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E.F. Bell, A. Borch, S. Jogee, D.H. McIntosh, K. Meisenheimer, C. Peng, S. Sánchez, R. Somerville,

A.N. Taylor, L. Wisotzki and C. Wolf

Weak lensing studies from space with GEMS 392

K. Stapelfeldt, C. Beichman and M. Kuchner

General astrophysics with the optical terrestrial planet finder mission 396

New Astronomy Reviews 49 (2005) v–vi

www.elsevier.com/locate/newastrev

doi:10.1016/S1387-6473(05)00140-5



P.G. van Dokkum

Observing cluster galaxies and their progenitors with JDEM 400

E.L. Wright

The infrared sky 407

S.E. Zepf

Wide-field imaging from space of early-type galaxies and their globular clusters 413

W. Zheng

Probing the universe at redshift 10 and beyond 417

L. Yan
Spitzer 24 lm observations of optical/near-IR selected extremely red galaxies: Evidence for as-

sembly of massive galaxies at z�1–2? 420

A. Gould

Microlensing search for planets 424

W.N. Brandt

X-ray surveys and wide-field optical/near-infrared imaging with JDEM 430

J.E. Grindlay

EXIST: All-sky hard X-ray imaging and spectral–temporal survey for black holes 436

M. Giavalisco

Lessons from the GOODS 440

H.J. Newberg
Galactic structure from wide-field surveys 447

E.D. Skillman

Star formation histories in local group dwarf galaxies 453

A.M. Koekemoer and N.Z. Scoville

The COSMOS 2-degree HST/ACS survey 461

R.M. Rich

Wide field imaging from space: Galaxy formation from nearby stellar populations 465

T.M. Brown

Star formation histories in the Local Group 474

G. Basri, W.J. Borucki and D. Koch

The Kepler Mission: A wide-field transit search for terrestrial planets 478

vi Contents



New Astronomy Reviews 49 (2005) 335–336

www.elsevier.com/locate/newastrev
An introduction to a conference and a field
Abstract

An introduction to the conference is presented. Some of the opportunities and difficulties for the future of wide-field
imaging from space are discussed.

� 2005 Published by Elsevier B.V.
Keywords: Wide-field imaging; Space-based imaging; Space telescope
Astrophysical conferences have many purposes.
They may celebrate and review the achievements
of a rapidly expanding scientific field. They can
spur collaborations. Some of the best produce
new syntheses of scientific ideas. But this confer-
ence, if successful, may help create and direct a
new field.

There is much to be gained from wide-field
instruments in space. However, space-based opti-
cal and near-infrared imagers have generally had
narrow fields of view – primarily because the
detectors and data handling required for larger
fields exceeded the available technology. Yet this
is changing. A number of instruments now in de-
sign and development, typically for specific scien-
tific goals, may have the capability to also serve
as wide-field imagers in space. This would, how-
ever, require the community to reserve part of
their operations for general science, as opposed
to the more targeted original goals of these pro-
grams. In this conference, we hope to explore the
science that a wide-field imager could do, and thus
better inform discussions over whether it would in-
deed be worthwhile to either dedicate time on
otherwise targeted missions to general surveys, or
1387-6473/$ - see front matter � 2005 Published by Elsevier B.V.

doi:10.1016/j.newar.2005.08.001
perhaps start a mission dedicated solely to gen-
eral-purpose wide-field imaging.

The SNAP satellite – discussed later in this con-
ference by Greg Aldering – would be capable of
imaging a substantial fraction of M31 in a single
pointing. Could this instrument, proposed and
most likely largely funded for another purpose
(the Joint Dark Energy Mission, JDEM, of NASA
and DOE), provide the astronomical community
with a powerful new means of obtaining wide-field
images from space? If so, are there small modifica-
tions to the basic design that could substantially
enlarge its impact as a general service instrument
without compromising its ability to perform as a
dark energy experiment?

Or does the field have a different DESTINY (see
Tod Lauer�s talk)? Would a wide-field instrument
whose sole filters were grisms provide a large vari-
ety of ancillary science, or would the addition of
pass-band filters be strongly desired by the commu-
nity (if not required for the main mission)? Would
the lack of optical detectors further substantially
reduce the science that might be done, or would
the wide-field near-IR grism capability prove
strongly attractive to the astronomical community?
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Finally, could the Terrestrial Planet Finder find
a place in wide-field imaging surveys? Might an
ancillary off-axis instrument on this new probe al-
low some astronomers to survey large-fields while
their colleagues hunt for planets? Will the optical
requirements of the primary mission allow a suffi-
ciently wide field to satisfy many astronomers?
Might a TPF and a JDEM function in happy sym-
biosis, with the former providing a moderately
wide-field with excellent resolution, and the latter
providing an extremely large field with somewhat
more limited resolution?

Or, will a wide-field imager result from the now
nascent Origins Probe program?

While it is clear this is a time of great intellec-
tual and technological ferment, it is also a time
of danger for the field. JDEM has virtually no
funding in the NASA budget. TPF has advanced
outside the standard NASA mechanisms and re-
views. And perhaps most importantly the NASA
science program is itself in crisis.

There is a claim much beloved by self-help gurus
that in ancient Chinese the two characters that
combine to produce the word ‘‘crisis’’ can be sepa-
rately translated as ‘‘danger’’ and ‘‘opportunity’’.
Although I do not speak Chinese, a bit of research
into this subject suggests that the better translation
of the character pair might be ‘‘danger, danger’’.

Nonetheless in this crisis there is certainly
opportunity. The technology for a wide-field ima-
ger in space appears feasible. There are several (lar-
gely unfunded) missions in the queue capable of
producing wide-field science. And the very turmoil
that threatens space science may allow new ideas to
move to the fore. It should therefore be our goal to
evaluate the science that a wide-field imager in
space might do, and if we find it compelling, as I be-
lieve a reader of these proceedings will, then we
must seize this opportunity. If we do our work well,
we can hope that this conference and its proceed-
ings will be remembered as an introduction to a
new field – wide-field imaging from space.

Andrew S. Fruchter
Space Telescope Science Institute

3700 San Martin Dr., Balitmore, MD 21218
United States

E-mail address: fruchter@stsci.edu

Available online 21 September 2005
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Abstract

Nearly all proposed tests for the nature of dark energy measure some combination of four fundamental observ-
ables: the Hubble parameter H(z), the distance-redshift relation d(z), the age-redshift relation t(z), or the linear
growth factor D1(z). I discuss the sensitivity of these observables to the value and redshift history of the equation
of state parameter w, emphasizing where these different observables are and are not complementary. Demonstrating
time-variability of w is difficult in most cases because dark energy is dynamically insignificant at high redshift. Time-
variability in which dark energy tracks the matter density at high redshift and changes to a cosmological constant at
low redshift is relatively easy to detect. However, even a sharp transition of this sort at zc = 1 produces only percent-
level differences in d(z) or D1(z) over the redshift range 0.4 6 z 6 1.8, relative to the closest constant-w model.
Estimates of D1(z) or H(z) at higher redshift, potentially achievable with the Lya forest, galaxy redshift surveys,
and the CMB power spectrum, can add substantial leverage on such models, given precise distance constraints at
z < 2. The most promising routes to obtaining sub-percent precision on dark energy observables are space-based
studies of Type Ia supernovae, which measure d(z) directly, and of weak gravitational lensing, which is sensitive
to d(z), D1(z), and H(z).
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The acceleration of the universe should come as
a surprise to anyone who has ever thrown a ball
into the air and watched it fall back to earth. What
goes up must come down. Gravity sucks.

Repulsive gravity is possible in General Relativ-
ity, but it requires the energy density of the uni-
verse to be dominated by a substance with an
exotic equation of state, having negative pressure
p < �qc2/3. Alternatively, one can modify GR it-
self, so that cosmic acceleration arises even with
‘‘normal’’ gravitating components like pressureless
matter and radiation. In this article I will adopt the
language of ‘‘dark energy’’ solutions in which GR
is preserved and a new component drives accelera-
tion, but at present I think that a modification of
the theory of gravity must be considered almost
equally plausible.

Given the theoretical difficulty of explaining
cosmic acceleration, it is worth emphasizing that
the observational evidence for it is impressively ro-
bust. The results of the high-redshift supernova
campaigns published in the late 1990s (Riess
et al., 1998; Perlmutter et al., 1999) provided the
first direct evidence for acceleration, but they were
accepted quickly in part because studies of large
scale structure and CMB anisotropies already ar-
gued indirectly in favor of a cosmological constant
(e.g., Efstathiou et al., 1990; Krauss and Turner,
1995; Ostriker and Steinhardt, 1995). The super-
nova evidence has become much stronger on its
own terms (Riess et al., 2004), and measurements
of the first acoustic peak in the CMB power spec-
trum (de Bernardis et al., 2000; Hanany et al.,
2000; Bennett et al., 2003) greatly strengthen the
overall case for dark energy by showing that the
total energy density of the universe is close to crit-
ical. This rules out the nearly empty open models
that might otherwise be marginally compatible
with the supernova data, and in combination with
dynamical evidence for a low density of clustered
matter (Xm � 0.2�0.4), it demonstrates that there
must be some additional entry in the cosmic en-
ergy budget. Unless this new component has nega-
tive pressure, the inferred ages of globular cluster
stars conflict with the most convincing recent esti-
mates of the Hubble constant (Freedman et al.,
2001). We thus have three largely independent lines
of argument for dark energy: the supernova Hub-
ble diagram, the dynamical evidence for low matter
density, and the age of the universe. In addition, we
have the astonishing success of the inflationary
cold dark matter paradigm in explaining high-
precision measurements of CMB anisotropy, gal-
axy clustering, the Lya forest, gravitational lensing,
and other phenomena (see Seljak et al., 2004 for an
up-to-date discussion), a success that vanishes if
there is no dark energy component.

From a theoretical point of view, there are three
different aspects of the dark energy puzzle. The
first is the ‘‘old’’ cosmological constant problem:
a naive application of quantum field theory sug-
gests that the energy density associated with vac-
uum zero-point fluctuations should be of order
one Planck mass per cubic Planck length, which
exceeds the observational bound by �120 orders
of magnitude. Since the only natural number that
is �10�120 is zero, it is usually assumed that a cor-
rect calculation will someday show that the true
value of the fundamental vacuum energy is exactly
zero or vanishingly small. This leaves us with the
second problem: what is causing the universe to
accelerate? Finally, there is the coincidence prob-
lem: why is the dark energy density comparable
to the matter density today, when most models
predict that they were very different in the past
and will be very different in the future?

Faced with these conundra, theorists have pro-
posed an impressive variety of possible solutions.
The most common class introduces a new energy
component, typically a scalar field, and associates
dark energy with the field�s potential energy or ki-
netic degrees of freedom. These solutions do not
address the ‘‘old’’ cosmological constant problem,
so some other mechanism must set the fundamen-
tal vacuum energy to zero. Alternatively, the dark
energy really could be the fundamental vacuum
energy, and it has its remarkably small value as a
consequence of not-yet-understood aspects of
quantum gravity, or because it varies widely
throughout an inflationary ‘‘multiverse’’ and
anthropic selection restricts life to regions where
it is small enough to allow structure formation
(Weinberg, 1987; Efstathiou, 1995; Garriga and
Vilenkin, 2000), or because gravitational back
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reaction causes it to oscillate in time producing
alternating phases of acceleration and deceleration
(Brandenberger and Mazumdar, 2004). Finally,
there is the possibility that GR itself must be mod-
ified, perhaps pointing the way to extra spatial
dimensions or testable consequences of string the-
ory. No matter what, the existence of cosmic accel-
eration implies a fundamental revision to our
understanding of the cosmic energy contents, or
particle physics, or gravity, or all of the above.
The combination of theoretical importance and
observational difficulty make the dark energy
problem a worthy science driver for an ambitious
wide field imaging mission in space.
2. Constraining dark energy

If dark energy is not a simple cosmological con-
stant, then it is generically expected to have spatial
inhomogeneities that affect CMB anisotropies and
large scale structure. However, unless we are lucky
(i.e., dark energy properties are just what is re-
quired to produce large inhomogeneities), these ef-
fects are too weak to detect in the face of cosmic
variance. If cosmic acceleration is a consequence
of modified gravity, then laboratory measurements
or tests for intermediate-range forces could also
turn up clues. But again, we would have to be
lucky.

The only generic method of studying dark en-
ergy is to measure its influence on cosmic expan-
sion history, described by the Friedmann equation

HðzÞ ¼ H 0 Xmð1þ zÞ3 þXkð1þ zÞ2 þX/

q/ðzÞ
q/;0

� �1=2
:

ð1Þ

Here the Xx refer to densities at the present day
(z = 0) in units of the critical density, and
Xk ” 1 � Xm � X/. I have ignored the radiation
term Xr(1 + z)4, which becomes important only
at high redshifts. A ‘‘fluid’’ with equation of state
p = wqc2 has q/(z) = q/,0(1 + z)3(1 + w), so a true
cosmological constant with q/(z) = q/,0 has
w = �1. The effects of modified gravity solutions
that change the Friedmann equation itself may
be well approximated by a dark energy model with
some q/(z), but perhaps not in all cases.

There have been many proposed tests of dark
energy based on supernovae, radio galaxies, the
virial masses, X-ray properties, or Sunyaev–Zel�-
dovich decrements of galaxy clusters, large scale
structure traced by galaxies, clusters, or the Lya
forest, galaxy ages, or various aspects of strong
or weak gravitational lensing (see Kujat et al.,
2002 for an extensive but not exhaustive list).
Nearly all of these tests depend on some combina-
tion of four fundamental observables: the Hubble
parameter H(z), the distance-redshift relation d(z),
the age-redshift relation t(z), or the linear growth
factor of mass fluctuations D1(z). The evolution
of H(z) is governed by the Friedmann Eq. (1).
The comoving line-of-sight distance to an object
at redshift z is

dðzÞ ¼ c
H 0

Z z

0

dz0
H 0

Hðz0Þ : ð2Þ

In a flat (Xk = 0) universe, the angular diameter
and luminosity distances measured with standard
rulers or candles are related to d(z) by cosmol-
ogy-independent powers of (1 + z). In a curved
universe, they are proportional instead to the
transverse comoving distance,

dMðzÞ ¼
c
H 0

jXkj�1=2Sk jXkj1=2
H 0

c
dðzÞ

� �
; ð3Þ

where Sk(x) = sinx or sinhx for k = + 1, �1
(Hogg, 1999). The age of the universe at redshift
z is

tðzÞ ¼
Z 1

z

dz0

ð1þ z0ÞHðz0Þ : ð4Þ

The linear growth factor is the solution to the dif-
ferential equation

€D1 þ 2HðzÞ _D1 �
3

2
XmH 2

0ð1þ zÞ3D1 ¼ 0: ð5Þ

The solution can be written as a simple integral
only for special values of w (including w = �1),
but one can gain intuition using the approximation
d logD1=d log a � f ðXmÞ � X4=7

m , implying

logD1ðzÞ ¼ �
Z z

0

dz
1þ z

½XmðzÞ�4=7; ð6Þ



Fig. 1. Ratio of the approximate growth factor D1(z) calculated
by Eq. (6) to the exact value for various combinations of Xm

and w, including an open universe model with q/ = 0.
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where Xm(z) = Xm(1 + z)3/[Xm(1 + z)3 + Xk

(1 + z)2 + X/q/(z)/q/,0] is the matter density
parameter at redshift z. Here I have normalized
D1(z = 0) ” 1 and used the index 4/7 that is accu-
rate for Xm(z) � 1 (Lightman and Schechter,
1990) instead of the value 0.6 that is more accurate
for low Xm (Peebles, 1980). Fig. 1 shows that the
approximation (6) is accurate to better than 1%
for a wide range of models; the accuracy degrades
to �3% using f ðXmÞ ¼ X0:6

m .
The virtue of discussing dark energy tests in

terms of these observables is that one can see
whether and how different observational strate-
gies complement each other. For example, Type
Ia supernovae and other standard candle or stan-
dard ruler methods measure d(z) directly, while
the abundance of clusters as a function of red-
shift depends on both D1(z) and the volume ele-
ment dV / d2(z)/H(z). Weak lensing observables
depend on D1(z), d(z), and H(z), depending on
just what properties (power spectrum, skewness,
etc.) are measured. The Alcock and Paczyński
anisotropy test (Alcock and Paczyński, 1979)
measures the product d(z)H(z).

Current observational evidence demonstrates
that q/ 6¼ 0, and it is compatible with a model hav-
ing Xm = 0.3, X/ = 0.7, Xk = 0, and w = �1. To
show that dark energy is not a cosmological con-
stant, one must show that the data are incompati-
ble with constant q/(z). To show that the equation
of state parameter w is time-variable, one must
show that the data are incompatible with
q/(z) / (1 + z)n for any choice of n. Let us begin
with the first, much less demanding problem, and
make the further simplifying assumption that
Xk = 0. While CMB measurements provide a pre-
cise value of the angular diameter distance to the
surface of last scattering, they do not demonstrate
that Xk = 0 at the level of precision of interest here
(see, e.g., Tegmark et al., 2004), so exact spatial
flatness is a theoretically motivated assumption
rather than an observational constraint.

With these assumptions, the parameters to be
constrained are w and Xm = 1 � X/. The deceler-
ating effect of matter is proportional to Xm, and
the accelerating effect of dark energy is propor-
tional to X/ but also depends on the pressure-
to-density ratio w. For any given redshift and
observable, there is a contour in the Xm–w plane
along which the value of the observable is
constant. Fig. 2 shows such contours at
z = 0.5, 1, 1.5, and 3 for the Hubble parameter
H(z), the distance d(z), the linear growth factor
D1(z), and the Alcock–Pacyzński (AP) parameter
H(z)d(z), assuming a fixed value of H0. Error
bars on the z = 1 curves show the impact of a
1% error on the corresponding observable. I
have not included plots for t(z) because I think
it unlikely that the systematic errors on absolute
age measurements can be brought low enough to
teach us anything we do not already know about
dark energy.

There are several lessons to be drawn from
Fig. 2. First, interesting (Dw � 0.1) constraints
on w typically require �1�2% measurements at a
given redshift, if Xm is known independently. Sec-
ond, measurements of different observables, or of
the same observable at different redshifts, can
break the degeneracy between Xm and w. Combi-
nations of D1(z) with d(z) or H(z) are especially
useful in this regard, because Xm changes have
opposite effects. Applications of the AP test at
z � 2�3, which may be possible with the Lya for-
est (Hui et al., 1999; McDonald and Miralda-
Escudé, 1999; McDonald, 2001), would yield Xm

constraints that are nearly independent of w, also
helping to break degeneracies. The AP test is inde-



Fig. 2. Contours in the Xm–w plane along which the values of expansion history observables are constant, assuming Xk = 0, constant
w, and fixed H0. The four line types correspond to four redshifts, as indicated. Error bars show the uncertainty in w or Xm associated
with a ±1% uncertainty in the observable, at z = 1.

D.H. Weinberg / New Astronomy Reviews 49 (2005) 337–345 341
pendent of uncertainties in H0, as are measure-
ments of d(z) that use candles or rulers calibrated
in the local Hubble flow and measurements of
H(z) that compare a velocity scale measured at
high redshift to a lengthscale measured from local
galaxy redshift surveys. However, the CMB pro-
vides a standard ruler in absolute Mpc, so tests
that use this standard ruler also require a precise
determination of H0 (see Hu, 2004 for an excellent
discussion of this point).

Constraining w becomes substantially more dif-
ficult if we drop the assumption that Xk = 0, since
Xm and X/ can now vary independently. Most er-
ror forecasting papers do not investigate this case
in detail, and I have not done so myself. Curvature
affects all observables through the Xk(1 + z)2 term
in the Friedmann equation, and it additionally af-
fects the distance-redshift relation (and thus also
the AP parameter) through geometrical effects.
Thus, complementary studies using distance/AP
measurements and growth factor/H(z) measure-
ments would be especially valuable for this case,
as would precise independent measurements of
Xm from large scale structure. The CMB deter-
mines the combination Xmh

2 very well, but a tight
CMB constraint on Xm again requires a precise
measurement of H0.

Demonstrating time-variation of w is in general
very difficult. If the effective value of w is close to
�1 today, as the observations imply, then the ratio
of the matter density to the dark energy density
scales as �(1 + z)3. Dark energy is therefore
dynamically unimportant even at moderate red-
shift (z � 2), leaving little leverage to show that
the scaling of q/(z) is not adequately described
by a power law (1 + z)n as expected for constant
w. While quintessence models generically predict
that w varies in time, the effects of that variation
are much too weak to detect in typical cases (Kujat
et al., 2002).

Fig. 3 illustrates examples from a class of mod-
els in which
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Fig. 3. Time-varying w models, with the parameterization of Eq. (7). Panels a and b show the evolution of q/(z) and
weff � 1

3
d logq/=d logð1þ zÞ � 1 for five different parameter combinations. Circles in panel a show the matter density. Panel c plots the

percentage difference between the time-variable model and the constant-w model that best matches its distance predictions over the
range 0.4 6 z 6 1.8. For reference, error bars show the percentage difference caused by changing Xm by ±0.01. Panels d–f show
percentage differences in other observables relative to the same constant-w models. Note changes in horizontal and vertical axis scales.
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q/ðzÞ ¼ q/;0ð1þ zÞn 1þ 1þ z
1þ zc

� �a� �ðm�nÞ=a

; ð7Þ

so that q/ / (1 + z)n at z�zc and q/ / (1 + z)m at
z�zc. Kujat et al. (2002) considered a similar class
of models, but the additional parameter a allows
the transition in scaling behavior at zc to be arbi-
trarily sharp, instead of necessarily occurring over
an interval Dz � zc. Long-dashed lines show a
model that I consider maximally optimistic from
the point of view of detecting time variations of
w: the energy scaling changes from q/ / (1 + z)3

to q/ = constant at zc = 0.5, and the transition is
nearly instantaneous. One can argue that m = 3
is a ‘‘natural’’ (or at least interesting) choice be-
cause a model in which q/ scales like the matter
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density during the matter dominated era has a bet-
ter chance of solving the coincidence problem
(Albrecht and Skordis, 2000; Doran et al., 2001).
However, the low redshift and sharpness of the
transition make it as easy as possible to detect,
and there is no obvious reason that nature should
be so kind to us. The short-dashed lines show a
case with a smooth transition at zc = 0.5, and solid
lines show a sharp transition at zc = 1. Dotted and
dot-dashed lines show sharp transitions at zc = 0.5
and 1, but with high-redshift energy scaling
q/ / (1 + z)2 instead of (1 + z)3.

Fig. 3(c) shows the key result, focusing on the
redshift range z = 0.4�1.8 where a space-based
Type Ia supernova survey is likely to produce its
tightest constraints. For each of the time-variable
models, I have identified the constant-w model
that most nearly matches its d(z) relation, minimiz-
ing the summed absolute fractional differences
over the range 0.4 6 z 6 1.8. The quantity plotted
is the percentage difference of d(z) between the
time-variable model and the ‘‘matched’’ constant-
w model.

For the maximally optimistic model, the pros-
pects look quite good. There is a 6% variation in
distance between this model and the matched con-
stant-w model, and a mission like SNAP or DES-
TINY could reasonably expect to measure such a
variation at high significance. For a smooth transi-
tion (short-dashed line) or high-redshift scaling
m = 2 (dotted line), the variation is �3%, still
plausibly within reach. However, if the transition
redshift is zc = 1, then the maximum difference in
distance is 61%, and this is reached only in the
highest redshift bin.

Following Fig. 2, one might hope that measure-
ments of the growth factor would complement dis-
tance measurements, yielding combined tests of
time variation of w that are much more powerful
than either measure alone. Unfortunately, the
complementarity in the Xm � w space does not
translate to complementarity for this new problem,
at least at z < 2. Fig. 3(d) shows percentage differ-
ences in D1(z) relative to the same constant-wmod-
els that best match the distance measurements. [I
have been lazy and used the approximation (6).]
The differences in D1(z) are smaller than those in
d(z), even though the values of w were chosen to
match the latter not the former. The discrimina-
tory power of D1(z) does increase at higher red-
shifts, especially for m = 3, because in this case
q/ freezes in at a constant fraction of qm
(Fig. 3(a)), so d logD1=d logð1þ zÞ � X4=7

m is al-
ways depressed below unity. The Lya forest might
eventually allow a measurement of D1 at z � 3
with enough precision to be interesting in this re-
gard (Croft et al., 1998; McDonald et al., 2004).
The comparison of CMB anisotropy amplitude
to the matter power spectrum amplitude at low
redshift would be more powerful still, if the latter
can be measured precisely enough and the effects
of dark energy variation can be separated from
those of the reionization optical depth and tensor
fluctuations, both of which affect the relative
amplitudes of CMB and matter power spectra.

The high-redshift behavior of q/(z) has a stron-
ger impact on H(z) because there is no integrated
contribution from low redshift like those in Eqs.
(2) and (6). Thus observations that directly con-
strain H(z) at z > zc can add discriminatory power
even if they are much less precise than the distance
measurements at z < 2. Because the H(z) varia-
tions are much larger than the d(z) variations,
the AP test effectively serves the same role as an
H(z) measurement at high redshift. The Lya forest
and redshift surveys of Lyman-break galaxies both
offer possible routes to inferring these quantities at
the few percent level (Weinberg et al., 1997; Hui
et al., 1999; McDonald and Miralda-Escudé,
1999; McDonald, 2001; Blake and Glazebrook,
2003; Seo and Eisenstein, 2003; Weinberg et al.,
2003), though it is not yet clear that systematic er-
rors in these approaches can indeed be controlled
to this level of accuracy.

The experiment in Fig. 3 is similar to that car-
ried out by Kujat et al. (2002). If my conclusions
here seem a bit more optimistic, it is mainly be-
cause I have zeroed in on the subset of models
for which time variation of w is easiest to detect,
and partly because the prospect of a wide-field
imager in space makes the idea of percent-level
distance measurements seem worthy of serious
discussion, not simply pie in the sky. Note also
that Fig. 3 is restricted to flat models. Evidence
for strong time-variation of w would be surpris-
ing enough that one would want to consider
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observationally allowed values of Xk 6¼ 0, thus
giving more freedom to reproduce the data with
a constant-w model.
3. Considerations for a space-based dark energy

experiment

The discovery of dark energy has profound
implications for cosmology and particle physics,
even if we do not yet understand what all of those
implications are. A demonstration that the dark
energy density has changed over time (i.e., that
w 6¼ �1) would be an achievement of comparable
magnitude. A precise measurement of w would
rule out many models of dark energy and provide
a clear target for predictive models that might
emerge from fundamental physics. A demonstra-
tion that the effective value of w has changed with
time would be much more remarkable still, elimi-
nating most models and providing a strong clue
to the physics of dark energy.

While w = �1 has history on its side, it has no
particular claim to physical plausibility in the ab-
sence of a successful theory of fundamental vacuum
energy. I thus see no reason to conclude that w is
likely to be �1 just because current data are consis-
tent with this value, and improved observations
that restricted it to, say, w = �1.0 ± 0.1 would
not change this situation. If jw + 1j is �0.15 or
more, then there are good prospects for detecting
this departure with the few percent level of preci-
sion that can be obtained by ground-based experi-
ments, especially as different approaches can
provide complementary constraints and indepen-
dent tests (Fig. 2). However, a demonstration that
w = �0.95 would be just as profound as a demon-
stration that w = �0.85, and a demonstration that
w = �1.05 would be still more striking, implying
physics even weirder than that we are currently
forced to accept. The level of precision and control
of systematics required to detect such small depar-
tures fromw = �1 can only be achieved from space.

Detecting time-variation of w would almost cer-
tainly require a space-based investigation, since the
complementarity of different methods is largely
lost, and the measurements must probe the largest
possible redshift range to achieve maximum lever-
age. Even with the capabilities of a mission like
SNAP or DESTINY, I think one must deem a
convincing detection of time-variation unlikely,
because for slow variations there will always be a
constant-w model that produces nearly identical
results over the redshift range where dark energy
is dynamically important. There is one class of
‘‘generic’’ models in which time variation is rela-

tively easy to detect: dark energy scales like matter
during the matter-dominated era and transitions
to a constant density when Xm falls significantly
below one. However, even in this class the transi-
tion must occur quickly and at low redshift to be
observable.

Because I consider a detectable value of jw + 1j to
be a priori muchmore plausible than a detectable le-
vel of time-variation, I think that one should not
sacrifice precision on the former to gain leverage
on the latter. If one assumes that supernova distance
measurements in redshift bins at z 6 1 will be lim-
ited by systematic uncertainty rather than by statis-
tics, then there is no reason not to pursue higher
redshift objects in the quest for time variability. This
is the attitude of the SNAP team, and it seems to me
entirely reasonable. However, if cost constraints
force consideration of a descoped mission, then
the choice between precision on w and leverage on
time-variation may become unavoidable.

The very fact that a space-based dark energy
mission will be much more capable than any
ground-based experiment raises the stakes, since
any discovery made by this mission would be unre-
peatable for many years to come. Everyone will
have slightly different views on what statistical
confidence level is needed for an ‘‘interesting’’ re-
sult on dark energy. In my view, satisfying evi-
dence for w 6¼ �1 would require one result with
>3r significance or two consistent results with
>2r significance, along with convincing tests for
systematic effects. Time-variation of w demands a
higher standard because of its lower prior proba-
bility, maybe one >4r result or two >3r.

To my mind, the great advantage of the SNAP
concept for a dark energy mission relative to the
DESTINY concept is that the Type Ia supernova
experiment and the weak lensing experiment look
capable of achieving similar statistical precision,
with largely independent systematic uncertainties.
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With DESTINY, there is no obvious backup
method that comes close to the precision of the
supernova search, making it harder to show that
an unexpected result on dark energy is actually
correct. The comparison is not entirely fair, since
DESTINY would likely be much less expensive
than SNAP, and it is no surprise that it has nar-
rower scope. Either of these missions would be a
great step forward in our efforts to unravel the
most intriguing cosmic mystery of our time, and,
as we heard throughout this workshop, either
would enable a vast array of other fascinating
investigations.
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Abstract

The accelerating expansion of the Universe is one of the most surprising and potentially profound discoveries of
modern cosmology. Measuring the acceleration well enough to meaningfully constrain interesting physical models
requires improvements an order of magnitude beyond on-going and near-term experiments. The Supernova/Accelera-
tion Probe has been conceived as a powerful yet simple experiment to use Type Ia supernovae and weak gravitational
lensing to reach this level of accuracy. As fundamentally different causes for the acceleration map into very small dif-
ferences in observational parameters for all relevant cosmological methods, control of systematics is especially impor-
tant and so has been built into the SNAP mission design from the very beginning.

Though focused on the study of the accelerating Universe, the overall SNAP instrument suite is quite general and
able to make unique contributions to a wide variety of astronomical studies. The baseline satellite consists of a 2-m
anastigmat telescope, with a 0.7 square degree focal plane paved with optical and NIR imaging arrays. Spectroscopy
can be obtained using a high-throughput low-resolution optical + NIR integral field spectrograph. The baseline science
programs will result in a 15 square degree ‘‘deep field’’ having temporal coverage every 4 days and summing to
mAB � 30.3 in all colors – to be used for discovery and follow-up of some 2000 Type Ia supernova in the range
0.1 < z < 1.7 – and a wide area survey spanning 1000 square degrees and reaching mAB � 27.7 in all colors – to be used
to measure the weak lensing power spectrum well into the non-linear regime. A panoramic survey covering 10,000
square degrees to mAB � 26.7 in all colors is also possible. This baseline dataset represents a gold mine for archival
astronomical research and follow-up with JWST, while guest observer survey programs will substantially broaden
the impact that SNAP will have.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

SNAP1 is a space telescope mission concept
aimed at measuring the time variation in the equa-
tion of state of the dark energy responsible for the
accelerating expansion of the universe. SNAP ini-
tially focused on the use of Type Ia supernovae
as a means of measuring the expansion history of
the universe through the luminosity–distance rela-
tion. However, the SNAP instrument suite proved
to be quite generic, allowing, for example, the
inclusion of gravitational weak lensing as another
means of constraining the properties of dark en-
ergy. Indeed, SNAP�s very powerful wide-field im-
ager and the interest in using it for complementary
science has in many ways motivated and shaped
this ‘‘Wide-Field Imaging from Space’’ conference.
2. Cosmology with supernova from the ground and

space

Before looking at the exciting discoveries that
SNAP holds for the future, it is worthwhile to con-
sider recent past and on-goingwork to constrain the
nature of dark energy. In the six years since the dis-
covery of the accelerating expansion of the universe,
a wealth of new observations have confirmed and
further refined the initial discovery. In concert with
newer data from Type Ia supernovae (including
constraints on flatness from the CMB and on XM

from large-scale structure and clusters), the statisti-
cal significance of the acceleration is now>10r. Just
as importantly, the equation of state of the dark en-
ergy is now constrained to be w < �0.7 (assuming
the equation of state is constant).
1 snap.lbl.gov; see also (Aldering et al., 2004).
Space-based observations have played an
increasing role in cosmological measurements of
Type Ia supernovae. This is simply due to the
much smaller sky noise present in a point-source
photometry aperture in space compared with the
ground – especially at redder optical wavelengths.
The discovery papers (Perlmutter et al., 1999;
Riess et al., 1998) contained just four supernovae
measured with HST. Samples totaling 39 Type Ia
supernovae, segregated into early, middle and late
host-galaxy morphologies from an HST Snapshot
survey, were shown to support an accelerating
expansion (Sullivan et al., 2003). Precise correc-
tions for dust extinction of 11 more supernovae
made possible by accurate HST photometry were
shown to support the accelerating expansion and
provided tighter constraints on the dark energy
equation of state (Knop et al., 2003). A sample
of high-redshift supernovae reaching z � 1.6 has
shown that the supernovae follow the transition
from deceleration to acceleration expected as the
universe goes from matter domination to dark en-
ergy domination (Riess et al., 2004; Knop et al.,
2003; Tonry et al., 2003). These space-based mea-
surements have significantly bolstered both the
case for dark energy and the efficacy of Type Ia
supernovae as distance indicators. Accordingly,
today the most precise and highest-redshift super-
nova measurements – several dozen so far – are
most often obtained with HST.

An example of the state of the art in space-
based supernova cosmology is a joint endeavor
involving the Supernova Cosmology Project
(SCP2) and the Higher-Z Supernova Search Team
(HZSST) which around the time of this conference
was conducting a search spanning four epochs,
2 supernova.lbl.gov.

http://snap.lbl.gov
http://supernova.lbl.gov
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each covering 15 pointings covering the northern
GOODS field. The searches are separated by 45
days – roughly equal to the time from explosion
to maximum light in the restframe of z > 1 Type
Ia supernovae. The search uses the Advanced
Camera for Surveys (ACS) with the 850 nm
long-pass filter in order to reach redward of the
restframe UV cut-off exhibited by Type Ia super-
novae. A short exposure in the F775W filter is
added in order to reject some fraction of Type II
supernovae, which in the first 10 days have much
more UV flux than Type Ia supernovae. The depth
of the GOODS field at optical (HST) and infrared
(ground-based) wavelengths means that photomet-
ric redshifts are known for many supernova host
galaxies. In addition, the galaxy colors at the loca-
tion of the supernovae provide a handle on
whether or not star-formation is likely to be ongo-
ing, which can help eliminate likely core-collapse
supernovae. All of this advance information is
used to help select one or two likely Type Ia super-
novae suitable for follow-up. Each team has three
target-of-opportunity triggers and 60 orbits for
near-infrared follow-up observations with NIC-
MOS and slitless spectroscopy with ACS. For
these searches each supernova lightcurve and its
associated search costs roughly 30 HST orbits
(see Fig. 1).
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Fig. 1. The most recent constraints on the dark energy equation o
assumed. Inner and outer contours delimit 68% and 99% confidence
Cosmology Project sample (Perlmutter et al., 1997, 1998, 1999; Knop
well-measured colors from HST. The next panel shows independent c
redshift survey (Percival et al., 2002). The third panel shows the results
panel shows the effect of the improved constraints on XM from the T
addition of supernovae from the Higher-Z Supernova Search Team (
At the time of this conference the SCP had net-
ted a probable z � 1.7 Type Ia supernova from the
first of the four search epochs. The discovery im-
age is shown in Fig. 2. Since then, several more
supernova have been found as part of this pro-
gram. Unfortunately, all of these supernovae have
just the bare minimum of data needed to place
them on the Hubble diagram, leaving little extra
information for testing for systematic effects in
the measurement. A satellite such as SNAP will in-
crease the number of such supernovae by orders of
magnitude, but will also have much higher data
quality and systematics controls (see Fig. 3).
3. Enabling better type Ia standardization

While Type Ia supernovae have shown tremen-
dous value in revealing the presence of dark en-
ergy and exploring its nature, we should be
concerned that this purely empirical technique
will reach a systematics floor. The single-parame-
ter light-curve width correction method (plus
extinction correction) reduces the scatter in Type
Ia supernovae at peak to somewhere in the range
0.10–0.15 mag (Tripp, 1998; Phillips et al., 1999).
However, there is nothing special about the phys-
ical conditions in a supernova when it appears its
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onstraints from WMAP (Spergel et al., 2003) and from the 2dF
of combining these independent measurements. The right-most
ype Ia supernovae in the deceleration epoch resulting from the
Riess et al., 2004).



–0.5          0.0          0.5           1.0          1.5          2.0
B-V B-V B-V

M
   

 a
nd

 M
B

   
   

   
   

V

–0.5          0.0          0.5           1.0          1.5          2.0 –0.5          0.0          0.5           1.0          1.5          2.0

–20

–18

–16

–14
1.5
1.0
0.5
0.0

–0.5

B
-V

–20

–19

–18

–17

–16

–15

–14

Restframe Days
–20 0 20 40 60 80 100

M
B

Restframe Days
–20 0 20 40 60 80 100

Restframe Days
–20 0 20 40 60 80 100

Fig. 3. Illustration of the CMAGIC Type Ia supernova standardization technique for three well-observed Type Ia SNe. The upper row
shows the B and V lightcurves, the middle row shows the B–V color curves, and the bottom row shows B versus B–V color. Classical
techniques (stretch, Dm15, MLCS) use the lightcurves and color curves versus time, whereas CMAGIC uses brightness versus color,
which has an amazingly linear region starting about a week after maximum light. (There is also a linear region at late times, during the
nebular phase.) The brightness when B–V = 0.6 is an excellent standard candle (Wang et al., 2003).

