1.

Introduction

CFHT is located at one of the premier sites in the world for ground-based astronomy and while the
superb seeing on Mauna Kea has long been known, a delivered image quality commensurate with
the site has yet to be fully realized even at the most modern facilities. A facility that is able to take
full advantage of the site would produce unprecedented images over large fields of view. `IMAKA
is a path to achieve this on CFHT. Aptly named◊, `IMAKA will deliver angular resolutions 2-3
times better than MegaCam enabling new science and also effectively increasing the telescope
aperture to compete directly with the 8-10m class telescopes. `IMAKA will deliver angular
resolutions within a factor of 2-3 of that of the Hubble Space Telescope but with a field of view
about 400 times larger than the Advanced Camera for Surveys (ACS). CFHT is uniquely positioned
to deliver and exploit the capabilities of `IMAKA.

Figure 1: The `IMAKA field of view
An illustration of the Pleiades showing the relative sizes of the `IMAKA-Cassegrain design field of view (its onedegree diameter field is highlighted) with that of HST. `IMAKA's field of view is roughly 400x larger than
ACS/WFC with an angular resolution within 2-3x that of ACS.

While the adverse effects of CFHT's enclosure on its delivered image quality is well established
(Racine 1991), the emergence of improved technologies and improved understanding of the
turbulence above/at the site has led to `IMAKA's conceptual birth. Recent studies at CFHT
(Salmon et al. 2009) and on Mauna Kea (Schoeck et al 2009, Chun et al. 2009) show that the
delivered image is degraded by (1) a very confined thin-layer close to the ground/enclosure and/or
sources within the CFHT facility (dome/mirror seeing and optics), and (2) optical turbulence within
the free-atmosphere (h>1km) above the site. These are the worst offenders to the optical image
quality budget. The fact that most of the effects are “local”, arising within the last few tens of
meters of path, means that a ground-layer adaptive optics system (GLAO) correction is significant
and appropriate over a very wide field of view. In addition, the development of orthogonal-transfer
CCDs (OTCCD) (Tonry et al. 1997) provides a means to populate a large focal plane cost◊ `imaka means “lookout or scenic viewpoint” in Hawaiian (Na Puke Wehewehe `Olelo Hawai`i web page)
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effectively and also further improves the image quality by correcting for tip/tilt in the residual
GLAO correction. These techniques are advanced and all of the components are near the level of
maturity required for `IMAKA (e.g. MMT GLAO (Lloyd-Hart et al. 2005, Baranec et al. 2007),
ESO MAD (Marchetti et al. 2007), Gemini MCAO (Boccas et al. 2008), UH/WIYN Optic camera,
PanSTARRS-1). Indeed results from MMT and the William Herschel telescope in the near-infrared
over modest fields of view show that the image resolutions obtained match predictions very well.
The goal of the `IMAKA feasibility study was to develop an instrument concept that answers it's
technical feasibility, develops a detailed understanding of the performance of the instrument, and
defines the science case and drivers for the instrument. The expected outcome of the study is to
present CFHT with enough information so that it can make an informed decision on whether to
proceed with an `IMAKA engineering Phase A study. We identified the key technical feasibility
issues as : (1) “Is there a feasible opto-mechanical design for the instrument that meets the basic
instrument performance and functional requirements?”, (2) “Can we confirm that the image quality
at CFHT is dominated by local seeing and a relatively weak free-atmosphere seeing?”, and (3) “Do
we understand in detail the performance and key error terms in a GLAO system with this extreme
field size and wavelength range?”. From a science standpoint, we identified the basic questions as :
(1) “What are the basic science requirements of the instrument?” (2) “What is the scientific impact
and scope of the science that such an instrument would bring to the CFHT community?”, and (3) “Is
the performance of the instrument scientifically compelling?”. As presented in this report, our
conclusion is that the instrument is feasible and will enable a highly-desired, unique, and broadly
impacting capability for CFHT.
We recognize that while the feasibility study is a significant step in the instrument development
process, it is just the first step. Further progress on the instrument development now requires a
concerted effort on the instrument as a whole with consideration for all of the subsystems. A timely
deployment of the instrument requires continued and indeed an increased level of effort. We feel
that a Phase A study of the instrument is warranted and necessary (1) to understand the full cost and
schedule for such a capability and (2) to establish a solid concept for Phase B detailed studies
As a final, but no less important, remark before proceeding to the findings of this study, we note
that, while the `IMAKA study has focused on the context of an instrument that enables highresolution wide-field imaging at CFHT, the path to achieving this will certainly employ a mixture of
passive and active elements across the observatory as a whole.
•

The enclosure seeing at CFHT is clearly a large portion of the total image degradation along
the line of sight. Modifications to the existing enclosure that passively reduces/removes the
local seeing are important steps to achieving the best performance out of `IMAKA.

•

The optical designs developed as part of this study show that there are viable approaches to
achieving these angular resolutions in practice. We believe we can build an optical system
that delivers the superb image quality.

•

We recognize that many terms in the image quality error budget are variable and/or difficult
to completely control passively. Active measures such as GLAO and OTCCD are a means
to ensure the angular resolution is obtained.
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Figure 2: A comparison of the image resolution, sensitivity, and field of view of IMAKA, MegaCam, and
HST/ACS. The three panels show a small portion of the COSMOS field at HST, IMAKA, and MegaCam
resolutions. The `IMAKA image represents what we predict we will get under median conditions. The
MegaCam image is a stack containing the 25% best images in the Legacy Survey and the FWHM is a measured
isophotal FWHM.
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2.

CFHT Science with `IMAKA

In developing the instrument concept, our basic science requirements remain largely unchanged.
These core science requirements are summarized below.
Table 1: `IMAKA basic science requirements
Requirement

Specification

Wavelength range

0.4 – 1.1 micron (grizY)

Science field of view

as large as possible with goal of 1 deg diameter.

Focal plane delivered image quality

reaching FWHM~ 0.3” in r-band under median conditions or better

2.1 `IMAKA Performance versus MegaCam
The goal of `IMAKA is to provide a high-angular resolution capability over MegaCam-sized fields
of view. It is very much an effort to bring a 'next-generation' MegaCam to CFHT. While much
emphasis has justifiably been placed on the gains in angular resolution, we note that `IMAKA also
takes advantage of improvements in the quantum efficiency of newer focal-plane array detectors.
To put the gains in sensitivity and mapping speed that `IMAKA will bring into perspective, a direct
comparison with the current CFHT/MegaCam is illustrative. The combination of angular resolution
and the improved quantum efficiencies of the red-sensitive OTCCD detectors leads to impressive
gains at all wavelengths.

2.1.1 Input data
The photometric performance for `IMAKA presented here is based on the simulation results for
image quality, characteristics of the optics for both designs presented in this document, and the
quantum efficiency measured on manufactured OTCCDs. We distinguish three systems: MegaCam,
`IMAKA-Prime, and `IMAKA-Cassegrain. The two `IMAKA designs are presented in a latter
section.
A few points of note:
1) Optical transmission: The systems are composed of the elements listed in the following table.
The CFHT Cassegrain mirror has a 92% reflectivity and the new `IMAKA mirrors would deliver a
conservative (for longevity on Mauna Kea) 95% reflectivity. The transmissivity of the refractive
optics are 99% per air-glass interface. The atmospheric dispersion corrector (ADC) adds two airglass interfaces to the `IMAKA designs. The optical transmission calculations do not include the
cryostat window, the filters and the primary mirror as these are common to all three configurations.
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Table 2: Optical efficiencies of MegaCam, `IMAKA-Prime, and `IMAKA-Cassegrain

Instrument

Optics

Efficiency

Norm

Limiting
magnitude
offset (mag.)

MegaCam

4 lenses + tip-tilt plate

90%

100%

0.0

`IMAKA-Prime

5 mirrors + ADC

76%

85%

-0.09

`IMAKA-Cassegrain

3 mirrors + 8 lenses + ADC

69%

77%

-0.14

There is a loss in sensitivity due to the number of optics for `IMAKA compared to MegaCam of
-0.11 magnitude (average).
2) Obstruction of the primary mirror: All three configurations obstruct the primary mirror:
MegaPrime and the CFHT secondary (`IMAKA-Cassegrain) in the central part and `IMAKA-Prime
on the outskirts. The numbers are listed in the table below, along with the gain in magnitude due to
the recovery of some of the primary mirror surface in both `IMAKA designs over MegaPrime:
Table 3: Obstructions for MegaCam, `IMAKA-Prime, and `IMAKA-Cassegrain

Instrument

Obstruction

Norm

Limiting
magnitude
offset (mag.)

MegaPrime

7%

100%

na

`IMAKA-Prime

3%

104%

+0.04

Cassegrain mirror

5%

102%

+0.02

There is a gain in sensitivity due to lower obstruction for `IMAKA compared to MegaCam of +0.03
magnitude (average).
3) Sky brightness: similar to MegaCam
4) Readout noise: similar to MegaCam (5 electrons), and no dark current (MegaCam)
5) Image Quality: IQs are median per band as reported from the simulations in this report for
`IMAKA (IQimaka). MegaCam median IQ statistics (IQmegacam) were extracted from the 5 year period
2005-2009 using all exposures longer than 60 seconds. In addition, values are presented
considering 15% and 25% IQ degradation on `IMAKA's median. While we expect dome venting to
bring significant gains, as noted previously, all of the performance calculations presented here
assume no gains from dome venting for MegaCam and that `IMAKA must correct the full amount
of dome seeing.
6) Quantum efficiencies for the detector are based on the response from MegaCam's E2V chips
(QEmegacam) and recent advances measured in the laboratory from MIT/LL on the OTCCD (QEimaka)
as shown in the Instrument Concept's section of this report. The red optimized CCD QE data was
used for the following calculations.
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7) Y band calculations are based on a sky brightness of 17.5 AB mag./arcsec2 and performance by
Pan-STARRS-1. Here no comparison is possible with MegaCam.
8) z' band: We note that fringing in z' on MegaCam is about 15% of the sky continuum. This in
fact limits the science that can be done at this wavelength. The move to red optimized detectors
opens up the z' and Y-bands to CFHT.

