the most precise shear measurement. However, in
reality, weak lensing depends not only on the statistical uncertainty but also on
keeping systematics under control. To this end it is better to use standard broad-
band filters. Also, in order to measure the evolution of the power-spectrum, for
instance, it is necessary to have color information for the background galaxies.
However, it is not necessary to obtain accurate photometric redshifts for the
background galaxies — which would require perhaps 5 pass-bands — all that is
required is sufficient information to generate samples with significantly different
redshift distributions, and 3 or 4 passbands, say B, R and I (and perhaps Z)
would be quite adequate. In practice, it is found that the R-band provides the
greatest density of background galaxies in a given observing time, and so R-band
observations contain a good deal of the shear information. Observations in other
passbands provide a useful cross-check, however.

3.2 Depth and Sky Coverage

For a given observing time we can go wide and shallow or narrow and deep. Go-
ing deep increases the redshift of the background galaxies and this increases the
signal (the rms shear scales as the 3/2 power of distance). It also increases the
number density of background galaxies, which decreases the noise. However de-
tailed simulations [plot to be included] show that the the depth increases quite
slowly with increasing integration time at the relevant depth (R-limit around
26 say). For example, an increase of a factor 3 in observing time yielded only
about a 30% increase in the inverse shear variance per unity solid angle (the
fundamental figure of merit for weak lensing observations). Signal-to-noise con-
siderations therefore dictate the broadest possible survey strategy — i.e. all sky.
Allowing for cosmic variance — that in measuring the power spectrum on rel-
atively large scales one becomes limited by the number of samples rather than
the measurement noise — strengthens this conclusion.

The situation for measurements of higher order correlations is less clear -
simulations need to be made.

3.3 Astrometry

Weak lensing observations require excellent relative astrometry; when combining
multiple exposures it is essential that the object centroids line up precisely,
otherwise artificial anisotropy will result. Current pipelines are able to deliver
relative precision of ∼ 5 milli-arcsec, and Pan-STARRS should be quite similar,
and this is entirely adequate. Absolute astrometric errors at realistic level are
not an important issue.
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3.4 Cadence and Completion Time

Weak lensing measurements will be made on the accumulated images of the static
sky, so the requirements on cadence are quite weak; to first order all that counts
is the total integration time. However, since control of systematics is critical, it is
generally better to have many short exposures taken under a range of conditions
(wind, telescope orientation etc) than a few long exposures. The logic here is
that either the artificial anisotropy varies systematically with some function of
the environment, in which case one can fit for the dependence and correct for
the effect, or, if not, the effect will average out with multiple observations.

Weak lensing observations would be equally happy with a cadence designed
to image several thousand square degrees per night as with say a cadence that
measures a much smaller solid angle each night — to get greater depth — pro-
vided that over the survey time-scale all or most of the sky gets covered.

3.5 Photometric Accuracy

Exquisite photometry is not a requirement for weak lensing. Observations taken
under conditions of spatially or temporally variable extinction can be used with-
out degrading the results.

3.6 Image Quality

The weak-lensing figure of merit (the inverse shear variance per unit solid angle)
decreases with increasing FWHM (simulation plot to be provided). Like most
other applications that concern observations of objects at levels below sky, it is
desirable to combine all of the images (convolved with their individual PSFs)
and with appropriate weights when making the accumulated static sky images.

As well as the FWHM of the images, the anisotropy of the images is impor-
tant. High precision weak lensing measurements usually involve correction for
PSF anisotropy. The PSF is measured from a set of stars and is modeled as a
polynomial or other smoothly varying function of position on the focal plane.
This requires that the PSF variation be spatially coherent over scales larger than
the mean separation of the stars, but this is generally a good approximation for
anisotropy induced by telescope aberration and the atmosphere.

3.7 Relation to Other Surveys

The CFHT Legacy survey contains a weak-lensing component. Their plan is to
image 36 square degrees to greater depth than envisaged here. This will provide
a substantial increase in signal to noise and angular range over current cosmic
shear measurements, but, relative to Pan-STARRS all-sky capability it will be
limited by cosmic variance.
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