Fig. 2. Discovery image of a candidate z � 1.7 Type Ia supernova from a search of the HDF-N with HST by the SCP. The image on
the left is the reference image constructed from the GOODS program. The central panel shows the discovery image, obtained in one
HST orbit in the F850LP filter. The image on the right is the difference of the discovery and reference images, isolating the new
supernova. The redshift is based on photometric redshifts kindly provided by GOODS. HST F775W images and follow-up ACS slitless
spectra do not show blue light that would be expected if the supernova were of Type II.
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brightest. Indeed, a newly developed technique,
CMAGIC, standardizes Type Ia supernovae
using the color and magnitude roughly 15 days
after maximum, when the supernova reaches a
color of B–V = 0.6 (Wang et al., 2003). This
method has been shown to reduce the scatter to
below 0.10 mag. Thus, it is possible that Type
Ia supernovae are more homogeneous at a given
color rather than at a given lightcurve epoch.
Many more observations of nearby supernovae,
focusing on accurate colors with well-determined
uncertainties will be a great boon in improving
the standardization of Type Ia supernovae. By
lowering the remaining scatter, stronger limits
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are also set on any possible remaining systematics
in the Type Ia methodology.
4. From science objectives to project design

The objective of the SNAP mission is to provide
the best possible constraint on the time-evolution
of the dark energy equation of state. The only
demonstrated experimental techniques are astro-
nomical, and of these, the luminosity distance
from Type Ia supernovae is by far the most ma-
ture. Therefore, it was natural to design a mission
focused on supernovae, but as we shall see, the
resulting design is sufficiently general to perform
exceptionally well for gravitational weak lensing.

Pushing the Type Ia supernova method to its
limit requires thousands of supernovae spanning
a wide range in redshift. The present SNAP design
targets 2000 normal Type Ia supernovae from red-
shift 0.1 to 1.7. It is extremely critical that the pho-
tometry be of high quality continuously from low
to high redshift, not only to realize the statistical
power of the sample but to avoid introduction of
systematics errors (Kim et al., 2004). Due to the
increasing brightness of the terrestrial night sky
at redder wavelengths where higher redshift Type
Ia supernovae must be observed, coupled with
increasing atmospheric water absorption at redder
wavelengths, the necessary data quality can be ob-
tained only from space. The broad redshift cover-
age needed to control systematics further requires
detectors at both optical and infrared wavelengths.
Telescope optical design and spacecraft size and
mass constraints point to a dedicated 2-m tele-
scope3 with a field of view several hundred times
larger than that possessed by HST, populated with
visible and near-infrared detectors. Further, in or-
der to determine the supernova type, and possible
sub-class, a sensitive low-resolution spectrograph
is required. Systematics control enabled by spec-
trophotometric spectra, as well as allowance for
spacecraft pointing margin, call for an integral
field unit spectrograph.
3 For diffraction-limited photometry of faint point sources,
exposure time goes as the 4th power of the telescope aperture.
5. The power of weak lensing from space

Gravitational weak lensing measurements
have become increasingly robust over the past
decade. Long viewed as a means of constraining
XM, more detailed theoretical studies – several
developed within the SNAP collaboration – indi-
cate that precision weak lensing measurements
have the capability to place constraints on the
dark energy equation of state similar to those
possible with Type Ia supernovae. In particular,
weak lensing cross-correlation cosmography –
measuring the association between foreground
template mass distributions and background
weak lensing shear using galaxies located using
photometric redshifts – appears to be the most
powerful weak lensing approach (Bernstein and
Jain, 2004).

Atmospheric turbulence results in poor spatial
resolution for high-redshift galaxies observed from
the ground. Furthermore, ground-based telescope
and camera optics are far from being diffraction-
limited. So great care must be taken in removing
the effects of seeing, tracking errors, and optical
aberrations. Stars provide the reference for remov-
ing these effects, but the number of usable stars is
limited, due to both the limited size of the isopla-
natic patch within which seeing is correlated and
difficulty in distinguishing the few stars from the
large number of galaxies at faint magnitudes. Er-
rors in these corrections set a limit on the quality
that ground-based weak lensing will be able to
achieve.

In comparison, space-based wide-field observa-
tions resolve many more sources and the remain-
ing corrections for tracking and telescope
aberrations are much smaller relative to the sizes
of the sources. Fig. 4 illustrates the dramatic gain
in the number of resolved galaxies in going from
ground- to space-based observations. Moreover,
in contrast to HST, SNAP will be placed in a sta-
ble thermal environment so that any corrections
can be determined using many spatially uncorre-
lated images. Moreover, the deep optical and
infrared photometry from SNAP will provide
high-quality photometric redshifts as needed to
implement the cross-correlation cosmography
method. Therefore, SNAP can provide excellent
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Fig. 4. Measurements of the sizes of galaxies versus magnitude (Gardner and Satyapal, 2000), illustrating the large reservoir of faint,
distant galaxies which can be spatially resolved from space but not from the ground.

Fig. 5. Individual constraints on the dark energy equation of state and its derivative from the SNAP Type Ia SN program and the
weak gravitational lensing program, demonstrating the comparable and complementary power of these two methods when executed
with SNAP.
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weak lensing data for constraining changes in the
dark energy equation of state (Rhodes et al.,
2004) (see Fig. 5).
6. SNAP instrument concept

In detail, the SNAP telescope design is a three-
mirror anastigmat with a 2-m primary mirror
(Lampton et al., 2002b). The optics are silver-
coated to maximize the optical and near-infrared
throughput and minimize the thermal emissivity.
The imager consists of 0.34 square degrees paved
with red-sensitive CCDs and a scale of 0.1000/pixel,
and 0.34 square degrees paved with HgCdTe near-
infrared detectors with a scale of 0.1800/pixel
(Lampton et al., 2002a). The sizes of the detectors
are identical and those made of HgCdTe have a
long-wavelength cutoff which reduces the dark
current (and sensitivity to thermal emission).
These features allow the CCD and HgCdTe
Fig. 6. Left: Layout of the SNAP optical telescope assembly (OTA) (L
by the cone), electronics, and passive radiator are shown. Right: Layo
visible detectors populate a single focal plane. Each detector has its ow
SNAP passes over a field, each location is observed in all filters. The S
and is fed by an IFU in the imaging focal plane (Prieto et al., 2002). D
focus and calibration are also integrated into the focal plane.
detectors to be mounted in the same focal plane,
simplifying the imager construction, mounting,
and alignment. Each detector has its own filter,
so a large filter wheel which would otherwise be
needed is avoided. Detailed simulations show that
photometry of sufficient quality and redshift range
is not possible from the ground even under opti-
mistic assumptions (see Fig. 6).

The SNAP spectrograph has a prism as its
dispersing element, providing resolution R � 100
across optical and near-infrared wavelengths
(Prieto et al., 2002). Higher resolution is unneces-
sary due to the velocity broadening intrinsic to
the spectra of Type Ia supernovae. Again, the
optical detector is a red-sensitive CCD while the
near-infrared detector is HgCdTe with a long-
wavelength cut-off near 1.7 lm. The spectrograph
is fed by an image slicer integral field unit. The field
is 600 · 300, with the latter dimension being divided
into 40 slices. Detailed simulations show quite dra-
matically that spectroscopy of comparable quality
ampton et al., 2002b). The telescope, shutter, camera (shielded
ut of the SNAP focal plane (Lampton et al., 2002a). NIR and
n filter. The filters (and hence detectors) are laid out so that as
NAP spectrograph is mounted behind the imaging focal plane,
etectors for guiding populate each quadrant, and projectors for



Table 1
Nominal parameters of the SNAP surveys

Survey mode Areal coverage
(square degrees)

Depth
(AB Mag)

Resolved galaxy
surface density (# arcmin�2)

Number of resolved
galaxies

Deep SNe 15 30.3 250 107.0

Wide 300–1000 27.7 100 108.5

Panoramic 7000–10000 26.7 40–50 109.0
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is not possible from the ground, even with a 30 m
telescope with adaptive optics.
7. Conclusion

The nature of dark energy is a fundamental
question, which astronomical observations can
address. Type Ia supernova and weak lensing
are the most powerful techniques yet developed
for studying dark energy. Reaching the requisite
statistical and systematics accuracy with these
techniques requires a widefield imager in space.
SNAP represents a very advanced concept for
such a widefield imager, having an instrument
suite which is both powerful and versatile. Table 1
details this power for the Type I supernova sur-
vey, a nominal wide-field weak lensing survey,
and a possible panoramic weak lensing survey.
The planned dark energy program for the Joint
Dark Energy Mission (JDEM) will produce a
treasure trove of data for archival study. Guest
Observer programs that could further exploit
such a powerful instrument are envisioned in
the JDEM concept. The following conference pre-
sentations describe many of the scientific lines of
inquiry which would be greatly advanced with a
facility such as SNAP.
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Abstract

The Dark Energy Space Telescope (DESTINY) is an all-grism NIR 1.8 m survey camera optimized to return richly
sampled Hubble diagrams of Type Ia and Type II supernovae (SN) over the redshift range 0.5 < z < 1.7, for determin-
ing cosmological distances, measuring the expansion rate of the universe as a function of time, and characterizing the
nature of the so-called ‘‘dark energy’’ component of the universe. SN will be discovered by repeated imaging of a
7.5 square-degree area located at the north ecliptic poles. Grism spectra with resolving power k/Dk = R � 75 will pro-
vide broad-band spectrophotometry, redshifts, SN classification, as well as valuable time-resolved diagnostic data for
understanding the SN explosion physics. This methodology features only a single mode of operation with no time-
critical interactions, a single detector technology, and a single instrument. Although grism spectroscopy is slow
compared to SN detection in any single broad-band filter for photometry, or to conventional slit spectra for spectral
diagnostics, the multiplex advantage of being able to observe a large field-of-view simultaneously over a full octave
in wavelength makes this approach highly competitive.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The startling discovery that the expansion rate
of the universe is accelerating rather than slowing
with time was made through the construction of
Hubble diagrams of the distances and redshifts
to a sample of relatively low-redshift SN Ia (Riess
et al., 1998; Perlmutter et al., 1999). Identifying the
driver of this acceleration, presumed to be some
form of ‘‘dark energy,’’ has motivated no shortage
of observational programs to provide a richer, and
presumably revealing, description of the expansion
history of the universe. SN Ia observations will
continue to play a leading role in this task, and
several ground-based observational programs are
now underway that should provide over an order
or magnitude gain in the richness of the SN Ia
Hubble diagram at low redshift. At the same time,
it is clear that knowledge of the past Hubble flow
must extend to higher redshifts than can be ex-
plored by ground-based SN Ia observations, in or-
der to offer any serious constraints on the dark
energy equation of state (Linder and Huterer,
2003). Observation of SN Ia at z > 0.8 essentially
requires a space telescope with near-IR (NIR)
instrumentation.

The case for a space-based dark energy probe
has already been made strongly by the team that
has been developing the SNAP mission concept
(Aldering et al., 2004), of course. This in turn
has motivated the Joint Dark Energy Mission
(JDEM) concept, in which both NASA, and
the Department of Energy would partner to de-
velop and operate a such a facility. As part of
this process, however, NASA issued a call under
its ‘‘Beyond Einstein’’ program for competitive
ideas for JDEM; we proposed DESTINY (the
Dark Energy Space Telescope) in response to
this call.

The DESTINY concept is defined by the fol-
lowing precepts: (1) Do only from space what must

be done from space. This means, as above, focusing
only on high-z SN and the NIR instrumentation
required to provide accurate distances and red-
shifts; leave the low-z SN and weak-lensing to
ground-based programs. (2) Build on the work

likely to be done prior to the launch of JDEM.

The dark energy problem is of such criticality that
the required low-z work indeed is already being
pursued and should be close to maturity by the
time that JDEM can be launched. (3) Spectra are

critical to obtaining SN redshifts and classification,

as well as probing the explosion physics. Obtaining
SN spectra to follow-up the SN imaging detections
and photometry has been the ‘‘bottle-neck’’ that
most strongly limits existing SN surveys. DES-
TINY, however, would obtain spectra of all SN
events at all times throughout its field-of-view.
Such spectral coverage not only addresses the need
for SN redshifts and classification, but offers sub-
stantial advantages over programs that can obtain
only one SN spectrum per SN event. (4) Keep it as

simple as possible. ‘‘Better’’ is the enemy of ‘‘good
enough.’’ Not only is the DESTINY instrument
design simple, but mission operations would also
minimize complexity.

DESTINY will provide observational data at
the high redshift, 0.5 < z < 1.7, end of the SN Ia
Hubble diagram. A key aspect of our approach
is to coordinate the space-based observations with
a vigorous ground-based effort to hone the SN Ia
Hubble diagram at low redshifts. One example of
such an observational program is the ESSENCE
project at CTIO, co-led by one of us (N.S.), to find
and measure 200 SN Ia in the redshift range
0.15 < z < 0.7. Part of our study will be to design
an intensive follow-up program specifically tied
to the DESTINY observing strategy that will pro-
vide full redshift coverage out to z � 1.7 and to
cross-calibrate the photometric data in the over-
lapping redshift range between 0.5 < z < 1. Our
SN Ia results will also be combined with large-
scale structure and lensing studies directed at
exploring the nature of dark matter and dark en-
ergy, such as 2dFGRS (Percival et al., 2002) or
those being considered for LSST and future Gem-
ini instrumentation. From the DESTINY observa-
tions, we will obtain time-resolved grism spectra of
all supernovae in our survey fields. Thus we will
gather large datasets on both SN Ia and SN II
events (plus other rarer SN types). We will make
use of the SN II data in order to provide indepen-
dent luminosity-based distance measurements
(Hamuy and Pinto, 2002). While at this time the
use of SN II as distance indicators is considerably
less mature than the SN Ia methodologies, we will
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obtain rich SN II datasets for no extra mission
cost. We can thus be prepared to capitalize on
the state-of-the-art SN II methodology at mission
time.
2. The DESTINY concept

DESTINY is a 1.8-m aperture, grism-mode
imaging system operating over the 0.9–1.7 lm
bandpass. The telescope is a three-mirror anastig-
mat with a rectangular field of view (FOV) of
0.25 · 1� feeding a 6K · 24K mosaic of hybridized
HgCdTe Rockwell H-2RG focal plane arrays. The
pixel scale is �0.1300. The mission will focus on
detecting and characterizing SN Ia and SN II at
redshifts z > 0.5, which are increasingly difficult
to study from the ground for z > 0.8; despite the
emphasis on the truly high-z SN, we will have sub-
stantial overlap with ground-based observations.
We will combine our results with complementary
ground-based surveys, some of which are already
underway under the direction of our team mem-
bers. The survey design also reflects well-grounded
predictions for the number of objects that we will
detect and their redshift distributions. Our goals
in this mission concept study are to achieve the sci-
ence objectives with high efficiency, while minimiz-
ing instrumentation requirements, operating
modes, telemetry, costs, and complexity. DES-
TINY contrasts with SNAP (Aldering et al.,
2004) in the following ways: it (1) eliminates one
detector technology and reduces the total pixel
count by a factor of four; (2) eliminates the need
for a separate spectrograph; (3) restricts the num-
ber and complexity of operational modes; (4) re-
duces the required simultaneous FOV; (5) uses
on-board processing to reduce telemetry require-
ments; and (6) eliminates the need for separate
spectroscopic observations of transient targets.

We employ an academic/industry/national cen-
ter partnership. There are significant and meaning-
ful roles to be played by NASA, DoE, and NSF
supported institutions in the DESTINY concept.
In general, NASA funding will be used to con-
struct the observing facility and launch it; DoE
funding will be used for mission operations, flight
software development, and data storage; NSF
funds will be used to support the ground-based
coordinated observing program. DESTINY pro-
vides an excellent opportunity for synergistic inter-
agency cooperation toward a common scientific
goal that leverages expertise and experience of
each agency.
3. The survey design

The design of the grism survey is dictated by the
basic exposure sequence, plus the need to resample
the survey area at regular intervals to track the
luminosity evolution of the SN events. The fiducial
exposure time is 4 h for each 0.25 square-degree
DESTINY field. Exposures of this length are
advantageous; the spacecraft pointing would be
fixed during this time, minimizing the overhead
associated with acquiring guide stars, repointing,
etc. By minimizing such overheads, and adopting
an orbit (at Sun–Earth L2) that allows continuous
observation of the survey area at an ecliptic pole,
1.5 square-degrees can be imaged per day. Because
our proposed mission focuses on SN Ia at z > 0.5,
the corresponding time dilation eases the cadence
of repeat visits over that required for a mission that
also observes SN Ia at low redshifts. Our initial
expectation, based on Monte Carlo simulations
of z > 0.5 SN light curves for LSST, is that a 5-
day sampling interval is sufficient. The implied to-
tal survey area is thus 7.5 square-degrees composed
of 30 separate fields. Adopting a local SN Ia rate of
5.2 · 10�5 Mpc�3 yr�1 (Tonry et al., 2003), for
X0 = 1, XK = 0.7, and H0 = 72, then �2500 SN Ia
within 0.5 < z < 1.7 should be observed in a nomi-
nal two-year mission, assuming that aside from
time dilation, the supernovae rate does not evolve
significantly with lookback time. At z = 0.5, �150
SN Ia are expected in a z = 0.1 bin in two years.
The yield reaches �230 events at z = 1.0, declining
only slightly to �190 events at z = 1.7. A two-year
mission should thus yield a Hubble diagram
accurate to 1% on the Dz = 0.1 scale, given the
0.1 mag dispersion in SN Ia peak luminosity, after
correcting for the lightcurve decay rate. For w con-
stant with z, Linder and Huterer Linder and Hu-
terer (2003) show that rw < 0.05 should be readily
achieved. Allowing for the possibility that w varies
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Fig. 1. S/N ratios per spectral pixel (60 Å) are shown for SN Ia
spectra at redshifts 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6. A 4-h
exposure is assumed. The template spectrum corresponds to the
time of peak luminosity.
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with z, covariance between w0 and w 0 makes the
errors on each a strong function of the limiting
redshift of the survey. With SN Ia observations
limited to z < 0.7, it is essentially impossible to sep-
arate the two terms. With observations over
0 < z < 1.7, and a Hubble diagram accuracy
quoted above, the 1r error in w0 is �0.05, with a
corresponding error in w 0 of �0.2.

The traditional approach to photometric obser-
vations of a distant SN is to obtain a time series of
broad-band images through several different filters
over its lifetime. Photometry in any filter at any
epoch is measured by fitting a point-source model
to the light of the SN left over after a reference im-
age of its host galaxy has been subtracted. This
procedure is straightforward and is optimal, if
the overall goal is limited to the detection and pho-
tometric observation of SN Ia events in a single

band. A complete scientific program to obtain a
calibrated Hubble diagram of cosmologically dis-
tant SN events, however, additionally requires that
spectra be obtained of the SN candidates to cull
SN Ia events from other SN types, to obtain the
redshift of the SN (or their host galaxies), as well
as to obtain other potentially useful spectral diag-
nostics. Accurate use of the broad-band photome-
try also requires deriving complex k-corrections to
correct for the fact the SN Ia occur over a wide
range of redshifts but are observed in fixed filter
bandwidths. Lastly, the program design must re-
flect a temporal cadence for observing a large en-
ough area of the sky within a short enough time
span to achieve a statistically interesting sample
of SN Ia.

Our approach is to meld the spectroscopy and
photometry into a program of spectrophotometric
grism observations. While it is obvious that the
observing time required to obtain a given S/N
cratio by integrating over any single band within
the grism spectrum will be substantially longer
than that required to obtain a satisfactory image
through an equivalent broad-band filter, a simple
analysis suggests that the total time required to ob-
tain a complete suite of multiple-band observa-
tions and spectra with a grism camera allows for
a competitive and completely adequate survey to
be conducted. If one factors in simplicity of the
instrument and its operational modes, then we be-
lieve that this can be a superior approach. We
sketch this out below.

The grism is specified to have R = 100 at
�1.2 lm, an implied spectral scale of 60 Å/pixel.
The survey area will be located at the north ecliptic
pole to minimize zodiacal background; the space-
craft orbit and baffling design will minimize other
external background sources such as earthshine or
scattered sunlight. The total background is thus
the integral of the zodiacal light over the bandpass
plus the dark current of the detector. We use the
ecliptic pole zodiacal background as a function
of wavelength provided by Giavalisco et al. Gia-
valisco et al. (2002). For reference, bracketing
values of the background are fk = 1.81 · 10�22 erg
s�1 cm�2 lm�1 arcsec�2 at 0.5 lm, dropping to
fk = 1.26 · 10�23 at 2.2 lm. With an assumed total
DQE = 50%, and a detector dark current of
0.1 e�1 s�1 pixel�1, the total (detected) back-
ground is 0.55 e�1 s�1 pixel�1. In Fig. 1, we calcu-
late S/N per spectral bin in 4-h exposures for SN
Ia at various redshifts, assuming X0 = 1, XK =
0.7, and H0 = 72. The input spectrum is a theoret-
ical model of an SN Ia at peak luminosity (Nugent
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et al., 2002). We also assume that at redshifts
z > 1, the host galaxies will be compact and
dominated in the grism images by the zodiacal
background, and that at lower redshifts the host
galaxy will dominate. The strong absorption fea-
ture is the Si II 6150 Å line, which is a type Ia diag-
nostic, and will be used to provide the SN redshift.
R � 75 resolution is clearly adequate to character-
ize the broad spectral features. At the highest red-
shifts, one can smooth the spectra to boost the S/N
over that shown. Time dilation also allows us to
co-add spectra from multiple visits, while main-
taining the same time resolution as z � 0.5 events.
We conclude that a 4-h exposure with the pro-
posed instrument is about right for obtaining the
needed spectral information.

As a ‘‘proof of concept,’’ we note that the HST/
ACS grism mode has already been used to observe
SN Ia at z > 0.5 (Blakeslee et al., 2003).

Fig. 2 shows an HST/ACS grism spectrum of
an SN Ia at z � 1.3 (kindly provided by Adam
Riess) obtained in 4 h. The broad features in the
spectrum are well matched by an SN Ia template
spectrum; the same features are not seen in a 4-h
Torngasek at z~1.3

3000 3200 3400 3600 3800 4000 4200 4400
rest wavelength

0

5.0•10-20

1.0•10-19

1.5•10-19

2.0•10-19 Keck 4 hours

ACS grism 4 hours

Fig. 2. Spectra on an SN Ia at z � 1.3, comparing 4-h
exposures with the Keck (top) and HST/ACS grism (bottom).
A template spectrum is also shown fitted to both observations.
(Figure kindly provided by Adam Riess.)
spectrum of clearly poorer quality obtained with
the Keck telescope. Simply integrating the grism
spectra over broad wavelength intervals provides
broad-band photometry. The wavelength coverage
of 0.9 lm < k < 1.7 lm can be roughly divided into
4 contiguous R � 5 bands.

Fig. 3 shows the resulting S/N in these bands.
Given the native dispersion in the peak luminosity
of SN Ia of 0.1 mag, again 4-h exposures are suf-
ficient to obtain adequate broad-band photometry
at all redshifts. In practice the intervals of the
bands would track the SN Ia redshift, completely
eliminating the need for k-corrections. The time
required to obtain a given S/N for the bandpasses
shown in Fig. 3 can be compared directly to that
required for traditional direct images obtained in
the same R = 5 bands. Intriguingly, while the
grism is on average �4· slower, since one obtains
all four bands in a single exposure, a grism
camera is roughly equivalent to the traditional
approach of imaging the field in one filter at a
time.

The dataset collected by DESTINY will also be
profoundly valuable, at no additional mission
Fig. 3. S/N in 4 R = 5 continuous bandpasses. The grism
spectra shown in Fig. 1 have been integrated to produce broad-
band spectrophotometry. As before results are shown for
redshifts 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 top-to-bottom.
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cost, for a wide range of other interesting prob-
lems, many of which represent parallel investiga-
tions into the nature of dark energy. After 2
years, we will have NIR R � 75 time-sampled
spectra for all objects in a 7.5 square-degree region
of sky. Total exposure time will be 500+ hours,
with implied 5r depths in R = 5 broad bandpasses
of 10 nJy. Of particular interest for investigating
dark energy, we should be able to identify and
characterize rich clusters of galaxies at z > 1.
Forming galaxies at z > 5 as well as nearby brown
dwarfs should also be readily detected.
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Abstract

I describe how acoustic oscillations imprinted into the late-time correlations of galaxies by baryonic physics at the
epoch of recombination can be used as a cosmological standard ruler. Measurements of this length scale by large galaxy
surveys would allow us to compute the angular diameter distance to and Hubble parameter at the redshifts of the sur-
vey. This in turn offers a robust way to measure the acceleration of the universe. I briefly present calculations of the
statistical performance from baseline surveys; full details of the methods and results are available in Seo and Eisenstein
[ApJ, 598 (2003) 720]. I discuss the advantages and disadvantages of the acoustic oscillation method relative to other
dark energy probes.
� 2005 Published by Elsevier B.V.
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1. General remarks

The unexpected late-time acceleration of the
expansion of the universe (Riess et al., 1998;
387-6473/$ - see front matter � 2005 Published by Elsevier B.V.
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Perlmutter et al., 1999) ranks as one of the top
problems in modern cosmology and physics.
Sorting between the myriad proposed solutions
will require observations of very high precision,
as the differences under debate are typically at
the percent level (see Fig. 1). The possibility of
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systematic error, due to the considerable level of
precision required, the level of theoretical model-
ing for interpretation, and/or the need to com-
pare observations at very different redshifts,
leads us to seek multiple high precision probes
of the cosmological expansion.

Baryonic acoustic oscillations imprinted into
the galaxy power spectrum offer a new route to
the measurement of dark energy (Eisenstein
et al., 1998; Eisenstein, 2003; Blake and Glaze-
brook, 2003; Linder, 2003; Hu and Haiman,
2003; Seo and Eisenstein, 2003). Prior to the epoch
of recombination, the enormous pressure of the
cosmic microwave background (CMB) photons
opposes cosmological collapse, leading to the
establishment of acoustic modes (Peebles and
Yu, 1970). When the baryons and electrons com-
bine into atoms, the photons are released from
the plasma, but both components are left in a per-
turbed state with a preferred length scale, namely
the distance that a sound wave could travel in
the age of the universe to that point. In the case
of the photons, the acoustic mode history is man-
ifested as the high-contrast Doppler peaks in
today�s temperature anisotropies (e.g., Bennett
et al., 2003). However, the baryons are left in a
Fig. 1. The relative change in the angular diameter distance DA

and the Hubble parameter H(z) for models with w 6¼ �1, as
compared to one with w = �1. Here, we hold the quantities
Xmh

2 and the angular diameter distance to z = 1000 fixed, as
these leave the CMB sky nearly unchanged. Distinguishing
w = �0.9 from w = �1 requires percent-level precision. Note
the considerable value that a very high precision measurement
of H0 would have!
similar state that, when mixed with the non-oscil-
lating cold dark matter perturbations, leaves a
small residual imprint in the clustering of matter
at late times (see Eisenstein and Hu, 1998 for more
discussion of this). Fig. 2 shows the resulting low-
redshift power spectrum as a function of baryon
fraction.

The preferred length scale of the acoustic oscil-
lations, roughly 140 Mpc with overtones, depends
only on the time scales of the early universe and
the speed of sound in the baryon-photon plasma.
Both of these can be measured to high precision
from the details of the acoustic peaks in the
CMB. With this, one can compute the length scale
to better than 1% accuracy. The remaining prob-
lem is to measure it at low redshift.

In recent times, the oscillations appear as a faint
set of wiggles in the power spectrum. The features
are best measured at wavenumbers between
k = 0.05 and k = 0.30h Mpc�1 Fig. 2. On smaller
scales, the amplitude is sharply reduced due to Silk
damping. Hence, one requires surveys that can
measure structure on 50 Mpc scales to very high
accuracy. This pushes one to surveys with sizes
of order 1 Gpc3 and a million galaxies (Eisenstein,
2003).
Fig. 2. The linear-regime matter power spectrum as a function
of baryon fraction. Pure cold dark matter produce smooth
power spectra, such as the top line. As baryons are added at
fixed Xm, the strength of the acoustic oscillations increases and
there is an overall suppression of power on small scales. From
Eisenstein and Hu (1998).



Fig. 3. The matter power spectrum for an Xm = 0.3,
Xb = 0.045, h = 0.7 cosmology divided by the power spectrum
for the same model but with Xb = 0. The acoustic oscillations
are clearly visible. Overplotted are the predicted statistical
errors (Tegmark, 1997) for a redshift survey at z = 3 covering
150 square degrees and 5 · 108h�3 MPc3 with 500,000 galaxies.
The resulting number density of such galaxies is comparable to
that of the Steidel et al. (1996) sample. At the bottom is the
linear regime reach for galaxy surveys at different redshifts,
along with the CMB satellites WMAP and Planck.

Fig. 4. The predicted 1–r fractional errors on the Hubble
parameter H(z) and the angular diameter distance DA(z) from
the fiducial surveys. The improvement as one goes to larger
redshift is a combination of being able to use higher harmonics
of the acoustic oscillations because of the receding non-linear
structure scale and the variations in the assumed survey
volumes. The key point is that high precision is possible, given
large enough surveys. From Seo and Eisenstein (2003).
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One measures the oscillations along and across
the line of sight as preferred scales in redshift and
angular separations. Taking the ratio of these to
the known physical scale allows one to measure
the Hubble parameter H(z) and the angular diam-
eter distance DA(z), respectively, where z is the red-
shift of the survey (Eisenstein, 2003). Unlike the
Alcock and Paczynski (1979) method, we know
the length of the standard ruler, and so we can
measure these two quantities directly rather than
merely the product H�1DA.

In Seo and Eisenstein (2003), we presented cal-
culations of the statistical precision available to a
set of fiducial galaxy redshift surveys. We consid-
ered the Sloan Digital Sky Survey luminous red
galaxy (Eisenstein et al., 2001) sample at z � 0.3
and two hypothetical higher redshift surveys:
1000 square degrees over the range 0.5 < z < 1.3
with 900,000 galaxies and 150 square degrees over
the range 2.5 < z < 3.5 with 500,000 galaxies. An
example of the type of power spectra that could
be extracted from such a survey is shown in
Fig. 3; one sees that the acoustic oscillations are
easily detected and their scale could plausibly be
measured. The resulting fractional precisions on
H(z) and DA(z) for these surveys are shown in
Fig. 4. We then propagated these measurements
to constraints on a dark energy model with equa-
tion of state w = w0 + w1z. These constraints and
those from a representative next generation super-
nova experiment are shown in Fig. 5.

Further details and results are described in Seo
and Eisenstein (2003). In addition Blake and
Glazebrook (2003), Hu and Haiman (2003), and
Linder (2003) present similar analyses. While these
works differ in certain aspects of methodology and
scope, I think that they are all essentially in
agreement.

Like any method, one must be wary of system-
atic errors that could affect the measurements. In
the case of galaxy clustering, the major astrophys-
ical issues are non-linear structure formation, red-
shift distortions, and galaxy clustering bias. All of
these affect the clustering of galaxies on very large
scales. However, none of them are show-stoppers
because the acoustic oscillations manifest them-
selves as a preferred scale or equivalently as a har-
monic sequence in power. Non-linear structure,
redshift distortions, and bias do not treat
100h�1 Mpc differently from 90 or 110; their natu-
ral scales are much smaller, e.g., the size of the



Fig. 5. The constraints on the dark energy equation of state
model w0 + w1z when perturbing around a fiducial model of a
cosmological constant. Shown are the results from the galaxy
surveys (also including a Planck-style CMB experiment), from a
supernova experiment, and from a combination of all. The
supernova experiment was assumed to produce 1% errors in DA

for 16 independent redshift bins from z = 0.05 to 1.7, with a 5%
overall uncertainty in the distance scale (i.e., H0). Given that
this reflects a relative calibration between low and high redshift
of better than 0.01 mag, we feel that this is a good represen-
tation of a SNAP-level supernova experiment (Aldering et al.,
2002). For the cosmological constant fiducial model, the
supernova measurements are outperforming the galaxy surveys,
although the combination is helpful. Fiducial models with
w > �1 produce smaller errors for both experiments, with a
more favorable outcome for the galaxy survey. From Seo and
Eisenstein (2003).
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largest halos and infall regions. Therefore they will
affect the amplitude of the large-scale power spec-
trum, probably in a mildly scale-dependent way,
but they do not create or shift the oscillations. This
point was investigated numerically at z = 0 by
Meiksin et al. (1999) and we are now studying
higher redshifts (Seo and Eisenstein, 2004).

Imaging surveys using photometric redshift can
recover a portion of the acoustic oscillation signa-
ture (Seo and Eisenstein, 2003). Redshift precision
of only rz = 0.04(1 + z) (1 � r) is sufficient to keep
the acoustic oscillations in phase from the front of a
photo-z slice to the back. That means that one can
measure the angular diameter distance. However,
the errors per solid angle of sky are larger, so one
must cover 10–20 times more sky than the spectro-
scopic equivalent. Of course, such surveys are
within the reach and aspirations of facilities such
as Pan-STARRS (http://pan-starrs.ifa.hawaii.edu)
and LSST (http://www.lssto.org). Redshift preci-
sion of rz = 0.003(1 + z) is required to resolve the
acoustic peaks along the line of sight, soH(z) cannot
be measured directly with photometric redshift sur-
veys, although a grism could reach this level of red-
shift precision. Cooray et al. (2001) discuss the use
of photometric redshift surveys to constrain DA(z)
by other signatures in the angular power spectrum.
2. Sound in space?

As this was a meeting on wide-field imaging
from space, the question of whether the acoustic
oscillation method requires space is apropos. Of
course, at many redshifts, imaging (for the purpose
of detection and colors, not morphology) and
spectroscopy from the ground are straightforward.

However, there are some ways in which a space
mission could be of great benefit. Most obviously,
the redshift range between 1.4 and 2.0 is spectro-
scopically challenging from the ground due to the
lack of strong features in the optical window.
Recent ground-based work has had success at these
redshift (e.g., Steidel et al., 2004; Abraham et al.,
2004), but given that one needs of order a million
redshifts, the integration timesmight be prohibitive.

Less obvious, the spectroscopic demands are
large enough that preselection by photometric red-
shiftsmaybe required to select the rare high-redshift
luminous galaxies from the more numerous lower
redshift galaxies. For the redshift range between
1.2 and 2.0, this may require near-infrared imaging
data as the 4000 Å break shifts out beyond 1 lm.
Getting the requisite deep IR imaging over 1000s
of square degrees would certainly be easier in space.

One sees here that the advantage of space is par-
ticularly in the 1.4 < z < 2.0 redshift range. The
acoustic oscillation method, however, does not
require continuous redshift coverage. Whether or
not this redshift range is essential to the separation
of plausible dark energy models is an open ques-
tion. As the acoustic oscillation method is reaching

http://pan-starrs.ifa.hawaii.edu
http://www.lssto.org
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full form by z � 1.5, as the non-linear scale is
finally small enough to allow us to recover several
peaks, and dark energy is growing ever more subtle
at higher redshifts, it is possible that a concerted
effort at z = 2 is in fact the redshift of choice.

Slitless spectroscopy in space offers the possibil-
ity of huge multiplexing. Karl Glazebrook�s talk at
this conference described an ambitious plan in this
regard. With ground-based programs discussing
1000 square degrees as a difficult goal for the next
10 years, the idea of going to 10,000 square degrees
with a simple space mission may be compelling.

If one abandons spectroscopy in favor of pho-
tometric redshifts, near-infrared data is likely
invaluable for the redshift range between 1.2 and
2.5 if one is to reach the required 4% goal. The
panoramic option within the SNAP mission would
be phenominal for acoustic oscillation science, as it
would have complete photometric redshift cover-
age and sufficient depth to recover the oscillations
out to z � 4. A ground-based survey such as LSST
would have the depth, but it is not clear that pho-
tometric redshift accuracy would be sufficient over
the full redshift range.

All of these comparisons of ground and space
require detailed assessments of the ground-based
prospects and the reach of particular surveys in
the dark energy model spaces. This is on-going
work.
3. Pros and cons

More generally, it is worth reviewing the advan-
tages and disadvantages of the acoustic oscillation
method relative to other methods. First, on the
plus side, the acoustic oscillation method is a geo-
metrical large-angle standard ruler test; it is not
sensitive to dust or any form of small angle aberra-
tion. The ruler itself is based on clean linear-regime
physics from the recombination epoch, which is
very sensitively probed by the CMB. It is difficult
to imagine astrophysical systematic effects on these
scales that could confuse the measurement.

The acoustic oscillation method does not
require highly precise measurements. Doing basic
galaxy photometry and spectroscopy is a well-
understood process, even at the required redshifts;
we need only do it in a highly multiplexed, wide-
field manner. It is not necessary to work with L*
galaxies; one need only reach densities 3–10% of
this, and so one can choose to work with brighter
or otherwise more convenient galaxies. Heroic lev-
els of relative photometry, e.g., sub-percent, are
not required for a spectroscopic sample, although
a photometric redshift approach would stress the
photometric accuracy more. Compared to the
photometric precision required of supernovae
and the image fidelity required of weak lensing,
the acoustic oscillation method is straightforward.

However, one does need a large number of
these ‘‘simple’’ observations over a large amount
of sky. Existing instrumentation on 8-m class tele-
scopes is not well-positioned to perform 1000
square degrees of spectroscopy. New instrumenta-
tion and a significant investment of telescope time
would be required. An instrument such as KAOS
(see http://www.noao.edu/kaos for an extensive
description), with �4000 fibers over a 1.5� field,
would bring such surveys within reach. Of course,
such surveys would have other science applications
of their data, but in addition one should consider
multiplexing multiple independent science pro-
grams on the same part of sky. It is likely that tele-
scope pointings, not raw numbers of spectroscopic
targets, are the limiting resource.

Because the method does depend upon calibra-
tion of the sound horizon standard ruler with the
CMB anisotropies, there is some model depen-
dence. However, these possibilities are more lim-
ited than one might think (Eisenstein and White,
in press), partly because the CMB is so sensitive
to anomalies at z > 1000 and partly because of
the structure of the degeneracies.

The acoustic oscillation method works better at
z > 1 and can carry distance measurements out to
z � 3 or higher. It can directly measure H(z),
which is one derivative closer to w(z) than DA

and the luminosity distance. These aspects mean
that the acoustic oscillation method could be sen-
sitive to unexpected properties of dark energy.
On the other hand, the reduced performance at
z < 1 is a disadvantage if the dark energy is close
to the standard cosmological constant, because
in these cases nearly all of the anomalous behavior
is at low redshift. If the dark energy is close to a

http://www.noao.edu/kaos
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cosmological constant, then methods involving
weak lensing, cluster counting, and supernovae,
all of which can or must place their attention at
z < 1, are at a numerical advantage. As we have
been surprised by the acceleration once and have
no good theory for the dark energy, I regard the
reach to z = 3 as an important advantage of the
acoustic oscillation method, but of course the uni-
verse may turn out to be more boring.