2.1.2 SNR calculation method
The signal to noise ratio (SNR) metric used in this section is from the MegaCam exposure time
calculator (DIET). It relies on point sources PSF photometry modeling. The method is explained at
length on the MegaPrime/MegaCam site at CFHT:
http://www.cfht.hawaii.edu/Instruments/Imaging/MegaPrime/dietmegacam.html
For a given SNR on either a point source or a field galaxy, the magnitude evolves as a function of
the image quality1 (IQ) and the quantum efficiency (QE) as:
+2.5log(IQimaka/IQmegacam)
and
+2.5log( SQRT(QEimaka/QEmegacam) )
Hence DIET was used in specific conditions and extrapolated to `IMAKA, rounding to the first
decimal for the magnitudes.

2.1.3 Performance
The following table presents the depth reached in median conditions for both MegaCam and
`IMAKA in 1 hour at SNR=5 (20% photom. error) on a point source in dark sky conditions. This
tables account for the difference in transmission and obstruction described above (a total of -0.08
magnitude for `IMAKA versus MegaCam). The gain in magnitude (GAIN) is a direct comparison
to what MegaCam delivers today in median conditions. Note that the CFHT dome venting project
could take the median image quality down to 0.6", in line with what is achieved at Gemini and
Subaru, but this is still a factor of two higher than `IMAKA's delivered image quality, the equivalent
of a factor of two in the diameter of the primary mirror. In that respect the “MegaCam equivalent
aperture” metric (“MC eq. aperture") in the following table is an interesting look at the diameter of
the telescope it would take to mount MegaCam on in order to achieve what `IMAKA delivers,
assuming that such a bigger telescope would deliver a similar IQ as MegaCam on CFHT today.
While the illustrative power of this metric is clear, please bear in mind this is only meant to compare
`IMAKA to what is achieved and offered to our communities today.
The equivalent diameter of such larger telescope is (3.5m being the effective diameter of the CFHT
primary mirror):
"MC eq. aperture" = 3.5*10(MAG_GAIN/2.5)
1 True for background limited observations on the properly sampled images. We envision a plate scale of 0.1”/pixel for
`IMAKA.
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Table 4: Sensitivity gains for `IMAKA compared to current CFHT/MegaCam
Filter

IQ_MC

IQ_IM

QE_MC

QE_IM

MC

IMAKA

GAIN
(mag)

MC eq.
aperture

g

0.88"

0.37"

85%

50%

26.7

27.4

0.7

6.7m

r

0.79"

0.31"

80%

85%

26.3

27.3

1.0

8.8m

i

0.73"

0.26"

55%

95%

25.7

27.1

1.4

12.7m

z

0.74"

0.26"

25%

90%

24.8

26.6

1.8

18.3m

Y

NA

0.25"

0%

40%

NA

24.8

NA

NA

Legend: Depth reached in 1 hour on MegaCam (MC) & `IMAKA at SNR=5 (20% photom. error) on a point
source in dark sky conditions.
IQ_MC : MegaCam median IQ
IM_IM : `IMAKA median IQ
QE_IM : `IMAKA average CCD quantum efficiency
MC : magnitude (AB) reached at SNR=5 by MegaCam in 1 hour
IMAKA : magnitude (AB) reached at SNR=5 by `IMAKA in 1 hour
GAIN : magnitude gain of `IMAKA over MegaCam
MC eq : equivalent telescope aperture for MegaCam to match `IMAKA

The simulation estimates of the delivered image quality are based on our best estimates of the major
contributions to residual wavefront aberrations/image degradations. We believe that these are made
with accuracy. However, we recognize that there are effects not included in the simulation. They
do not include some important factors such as the effect of dome venting which in reality should
work to actually improve the delivered image quality. On the other hand, they also do not include
important factors such as optical alignment errors, calibration errors, and optical manufacturing
errors which will work to degrade the delivered performance. At this stage it is difficult to estimate
the effect of these without a detailed design of the overall system. Here we take a very simple
approach and simply note that many errors will work to increase the minimum FWHM floor that
can be achieved. These will have the largest effect where the image quality is be the most pristine
(longer wavelengths). So, taking the i-band as an example,
for an ad hoc increase of the `IMAKA FWHM of 15% and 25% the limiting
magnitudes (and gains) are lowered by respectively: 0.14 mag., 0.24 mag while
the “MegaCam equivalent aperture” metric is respectively for the i' band is
lowered from 12.7m to 11.2 and 10.2m respectively. These are still very
impressive numbers.
For field galaxies, as per DIET metric, 0.7 magnitude must to be subtracted to the point source case,
e.g. depth reached in 3600s in i' is 26.4 mag.
While not as significant as the image quality, the CCDs quantum efficiency plays an important role.
This points to the important choice of red versus blue response. `IMAKA takes a (modest) hit in the
g band compared to the other filters but the overall gain in g-band is still remarkable. As for the
metric on the MegaCam equivalent telescope size, the average over the griz bands for the median
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conditions is a 12 meter telescope!

2.1.4 Survey mapping speed
`IMAKA will be particularly useful covering large areas of the sky. Here an impressive gain over
MegaCam is obtained in the speed at which `IMAKA can the sky to a given depth.
Considering the need for a background dominated by the sky photon noise, a ~3 minute long
exposure is needed (at least in r,i,z,Y, more is needed in g'). Considering an overhead of 15 seconds
per exposure (including moving the telescope by 0.5/0.8 deg. while reading out and acquiring the
new WFS stars and OTCCD guiding stars), a 3 minute duty cycle leads to a 165 seconds exposure.
The depth reached per exposure for a point source (SNR=5, airmass=1.2 this time since this is about
sweeping across the sky) is presented in the following table:
Table: Mapping depths reached in 165 seconds by `IMAKA at SNR=5 (20% photom. error) on a point
source in dark sky conditions and airmass of 1.2.
Filter

IQ

Mag.

g

0.37"

25.6

r

0.31"

25.6

i

0.26"

25.2

z

0.26"

24.8

A decrease of 15% in IQ performance for `IMAKA results in the limiting magnitudes being 0.14 mag.
lower.

A 3-minute cycle leads to 20 pointings per hour and with the current 0.8 sq. deg. field of view, this
leads to a maximum of 16 square degrees covered per hour per filter at such depths. With an
average night length of 10 hours over the year on Mauna Kea (MegaCam statistics), this leads to a
maximum of 160 square degrees per filter per night at such depths.
Some consideration must be taken regarding the footprint of the two designs on the sky: `IMAKAPrime offers two rectangular (0.4 deg. x 1.0 deg.) fields two degrees apart that lend themselves very
well to mapping large contiguous sections of the sky. `IMAKA-Cassegrain offers a circular field of
view that can be fully populated with detectors but would impose an observing strategy leading to
many overlaps (GALEX style). Upon closer inspection (see the two following illustrations), the
circular field of view is only 15% less time efficient that the rectangular design to map the sky. At
this point of the study, the two optical designs appear to be approximately equal regarding image
quality at the edge of the fields, and attention will have to be given on the field geometry in regards
to the top-priority scientific programs.
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Figure 3: How the IMAKA-Prime design maps contiguous sections of the sky. Note that this design has two
rectangular 0.4x1.0 degree regions separated by 2.0 degrees.

Figure 4: How the `IMAKA-Cassegrain design maps contiguous sections of the sky. While `IMAKA-Prime is
very effective to map rectangular areas, for large extended areas, the `IMAKA-Cassegrain design is only 15%
slower (less time effective).
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2.1.5 Practical example: the CFHTLS by `IMAKA
Here we present a comparison between MegaCam and `IMAKA in terms of achieving the results of
the CFHT Legacy Survey Deep and Wide in the griz bands. The delivered IQ in the following table
is the FWHM isophotal based on the CFHTLS statistics at CFHT (validated exposures), which
agree within 0.02" with the Terapix T0006 stacks report. The depth reported for T0006 is a different
metric based on the 50% histogram completeness limit on a point source. This difference of metrics
represents a shift of 1.3 magnitude versus the DIET SNR=5 limit used in this performance section.
The following results are obtained by deriving with DIET (airmass=1.1, SNR=5, point source) the
depth reached for the given integration time at the given image quality delivered by MegaCam. The
`IMAKA integration is derived by scaling the 1h exposure time from Table 4 with:
[10E(delta_mag/2.5)]2
and delta_mag being the difference between the Depth achieved for the survey and the `IMAKA 1h
performance:
Table 5: Legacy Survey speeds: Fields: D1/2/3/4, Surface: 4 sq.deg. total (4 pointings), Depth: DIET point source
SNR=5 airmass=1.1. Note LS_IQ is that obtained for the CFHTLS

Filter

LS_IQ

Int. per field

Depth

`IMAKA
integration

Speed gain

g

0.88"

29hr

28.6

9.1hr at 0.37"

x3

r

0.79"

52hr

28.4

9.1hr at 0.31"

x6

i

0.74"

107hr

28.2

7.6hr at 0.26"

x14

z

0.75"

60hr

27.0

2.1hr at 0.26"

x28

Total integration of the survey (griz): 992 hr with MegaCam, 112 hr with `IMAKA, a factor of 9
faster.
Table 6: Legacy Survey Speeds: Fields: W1/2/3/4; Surface: 171 sq.deg. total (171 pointings), Depth: DIET point
source SNR=5 airmass=1.1. Note LS_IQ is the image quality obtained for the CFHTLS.