In conclusion, the acoustic oscillation method is
a robust method offering precision comparable to
that of other methods. The simplicity of the phys-
ics and the individual measurements as well as the
ability to measure the expansion of the universe at
higher redshift are key advantages. The primary
hurdle at present is the development of new
wide-field, high multiplex spectroscopic facilities.
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Abstract

Space-based imaging with the Hubble Space Telescope has demonstrated the many advantages of viewing galaxies
from outside the Earth�s atmosphere. Hubble has shown us the amazing complexity of galaxies in the nearby and high
redshift universe in exquisite detail. However, because of the limited areas surveyed, the sample sizes remain relatively
small. In order to go beyond ‘‘butterfly collecting’’ and unravel the underlying physical processes that shape galaxy for-
mation, we need samples that span a broad range of environment as well as cosmic time, and that are large enough to
sub-divide in many different ways. I discuss three broad science topics that would benefit from wide-field space-based
surveys: (1) measuring the stellar mass assembly history as a function of morphological type and environment and
directly constraining the galaxy merger rate; (2) understanding the connection between the processes that regulate star
formation on sub-galactic scales and the overall global trends in star formation activity; (3) understanding the relation-
ship between ‘‘normal’’ galaxies and AGN, and the processes that regulate black hole feeding and growth. I present
quantitative predictions, based on a simple halo occupation model, for the field sizes needed to reduce the error due
to field-to-field variance to less than 10%. For many of the populations of interest, this will require fields of �10–
100 square degrees.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In every science, there is a progression from
quantification, to drawing connections, to under-
standing an underlying pattern. In biology, we
have moved from collecting butterflies to Darwin�s
Finches, and ultimately to the discovery of DNA.
Galaxy formation is currently somewhere in be-
tween butterfly collecting and modern genetics.
The steps that we astrophysicists need to under-
take in this progression might be broadly summa-
rized, thus:

1. Accurately quantify the galaxy population and
its sub-populations (i.e., measure distribution
functions like luminosity functions, mass func-
tions, star formation rate functions, etc.).

2. Accurately characterize the scaling relationships
obeyed by galaxies (Tully-Fisher, color-magni-
tude, size-luminosity, mass-metallicity, etc.).

3. Characterize the relationship between dark
matter and galaxies.

4. Understand and isolate the physical processes
responsible for the above observed relationships
in the context of a comprehensive theory for
structure formation.

In order to achieve the lofty goal of (4), we will
need to obtain the characterizations 1–3 as a func-
tion of cosmic time and large scale environment,
and sub-divided in many ways (e.g., luminosity
functions as a function of galaxy type, color, size,
etc.). The insights gleaned from recent large sur-
veys of nearby galaxies such as the Sloan Digital
Sky Survey have illustrated the power of large
samples for uncovering patterns – indeed, the pro-
gress made in achieving goals 1–3 for the nearby
galaxy population in the past few years is extre-
mely impressive. Large numbers of objects are
needed so that one can sub-divide the sample in
many ways in order to disentangle the complex
interplay of various properties, such as luminosity
or mass, internal structure (morphological type),
spectrophotometric properties (color or star for-
mation history), and large scale environment.
One needs to probe large volumes in order to over-
come field-to-field variance and ensure that one
samples a variety of environments, from superclus-
ters to super-voids, and in order to discover rare
objects.

The availability of moderately wide-field, deep
optical imaging from the Advanced Camera for
Surveys (ACS) on the Hubble Space Telescope
(HST), along with complementary ground-based
imaging and spectroscopy, has allowed us to begin
to tackle these problems for the high redshift gal-
axy population. However, these studies are still
profoundly hampered by small number statistics
and uncertainties due to field-to-field variance,
and this will almost certainly still be the case at
the end of Hubble�s lifetime.

For many applications in galaxy formation,
there are several advantages of going to space.
These include: the high spatial resolution and
small, stable point-spread function over large
areas; the low background especially in the Near
Infra-red; and the high Strehl ratio. These advanta-
ges enable one to resolve objects that are physically
small, study fine morphological details, detect dis-
tant objects (which are both small and faint), and
study objects with large contrasts such as a faint
host galaxy with a bright Active Nucleus. The
lower background means that even in the optical,
a 2-m telescope in space (e.g., Hubble) is competi-
tive with 8–10 m class telescopes on the ground.
Fig. 1 shows an image of the same field obtained
with HST as part of the GOODS survey, and from
the ground with the Suburu telescope. One can see
the richness of detail in the galaxy population that
would be missed in a ground-based image.

As others at this meeting have covered some of
the most obvious galaxy-related ‘‘killer apps’’ for
future space telescopes with wide-field imaging
capabilities, such as gravitational lensing and the
detailed reconstruction of star formation histories
for nearby galaxies from resolved stellar popula-



Fig. 1. Ground vs. space-based imaging of part of the GOODS
field from Suburu (8 m; left) and HST (2 m; right). This figure
illustrates the importance of very deep high-resolution imaging
for probing the complex environments of galaxies at high
redshift. Figure courtesy of L. Moustakas.
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tion studies, I will mention here a few other topics
related to galaxy formation that I believe will still
be of interest at the end of Hubble�s lifetime. Even
if these particular topics are considered well-
understood by then, I hope to illustrate a general
principle of scientific inquiry that will let us move
from butterfly collecting towards sequencing
galactic DNA.
2. When and how were galaxies assembled?

A generic prediction of the hierarchical para-
digm of structure formation is that massive objects
should be less abundant in the past. While, within
a given cosmological model, robust predictions
can be made for the assembly history of the dark
matter component, the assembly of galaxies de-
pends on the complex and poorly understood
baryonic physics of cooling, star formation, feed-
back, etc. A detailed census of galaxies as a func-
tion of mass over cosmic history therefore
provides powerful constraints on the most uncer-
tain aspects of galaxy formation theory. There
has been a great deal of activity recently directed
towards this goal, and various measurements of
the stellar mass density out to z � 3–4 have been
presented in the literature (see, e.g., Dickinson
et al., 2003; numerous updated estimates have
been published recently that I will not attempt to
compile here). These measurements are typically
based on galaxies detected in the rest-frame optical
or at longer wavelength, with stellar mass esti-
mates obtained by exploiting the correlation be-
tween mass-to-light ratio and color based on
stellar population models. In some cases, a single
color is used to estimate the stellar mass-to-light
ratio (Bell and de Jong, 2001), while in others, sim-
ple star formation histories are fit to multi-band
photometry (e.g., Papovich et al., 2001). There
are well-known uncertainties in the masses due to
the potential complexity of real star formation his-
tories (especially recent bursts), and the degenerate
effects of metallicity, dust, etc. The stellar Initial
Mass Function introduces an additional system-
atic uncertainty in the mass-to-light ratio.

In order to obtain a complete census of galaxies
at z � 2 (apparently the peak of star formation
and quasar activity) and above, we require deep
Near IR imaging over large areas (see Section 5
for estimates of the field sizes needed to overcome
cosmic variance). Imaging with Spitzer�s IRAC
will greatly improve the present situation, but
IRAC imaging of high redshift galaxies suffers
from problems with deblending because of Spit-
zer�s coarse resolution, and again it is unlikely that
large enough fields will be imaged to the required
depth to probe sub-L* galaxies above z � 2. Some
of this work can be done with new wide-field, high
efficiency NIR cameras on ground based tele-
scopes, but again, because of the high background
in the NIR it will be a challenge to achieve the re-
quired combinations of area and depth, and one
runs the risk of blending sources or missing small
objects that are not resolved. Space-quality imag-
ing is needed in order to measure the growth of
stellar mass as a function of galaxy type, for exam-
ple to measure the mass growth of stellar bulges,
which may be directly connected with the growth
of super-massive black holes. We also want to
measure the build-up of stellar mass via mergers
(another smoking gun of hierarchical structure
formation). This will require detection of fine,
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low contrast features such as tidal tails, which will
be possible only with at least HST-like resolution.

The errors in the stellar mass budget at high
redshift are currently dominated by: (a) uncertain-
ties in the stellar mass estimates; (b) cosmic
variance; (c) incompleteness. The stellar mass esti-
mates could be put on a much more stable footing
by combining total mass estimates from gravita-
tional lensing (both statistically, from galaxy–gal-
axy lensing and for individual strong lens
systems) with dynamical information (e.g., velocity
dispersions) and cold gas measurements (e.g., from
ALMA). A wide-field space telescope could simul-
taneously provide both the lensing data and the
deep NIR imaging. Samples over fairly large con-
tiguous fields will also allow us to measure the
build-up of stellar mass as a function of large-scale
density and to determine whether stellar mass
assembly occurs earlier in overdense regions, as
predicted by CDM. Coupled with reconstructions
of the total (dark plus baryonic) mass density field
from weak lensing, this will allow us to directly
measure the ‘‘bias function’’, or the relationship
of stellar mass to dark matter, over a large fraction
of cosmic history.
3. The why of the cosmic star formation history

It is now well-established that the global star
formation rate density (SFRD) peaked at a red-
shift of z � 2 or above, and has been dropping
steadily ever since. The most recent results from
GALEX indicate that the SFRD today is about
a factor of five lower than it was at z � 1 (Schimi-
novich et al., 2005). These results beg the question
of why this dramatic decline occurred, and why it
began when it did. One can think of various possi-
ble explanations, such as:

1. The consumption rate of gas overtook the
replenishment by new accretion. The decline is
simply a result of a diminishing fuel supply.

2. Disks are smaller and denser at high redshift.
Therefore, if the local Kennicutt relation
between density and star formation rate still
holds, star formation was more efficient at high
redshift.
3. Galaxy–galaxy mergers were more common in
the past, and these interactions triggered highly
efficient bursts of star formation.

One can imagine other mechanisms, of course –
such as galaxies falling into high temperature
groups and filaments that strip or evaporate their
gas. Factors such as metallicity and the changing
UV background may play a role as well. With deep
wide-field HST imaging, we can now begin to di-
rectly test these different scenarios. For example,
Barden et al. (2005) found that the radii of disk
galaxies at fixed stellar mass were nearly the same
at z � 1 as they are today. This suggests that a
drastic change in the internal density of galactic
disks is unlikely to be responsible for the dropping
star formation rate, although these measurements
do not directly probe the size of the gaseous disks.
On the other hand, Wolf et al. (2005) and Bell
et al. (2005) found that only about 20–30% of
the star formation at z � 0.7 is associated with gal-
axies that were obviously undergoing strong inter-
actions, suggesting that the dropping merger rate
is also a relatively minor factor (unless mergers
of much smaller objects that did not produce obvi-
ous morphological distortions triggered significant
amounts of star formation). Jogee et al. (2004)
showed that the fraction of luminous spiral galax-
ies with large, strong bars was about the same at
z � 1 as it is today. The results mentioned above
are all based on the GEMS survey (Rix et al.,
2004), a two-filter 0.25 square degrees survey with
the ACS on HST. While GEMS is the largest
space-based survey to have been analyzed so far,
the number statistics are still barely adequate and
field-to-field variance is a serious problem.

In order to better understand the forces that reg-
ulate or stimulate star formation in galaxies, it will
be crucial to have high-resolution imaging (probing
physical scales of hundreds of pc) in the rest optical
and UV, as well as maps of the gas density, which
ALMA will provide. In galaxies too distant to re-
solve individual stars, we can still obtain estimates
of �pixel-by-pixel� star formation histories, map-
ping the formation history as a function of spatial
location within the object. Such studies with HST
have revealed that even tiny dwarf galaxies have
complex and varied star formation histories, in
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many cases showing spatial variation across the
galaxy, perhaps indicating the occurrence of a mer-
ger or some sort of local instability that triggered
star formation.
4. The galaxy-black hole connection

The discovery of solid evidence for the pres-
ence of supermassive black holes in the centers
of most or all galactic spheroids, as well as the
realization that the mass of the black hole is
tightly correlated with the mass of the spheroid,
constitutes one of the most profound discoveries
in astronomy. HST has played a critical role in
these efforts, as well as in beginning to character-
ize the galaxies that host the black holes in the
universe that are actively accreting, i.e., AGN
and quasars. There is still no consensus on what
physical process ‘‘activates’’ a black hole, and
why some galaxies contain active holes while oth-
ers are dormant. It has often been suggested that
mergers and/or nuclear bars play a role, but the
observational picture is far from clear. Recently,
it was shown that in the nearby universe, weak
AGN seem to reside in an unusual population
of galaxies that are massive, bulge dominated,
and contain young stellar populations (Kauff-
mann et al., 2003). Even more recent work by
the GEMS team suggests that AGN at redshift
z � 0.7 also seem to be located in massive, spher-
oid-dominated galaxies with unusually blue colors
(Sánchez et al., 2004). The samples of high red-
shift AGN with Hubble imaging are still patheti-
cally small, however (for example, the Sánchez
et al. GEMS sample contains 15 objects).

AGN are rare, especially in the nearby uni-
verse, and studying a faint, diffuse host in the
glare of the active nucleus is challenging even
with the resolution and high Strehl ratio achiev-
able from space. Adaptive optics may make some
progress in this area (going to the NIR is helpful
as the AGN are generally fainter there relative to
the host), but there is no question that wide-field
imaging from space would be the most efficient
way to discover and characterize these objects.
Characterizing the galaxies and environments
that host active nuclei is not only of interest for
understanding the physical processes that drive
black hole growth – it is now widely believed that
the influence of AGN on the ISM, IGM and
ICM may be a crucial piece of missing physics
in galaxy formation modelling. The energy in-
jected by the AGN could very plausibly heat or
drive out the gas from a forming galaxy, halting
star formation and perhaps even shutting down
cooling flows in groups and clusters. This process
is now popularly invoked as a possible mecha-
nism that could solve the so-called ‘‘over-cooling
problem’’ and explain the observed bimodality of
galaxy colors (Croton et al., in preparation, Som-
erville et al., in preparation).
5. How wide is wide enough?

By the end of Hubble�s lifetime, it is very likely
that the volume and number of independent sight-
lines probed by deep fields such as GOODS,
GEMS, COSMOS, and the Extended Groth Strip
(EGS) will still be insufficient to overcome the
uncertainties due to field-to-field variance that have
already been noted. It is even more unlikely that
space-quality imaging of large enough contiguous
areas will be available to allow one to effectively
probe the effects of environment on high redshift
galaxy properties. Here I give some estimates,
based on a simple clustering model within the
KCDM paradigm, that address the most basic
question that we might want to ask with respect
to field-to-field variance: how large an area do we
need in order to reduce the uncertainty on object

counts from field-to-field variance to less than 10%?
First a few words about the model. I use a

combination of linear theory on very large scales
and fits to numerical dissipationless simulations
on smaller scales to compute the clustering
properties of dark matter in a KCDM universe
with the ‘‘concordance’’ values of the cosmolog-
ical parameters (Xm = 0.3, XK = 0.7, H0 =
70 km s�1 Mpc�1, ns = 1, r8 = 0.9). I then use
the now rather standard analytic formalism pre-
sented by Mo and White (1996) to compute the
clustering of dark matter halos relative to the
dark matter (in fact I use the more accurate
model of Sheth and Tormen, 1999), and assume
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that galaxies populate dark matter halos accord-
ing to a ‘‘Halo Occupation Model’’. Details of
the specific approach can be found in Moustakas
and Somerville (2002, MS02). For simplicity, I
consider two kinds of populations: galaxies that
are unbiased with respect to the dark matter at
Fig. 2. Fractional error due to field-to-field variance as a function of r
line), and for strongly clustered galaxies (long and short dashed l
‘‘clustered’’ galaxies are fixed to match the number density and clusteri
2002 for details). The short dashed line shows a model in which the pa
constant with redshift. The long dashed line shows a model in which th
in order to keep their number density constant at all times. Result
COSMOS survey (2 square degrees), and the planned SNAP DEEP (
each redshift (b = 1), and rare, clustered galaxies.
Optically selected L � L* galaxies at z = 0 have
b � 1 (e.g., Zehavi et al., 2002), as do star form-
ing galaxies at z � 1 (e.g., Coil et al., 2004). In
general, however, luminous galaxies at high red-
shift tend to be positively biased with respect to
edshift for galaxies that cluster like the dark matter (b = 1, solid
ines). The parameters of the halo occupation model for the
ng of early type galaxies at z = 0 (see Moustakas and Somerville,
rameters of the halo occupation function are assumed to remain
e minimum mass of halos that can host these galaxies is adjusted
s are shown for the GEMS survey (0.25 square degrees), the
7 square degrees) and SNAP WIDE (100 square degrees) fields.
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the dark matter (Lyman break galaxies at z � 3
have biases of about two to three; e.g., Adelber-
ger et al., 2005) and red, massive, and early type
galaxies tend to be more biased still (McCarthy
et al., 2001; Daddi et al., 2003). I choose the
parameters of the halo occupation function for
the ‘‘rare’’ galaxy population to match the num-
ber density and correlation function for lumi-
nous (L � L*) ellipticals in the nearby universe,
and I then consider two possibilities for the evo-
lution of these objects: (1) the halo occupation
parameters do not change with time (i.e., a halo
of a given mass always hosts the same number
of these objects) and (2) constant number density
(the minimum mass of a halo that can host such
a galaxy is adjusted to keep the number density
the same at all epochs). Again, see MS02 for
more details.

Fig. 2 shows the fractional error (dN/N) in the
number counts of objects due to field-to-field
variance for redshift bins of Dz = 0.1 for the two
largest existing HST fields, the GEMS survey
(0.25 square degrees), and the COSMOS survey
(2 square degrees). Even for COSMOS, cosmic
variance is a significant source of uncertainty for
strongly clustered objects (such as massive galax-
ies, proto-ellipticals, or AGN). Also shown are
the same quantities for the proposed SNAP DEEP
(7.5 square degrees) and SNAP WIDE (100 square
degrees). With SNAP DEEP, cosmic variance is
reduced to �10% at z � 1 for the clustered objects,
and to a few percent for SNAP WIDE. Thus, these
surveys will be well-suited to statistical studies of
galaxy properties at high redshift.
6. Summary

I have presented several examples of questions in
galaxy formation that will likely still be unsolved at
the end of Hubble�s lifetime, and that require space-
based imaging in the optical and/or Near-IR:

� Space-based imaging is needed for more accu-
rate and detailed characterization of the assem-
bly history of stellar mass. Deep wide-field
imaging will aid this cause by providing larger
and more complete samples, and by providing
lensing data that can be used as an important
cross-check on the mass estimates. Space-qual-
ity images are crucial in order to measure the
stellar mass as a function of galaxy type, in par-
ticular the mass assembly of stellar spheroids.

� Deep wide-field space-based imaging will help
improve our understanding of what regulates
star formation in galaxies at moderate and high
redshift, including the role of bars, mergers, and
spiral arms. This is crucial in order to under-
stand the physical processes driving the evolu-
tion of the global star formation rate.

� The nature of galaxies hosting active black
holes, including their type, large-scale environ-
ment, and merger history, is still poorly under-
stood. It is now widely believed that the energy
released by AGN could be a crucial missing
piece in the puzzle of galaxy formation.

� Statistical studies of galaxy formation at high
redshift require fields at least as large as the
planned SNAP DEEP and SNAP WIDE
surveys in order to control errors due to field-
to-field variance for rare, clustered populations
such as massive proto-ellipticals and AGN.
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Abstract

Wide-field imaging from space should not forget the dispersive dimension. We consider the capability of space-based
imaging with a slitless grism: because of the low near-infrared background in space and the high sky-density of high-
redshift emission line galaxies this makes for a very powerful redshift machine with no moving parts. A small 1 m space
telescope with a 0.5� field of view could measure redshifts for 107 galaxies at 0.5 < z < 2 per year, this is a MIDEX class
concept which we have dubbed �The Baryon Oscillation Probe� as the primary science case would be constraining dark
energy evolution via measurement of the baryonic oscillations in the galaxy power spectrum. These ideas are general-
izable to other missions such as SNAP and DESTINY.
� 2005 Elsevier B.V. All rights reserved.
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1. Dispersive space imaging

Slitless dispersive imaging has a long history
extending back to the early Schmidt plate objective
prism surveys. The set up is an imaging system, a
dispersing element (ideally located at a pupil of
the imaging system to avoid aberrations, but this
is not essential in slow beams) and a filter to deli-
mit the bandpass. In essence the object forms its
own slit due to its angular size, to first order the
background over the field of view is uniform and
is equal to the undispersed background through
the same filter. From the ground this means the
background remains bright when the object�s light
is dispersed and so one takes an enormous signal-
to-noise (S/N) penalty. Because of this such sur-
veys have generally been restricted to bright
emission line galaxies in the local Universe (see
the KISS survey (Wegner et al., 2003) for a recent
example). For unresolved emission lines the S/N is
independent of the spectral resolution of the
disperser.

A low background environment greatly in-
creases the sensitivity of slitless surveys. In space
the background is dominated by solar scattered
light from zodiacal dust and at 1.6 lm is �1000·
darker than on the ground (JWST, 2004) (there
is some dependence on ecliptic latitude). On the
Hubble Space Telescope both the ACS optical
camera and the NICMOS near-infrared camera
are equipped with grisms for slitless spectroscopy.
This mode has been used on ACS for spectroscopy
of Type 1a supernovae to z = 2 (Riess et al., 2004)
and on NICMOS for detection of an abundant
population of z > 1 Ha emission line galaxies
(McCarthy et al., 1999). The strong evolution of
the cosmological star-formation rate out to z = 1
means that their are many more bright emission
line galaxies than would otherwise be the case
(Hopkins et al., 2000). The space background
peaks at 0.6 lm and so as one follows Ha to
high-redshift both the strong evolution in the
source population and the diminishing back-
ground act to counteract the cosmological dim-
ming for the S/N. Going from z = 0.2–2 these
effects work to give us a S/N boost of a factor of
30 and make the high-redshift regime accessible
to small space telescopes.
2. The Baryon Oscillation Probe

During discussions at Johns Hopkins in 2003–
2004 we developed a strawman concept for a MID-
EX class space mission which could do large scale
slitless redshift surveys. We called this the �Baryon
Oscillation Probe� as our primary science motiva-
tion was to probe the baryonic oscillations in the
power spectrum of galaxy clustering (see below).
Our strawman concept consisted of a 1 m telescope
with a 0.5� FOV operating in the 1–2 lm near-
infrared bandpass. This field would be sampled
with 0.500 pixels giving a 4096 · 4096 detector array
requirement. A set of low-dispersion fixed grisms
and filters would provide for dispersed slitless
imaging. Our rough order-of-magnitude estimates
of size, mass and cost put this spacecraft in the
MIDEX class. Initial studies show that BOP could
be done either in LEO (with active cooling) or at L2
(passive cooling). We use this strawman to demon-
strate the power of the slitless concept.

The exposure times depend on redshift, the re-
sponse of the system and the choice of blocking fil-
ters. Cosmological dimming makes the highest
redshifts more difficult. Our baseline goal was to
measure Ha over the redshift range 0.5 < z < 2,
this is the redshift range optimal for testing dark
energy models (Linder and Huterer, 2003). To
determine exposure times we use published lumi-
nosity functions for Ha in this redshift range
(Hopkins et al., 2000):

½logðL�=W Þ; logð/�=Mpc�3Þ;a� ¼ ½35:9;�3:1;�1:6�;
ð1Þ

and set a luminosity limit as a function of redshift
which gives critical number density sampling of
the galaxy power spectrum for the purposes of the
baryon oscillation science. We assumed the lumi-
nosity function L* evolved as (1 + z)3 over 0 <
z < 1 and was constant for z > 1. This is a good
match to the observed data of the cosmological
star-formation rate evolution (Glazebrook et al.,
2003). Following (Blake and Glazebrook, 2003)
we adopt a density of galaxies n sufficient that the
power spectrumP(k) measurement is not shot-noise
limited (nP = 3 in their criteria) and also a bias
model for galaxies which evolves with redshift in or-
der to match observations of low and high-redshift



Filter response

Fig. 1. Predicted number density of targets seen from BOP vs.
exposure times for different redshift ranges using an optimized
two filter set. The diamonds show the required number density
for the baryon oscillation science at each redshift. The filters
have been optimized to give equal exposure times for these
points. The throughputs (+ grism response) of the optimized
filter set vs. wavelength are shown in the inset. We assume a
peak efficiency of 38% (effective area of 0.3 m2) for first-order
diffraction and that other orders do not contribute significantly
to the background.
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galaxy clustering (r0 = 5 h�1 Mpc . const.). This
gives an Ha flux limit which is a function of redshift
reaching 10�16 ergs cm�2 s�1 and a number density
of 2000 deg�2 for the 1.75 < z < 2 bin. As a cross-
check on our luminosity function calculation we
can count directly the number of sources in redshift
bins vs. flux in the NICMOS grism fields (Hopkins
et al., 2000) and find agreement with our numbers.

Given these flux limits the main design parame-
ter affecting exposure times is the combined
throughput vs. wavelength of the grism and block-
ing filter. A wider filter lets through Ha over a
wider redshift range but also lets in more back-
ground which reduces S/N. Because the back-
ground spectrum is not flat it is advantageous to
have a set of narrow filters rather than one large
filter. Further the background is higher at shorter

wavelengths, i.e. low redshifts where the required

flux limit is less deep. This turns out to be critical
– if we have the freedom to have an abitrary re-
sponse function we find that an optimized filter
would deliberately have a declining throughput
at blue wavelengths. This reduces the background,
benefiting long-wavelength high-redshift Ha. The
sensitivity is reduced at low redshift but the lines
are brighter so it does not matter. Fig. 1 shows a
hypothetical two filter set designed in this manner
which would give a uniform exposure time (1800 s)
for the whole 0.5 < z < 2 range. We have not ex-
plored the feasibility of such filters, but we note
that to achieve the desired behavior one could
change both the filter response or the grism re-
sponse or a combination of both.

One issue for slitless surveys is ambiguous line
identification. In principle multi-color photometry
can be used to estimate redshifts and remove this
ambiguity. However it is interesting to consider
how well one can do with a single line. Using our
evolving line luminosity functionmodel we can esti-
mate this by adopting reasonable values for fixed
emission line ratios and assuming all the lines fol-
lowing the same cosmological evolution. We find
that at our required flux limits Ha dominates, for
example at z = 1.9 it contributes 72% of the
sources. The principal contaminant turns out to
be [SIII] 9532 Å which aliases Ha at z = 1.1 (27%
of line sources). Even very crude broad-band data
would suffice to eliminate such low-redshift galax-
ies. For [OIII] at z = 2.8 and [OII] at z = 4.1 we find
contamination rates of 0.5% and 0.07%, respec-
tively – their fluxes are heavily suppressed by cos-
mological dimming. These fractions were based
on the assumption that L�=L�

Ha ¼ ð0:2; 0:3; 0:5Þ for
[SIII], [OIII] and [OII], respectively.

We also considered an alternate approach to
BOP using the ultraviolet rather than the near-
infrared and targeting Lya emitters. We con-
structed an empirical model of their line luminosity
function which matches the observed UV contin-
uum luminosity function and Lya equivalent width
distribution of z � 3 Lyman break galaxies (Steidel
et al., 1999; Shapley et al., 2003). We found the UV
approach was not competitive – the exposure times
were an order of magnitude larger. This is a com-
bination of the much lower strength of the Lya line
and the fact that the background now increases to-
wards higher redshifts (0–3).
3. Baryon oscillations and dark energy constraints

Of course there many possible science experi-
ments BOP could address (see Section 4). We



Fig. 3. Recovered constraints on a dark energy equation of
state w(z) = w0 + w1z from a 10,000 deg2 BOP survey. It can be
seen that each redshift range is slightly non-degenerate with the
others, the combined constraints are very tight and are
comparable to the precision delivered using supernovae in the
SNAP mission.
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choose to focus on one for illustration of the red-
shift survey power: detection of the baryon oscilla-
tions in the galaxy power spectrum and resulting
constraints on dark energy.

Based on the field of view and exposure time we
calculate BOP can redshift survey 2000 deg2 and
107 objects per year. We assume our two filter opti-
mized design and that each field is observed at two
roll angles to improve deconvolution of spectral
overlap. (This is also desirable to allow the zero
point of the wavelength scale of each object to
be determined, alternatively zeroth order could
be used.)

The spectral resolution requirement remains to
be determined precisely. Blake and Glazebrook
(2003) determined for full P(k) resolution: rz/
(1 + z). 0.001, which translates to R = 125 if
the line can be centroided to a quarter of a resolu-
tion element at S/N = 10. However to resolve the
nearby Ha and [NII] lines requires R > 400 so this
might be preferable.

We assume a 5 year mission resulting in a sur-
vey of 10,000 deg2 and apply the methodology of
Glazebrook and Blake (2005; in press) to simulate
the recovered power spectrum (Fig. 2) and result-
ing dark energy constraints (Fig. 3). The con-
Fig. 2. Predicted galaxy power spectrum for a 10,000 deg2

survey. The non-oscillatory component has been divided out
and the power spectrum (linear regime only) is shown in
redshift bins. The small error bars show the precise measure-
ment possible on the baryonic oscillations (the �standard ruler�
for the dark energy test) possible with a survey of this size. In
this case the model data is for a w = �0.9 simulated cosmology,
the peaks visibly shift from their location in a w = �1
cosmology (vertical dotted lines).
straints are comparable to those delivered using
the supernova technique by the Supernova Accel-
eration Probe SNAP (Aldering et al., 2005). As
with the supernovae this requires independent
accurate constraints on other cosmological param-
eters (e.g. Xm, H0) from local surveys and the Cos-
mic Microwave Background measurements – we
refer the reader to Glazebrook and Blake for a de-
tailed discussion.

We note this proposed redshift survey improves
by a factor of 10 on the most ambitious proposed
future ground-based redshift survey. This is the
KAOS concept (Dey et al., 2003) for the Gemini
Telescope which could survey 1000 deg2.

It is also interesting to consider that there is
very little conceptual difference between BOP and
any wide-field imaging space mission. Both require
large detector arrays and wide-field optics, the
only difference is provision of a grism. For exam-
ple one could merge BOP with SNAP – this would
add a completely independent method to the dark
energy determination and with similar precision. It
would also mean that the many millions of high-
redshift galaxies imaged with SNAP could get
spectroscopic follow-up in the same mission.
Alternately BOP is very similar to the DESTINY
concept (Lauer et al., 2004) which uses slitless
spectroscopy to locate high-redshift supernovae
(albeit at somewhat lower resolution).
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4. Conclusions

We have outlined a concept (BOP) for a near-
infrared space mission using slitless spectroscopy
to do wide area redshift surveys an order of mag-
nitude larger than existing ground based surveys
such as SDSS and 2dFGRS in both number and
volume and probing high-redshift (0.5 < z < 2). It
represents a factor of 10 improvement on what
could be done on the ground. Instrumentally, it
represents a very simple hardware system which
by taking advantage of the low background in
space has no requirement for complex fiber or slit
configuring machinery. Although lower back-
grounds could be achieved with wide-field spectro-
scopic fiber or slit designs that have recently been
proposed (McCandliss et al., 2004) these technolo-
gies are immature by spaceflight standards and as
such must be considered risky at the present time.

BOP would serve diverse science goals: some
other examples include studying the evolution of
galaxy clustering, measuring the evolving luminos-
ity function of star-forming galaxies as a function
of metallicity and environment, providing redshift
depth information for deep wide imaging surveys
and searching for Lya emission fromyoung galaxies
at z > 7.Wehave presented in detail BOP�s ability to
constrain dark energy using baryon oscillationmea-
surements. It would deliver precision on the equa-
tion of state comparable to the SNAP mission but
via a completely independent technique.

The BOP concept is generalizable to any wide-
field space mission as long as a grism could be in-
serted in to the imaging system. We argue that in
any such space mission the science-to-cost ratio
of adding such a grism is enormous, and should
be considered.
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Abstract

Future studies of: (1) galaxy property relationships, (2) environmental dependencies, and (3) the merger rate and
accretion histories will require: (a) large solid angle (with large area/boundary ratio), (b) multi-band imaging, (c) high
signal-to-noise and high resolution imaging, and (d) spectroscopy. All of these things will be provided by the next gen-
eration of wide-field surveys.
� 2005 Published by Elsevier B.V.
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1. Introduction

I am extremely pleased by what I have heard at
this meeting: All the proposed future wide-field
space imaging missions will be wonderful for
studying galaxy evolution. A great deal of what
we know about galaxies and galaxy evolution has
come from large surveys, and sometimes those sur-
veys were not really intended to study galaxies in
the first place; or, if they were, what we learned
about galaxies was not what we expected to learn.
This means that if awesome space hardware is
being used to execute a great observing plan, the
data will have a big impact on the study of galaxy
evolution.

Before I begin, let me point out Fig. 1, which
shows my favorite galaxy in the nearby Universe,
M51, as observed by the Sloan Digital Sky Survey
(SDSS) (York et al., 2000; Abazajian et al., 2004).
This image shows an incredibly detailed interac-
tion between an early-type galaxy and a late-type
galaxy, where the spiral structure seems to have
been raised or influenced by the interaction. With-
Fig. 1. SDSS r-band mosaic (home-made at NYU from raw
SDSS data) of a 20 · 20 arcmin2 patch of the sky including
M51. North is up. The color version (not shown) of this picture
shows tremendous detail, including systematic segregation of
dust and young stars in the spiral arms, and nuclear activity in
the early-type (northern) member of the pair.
in the spiral arms, you can see star formation re-
gions and dusty regions, and you can see a
coherent differentiation of material that persists
along the spiral arms. You can see dust accreting
out of the spiral arms onto the early-type galaxy
and in fact fueling a small line-emitting point
source at the center of that early-type galaxy.
You can see low surface-brightness tidal tails and
loops of old stars that swirl around the pair. This
image is astonishing in its information content, but
I need to emphasize here we don�t know how to use

any of that information to understand galaxy

evolution!
Okay, that�s an exaggeration. There is a litera-

ture on using some aspects of tidal and spiral fea-
tures to understand some aspects of galaxy
evolution. But it is not an exaggeration to say that
in the vast majority of galaxy modeling, we are
lucky to have predictions for galaxy colors, stellar
masses, or disk rotation velocities. Even then, most
of the (non-fine-tuned) predictions are in stark
contradiction to basic observational facts. It is also
not an exaggeration to say that (because of all the
difficult gastrophysics) we have never seen the out-
put of a calculation or a simulation look anything
even remotely like Fig. 1!

Perhaps this should be taken as a call to theory.
Indeed, it is a great time to be working on galaxy
evolution theoretically and numerically, and great
progress is being made. But at this meeting we are
talking about new data.
2. How to design galaxy evolution experiments

When you are designing an astronomical exper-
iment to study physical phenomena and you have
very little a priori understanding of what measure-
ments are going to be most interesting or con-
straining, there are a few heuristics I and my
collaborators have established. Here are the two
following reactions:

2.1. Think of data as a source of information

By ‘‘information’’ here I mean the quantity (de-
scribed by Shannon, 1949) that is measured in bits
and that looks like an ‘‘entropy.’’ I mean, when
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faced with decisions about experimental design, or
data analysis, when possible, make a quantitative
comparison of the amount of information you
can obtain by different methods, and choose the
most informative path (provided you can afford
to do so!).

I will give one example of this later, in the area of
data analysis, where the application of this princi-
ple is quite obvious. There are many others, relating
to experimental design, for instance regarding sam-

pling of the point spread function, and wavelength

overlap of filter bandpasses in multi-band surveys,
both of which are beyond the scope of this contri-
bution, but on which the question of information
has some non-intuitive things to say.

2.2. Try to measure things that are at least plausibly

amenable to timely prediction

Recall our picture of M51 (Fig. 1). It teems with
information. This information is good, and I expect
that my grandchildren will understand galaxies in a
way that does use all the bits of information in that
glorious picture, but in the short term if we want to
be productive, we have to measure quantities that
are amenable to prediction. So I am deprecating de-
tailed morphology. I am promoting colors, lumi-
nosities, sizes, kinematic temperatures, angular
momenta, masses and mass ratios of gas, stars,
and dark matter, clustering, infall, recent and large
accretion events, star formation rates, etc. Right
now we have to hit galaxies with blunt tools.

For the remainder of this talk, I am going to
walk you through three areas in which I am inves-
tigating galaxy evolution, in order to shamelessly
and unfairly plug my own work. It is also the case
that everything I am doing now at low redshift will
be possible at much higher redshift and smaller
angular scales and more diverse wavelengths with
next-generation imaging. That plus a bit of theo-
retical development, and the study of galaxy evolu-
tion will be transformed.
3. Multi-variate galaxy properties

Galaxy properties show many precise, non-
linear inter-relationships. Given the physical
processes involved in gravitational collapse and
star formation, this is not surprising. What is sur-
prising is the rich detail that we are finding and
quantifying, which could not have been adequately
revealed without huge data sets. Every one of the
Baroque relationships we find will have to appear
in any successful model of galaxy formation and
evolution!

Fig. 2 (taken from Blanton et al. (2003a)) shows
bivariate distributions of pairs of seven galaxy
properties: four optical colors, surface brightness,
radial profile shape as measured by the concentra-
tion (Sérsic index) n, and absolute magnitude for
183,487 galaxies taken from early days of the
SDSS. Several classic, well-known relations among
galaxy properties are evident at extremely high sig-
nal-to-noise ratio: the color–color relations of gal-
axies, the color–magnitude relations, the
magnitude–surface brightness relation, and the
dependence of density on color and absolute mag-
nitude. Because the galaxies contributing to Fig. 2
have been weighted by i-band luminosity per sam-
pling volume Vmax, it also shows that most of the
luminosity density in the Universe is likely in the
absolute magnitude and surface brightness ranges
shown.

It is also possible to see, especially in the con-
centration n plots, the two populations of bulge-
dominated and disk-dominated galaxies show up
as a bimodality (this is also clearly visible in the
top left panel of Fig. 5). By slicing the space, we
can show that most of the relationships between
parameters, in particular the color–magnitude
relations, show stronger correlations for these
two types of galaxies taken separately than for
all galaxies taken together.

One warning: Two-dimensional projections of
very high dimensionality spaces can be compli-
cated and misleading.

One polemic: None of the observed relation-
ships among galaxy properties are linear, so why
would anyone ever measure any of them with a lin-
ear tool, like principal components analysis? Let us
stop using linear tools on nonlinear data!

The future holds this kind of exploration at
much higher redshift, where we ought to see the
differential evolution of the different types of gal-
axies – the different parts of the multi-dimensional



Fig. 2. From Blanton et al. (2003a): The projection of the luminosity density distribution for 183,487 SDSS galaxies (all contributing
galaxies are weighted by luminosity divided by Vmax) of galaxies in our seven-dimensional space of colors, surface brightness,
concentration n, and luminosity, onto each pair of dimensions. All images have a square-root stretch applied to increase the dynamic
range of the plot. Contours indicate the regions containing 68% and 95% of the total luminosity density of galaxies in the SDSS sample
used. The upper and lower triangles are mirror images. The histograms along the diagonal show the distribution of galaxies in each
single dimension. The luminosity density contribution from galaxies below the absolute magnitude and surface brightness limits of this
sample is likely to be very small.
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space – and to a more diverse set of measurements
at a wider range of wavelengths. For this we need:
(a) large numbers of galaxies surveyed (105 or, bet-
ter, 106), (b) high resolution and high signal-
to-noise imaging, and (c) redshifts (spectroscopic
or photometric, I do not care, so long as they
are accurate).
4. Galaxy environments

Any gravitationally driven cosmogony has
more dense regions of the Universe collapsing first,
and creating structure more rapidly. Thus, regions
of different overdensity have galaxies created un-
der different relationships of gravitational, gas
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cooling, and star-formation timescales. Indeed, we
find that the distribution of galaxy properties is a
strong function of environment.

The dirty laundry is that all measures of galaxy

environmental density are low in signal-to-noise.
This is because they all depend on just a small
number of nearby objects and the inverse square
root of a small number is a (relatively) large num-
ber! So our principle of information comes in: we
should not ask, say, how mean galaxy properties
depend on environment, we should ask how mean
galaxy environments depend on galaxy properties!
We want to do the experiment that maximizes the
information content of our results.
Fig. 3. From Hogg et al., 2003: Panel (a) shows the luminosity and
vertical gray line shows the characteristic luminosity L* Blanton et
environment overdensity Æd8æ in 8 h�1 Mpc comoving-space sphere
DM0:1i ¼ 0:5 mag and color height D0.1(g�r) = 0.15 mag. The box size
gray line indicates, roughly, a locus of constant total stellar mass
overdensity Æd1æ in 1 h�1 Mpc spheres (deprojected from imaging cata
that different kinds of overdensity estimators are used for the two di
shown at colors and luminosities at which there are <200 galaxies ins
After all, when theory has advanced far enough
to reproduce what we see, theory can explain
either result (properties vs. environment or envi-
ronment vs. properties), but the result with the
much higher signal-to-noise will be much more
constraining (usually).

Fig. 3 (taken from Hogg et al. (2003)) shows the
mean environmental density as a function of color
and magnitude for some 115,000 galaxies taken
from the SDSS spectroscopic sample. We find that,
at constant color, overdensity is independent of
luminosity for galaxies with the blue colors of spi-
rals. This suggests that, at fixed star-formation his-
tory, spiral-galaxy mass is a very weak function of
color of each galaxy in a sample of 115,000 SDSS galaxies. A
al. (2003b). Panel (b) shows the 1/Vmax-weighted mean galaxy
s computed in a sliding, rectangular box of luminosity width
and shape is shown on the lower right corner of panel (a). The
Bell and de Jong (2001). Panel (c) shows the weighted mean
logs in the extremely clever manner of Eisenstein (2003)). Note
fferent length scales. The mean environment overdensity is not
ide the box; this region is indicated with a border on panel (a).
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environment. Overdensity does depend on lumi-
nosity for galaxies with the red colors of early
types.

Fig. 4 (taken from Blanton et al. (in press)) is
similar, but shows more properties, and for
subsamples of the full population, cut by absolute
magnitude. This figure shows that color is, indeed,
very strongly related to environment, in the sense
that at fixed color and magnitude, there is
very little additional dependence on the structural
parameters of surface brightness and
concentration.
Fig. 4. From Blanton et al. (in press): Similar to Fig. 3, but
showing the dependence of the 1 h�1 Mpc environment on
color, surface brightness, concentration, and luminosity for
several small ranges of absolute magnitude. Each panel shows
strong dependence of environment on color, but very little
residual dependence on surface brightness or concentration, the
more ‘‘morphological’’ or structural parameters. This figure
suggests that the morphology–density relation in SDSS appears
to be a by-product of the color–density relation and the
morphology–color relation.
Is the morphology–density relationship ‘‘sim-
ply’’ a by-product of the color–density relationship
and the color-morphology relationship? SDSS
says ‘‘yes’’.

There is the catch, though: This is a statement
purely about the information contained about gal-
axy environments and galaxy properties in the

SDSS dataset. That information is a product of
what is really out there times what the SDSS mea-
sures well. And the SDSS measures colors extre-
mely well and morphological properties less well.

This is the flip side of thinking about data as
information: The result of every experiment con-
tains not all the information that exists in the sys-
tem being observed, but is degraded by the finite
dynamic range of its measurements.

Again, the future is to increase the redshift and
wavelength range of these studies, and start to
make the environment as a function of redshift
work that will start to see the different timescales
of collapse and galaxy formation. For this, we
need: (a) large solid angle to boundary ratio
(e.g., 100 · 100 Mpc2 field size at the redshift of
interest) to get good environment coverage, (b)
multi-band imaging, (c) high resolution and high
signal-to-noise imaging, and (d) redshifts.
5. Galaxy merger and accretion event rates

In the CDM paradigm, the fundamental process
of evolution is merging. Small things form early and
merge into larger and larger things as time goes on.
Of course, CDM is a description of the dark matter
and we observe ‘‘only’’ the galaxies, but nonethe-
less, we expect merging to provide a key connection
between observations and theory.

In the local Universe, clear evidence of galaxy
mergers is rare (one�s need is to only note that
every single talk ever given on galaxy–galaxy
merging shows the same example: the Antennae).
This rarity could be due to a low merger rate, or
a short timescale on which the evidence of merging
fades or becomes ambiguous.

In the Antennae, and indeed in most obvious
mergers in the nearby Universe, it is apparent
that starbursts are triggered. Indeed, they must
be if the end products of major mergers are
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bulge-dominated galaxies, since bulge-dominated
galaxies show alpha enhancement in their chem-
ical abundances, unavoidably implicating large,
short, brief star formation events.

Fortunately, we know quite a bit about the stars
created in starbursts; in particular A stars are easy
to find in galaxy spectra (because of strong Balmer
absorption) and they are known to have lifetimes
of 109 yr; A stars are the perfect tracers of mer-
ger-induced starbursts: they are easy to find and
live for a known time.

Fig. 5 (taken from Quintero et al. (2004)) com-
pares post-starburst ‘‘K + A’’ galaxies with the
bulk of the SDSS sample. The post-starburst gal-
axies were identified on the basis of having excess
Fig. 5. From Quintero et al. (2004): The top left panel shows the dis
SDSS in the color–concentration plane. The color is measured in blues
found by fitting the radial profile in the band. Each galaxy data point
band to its comoving selection volume Vmax, so the distribution of we
The contours enclose 52.0%, 84.3%, and 96.6% of the total luminosi
(blue, low n) and bulge-dominated (red, high n) populations, marked b
sub-samples, cut on A/K (see Quintero et al. (2004) for a definition) an
high A/K cut and the low HaEW cut; these are the post-starburst gala
be concentrated (bulge-dominated); galaxies selected to have high A/K
K + A galaxies – the post-starburst galaxies – have the colors of disk
dominated galaxies.
A stars relative to the amount of ionizing O and
B stars – they are galaxies that are being observed
more than 107 but less than 109 yr after a starburst.
What the Figure shows is that these galaxies are
bluer than bulge-dominated galaxies, but similar
in radial profile, just as if they will ‘‘fade’’ into nor-
mal bulge-dominated galaxies. We also find that
the luminosity distribution of K + A galaxies is
similar to that of the total galaxy population,
and that they are found in the field; the K + A gal-
axies do not primarily lie in the high-density envi-
ronments or clusters typical of bulge-dominated
populations.

In the work Quintero et al. (2004), the inferred
rate density for K + A galaxy formation is �10�4
tribution of luminosity density from 156,395 galaxies from the
hifted SDSS bandpasses 0.1g and 0.1r, and the concentration n is
has been weighted by the ratio of its luminosity L0:1i in the 0.1i

ight in the plot is proportional to comoving luminosity density.
ty density. In this panel, galaxies separate into disk-dominated
y crosses. The other panels show similar plots, but for different
d HaEW. The ‘‘K + A’’ panel shows those galaxies making the
xies. Galaxies selected to have low A/K or low HaEW appear to
or high HaEW appear to be exponential (disk-dominated). The
-dominated galaxies but many have the radial profiles of bulge-
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h3 Mpc�3 Gyr�1 at redshift z � 0.1, or about 1%
of the galaxy population per Gyr. This rate is
low relative to naive applications of CDM. Is it
really too low? It depends on what kinds of events
trigger starbursts. The rate is way too low if there
are processes other than merging that can provide
triggers. It is just right if the majority of mergers
out there do not cause any star formation at all.

For the future, everything I have spoken about
comes together here, because we expect that the
environments in which these kinds of ‘‘events’’ oc-
cur will be a strong function of redshift. We also
expect very strong evolution in the rate as the
structure in the Universe slows its growth and
the expansion starts to accelerate. Finally, corre-
lating spectral (in this case, stellar populations) re-
sults with imaging (in this case, tidal features) will
be highly productive. So the future for this kind of
work is very bright. What we need is: (a) large sur-
vey volume (e.g., 10�2 Gpc3) to measure rare
events, (b) high signal-to-noise spectroscopy or
multi-band imaging, and (c) deep, flat imaging
for tidal features.
6. Conclusion

Is the galaxy–galaxy merger rate as high as it
ought to be given the standard dark-matter para-
digm? Has it been so in the past, and do the interac-
tions trace different environments at different times?

Is star-formation history the only galaxy prop-
erty affected by environment? If so, how do galaxy
morphologies ‘‘know’’ about their star-formation
histories?
Can the detailed regularities of galaxies be
reproduced with simple theoretical ideas, or are
galaxies hopelessly complex?

The punchline of this talk is that the next gener-
ation of wide-field imaging from space will do
everything we need for this next generation of gal-
axy science, which will span a much bigger redshift
range, a wider and more diversified wavelength
bandpass range, and – we must hope – more fo-
cused, more theoretically motivated, and more
informative measures of galaxy properties.
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Abstract

Basic considerations of lens detection and identification indicate that a wide field survey of the types planned for
weak lensing and Type Ia SNe with SNAP are close to optimal for the optical detection of strong lenses. Such a
‘‘piggy-back’’ survey might be expected even pessimistically to provide a catalogue of a few thousand new strong lenses,
with the numbers dominated by systems of faint blue galaxies lensed by foreground ellipticals. After sketching out our
strategy for detecting and measuring these galaxy lenses using the SNAP images, we discuss some of the scientific appli-
cations of such a large sample of gravitational lenses: in particular we comment on the partition of information between
lens structure, the source population properties and cosmology. Understanding this partitioning is key to assessing
strong lens cosmography�s value as a cosmological probe.
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1. Introduction

The proposed SNAP satellite, whilst designed
for measuring the luminosity distance of Type Ia
Supernovae as a function of their redshift
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(Perlmutter et al., 1999; Riess et al., 2004) and
probing the large-scale structure in the Universe
through weak gravitational lensing (Rhodes
et al., 2001), will be an observatory offering high
angular resolution optical imaging (PSF FWHM
�0.1200) over a wide survey field (1000 deg2) in
many (9) filters (Aldering and The SNAP Collab-
oration, 2004). This potent combination satisfies
the basic requirements of an optical strong gravita-
tional lensing survey. Experience with radio sur-
veys such as CLASS (Myers et al., 2003) suggests
that around one in 1000 high redshift objects
may be strongly lensed, whilst the lensing rate
for the less visible but far more numerous faint
optical galaxies in the optical appears to be signif-
icantly lower. These numbers prompt for the
examination of very large areas of sky. However,
the majority of the multiple-imaging events occur
on arcsecond angular scales, requiring sub-arcsec-
ond resolution for their discovery. Finally, the
identification of a strong lens system hinges on
the achromatic nature of lensing: multi-colour
imaging is of enormous value in the initial identifi-
cation of a lens.

The lensing cross-section in the Universe is
dominated by the many massive elliptical galaxies
lying at redshifts of 1 or less (Turner et al., 1984);
galaxy clusters provide more cross-section per ob-
ject but are rarer. The following strategy suggests
itself: search in the vicinity of (easily classified)
elliptical galaxies, with (well-understood) photo-
metric redshifts, for characteristic patterns of sim-
ilarly coloured images. Similar algorithms have
been applied to spectroscopic data (Bolton et al.,
2004) and, principally visually, to HST image data
(Ratnatunga et al., 1999; Fassnacht et al., 2004).
Many lens systems may be expected from simply
filtering the 9 filter photometric catalogue from
the weak lensing analysis; others will be found by
digging deeper into the wings of the lens galaxy
Table 1
Proposed primary SNAP surveys, and projected elliptical strong grav

Survey X (deg2) AB magnitude

Deep (SNIa) 15 30.6
Wide (WL) 1000 28.3

The magnitude limits are for point sources in the B band (filter 1).
light. We begin to quantify the success of SNAP
in this regard below. Cluster gravitational lenses
are perhaps best discovered by a similarly targeted
search for elongated images around congregations
of red sequence galaxies (Lenzen et al., 2004; Glad-
ders et al., 2003), followed by an iterative search
for more multiple images. Whilst forming part of
the ongoing SNAP strong lensing survey project,
these lens systems are not discussed here. Instead,
we focus on the elliptical galaxy lenses and some of
the science they enable.
2. Predicting elliptical lens numbers

The leftmost columns of Table 1 give the vital
statistics of the two baseline surveys planned for
SNAP�s initial 4-year observing period. In this
work we investigate the capabilities of a ‘‘piggy-
back’’ survey, just using the images taken for the
two primary experiments and placing no extra de-
mands on the mission.

The expected numbers of lenses are given by the
following equations:

N lens ¼
Z

X � d2N d

dzd drd

� d2N s

dzs dms

dzd drd dzs dms; ð1Þ

X ðzd; rd; zs;msÞ ¼
Z bcrit

2pSðb; . . .Þ d2b: ð2Þ

We follow Mitchell et al. Mitchell et al. (2004) and
use the SDSS elliptical galaxy velocity function for
the deflector population d2Nd/dzddrd; for the faint
galaxy sources (d2Ns/dzsdms) we extrapolate
somewhat conservatively the HDF galaxy counts
from Casertano et al. (2000) and apply the model
redshift distribution of Massey et al. (2004). For
the quasar sources we use the 2dF luminosity func-
tions from Boyle et al. (2000) and Croom et al.
(2004), noting that these analyses give different
faint end slopes. The final piece of Eq. (1) is the
itational lens numbers

limit Nlens, galaxies Nlens, quasars

5000 Few–few tens
50,000 100–1000
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cross-section for producing an observable multiple
image system. This quantity is an integral over the
source plane, and is dependent on the lens proper-
ties (assumed for simplicity to be singular isother-
mal spheres (Koopmans et al., 2003)), but also the
details of the detection process. A multiple image
system was taken as having been detected if three
pixels of the surface brightness peaks were three
times higher than the noise level in the filter 1 im-
age, provided the images were separated by twice
the PSF FWHM.

The results of this simple calculation are shown
in the righthand columns of Table 1: they suggest
that around 1–2% of elliptical galaxies have a mul-
tiple image system associated with them. The
lensed quasar numbers are most sensitive to the
(as yet somewhat poorly measured) faint-end slope
of the luminosity function. The galaxy–galaxy lens
count prediction is quite sensitive to our ability to
separate the lens galaxy light from the source im-
age: the above selection function made no allow-
ance for the lens galaxy. An approximate actual
success rate was obtained by visual inspection of
a small sample of lenses drawn from the probabil-
Fig. 1. Simulated typical strong lens systems, as they would be observ
are centred on the (yellow) elliptical lens galaxy; the lensed backgroun
The left hand panel highlights the observational challenge of detectin
(the arc is to the lower left): the 9 filters will be invaluable here. (For in
reader is referred to the web version of this article.)
ity distribution defined by the integrand in Eq. (1).
Fig. 1 gives an example of a lens system measur-
able with SNAP, and a system that may well have
escaped detection by eye; in these images, the 9 fil-
ters have been crudely grouped in threes for the
colourisation, and a square root stretch applied.
Our preliminary estimate is that as many as 1 in
5 galaxy–galaxy strong lens systems expected from
the ‘‘invisible lens’’ selection function will actually
be detectable and measurable in the SNAP images;
the quasar lenses will be much easier to detect, but
their numbers are still uncertain by an order of
magnitude or so. We may hope to improve the gal-
axy–galaxy lens detection rate with sophisticated
9-filter lens finding algorithms, but for now we
anticipate a catalogue of some 10,000 strong
lenses, dominated by galaxy–galaxy lenses de-
tected in the weak lensing survey.
3. Science from the elliptical lens sample

The expected SNAP lens sample would contain
much information on the elliptical galaxy mass
ed with SNAP (these images are 9 filter composites). The fields
d source galaxies appear as (blue) arcs with �100 curvature radii.
g lensed images in the presence of obscuration by the lens light
terpretation of the references to colour in this figure legend, the
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distributions, the source redshifts and cosmology.
How is the information partitioned? An approxi-
mate answer to this can be found by qualitatively
identifying the subsets of the lens catalogue with
discriminating power in each field. In the lefthand
panel of Fig. 2 we show how the redshift distribu-
tion of galaxies too faint for spectroscopy can
begin to be investigated using a snapshot spectro-
scopic follow-up campaign on the candidate lens
galaxies (providing knowledge of the lens mass
and lens redshift). Those systems where the lens
and source planes are closely separated give the
tightest constraint on the source redshift. Con-
versely, a subsample of the SNAP strong lens
catalogue possessing well-understood source red-
shifts would open up the possibility of a cosmo-
graphic study (Paczynski and Gorski, 1981,
1997). The image separation is dependent on cos-
mology, being proportional to the ratio of angular
diameter distances Dds(zd,zs)/Ds(zs).

The righthand panel of Fig. 2 shows the con-
straints available in the Xm � w plane (assuming
a flat Universe) from various cosmographic exper-
iments. A conservative estimate of 5000 suitable
lenses (with image separations detected and mea-
sured to 1/3 of a pixel precision), with photometric
redshift uncertainties of 0.02 (lens) and 0.2
Fig. 2. Left: Source redshift measurement (zs = 2.3) from a zd = 1.1 le
unambitious, subsamples of a SNAP catalogue.
(source) and the lens mass just estimated from
the SDSS Faber Jackson relation (Bernardi et al.,
2003) yields interesting, but not competitive, preci-
sion. Tighter constraints are gained by focussing
on sub-samples of the catalogue and targeting
them for spectroscopic follow-up observation.
Constraining the mass with spectral velocity dis-
persion measurements has the biggest effect, sug-
gesting that the SNAP data alone are best used
to investigate the mass distribution of elliptical
galaxies within an assumed cosmological model.
The next step is the assessment of the effect of
the lens modelling on the dark energy parameter
accuracy.

As seen above, SNAP will detect a significant
number of lensed quasars and provide HST-qual-
ity optical imaging data for these objects, promis-
ing to greatly improve the strong lensing
measurement of H0. What will be needed are
complementary time delay measurements: the
deep SN survey (with its 4-day observing ca-
dence) could provide time delays for some tens
of lensed quasar systems, but the much larger
weak lensing survey will only provide single
epoch images. There will be a number of survey
telescopes operational at the same time as SNAP
that could provide time delays for these latter ob-
ns. Right: Strong lens cosmography from various, and relatively
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jects; these, together with the SNAP imaging
data, should provide excellent constraints on the
Hubble constant and allow its scatter (which is
sensitive to small-scale mass fluctuations along
the line-of-sight) to be investigated.
4. Conclusions

The width and depth of the proposed SNAP
observing programmes, their multi-colour nature,
and the excellent image quality are all well-suited
to a strong lens search. Targeting the elliptical gal-
axies, we believe that the achromatic excesses in
the images can be extracted; the resulting cata-
logue, containing an unprecedented number of
multiple image systems, may then be used for
many astrophysical and cosmological experiments,
with just a few touched upon here. We anticipate
that complementary observations in the spectral
and temporal domains will be very important for
getting the most out of the SNAP data.
Acknowledgements

We thank Dragan Huterer and Charlie Baltay
for useful discussions. This work was supported
by the Department of Energy contract DE-AC3-
76SF00515 to SLAC.
References

Aldering, G., The SNAP Collaboration, 2004. PASP submitted
for publication. Available from: astro-ph/0405232.

Bernardi, M. et al., 2003. AJ 125, 1849.
Bolton, A.S., Burles, S., Schlegel, D.J., Eisenstein, D.J.,

Brinkmann, J., 2004. AJ 127, 1860.
Boyle, B. et al., 2000. MNRAS 317, 1014.
Casertano, S. et al., 2000. AJ 120, 2747.
Croom, S.M. et al., 2004. MNRAS 349, 1397.
Fassnacht, C.D., Moustakas, L.A., Casertano, S., Ferguson,

H.C., Lucas, R.A., Park, Y., 2004. ApJL 600, 155.
Gladders, M.D., Hoekstra, H., Yee, H.K.C., Hall, P.B.,

Barrientos, L.F., 2003. ApJ 593, 48.
Im, M., Griffiths, R.E., Ratnatunga, K.U., 1997. ApJ 475, 457.
Koopmans, L.V.E. et al., 2003. ApJ 599, 70–85.
Lenzen, F., Schindler, S., Scherzer, O., 2004. A&A 416, 391.
Massey, R. et al., 2004. AJ 127, 3089.
Mitchell, J.L., Keeton, C.R., Frieman, J.A., Sheth, R.K., 2004.

Available from: astro-ph/0401138.
Myers, S.T. et al., 2003. MNRAS 341, 1.
Paczynski, B., Gorski, K., 1981. ApJL 248, L101.
Perlmutter, S. et al., 1999. ApJ 517, 565.
Ratnatunga, K.U., Griffiths, R.E., Ostrander, E.J., 1999. AJ

117, 2010.
Rhodes, J., Refregier, A., Groth, E.J., 2001. ApJL 552, 85.
Riess, A.G. et al., 2004. ApJ 607, 665.
Turner, E.L., Ostriker, J.P., Gott, J.R., 1984. ApJ 284, 1.



New Astronomy Reviews 49 (2005) 392–395

www.elsevier.com/locate/newastrev
Weak lensing studies from space with GEMS

C. Heymans a,*, M.L. Brown b, M. Barden a, J. Caldwell c, B. Häußler a,
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Abstract

The Galaxy Evolution from Morphology and SEDs (GEMS) survey is the largest contiguous field ever imaged in
colour by HST with the Advanced Camera for Surveys (ACS), spanning some 900 square arcmins in the Chandra deep
field south (CDFS). We discuss the power of the ACS for weak lensing studies and present preliminary results from our
cosmic shear analysis of GEMS. Selecting a subset of GEMS galaxies which are resolved in deep ground-based R-band
imaging of the CDFS from the COMBO-17 survey, we compare the cosmic shear signal determined from the ground
and from space.
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1. Introduction

Weak gravitational lensing by large scale struc-
ture shears images of background galaxies, induc-
ing weak correlations in the observed ellipticities
of galaxies, where the amplitude and angular
dependence of these correlations are directly re-
lated to the nonlinear matter power spectrum
Pd(k) and the geometry of the Universe (see Bartel-
mann and Schneider, 2001 and references within).
Following the success of the first generation of cos-
mic shear surveys several ground based surveys are
currently underway that will image of the order of
a hundred square degrees, providing exquisite data
sets for future weak lensing analysis. These surveys
will however be subject to atmospheric seeing
which erases the weak lensing shear information
from all galaxies smaller than the size of the seeing
disk. This, in effect, limits the maximum depth of
ground based weak lensing surveys and hence the
sensitivity, leading to proposals for future deep
wide-field space-based observations such as JDEM
and DUNE.

With the installation of the ACS on HST, rela-
tively wide-field space-based weak lensing studies
are now feasible and in this conference proceeding
we present the detection of weak gravitational
lensing by large scale structure in F606W Galaxy
Evolution from Morphology and SEDs (GEMS)
data which has a resolved galaxy number density
of �100 galaxies per square arcmin (see Rix,
2004 for an overview of the GEMS survey).
2. The ACS PSF

The accuracy of any weak lensing analysis de-
pends critically on the correction for the distorting
point spread function (PSF) of the telescope and
camera, characterised through images of stellar
objects. As a result of the wide field of view of
the ACS, the relative stability of the ACS PSF over
time, and the observing strategy of GEMS, where-
by all but three out of the 63 ACS images were ta-
ken in the space of 20 days, the PSF of the ACS in
the time period of the GEMS observations is very
well characterised.

We use the method of KSB+ (Kaiser et al.,
1995; Luppino and Kaiser, 1997; Hoekstra et al.,
1998) to invert the effects of the PSF smearing
and shearing in order to recover an unbiased esti-
mate of galaxy shear c. Fig. 1 shows the variation
in the measured KSB+ PSF correction vector p

across the ACS field of view clearly revealing the
anisotropy of the PSF distortion which is at the le-
vel of �5%. We model p with a two-dimensional
second order polynomial which we then use to cor-
rect all galaxy ellipticities in the GEMS mosaic.
Owing to the non-Gaussian nature of the PSF, p
changes as a function of galaxy size rg and we
therefore create models p(rg). Note that for the
GOODS images (Giavalisco, 2004), which com-
prise the central 15 ACS tiles of the GEMS mo-
saic, we characterise a second set of PSF models
using all stars imaged by GOODS, as the different
dithering patterns of GOODS and GEMS impacts
somewhat on the PSF. The right panel of Fig. 1
shows that the correlation between galaxy elliptic-
ity and stellar ellipticity (upper panel) is success-
fully removed by the PSF correction (lower panel).
3. Analysis: the shear correlation function

We measure the mean shear correlation func-
tion hctrctrih and full statistical covariance matrix
from the GEMS data using a modified jackknife
method. With knowledge of the survey redshift
distribution, the shear correlation function can
be directly related to the nonlinear mass power
spectrum Pd, where the exact relationship can be
found in Bartelmann and Schneider (2001). We
estimate the median redshift zm of the GEMS
survey based on redshifts from the COMBO-17



Fig. 1. The variation in the measured PSF correction vector p across the ACS field of view (left). Galaxy ellipticities are corrected for
the PSF distortion such that the correlation between galaxy ellipticity and stellar ellipticity seen before PSF correction (upper right) is
removed (lower right).
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survey (Wolf, 2004) and VVDS survey (Le Fevre,
2004), finding zm = 0.95 ± 0.1. Fig. 2 shows our
preliminary measurement of the GEMS tangential
and radial shear correlation functions with the the-
oretical model for a survey with zm = 0.95, calcu-
lated for a KCDM cosmology with the amplitude
of the matter power spectrum r8 = 0.85 as found
by WMAP (Spergel, 2003), over-plotted. Our re-
sults are consistent with this concordant model,
although we do note that our error bars are statis-
tical and do not include the uncertainty arising
from cosmic variance. The CDFS is a factor of
two under-dense in massive galaxies (Wolf, 2003)
and we would therefore expect the measurement
Fig. 2. The GEMS shear correlation function; Æctctæh (left) and Æcrcræ
cosmology (Xm = 0.3, XK = 0.7) with r8 = 0.85 is over-plotted.
of r8 from this field to be lower than the Universal
r8.
4. Comparison with COMBO-17 ground based data

COMBO-17 is a deep multi-colour survey span-
ning 1.25 square degrees in five separate regions,
carried out with the WFI/ESO 2.2 m (Brown
et al., 2003). The deep R-band COMBO-17 data
in the CDFS allows us to compare the CDFS cos-
mic shear signal measured from space-based data
and from ground-based data. We select a subsam-
ple of GEMS galaxies that are resolved in the
h (right). The correlation function prediction for a flat KCDM
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COMBO-17 data, finding good agreement be-
tween galaxy shear estimated from GEMS data
and from COMBO-17 data. We calculate the shear
correlation function for this galaxy subsample
which although producing a very noisy result, re-
veals that the noise in the GEMS galaxy catalogue
is less than that from the COMBO-17 catalogue,
showing that the measurement of galaxy shear is
improved with space-based imaging.
5. Conclusion

We have detected weak lensing by large scale
structure in the GEMS survey, demonstrating the
power of the ACS on HST for this type of study.
The comparison of space-based GEMS data and
ground-based COMBO-17 data has shown that
galaxy shear is measured to a higher accuracy from
space-based data and this evidence, combined with
the threefold increase in resolved galaxy number
density that comes with HST data, shows that
space-based imaging is truly superior to ground-
based imaging for weak lensing studies, supporting
the drive towards large wide-field imaging surveys
from space. A more detailed description of our
GEMS weak lensing analysis can be found in Hey-
mans et al. (2005), and our comparison with
ground-based data can be found in Brown et al.
(in preparation).
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Abstract

The Terrestrial Planet Finder (TPF) mission is being designed to directly detect terrestrial planets in the habitable
zones around nearby FGK stars, and to spectrally characterize them for the presence of biomarkers. TPF is now
planned as two missions: a � · 3.5 m optical coronagraphic telescope (TPF-C) to fly circa 2014; and a formation-flying
infrared nulling interferometer (TPF-I) to follow several years later. While high contrast performance and planet-
finding will remain the primary science drivers for both missions, the project has begun to consider possible extensions
to their capabilities that would enable progress in other important areas of astrophysics. For example, deep extragalac-
tic surveys could be enabled by adding a camera with a several arcminute field of view to TPF-C. Here, we give an over-
view of the TPF-C project, and offer initial suggestions for its application to general astrophysics.
� 2005 Published by Elsevier B.V.
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1. Introduction

Direct detection and spectral characterization of
extrasolar planets is a key goal for future NASA
space observatories. Current space imaging systems
(and ground adaptive optics systems in develop-
ment) fall 3–4 orders of magnitude short of the
needed dynamic range. To develop the needed new
capabilities, a NASA/university/industry team has
been studying potential architectures for a Terres-
trial Planet Finder (TPF) space observatorymission
under the leadership of the Jet Propulsion Labora-
tory (JPL). The contrast challenge is easiest in the
thermal infrared: 10�7 for a planet of Earth�s size
and temperature, when observing at a wavelength
of 10 lm.A thermal infrared nulling interferometer,
consisting of multiple�3 m cryogenic telescopes on
separate formation-flying spacecraft�100 m apart,
would be required at these wavelengths. At visible
wavelengths, planets are seen by reflected light in-
stead of thermal emission, and an Earth-like planet
in the habitable zone presents a contrast of 10�10 to
its parent star. Here a single, highly stable 6–8 m
telescope operating at room temperature could
achieve the mission goals, provided that a high-
performance coronagraph instrument was available.

Major progress toward demonstrating the
needed coronagraph performance has recently
taken place in system-level tests at JPL. A proto-
type Lyot coronagraph, equipped with a precision
deformable mirror (3200 actuators), has demon-
strated vacuum contrast performance of 1–
2 · 10�9 at an angular separation of four Airy
rings. This progress, in combination with the
strong scientific desire for multiwavelength spec-
tral characterization of exoplanets, has led NASA
to re-define the TPF project as two successive mis-
sions: an optical coronagraph (TPF-C) to fly first,
circa 2014; and an infrared interferometer (TPF-I)
to follow a few years later. International collabo-
ration is being sought for both missions, with de-
tails still under discussion with ESA.
2. Current description of TPF-C

The relatively unusual configuration of the
TPF-C observatory (Fig. 1) is motivated by the
requirements of its high contrast imaging mission.
The primary mirror is a 6–8 m · 3.5 m ellipse: this
enables V-band terrestrial planet searches in a
minimum of �50 suitable target stars, while retain-
ing a monolithic configuration that can be
launched in existing rocket shrouds. The telescope
has an off-axis design, to minimize diffraction ef-
fects and maximize coronagraph throughput. To
provide very high thermal stability, the telescope
is enclosed in a multi-layer V-groove sunshade,
and will be operated in either Earth-trailing or
L2 orbits. The large sunshade dictates a solar sail
to counterbalance radiation pressure torques on
the spacecraft. Milliarcsec-level pointing will be re-
quired to maintain alignment of the bright target
star on the coronagraph occulting spot.

TPF-C�s main instrument will be a corona-
graphic camera operating over the wavelength
range 0.35 < k < 1.05 lm. It will have a very mod-
est field of view, perhaps 3000 in diameter, with a
corrected high contrast dark field extending to a ra-
dius of�100 from the bright central star. The science
camera will also serve as a wavefront sensor to de-
rive the adaptive correction settings for the deform-
able mirror (DM), which must be set and
maintained to sub-angstrom accuracy to achieve
the required contrast. The camera will ideally pro-
vide multispectral imaging, at resolutions from 5 to
70, in order to separate planets from residual stellar
speckles, and to characterize their atmospheres.

Terrestrial exoplanets are very faint targets, with
typical V = 28–31. Exposure times of a day or two
will be needed to detect them. Repeat observations
at multiple epochs will be needed to mitigate
against unfavorable planetary elongations or illu-
mination phases. Thus each of the �50 target stars
will be searched for a week of cumulative integra-
tion time. In systems where candidate planets are
detected, follow-up observations to establish com-
mon proper motion, constrain orbital elements,
and spectroscopically characterize the planet will
add weeks of additional integration time per target.
3. A ‘‘wider field’’ camera for TPF-C

The TPF-C telescope will have �5· the collect-
ing area of HST, and up to 3· the spatial resolution.



Fig. 1. TPF-C conceptual design as of summer 2004. The foreground half of the V-groove sunshade has been cut away for clarity. A
solar sail counterbalancing the solar pressure torques on the sunshade, and located on the boom beyond the solar arrays, is not shown.
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It is clear that such a telescope could be a tremen-
dous resource for general astrophysical investiga-
tions, particularly if additional instrumentation
can be provided. The TPF project has begun to con-
sider how additional instruments might be accom-
modated in the science payload, subject to two
key constraints: (1) The primary planet-findingmis-
sion must not be compromised; and (2) any addi-
tional instrument must be relatively simple and
affordable. It is anticipated that an upper limit of
25% of the observing time could be dedicated to
other astrophysics programs, as planet-finding
investigations already fill the bulk of TPF-C�s 5
year design life.

The specific design of an additional TPF-C
instrument will emerge from an open proposal
process. Nevertheless, it is clear that a wider field
optical camera (5 0 · 5 0, for example) would be a
very capable instrument on TPF-C. In particular,
the week-long cumulative integration times re-
quired for planet searches would provide an excel-
lent opportunity for parallel deep field
observations near the TPF target stars. Each of
these 50+ deep fields would be observed 1.7 mag
deeper than the HST Ultra Deep Field, while the
multiple observation epochs needed for planet
finding would enable supernova searches. In the
(say) 10 stars where follow-up planetary spectros-
copy is carried out, the ultimate depth of these par-
allel deep fields could reach 3 mag beyond the
UDF. Careful control of stray light will be re-
quired to realize these gains, but this is already a
high design priority for the primary planet search
mission.
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In addition to parallel deep field science, a
broad range of dedicated observations can be
contemplated with ‘‘wider field’’ camera: stellar
population studies in crowded fields, allowing
the star formation histories to be derived for a
wide range of galaxy types; the study of Cepheid
variables in the Coma cluster; resolving the sub-
structure of strong lensing arcs to constrain the
dark matter distribution in clusters of galaxies;
morphological classification of high z galaxies,
tracking galaxy evolution and complementing
JWST deep fields; and counts of faint Kuiper
Belt Objects. The main coronagraphic camera
should also find applications outside of planet-
finding: studies of quasar host galaxies, the
structure of dust shells around post-main-
sequence stars, and dynamical masses for rare
stellar types.
4. Concluding remarks

Extrasolar planet discoveries during the past
decade have pointed the way to exciting new re-
search opportunities for space astronomy. By
pushing back the frontiers of high contrast, high
resolution optical imaging toward the goal of di-
rect detection of Earth-like planets, a broad range
of new fundamental astrophysics also is enabled.
This is the promise and goal of the TPF-C mission.
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Abstract

The Joint Dark Energy Mission (JDEM) is expected to have a field-of-view that is several orders of magnitude larger
than that of current instruments on the Hubble Space Telescope, with only slightly reduced sensitivity and resolution.
This contribution gives a brief discussion of the impact that JDEM would have on studies of galaxies in clusters at
0.5 < z < 2 and of the most massive galaxies at higher redshift. Of particular importance is JDEMs unique wide-field
near-IR capability, enabling the selection and morphological study of high redshift galaxies in the rest-frame optical
rather than the rest-frame ultra-violet.
� 2005 Published by Elsevier B.V.
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1. Introduction

The primary goal of the Joint Dark Energy Mis-
sion (JDEM) is to improve our understanding of
the nature of dark energy through accurate bright-
ness measurements of Type Ia supernovae (SNe)
out to z � 1.7. However, JDEM could have a pro-
found impact on many other fields of astronomy: if
it is designed as a wide-field optical/near-IR survey
telescope, whose full-resolution data are saved and
sent to Earth, it will be a tremendous improvement
over current facilities and an ideal complement to
the ‘‘pencil-beam’’ JWST. Compared to the current
capabilities of HST, JDEM would have a field-
of-view100· greater in the optical and 1500· greater
in the near-infrared, with only slightly lower sensi-
tivity and resolution. The Deep Survey envisioned
by the SNAP collaboration (Aldering et al., sub-
mitted) would image an area of 15 degrees2 in 9
optical/near-IR filters to greater depth than the
Hubble Ultra Deep Field.

Many applications of JDEM were highlighted
at the meeting, including the impact it will have
on the studies of large scale structure (see contri-
bution by Daniel Eisenstein), galaxy formation
(Rachel Somerville), and galaxy evolution (David
Hogg). This contribution focuses on the impor-
tance of JDEM for the study of galaxy clusters
at 0.5 < z < 2 and of the likely progenitors of clus-
ter galaxies at higher redshift. A SNAP-like design
is assumed, i.e., a wide field optical/near-IR
imager.