Filter

LS_IQ

Int. per field

Depth

`IMAKA
integration

Speed gain

g

0.83"

2500s

26.7

991s at 0.37"

x3

r

0.76"

2000s

26.1

394s at 0.31"

x5

i

0.68"

4300s

25.8

328s at 0.26"

x13

z

0.72"

3600s

24.8

130s at 0.26"

x28

Total integration of the survey (griz): 590 hr with MegaCam, 87 hr with `IMAKA, a factor of 7
faster.
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2.2 Science Cases
When posed with the task of defining a scope and science impact for `IMAKA, the science team
was asked to give examples of the science that is enabled and also to provide feedback on the
requirements (field of view, wavelength, and image quality) and observing time needed to enable
the science. The science cases provided in the following sections are those contributed by the
members of the `IMAKA team. They remain true to CFHT's current scientific legacy spanning the
Solar system, stellar physics, galactic structure, galaxy evolution, and cosmology. In addition the
potential of `IMAKA to have a significant impact on science yet to be discovered is enormous.
While the breadth of science is evident from the number and variety of cases developed by the
team, it should also be clear that within the timeframe for `IMAKA a number of new facilities will
be forthcoming. In some cases these are clearly competitive (Subaru/HyperSuprimeCam, PS4,
LSST) while others are very complementary (e.g. TMT, JWST, etc.). An aggressive schedule
maximizes the scientific impact of `IMAKA.
2.2.1.1 The Outer Solar System

The current outstanding questions in the study of the Outer Solar system and its small bodies are (1)
determining the luminosity function of the various dynamical populations, (2) getting a
representative census of the resonant populations, (3) finding the intermediate to large separation
KBO binaries (0.5" and above), and (4) finding very distant objects.
Probing the luminosity function past the m ~ 26-27 roll-over (up to m ~ 28 in pencil-beam mode)
probes both the accretion phase (shown by the slope at the bright end) and the collisional erosion
phase (at the faint end). Comparing the luminosity functions for the classical, resonant and
scattering objects will tell us the original location of each of these populations which may have been
pushed to their current location from widely separated formation zones.
The resonant populations are fossil markers of the past migration of Neptune and hence probe the
early spreading of the giant planets to their current positions. Because of their restricted direction of
pericenter (with respect to Neptune), these objects can be seen only in a small portion of the sky,
above a given magnitude. In the era of PanSTARRS, which is expected to discover all TNOs
brighter than R-magnitude 24, the capability of `IMAKA to reach m ~ 26 or fainter in single 5
minute exposures over a large field means that it will be able to find more resonant objects than
PanSTARRS.
Due to `IMAKA's superb image quality and depth, we will find a sizable sample of intermediate to
large separation TNO binaries (0.5" or larger) with a difference in brightness of 1 magnitude or
more. Binaries are essential probes of the dynamical and collisional environment in the early stages
of the Solar System. The very large separation ones are also very sensitive to the collisional
environment throughout the Solar System history. Determining the relative importance of the small
to medium to large separation binaries will serve two related purposes. First, this will constrain the
formation scenarios that were at work in the early Solar System. Second, this will tell us how the
later interaction with the surrounding material affected the evolution of the binaries: do they tend to
tighten, like the binaries at the center of globular clusters, or do they become looser, hence making
the very large separation binaries the end state of the evolution rather than survivors of an initial
process. Understanding this population will also put constraints on the timing between formation
and potential scattering to different locations in the Solar System.
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Large scale, shallow surveys have shown the existence of large, distant bodies like Sedna and Eris.
The depth reachable with `IMAKA will allow a search for smaller and/or more distant objects than
PanSTARRS will ever do. These distant objects are the link to the (inner) Oort Cloud, and the
remnant of the strong scattering that occurred on the outskirts of the early Solar System. The very
small sample of these objects seems to indicate a very large inclination distribution and also a
shallower size distribution than the classical Kuiper Belt, or at least some kind of plateau in the size
distribution around the 1000 kilometer radius. Here again, the superb image quality and the large
FOV of `IMAKA will allow for a probe the outer part of our Solar System to 4-5 magnitudes deeper
than previous large scale surveys, and even 2 magnitudes deeper than current small scale or large
scale surveys (e.g. PS4).
Another probe of this period is given by the irregular satellites of the giant planets, thought to be
small bodies captured after formation. Their number, dynamical grouping and size distribution are
indicative of the capture mechanism and the collisional environment of the giant planets postcapture. The most interesting planets to consider are Uranus and Neptune, and a pencil beam
approach is needed to make valuable progress over the currently know satellite inventory around
those planets.
Consider now some limits on what is accessible to `IMAKA. The first thing to remember is that we
are dealing with moving objects. So it is useless to increase the exposure time, as the signal will
spread over more and more pixels instead of adding up to a fainter limiting magnitude. The
maximum motion one can accept during an exposure is of order the seeing. So, for `IMAKA, this is
0.3" in median conditions. The bulk of the KBOs have a motion at opposition of 2"-4"/hour, hence
limiting the exposure time to 5 minutes, or 300 seconds. For Plutinos, Neptune Trojans and
Centaurs, the speed at opposition is somewhat higher, hence the limiting magnitude for these
objects will be up to a few tenths of a magnitude brighter than what we derive now. Extrapolating
from the MegaCam Exposure Time Calculator, we find that we can detect a point source of
magnitude 26.0 in R, with SNR of 5, airmass of 1.2 (an average for discovery observations) in 300
seconds for the median IQ (0.3") predicted for `IMAKA. For a distant search, since the motion is
much slower, we can extend the exposure time up to 10 minutes, and gain another 0.4 magnitudes.
For deeper surveys (on smaller scales), one can use a pencil-beam approach with 3 hour observing
blocks that would acquire ten 320 second exposures per hour, for a total integration time of 9600
seconds. This allows us to detect objects as faint as 27.8-27.9 in R with SNR = 5.
If the seeing is worse than the above value, the limiting magnitude will decrease slightly to ~25.7 at
0.4" and 25.4 at 0.5". Because we are dealing with moving targets, there is no practical way to make
up for the decreased IQ by increasing the exposure time, or simply stacking more images. Hence all
the limiting magnitudes stated above should be offset by 0.3-0.6 magnitudes for poorer seeing. For
our science, to ensure homogeneous discovery and recovery of objects, it is more important to have
uniform seeing across the field of view than obtaining the very best image quality but only over a
small portion of the field.
A number of surveys can be envisioned for `IMAKA.
The resonant and classical belt population surveys can be done as one survey with ~10 nights of
telescope time per semester. This would cover 60 square degree each semester, with enough followup off opposition to allow precise orbital determination at the second opposition. This survey would
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be performed in median seeing. As explained above, this will define the actual limiting magnitude
of the survey, somewhere between 25.4 and 26.0, depending on the actual performance of the
instrument. Because the best way to perform a binary search survey is with a well characterized
discovery survey, the binary survey will be part of the resonant and classical belt survey, by
acquiring some of the follow-up images in 0.3" seeing or better (see below for availability). The
survey should be repeated each semester for 4 semesters in a row. Hence the full resonant, classical
belt and binary population survey would need 90 hours of 0.4” seeing and 18 hours of 0.3" seeing
per semester for a grand total of 360 hours 0.4” seeing and 72 hours of 0.3" seeing over 2 years.
This survey requires two "A" semesters and two "B" semesters, but can be otherwise extended over
3 years.
A deep survey that gives a rough estimate of the orbits requires a discovery and two trailing
sequences at opposition, over 1 square degree, and one recovery observation 4 months off
opposition over 2 square degrees to account for shearing. Thus, the survey would require 11
sequences of observation of 3 hours each, or 33 hours of telescope time each semester. This should
be repeated for at least 4 semesters over 2 to 3 years, for a total of 132 hours. Because of the rather
large number of objects expected per field, it is important that an initial follow-up be included in the
survey.
For the irregular satellite survey, we expect a rather small number of detections, and hence require
less initial follow-up built into the survey, further follow-up being acquired at other facilities. To
cover the entire stability region, we need four 1 square degree fields around each planet. In order to
ensure the proper recovery of the newly discovered objects at other facilities, we need to acquire
five sequences of 3 hours each for each field. Hence this survey will require 60 hours of telescope
time for each of Uranus and Neptune, or 120 hours total.
For the distant search, we will obviously search the previous deep fields (from the CFHTLS Very
Wide), but this will cover only 9 square degrees. A more shallow survey, although reaching 25.826.4 depending on the seeing, will be performed, with 11 exposures per field. Here the follow-up
requirement is less stringent than for the main belt survey, because far fewer objects are expected,
and the refinement of the orbits can be done at other facilities. Using 10 minute exposures, we can
define blocks of 5 square degrees, lasting 55 minutes, cycled three times for discovery observations.
Each block of 5 square degrees will require 10 hours of telescope time. The bare minimum for such
a survey would be to cover 200 square degrees, with a nominal survey of at least 400 square
degrees, or 800 hours, spread evenly over 3 years.
All surveys can be carried out in slightly worse than median time, except for 72 hours requiring the
0.3" median delivered image quality at r-band (e.g. with GLAO+full OTCCD correction). Hence
the only seeing restricted part of a survey, the binary search, will fit easily inside the available good
seeing time since it represents only one sixth of its parent survey.
2.2.1.2 Extrasolar Planets