Studies of the formation and evolution of
cluster galaxies give insight in the assembly and
star formation history of the most massive disk-
and spheroidal galaxies in the Universe. Because
of their high masses and old stellar populations
they provide important tests of the hierarchical
paradigm for galaxy formation: in these models
galaxies are built up slowly through a combination
of mergers and star formation, and more massive
galaxies are predicted to have assembled more
recently (e.g., Meza et al., 2003). The evolution
of cluster galaxies is also important for
understanding galaxies at very high redshifts. In
hierarchical models the first objects form preferen-
tially in overdense regions, which evolve into
groups and clusters at the present day. Specifically,
Baugh et al. (1998) predict that the descendants of
z � 3 Lyman break galaxies (LBGs) typically live
in halos of circular velocity >400 km s�1 today,
compared to �250 km s�1 for galaxies that did
not have a LBG progenitor. These arguments also
apply to the descendants of the brightest galaxies
at z � 7 and beyond, and to the highest redshift
quasars.
2. What are we learning from HST?

As so many other fields, the study of cluster gal-
axies has benefited greatly from the combination
of HST imaging and spectroscopy with 8–10 m
ground-based telescopes in the past decade. At
the time of the meeting, about 60 distant clusters
had been observed with WFPC2 and about 30
with ACS (excluding snapshot programs). The
clusters were selected in X-rays or in the optical/
near-IR, and span a redshift range 0.2 [ z
[ 1.4. The vast majority of the HST observations
cover just a single central pointing of <10 arcmin2,
and only a handful studies have observed areas
larger than the equivalent of �4 independent
pointings (e.g. van Dokkum et al., 1998a; Treu
et al., 2003).
2.1. Evolution of early-type galaxies

Early-types (elliptical and S0 galaxies) consti-
tute �80% of the galaxy population in the cores
of nearby clusters (Dressler, 1980). They form a
very homogeneous population: at a given mass,
they show a very small scatter in their colors,
luminosities, and line indices. This high degree of
regularity is expressed in tight scaling relations
between color and magnitude (Bower et al.,
1992), velocity dispersion and Mg line strength
(e.g. Bender et al., 1993), and velocity dispersion,
radius, and surface brightness (the Fundamental
Plane; Djorgovski and Davis, 1987).

Studies of the redshift evolution of these rela-
tions are in remarkable agreement. The evolution
of their colors (e.g. Ellis et al., 1997; Stanford
et al., 1998; Blakeslee et al., 2003), M/L ratios
and Fundamental Plane (e.g. van Dokkum et al.,
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1998b; Kelson et al., 2000; van Dokkum and Stan-
ford, 2003; Wuyts et al., 2004), and line indices
(Bender et al., 1998; Kelson et al., 2001) show that
massive early-type galaxies remain a very homoge-
neous population over the entire redshift range
0 < z < 1.3.

The strongest constraints on the mean age of
the stars in early-type galaxies have come from
studies of the Fundamental Plane (FP). Fig. 1(a)
shows the evolution of the mean M/LB ratio of
early-type galaxies with masses >1011 Mx, as
determined from the FP (van Dokkum et al. in
prep.). The evolution is well described by the pas-
sive fading of a stellar population formed at
z � 2.8 (indicated by the line), with very small clus-
ter-to-cluster scatter. The best constraints on the
galaxy–galaxy scatter in the ages have come from
HST studies of the color–magnitude relation. By
combining data from the literature with new
ACS images of a cluster at z = 1.24 Blakeslee
et al. (2003) find that the scatter in rest-frame
U � B colors is only a few percent independent
of redshift (Fig. 1(b)).
a b

Fig. 1. Early-type galaxies in the cores of rich clusters appear to evo
consistent with passive fading of stellar populations formed at z � 3 (p
evidence for evolution in the slope or scatter of their color–magnitud
2.2. Morphological evolution: interaction with the

environment

It has been known for a long time that this sim-
ple picture of early formation and passive evolu-
tion cannot be complete. The earliest evidence
for significant recent evolution in cluster environ-
ments was the discovery of the Butcher–Oemler
effect: the increase with redshift of the fraction of
blue galaxies in clusters (e.g. Butcher and Oemler,
1978; Ellingson et al., 2001; de Propris et al., 2003).
Furthermore, HST studies of the central regions of
clusters have demonstrated a decreasing fraction
of early-type galaxies with redshift (Dressler
et al., 1997; van Dokkum and Franx, 2001; Smith
et al., 2005): the early-type fraction in clusters at
z � 1 is �50%, compared to �80% in the local uni-
verse. This trend is qualitatively consistent with
the larger fraction of blue galaxies at higher red-
shift, although there is no one-to-one relation
between morphology and color, in particular at
bright magnitudes (e.g. Poggianti et al., 1999; de
Propris et al., 2003). Also, galaxies have been
lve slowly and regularly. The evolution of their M/LB ratios is
anel a; van Dokkum et al., 1998b and in prep.), and there is no
e relation (panel b; Blakeslee et al., 2003).



Fig. 2. Wide angle views of the cluster CL 0024 + 16 at z = 0.39. Left: mass map, with dark matter shown in blue and luminous matter
in red (Kneib et al., 2003). Right: 39 HST WFPC2 pointings sparsely sample a �27 0 diameter field (Treu et al., 2003). Imaging such
large areas with HST is inefficient in the optical, and virtually impossible in the near-infrared.
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‘‘caught in the act’’ of transforming their morphol-
ogy and/or spectral type. Examples are ‘‘E + A’’
galaxies, which have early-type spectra with strong
Balmer lines indicating a recent star burst; red
merger systems found in several clusters at z � 1
(e.g. van Dokkum et al., 1999); and galaxies being
stripped of their cold gas in the Virgo cluster (e.g.
Kenney et al., 2004).

These effects are probably at least in part dri-
ven by infall of galaxies from the field. Clusters
are expected to accrete a significant fraction of
their final mass after their initial collapse (e.g.
Diaferio et al., 2001). Simulations and observa-
tions suggest that the infalling galaxies are likely
to radically change their star formation rate and
morphology as a result of interactions with other
galaxies and the hot X-ray gas (e.g. Abraham
et al., 1996; Moore et al., 1996; Abadi et al.,
1999; Poggianti et al., 1999; Ellingson et al.,
2001; Kodama et al., 2001). The details of these
processes are not well understood, largely
because of the difficulty of studying clusters out
to the virial radius and beyond (i.e., to R � 10
Mpc). Treu et al. (2003) showed that with a
large investment of HST time radial trends in
morphology can be established out to the virial
radius. However, as demonstrated in Fig. 2
HST is very inefficient in covering such large
areas, in particular in the near-infrared.
Whatever the cause, morphological transforma-
tions severely complicate the interpretation of stud-
ies of galaxy evolution in clusters. First of all, it
means that we cannot equate the mean age of the
stars in a galaxy to its ‘‘assembly age’’, the time
since the galaxy took on its current appearance.
Furthermore, if many present-day early-types were
recently transformed from (field) spiral galaxies
their progenitors are not included in samples of
z � 1 cluster early-type galaxies. This ‘‘progenitor
bias’’ may cause us to underestimate the evolution
of early-type galaxies in clusters (van Dokkum and
Franx, 2001). The effects of this bias can be quan-
tified by determining the mechanism and rate of
morphological transformations in clusters, or by
interpreting the observed evolution of cluster gal-
axies in the context of a full cosmological simula-
tion (e.g. Diaferio et al., 2001). Both approaches
are ambitious, and require a much better under-
standing of physical processes in the infall regions.
3. The role of JDEM

3.1. The infall regions of clusters

The large field-of-view of JDEM will enable
simultaneous study of clusters and the large scale
structure in which they are embedded. The
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build-up of clusters through infall of galaxies and
groups along filaments can be studied in detail,
and the morphological changes that are thought
to occur in the infall regions can be quantified.
A SNAP-like JDEM design will observe the entire
field shown in Fig. 2 in a single exposure, and
owing to its unique near-IR capability can extend
wide-field studies of clusters to z � 2. Among spe-
cific questions that JDEM would address are the
morphological composition of galaxies in fila-
ments and infalling groups; the merger rate as a
function of local density and dynamical state;
and the prevalence of ‘‘passive spirals’’ (e.g. Goto
et al., 2003). The broader aims are to determine
the rate and mechanisms of morphological trans-
formations as a function of redshift.

A cluster survey could target specific clusters
(selected in X-rays, or by their Sunyaev–Zel�dovich
effect), but could also piggyback on planned SNe
searches. Extrapolating from lower redshifts one
may expect >10 rich clusters in SNAP�s Deep Sur-
vey and >500 in its Wide-field Survey, depending
on the imposed mass and redshift cutoff. The clus-
ters can be selected from the weak lensing maps
produced as part of the survey (Wittman et al.,
2001; Aldering et al., submitted); from X-ray sur-
veys that will likely be planned in the Deep Survey
area (see the contribution by Neil Brandt); and
with the Gladders and Yee (2000) red sequence
technique, which is probably the most efficient
method beyond z � 1. The detailed weak lensing
maps are not only useful for selecting clusters,
but also characterize the dark matter substructure
of clusters and their surroundings at 0.5 [ z [ 1.2
(Hoekstra et al., 2000).

The extreme depth of the Deep Survey also
opens up the interesting possibility of seeing the
‘‘tidal tracks’’ left by infalling galaxies. Simula-
tions suggest that clusters should be riddled with
ultra-low surface brightness tidal debris (e.g.
Dubinski, 1999), providing a fossil record of the
orbits of galaxies similar to that provided by stars
in the Galactic halo. It may also be possible to
see faint tidal features around a large fraction
of elliptical galaxies, if they were assembled at rel-
atively low redshift through ‘‘dry mergers’’1
1 Rachel Somerville�s term.
involving little gas (van Dokkum et al., 1999; Bell
et al., 2004).

3.2. Progenitors at z > 2

Galaxy overdensities have been identified out to
z � 4 and beyond, by selecting galaxies in narrow-
band filters centered on the redshifted Lya line
(e.g. Venemans et al., 2002) or by the Lyman break
technique (Steidel et al., 1998). However, normal
galaxies in the nearby universe and known cluster
galaxies out to z � 1.5 would not be selected in this
way, as they are too faint in the rest-frame ultravi-
olet. The top panels of Fig. 4 illustrate the effect of
selecting galaxies in the UV: the GALEX view of
M31 only shows the OB associations, missing most
of the stellar mass.

The bias toward unobscured star forming gal-
axies inherent in the Lyman break technique can
be avoided by selecting galaxies in the rest-frame
optical rather than the rest-frame UV, using their
redshifted Balmer- or 4000 Å-break. This selection
is difficult due to the relative weakness of the Bal-
mer break and the high sky brightness in the near-
IR, and has only recently become feasible with the
advent of high quality, large format near-IR detec-
tors on large telescopes. Using very deep VLT
images with a total area of �30 arcmin2 we re-
cently found a large population of galaxies at
2 < z < 3 whose rest-frame optical colors are much
redder than those of LBGs (Franx et al., 2003; van
Dokkum et al., 2003; Förster Schreiber et al.,
2004). The galaxies are efficiently selected by the
simple observed color criterion J � Ks > 2.3. They
are very massive (up to �5 · 1011 Mx; van Dok-
kum et al., 2004) and appear to be highly clustered
(Daddi et al., 2003). Their colors, Ha equivalent
widths, line widths, stellar masses, and metallicities
are similar to massive star forming galaxies in the
nearby universe (van Dokkum et al., 2004; Förster
Schreiber et al., 2004; Fig. 3). Most are bright in
the near-IR but too faint in the observer�s optical
to be selected by the Lyman break technique.
Their masses, clustering, and colors strongly sug-
gest that they are progenitors of today�s early-type
galaxies.

The strong field-to-field variations induced by
their clustering (see, e.g. Labbé et al., 2003) imply



Fig. 4. Comparison of morphology in the rest-frame UV and
the rest-frame optical, for M31 (top panels) and a red galaxy at
z � 2 in the HST Ultra Deep Field (bottom panels; Toft et al.,
2005). The images have the same resolution and physical scale
(40 · 40 kpc), but arbitrary relative intensity scaling. Galaxies
whose stars have a range of ages can look very different in the
rest-frame UV and the rest-frame optical. For such objects the
rest-frame UV will miss most of the stellar mass.

a b

Fig. 3. Properties of z � 3 galaxies selected in the rest-frame UV (LBGs/open circles; from Pettini et al., 2001 and Shapley et al.,
2001) and z � 2.5 galaxies selected by their red rest-frame optical colors (solid circles). The small sample of red z � 2.5 galaxies has
lower Ha equivalent widths, higher stellar masses, and higher line widths than typical UV-selected z � 3 galaxies (from van Dokkum
et al., 2004).
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that large areas need to be imaged to determine
accurate surface densities and correlation func-
tions. However, deep, large area near-IR surveys
are notoriously difficult. Using �200 h of VLT
observing time FIRES surveyed an area of only
30 arcmin2 for red z > 2 galaxies (Franx et al.,
2003; Förster Schreiber et al., 2004). Although
we are currently extending this area in the MU-
SYC project2, there is no telescope/instrument
configuration on the horizon that can compete
with JDEM in the near-IR. In addition to exqui-
site photometry JDEM will provide morphologies
in the rest-frame UV and optical of all detected
z > 2 galaxies. The bottom panels of Fig. 4 illus-
trate the importance of having multi-wavelength
morphological information for any z > 2 galaxy
which has a mix of young and old stars. This
near-IR selected galaxy in the UDF has an irregu-
lar morphology in the optical ACS image, but is
regular and concentrated in the near-IR NICMOS
image (Toft et al., 2005). SNAP�s Deep Survey
would cover a �5000· larger area and go �3
mag deeper in the near-IR than the UDF NIC-
MOS campaign (Thompson et al., 2005), at com-
parable resolution. If stellar mass correlates with
line width at z > 2 (as indicated by current data;
2 Multi-wavelength Survey by Yale-Chile; www.astro.ya-
le.edu/MUSYC/.
see Fig. 3(b)), it may be possible to determine the
distribution function of halo circular velocities of
galaxies at z � 2.5 from JDEM photometry alone.

http://www.astro.yale.edu/MUSYC/
http://www.astro.yale.edu/MUSYC/
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3.3. JDEM design considerations

JDEM will obviously be optimized for the iden-
tification and follow-up of high redshift SNe. Nev-
ertheless, it is interesting to consider how well the
current design specifications are suited for the
study of high redshift galaxies. In terms of resolu-
tion the current SNAP design is similar to the
Wide Field camera of WFPC2 in the optical and
the NIC3 camera in the near-IR. As demonstrated
in Fig. 4, NIC3�s resolution is sufficient to deter-
mine the morphologies of normal spiral and ellip-
tical galaxies at arbitrary redshift. However, for
resolving bulges, dwarf galaxies, and individual
star forming complexes at z J 0.5 one would
have to sacrifice area for smaller (�0.1000) pixels
in the near-IR.

The reddest JDEM filters determine the highest
redshifts at which the Lyman- and Balmer-breaks
can be isolated. In the current design SNAPs red-
dest filters are at 1.24 and 1.44 lm, implying a
maximum redshift for measuring the Balmer break
of �2.4, and a maximum Lyman ‘‘dropout’’ red-
shift of 9�10. Given the potential of JDEM as a
survey companion to JWST the addition of a red-
der filter at �1.6 lm or beyond would be highly
valuable.

Taking spectra of JDEM sources will be a formi-
dable challenge, in particular in the near-infrared.
As even the spectroscopic limit of a 30 m ground-
based telescope will be 5–6 mag brighter in the
near-IR than the limit of SNAPs Deep Survey,
the best follow-up capability will be offered by
the multi-object NIRSpec on JWST.
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Abstract

The infrared sky from space is the sum of a cosmic signal from galaxies, quasars, and perhaps more exotic sources;
and foregrounds from the Milky Way and from the Solar System. At a distance of 1 AU from the Sun, the foreground
from interplanetary dust is very bright between 5 and 100 lm, but ‘‘very bright’’ is still several million times fainter than
the background produced by ground-based telescopes. In the near infrared 1–2.2 lm range the space infrared sky is a
thousand times fainter than the OH nightglow from the Earth�s atmosphere. As a result of these advantages, wide-field
imaging from space in the infrared can be an incredibly sensitive method to study the Universe.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The infrared sky on Earth is very bright, leading
George Rieke to compare infrared astronomy to
ed.
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Fig. 1. The infrared sky brightness from the Earth, dominated
by the OH nightglow and thermal emission from ambient
temperature telescopes at 0 �C, compared to the sky brightness
from space at 1 AU from the Sun, dominated by scattered
Sunlight and thermal radiation from interplanetary dust.
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Fig. 2. The intensity averaged over the DIRBE mission of the
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observing stars in the daytime with a telescope
made out of fluorescent lights. From space the sit-
uation is much improved, with the total sky bright-
ness down by three orders of magnitude in the near
infrared and more than six orders of magnitude in
the thermal infrared. Fig. 1 shows the sky bright-
ness on the Earth compared to the sky brightness
from space 1 AU from the Sun.
2. The total infrared sky

The diffuse infrared background experiment
(DIRBE) on the cosmic background explorer
made observations of the total intensity of the
sky in ten bands from 1.25 to 240 lm (Hauser
et al., 1998). The total intensity at the ecliptic poles
from DIRBE and FIRAS data is shown in Fig. 2.
One can clearly see two windows in this fore-
ground emission: one at 200–500 lm and another
at 3 lm. These windows provide an opportunity
for extremely sensitive imaging from space. The
curves plotted on this graph are the CMB, a
2.725 K blackbody, a scaled version of the FIRAS
spectrum of the Milky Way (Wright et al., 1991),

Im ¼ 1:54�10�4 100 lm
k

� �2

Bmð20:4Þþ6:7Bmð4:77Þð Þ

ð1Þ
a model for the interplanetary dust (Wright, 1996),
and an estimate for the stellar light in the Milky
Way: 5 · 10�13Bm(10

3.5 K).
3. Telescope cooling requirements

The brightness of the infrared sky defines the
maximum temperature a telescope can have with-
out degrading the mission sensitivity. Since optical
surfaces normally have rather low emissivities,
cooling the optics to the Planck brightness temper-
ature of the infrared sky will lead to minimal deg-
radation of performance. Fig. 4 shows this
temperature as function of wavelength. Also
shown on this plot is the temperature of the outer
shell of the Spitzer Space Telescope, which is pas-
sively cooled in an environment 1 AU from the
Sun but far enough away from the Earth that it
is not a significant thermal source. Clearly, it is
rather easy to use a passively cooled telescope in
the 3 lm window in the zodiacal foreground.
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Fig. 4. The Planck brightness temperature of the infrared sky in
space 1 AU from the Sun. The temperature achieved by
passively cooling the Spitzer Space Telescope outer shell is
indicated.
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4. Detector performance requirements

When designing space-based wide-field imaging
missions one naturally wants to achieve back-
ground-limited sensitivity. Fig. 3 show the same
data as Fig. 2 but in a different representation.
Here, the y-axis shows the photon rate on a dif-
fraction-limited pixel with 100% transmission and
100% bandwidth. Furthermore, one usually overs-
amples the diffraction-limited point spread func-
tion so a pixel in a real experiment will receive
only about a few percent of this photon rate.
Clearly, the dark current requirements for back-
ground-limited imaging are well below 1 e/s in
the 3 lm window in the zodiacal light, but
10,000 e/s would be acceptable at 300 lm.

A simple order of magnitude estimate shows
that the detectors must be much colder than the
optics temperature requirement. The photon arri-
val rate on a unit area in a blackbody is O(m2e�x/
c2) where x = hm/kTB is �1. In fact x is usually
25–40 for the space-based backgrounds in Fig. 4.
On the other side of the detector surface one has
phonons that can also be detected, and the phonon
arrival rate is Oðm2e�x0=c2s Þ where cs is the sound
speed and x

0
= hmmin/kTD. Here, hmmin is the mini-

mum energy that can produce a charge carrier in
the detector, so clearly mmin has to be less than
lo
g(

λ2 I ν
/h

 [/
se

c]
)

ν [/cm]

1 cm 1000 100 10 1
 [µ λ m]

0

1

2

3

4

5

6

7

8

9

10

11

1 10 100 1000 10000

Fig. 3. The photon rate on a diffraction-limited pixel (AX = k2)
in a band with Dk = k. To achieve background-limited perfor-
mance, the dark current should be less than 1% of these values.
the observing frequency m. Usually mmin corre-
sponds to the cutoff wavelength of the detector
but in some cases it can be smaller. Because
c2=c2s � 1010, one needs to have x 0 > x + 23, and
thus the detectors usually need to be two to three
times colder than the optics. Even so, there is no
problem running passively cooled optics and
HgCdTe detectors at full natural background-lim-
ited sensitivity in the 3 lm window through the
zodiacal light.
5. JDEM requirements

The Joint Dark Energy Mission (JDEM) is sup-
posed to provide data about the dark energy. One
convenient but not physically motivated parame-
trization of the dark energy is in terms of a time
varying ratio between the pressure and the density,
with w ” P/qc2 = w0 + 2w 0(1 � a) where a(t) ” 1/
(1 + z) is the scale factor of the Universe (Aldering
et al., 2004). When w 6¼ �1 there should be a
dynamical coupling between the dark energy and
matter, leading to an inhomogeneous dark energy
density, and this is neglected in the simple w, w 0

model. But the luminosity distance can easily be
computed in the w, w 0 model allowing for quick
parameter sensitivity studies. It turns out that the
luminosity distance vs. redshift data for superno-
vae only constrain two directions in the four
parameter space spanned by XM, XX, w and w 0.



0.0 0.5 1.0 1.5 2.0

-0.15

-0.1

-0.05

0.0

0.05

0.1

0.15

Redshift

M=0.270, X=0.730, w = -1

M=0.258, X=0.810, w = -0.9
DM-const)x50

Fig. 5. Degeneracy between the WMAP concordance model
with w = �1 and a model with w = �0.9. The difference is only
±2 millimag. Supernovae alone cannot determine w.

[e
rg

/c
m

2 /
se

c]
)

-10

-11

-12

-13

-14

GALEX
DPOSS

NIRAS

SDSS

2MASS

IRAS

IRIS

PLANCK

WISE

410 E.L. Wright / New Astronomy Reviews 49 (2005) 407–412
Figs. 5 and 6 show that the other two directions
are essentially unconstrained by observations of
supernova brightness in the redshift range
0 < z < 2.

All of the calculations that claim that super-
nova data can determine w and w 0 have made some
poorly justified assumptions. For example, the
assumption that the Universe is flat
(XM + XX = 1) is often made. But the flatness of
the Universe is clearly something that needs to
be determined from the data. Often the assump-
tion of a flat Universe is justified on the basis of
simplicity, but simplicity also implies that
XX = 0. Or the CMB is cited in justifying the
assumption of a flat Universe. But the CMB data
does not say the Universe is flat! The CMB data
are perfectly happy with a closed XM = 1.3,
0.0 0.5 1.0 1.5 2.0

-0.15

-0.1

-0.05

0.0

0.05

0.1

0.15

Redshift

∆D
M

ΩM=0.258, ΩX=0.810, w = -0.9
ΩM=0.275, ΩX=0.781, w0 = -0.91, w’ = -0.1
(d∆DM-const)x100

Fig. 6. Degeneracy between the model in Fig. 5 with w 0 = 0 and
the a model with w 0 = 0.1. The difference is only ±1 millimag.
Supernovae alone cannot determine w 0.
XX = 0 model. Only when combined with the
supernova data, and the assumption that
w = �1, do the CMB data imply a flat Universe.
To then turn this around and try to find w is
clearly circular reasoning.

Where then can the additional constraints on
XM, XX, w and w 0 be found? The CMB data, in
particular the location of the acoustic peaks, pro-
vide one independent constraint. And weak lensing
surveys offer another constraint by measuring the
growth of perturbations as a function of redshift.
But weak lensing observations require a very high
density of background sources, and thus a high
sensitivity to typical galaxies. Typical stars in typ-
ical galaxies are much redder than supernovae,
and galaxies are redshifted as well, leading to a
requirement for longer wavelength observations.
Fig. 7 shows how the sensitivity of a proposed
panoramic survey by SNAP to z = 3 background
galaxies could be increased by a factor of 20 by
extending the wavelength coverage out to 3.5 lm.
Note that I recalculated the plotted sensitivities
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Fig. 7. 5r point source sensitivities of various existing or
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planned for SNAP, but would be 20 times more sensitive to old
stellar populations in z = 3 galaxies than longest currently
planned band in SNAP.
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for all the SNAP bands and generally agree with
published estimates (Aldering et al., 2004).

This sensitivity at 3.5 lm is two magnitudes
fainter than the faintest reported number counts
from Spitzer (Fazio et al., 2004). Since the Spitzer
counts exceed 105 per square degree, the counts
from a panoramic SNAP survey would be about
105.4 per square degree if the wavelength coverage
of SNAP is extended to 3.5 lm.

But this sensitivity at 3.5 lmwill require rethink-
ing the implementation of JDEM. The Hubble
Space Telescope was designed in the 1980s, without
planning for sensitive infrared instruments, and as a
result has heated mirrors made out of ULE glass.
ULE is not ultra-low expansion except in a narrow
range of temperature near room temperature. The
recently released Hubble Ultra-Deep Field shows
the unfortunate consequences of this decades old
decision: even though the NICMOS exposure time
per position is only a few percent of the ACS expo-
sure, theNICMOS image clearly goes to higher red-
shift. And NICMOS cannot even use its 2.2 lm
capability because of the heated mirrors.

The James Webb Space Telescope (Gardner,
2003) will use passively cooled optics and actively
cooled detectors to operate in the 0.6 < k < 25 lm
range with high sensitivity. The Wide-field Infrared
Survey Explorer (WISE) will survey the entire sky
with sensitivities better than the requirements
shown in Fig. 7, and thus provide a sky survey suit-
able for planning JWST observations.

WISE (Duval et al., 2004) will have four bands at
3.5, 4.7, 12 and 23 lm and will be able to detect old,
cold brown dwarfs in the Solar neighborhood as
well asUltraluminous InfraredGalaxies at redshifts
up to z = 3.WISE will be in a nearly polar Sun-syn-
chronous low Earth orbit like IRAS andCOBE and
will scan a circle perpendicular to the Earth–Sun
line once per orbit while looking away from the
Earth. After 6 months the precession of the orbit
will have swept this scan circle across the entire sky.

WISE will take exposures every 11 s with
1024 · 1024 pixel arrays in each of its four bands.
The 40 cm diameter WISE telescope will scan at a
constant rate while an internal scan mirror freezes
an image of the sky on the arrays. This scan meth-
od is very similar to the method employed by the
2MASS survey.
The current catalogs of stars close to the Sun
are surprisingly incomplete. In fact, the third clos-
est star to the Sun was discovered in 2003 with a
proper motion of 500 per year (Teegarden et al.,
2003)! When brown dwarfs are included, it is likely
that only one-third of the stars within 5 pc have
been identified. Most of the missing objects will
be old low mass brown dwarfs with luminosities
considerably smaller than the 2.6 · 10�6Lx of
2MASS 1415-09 (Vrba et al., 2004). WISE will
be able to detect brown dwarfs down to 10�8Lx

at the distance of Proxima Cen, and there could
be two such objects within the 10 pc3 closer to
the Sun than Proxima Cen.

At much greater distances our knowledge of ac-
tive galactic nuclei, QSOs and ultra-luminous star-
burst galaxies is also incomplete because these
objects are often obscured by tremendous amounts
of dust. WISE should be able to detect about 107

galaxies at 23 lm and 5–6% of these will have red-
shifts z > 2.

All of these objects that can be found by WISE
will be of great interest for followup observations
using the JWST. A 2 m diameter, passively cooled,
wide field telescope working in the near infrared
would fill a valuable niche between the wide but
shallow survey of WISE and the ultra-sensitive
but narrow field capability of JWST.
6. Conclusion

The Joint Dark Energy Mission goals require
many different kinds of data, not just supernova
brightness vs. redshift. A high sensitivity to faint
redshifted galaxies will be essential, and in the
space environment 1 AU from the Sun the highest
sensitivity is obtained at 3 lm (Wright, 1985).
Thus JDEM should cover the wavelength range
k < 4 lm, and this can easily be achieved using
passively cooled optics and detectors.
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Abstract

Wide-field imaging from space will reveal a wealth of information about the globular cluster systems of any galaxies
in the local universe that are observed by such a mission. Individual globular clusters around galaxies in the local uni-
verse have compact sizes that are ideal for the excellent spatial resolution afforded by space-based imaging, while sys-
tems of these globular clusters have large spatial extent that can only be fully explored by wide-field imaging. One
example of the science return from such a study is the determination of the major formation epoch(s) of galaxies from
the ages of their globular clusters determined via their optical to near-infrared colors. A second example is determining
the sites of metal-poor globular cluster formation from their cosmological bias, which constrains the formation of struc-
tures early in the universe.
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1. Why JDEM imaging of globular cluster systems

Globular clusters are invaluable fossil records
of the early formation history of the galaxy in
ed.
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which they are located. Composed of roughly one
million stars that formed at the same time with
similar composition and that have remained
bound for up to a Hubble time, each globular clus-
ter provides an observable record of the age, met-
allicity, and kinematics at the time it was formed.
Because these quantities are determined for indi-
vidual globulars, studies of globular cluster sys-
tems can constrain the distribution of the ages
and metallicities rather than the global average
of these key galaxy quantities revealed by most
studies of the integrated light of galaxies. Globular
clusters are also observed to form in major star-
bursting episodes in the local universe, so their
properties provide a way to trace the major forma-
tion episodes in their host galaxies. Moreover, be-
cause typical globular clusters contain roughly one
million stars, they are bright and can be readily ob-
served as individual objects out to sufficient dis-
tances (�15 Mpc) to obtain a significant sample
of elliptical galaxies. This allows the investigation
of the formation history of massive early-type gal-
axies that are absent in the Local Group, but make
up the majority of stellar mass in the local universe
(e.g., Hogg et al., 2002). Consequently, studies of
globular cluster systems have long played an
important role in constraining how and when the
major formation episodes in galaxies occurred
(e.g., Ashman and Zepf, 1998; Harris, 2001).

The study of extragalactic globular cluster sys-
tems has been revolutionized by space-based imag-
ing with the Hubble Space Telescope. This is in
large part because the size of extragalactic globular
clusters is very well matched to diffraction limited
optical imaging with a 2-m class telescope. Specif-
ically, a typical globular cluster half-light radius of
several pc at a distance of 10 Mpc corresponds to
�0.0500 on the sky. However, in one critical aspect,
the study of extragalactic globular cluster systems
is not well suited to HST imaging. The systems of
globular cluster systems around massive early-type
galaxies extend into the halos of the galaxies, cov-
ering tens of arcminutes on the sky (e.g., Rhode
and Zepf, 2004 and references therein). Therefore,
wide fields of view are required in order to accu-
rately determine total properties of globular clus-
ter systems around galaxies. Moreover, the outer
halos of galaxies may hold unique clues to the
assembly history of galaxies, and globular clusters
are one of the few probes available in these re-
gions. In this contribution, we highlight two key
science questions that would be addressed by
wide-field, space-based imaging of galaxies in the
local universe and their globular cluster systems.
2. Constraints on the formation epoch(s) of elliptical

galaxies

Globular cluster systems are key tools for deter-
mining the formation history of elliptical galaxies
because the ages and metallicites of their globular
clusters can potentially be determined, thereby
yielding the major formation epoch(s) of the host
galaxies. Studies in optical colors have revealed
that globular cluster systems of elliptical galaxies
often have color distributions with two or more
peaks (e.g., Kundu and Whitmore, 2001; Larsen
et al., 2001). This is one of the clearest signs that
elliptical galaxies form eposidically, and is consis-
tent with earlier predictions for elliptical galaxies
formed by the mergers of disk galaxies (Ashman
and Zepf, 1992). While the optical colors of glob-
ular cluster systems indicate an episodic formation
history, they do not significantly constrain when

these events occur. This is because optical colors
alone cannot generally distinguish between differ-
ent age and metallicity combinations (the age-met-
allicity degeneracy). In some specific cases with
strongly bimodal color distributions, the cluster
systems must be mostly old and have a bimodal
metallicity distribution to account for the red
and blue populations (e.g., Zepf and Ashman,
1993). However, a general understanding of the
age and metallicity distribution of globular cluster
systems requires the breaking of the age-metallicity
degeneracy. The addition of near-infrared pho-
tometry to optical data provides a way to break
the age-metallicity degeneracy (e.g., Puzia, 2002).
The basis for this technique is that the flux of a
simple stellar population in the near-infrared is
primarily sensitive to metallicity, while optical
fluxes have a greater sensitivity to age. This ap-
proach has resulted in the first identification of a
substantial population of intermediate-age globu-
lar clusters in an ordinary elliptical galaxy (Puzia,
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2002), and studies are now being carried out of lar-
ger samples of galaxies (e.g., Hempel et al., 2003).
However, these studies are limited to the inner re-
gions of galaxies because of the modest size of cur-
rent near-infrared arrays and also, more
fundamentally, because of the low surface density
of globular clusters in the outer regions of galaxies.
Specifically, even with careful image classification
and multicolor selection, contamination of globu-
lar cluster samples in wide-field ground-based
imaging is a concern (e.g., Rhode and Zepf,
2001). As demonstrated by HST, imaging at 0.100

resolution effectively eliminates most of this con-
cern by separating background galaxies, fore-
ground stars, and globular clusters (e.g., Kundu
et al., 1999).

Any JDEM observations of early-type galaxies
in the local universe would provide optical and
near-infrared luminosities of their globular clusters
over a wide field with little contamination. This
would then allow the use of the optical to near-
infrared technique to determine the ages and met-
allicities of the major formation epoch(s) of these
galaxies from the inner regions out into their ha-
los. This would place important constraints on
the formation history of elliptical galaxies, partic-
ularly in their outer regions for which there are
few other constraints.
3. Cosmological bias of metal-poor globular cluster

populations

The low metallicity and the ‘‘halo’’-like ex-
tended spatial distribution of metal-poor globular
cluster systems suggests that they generally formed
at high redshift. These objects may therefore be the
best available fossil records of structure formation
at early epochs. One way to address the question
of the formation sites of metal-poor globular clus-
ters is to determine their ‘‘cosmological bias’’. Spe-
cifically, galactic halos that are more massive and
in denser environments will tend to have more of
their mass collapsed by a given redshift than halos
of lower mass and in poorer environments. Thus, a
given formation redshift for metal-poor globular
clusters translates directly into a specific prediction
for the �biasing’’ of metal-poor clusters towards
higher mass halos, with the adoption of a constant
formation efficiency of globular clusters per col-
lapsed halo mass. This can be further tested by
comparison with the spatial distribution of the me-
tal poor clusters, which is also dependent on for-
mation epoch and halo mass (see Rhode and
Zepf, 2004; Santos, 2003).

To determine the cosmological bias of the me-
tal-poor globular clusters, their total number and
spatial distribution around galaxies of different
masses and environments are required. Current
work along these lines has primarily utilized
the ground-based CCD Mosaic cameras covering
fields of roughly 30 0 · 30 0 (e.g., Rhode and Zepf,
2004). These data are a significant improvement
over those available earlier, and the field size
covers most or all of the metal-poor globular
cluster systems of a broad range of galaxies in
the local universe. However, as discussed in the
previous section, space-based imaging is invalu-
able for identifying globular clusters over these
large fields. Therefore, JDEM imaging of galax-
ies in the local universe would provide high qual-
ity total numbers and spatial profiles of the
metal-poor component of globular cluster sys-
tems for the determination of the biasing of this
population. This would then constrain when and
where these structures formed early in the
universe.
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Abstract

The signature of objects in the very early universe lies deep in the near infrared bands. The Primordial Explorer
(PRIME) is a proposed NASA Explorer-class mission aimed at the z > 10 universe. PRIME will find the youngest
and the most luminous galaxies and quasars, thereby enabling the determination of the epoch of galaxy formation
and that of reionization of the intergalactic medium.
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1. The ‘‘dark ages’’

Remarkable progress has been made recently in
our understanding of the very early universe: The
discovery of galaxies at redshift of z � 7 (Kodaira
et al., 2003; Kneib et al., 2004) leads us over �93%
of the look-back time since the Big Bang. The
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spectra of luminous quasars at z > 6 suggest (Fan
et al., 2003) that we may have already witnessed
the beginning of reionization of the intergalactic
medium (IGM), an important milestone for
cosmology.

Simulations with cosmological models suggest
that the small-scale fluctuations in the IGM grew
under the influence of gravity and eventually
formed the first generation of baryonic objects
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Fig. 1. Sensitivity of large-scale surveys. Only those that cover
at least 1/4 of the sky are included. Overplotted are simulated
spectra of a quasar and a galaxy. PRIME can reach 20–100
times deeper in its deep mode.
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such as stars, galaxies, and quasars. Recent re-
sults of the Wilkinson Microwave Anisotropy
Probe (WMAP, Spergel et al., 2003) confirm
with unprecedented precision that the seeds for
baryonic matter started to form at z � 1000
and suggest that the first generation of stars
appeared �200 million years after the Big Bang,
i.e., at z � 20. The energetic emission from
young galaxies and quasars eventually reionize
the IGM, ending the so-called ‘‘dark ages’’.

One of the major frontiers in cosmology is the
universe beyond redshift 10. The backbone of
our exploration is the James Webb Space Tele-
scope (JWST). To fully realize JWST �s power, a
deep infrared survey is highly desirable. The recent
images of the Hubble Ultra Deep Field (HUDF)
represent our deepest view of the early universe
to date, but significantly larger fields of view are
needed to study the luminosity function and other
properties of z > 6 objects.
2. PRIME: the primordial explorer

To bridge the gap between the WMAP results
at z � 20 and our current knowledge of the uni-
verse at z � 6–10, significant wide-field capability
is needed in the near-infrared band. We have
developed a mission concept PRIME, the Pri-
mordial Explorer. It is a NASA Explorer-class
mission to carry out a deep survey in the near
infrared by obtaining images in four bands be-
tween 0.9 and 3.5 lm. As shown in Fig. 1,
PRIME is in the right band and right sensitivity
to catch the signature of some most interesting
objects. This third generation will be approxi-
mately 1000 times more sensitive than 2MASS
in its wide survey mode. PRIME is also capable
of deep survey at various scales. At the level of
one square degree, for example, it may reach AB
magnitudes comparable to that of the HUDF.
PRIME will therefore profoundly enhance the
capability of JWST and the largest ground-based
telescopes.

The current participating institutions in the
PRIME project are Johns Hopkins University,
Space Telescope Science Institute, Max-Planck-
Institut für Astronomie, and Goddard Space
Flight Center.
3. Number of objects at z > 10

The latest SDSS discoveries suggest that qua-
sars may be found in much earlier epoches, i.e.,
z > 10. The quasar phenomenon is believed to
originate from a supermassive black hole at the
center of large halos. The current estimates (Fan,
in this proceedings) suggest that there are approx-
imately 100 quasars of z � 6 in the entire sky, to a
limiting magnitude of AB � 20. If the massive
black holes in these quasars took long time to
build, they are likely to exit at redshift 10 and be-
yond. Their high-redshift counterparts will be fain-
ter (Haiman and Loeb, 2001), as the result of: (1)
the Doppler effect and (2) a smaller center mass
and accretion rate. Our estimates suggest that, at
limiting magnitude of 24, PRIME will be able to
find approximately 50 such luminous quasars at
z � 10. The spectra of these quasars are powerful
probe of the IGM reionization at z > 10.

Hierarchical models predict that large galaxies
like the Milky Way formed earlier than quasars.
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While JWST will find many high-z galaxies via
deep imaging, most of them will be foreground
galaxies at z < 10. It is estimated (Loeb and Bar-
kana, 2001) that the number of z � 15 galaxies at
a given limiting magnitude is 2 decades smaller
than at z � 10 and that of z � 20 galaxies by 4
decades. It is therefore necessary to search beyond
‘‘deep fields’’ in order to find the youngest galax-
ies. The large number of galaxies at z > 10 found
in the PRIME survey will enable us to study the
correlation of galaxy distribution and that of the
microwave background discovered by WMAP.
For the brightest, JWST will be able to obtain
their spectra, which will provide invaluable clues
to the physical conditions in these ‘‘infant’’
galaxies.
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Abstract

Optical/near-IR colors have been widely used to select z > 1 galaxies with old stellar populations. However, because
a single color can not separate dust reddening from old stars, the relative fractions of dusty starbursts and old early type
galaxies in an optical/near-IR selected sample are unknown. In this talk, I present the first, direct measurement of the
fraction of dusty sources in a sample of extremely red galaxies with (R � Ks) P 5.3 mag and Ks < 20.2 mag, using 24 lm
mid-infrared data from the Spitzer Space Telescope. Combining deep 24 lm, Ks- and R-band data over an area of �64
sq.arcmin in the ELAIS N1 field of the Spitzer First Look Survey (FLS), we find that 50 ± 6% of our ERO sample have
measureable 24 lm flux above the 3r flux limit of 40 lJy. This flux limit corresponds to a SFR of 12 Mx/yr at z � 1,
much more sensitive than any previous long wavelength measurement. The significant implication is that our deep 24
lm observations have revealed for the first time galaxies being assembled together at z � 1. Some of the starburst EROs
are in the midst of violent transformation to become massive early type galaxies at the epoch of z � 1–2.
� 2005 Published by Elsevier B.V.
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Fig. 1. The two panels show log10 (mfm(24 lm)/mfm(0.7 lm))
versus log10 (mfm(24 lm)/mfm(8 lm)). Panel (a) presents the data
from ELAIS N1. In this panel, red/green squares represent
EROs with/without 24 lm detections. For the non-24 lm
EROs, the green crosses have only upper limits in the R-band.
The black/blue points represent the full Ks-selected sample with/
without 24 lm detections. The plotted colors of sources not
detected at 24 lm are upper limits and could move down to
lower-right corner of the diagram, as illustrated by the green

and blue arrows. The black solid line in both panels represents
constant (R � Ks) = 5.3 mag color. Panel (b) shows the
computed color–color tracks as a function of redshift for a
set of SED templates of local, well-known galaxies. The subset
of the FLSV sample with measured spectroscopic redshifts are
overplotted for three different redshift bins: z < 0.5 (magenta

open triangles); 0.5 < z < 1.0 (orange open squares); and z > 1.0
(cyan open circles). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of
this article.)
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1. Background and data reduction

Optical/near-IR colors, such as (R � Ks) or
(I � Ks) have been commonly used in wide-area
surveys to select old stellar populations at z � 1–2
(see Cimatti et al., 2002; McCarthy, submitted,
for the review of this subject). However, these color
selections are also sensitive to dust-reddened, star-
forming systems, and examples of both passively
evolving ellipticals and dusty starburst EROs have
been found (see McCarthy, submitted, for refer-
ences). The relative contribution of these two gal-
axy types is unknown. MIPS 24 lm data from the
Spitzer Space Telescope offer the first opportunity
to directly address this critical issue. Dusty, star-
forming galaxies are clearly distinguished from
early-type galaxies at mid-IR wavelengths. The re-
sults presented here have been published in the
ApJS Spitzer special issue (Yan et al., in press).
The primary dataset used in this work include deep
optical R, near-IR K and Spitzer 24 lm data in the
ELAIS N1 field. R and Ks were taken at the KPNO
and Palomar, and reach 3r of 25.2 and 21 mag,
respectively. The 24 lm images were taken with
roughly 4000 s exposure time and have the final
3r flux limit of 40 lJy.

2. Results and Implications

2.1. The 24 lm detected EROs

We produced a catalog of 129 galaxies with
(R � Ks > 5.3) mag over 64 sq.arcmin. Of the 129
EROs, 65 (50 ± 6%) have 24 lm emission with flux
greater than 40 lJy. The fraction of 24 lm detected
EROs becomes slightly higher for redder sources,
with 56 ± 15% and 67 ± 30% for (R � Ks) P 6.0
and (R � Ks) P 6.5 mag, respectively. However,
the errors of these fractions are large due to the
shallowR band limit. Deeper data would be needed
to reduce the uncertainties. We find that 70% of the
24 lm EROs have f24 lm > 90 lJy and that the
mean 24 lm flux of the ERO sample is 167 lJy.

2.2. The nature of the EROs with 24 lm emission

What types of galaxies are the 24 lm detected
EROs? In Fig. 1(a), we present a 24–0.7 and 24–
2.2 lm color–color diagram showing that 24 lm-
detected EROs (red squares) are clearly separated
from EROs without 24 lm emission (green points),
as well as the general non-ERO population (black
and blue). This suggests that the MIR/Optical and
MIR/NIR colors of 24 lm-detected EROs are un-
ique, distinguishing them from other populations.
Fig. 1(b) presents the expected colors as a function
of redshift for various SED templates, assuming
no evolution. The SEDs for M51, M82 and
Mrk231 are taken from Silva et al. (1998), D. Fadda
et al., and Chary and Elbaz (2001), and M31 bulge
SED is from Soifer et al. (1986) combined with a
10 Gyr theoretical SED from Bruzual and Charlot.
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For comparison, a sample of 112, 24 lm sources
with known spectroscopic redshifts are marked
to show the actual redshift range of the 24 lm
EROs in ELAIS N1. Of these 112 redshifts, 10
are 24 lm-detected EROs with 0.8 < zspec < 1.3,
and the optical spectra of these 10 sources all have
[OII]3727 Å emission line.

Comparing Figs. 1(a) and (b), we reach the fol-
lowing conclusions: (1) 24 lm-detected EROs in
the ELAIS N1 field with (R � Ks) P 5.3 mag,
Ks < 20.2 mag, and fm(24 lm) > 40 lJy are infrared
bright sources at z P 1. They have colors similar
to starbursts like M82 at z P 1, or dust reddened
AGN like Mrk231 at z P 0.7. Their colors are
too red to be explained by any normal spiral or
old stellar populations at any redshifts. (2) The
likely redshift range of these 24 lm EROs is
z P 1, as predicted from the model SEDs of
M82 and Mrk231. This is further confirmed by
comparison to the Keck spectroscopic sample
from the FLSV. (3). The remaining half of the
ERO population are probably galaxies with old
stellar populations at z � 1, as suggested by the
tracks in Fig. 1(b). In a forthcoming analysis, we
should be able to set better constraints on the ages
and masses of these systems by combining with the
Spitzer IRAC photometry.

Half of the ELAIS N1 ERO sample have 24 lm
dust emission. The key question is what their infra-
red luminosities are. In the previous section, we
conclude that the 24 lm-detected EROs have col-
ors similar to M82, however, Fig. 1(a) does not set
any constraints on either their luminosities or
masses. At z � 1 the observed 24 lm luminosity
roughly corresponds to the rest-frame IRAS 12
lm luminosity, within a factor of 2. The Spitzer
24 lm filter is narrower than the IRAS 12 lm fil-
ter, but ignoring this difference, a crude conversion
of the observed Spitzer 24 lm flux can be made to
place a lower limit on the rest-frame IRAS 12 lm
luminosity. We can infer the total infrared lumi-
nosity of 24 lm sources at z � 1 by using the cor-
relation between the 12 lm luminosity (mLm(12
lm)) and the infrared luminosity LIR(8–1000
lm), LIR = 0.89 · (mLm(12 lm))1.094 Lx (Soifer
et al., 1989). The mean flux (167 lJy) of the 24
lm-detected EROs in ELAIS N1 implies the
LIR � 3 · 1011 Lx at z = 1.0 and LIR � 1012 Lx
at z = 1.5, similar to that of local LIRGs and
ULIGs. The corresponding SFR is 50–170 Mx/yr,
using SFR = 1.71 · 10�10LIR (Mx/yr). We
emphasize that the ELAIS N1 24 lm data is very
deep so that 3r flux limit of 40 lJy corresponds
to a SFR of 12 Mx/yr, which is more sensitive
than the deepest 1.4 GHz observation (Smail
et al., 2002).

2.3. Summary and implications

Our result suggests that a significant fraction
of EROs are extremely active starbursts (LIRGs
or ULIGs). If the time scale of this starbursting
phase is on the order of 108/yr, as inferred from
local LIRGs and ULIGs, we can set a lower lim-
it to the mass of these 24 lm-detected EROs as
SFR · s = 50�170 · 108 = 5 · 109–2 · 1010 Mx.
If the EROs without detectable 24 lm are indeed
massive systems with old stellar populations at
z � 1 as measured by several recent surveys
(Glazebrook et al., in print), one plausible con-
nection between the starburst and early-type
ERO populations is that the former may be in
the process of transforming into the latter, as
initially postulated by Kormendy and Sanders
(1992). In the hierarchical clustering paradigm,
it could be interpreted that our deep 24 lm
observations are capturing a massive galaxy
population in the midst of violent transformation
– possibly in the process of assembly via merg-
ers/starbursts at the epoch of z � 1–2. The accu-
rate determination of the stellar and dynamical
masses of these starburst EROs at z � 1–2 will
be critical for the resolution of this question.
Finally, the measurement of volume averaged
mass density at z � 1–2 would require a better
understanding of the physical source of the inte-
grated K-band light – whether from dusty sys-
tems or from old stars.
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Abstract

Using gravitational microlensing, a space-based wide-field imager could carry out a search for planets with greater
sensitivity than any other technique. Because the amplitude of the microlensing signature is independent of planet mass,
the survey would extend down to Mars-mass planets, at least a decade below other techniques. While most sensitive to
planets in the so-called ‘‘lensing zone’’ (roughly 1–5 AU from star), the microlensing technique probes planets over a
broad range of separations, and is the only method that is sensitive to free-floating planets. It is also the only technique
capable of conducting a planetary census at a wide range of Galactocentric distances.
� 2005 Published by Elsevier B.V.
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1. Introduction

A wide field imager in space would enable a
massive survey for planets extending down to
one Earth mass, or even a factor 10 smaller, using
the technique of gravitational microlensing.

The reason that microlensing is potentially so
much more sensitive to low-mass planets, and the
reason that a wide field space imager is needed to
realize this potential are closely related. For all
other planet-search techniques, the strength of
the signal declines with the planet mass, either lin-
early (radial velocities, astrometry, pulsar timing)
or as the 2/3 power (transits). By contrast, for
microlensing, the strength of the signal remains
constant as the planet mass drops (until it reaches
its threshold at about the mass of Mars). However,
the probability that the planet will give rise to a
signal and the duration of that signal both decline
as the square root of the planet mass. Hence, to
achieve sensitivity to Earth mass planets requires
a survey that monitors literally 100 million stars,
with nearly continuous 10-min sampling over
many months. These characteristics can only be
fully realized using a wide field imager in space.

Microlensing planet-finder satellites have been
discussed for several years (Bennett and Rhie,
2002). While the specific designs have varied, all
require 1–2 m class telescopes with several square
degree fields that are sampled at slightly worse res-
olution than the diffraction limit. This allows for
maximum areal coverage (which as we will see is
critical), while still effectively achieving the diffrac-
tion limit through drizzling. Thus, the characteris-
tics of these satellites are essentially the same as
those required for supernova (SN) searches. In-
deed, one incarnation of this satellite, called
JDEEM, would spend three 8-month campaigns
searching for planets, and two intervening 16-
month campaigns searching for SNe. In this con-
tribution, I will not distinguish between various
possible configurations for the satellite, as these
change its capabilities by only of order a factor 2.
2. Microlensing basics

When two stars become closely aligned, the one
in front (the ‘‘lens’’) bends the light from the one in
back (the ‘‘source’’), The source is then broken up
into two images, each of which is distorted and
magnified. The separation of these images is of or-
der the angular Einstein radius, hE

hE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jMprel

p
¼ 2:9mas

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M
M�

prel

mas

s
; ð1Þ

where M is the mass of the lens, prel is the lens-
source relative parallax, and j ” 4G/(c2AU). For
Galactic microlensing, the two images are typically
separated by less than 1 mas, and hence are not re-
solved. However, since the combined area of the
images is larger than that of the source by a factor

A ¼ u2 þ 2

u
ffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ 4

p ; u � hrel
hE

: ð2Þ

(Paczyński, 1986), and since by Liouville�s theorem
surface brightness is conserved, the source bright-
ens by the same magnification factor A. Here, hrel
is the source-lens projected separation. By the
Pythagorean theorem, the source-lens separation
u as a function of time t is given by

u2 ¼ ðt � t0Þ2

t2E
þ u20; ð3Þ

where t0 is the time of closest approach, u0 = u(t0)
is the impact parameter, and tE is the Einstein-
radius crossing time. Hence, microlensing events
are simple lightcurves characterized by three
parameters (t0,u0, tE), which is fortunate because
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otherwise they could not be distinguished from the
much more numerous variable stars.

The probability that any given source is micro-
lensed at any given time [i.e., u(t) < 1] is called the
optical depth s. For microlensing toward the
Galactic bulge, s � 2 · 10�6. Hence, 10s of millions
of stars must be monitored to find a significant
number of microlensing events. Nevertheless, more
than 2000 have been found, the majority by the
OGLE and MACHO microlensing collaborations.
These groups employ wide field (�0.5 deg2)
cameras on 1.5 m telescopes, which are entirely
dedicated to microlensing searches.
3. Microlensing by planets

The previous description strictly applies only
to point lenses. Naively one might think that
binaries would generate lightcurves that were
the sum of two single-star lenses. In fact, the
additional lens creates an ‘‘astigmatism’’ in the
magnification field of the first lens, which can
give rise to much more complicated lightcurves,
including ‘‘caustics’’, regions of formally infinite
magnification. This applies to double lenses of
any sort, whether binary stars or planetary sys-
tems (Mao and Paczyński, 1991). However, while
binary-lens lightcurves can be dominated by the
riotous behavior of caustics, planetary lightcurves
are typically much simpler. For the majority of
the event they look like simple single-star light-
curves, except for a brief interval when the light-
curve is perturbed by the presence of the planet.
The reason for this is simple, the planetary Ein-
stein radius, hE,p is smaller than hE of the star
by the square root of their mass ratio

hE;p ¼ q1=2hE; q � mp

M
: ð4Þ

Only if one of the two images of the primary
lens comes ‘‘close’’ to the planet, will it signifi-
cantly perturb the lightcurve. ‘‘Close’’ is defined
by the size of the planetary Einstein radius hE,p
and by the size (or degree of magnification) of
the image. This simple picture permits one to
grasp all the main characteristics of planetary
microlensing.
First, since hE;p / m1=2
p , the probability that a gi-

ven planetary companion will actually affect a
microlensing lightcurve is also proportional to
m1=2

p . Second, microlensing is much more sensitive
to planets that happen to lie close to the ‘‘Einstein
ring’’, the circle of angular radius hE about the
star. For Galactic microlensing, this radius typi-
cally corresponds to about 2.5 AU. Professional
microlensers speak of a ‘‘lensing zone’’ between
0.6 and 1.6 Einstein radii. Microlensing can still
detect planets at other radii, but it is most sensitive
here. Third, the duration of the perturbation is
proportional to hE,p and so to m1=2

p . However, the
form and amplitude of the perturbation do not de-

pend on the planet mass (Gould and Loeb, 1992).
The bottom line is that if one hopes to detect

low-mass planets, one must survey a huge number
of stars and one must monitor them every few min-
utes. First, the chance that any given star is micr-
olensed is only s � 2 · 10�6. Even if all these stars
have Earth-mass planets, the chance they will per-
turb the lightcurve is only Oðq1=2Þ, or 0.2% for
Earth-mass planets of solar-type stars. This prob-
ability is enhanced if the planet is in the lensing
zone, but it is still small. And the fraction of stars
with Earth-mass planetsmay itself be small. Finally,
the duration of the planetary event is only �1.5 h
(mp/M¯)

1/2.
4. Planet searches from the ground

Ground-based microlensing searches for plan-
ets have been carried out for almost a decade. Be-
cause even Jupiter-mass planets generate
deviations that last only about 1 day, while the
surveys that find microlensing events typically
monitor their fields only once per day, it is impos-
sible to reliably detect planets from the surveys
themselves. Planet-search groups therefore rely
on the survey groups to provide them with alerts
of ongoing events, and then monitor the most
promising of these much more intensively. Gaudi
et al. (2002) analyzed 44 such monitored events
in 5 years of data from the PLANET collaboration
(Albrow et al., 1998). They failed to find any plan-
ets, but were able to put significant upper limits on
the planets of bulge stars. Recently, however,
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Bond et al. (2004) reported the first secure micro-
lensing detection of a planet. As predicted from
theory, the lightcurve looks like a normal single-
star microlensing event, except that it suddenly
and dramatically deviates from this course as it
undergoes two caustic crossings within a few days.
Microlensing surveys are becoming more efficient,
both discovering more events (700 this year alone)
and finding the high-magnification events before
peak when they are most sensitive to planets. It
may be that many planets will be discovered over
the next few years.
5. Why wide field imaging from space?

However, to achieve the full potential of micro-
lensing will require a new survey using wide-field
space-based imaging. The reason is simple. The
probability of detecting an Earth mass planets to-
ward a given source is of the order �q1/2s �
4 · 10�9, even if every star has one such planet.
Hence, the rate of detection is

C � afq1=2s
tE

� 5� 10�8 yr�1af ; ð5Þ

where f is the fraction of stars with Earth-mass
planets and a is a numerical factor that might be
as large as 5 or so for planets in the lensing zone.
Thus, clearly one must survey of order 108 stars
with a frequency of several observations per hour
to detect a respectable number of Earths. Still this
is far more robust than any other method that has
been proposed for detecting Earth-mass planets.

The sheer number of stars that must be moni-
tored implies that the source population has to in-
clude the upper main sequence: there are simply
not enough brighter stars within a few square de-
grees and it is impossible to cover larger areas
while still maintaining the cadence needed to de-
tect the short deviations induced by Earth-mass
planets. These faint stars cannot generally be re-
solved from the ground, but are easily resolved
from space. While microlensing by unresolved
stars can be successfully tracked using difference
imaging, the increased background light in the
unresolved images significantly degrades the pho-
tometric precision.
6. What would a microlensing survey do?

Microlensing probes planet parameter space in
several directions that are orthogonal to other
techniques.

6.1. Low-mass planets

As mentioned above, the size of planetary sig-
nature in microlensing events remains the same
as the planet mass decreases. It is true that the
both the probability and duration of the planetary
deviations decline as the square root of the mass,
and both effects imply that sensitivity falls with
mass. However, given a large enough survey, there
will be robust detections of planets down to very
small masses. This is in sharp contrast to all other
methods, in which the planetary signatures always
fall sharply with mass.

Now, it should be noted that the microlensing
signature does eventually diminish when the plan-
etary Einstein radius hE,p falls below the size of the
source star, h*. Below this point, the planet per-
turbs only a small fraction of the star�s light. How-
ever, for main-sequence stars, h* � 0.6 las, this
occurs at masses mp � 5 · 10�7 Mx, which is to
say the mass of Mars.

A survey lasting 4 years using a 1.5 m telescope
and a 2 deg2 camera, would detect 10 Mars-mass
planets or 100 Earth-mass planets, assuming that
every star had one such planet in the lensing zone.
Higher mass planets would have correspondingly
higher rates.

6.2. High signal-to-noise ratio

Because of the intrinsic difficulty of detecting
Earth-mass planets, most experiments benchmark
their capabilities to very low signal-to-noise ratio
(S/N), e.g., S=N �

ffiffiffiffiffiffiffiffi
Dv2

p
¼ 8. This threshold is

adopted because it eliminates false positives from
Gaussian statistics. However, the experience of
cutting-edge difficult-to-repeat experiments shows
that much higher thresholds are required in prac-
tice to avoid false-positives from unanticipated
backgrounds. Typically, experimenters are driven
to S/N > 25 (Gould et al., 2003). For other tech-
niques (such as transits, radial velocities, and
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astrometry) the number of detections fall as a high
power N � (S/N)�c, with c � 2.4. Hence, setting a
higher (and more realistic) threshold would dra-
matically reduce the number of reliable detections.
By contrast, for microlensing c � 1, implying that
the ensemble of microlensing detections is far more
robust in the face of unanticipated systematics.

6.3. Free-floating planets

Most theories of planet formation predict that a
large number of planets will be ejected from their
planetary systems during or after the epoch of
their assembly. For example, it is possible that 10
or even 100 Earth-mass planets might have been
ejected during the formation of the ice giants Ura-
nus and Neptune. It would be difficult to test these
theories without a capacity to detect the free-float-
ing planets that arise from such ejections. Only
microlensing can detect this population: all other
techniques rely on the effect of the planet on its
parent star (either jostling the star�s position or
blocking its light). Hence, they can only detect
planets that are bound to their parent star. Micro-
lensing, by contrast, relies on the fact that the pla-
net�s gravity can bend the light from a background

star, and this effect does not require the proximity
of a ‘‘host star’’. It is true that the microlensing ef-
fect is enhanced if the planet lies in the ‘‘lensing
zone’’ of its host star, but the effect remains at lar-
ger distances from the host, including infinite
distances.

6.4. Galactic census

By its very nature, microlensing detects planets
at a range of distances from within a kpc or so of
the Sun to the Galactic bulge. Other techniques
generally probe stars at much closer distances. It
is true that some transit searches also probe stars
at several kpc, but these experiments are only sen-
sitive to Jupiter-mass planets at very close star-
planet separations.

6.5. Planet masses

A key parameter in characterizing a planet is its
mass. The only technique that routinely yields a
planet mass is astrometry. Radial velocities yields
M sin i, which is a very good (but not perfect)
proxy for the mass because for random inclina-
tions, the sin i distribution is strongly peaked to-
ward unity. Transits do not yield masses at all,
although if the mass is large enough, it is possible
to derive the mass from follow-up radial-velocity
observations. Unfortunately, Earth-mass planets
do not generate measurable radial-velocity
variations.

How does microlensing fit into this picture?
Microlensing routinely yields planet/star mass ra-

tios, rather than planet masses per se (Gould and
Loeb, 1992). While this parameter is also impor-
tant in characterizing the planet, one would also
like to know under what circumstances it is possi-
ble to go farther and extract a mass.

To measure the mass mp, given the knowledge
of q = mp/M, one must somehow determine the
star mass M. For about 1/3 of the events, the lens
star will be visible. From its color and magnitude,
one can make a good estimate of its mass.

When the lens star is not visible, it will still often
be possible to constrain or measure its mass.
Microlens masses can be found by measuring
two higher-order parameters, the angular Einstein
radius hE and the projected Einstein radius ~rE. Spe-
cifically, M ¼ ðc2=4GÞhE~rE. There are two primary
methods to measure hE. First, if the source transits
a caustic, the timing of the caustic crossing yields
q = h*/hE. Then, from the color and magnitude
of the source, one can determine h* (e.g., Yoo
et al., 2004), and so hE = h*/q. While caustic cross-
ings are rare for microlensing events as a whole,
they are fairly common for planetary events simply
because the planet cannot be detected unless the
source passes pretty close to the planetary caustic.
The second method is to directly measure the lens-
source relative proper motion ~lrel by resolving the
source and lens (e.g., Alcock et al., 2001). Then
one obtains hE = lreltE and the direction as well.
Of course, this method yields no additional masses
over and above the 1/3 direct detections mentioned
above, but it does provide a useful check.

There are also two principal ways to measure
~rE. The first is from the distortion of the lightcurve
induced by the Earth�s accelerated motion. One
then finds the ration pE ¼ AU=~rE, and so ~rE itself
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(Gould, 1992). The second is to compare the event
as seen from the Earth and a satellite. One then
finds the ratio of ~rE to the (known) Earth-satellite
distance (Refsdal, 1966). For typical events, the
first method does not really work because the
event is over before the Earth has significantly
changed its direction. However, even in these
cases, the high-precision photometry of the wide
field space camera would be adequate to measure
a single component of the vector microlens paral-
lax~pE, whose magnitude is pE and whose direction
is that of ~lrel (Gould et al., 2003). Hence, if the
direction of motion were already known (as it
would be if the lens were resolved), then the full
~pE could be recovered, and so the mass. Again,
however, this does not add to the tally of planet
masses. Nevertheless, even if one measured hE
and only one component of the~pE, the mass would
be significantly constrained.

It is possible to obtain fully accurate masses,
even when the lens is not visible, provided the sa-
tellite is in L2 orbit, as it would be under some pro-
posed designs for a Dark Energy (SNe) satellite. In
this case, one could determine the direction of mo-
tion by combining the Earth-motion parallax effect
with the difference in the event as seen from the
Earth and satellite. As above, one would recover
both the full ~pE and hE and so the mass (Gould
et al., 2003). The satellite must be at least of order
the distance to L2 because otherwise the projected
planetary Einstein radius ~rE;p ¼

ffiffiffi
q

p
~rE, would be

too small to cause a noticeable difference in the
two light curves.

In brief, planet/star mass ratios will be obtained
routinely. Planet masses will be easily obtained for
about 1/3 of the events, and it is possible, with
some significant additional effort, to obtain masses
for many of the rest.
7. Conclusion

Microlensing is a remarkably powerful tech-
nique for searching for planets. It is much more
sensitive to low-mass planets than any other tech-
nique, and also much more robust in the face of
unanticipated backgrounds. Among planetary
search techniques, it is the only method capable
of finding free-floating planets or taking a census
of planets throughout the Galaxy. The full poten-
tial of the microlensing technique can only be
achieved in a space-based wide field survey.
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Mao, S., Paczyński, B., 1991. Gravitational microlensing by
double stars and planetary systems. ApJ 374, L37–L40.
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Abstract

I briefly describe a few important scientific issues that could be addressed effectively via the combination of data
from JDEM and X-ray missions. The topics covered are largely focused on active galactic nuclei (AGN) and include
(1) the selection of AGN via X-ray emission and optical variability, (2) nuclear outbursts in galaxies due to transient
fueling of their supermassive black holes, (3) moderate-luminosity AGN at high redshift (z > 4) found via application of
‘‘dropout’’ techniques to X-ray sources, and (4) the host-galaxy morphologies of X-ray selected AGN. I also describe
the substantial challenges to obtaining wide-field X-ray data with sufficient sensitivity to complement JDEM properly.
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Fig. 1. I-band magnitude versus 0.5–2 keV flux for extragalac-
tic X-ray sources in the 2 Ms Chandra Deep Field-North
(CDF-N) observation. Sources with redshifts of 0–0.5, 0.5–1,
1–2, and 2–6 are shown as violet, blue, green, and red filled
triangles, respectively (symbol sizes also increase with redshift).
Small black dots indicate sources without measured redshifts.
The slanted, dotted lines indicate constant values of logðfX=fIÞ;
the respective logðfX=fIÞ values are labeled. (For interpretation
of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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1. Introduction

Extragalactic X-ray surveys have dramatically
advanced over the past five years, largely due to
the flood of data from the Chandra X-ray Observa-
tory (hereafter Chandra) and the X-ray Multi-Mir-

rorMission-Newton (hereafterXMM-Newton). The
superb X-ray mirrors and charge-coupled device
(CCD) detectors on these observatories provide
large source samples detected to �0.5–10 keV flux
levels that are up to 50–250 times lower than those
of previous X-ray missions. They furthermore pro-
vide high-quality X-ray source positions with accu-
racies of �0.3–300, allowing reliable matching to
multiwavelength counterparts. About 40 extraga-
lactic surveys are presently underway utilizing data
from Chandra and XMM-Newton.

While a broad diversity of sources are found in
Chandra and XMM-Newton surveys, it is clear that
the majority of the detected sources are active
galactic nuclei (AGN). In fact, deep Chandra and
XMM-Newton surveys have found the highest
AGN sky densities to date, reaching �7200 deg�2

(e.g., Bauer et al., 2004). X-ray surveys appear to
have excellent, although not perfect, completeness
when compared to other multiwavelength methods
for finding AGN.

Many of the AGN found in Chandra and
XMM-Newton surveys are faint at optical and
other wavelengths, often having I magnitudes of
23–27 (see Fig. 1). They also often have modest
optical luminosities so that, without superb imag-
ing from space, there is substantial blending of
the light from the AGN and its host galaxy. Thus,
sensitive and high-resolution imaging at multiple
wavelengths and over relatively large fields is re-
quired for optimal follow-up studies.1 Such imag-
ing has typically lagged behind the X-ray data
due to observational expense, but the Joint Dark

Energy Mission (JDEM) would dramatically re-
verse this situation, likely leaving X-ray astrono-
mers scrambling to ‘‘catch up.’’

Below I will briefly describe a few exciting sci-
ence projects that would be enabled by combining
1 The effective field of view for Chandra (XMM-Newton) is
�1/12 deg2 (�1/5 deg2), and most of the surveys mentioned
above use 1–20 such fields.
data from JDEM and X-ray missions such as
Chandra, Constellation-X, DUO, EXIST, Genera-
tion-X, NuSTAR, XEUS, and XMM-Newton. I
will focus on AGN-driven science as AGN are
the numerically dominant source population in
extragalactic X-ray surveys. However, wonderful
JDEM/X-ray science should also be possible for
clusters and groups of galaxies, large-scale struc-
tures, starburst galaxies, normal galaxies, and
other classes of objects.
2. The selection of AGN via X-ray emission and

optical variability

Deep optical variability surveys are one of the
only methods competitive with X-ray surveys at
efficiently finding high sky densities of AGN. For
example, Sarajedini et al. (2003) report the discov-
ery of 16 variable galactic nuclei in the Hubble
Deep Field-North (HDF-N) based on analyses of
two HST V-band images taken five years apart



Fig. 2. HST image of the HDF-N showing the 16 galaxies with
optically variable nuclei (circled and labeled with redshifts). The
galaxies with both variable nuclei and X-ray detections are
marked with ‘‘X’’ symbols; those that are clear X-ray AGN are
labeled as such (there are additional X-ray AGN in the HDF-N
that have not shown variable nuclei). Adapted from Alexander
et al. (2003) and Sarajedini et al. (2003).
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(see Fig. 2). The derived AGN sky density is in the
range �2000–11,000 deg�2. The precise sky density
depends upon the amount of contamination by nu-
clear supernovae and statistical outliers, but it is
clearly higher than that from most optical spectro-
scopic surveys and is plausibly comparable to that
from the deepest X-ray surveys (see Section 1).

While X-ray selection and optical variability
selection have respectable overlap in the AGN
found (see Fig. 2), each method also finds AGN
missed by the other. For example, there are at least
2–3 X-ray AGN in the HDF-N not identified by
Sarajedini et al. (2003). Conversely, at least some
of the variable galactic nuclei of Sarajedini et al.
(2003) may be X-ray weak AGN lying below the
detection threshold of even the 2 Ms CDF-N expo-
sure. These AGN might be X-ray weak due to a
low bolometric power, or they might have emaci-
ated accretion-disk coronae that cannot produce
X-rays effectively.

As currently planned, JDEM should find at
least 30,000–90,000 variability selected AGN in
its 15 deg2 deep survey. An even larger number
of AGN should be found in its wider surveys.
If appropriately matched X-ray data were ob-
tained (see Section 6), joint JDEM and X-ray
techniques could be applied to generate the larg-
est and most complete census of moderate-lumi-
nosity, typical AGN out to high redshift. X-ray
sources could be scrutinized especially carefully
for optically variable nuclei in the JDEM data,
and X-ray stacking techniques could be used to
study the average X-ray properties of AGN not
detected individually. The large solid-angle cover-
age would allow the AGN population to be
probed consistently over a wide range of luminos-
ity; the present data have poor coverage of lumi-
nous, rare AGN.
3. Nuclear outbursts in galaxies

X-ray surveys, mainly with ROSAT, have dis-
covered about seven large-amplitude X-ray out-
bursts from galactic nuclei (e.g., Donley et al.,
2002; Komossa, 2002; Vaughan et al., 2004). These
events have variability amplitudes of 50–400 or
more, peak X-ray luminosities comparable to those
of local Seyfert galaxies, soft X-ray spectra, and de-
cay timescales of months to years (see Fig. 3(a)).
They are observed in both inactive and active gal-
axies. In inactive galaxies the event rate is
�10�5 yr�1, while in active galaxies the event rate
appears to be �100 times higher. These outbursts
are probably associated with transient fueling
events of supermassive black holes (SMBHs). Fuel-
ing may occur when a star or planet is tidally dis-
rupted, or in some cases it may be due to
accretion-disk instabilities.

JDEM observations should allow the discovery
of additional outbursts from galactic nuclei. The
X-ray outbursts above are plausibly expected to
induce accompanying optical variability, and there
is direct evidence for such optical variability in at
least the case of IC 3599 (Brandt et al., 1995;
Grupe et al., 1995). Furthermore, optical out-
bursts have been detected from a few galaxies
without near-simultaneous X-ray coverage, includ-
ing NGC 4552 (Cappellari et al., 1999) and per-
haps NGC 1068 (de Vaucouleurs, 1991). These
outbursts should be distinguishable from nuclear
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Fig. 3. (a) Historical X-ray light curves (from 0.3 to 2 keV) of five large-amplitude X-ray outbursts from galactic nuclei. WPVS 007, IC
3599, and NGC 5905 appear to be active galaxies, while the other two appear inactive. From Vaughan et al. (2004). (b) Cumulative
distribution functions of rest-frame B-band concentration index and asymmetry index for GOODS AGN hosts from the CDF-N and
CDF-S. Cumulative distribution functions for normal field galaxies are also shown for comparison. Note that AGN hosts have more
concentrated light profiles than normal field galaxies, but that there is no significant difference in asymmetry (from Grogin et al.
(2005)).

W.N. Brandt / New Astronomy Reviews 49 (2005) 430–435 433
supernovae based upon their spectral properties
and light curves.

The current data suggest that JDEM should de-
tect 2–20 optical outbursts from galactic nuclei in
its deep, wide-field, and panoramic surveys. How-
ever, this estimate suffers from significant statisti-
cal and systematic uncertainties, and JDEM
observations will allow by far the best determina-
tion of the frequency of optical outbursts through-
out the Universe. Optical outbursts discovered by
JDEM should be rapidly followed-up with X-ray
and multiwavelength observatories to determine
the nature of these events. Presently, the lack of ra-
pid multiwavelength follow-up studies is a major
hindrance to understanding.
4. Moderate-luminosity AGN at high redshift

Combined JDEM and X-ray studies should al-
low the discovery of hundreds of moderate-lumi-
nosity AGN at z � 4–6; only �6 such AGN are
known presently. These AGN have luminosities
comparable to those of local Seyfert galaxies and
low-power quasars, and at z � 4–6 their space
density is much higher than for the rare, highly
luminous quasars found by, e.g., the Sloan Digital
Sky Survey (e.g., Cristiani et al., 2004). Moderate-
luminosity AGN at z � 4–6 can be selected effec-
tively via the application of optical/near-infrared
‘‘dropout’’ techniques to X-ray sources. Without
complementary X-ray data, many such AGN in
the JDEM data will be difficult and observation-
ally expensive to identify as they often have only
modest AGN signatures in the optical/near-infra-
red. X-ray stacking techniques could also be
applied to the tens of thousands of z � 4–6
JDEM-discovered galaxies that are not detected
individually in X-rays. Such stacking would tightly
constrain the frequency of low-luminosity AGN as
well as X-ray emission associated with star
formation.