For many centuries, scientists and philosophers have asked whether there are Solar Systems similar
to our own elsewhere. This quest has become of prime interest in the past decade with the
realization that planetary systems are rather common around normal stars like the Sun. About 400
such systems are currently recognized with most having been found with radial velocity techniques,
but a growing fraction is being discovered by planetary occultations. Both Corot and Kepler have
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and will play increasingly important roles in these searches with the ultimate aim the discovery of
an Earth-like planet within the habitable zone where life could possibly arise.
Planet transits are a potentially powerful discovery tool and a powerful probe of the properties of
systems discovered via radial velocity techniques. The ideal instrument, among other requirements,
needs the ability to work well in dense star fields that allow these properties to be fully exploited to
search for small brightness variations. The desirability of this type of measurement is immense.
There are estimated to be about 1 in 10,000 planetary systems that cause eclipses above 10 millimagnitudes (Jupiter eclipsing our Sun is very close to ten milli-mag) which is at best a 1 sigma
detection with the current MegaCam, given considerable care and specialized calibration. `IMAKA
with its planned OTCCD architecture has proven to be very effective for precise photometry down
to a fraction of a milli-magnitude (Howell et al. 1997) which will open up entirely new exploration
space.
Because of its small PSF, 'IMAKA will be particularly effective in dense stellar regions such as star
clusters and the Galactic disk and bulge. It will provide estimates of the planet frequency in star
clusters both old and young, determine sizes and densities of planets in short period orbits, and
establish the frequency of planets as a function of stellar type. It will be feasible with `IMAKA to
probe down to low mass stars (and hence smaller radii) which will exhibit significantly larger
photometric dips due to planetary transits. For example, a 0.3 solar mass star being orbited by a
Jupiter mass planet will exhibit dips up to 0.1 magnitudes deep. The increased survey speed
capable with `IMAKA will allow for large samples of stellar systems to be explored, significantly
expanding the parameter space under which planets may be found.
Finally, the increased angular resolution provides a factor of 10 increase in the ability to reject
contamination from background 'false detections' such as eclipsing binaries. The majority of initial
detections are false detections and the field and angular resolution provide a means to greatly reduce
this frequency.
2.2.1.3 Sub-Stellar Astrophysics

Investigating the origin and physical properties of brown dwarfs has been a hot topic in stellar
astrophysics over the last decade. In terms of their formation, their interior structure, and their
atmospheric physics, brown dwarfs sample the transition between low-mass stars and giant planets
and thus represent a testbed for our understanding of stellar and planetary physics. Major
outstanding problems include:
a) Formation: As of today, we do not have a good understanding of the physics that determines the
low-mass end of the Initial Mass Function. A number of processes have been put forward as
potentially important ingredients for the formation of very low mass objects, including dynamical
interactions, photo-evaporation and turbulent fragmentation. Future surveys should aim to provide
observational diagnostics like binary statistics, spatial distribution, kinematics, and the slope of the
IMF, to constrain the relative importance of these mechanisms.
b) Fundamental parameters: The currently available models for the fundamental properties of brown
dwarfs (i.e., interior structure, evolution, atmospheres) are poorly constrained by observations. Only
one substellar eclipsing binary (EB) has been found to date, which has already revealed severe
problems with the current generation of models. Identifying EBs in the very low mass regime for
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various ages is the way to provide a better framework to improve the models.
c) Rotation: Rotation, a key parameter in the evolution of stars and planets is strongly coupled to the
formation processes, the interior structure, multiplicity, and the properties of the magnetosphere.
Comparing rotation rates of brown dwarfs with models for the angular momentum evolution can in
principle provide strong constraints on the physics of these objects. In addition, rotational data
provides a means to estimate ages and radii. Currently, only about 30 rotation periods are known in
the substellar regime, most of them at very young ages.
All three problems are even more acute in the planetary-mass regime, i.e. for objects with masses
below the deuterium burning limit (<15Mjup). Initial studies on these isolated planetary mass objects
demonstrate that they constitute the natural extension of the brown dwarf regime to even lower
masses, but the current constraints on the nature and physics of these objects are very limited.
With `IMAKA we will be in the position to tackle these issues. The combined properties of
`IMAKA, i.e a square degree field, excellent spatial resolution, high photometric accuracy and
depth, are crucial for further progress in this field. Two programs would be particularly useful to
address the aforementioned problems.
1) Extremely deep imaging: Multi-filter surveys in the optical are the established method to identify
very low mass candidates in star forming regions, young clusters, and the field. In addition to the
photometry, proper-motion measurements are feasible, with estimated accuracies <4mas/yr (for
>3yr baseline), easily allowing for the detection of objects in many classical young clusters (e.g.,
Pleiades, Praesepe, Alpha-Per, IC4665) and providing re-assurance for the membership of the
candidates. The current mass limits are ~10Mjup for ages <10 Myr, ~30Mjup for 100 Myr and ~50Mjup
for 500 Myr. In a few regions, deeper surveys are underway, using 8-m telescopes, but they are
limited to small area coverage. `IMAKA has the potential to push the limits to 2Mjup for ages <10
Myr, 5-10Mjup for 100Myr, and 10-20Mjup for 500Myr. With the wide field of view, surveys can
fully cover about a dozen known star forming regions and young open clusters. With the excellent
spatial resolution, such surveys will be able to detect all wide binaries with separations >50 AU, an
excellent constraint on the early dynamical evolution of the objects. `IMAKA will allow us to
obtain a census of all products of the star formation process, and investigate frequency, multiplicity,
spatial distribution of brown dwarfs and planetary mass objects as a function of environment and
age. Additional science goals include studies of kinematics and cluster evaporation at very low
masses.
2) Photometric monitoring: Variability surveys in the optical provide a wealth of information about
the targets, and can be used to search for eclipsing/transiting systems, to measure photometric
rotation periods, and to obtain limits on flare rate and spot activity. In ultra-cool objects, there is
additionally the potential of observing 'weather', i.e. photometric variations due to dust clouds in the
atmospheres. The limiting factor for all these goals is the photometric accuracy. With `IMAKA, the
anticipated photometric noise will be in the range of ~millimag, and thus a factor of at least 3 better
than the current generation of variability surveys. Combined with a high dynamic range, this will
give excellent signal-to-noise for very faint objects. The high spatial resolution helps to avoid
source crowding, while the square degree field is an advantage in terms of observing efficiency.
About ten young clusters are sufficiently compact and nearby, so that millimag variability surveys
down to planetary masses would be feasible with `IMAKA.
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2.2.1.4 Stellar Astrophysics

Stellar research involving imaging, whether in the field, in Galactic star clusters, or in nearby
resolved galaxies benefits enormously from a smaller PSF and a wider field of view. The smaller
PSF allows fainter stars to be discovered against the noisy sky background – particularly if it has a
sharp core containing a significant fraction of the total energy. HST has such a PSF and this is one
reason that it has done so well in this research – allowing detection and measurement of extremely
faint objects - often in crowded fields. This has pushed the detected main sequence mass limit, even
in globular clusters, down to and below the hydrogen-burning limit, and allowed for the discovery
of the coolest and dimmest white dwarfs in ancient star clusters. A sharper PSF also allows for
better centroiding of the stellar image yielding improved proper motion measurements which help
in isolating pure cluster samples or in the search for exotic stellar objects in the field. Proper motion
surveys with `IMAKA on CFHT will produce open cluster CMDs devoid of field stars which will
then be used to age the system (providing a detailed star formation chronology of the Galaxy),
explore the mass function to the limits of hydrogen burning and beyond (this region of open cluster
CMDs is invariably swamped by field M dwarfs), yield samples of white dwarfs which will feed
spectroscopic studies on 8 to 30m class telescopes and provide dynamical information via proper
motions. All open clusters visible from CFHT within about 4 kpc of the Sun could be explored
down to one magnitude below the tip of the white dwarf cooling sequence (to Mv~12 or g~25 for
the most distant clusters) with `IMAKA. There is a total of about 200 known open clusters with
these parameters and observing an important fraction of them would require more than 1000 hours
of telescope time spread out over 5 years.
In the field, stellar streams in the halo can be isolated via proper motions providing a history of
galactic accretion. Ancient, cool white dwarfs, the only currently observable remnant of the high
mass end of the Pop II mass function, will also be located finally answering definitively whether
they contribute significantly to the MACHO population, yielding critical information on early
accretion events and providing an independent age estimate of the Galactic halo. A survey of several
hundred square degrees reaching fainter than g=25 would be required to obtain a statistically
important sample. This would necessitate about 1800 hours in total over a 5 year period.
The European Space Agency's GAIA mission, due to be launched in 2011, stands as probably the
most ambitious space experiment ever attempted. This astrometric satellite will measure the
parallaxes and proper motions of up to a billion stars in our Galaxy. A small number of bright stars
in nearby Local Group galaxies will also be surveyed. The GAIA data is expected to revolutionize
our understanding in many areas of astrophysics, particularly the formation and evolution of
galaxies, by revealing the various dynamical structures out of which our Milky Way was assembled
(be it by wholesale accretion of satellites or in-situ formation in giant star-forming structures).
However, a major limitation of GAIA is that the survey is very shallow, reaching only g ~ 20. This
means, of course, that although GAIA will provide us a full census of nearby stars, the survey will
become very incomplete at larger distances. `IMAKA could play a key role in complementing
GAIA in selected fields, where the targets are too faint for GAIA.
If stellar centroids can be measured to 1/30th of a resolution element with `IMAKA, as is readily
achieved with conventional cameras, `IMAKA could become a powerful proper-motion machine.
The S/N required to achieve this centroiding accuracy is ~ 20. If an accuracy of 1/100th of a
resolution element was required, S/N ~ 70 would be necessary. Over a 5-year observational program
one could then measure the proper motions of stars to an accuracy of 0.6 mas/year. This would
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open up many scientific studies. For instance, measuring the structure of globular cluster streams is
expected to reveal rich details about the properties of the abundant dark matter substructures that
CDM theory predicts. Simulations indicate that the shapes of the streams change in a predictable
manner with their age due to interactions with CDM clumps. Most of these streams (the Palomar 5
stream at 23~kpc is an excellent example) must lie at substantial distances (> 10kpc), and therefore
the GAIA magnitude limit will allow the detection of only a handful of the brighter giant stars in the
structure. For the particular example of Palomar 5, by probing down to g = 25 instead of g = 20,
there is an approximately 16-fold increase in the statistics of member stars.
Globular star clusters could be explored dynamically in remarkable detail with `IMAKA. Searches
for intermediate mass black holes (IMBHs) could be undertaken from analysis of the proper
motions of stars near the cluster core and the dynamical state of the entire cluster can be explored
from a full cluster-wide accounting of proper motions. All clusters within 5 kpc could be examined
for the presence of IMBHs - there are 13 of these. Observing them once per year for five years
would require a total commitment of 400 hours of telescope time.
2.2.1.5 Resolved Stellar Populations