Near-infrared JDEM observations of X-ray
sources should also break the current AGN redshift
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‘‘barrier’’ at z � 6.5, allowing the discovery ofAGN
out to z � 10. A small number of z > 6.5 candidates
have already been identified in current deep X-ray
surveys as extreme X-ray-to-optical ratio sources,
but most and perhaps all probably lie at lower red-
shifts (Koekemoer et al., 2004).Wide fieldswith sen-
sitive JDEM and X-ray coverage would hopefully
generate enough z � 6.5–10 AGN to elucidate
how the black holes formed by the deaths of the first
stars grew to make luminous quasars at z � 4–6.
2 Note that some superb high-energy survey missions cur-
rently being planned, such as DUO and EXIST, target
comparatively bright X-ray flux levels that will not naturally
match the sensitive optical/near-infrared imaging of JDEM.
Most of the sources found by these high-energy survey missions
are expected to have counterparts with I = 18–23. JDEM will
typically reach flux levels �1500 times fainter than these
counterparts.
5. The host-galaxy morphologies of X-ray selected
AGN

High-resolution optical and near-infrared imag-
ing, such as that to be provided by JDEM, is re-
quired to mitigate light blending between many
moderate-luminosity AGN and their host galaxies,
thereby allowing the hosts to be studied reliably
(see Section 1). Grogin et al. (2005) have recently
studied the host galaxies of samples of 100–200
moderate-luminosity, X-ray selected AGN at
z = 0.4–1.3 using HST imaging from the Great
Observatories Origins Deep Survey (GOODS).
They find that these AGN are preferentially hosted
by galaxies with concentrated light profiles, gener-
ally corresponding to more bulge-dominated mor-
phologies (see Fig. 3(b)). Similar results have been
derived from Sersic-model fitting by B.D. Sim-
mons et al., in preparation. Grogin et al. (2005)
suggest that the locally observed relations between
SMBH mass and host-galaxy properties are
already in place at z � 1 (see, e.g., Graham et al.,
2001 for the local relation between SMBH mass
and concentration). JDEM imaging would allow
these results to be refined using much larger sam-
ples, so that AGN of closely matched luminosity
and other properties could be studied in fine
redshift bins. Furthermore, the near-infrared
capabilities of JDEM would allow investigation
of SMBH/host-galaxy relations at z J 1.3, pro-
vided sufficient near-infrared sensitivity is achieved
to overcome surface-brightness dimming. The dis-
covery of an epoch beyond which SMBHs and
their host galaxies lose their tight relations would
help to constrain models of SMBH/galaxy co-
evolution.
Grogin et al. (2005) also investigated if their
moderate-luminosity AGN samples showed en-
hanced merging or interaction activity relative to
normal field galaxies, using an asymmetry index
and near-neighbor counts (see Fig. 3(b)). They
found no evidence for enhanced merging or inter-
actions, results that are broadly consistent with
those found for small samples of more luminous
quasars (see, e.g., Section 7 of Dunlop et al.,
2003). Wide fields surveyed by both JDEM and
X-ray missions would provide much larger AGN
samples with good source statistics spanning a
range of at least 10,000 in nuclear luminosity.
More subtle differences in merging and interaction
activity might then become statistically detectable,
and differences could be searched for sensitively in
subsets of the AGN population.
6. Some general prospects for X-ray support of

JDEM

There are substantial challenges to obtaining
wide-field X-ray data with sufficient sensitivity to
complement JDEM properly. The exquisitely
sensitive imaging of JDEM will routinely reach
I = 27–30. To obtain reliable X-ray counterparts
to optical sources at these faint flux levels, sub-
arcsecond X-ray positions are required. Given the
X-ray-to-optical flux ratios observed for X-ray
selected sources (see Fig. 1), X-ray sensitivities of
�10�17–10�16 erg cm�2 s�1 (from 0.5–2 keV) are
required to complement JDEM naturally.2 Such
sensitivities correspond to Chandra exposures of
0.2–2 Ms. Thus, the total Chandra exposure
required to cover the 15 deg2 JDEM deep survey
area appropriately would be �1–10 yr; the wide-
field (�500 deg2) and panoramic (�8000 deg2)
JDEM surveys would require much more Chandra
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exposure. Even if Chandra survives until the
launch of JDEM in �2014, Chandra time-alloca-
tion committees may be hesitant to allocate the
requisite enormous exposure!

Future X-ray missions with larger photon
collecting areas coupledwith excellent angular reso-
lution, such as ESA�s XEUS and NASA�s Genera-
tion-X, offer better prospects for complementing
JDEM effectively. The nominal launch date for
XEUSof�2015 is fairlywell synchronizedwith that
of JDEM, andXEUS could obtain appropriate cov-
erage of the JDEM deep survey area in �0.1–1 yr.
Generation-X, currently under study as a NASA
Space Science Vision Mission, would probably not
begin operation until after �2020. It could appro-
priately survey the JDEM deep survey area in about
a week and could also complement the JDEMwide-
field and panoramic surveys.
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Abstract

The energetic X-ray imaging survey telescope (EXIST) is under study for the proposed Black Hole Finder Probe, one
of the three Einstein Probe missions in NASA�s proposed Beyond Einstein Program. EXIST would have unique capa-
bilities: it would survey the full sky at 5–600 keV each 95 min orbit with 0.9–5 0, 10 ls–45 min and �0.5–5 keV resolution
to locate sources to 1000 and enable black holes to be surveyed and studied on all scales. With a 1y/5r survey sensitivity
Fx (40–80 keV) � 5 · 10�13 erg cm�2 s�1, comparable to the ROSAT soft X-ray (0.3–2.5 keV) sky survey, a large sam-
ple (J 2–4 · 104) of obscured AGN will be identified and a complete sample of accreting stellar mass BHs in the Gal-
axy will be found. The all-sky/all-time coverage will allow rare events to be measured, such as possible stellar disruption
flares from dormant AGN out to �100 Mpc. A large sample (�2–3/day) of GRBs will be located ([1000) at sensitivities
and bandwidths much greater than previously and likely yield the highest redshift events and constraints on Pop III
BHs. An outline of the mission design from the ongoing concept study is presented.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Of the wide-field surveys considered at this
meeting, one is likely widest of all: temporally
resolved imaging in hard X-rays (�5–600 keV)
of the full sky every 95 min. This is possible with
a satellite-borne coded aperture imaging tele-
scope array with very wide ‘‘fully coded’’ field
of view that scans with a photon-counting detec-
tor array over the full sky each orbit. Such is the
concept for the energetic X-ray imaging survey
telescope (EXIST), originally recommended by
the Decadal Survey as a possible ISS mission
and then considered as a Free Flyer (Grindlay
et al., 2003), and now under study to be the
Black Hole Finder Probe in NASA�s Beyond

Einstein Program. The unique all-sky/all-time
imaging capability of EXIST opens the temporal
survey window and is highly complementary to
LSST (or any Wide-Field OIR surveys) and
LISA. The hard X-ray band is particularly well
matched for detection and study of accreting
black holes, from stellar mass (�10Mx) in X-
ray binaries to supermassive (�107 � 9Mx) in
galactic nuclei, which characteristically emit their
peak luminosity in a broad band around
�100 keV. At energies above �7 keV, photoelec-
tric absorption by column densities NH J
1023 � 24 cm�2 in galactic nuclei or X-ray binaries
in the Galaxy becomes negligible and black holes
can be seen until NH J 1025 cm�2 and they are
obscured by Compton scattering.
2. Black hole finder probe science to EXIST

The Black Hole Finder Probe (BHFP) should
enable the most comprehensive survey for black
holes, from super massive to stellar, yet under-
taken. The EXIST concept for BHFP would
emphasize three primary science objectives, de-
scribed below along with related science goals.
2.1. Revealing obscured or dormant super massive

BHs

‘The all-sky hard X-ray imaging survey would
reveal Type 2 (obscured) AGN and nearby
([300 Mpc) stellar tidal disruption events in nor-
mal galaxies. The Type 2 survey will probe the bulk
of the cosmic X-ray background (CXB), which is
only �50–70% resolved by Chandra and XMM
at energies 6–8 keV according to Worsley et al.
(submitted), who conclude the missing CXB
requires a large population of AGN with
NH � 1023 � 24 cm�2 and unabsorbed Lx �
1043 � 44 erg s�1 primarily at z � 0.5–1.5. EXIST
would provide a full sky sample of these objects
out to z � 0.3, and more luminous Type 2 Seyferts
and QSOs with Lx � 1045 and �1046 erg s�1 out to
z � 1 and 3, respectively, to constrain the growth
and evolution of super massive BHs in the universe.
EXIST would provide the first full-sky survey for
dormant BHs in galactic nuclei from the expected
disruption of stars. If just 1% of this accretion lumi-
nosity is released in a hard X-ray component (as
found for virtually all Eddington-rate events),
some 10–30 events/y should be seen out to
�100 Mpc (Grindlay, 2004). The significantly in-
creased sensitivity of EXIST vs. the BAT on Swift,
both at [15 and J 150 keV, should enable detec-
tion of the prompt �5 keV burst predicted by
Kobayashi et al. (2004), providing a LISA trigger
for nearby (�10 Mpc) disruption events.

2.2. Measuring the birth of the first BHs

EXIST would conduct the highest sensitivity
and bandwidth survey for GRBs out to limiting
z � 15 for most burst fluences detected at z [ 5
by BATSE (Band, 2003). The broad spectral cov-
erage and very large FoV of EXIST would maxi-
mize the detection of the extremes of GRBs:
those at the highest z or low luminosity events
and X-ray flashes at lower z. EXIST will allow



Fig. 1. EXIST on orbit. The 131� · 65� FoV of the HET array
is zenith-oriented with the long direction perpendicular to the
orbit velocity vector and ‘‘nodded’’ by ±20� every �20 min so
that the full sky is scanned each orbit.
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the determination of GRB spectra and the peak
energy flux, Epeak, in a mFm broad band spectrum,
which may allow GRBs to be calibrated as stan-
dard candles (Ghirlanda et al., 2004) and thus al-
low cosmological redshifts directly from GRB
spectra. The active anti-coincidence side-shields
(over 8 m2 of CsI) also would allow the upper en-
ergy range for GRBs detected with EXIST to be
extended to �10 MeV, or significantly beyond
the �600 keV limit of the primary imaging detec-
tors (see below), thus enabling GRBs from Pop
III BHs to be compared directly with those at
lower redshifts detected at �10–1000 MeV by
GLAST.

2.3. Studying BHs in the Galaxy and AGN as probes

By continually measuring spectra and time var-
iability of accreting BHs in brighter AGN and
galactic X-ray binaries, EXIST will constrain their
physics and evolution. The population of galactic
BHs accreting from both high and low mass com-
panion stars will be measured from both persistent
and transient sources. EXIST would study the full
population of obscured accreting BHs suggested by
the INTEGRAL survey of the galactic bulge (Rev-
nivtsev et al., 2004). BH populations would be
probed in high mass binaries such as the intrinsi-
cally absorbed possible sgBe system IGR J16318-
4848 discovered with INTEGRAL and identified
(Filliatre and Chaty, 2004) with an IR counterpart
that resembles the peculiar transient CI Cam. BHs
in low mass binaries would be seen as X-ray ‘‘no-
vae’’, with characteristic hard spectra and Lx (20–
100 keV) � 1038 erg s�1 and s � 10 d decay time
(cf. McClintock and Remillard, 2005, MR05),
could be studied in detail in the Galaxy and
LMC/SMC and detected as ‘‘new’’ sources out to
the Andromeda Galaxy (super-flares from soft
gamma-ray repeaters, magnetars, are detected out
to Virgo). For brighter stellar mass BHs and tran-
sients and AGN, the continuous and long-duration
monitoring will allow measures of QPOs that ap-
pear to correlate with BH mass (MR05) and (for
AGN vs. Cyg X-1) accretion luminosity (Leighly,
2004). For non-thermal and jet-dominated BHs
such as microquasars and Blazars, EXIST spectra
and variability coordinated with IR-TeV observa-
tions will constrain the BH-jet interface. Notably,
for Blazars, simultaneous EXIST spectra and
GeV–TeV spectra from GLAST and VERITAS
will anchor the underlying SSC model (e.g., Kat-
arzynski et al., 2004) to enable measurement of
the cosmic diffuse IR background flux from the ob-
served vs. predicted cutoff in the GeV–TeV
spectrum.
3. Telescope and detector concept

The EXIST Concept Study mission design
(Fig. 1) would include two large area and FoV
coded aperture telescope arrays: a high energy tele-
scope (HET; 10–600 keV) and a low energy tele-
scope (LET; 5–30 keV). The HET is an array of
6 · 3 coded aperture telescopes covering a 131� ·
65� fully coded/flat-response FoV (and 153� · 87�
FWHM FoV) with total detector area of 5.6 m2

of imaging (1.25 mm pixels) CZT. The LET is 4
arrays of 7 · 1 coded aperture telescopes covering
a similar FoV with total detector area of 1.3 m2

of imaging (0.158 mm strips or pixels) Si. The
angular resolution of the HET and LET are 5 0

and 0.9 0, respectively, or well below source confu-
sion limits for the AGN surface density at Fx

(20–40 keV) J 5 · 10�13 cgs as well as faint hard
X-ray sources in the Galaxy, and sufficient to allow
J 5r threshold detections to be centroided to[1000

to enable correct optical/IR identifications.
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Abstract

The Great Observatories Origins Deep Survey (GOODS) is a multi-facility project that combines data from NASA�s
Hubble, Chandra and Spitzer space telescopes with spectroscopy and ancillary optical and near-IR imaging from the
ground (VLT, Keck, Gemini, Subaru, NOAO) to provide a database for studying galaxy and AGN evolution up to
redshifts z � 6.5 and higher. The survey covers �0.1 deg2 in two fields, one in each celestial hemisphere, centered
around the historical Hubble Deep Field (HDF) and Chandra Deep Field (CDF). The Spitzer and the Hubble images,
which nears the depth of the HDF, are matched in sensitivity to sample the spectral energy distribution of even very
blue sources with comparable signal-to-noise ratios. The GOODS combination of depth, angular resolution, wave-
length and area coverage is currently unparalleled by other extragalactic surveys, and here we review some areas in
the field of galaxy evolution where GOODS had brought (or will soon bring) significant progress and where it will need
further work.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Great advances in telescopes and instrumenta-
tions, both ground-based and space-borne, have
vastly pushed the boundaries of our exploration of
distant galaxies backward in time. With galaxies
now identified all the way to z � 7 or even more
(Bouwens et al., 2004; Bouwens et al., 2005; Mo-
basher et al., submitted), we are now capable of
observing galaxies at nearly any epoch when galax-
ies exist. And while the remaining few hundred mil-
lions years of unexplored cosmic time hold the key
to understand how the galactogenesis started (but
this is another story, for a new survey and a future
meeting), even more important is the fact that we
can now identify galaxies with a variety of spectral
types at such early times. These range from rela-
tively unobscured, blue star-forming galaxies that
are identified with great efficiency by means of mul-
ti-band optical CCD imaging (Steidel et al., 2003;
Giavalisco et al., 2004b) to highly obscured star-
burst or passively evolving very red galaxies that
can be detected only at near-IR wavelengths (Dick-
inson et al., 2000; Labbe� et al., 2005; van Dokkum
et al., 2004;Moustakas et al., 2004;Mobasher et al.,
submitted), including pretty much everything in be-
tween (Adelberger et al., 2004; Steidel et al., 2004;
Daddi et al., 2004).
2. The great observatories origins deep survey

While the existence of the galaxies has been
empirically proved, measuring and understanding
their physical properties, such as mass, luminosity
function, stellar mass, star-formation rate, metallic-
ity, dust content, age, clustering,morphology, is still
in its infancy for most of these galaxy ‘‘types’’. Not
only there is a wide unbalance in our relative knowl-
edge of the properties of the various types at high
redshift (e.g., z > 1.5), with unobscured starburst
galaxies being the best studied case (see Giavalisco,
2002 for a review), but at z J 2 only a dozen of red
galaxies at most have been spectroscopically con-
firmed or otherwise identified (see van Dokkum
et al., 2004 andMobasher et al., submitted). At red-
shift z J 5 empirical information is very sketchy
for any galaxy types.
To take into account dust obscuration, be sensi-
tive to galaxies with no ongoing star formation, ac-
count for the fact that only the optical rest-frame
near-IR emission is useful to probe the stellar mass,
as well as to satisfy the requirements of color selec-
tion and push to higher and higher redshifts require
deep multi-band observations over a very extended
wavelength range. Because the target galaxies ap-
pear, by necessity, very faint, an effective survey also
needs to reach very faint fluxes, with sensitivities at
each band across the wavelength range matched.
For example zAB � 26 is required to reach L�

UV at
z � 7 (assuming the same rest-frameUV luminosity
function of Lyman-break galaxies at z � 3 and �4,
Giavalisco et al., 2004b), but at least amag fainter is
necessary to measure the luminosity function (all
magnitude here are in the AB scale). Matched
near-IR limits would be around �26 mag or so to
ensure sensitivity to blue sources, while at mid-
infrared, e.g., the Spitzer Space Telescope (SST)
IRAC bands at 3.6, 5.28 and 12 lmbands, the same
requirements implies limits from a fraction to a few
lJy. In addition to an extended wavelength cover-
age, if one is to fit the observed broad-band photom-
etry to spectral energy distribution templates to
derived either accurate photometric redshifts or (if
the redshift is known) physical parameters of the
galaxies such asmass, age, metallicity, and obscura-
tion, one also needs to sample the spectral range rea-
sonably well. This means that in addition to the
HST ACS and SST IRAC AND MIPS bands one
also needs to provide the near-IR JHKbands. These
need to be observed from ground-based facilities,
since the small field size ofNICMOS onHSTwould
make the observations prohibitely expensive. Final-
ly, one also needs to cover a reasonably large area to
provide some safety against the effects of cosmic
variance.

To satisfy in sufficient measure all these require-
ments necessarily implies large surveys. The Great
Observatories Origins Deep Survey (GOODS) uni-
tes very deep observations from space and from
ground-based facilities to provide the first (and cur-
rently only) truly panchromatic faint survey over a
relatively large sky area. The two GOODS fields,
centered around the HDF-North and CDF-South,
cover a total of 0.1 deg2 include imaging observa-
tions taken with Chandra, HST, SST, the ESO
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VLT, Subaru and NOAO. It also includes spectro-
scopic coverage with the Keck, the VLT and Gem-
ini. The HST ACS data consist of B435, V606, i775
and z850 images, reaching a sensitivity of 27.5,
27.9, 27.0 and 26.7 mag (10-r, sources contained
within 0.500 diameter circular aperture); the SST

data consist of IRAC images at 3.6, 4.5, 5.8 and
8.0 lm reaching 0.11, 0.24, 1.35, 1.66 lJy (5-r),
and of MIPS images at 24 lm reaching 20.0 lm
(5-r). An overview of GOODS is presented in Gia-
valisco et al. (2004a). Here, we simply remind that
all GOODS data, raw and reduced, and the source
catalogs are publicly available and can be obtained
from the team�s Web sites (e.g., www.stsci.edu/sci-
ence/goods/).
3. The evolution of the rest-frame UV luminosity

function

The wavelength coverage, sensitivity to com-
pact sources, and area coverage of the GOODS
Fig. 1. The Schechter function fit to the luminosity function of
B435-band dropouts at z � 4 selected from the GOODS ACS
images (black line and data points). The red points are from a
similar sample of G-band dropouts by Steidel et al. (1999), who
found that the z � 4 luminosity function is, within the errors,
the same as at z � 3. See (Giavalisco et al., 2004b) for details on
the selections and the measure.
ACS images make them very well suited to mea-
sure the rest-frame UV luminosity function of
LBGs at redshift 4 [ z [ 6. This complements
ground-based surveys at z � 3 (Steidel et al.,
1999) and makes it possible to study, among other
things, the evolution of the star formation and the
contribution to the cosmic UV emissivity from
LBGs. The basic methodology of the measures is
discussed in Giavalisco et al. (2004b), including
the selection criteria of the samples and the mea-
sure of the redshift distribution, and we refer the
reader to that publication for details. Here, we
present the results from improved measures at
z � 4 and �5 obtained from the full stack of the
ACS data (in the above paper only 3/5 of the data
were used) and refer to an upcoming paper (Gia-
valisco et al., in preparation) for a full discussion.
Figs. 1 and 2 show the basic result of this work,
namely that the rest-frame UV luminosity function
of LBGs undergoes only a modest amount of evo-
lution from z � 3 to �5.

In Fig. 1, the Schechter fit to the GOODS data is
compared to similar data by Steidel et al. (1999),
who found that the UV luminosity function of their
Fig. 2. The Schechter function fit to the luminosity function of
V6–6-band dropouts at z � 5 selected from the GOODS ACS
images. Note the very mild evolution from z � 4 and, in turn,
from z � 3.

http://www.stsci.edu/science/goods/
http://www.stsci.edu/science/goods/


Fig. 3. (Top) The rest-frame 1500 Å luminosity density of B450,
V606 and i775-band dropouts as a function of redshifts (filled
symbols). The red symbols correspond to integrating along the
fitted luminosity function down to the luminosity of the z � 4
sample; the green symbols show the integral down to the
luminosity of the sample. The crosses are from Steidel et al.
(1999). (Bottom) The star-formation rate density as a function
of redshifts estimated from the above luminosity density (red
points only), with (blue) and without (red) the correction for
dust obscuration proposed by Steidel et al. (1999). The blue
curve is from semi-analytical models and the red-curves are
derived from the evolution of damped Lymna-alpha absorbers
(see Giavalisco et al., 2004b for an explanation of all symbols).
Note the mildly decrease in the cosmic activity of star formation
traced by LBGs toward high redshift, a factor �3 down from
z � 3 and 4. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of
this article.)
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G-band dropouts at z � 4, shown in Fig. 1 as red
points, is, within the uncertainty, the same as that
of LBG at z � 3 (U-band dropouts). A comparison
with the parameters of the luminosity function ofU-
band dropouts at z � 3 (Steidel et al., 1999) shows
that they are, essentially, the same as at z � 4. Thus,
the figure shows not only an excellent agreement be-
tween the GOODS study and the previous z � 4
investigation, but also a lack of evolution in the
UV luminosity function of LBGs between z � 2.5
and z � 4.5 (the near and far ends of the redshift dis-
tribution function of the U and B-band dropouts).
Note the increased depth of GOODS, by about
1.5 mag, which allows a much better characteriza-
tion of the shape of the luminosity function. Fig. 2
shows that the fit for the V606-band dropouts at
z � 5, also showing a very mild evolution. An
apparent �50% decrease in the volume density is
accompanied by slightly fainter value of L*, while
the two slopes are, within the errors, the same.

As discussed by Dickinson et al. (2004) and
Giavalisco et al. (2004b), the GOODS ACS data
also allow the selection of LBGs at z � 6 (i775-
band dropouts), and in the latter paper we even re-
port a measure of the UV luminosity density of
these galaxies. Even with the new (slightly) deeper
data, however, the luminosity function of the i775-
band dropouts remains significantly more uncer-
tain than the lower redshift cases. Because the
GOODS Team will soon release a new deeper ver-
sion of the reduced data (version v2.0), which in-
cludes a z850-band with 3· the exposure time
compared to the current version, we will postpone
the discussion of the z � 6 luminosity function to a
later time. This, however, does not prevent to esti-
mate the luminosity density, thanks to the pro-
nounced covariance between the parameters of
the luminosity function. Fig. 3 shows the plot of
the UV luminosity density at 1500 Å and also
of the associated star-formation density of the
GOODS dropouts as a function of redshifts.
4. Testing the galaxy-dark matter physical

association

Even if its areal coverage is not large in absolute
value, the depth of GOODS ACS images is such
that it yields large samples of LBGs. There are
about 2500 B4353-band dropouts and �1000 V606-
band dropouts in the GOODS fields, which are
well suited for clustering analysis (Lee et al., in
preparation). The study of the clustering proper-
ties of LBGs at faint levels complements very ni-
cely analogous studies done with ground-based
survey because they test the dependence of cluster-
ing with the UV luminosity, which in turns test the
dependence of the star-formation activity on the
total mass (gravity) of the galaxies and the pres-
ence of halo substructure. These tests provide
empirical constants to the prime paradigm of our
theoretical framework of galaxy formation,



Fig. 5. The mean number of faint neighbors (z850 P 26) around
very bright (z850 6 24.5, filled symbols) and less bright
(24.7 6 z850 6 25.2, hollow symbols) galaxies. The top panels
show the cumulative number of neighbors, with the dashed line
representing the number expected if the galaxies were correlated
like the large-scale component. The bottom panels show the
differential mean number of neighbors around the brighter
galaxies divided by that round the fainter ones. Note the clear
tendency of bright galaxies to be surrounded by faint ones at
scales of �2000, or about 140 kpc (proper distance) at z � 4. This
is a clear detection of halo substructure.
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namely that galaxies form when the baryonic gas
cools and condenses in the potential wells of dark
matter halos.

Fig. 4 plots the two-point angular correlation
function of the faint sample of GOODS B435-band
dropouts and shows that this is not well described
by a power law. Rather, it is explained by the sum
of two contributions, a large-scale terms due to the
halo–halo clustering, and a small-scale one, due to
substructure within the individual halos. The
angular clustering of brighter LBGs does not show
this deviation from the power law behaviour, even
when the measures are characterized by very high
S/N (Adelberger et al., 2004).

Fig. 5 clarifies the physical origin of the devia-
tion. The plot shows the mean number of faint
neighbors, i.e., LBGs with z850 P 26, around very
bright LBGs, namely those with z850 6 24.5 (filled
symbols), and around less bright ones, those with
24.7 6 z850 6 25.2 (hollow symbols). The top pan-
els show the cumulative number of neighbors, with
the dashed line representing the number expected
if the galaxies were correlated only according to
the large-scale component of w(h). The bottom
panels show the differential mean number of
Fig. 4. The two-point angular correlation function of B435-
band dropouts down to z850 6 27. The angular clustering is well
explained as the sum of two components, a large-scale
contribution due to the halo–halo clustering, and a small-scale
one due to the substructure within the halos. It is possible to
observe the latter contribution with good S/N thanks to the
faint sample.
neighbors around the brighter galaxies divided
by that round the fainter ones. There is a clear ten-
dency of bright galaxies to surround themselves
with faint ones at scales of �2000, or about
140 kpc (proper distance) at z � 4. This is a clear
detection of halo substructure in bright LBGs,
which presumably mark the site of massive halos.

Lee et al. (in preparation) also discuss the mea-
sure of clustering segregation, namely the tendency
of bright LBGs to cluster more strongly than fain-
ter ones. The implication is that brighter galaxies
are hosted in more massive halos, showing a direct
link between a physical parameter of the dark mat-
ter structure, the mass, and the star-formation
activity (which powers the UV luminosity) of the
hosted galaxies.
5. Galaxies at very high redshift

Very high sensitivity at near and mid-IR wave-
lengths is another strength of GOODS, which al-



Fig. 6. ACS B435, V606, i775, and z850, NICMOS J and H, VLT ISAAC Ks and Spitzer 3.6, 4.5, 5.8 and 8.0 lm images of a candidate
post-starburst galaxy at z � 7 discovered by Mobasher et al. (submitted) in the GOODS Southern field.
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lows us to search for general galaxies (not just
LBGs) at very high redshifts, such as the object
identified from its J–H colors by Mobasher et al.
Fig. 7. The best-fit SED to the observed photometry of the
z � 7 post-starburst candidate galaxy. The small inset shows the
SED of a heavily dust obscured starburst galaxy at z � 3, a
much less likely solutions because of the much higher value of
the v2.
(submitted). This galaxies, discovered in the
GOODS CDF-S field, is also located in the
HUDF, which provided even deeper ACS and J

and H (NICMOS) photometry than that available
from the native GOODS data. This helps better
characterizing this extremely interesting objects.
Fig. 6 shows the ACS, NICMOS and IRAC
images of the galaxy, while the large panel of
Fig. 7 shows the spectral energy distribution
(SED) that best fits the observed photometry
(red curve). This is one of a post-starburst galaxy
several hundred million years old, with a stellar
mass of about 6 · 1011 Mx observed at a redshift
z = 7.

In other words, at a time when the universe was
about 5.5% of this current age this galaxy had al-
ready put together a stellar mass 8 times bigger
than that of the Milky Way. The small inset of
Fig. 7 shows the SED associated to a local mini-
mum of the v2, which is that of a very dusty star-
burst galaxy at z � 3. This solution, however, is
strongly disfavourite by the much large value of
v2. Because objects like this one are very rare, it
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is very difficult to say anything with some degree of
confidence about their volume density and thus
about their cosmic significance. The galaxy has
so much stellar mass that if it has aM/L value that
resembles that of local galaxy it very likely sits in a
very massive and thus rare peak of the density
field. Inferring anything about the volume density
in this circumstances is very dangerous, because of
the very strong effect of cosmic variance. This illus-
trates one of the area where GOODS can be im-
proved, namely enlarging the area coverage.
6. Conclusions

The great value of GOODS rests in its unique
combination of depth, surveyed area and wave-
length coverage. For this, the survey is still unsur-
passed, and it is yielding a deep insight into many
aspects of galaxy evolution that range from the
association of visible matter and dark matter, to
the assembly history of stellar mass in galaxies,
to the dust obscuration properties of starburst gal-
axies and the measure of their star formation rates,
to the evolution of galaxies morphology, and to
the quest for the most distant galaxies. Its main
weakness is its small area coverage in absolute
terms, which sometimes implies significant uncer-
tainties in the significance of certain discovery,
such as the existence of very massive, dead (i.e.,
non-star forming) galaxies at z � 7.
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Abstract

The possible contributions of a wide-field space imager, such as might be designed for a JDEM mission (such as
SNAP or DESTINY), to Galactic structure are explored. The Sloan Digital Sky Survey serves as an example of an
extragalactic survey that has made important contributions to our understanding of the distribution of Galactic stars,
showing in particular how imaging alone can make major contributions. Since we expect the imaged sources in JDEM
to be faint (20 < V < 30), the images will sample Galactic stars fainter than G dwarfs, including white dwarfs and brown
dwarfs. Many of these stars have evolved little, and are good tracers of stellar formation histories. A faint imager will
discover large numbers of faint main sequence stars and brown dwarfs. Brighter stars will be sampled in other galaxies.
There is also great promise for the astrometric capability of a wide-field imager in space.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The Milky Way galaxy extends over 40,000 sq.
deg. on the sky, making it ideally suited to wide-
field observations. It is composed of stars, gas
and dust, and (presumably) dark matter; the dark
matter has not yet been directly detected. The gas
can be studied through its position in the sky, ra-
dial velocity, column density, and composition.
Stars are characterized by their location in the
sky, position, three-dimensional space velocities
(radial velocities and proper motions). The mass,
age, and chemical composition of an individual
star can be estimated from optical spectra.

The Milky Way is the only galaxy for which we
expect to collect comprehensive stellar information
in the next two decades (from wide-field surveys
such as RAVE, QUEST, SDSS II/SEGUE, Pan-
STARRS, GAIA, etc.). Many other speakers have
remarked on the detail and complexity of external
galaxies that we are now able to discern. Studies of
our own Milky Way will allow us to understand
similar details, including their spatial, kinematic,
and stellar properties. Additionally, the dark mat-
ter in our galaxy is revealed by the motions of
stars. The better we understand the detailed mo-
tions of stars in the Galaxy, the better resolution
we will have on the spatial distribution of dark
matter.

Two famous, competing papers have shaped
our understanding of the formation of the Milky
Way Galaxy: Eggen et al. (1962), who presented
a ‘‘rapid collapse’’ model of the Galaxy, and Searle
and Zinn (1978), who presented a Galaxy forma-
tion model with hierarchical merging. Paradoxi-
cally, the first author of the monolithic collapse
paper, Eggen, is also known for ‘‘Eggen�s Spa-
ghetti Sky,’’ because his impression from visually
observing the distribution of Galactic stars was
that it was clumpy and not uniform. Wide-field
surveys of the sky, including the Sloan Digital
Sky Survey (SDSS) are showing that his impres-
sion was correct. Modern N-body simulations
and discoveries of tidal streams are validating the
claim that galaxies form by hierarchical merging,
but have not ruled out the possibility that the col-
lapse was rapid, in the sense that most of the merg-
ing happened very early in galaxy formation.
However, there is no longer a clear idea that the
spheroid population of stars was ‘‘left behind’’
during the collapse; rather, a substantial fraction,
or maybe all, of the spheroid was formed through
accretion of stellar systems.
2. Galactic structure from the Sloan Digital Sky

Survey

The SDSS was designed to trace the 3D spatial
structures of external galaxies, and to avoid as
many Galactic stars as possible. However, Galac-
tic stars cannot be avoided entirely, and the mil-
lions that have slipped through the cracks have
allowed us to make many discoveries and prove
the usefulness of wide-field imaging for discovering
Galactic substructure, especially when combined
with even limited spectroscopy. Table 1 lists some
of the major discoveries from SDSS imaging data.

The primary technique used in these discoveries
was to eyeball a two-dimensional plot (color-mag-
nitude, magnitude vs. angle, angle vs. angle). In
many cases, the data that were plotted were se-
lected using some of the many possible dimensions
(including magnitude, four colors, and two angles
on the sky). The only case in which nearly the full
dimensionality of the data was used was in the dis-
covery and analysis of the tidal tails of Pal 5, in
which a color-magnitude convolution kernel in
multidimensional space was used to trace the tail.
What is apparent in these papers is that it is no
longer essential to understand the individual prop-
erties of each star to determine the global proper-
ties of the stellar populations from which they
were drawn. The discoveries are made statistically.
For example, the tidal stream in the Galactic plane
was discovered from the distribution of apparent
magnitudes of stars selected in g � r color. We
did not determine the absolute magnitudes, dis-
tances, or physical properties of any given star,
but rather argued that most of the stars of the col-
or we selected would be F turnoff stars.

Ultimately, we would like to build a global
model of the Galaxy that statistically describes
all of the stars in all of the dimensions, including
velocities if available. To achieve this, we will need
to develop techniques that will optimize this fit



Table 1
SDSS contributions to galactic structure

Traced the Sagittarius dwarf tidal stream in RR Lyrae stars Ivezic (2000)
Discovery of the Sagittarius tidal stream in A-type stars Yanny (2000)
Measurement of the scale height of the thick disk Chen (2001)
Ruled out tidal tails for the Draco dwarf galaxy system Odenkirchen (2001)
Discovery of a tidal stream in the Galactic plane Newberg (2002), Yanny (2003)
Discovery and analysis of tidal tails in Pal 5 Odenkirchen (2003)
Discovery of Sagittarius tidal debris 90 kpc from the Galactic center Newberg (2003)
Extrapolation of the density of the Sgr stream in the solar neighborhood Freese (2004)
Discovery of Andromeda IX and other M31 halo debris Zucker (2004a,b)
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using millions of stars, a dozen attributes, and
incomplete information. Such a description can
be matched to formation scenarios that include
the evolution of mass density and the formation
of stars. These aims will be addressed as part of
a proposed extension to the SDSS, called SDSS II.

SDSS II includes three new projects, which
would use the existing SDSS hardware, software,
and operational infrastructure after the SDSS sur-
vey ends in June 2005. The three projects are: (1)
LEGACY – completing spectroscopy of V < 19
galaxies in a contiguous area of the North Galactic
Cap, (2) SEGUE – a new survey of 4000 sq. deg. of
low Galactic latitude imaging and spectroscopy of
250,000 Galactic stars to extend SDSS Galactic
structure studies, and (3) Supernovae – obtaining
light curves for �200 Type Ia Supernovas on the
southern Celestial Equator. The three year SDSS
II project will cost $15 million, of which about half
has already been raised. The SEGUE project will
extend the database of photometry of 14 < g < 23
stars to low Galactic latitudes and sparsely sample
the kinematics and stellar properties of Galactic
stars with 14 < g < 20.3, using medium resolution
spectroscopy.
3. Galactic structure from JDEM photometry

Wide-field imaging from very high redshift
supernova searches might also prove to be a gold
mine for Galactic structure, as it will probe the
stellar populations to extremely faint magnitudes.
The SDSS data have shown that photometric sur-
veys can be used to: (1) discover spatial density
through statistical photometric parallax, (2) sepa-
rate stellar populations by turnoff color (which is
related to the population�s age and metallicity),
and (3) discover tidal streams from globular clus-
ters and dwarf galaxies in the Galactic halo. When
repeated, or used in conjunction with previous sur-
veys, they can (4) contribute to proper motion and
parallax measurements, and (5) locate variable ob-
jects. Since the stars of the Milky Way cover the
entire sky, more sky coverage will always be better
for Galactic structure measurements. Ultraviolet
and optical colors are necessary for studying turn-
off stars, and wavelength coverage longwards of
about 1 lm are required to discover brown dwarfs.

The SNAP program has circulated a possible
set of sky surveys, which include two deep surveys
(20 < V < 30; �7.5 sq. deg. each), a wide-field sur-
vey (20 < V < 27.7; �500 sq. deg.), and a pano-
ramic survey (20 < V < 26.7; �8000 sq. deg.).
The deep surveys will include 120 co-added scans
taken with a 4-day cadence. All of the surveys will
produce images in six optical passbands (0.44–0.92
lm) that are designed to reduce complication in
calculating K-corrections, but may not include
standard filters.

The current design of the DESTINY satellite
will not allow imaging, but will produce spectro-
photometry from a grism survey that will allow
NIR photometric measurements to be computed.
The field of view and depth of the survey(s) has
not been specified, but presumably will be similar
to the deep SNAP survey.

An important measure of a survey�s ability to
study Galactic structure is the distances to which
stars of a given type will be observable. Table 2



Table 2
Distance at which we can see individual stars

M(V) D(V = 20) D(V = 27) D(V = 30)

O5 V �5.7 1.4 Mpc 35 Mpc 140 Mpc
B5 V �1.2 170 kpc 4 Mpc 17 Mpc
M5 III �0.3 115 kpc 2.9 Mpc 11 Mpc
K5 III �0.2 110 kpc 2.8 Mpc 11 Mpc
G5 III 0.9 66 kpc 1.7 Mpc 6.6 Mpc
A5 V 1.95 41 kpc 1.0 Mpc 4.1 Mpc
F5 V 3.5 20 kpc 500 kpc 2.0 Mpc
G5 V 5.1 10 kpc 240 kpc 950 kpc
K5 V 7.35 3.4 kpc 85 kpc 340 kpc
M5 V 12.3 0.35 kpc 8.7 kpc 35 kpc
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lists common stellar spectral types, followed by an
estimate of the absolute V magnitude (Cox, 2000).
The third column lists the minimum distance at
which stars of a given stellar type would be visible,
assuming that stars brighter than V = 20 would be
saturated. The fourth column lists the maximum
distance that the stellar type would be visible in
the ‘‘wide-field’’ program, assuming the limiting
magnitude is V = 27. The fifth column lists the
maximum distance that the stellar type would be
visible in the co-added images of a ‘‘deep north’’
and ‘‘deep south’’ surveys.

We then compare the distance ranges over
which we can see these stars to astronomical dis-
tance scales. O5 main sequence stars, for example,
are visible at distances somewhat further than the
Andromeda galaxy to well past the ‘‘Great Wall.’’
K and M giant stars in the local group are satu-
rated, but can be discovered more than half way
to the Virgo cluster of galaxies.

Intrinsically brighter stars, which have tradi-
tionally been used to trace more distant parts of
the Milky Way, will be discovered instead in other
galaxies or in the space between them.

Since the known extent of the Milky Way halo
is about 100 kpc, the Galactic stars in this survey
that would most impact Galactic structure models
are main sequence stars of spectral type G and la-
ter. These stars are very numerous in the Galaxy,
and have the advantage that they have not evolved
much in the lifetime of the Universe, so they will
give us an unbiased history of star formation.
White dwarfs have absolute magnitudes similar
to K and M dwarfs and fainter, and will also be
swept up by the survey.
Table 2 does not include absolute magnitudes
for the recently discovered L and T dwarf stars,
since these stars are virtually unobservable in the
visual band. The absolute magnitude of these
brown dwarf stars is MJ � 14 (Vrba (2004)).
SNAPs near-infrared observations will be able to
sample these stars at distances out to 3 kpc from
the Sun, and four times further in a co-added deep
region. The survey would identify an unprece-
dented number of brown dwarf stars, representing
all stellar components of the Galaxy.