`IMAKA can potentially offer unrivaled opportunities
for the study of the resolved stellar populations of
nearby galaxies out to the distance of the Virgo cluster.
Many of the key predictions of galaxy formation
theories - such as the spatial distribution and
morphology of the structure and substructures in the
outer regions of galaxies - are only testable for the
nearby Universe. Thus observations of the stellar
populations of these galaxies provide direct tests of –
and constraints on - cosmological models of galaxy
formation.
Much of our detailed knowledge on the stellar
structures of galaxies come from observations of Local
Group galaxies which subtend large areas on the sky.
Figure 5: Best IQ MegaCam image ever of
Here, `IMAKA will be unrivaled in its ability to probe 2MASX J01051875+3336145: this is a 90x90
arcsec section of the best MegaCam image
large areas to significant depths with high resolution.
taken in over 8 years of operation. The FWHM
Typically, `IMAKA will be able to survey galaxies in
0.37” in i-band. It was resampled at the
the Local Group to well below the red clump/horizontal is
`IMAKA pixel scale (0.1"/px). It illustrates
branch. These features provide key diagnostics for
rather “poor” image quality for `IMAKA (see
disentangling age/metallicity degeneracies in resolved simulations section).
stellar population studies. This will enable spatially
resolved star formation histories to be derived which will allow for the baryonic evolution of these
systems to be reconstructed from early times to the present day over very large areas. For example,
there is accumulating evidence that the IMF is likely to be Universal. `IMAKA will be able to
measure the IMF for the Galactic Bulge and the nearest dwarf spheroidals. By doing so it will test
the universality of the IMF as a function of metallicity and environment. `IMAKA will also be able
to conduct these studies in otherwise crowded fields such as the important disk/halo interface
regions in M31 and M33 and the inner regions of many of the more distant dark matter dominated
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dwarf galaxies which were discovered with the CFHT PAndAS survey.
Cosmology is currently turning its attention to the details of galaxy formation. New surveys in both
the Milky Way (e.g. SDSS) and M31 (e.g. PAndAS) have recently uncovered a spectacular
panorama of the complex outer regions of galaxies, with a plethora of dwarf galaxies, stellar
streams and diffuse structures. The luminosity function of these dwarf galaxies and the
expectations from simulations of galaxy formation indicate that many more lower luminosity
dwarfs exist. `IMAKA offers a wide field of view with increased sensitivity, ideally suited to
finding these compact objects in a large stellar halo such as M31. A more complete census of dwarf
galaxies directly confronts hierarchical cosmological models on small scales. The sharper PSF will
also allow the giant and horizontal branch populations of these galaxies to be traced into the core,
and therefore lead to a much more detailed analysis of the structural properties and radial gradients
of these systems. Such data, even for the currently discovered satellites, will aid in our
interpretation of the causes of the different properties of the satellite system (both internally and
when comparing Milky Way dwarfs to M31 dwarfs). For example, it is still unclear whether the
observed differences are caused by in situ processes within the dwarf satellites or through
dynamical interactions with the host.
The PAndAS survey also discovered a dozen or so ``fluffy" M31 globular clusters. These have all
the hallmarks of clusters being disrupted in the tidal field of the Galaxy - analogs of Palomar 5 in
the Milky Way. The stellar streams that these clusters may have produced can be analyzed in a
similar fashion to those in our Galaxy providing a comparison between the dark matter clumps in
two neighboring systems. The high resolution images produced by `IMAKA will be critical for this
work allowing stars at almost the main sequence turnoff and brighter to be detected in the streams.
Pushing to more distant galaxies in the local volume -- where there is a statistically larger sample of
galaxies over a full range of morphological type -- requires wide field capabilities with high spatial
resolution to overcome crowding issues, and demonstrates the need for wide-field AO capabilities
on large telescopes that approach the diffraction limit. `IMAKA will extend the science which is
currently only possible in the Local Group to all galaxies within 10Mpc. At 10Mpc, the 1 square
degree field corresponds to 175kpc. Such data would allow one to measure the spatial structure of
extra-planar stars, measure axial ratios, map halo flattening to very faint isophotes, determine the
metallicity distribution of halo stars and their spatial variation, search for substructures or
clumpiness due to tidal streams or dissolving dwarf galaxies, measure structural parameters of
globular clusters and find asymptotic giant branch (AGB) stars associated with intermediate-age
stellar populations. A hint of things to come can be seen in the recent paper by Mouhcine et al
(2010) where spectacular unexpected structure (a giant stream, a large flat cocoon-like structure out
to 40 kpc from the galaxy) was discovered surrounding NGC 891 from Subaru imaging. This galaxy
is located at 10 Mpc from the Milky Way and records details of halo structure formation at distances
well outside the Local Group. Observations of this sort will answer questions such as did galaxies
accrete most of their mass/stars at early or late times? How many mergers does a typical galaxy
undergo? What is the lowest mass dwarf galaxy which can form stars? Currently,these questions
are restricted to the Milky Way, M31 and M33. `IMAKA will be able to probe the outer haloes of
these latter galaxies to typically 35 mag/sq. arcsec - at least one magnitude deeper than current
CFHT/MegaCam studies. Obtaining a significant sample of resolved stellar halos to low surface
brightness is central to advancing cosmological models of galaxy formation. `IMAKA will provide
a new perspective on our nearest neighbors. For this work, it will be necessary to measure at least
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the top 1 magnitude of the RGB out to 10Mpc. At that distance the RGB tip occurs at i = 25.8, so
we require data that reach i = 26.8, g = 28 with S/N ~ 10.
Current HST-based projects are probing some nearby galaxies with these science goals, but all are
placed at a serious disadvantage due to the impossibility of observing a large fraction of the area of
nearby galaxies with the (relatively) small field of ACS/WFC3. High resolution wide field cameras
such as `IMAKA are an essential pre-requisite for this science. A lesson learned from these surveys
is that no firm conclusions regarding the properties of the outskirts of galaxies can be drawn from
observations sampling unrepresentative galactic volumes. An eloquent example of this is the single
pointing ultra-deep ACS observations of a minor-axis field in the halo of M31 (GO-9453) that was
realized later to fall close to a highly disturbed and clumpy structure discovered in the panoramic
survey of M31. Panoramic coverage provides the only avenue to unlock the secrets of the outskirts
of galaxies, and to fully exploit what they have to tell us about galaxy assembly.
More distant still, `IMAKA will be able to resolve the tip of the red giant branch (TRGB) in the
Virgo cluster (i ~ 27), and so measure direct distances to these galaxies based upon their resolved
stellar content. The TRGB is a robust distance indicator used extensively in the nearby Universe.
Thus we have the opportunity to measure, for the first time, the three dimensional structure of the
Virgo cluster.
Contamination from Galactic foreground populations can be removed by comparison to the Galactic
synthesis models, although this is minimal given that the RGB stars detected in nearby galaxies will
be substantially fainter than the Milky Way disk dwarf sequence at the same color. In addition,
proper motions measured with `IMAKA may help here by separating out the nearby high proper
motion stars from those with undetectable motion which reside at large distances. One of the main
factors that limits the ability to detect faint stellar components with normal ground-based
observatories is contamination by faint background galaxies that are misclassified as stars. This
should not be significant however with the 0.3 arcsecond resolution images that `IMAKA will
deliver.
Images of resolved stellar populations in nearby galaxies will also be valuable for the study of
supernova progenitors and the stellar origin of supernovae. While it is nearly impossible to identify
a SNe Ia progenitor, there are to date a dozen solid progenitors identified for SNe Type II. For
example, SN 1993J, a SN intermediate between a SN II and a SN Ibc, had its progenitor identified
because it occurred in the nearby galaxy Messier 81, which had been thoroughly surveyed in the
past. While probing the nearby Universe, thanks to its unique combination of 0.3" image quality and
wide-field of view, `IMAKA would create a unique census of stellar populations to be mined by
future systematic SNe surveys on other telescopes.
2.2.1.6 The Structure of Nearby Galaxies from Nuclear to Cluster Scales

Galaxy merging and feedback mechanisms associated with accretion onto supermassive black holes
(SBHs) are thought to be two of the most important processes regulating galaxy evolution. A
powerful approach to understanding the modalities by which these processes unfold is through a
deep, wide field, high spatial resolution study of local galaxies, designed to map their structural
properties from parsec to 100kpc scales.
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Galaxy cores. At one extreme of this range, the structural and dynamical properties of galaxy cores
– a term hereby used loosely to describe the innermost few tens of parsec regions - are strongly affected by the evolutionary history of their host galaxy. For instance, the low-density cores detected
in the brightest early-type galaxies are thought to be scoured by the evolution of the SBH binaries
that form as a consequence of galaxy merging; at higher redshifts, accretion onto these SBHs is responsible for regulating the level of star formation in the host galaxy. Comparison between the
present-day structural properties of the cores and N-body simulations of merging galaxies and their
central SBHs, have the potential to set tight constraints on the merging history of the host, as well as
to the amount of dissipation accompanying such events. Fainter galaxies are characterized by steep
density cusps and compact stellar nuclei; indeed recent HST studies have revealed such nuclei to be
a defining characteristic of galaxy cores and a natural by-product of galaxy evolution. Because of
their privileged location at the bottom of the potential well, stellar nuclei act as repositories of the
gas and dust accreted during merging events, so their detailed ages and metallicities provide a direct
link to the evolutionary history of the host galaxy. Moreover, the discovery that nuclei and SBHs are
linked to global galactic properties by identical scaling relations suggests that both types of object
share a common formation mechanism, and that the same mechanism is also responsible for shaping
the global galactic structure.
Stellar nuclei have half light radii of order 4 pc, or 0.05 arcsec at the distance of the Virgo cluster
(16.5 Mpc). High angular resolution therefore is essential for the study of galaxy cores, and it is not
surprising that much of the current knowledge of these regions comes from HST imaging surveys.
Such knowledge is based largely on HST observations of a magnitude limited (MB < -15) sample of
143 early-type galaxies in the Virgo and Fornax clusters, and a sample of 39 late-type galaxies,
mostly in low density environments. Late-type galaxies in cluster environments, as well as earlytype galaxies in low density environments, remain largely unexplored.
The Intracluster Light. On hundreds of kiloparsec scales, the intracluster space is permeated by
stars that have been stripped from their parent galaxies via gravitational interactions with other
galaxies or with the cluster potential. The structure, mass and dynamical properties of this intracluster light (ICL), which can comprise as much as 40% of the total cluster luminosity, are direct
probes of a cluster’s assembly history and of its current evolutionary state. Individual ICL streams
can also be used to trace interactions between individual galaxies.
The ICL has characteristic V-band surface brightness fainter than 26.5 mag arcsec2. Deep images, a
wide-field of view and an extremely well characterized instrument coupled to optimal observation
methods (at the 0.2% of the sky level) are a prerequisite.
`IMAKA’s advantage. `IMAKA will enable us to build a comprehensive picture of the fossil
record of galaxy evolution from intracluster to nuclear scales. Thanks to its high spatial resolution
(indispensable in the study of galaxy cores), and wide field of view (a prerequisite for the study of
the ICL), `IMAKA will be able to efficiently carry out extensive surveys of the core, global and
intracluster properties for galaxies in groups and clusters within 20 Mpc, sampling both low and
high density environments. Imaging in the optical from the blue up to 1 micron will allow us to
study the distribution and amount of ICL, measure the incidence of morphological peculiarities (e.g.
dust, stellar disks, rings, streams, etc.), quantify the prevalence of stellar nuclei and (in the nearest
galaxies) constrain their structural properties, and map stellar populations over unprecedented
volumes and across widely differing environments.
25

This program would make use of the poorer IQ window for `IMAKA when point source science is
not competitive: such structures are diffuse and the ICL and streams have a characteristic g-band
surface brightness fainter than 28 mag./arcsec2. Deep imaging, a wide-field of view and an
instrument with proper optical baffling limiting contaminations by stray light and internal
reflections on optics, coupled to optimal observations methods and data processing (leading to
0.15% of the sky level on the MegaCam Next Generation Virgo Survey for example), are a
prerequisite to conducting such science with `IMAKA.
2.2.1.7 Galaxy Formation and Evolution

HST and the 8m class telescopes have pushed the study of galaxy formation activity up to nearly
redshift 10, with confident detections at redshift 7-8. At these redshifts the numbers are declining
and in the few cases where a mass can be estimated the galaxies appear to be in the range of dwarf
galaxies, with no sign of the normal L* galaxies of today. There are two broad directions to future
research. First, the existing samples are pathetically small with huge discrepancies in number
density between discovery methods and fields—nearly two decades of difference in the numbers per
unit area in some cases. Increasing the survey areas will reduce the uncertainty and more
importantly it will allow studies of clustering which is a key tool in associating galaxies with a dark
halo mass which then helps set physical scales and provides a knowledge of the gravitational
potential well. A second direction is to go to even higher redshifts. The detections will be made in
the near infrared bands, but the optical bands remain crucial for the null detections that are the
cornerstone of the “drop-out” technique. JWST’s power quickly declines below about 1 micron
and there is effectively no response below 0.6 microns. Once HST is taken out of service these
crucial bluer bands will need to be done elsewhere.
Further progress requires studies of much larger areas of sky imaged with 0.3" or better resolution
which will allow us to reach ~27 magnitude depth that JWST and 30m telescopes will routinely
probe. Also at redder wavelengths, 0.3" resolution will allow us to perform a morphological galaxy
survey up to redshift z~1 on very large scales and confront the predictions of galaxy evolution
models from the forthcoming generation of cosmological simulations. The current CFHTLS deep
data reaches nearly m_AB=27 mag in the I band, taking the best half of about 100,000 seconds of
data. These data are at the confusion limit and there is little point in going deeper without better
resolved images. This is where IMAKA can play an important role. The integration time to the
same depth would be roughly cut by a factor of four to approximately 12,000 seconds, so relative to
the entire deep exposure would be a time saving of a factor of about 8 and the images would be
better resolved. The desire would be to probe about another magnitude deeper, which would require
about 100,000 seconds again but to produce a truly unique image with many scientific applications
for supernovae, weak lensing, and galaxy evolution studies.
At lower redshift, we will be able to reconstruct the star formation histories of nearby galaxies using
multi-band photometry of their resolved stellar populations. In a complex population hosting a mix
of chemical abundances and ages, an accurate star formation history can be reconstructed from
photometry reaching Mi = -4, which for `IMAKA will reach out to the Virgo Cluster.
The enhanced resolution provided by `IMAKA will impact on this work in at least three ways. First,
because galaxies at z > 5 are expected (and so far have been found) to be very compact, the
enhanced resolution boosts survey depth enormously; if point source extraction can be performed
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with apertures as small as 0.5 arcsec, the CFHT will be able to detect galaxies significantly fainter
than L*, even at z > 6. Second, `IMAKA imaging will provide important constraints on galaxy size,
even for objects which remain unresolved, constraints which recent HST-based studies have shown
to be of crucial importance for understanding the physics of galaxy evolution. Third, it will be
possible, even at z > 6, to explore the connection between galaxy formation and merger driven
starbursts. Finally, by enabling the imaging of such large numbers of high-redshift objects, this
instrument will play a crucial role in selecting rare or representative objects for targeted follow-up
with JWST, ALMA and ELTs (TMT and E-ELT).
2.2.1.8 Extragalactic science and photometric redshifts

Constraining the cosmological scenarios for galaxy formation and evolution implies the availability
of statistically significant samples of galaxies from z~0 to look-back times as large as possible
beyond z~1. The combination of wavelength coverage, image resolution, photometric depth and
quality achieved by `IMAKA on a large effective area provide a privileged framework for the study
of galaxy evolution based on photometric redshifts, extending the existing spectroscopic data sets
both in terms of sampling factor and towards the faintest limits in magnitude. Large and complete
samples of galaxies will be selected in luminosity, density, and (photometric) redshift, containing
enough galaxies to be compared to samples in the local universe. The relationship between galaxy
morphology, luminosity, color (type) and environment as a function of redshift could be understood
in greater detail with photometric redshifts used to achieve a uniform coverage in the parameter
space of interest. The efficient sampling of the different galaxy environments all the way from the
local universe to high-z requires a large field of view (minimum 1 square degree), which is also
required for clustering studies and to mitigate field-to-field variance. The evolution of the overall
properties of galaxies (Luminosity and Mass Functions, color/type distributions, ...) as a function of
redshift and environment constitutes a powerful test to discriminate between the different scenarios
of galaxy formation, in particular for galaxies at z > 1-2. This is indeed a key redshift domain where
most galaxies were affected by major merging/assembly processes requiring deep optical
photometry, extending as far as possible towards the near-IR to probe stellar masses, thus
constraining the cosmic star formation history.
Photometric redshifts with `IMAKA are particularly interesting for the identification and study of
high-redshift clusters and proto-clusters in a cosmological context, when used together with
standard cluster/structure finding algorithms, because they optimize otherwise time-consuming or
simply unfeasible spectroscopic observations. Photometric redshifts are also useful in lensing
studies to discriminate between fore and background galaxies, and to determine the background
redshift distribution of sources in order to derive masses from weak lensing analysis. Photometric
redshifts with `IMAKA could be used to pre-select galaxies in the sensitive redshift domain for
subsequent spectroscopic surveys aiming at constraining the dark energy via precision
measurements of the baryon acoustic oscillations (BAOs).
The improved spatial resolution, photometric accuracy and depth achieved by `IMAKA on the goal
wavelength domain should provide high-quality photometric redshifts (σ(z) ~ 0.03-0.05 (1+z)) at
least up to z~1.3 and beyond z~2.5, with only a few percent of catastrophic identifications. The
precise redshift domain where accurate photometric redshifts could be obtained depends on the final
wavelength coverage of `IMAKA. Extending the use of photometric redshifts all the way from z~0
to z~10 requires the addition of near-IR bands, at least up to 1.4 microns. Without near-IR
photometry, the goal wavelength coverage towards the UV is important to mitigate the fraction of
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catastrophic identifications between low (z < 0.2) and high (z > 1.5) redshifts, and also to lower the
redshift limit accessible to high-z studies based on the detection of the Lyman alpha break (ideally z
> 2.2). The wavelength coverage towards the near-IR obviously determines the upper limit in
redshift for the detection of the major spectral discontinuities, namely the 4000A break (leading to z
< 1.3 without near-IR) and the Lyman alpha break. The gain when enlarging the wavelength domain
is also sensible for the determination of rough spectral types (early to late type galaxies, star-galaxyQSO discrimination).
Because high-quality photometric redshifts require the time-consuming acquisition of a large and
representative training set of spectroscopic redshifts, photometric accuracy and stability (both in
time and over the field) are key issues for IMAKA.
2.2.1.9 Cosmology

The remarkable discovery that the expansion of the Universe is accelerating is considered by many
as the greatest discovery in cosmology in the past 80 years. The implications of this discovery are
profound: 70% of the energy density of the Universe is in the form of some unknown repulsive
field, which we call dark energy. Understanding dark energy is the "holy grail" of cosmology and
fundamental physics.
Observations of Type Ia supernovae out to redshifts 0.8-0.9 reveal that, to first order, dark energy
appears to act as a pure cosmological constant - that is, the equation of state parameter, w=dP/drho,
is -1. To constrain the nature of dark energy any further than this, and to distinguish among several
possible models for dark energy, requires a measurement of the variation of w with redshift.
Current limits on redshift variation are not strong enough to be constraining on fundamental physics
at the present time.
To advance beyond our current knowledge requires, among other things, a larger sample of Type Ia
supernovae at redshifts z > 1. At these redshifts, the peak in the spectral energy distribution is
shifted to the z band and beyond; clearly detection of these supernovae requires much better red
sensitivity than MegaCam, and superb image quality to cut down both sky contamination and
confusion with host galaxies. `IMAKA is ideally suited to such observations.
One major direction for the future of supernova cosmology is moving to yet higher redshifts,
allowing measurements of any variation in the dark energy parameter, most importantly allowing
tests of the basic cosmological model and of course to better understand the supernovae themselves.
To reach the peak of the B band beyond redshift one requires photometric data at 1 micron and
redder—the natural territory for JWST. However, JWST has too small a field of view to be an
effective discovery telescope. MegaCam on CFHT discovered a few z>1 supernovae, but at very
low signal to noise. Moreover the high incompleteness (only something like 10-20% complete at
z=1) the data are subject to such large statistical biases that they can be difficult to use. IMAKA,
equipped with chips sensitive at a micron operated in a deep field survey would be an ideal tool to
discover supernovae up to nearly redshift two which could then be used to efficiently target JWST
to obtain photometry and spectroscopy. It is important to note that this program requires that
IMAKA be online when JWST is functioning. At present JWST has a requirement to operate until
2019 and a goal to keep it going to 2024. The payoff of the deep field synergy between IMAKA
and JWST would be enormous. It would require a “Legacy Survey” scale (1000 hours) observing
program to reach the required depths.
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Both strong and weak lensing measurements are also developing rapidly as powerful independent
constraints on dark matter and dark energy properties. However, to extend lensing measurements to
both higher redshifts and smaller scales means pushing towards source plane samples with higher
sky densities and larger redshifts. This inevitably means fainter objects, with redder colors and
smaller sizes. The gain of `IMAKA with respect to any other imaging capabilities in 2016 will be
its outstanding image quality and its percent level absolute photometry. `IMAKA will hardly
compete against the next generation extreme wide- field surveys covering 5,000-20,000 square
degrees like Pan-STARRS, DES or KIDS/VIKING. `IMAKA will neither be competitive with
respect to JSWT for extremely deep imaging surveys. However, it will out perform all of them on
surveys covering fields of 10 to 1,000 square degrees. `IMAKA will provide better photometry,
better photometric-redshift of sources, a higher galaxy number density of background sources and
better shape measurement of lensed galaxies. The coupling of such regions of sky with ESO's
VISTA true wide field near infrared capabilities would be a perfect match. The niche of `IMAKA
will therefore be galaxy-galaxy lensing, weak lensing of optically selected clusters of galaxies, and
accurate weak lensing tomography. A survey covering 1,000 square degrees with such image
quality will also provide a huge sample of rings and giant arcs around galaxies and clusters of
galaxies. Arcs, objects of angular scale smaller than the atmosphere induced seeing disk suffer
dramatic contrast decrease on natural seeing ground-based observations. For example, since
sources are generally at z>2 and have sizes of ~0.1-0.2 arcsecond and the dN/dm is very steep,
clusters like A1689 have ~500 arcs at HST resolution but only ~10 at 0.7" resolution. `IMAKA
should produce ~100 arcs at 0.3"images.
From a technical point of view, the most critical issue for lensing studies is the PSF stability.
GLAO on `IMAKA solves in principle most of the main limitations of MegaCam for lensing
studies. The implementation of wavefront sensors near the science detector ensures a very stable
PSF over the whole field over short (night) to very long (year) stretches of time. This will reduce
the field to field scatter produced by the PSF instabilities as currently seen with MegaCam. While
comprehensive tests of the `IMAKA PSF shape and stability are not complete, taking into account
its expected image quality improvement of a factor 2 over MegaCam, we expect a factor 4
improvement in ellipticity accuracy for a galaxy of given size. Moreover, the image quality over
pixel size of IMAKA is 0.3/0.1=3, which is similar to MegaCam (0.75/0.18=3.5), therefore current
galaxy shape measurement techniques remain optimal and information lossless. To a good
approximation both the numbers of lensed galaxies and the maximum magnification are inversely
proportional to the angular resolution - meaning that `IMAKA will allow factors of 3 to 4 increase
in detected number density of galaxies. The net gain for weak lensing studies is a significant
increase in the resolution of dark matter map reconstruction, which is currently only accessible from
space.
The outstanding photometric performance will allow `IMAKA to perform surveys ideal for lensing
magnification. Lensing magnification refers to the change in number counts of distant galaxies
caused by the intervening dark matter, and it can be used to probe the dark matter distribution, like
the shear. The `IMAKA photometric redshifts will reach the required precision to make this
measurement possible and then probe the dark matter distribution up to redshift z=2. The
photometric redshifts obtained by `IMAKA will also enable high precision tomographic studies of
the dark matter distribution, which is an efficient probe of dark energy.
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Concerning clustering at high redshift, Sunyaev-Zeldovich surveys (such as the full sky PLANCK)
will find thousands of new clusters of galaxies up to redshift z=2. The distribution of clusters as
function of mass and redshift can serve as a strong probe of dark energy, and taken individually, the
comparison of the mass versus galaxy distribution in clusters reveals important clues on how the
stellar mass builds up in a dark matter environment. Any study involving clusters of galaxies
necessarily involves a measurement of the cluster mass profile, or at least the total cluster mass.
With its exquisite photometric and imaging quality, `IMAKA will permit the measurement of
gravitational lensing behind high redshift clusters, which is currently only available to the space
telescope. Therefore the synergy between `IMAKA and SZ surveys would be enormous.
We now turn to the very high redshift Universe and the nature of the most distant known galaxies.
The highest redshift quasar currently known was discovered with CFHT. Such objects probe the era
of reionization, a complex process that advanced at different rates in different locations. More
quasars at redshifts z > 6 are required to characterize the onset and development of reionization.
Clearly `IMAKA's red sensitivity and image quality are of enormous benefit to detecting such
objects.
Even with JWST and 30m class telescopes it will be a huge challenge to push down to the nanoJansky (mAB ~ 31 mag) range. Strong lensing can, through magnification, raise the brightness of
high redshift sources into a much more accessible regime, but it still requires the detection of
objects that are 0.1” across and a few arc-sec (or more) long. These are rare and can appear
anywhere along highly irregular critical lines at ~5-20 arc-minute radius in a galaxy cluster. The
challenge is to build the sample to a large enough size that it becomes a statistically understood
representation of the properties of the high redshift galaxies. This requires deep imaging at ~ 0.2”
image quality over nearly a square degree per cluster for hundreds of clusters.

2.3 Science derived Instrument Requirements
Table: Instrument Requirements derived from science cases
Science Objective
KBO’s

Brightness (for
CFHT)
22-26 mag

Extra-solar planets
Star Clusters

20+ mag
16-27 mag

Structural Properties
of Local Galaxies
Galaxy evolution
Supernova
Cosmology
Galaxy clusters at
high redshift
z>7 objects
Transients
Weak Lensing

V > 26.5 mag
arcsec2
20-27 mag
20-26 mag

FWHM
(arcsec)
0.3-0.4
0.3
0.3
< 0.3

Area of sky
Ecliptic plane+

Competitive
FOV
1 degree

Galactic plane
All sky

1 degree
30 arcmin

Other
Uniform IQ across full
field
crowded field photometry
1% absolute photometry
Proper motions
Background known at the
0.2 of the sky level
3% absolute photometry
1% absolute photometry

All Sky

1 degree

0.3
0.3

High latitude
High latitude

1 degree
1 degree

18-27 mag

0.3

High latitude

30 arcmin

3% absolute photometry

25+ mag
23+ mag
20-27 mag

0.3
0.3
0.3

High latitude
All sky
High latitude

1 degree
1 degree
1 degree

5% absolute photometry
1% relative photometry
PSF stability
1% absolute photometry
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2.4 Landscape of future wide-field facilities
2.4.1 Comparison with other ground-based optical wide-field imaging
facilities
Wide-field optical imaging is truly a burgeoning domain with many high profile facilities expected
to come online over the next decade. Only two of the following instruments/facilities are planned
for running exclusively in survey mode (PS1/PS4, LSST). The other observatories are developing
these large wide-field imaging facilities for Principal Investigators type programs and moderately
sized surveys (e.g. Dark Energy Survey will not use more than 30% of the Blanco telescope time,
this is less than the CFHT Legacy Survey).
The typical etendue metric quantifies the capabilities of a given instrument to conduct a survey, but
it typically lacks the image quality delivered by the telescope plus site, and it does not include the
overheads (readout time, filter change), nor the fraction of telescope time the instrument is used to
conduct the survey. Since `IMAKA would be a community instrument, we propose a slight
evolution for a more tangible metric to evaluate the relative performance of these instruments not at
running a survey but covering large areas of skies with good image quality. The metric is
essentially the rate at which signal is collected across the field for background limited observations.
Metric = A * FOV / (IQ2)
where, A is the collecting area, FOV is the field of view, and IQ is the delivered image quality. The
data are presented in the following table:
Instrument

Year

Site

D

FOV

IQ

Scale

CFH12K

1999

Mauna Kea

3.5

0.33

0.75

0.20

50

N

N

SuprimeCam

2002

Mauna Kea

8.1

0.25

0.65

0.20

50

N

N

MegaCam

2003

Mauna Kea

3.5

1.00

0.75

0.19

40

Y

N

PS1

2010

Haleakala

1.6

7.30

1

0.26

6

N

Y

PS2

2012

Haleakala

1.6

7.30

0.7

0.26

6

N

Y

DEC

2012

Cerro Tololo

3.9

3.00

0.95

0.27

20

N

Y

HyperSuprimeCam

2012

Mauna Kea

8.0

1.50

0.65

0.20

20

N

Y

ODI

2012

Kitt Peak

3.3

1.00

0.60

0.11

6

Y

N

`IMAKA

2016

Mauna Kea

3.5

0.8/1.0

0.30

0.10

6

N

Y

PS4

????

Mauna Kea

3.1

7.30

0.55

0.26

6

N

Y

2016/7

Cerro Pachon

6.7

9.60

0.70

0.20

2

?

Y

LSST

Readout U_band Y_band

Year
= year of scientific operation
D
= effective diameter (m) [accounting for central obscuration]
FOV
= field of view in square degree
IQ
= median image quality delivered by the instrument in r' band
Scale = pixel scale in arcsecond
Readout = camera readout time (sec)
U_band/Y_band = N(o) or Y(es) access to the UV (~300nm)/near-infrared (~1 um) respectively
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IQ represents the median image quality delivered by the instrument in r'-band, it is not the intrinsic
seeing at the site. The data come from either existing data, or extrapolation based on the expected
performance (e.g. PS1/4 and ODI plan on a 0.2" improvement using the OTCCD function) for the
given observing site.
The following table lists the facilities with an increasing metric value, normalized to MegaCam, as
well as the magnitude in the r band for both a point source and a field galaxy with a signal to noise
ratio of 7 (15% photometric error) on a 1 hour exposure for the median seeing listed in the previous
table.
Instrument

Year

Site

Metric

Point Source

Field Galaxy

CFH12K

1999

Mauna Kea

0.3

26.1

25.4

PS1

2009

Haleakala

0.9

25.4

24.7

MegaCam

2003

Mauna Kea

1.0

26.1

25.4

ODI

2012

Kitt Peak

1.4

26.3

25.6

SuprimeCam

2002

Mauna Kea

1.8

27.1

26.4

PS2

2012

Haleakala

1.8

25.4

24.7

DEC

2012

Cerro Tololo

2.3

25.9

25.2

`IMAKA

2016

Mauna Kea

5.0/6.0

27.0

26.3

HyperSuprimeCam

2012

Mauna Kea

10.7

27.1

26.4

PS4

????

Mauna Kea

10.7

26.4

25.7

2016/7

Cerro Pachon

40.4

26.8

26.1

LSST

This table shows that `IMAKA will be equivalent to HyperSuprimeCam for detection (depth
reached versus time), effectively turning the CFHT into a 8m class telescope, though only half as
effective to cover large sky areas. This metric does not however represent the key advantage of
`IMAKA over all these competitors: the far superior image resolution, which motivates the majority
of the science cases presented in this document.
HST's upgrade with the Wide-Field Camera 3 offers a 16 Mpixels optical channel imager optimized
for the UV covering 7 square arcminutes with 0.04" pixels to sample the 0.12" PSF. There are
however no future servicing missions planned.
LSST (2016-2018)
The LSST plans on covering a 9.6 square degree field of view using an innovative and challenging
optical concept consisting of a 8.4m primary, followed by a convex 3.4m secondary, and then a
tertiary 5.2m focusing the light on the camera at the center of the secondary through a wide-field
corrector. This leads to a very compact f/1.2 design. The very fast focal ratio will likely cause
significant implementation problems in achieving the mathematically designed PSF, and, like Sloan,
will either lead to long delay and cost increase or else compromise in the quality and uniformity of
the PSF.
LSST is not fully funded and is relying on private funding for long lead procurements. The budget
for the LSST is ~$400M through first light including all construction, hardware, software, data
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management, and a 30% contingency. The operation cost for the 10 year long survey is not
included, and the final cost of the project could easily double by the time the survey is completed in
2026-28 (survey start is currently planned for 2016-2018).
Ninety percent of the LSST time will be devoted to a wide survey aimed at visiting the same area of
the sky every three nights in various filters for a total of 20,000 square degrees. The final depth of
r=27.5 mag. at 5 sigma (SNR=5) will be slowly reached over the 10 years of the survey planned
lifetime. The remaining ten percent will be allocated to specific programs such as very deep and
fast time domain surveys.
How does `IMAKA compare to the LSST in achieving extensive sky coverage and depth? `IMAKA
has about a quarter of the collecting area of LSST but it concentrates the light of point sources into a
PSF which is only a quarter of the size of LSST's, so for point sources `IMAKA has just about the
same speed as LSST for surveying the sky. However, a big difference in the science from LSST and
`IMAKA comes from the proposed usage. LSST intends to sweep over the entire visible sky every
3 nights by spending only 30 sec on each pointing, so each visit is very shallow -- in fact only half
the net collection of the Pan-STARRS1 Medium Deep fields. Therefore for transients, LSST will be
very shallow, barely reaching z=0.5 for SN1a for example. We have seen from the CFHT Legacy
Survey the value of high signal to noise light curves of SN1a, and these will be even more important
in the next decade as we probe the systematics of determinations of dark energy. `IMAKA should
therefore not try to replicate LSST's goal of fast, shallow passes over the sky, but could devote 10 or
20 times more integration on a huge, but limited, subset of the sky (1,000-2,000 sq. deg.) and probe
much fainter into the luminosity function and deeper into the volume of transients. Of course this
limited area can move around the sky during the full mission of `IMAKA, eventually reaching the
same depth as LSST everywhere with the added benefit of an image quality a factor of 2+ better on
average.
PanSTARRS4 (????)
PanSTARRS4 will have a light gathering power equivalent to CFHT with a field of view seven-nine
times larger than `IMAKA. As with LSST, it will be fully dedicated to surveys. While `IMAKA
makes use of the PanSTARRS camera, `IMAKA's coupling of it with a GLAO system brings a
significant gain in resolution over PS4 and makes these scientific cases possible. Again, the etendue
of `IMAKA and PS4 are roughly comparable, but it is far easier for `IMAKA to probe the faint end
of transients than PanSTARRS4.
As of today, the PanSTARRS4 is something of an unknown, both from the standpoint of funding but
also how its medium deep surveys will trade off depth versus area. In addition, PanSTARRS4 does
not have any commitment of operating funds, so the provider of such funds may be able to specify
that PanSTARRS4 data be proprietary and not available to the Canadian and French communities,
on a scientifically competitive timescale. `IMAKA is therefore a very worthy competitor.
HyperSuprimeCam (2012)
`IMAKA will go deep as fast as HyperSuprimeCam (a fully funded project), with the key added
benefit of superior image resolution but with half the field of view. The largest light gatherer in the
competition, HyperSuprimeCam on Subaru will however likely suffer from limited access to sky
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time. It is unlikely to see the telescope's community change its current observing strategy of serving
a large suite of instruments and focus instead a very large number of nights to reap the benefits of
such powerful wide-field imager. Punctual deep surveys are to be expected though.

2.4.2 A comparison of `IMAKA with the space competition: JDEM and
EUCLID
The Joint Dark Energy Mission (NASA JDEM, 2017? - frozen at the moment)
The envisioned mission will address Dark Energy through the use of several of the primary probes
of dark energy: distances to supernovae, BAOs, and weak shear. Although the hardware and the
mission are still undefined, one may guess that these goals impose some wide-field imaging
capability (e.g. a remnant of the SNAP concept with a gigapixel optical channel camera on a 2m
class telescope covering a full square degree providing similar image quality as WFC3). This does
not imply that JDEM will have a multi-band wide field imager in the visible but even if it ultimately
does, `IMAKA can still hold a window of opportunity of several years and will offer easier/more
access to high resolution imaging. We also note that the supernova cosmology program of JDEM, if
any, will very likely miss the vital nearby supernovae, to be measured from the ground in
consequence. Depending on the choice of the space based minimum redshift, `IMAKA could
provide this high quality ground-based low-to-intermediate redshift supernova sample.
Euclid (ESA, ~2019)
Still at the competing state, the ESA Euclid mission was very highly ranked by ESA advisory bodies
and has a serious chance to be launched. Euclid is a 1.2-meter telescope offering a diffraction
limited PSF of 0.25 arcsecond over a half square degree which would also bring true wide-field
imaging capabilities in space. It will not to be launched before 2018. Euclid will have
simultaneous visible and near-infrared imaging channels as well as spectroscopic capabilities, an
instrumental setup likely to be found on JDEM as well. Both projects are designed for weak lensing
and are expected to provide very stable high image quality. In it's current observing plan, Euclid
will cover 20,000 deg2 of extragalactic sky, and could also cover a significant part of the Galaxy.
However, in its present design Euclid has only one very broad band visible filter (r+i+z) for
ellipticity measurements and will rely on multi-band wide-field surveys in the visible from the
ground. Therefore 0.3-arcsecond wide-field visible surveys with `IMAKA would turn out to be
very useful for Euclid, in particular for the the g and r-band data. In summary, until 2019, `IMAKA
will therefore outperform any other wide-field instrument on the image quality front but will still be
valuable for ground based follow up later on.
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