Since there has not been a survey this large and
this deep, one might expect to find additional clas-
ses of even fainter objects – lower mass brown
dwarfs or cooler white dwarfs for example – very
close to the Sun.
4. Galactic structure from JDEM spectroscopy

Modern Galactic structure surveys typically tar-
get the kinematics of Galactic stars to discriminate
structures. Examples of large, wide-area surveys
targeting Galactic structure through kinematics
are SDSS II (R � 1800; 250,000 stars), RAVE
(R � 10,000; 50,000,000 stars; V < 16; starting
2006), and RVS on GAIA (Perryman, 2002)
(R = 11,500; all-sky; V � <18). The pilot project
for RAVE uses spectral resolution R � 4000 and
will obtain 100,000 Galactic stars to V = 12. Clas-
sification spectra for stars typically have one Ang-
strom resolution (or better) at optical wavelengths,
though the SDSS has had reasonable success with
high signal-to-noise optical spectra with about two
Angstroms resolution. Lower resolutions will not
allow determinations of stellar properties. SDSS
II will produce radial velocity accuracy of �15
km/s, which is capable of distinguishing large tidal
streams and broad components of the Galaxy.
Larger surveys such as RAVE and GAIA take
advantage of much higher resolution that will al-
low them to find and characterize dynamically
colder substructures, and to better separate stellar
properties.

Since the DESTINY satellite will measure spec-
tra for Galactic stars in the field of view, these
spectra could be used to compute photometric
measurements matched to standard NIR filters,
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which could be an advantage over the SNAP pho-
tometry. The proposed spectral resolutions of the
SNAP and DESTINY (R � 75) satellites are much
too low to allow spectral classifications and useful
radial velocities for Galactic stars.
5. Galactic structure from JDEM astrometry

The proposed SNAP imager has a plate scale of
0.10 arcsec/pixel, which is designed to cover as
much sky as possible at the expense of undersam-
pling the stellar PSF. Anderson and King (2000)
have shown that even undersampled space images
can produce high quality astrometry as long as the
PSF can be well determined – typically requiring
dithering techniques, fields that are not too
crowded, and an instrumental stellar profile that
is reasonably stable. Using HST images, they show
that 0.02 pixel astrometric accuracy can be ob-
tained in a single image. Since the systematics are
better than 0.002 pixels, multiple observations
can reliably be combined to improve the accuracy
by

ffiffiffiffi
N

p
. The actual astrometric capability of the

SNAP imager should be calculated in light of both
its hardware and observational strategy, but for
brainstorming purposes we will assume that the
astrometric accuracy is within a factor of two of
1 mas; the astrometry for the deep fields should
be several times better than this. The currently
proposed wider surveys would provide precision
astrometry for millions of faint Galactic stars.

While the astrometric accuracy of the SNAP sa-
tellite is comparable to the Hipparcos mission, the
difference in magnitude limits probed is striking.
The Hipparcos satellite targeted stars with
V < 12.4, while the SNAP satellite will image stars
with V > 20. In the deeper, multiply-imaged re-
gions of the sky, the SNAP satellite is capable of
producing distances good to 10% for stars within
300 pc of the Sun; the stars that will not saturate
the detector at these distances will be primarily
the L and T brown dwarfs. The accuracy of the de-
rived proper motions depends on the time between
observations. A baseline of one year will produce
proper motion measurements somewhat longer
than the astrometric accuracy, say a couple of
mas/yr. The astrometric information will comple-
ment the astrometry that will be produced with
GAIA, which images only to V = 20.

The space density of L/T dwarfs is expected to
be about twice that of stars (Hawley, 2003), so
SNAP could serendipitously find distances to hun-
dreds of these low mass stars and brown dwarfs in
15 sq. deg. of deep imaging, and measure proper
motions for thousands of faint stars.
6. Conclusion

The purpose of this presentation was to explore
the possibilities for learning about Galactic struc-
ture from a SNAP or DESTINY satellite. From
an examination of Table 2, one finds that most
of the stars that have traditionally been used to ex-
plore Galactic structure are so bright that we see
them more easily in other galaxies than in our
own. This highlights the capability of this satellite
to make substantial contributions to our knowl-
edge of the stellar content of nearby galaxies.

The opportunity for a supernova space imaging
satellite to contribute to knowledge of our own
galaxy is by using intermediate and low mass stars
to trace structure. These stars have been little-used
in studies of Galactic structure because their faint
luminosities make them difficult to study. How-
ever, they are potentially very interesting because
they have higher space densities and have evolved
little since formation. These stars will give us a bet-
ter sense of the formation histories of Milky Way
stellar populations.

The SNAP surveys will discover large numbers
of faint main sequence stars and brown dwarfs,
which will allow exploration of the faint end of
the initial mass function (IMF) as a function of
population. These low mass stars will also be
traced through the thick disk and spheroid popula-
tions, so population comparisons can be obtained.
Since these faint stars have very large absorption
bands in their spectra, it is possible that some
physical properties of these stars could be deter-
mined from the photometry alone.

There is also great promise for the astrometric
capability of a wide-field imager in space. A satel-
lite could produce positions for millions of faint
Galactic stars with the accuracy of the Hipparcos
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satellite. Because only a small (15 sq. deg.) region
of the sky will be imaged in multiple epochs, the
number of stars with measured parallaxes and
proper motions will be much smaller than the
all-sky Hipparcos survey. However, an important
high-accuracy image of the faint sky can be com-
pared with images from smaller deep images that
are already available and with future wide-field
imaging that will reach similar limiting
magnitudes.
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Abstract

I review observations made with the Hubble Space Telescope which have improved our view of both recent (ages
61 Gyr) and ancient (ages P1 Gyr) star formation histories in dwarf galaxies. The method of reconstructing recent star
formation histories has been well tested, and now the major challenge is to build a large database of suitable observa-
tions of nearby dwarf irregular galaxies. With the exception of the dSph companions of our Galaxy, questions concern-
ing the ancient star formation histories of nearby galaxies are stymied by a lack of suitably deep imaging observations.
The few observations which do exist provide tantalizing evidence of strong evolution in star formation rates. This evo-
lution is likely due to environmental effects, and we may be seeing evidence of the effects of reionization on the star
formation histories of dwarf galaxies. Due to its wide field of view and its excellent imaging resolution, the proposed
model for SNAP could solve these problems.
� 2005 Elsevier B.V. All rights reserved.
Contents
1

d

1. Mapping recent star formation in nearby dwarf galaxies: testing our knowledge of the star formation
process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 454
387-6

oi:10.

E-m
1.1. Results from the HST with WFPC2 and ACS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 454
1.2. The possibilities of wide-field imaging from space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 457
2. Ancient star formation histories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 457

2.1. Results from the HST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 457
2.2. The future: wide field imaging from space with SNAP?. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459
473/$ - see front matter � 2005 Elsevier B.V. All rights reserved.

1016/j.newar.2005.08.022

ail address: skill001@umn.edu.

mailto:skill001@umn.edu


454 E.D. Skillman / New Astronomy Reviews 49 (2005) 453–460
1. Mapping recent star formation in nearby dwarf

galaxies: testing our knowledge of the star

formation process

1.1. Results from the HST with WFPC2 and ACS

The first HST color magnitude diagram (CMD)
of the stars in the nearby dwarf irregular (dI) galaxy
Sextans A (Dohm-Palmer et al., 1997) revealed for
the first time a clear separation between the bright-
est main sequence stars and the ‘‘blue loop’’ (or blue
heliumburning –BHeB) stars. The separation of the
main sequence stars and the BHeB stars was made
possible by the high angular resolution of the HST
(reducing photometric errors due to blends) and
Fig. 1. Color-magnitude diagrams for Sextans A (Dohm-Palmer et al.
in V and I), and the right panel shows Cycle 7 data (8 orbits in V and 1
7 data reveals the entire sequence of BHeB stars merging into the red
Bertelli et al. (1994) and indicate the main sequence, the blue edge of
The polygonal regions indicate the selection regions for the MS, BHe
data is excellent.
the low metallicity of Sextans A which leads to
low differential reddening (Fig. 1).

These BHeB stars afford a special opportunity
to study the recent star formation histories (SFHs)
of nearby galaxies. Because the position of a BHeB
star in the CMD represents a unique age (as op-
posed to, for example, the main sequence or the
red giant branch where a single position can corre-
spond to a large range of ages), one can convert
the BHeB luminosity function directly into a
SFH (with the assumption of a universal initial
mass function). The main limiting factor of this
technique is that the position of the BHeB stars
blends into the red clump at an age between 0.5
and 1 Gyr.
, 2002). The left panel shows Cycle 5 WFPC2 data (1 orbit each
6 orbits in I). The increased photometric sensitivity of the Cycle
clump. The curves come from the stellar evolution models of

the He-burning loop, and the red edge of the He-burning loop.
B, and RGB. The agreement between the model curves and the
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Translating the BHeB luminosity function into
a SFH depends on the accuracy of the stellar evo-
lution models. We have different lines of evidence
that the stellar evolution models provide an excel-
lent guide to this stage of evolution. The first evi-
dence came from the early HST observations
themselves. Although the position of the blueward
extension of the stellar evolution tracks is a strong
function of both metallicity and stellar mass, excel-
lent agreement between observations and models
was found by choosing the stellar evolution tracks
for the metallicity determined from the HII region
abundances for Sextans A. This is a very impor-
tant point. There are no low metallicity, young
stellar clusters in the Milky Way galaxy or the
Magellanic Clouds which allow the stellar evolu-
tion modelers to calibrate their codes in this regime
(the oxygen abundance in Sextans A is a factor 3
lower than in the Small Magellanic Cloud). When
these stars are first observed in the extragalactic
context, the agreement with models can be taken
as confirmation of a prediction.

In recent studies Dohm-Palmer et al. (2002),
and Dolphin et al. (2003) used deep HST photo-
Fig. 2. The recent SFHs of four nearby dI galaxies derived from the
the relatively high time resolution which increases the sensitivity to va
star formation, and there is little evidence for periods of no star form
metry of Sextans A to compare recent SFHs recov-
ered from both the main-sequence stars and the
BHeB stars independently and collectively. The
excellent agreement between these independent
star formation rate (SFR) calculations is a confir-
mation for the legitimacy of using the BHeB stars
to calculate the recent SFH. Additionally Dohm-
Palmer and Skillman (2002) used the HST obser-
vations of Sextans A to compare the ratio of blue
to red supergiants as a function of age, or, equiv-
alently, mass. This ratio provides an observational
constraint on the relative lifetimes of these two
phases that is a sensitive test for convection,
mass-loss, and rotation parameters. The func-
tional form of the observed ratio matches the
model extremely well.

Given these tests of reliability of the stellar
models, we feel confident that using the BHeB
stars to construct recent SFHs is well justified.
Dohm-Palmer et al. (1998) employed HST pho-
tometry of four nearby dIs (Sextans A, Leo A,
Pegasus, and GR 8) and derived recent SFHs for
these galaxies (Fig. 2). At the time, the surprising
result was the lack of bursts or episodes of
BHeB luminosity function (Dohm-Palmer et al., 1998). Despite
riations, none of the galaxies show evidence for strong bursts of
ation.



Fig. 3. The spatially resolved SFH of Sextans A. The nine panels show selected still frames from the full movie. The movie was
convolved with a Gaussian kernel (80 pc and 30 Myr). The intensity transfer function and spatial reference is labeled on the central
frame. You can see this is color by going to the reference publication. The frames are not uniformly distributed in time; rather they
were chosen to highlight peaks and valleys in the SFR. Most of the activity is found on the left side of the maps, and it is found in two
primary zones: upper left and lower right. The lower right zone is associated with the highest column density neutral gas (From Dohm-
Palmer et al. (2002)).
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enhanced star formation. With time bins of only
25 Myr for the last 500 Myr, with the possible
exception of mildly enhanced SFRs in the last
50 Myr for Sextans A and Leo A, all four galaxies
are best described as nearly constant SFRs. In ret-
rospect, perhaps the lack of truly zero SFRs is as
surprising as the lack of periods of enhanced star
formation. These nearly constant, low level SFRs
confirm the (Hunter and Gallagher, 1985) picture
for low surface brightness dIs as ‘‘down but not
out,’’ and the conclusion of Tosi and Greggio
and their collaborators that the duration of truly
quiescent phases must be very short compared to
the active phase (e.g., Tosi et al., 1991).

Because the BHeB star can be assigned a unique
age, studying their spatial distribution allows the



Fig. 4. A CMD for the M81 group dI IC2574 from ACS
observations (6400 s integration time in both V and I from our
GO-program 9755, PI = Walter). Using Dolphot, over 200,000
stars were identified in the ACS field which is roughly
3.5 · 3.5 kpc. At a nominal distance of 3.6 Mpc and a metal-
licity of 1/6th of solar, the sequence of blue supergiants is
clearly resolved from the main sequence. Thus, we can derive a
spatially resolved SFH from these observations.
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reconstruction of spatially resolved SFHs. Fig. 3
demonstrates this for Sextans A. Note that three
regions experience repeated episodes of star forma-
tion (Dohm-Palmer et al., 2002). When compared
to the present day HI distribution, two of these
zones are associated with high column density neu-
tral gas, while the third, and oldest, is not. Our
interpretation of this pattern is that star formation
begins on the edge of a gas cloud and progressively
eats away at the cloud, breaking it up and inducing
later star formation. Putting all of this together
gives a picture of quasi-continuous star formation
in present day dwarf galaxies, where bursts are the
exception and not the rule.

1.2. The possibilities of wide-field imaging from

space

I think that the studies that I have reviewed are
giving us a glimpse of the real picture, but a more
ambitious observational project is necessary to
quantify the results. Ultimately, the questions of
importance of bursts and spatial patterns in star
formation are statistical in nature and require
large statistically significant studies. A large sam-
ple of galaxies with spatially resolved SFHs will al-
low correlation studies with the physical properties
of the galaxy. Note that two WFPC2 fields only
covered the central regions in Sextans A.

Because of the increased areal coverage, sensitiv-
ity, and resolution of theAdvancedCamera for Sur-
veys (compared toWFPC2) one gets a sense of what
is possible. Fig. 4 shows a CMD fromACS observa-
tions of a dI at a distance of 3.6 Mpc (roughly 2.5
times the distance of Sextans A). Once again we
see the main sequence and BHeB star well resolved
so a spatially resolved SFH will be possible. There
are roughly 100 dwarf irregular galaxies within
5 Mpc which allow us to sample recent SFHs over
a range mass and environment.

Finally, it is important to note that studying re-
cent star formation in the large spiral galaxies is also
desirable (perhaps evenmore so since they dominate
the dwarfs in terms of total mass). There are two
technical reasons why it is easier to reconstruct re-
cent SFHs in dIs than in spirals. First, because of
their higher metallicities, differential extinction is a
much larger problem in spiral galaxies, and separat-
ing the BHeB stars from theMS is problematic. Sec-
ond, because dwarf irregular galaxies show nearly
solid-body rotation across their optical extents, spa-
tial relationships are preserved over long times (as
opposed to the shear observed in spiral galaxies).
The second problem is not a show-stopper (one
would expect star formation regions to diffuse more
quickly, but that is of interest itself). The first prob-
lem is best approached with shorter wavelength
observations that would allow line of sight redden-
ing corrections for each star. The shorter wave-
length observations necessary may be beyond the
specifications of the current SNAP model.
2. Ancient star formation histories

2.1. Results from the HST

Recently Skillman et al. (2003) published a
SFH for a halo field in IC 1613, a Local Group
dI, based on relatively deep HST WFPC2
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observations (Fig. 5). This is the deepest CMD of
an isolated dI. Although detailed SFH studies exist
for other dIs, no dIs at distances beyond the Mag-
ellanic Clouds have been observed to the depth of
the present study of IC 1613 (MV . +3.4). Given
the density–morphology relationship in the Local
Group, the dI galaxies are at much greater dis-
tances than the dSphs, and, thus, have correspond-
ingly shallower CMDs. As a result, it has been
difficult to make direct comparisons between the
CMDs of dI and dSph galaxies.

The complete SFH for the halo field in IC 1613
is shown in Fig. 6. The main feature seen in the
SFH is an extended event from �2 Gyr ago until
5–10 Gyr ago. While there has been star formation
since that event (a significant amount coming
0.5 Gyr ago), the bulk of the stars in this region
of IC 1613 come from the earlier age. Although
Dolphin et al. (2001) found RR Lyraes in this field,
the ancient (P10 Gyr) SFR was well below the
25%

complete

50%

Fig. 5. CMD of IC 1613 derived from HST WFPC2 observa-
tions. Isochrones for a metallicity of Z = 0.001 and ages of 2, 4,
10, and 14 Gyr from Girardi et al. (2000) have been added in
order to show the limitations of the observations in terms of
MS ages. MS turnoffs back to intermediate ages (�5 Gyr) are
well represented in the observations, but the oldest MS turnoffs
(�10 Gyr) fall below the 50% completeness limit and are not
represented. Thus, constraints on the oldest populations will
need to come from the evolved stars.

Fig. 6. Comparison of SFHs and metal enrichment histories for
IC 1613 and the dSph Leo I (both derived via the Dolphin
method (Dolphin, 2002; Skillman et al., 2003)). The star
formation and metal enrichment histories appear nearly iden-
tical. A timeline comparing redshift to real time has been added
for the noted cosmology. Note that the bulk of the star
formation and chemical enrichment has occurred at z < 1.0.
lifetime average. Thus, to first order, star forma-
tion in IC 1613 appears to have occurred predom-
inantly at intermediate ages. This is also
characteristic of several of the outer MW dSph sat-
ellites (specifically Carina, Fornax, Leo II and Leo
I). A particularly interesting (and to me surprising)
comparison is between IC 1613 and Leo I; both
appear to be dominated by star formation at the
same intermediate ages (Gallart et al., 1999; Dol-
phin, 2002). In Fig. 6, we compare the SFH and
age metallicity relationship for IC 1613 and Leo
I (both using the method of Dolphin (2002)).
Fig. 6 shows that the SFHs and AMRs for IC
1613 and Leo I, when derived via identical meth-
odology, are nearly identical.

One possible interpretation of Fig. 6 is that, ab-
sent the youngest stars, is it possible that there are
no differences between the stellar populations of
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isolated dI and dSphs which are more distant from
their parent galaxies. The implication is that some
dI and dSph galaxies have similar progenitors; the
differences which we see today are due to
environmental influences during the lifetimes of
the galaxies which allow one type of galaxy to
retain its gas and form stars up the present and
another not. Certainly the morphological census
of the Local Group has evolved with time. One
possible environmental factor is the radiation
background. The ionizing background can heat
the ISM in low mass halos and reduce the rate
of radiative cooling by reducing the number of
neutral atoms. The photoionizing background will
reduce the fraction of gas which collapses,
suppressing star formation until later times
(z 6 1) when then background decreases and the
gas can cool (see discussion in Skillman et al.,
2003).

There are other dI galaxies for which it has been
suggested that most of the stars have been formed
relatively recently. Our earlier study of Leo A
(Tolstoy et al., 1998) suggested that the majority
of the star formation had occurred in the last
2 Gyr. Dolphin et al. (2002) discovered RR Lyraes
in Leo A, and thus the presence of very early star
formation, but converting the number of RR Lyr-
ae stars to an early SFR is very uncertain. A sim-
ilar SFH is found for Sextans A. From a relatively
deep (MV . +2.0) CMD, (Dolphin et al., 2003)
find that while there is evidence for very old stars
in Sextans A, the SFR at intermediate ages (3–
10 Gyr) was quite low, and the SFR has been the
highest in the last 2 Gyr.

2.2. The future: wide field imaging from space with

SNAP?

One of the fundamental conclusions of the IC
1613 study, that star formation was relatively
low at ages older than 7 Gyr compared to interme-
diate ages, is only possible with the present depth
of photometry. In order to be able to determine
whether this is a general feature of low mass dIs
or particular to IC 1613, CMDs of similar depth
are needed for a large sample of dIs. At present,
this is only possible with the HST for Local Group
galaxies.
Some of the requirements for this type of work
(wide field of view) are easily met by the current
model for SNAP – (10 0 is already great). However,
a small pixel size (0.0500) which optimally samples
the PSF may chafe a bit against the current design.
Nonetheless, a wide field of view with imaging
capability comparable to that of the HST will rev-
olutionize the field of observing stellar populations
in nearby galaxies.
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Abstract

The COSMOS survey is the largest contiguous imaging project ever undertaken with the Hubble Space Telescope,
using ACS/WFC to image a 2 square degree low-background equatorial field in 600 orbits with the F814W (I) filter.
The survey is providing over 2 million objects with a 10r detection limit AB(I) < 27, with a sky coverage of 10 billion
ACS pixels at a scale of 50 milliarcseconds/pixel. The principal goal of the project is to probe the formation and evo-
lution of structures with size scales from galaxies to Coma-size clusters during the peak period of galaxy, AGN and star
formation activity (redshifts �0.5–3). The first half of the Cycle 12 data are now in hand, and some of the main pre-
liminary science results from these data will be discussed. Two of the main scientific drivers for the project are to map
the distribution of large scale structure in dark matter through weak lensing, and to measure the evolution of galaxies in
the context of large scale structure. In addition, the large area of the survey is serving a wealth of other science topics,
including comparatively rare high-luminosity AGN, starbursts and extremely red galaxies at high redshift. Combined
with a wide range of ancillary datasets from X-ray through radio, this survey is becoming a truly unique Hubble legacy
for understanding the evolution of the visible and dark universe.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A principal goal of observational cosmology is
to trace the history of star formation and active
galactic nuclei (AGN), along with the mass assem-
bly history of galaxies, as a function of redshift
and environment over the age of the universe.
While the rate of galaxy evolution and the mor-
phological mix of galaxies are thought to be
strongly dependent upon the local density in the
large scale structure (LSS), this is well established
only in the nearby universe, through surveys such
as the 2dF and SDSS. Since galaxy interactions
drive much of the activity in the early universe, it
is therefore crucial to sample the full range of over-
densities in the LSS environment at all redshifts,
up to and including z � 1–3 where the apparent
peak in star formation activity occurs.

In addition to covering a sufficiently large area
to sample the full range of LSS, it is also important
to obtain sufficient angular resolution to resolve
galaxies at the redshifts of interest on sub-kilopar-
sec scales, to allow sufficiently detailed study of
their morphology. This also enables measurements
of weak lensing to be carried out with great accu-
racy, thereby providing direct mass maps of the
underlying overdensities. The COSMOS survey is
specifically designed to address these questions
by obtaining nearly 600 orbits of imaging with
the Hubble Space Telescope (HST) Advanced
Camera for Surveys (ACS) over an area of about
2 square degrees.
2. Scientific design

The fundamental design of the COSMOS sur-
vey aims to be able to cover a comoving volume
similar to that sampled by the SDSS, correspond-
ing to about 150 Mpc on a side, at redshifts of 2–3
when starformation activity was at its peak. This is
sufficient to sample all scales currently envisaged
for LSS, up to masses P2 · 1014Mx. In addition,
the sensitivity of the observations reaches to 10r
detection limits of AB(I) � 27, sufficient to fully
characterize the morphology, multiplicity and
interactions of L* galaxies out to z � 2–3.

The area of 2 square degrees is covered using
the ACS/WFC detectors, spending a total of one
orbit on each pointing (2400s), divided into four
sub-exposures that are dithered to improve PSF
sampling and eliminate cosmic rays and bad pixels.
The ACS/WFC camera consists of two detectors,
each of which is 2048 · 4096 pixels at 0.0500/pixel,
thus covering a field of view of �3 0. Imaging the
full 2 square degrees therefore requires a grid of
about 24 · 24 pointings, corresponding to a total
extent of �1.4� · 1.4�, and sampling the sky with
�1010 pixels, each 50 milliarcseconds in size (see
Fig. 1).

The COSMOS observations form the largest
contiguous area ever observed with HST, and in
fact are so extensive that they had to be divided be-
tween Cycles 12 and 13, in addition to having
forced a pointing change because of irreconcilable
scheduling problems arising from the initial point-
ing. As of May 2004, all the Cycle 12 data have
been obtained, covering the central �1� · 1�,
thereby already making this project the largest
contiguous area ever observed by HST.

In addition to the HST data, the project also
includes significant investments of time from
other facilities including Subaru, VLT, VLA,
XMM, and other related proposals submitted
to Chandra and Spitzer. The final survey will
provide a wealth of data on over 2 million gal-
axies, including several thousand X-ray emitting
AGN, at least 100 X-ray clusters, and samples
of several tens of thousands of Lyman break gal-
axies, EROS, and other red galaxies at high red-
shift, in addition to the detailed maps of dark
matter and LSS.



Fig. 1. The full HST/ACS dataset from the first half of the
COSMOS project, obtained from October 2003 to May 2004
during Cycle 12. This field covers a total of 270 pointings, each
pointing being a single-orbit, four-exposure dithered observation
with the ACS/WFC camera which is 4096 · 4096 pixels on a side
with a pixel scale of 0.0500/pixel. Therefore, this initial dataset
delivers about 5 · 109 pixels covering about 1 million galaxies.
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The incoming HST data are processed on a
cluster of linux computers at the Space Telescope
Science Institute, using the MultiDrizzle program
Fig. 2. Two slices from an LSS simulation (Frenk et al., priv. comm)
COSMOS in each case. The figure shows a comparison to previous HS
at least 1� across, corresponding to over 100 Mpc at these redshifts w
(Koekemoer et al., 2002). This involves initial reg-
istration of the dithered exposures for each point-
ing, subsequent drizzling and cosmic ray rejection,
followed by final drizzle combination to form a
cleaned, rectified image for each of the pointings.
Catalogs are then run using SExtractor on the
cleaned images and morphological parameters ex-
tracted to quantify the galaxy sizes, shapes and
types.

The initial catalogs on the field contain
�4–5 · 105 sources, and have enabled the con-
struction of preliminary mass maps derived from
weak lensing shear measurements around several
concentrations in the field. These are being exam-
ined as a function of redshift using a combination
of photometric and spectroscopic redshifts (see
Fig. 2).
3. Implications for future wide field missions

The COSMOS survey is demonstrating the
practicality of large-area, high resolution space-
based surveys providing detailed morphological
information on large samples (�106) of galaxies
on sub-kpc scales up to redshifts �2–3. This is cru-
cial for directly constraining the morphological
properties of the galaxies themselves, quantifying
at redshifts 1 and 2, showing the comoving volume sampled by
T surveys and demonstrates the importance of going to an area
hich is necessary to help mitigate cosmic variance.
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the morphological mix of their environments, and
obtaining detailed mass maps based on their weak
lensing shear. While it is unlikely that HST will
provide any further surveys with significantly large
contiguous area than COSMOS, the techniques
learned from COSMOS will readily serve as a use-
ful precursor to future wide-field space-based mis-
sions, particularly in terms of laying the technical
groundwork, as well as indicating the most prom-
ising directions of scientific parameter space to
investigate.
Reference

Koekemoer, A.M., Fruchter, A.S., Hook, R.N., Hack, W.,
2002. HST Calibration workshop. In: Arribas, S., Koekem-
oer, A.M., Whitmore, B. (Eds.), (STScI: Baltimore), 337.



New Astronomy Reviews 49 (2005) 465–473

www.elsevier.com/locate/newastrev
Wide field imaging from space: Galaxy formation
from nearby stellar populations q

R. Michael Rich

Department of Physics and Astronomy, Physics and Astronomy Building, 430 Portola Plaza,

Box 951547, Los Angeles, CA 90095-1547, United States
Ava
ilable online 28 September 2005
Abstract

A wide field, high resolution imaging facility in space would enable breakthrough science in the study of stellar pop-
ulations. Optical high resolution imaging at the diffraction limit of a 2 m telescope is a minimum requirement.

In the Galaxy and Local Group, proper motion studies could settle the contribution of cool white dwarfs to the halo
dark matter mass and define the dynamics of the Galactic bulge. The white dwarf cooling age method could be applied
to a larger number of globular clusters and could include measurements covering the whole of a given cluster. This pow-
erful method can constrain the age of the Universe as well as the early star formation history of globular clusters. A
wide field imager could derive main sequence turnoff ages for the interaction streams and multiple globular clusters
in the M31 halo, as well as in other Local Group galaxies. Imaging in the halos of nearby galaxies to 10 Mpc, including
the Virgo cluster, could map out tidal streams and debris tail and would help to define the stellar populations (and
therefore the assembly history and nature of) Galactic halos.
� 2005 Published by Elsevier B.V.
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1. Introduction

The Hubble Space Telescope has in its 10 year
lifetime changed the face of astronomy. In few sub-
ject areas has this beenmore true than in stellar pop-
ulations. For Galactic populations, HST imaging
gave us the clear detection ofwhite dwarf cooling se-
quences, and even the white dwarf luminosity func-
tionwith an age constraint of 12.7 Gyr for the age of
the Universe (Hansen et al., 2002, 2004). The color-
magnitude diagrams of globular clusters in the
Magellanic Clouds (e.g., Rich et al., 2001) and
dwarf spheroidal galaxies are now exquisitely de-
fined down to the main sequence turnoff point.
One of the last frontiers has been the study of distant
exotic stellar populations such as those in the tidal
tails of interacting galaxies, but this barrier has also
fallen (Saviane et al., 2004). HST imaging is funda-
mentally limited by the small field of view. This is
also the case for every other high resolution space
based imaging system that is planned, other than a
SNAP typemission. Interesting observations in this
subject area require the longest practical exposure
times. Either one hopes for a mission such as TPF-
C (a next generation HST) or for an acceptable
point spread function delivered by JWST. Even if
these missions take place, the coverage of large con-
tiguous areas will still be difficult and time consum-
ing, requiring many pointings. Such programs may
be undertaken, but rarely if ever for stellar popula-
tions problems. JWST may gain a factor of 10 in
speed over HST, but will have an imager of roughly
the same area as ACS. The relatively modest speed
gain pales versus the thousands of pointings re-
quired to cover an area of a few square degrees.

The slope of the initial mass function and ra-
dial gradients in white dwarf properties, remain
as major sources of uncertainty in constraining
the age of globular clusters from the white dwarf
cooling curve method. One would dearly wish to
explore the variations in main sequence turnoff
luminosity and horizontal branch morphology
across the complex structure of the M31 halo.
Tidal streams covering tens of square arcminutes
might be detected in the halos of nearby galax-
ies, mapped by the distribution of their red
giants. All of these programs demand wide field
imaging.

In the following we consider a SNAP reference
mission: a 2.0 m telescope, detector area of
35 0 · 35 0, 0.1000 pix�1 and most importantly,
0.35–1.0 lm range; we also consider an IR channel
with similar properties.
2. The science case

The following represent just some of the prob-
lems that could profitably be addressed by wide
field imaging in space:

1. Survey low luminosity stars and the mass func-
tion in the halo and bulge; settle the problem of
whether white dwarfs contribute to halo dark
matter.

2. From the WD luminosity functions, derive
more precise relative ages of, and possibly
reconstruction of star formation histories of,
the nearest Galactic globular clusters, using
the white dwarf cooling method.

3. Are the ages of the oldest stars (e.g., M92) the
same over the whole of the Local Group? Did
the character of star formation change post rei-
onization and is there a record of it?

4. A large scale survey for microlensing in the
bulge and halo of M31.
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5. Resolve the stellar populations in low surface
brightness galaxies and tidal tails out to
15 Mpc.

6. Stellar populations in tidal streams, satellites,
and halos, with age constraints, to 10 Mpc.

7. Star formation histories for the outer disks and
satellites of Local Group galaxies.

8. Very long integrations to study the ages of halos
and satellites in the Virgo cluster.

Will these topics be interesting in 2012? Much
depends of course on how long HST continues
to operate. It is unlikely that any other high res-
olution facility will come online earlier, other
than improved adaptive optics (very much a
small field proposition). Even with HST operat-
ing until 2008 or 2010, it is unlikely that great
progress will be made in these areas, simply be-
cause of the difficulty and expense of covering
large areas of the sky. Approximately 300 orbits
will be invested in the study of 1–2 more globu-
lar clusters for the WD luminosity function, but
there will not be integrations of 100 orbits at
each of three positions in a cluster, the require-
ment for addressing radial gradients. One can
imagine 300 orbits (about a Deep Field size cam-
paign) to study several field positions in M31,
but not the 500 orbits needed to reach the main
sequence turnoff point for 5 globular clusters
(although certainly such a program will be pro-
posed). Only when one contemplates a 10 m
optical/UV space telescope does the efficiency
of single small area pointings begin to look
attractive compared with a wide field imager
on a 2 m space telescope.

The more difficult question is whether the sci-
ence itself will remain current. Galaxy evolution
appears to be a healthy subject with many chal-
lenging problems, and it is unlikely that it will be
‘‘solved’’ to the extent that study of the local Uni-
verse is not interesting. The relative importance of
processes such as gas accretion, interactions, and
ingestion of companions will be well addressed in
nearby galaxy studies.

The relative ages of the oldest populations and
their formation order is also a subject best ad-
dressed by direct measurements on nearby galax-
ies. Even if JWST is actually able to image the
‘‘first light’’ it will probably be very difficult to
‘‘see’’ the formation of the first globular clusters.
The formation events giving rise to low surface
brightness features such as disks and halos will
likely be lost due to the (1 + z)4 surface brightness
dimming. Such questions as whether there is a
simultaneous era of ignition in the Local Group
are best settled by direct measurement of the turn-
off luminosity of the oldest stars, rather than by
guessing at the order, origin, and significance of
very low luminosity starbursts at the edge of JWST
detection.

Will galaxy formation still be an interesting
problem? It is possible to complain that the history
of galaxies is not a sufficiently fundamental prob-
lem in comparison to say the search for planets
of life in the Universe. However, it is a danger to
leave the decision of what an important problem
is to popular culture. The formation and evolution
of galaxies remains a fundamentally interesting
problem and wide field imaging of the nearby Uni-
verse will offer a major contribution to that subject
area.

2.1. Can other facilities do this science?

HST has the same aperture as a SNAP-type
mission, but lacks wide field imaging. Given
the factor of 50 gain in survey speed possible,
HST is not competitive. JWST had the potential
to compete in the IR, but its downsized focal
plane is a problem. The attained spatial resolu-
tion in the infrared will be little better than that
of HST. Ground-based AO even with laser guide
stars faces a multitude of hurdles. Point spread
function variation and difficulty in calibration
are some of the issues. Fifteen (V � 17) mag
guide stars are still required for tip/tilt correc-
tion. Corrected fields are small. And even with
the best ground-based AO systems there remains
an uncorrected halo around all images, with the
fraction of light in the halo varying as a function
of field position and time. For complex and
crowded fields, no techniques compete with
space based imaging.

Deep ground-based imaging with 6–10 m tele-
scopes might be competitive with a space based
system. However, the best optical imaging attained
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from the ground is 0.2500 for a few minutes at a
time. Future technologies such as that employed
by PAN STARRS are intriguing but far from pro-
ven. Following a decade of HST imaging no
ground-based imaging improvement scheme has
proven competitive, especially when precise pho-
tometry is required.
3. Technical needs

In an ideal world, this science works best if the
wide field covers a large contiguous area and it is
possible to tile that area. Fig. 1 shows the complex
morphology of the M31 halo. Ferguson et al.
(2002) map the giant branch tip and suggest re-
Fig. 1. This map of the M31 halo was derived by mapping the
number density of red giant stars using a ground-based wide
field CCD imager (Ferguson et al., 2002). We would like to
know whether the different regions correspond to stellar
populations of different ages. There is tantalizing evidence that
the major axis fields lying 30 kpc or more distant from the
nucleus may yet be dominated by disk stars; AGB star counts
suggest that some of the plumes in the NE are younger. A wide
field imager in space would have a 0.5� or greater field while
ACS on board HST covers only 1/100 the area. In a similar vain
it would be of great interest to undertake deep imaging of
Galactic dwarf spheroidal galaxies, where young stellar popu-
lations are suspected.
gions containing intermediate age stars. From
the color of the red giant branch, subtle metallicity
variations are inferred. A deep wide field image
would likely read the main sequence turnoff, turn-
ing suggested age variations into secure measure-
ments. Whole dwarf galaxies are also tens of
arcminutes in extent; the wide field is critical.

The second requirement is for optical imaging.
Because metal line blanketing is more important
at visible wavelengths, it is possible to infer metal-
licity from the red giant branch using optical col-
ors, whereas the factor of two smaller
dependence of color on metallicity in the infrared
makes this a much harder measurement (Fig. 2).
Finally, the aim should be to obtain the highest
possible spatial resolution. Why make the effort
to attain the wide field if image quality is
sacrificed?

The science aim is to make precise measure-
ments of age and metallicity for resolved stellar
populations. The best precision is from ages mea-
Fig. 2. This figure shows simple stellar populations of age 8 and
13 Gyr and [Fe/H] = � 2.3 and Solar, respectively, with the full
locus from the main sequence turnoff to the red giant branch.
Notice that the full range in color is far greater for the optical
(V,I) isochrones than for the infrared. Optical measurements
give more accurate age and metallicity measurements for a
given S/N. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article.)



Fig. 3. White dwarf cooling age of the globular cluster M4
plotted against the slope of the stellar initial mass function x

(Hansen et al., 2004). The relatively large uncertainty in the
WD cooling age would be <0.1 Gyr if the analysis were
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sured from the old main sequence turnoff point at
MV = +4.5. A wide field imaging telescope
employing the best technology could get photo-
metric measurements to V � 32. The limit of an
accurate turnoff age measurement for a complex
population is shown the color-magnitude diagram
of the M31 halo from Brown et al. (2003). Wide
field measurements of the old main sequence turn-
off is unlikely to be feasible for distance modulus
exceeding 25, One may contemplate a heroic inte-
gration that conceivably reaches the main se-
quence turnoff at modulus 26.5, just reaching M81.

Image crowding is the most severe problem.
The deepest photometry will be reserved for low
surface brightness regions – outer disks, and halos.
In general surf ðmÞ > ðm�MÞ0 � 2:5 logðLT=L�Þþ
M�, where LT is the total luminosity in a given
passband, in Solar units per sq. arcsec (see Rich,
1998). In the practical sense, pushing 2 mag more
in distance forces a corresponding push to 2 mag
fainter in surface brightness.
performed using data for all white dwarfs in M4, which could
be easily accomplished with a wide field imaging mission.
4. Science programs

4.1. Age of the oldest stars from the white dwarf

cooling sequence in globular clusters

A 2.5 m telescope in space is capable of reach-
ing very faint stellar magnitudes (V � 30). An inte-
gration of 120 HST orbits was sufficient to reach
near the end of the white dwarf cooling sequence
in the globular cluster M4. In principle, one may
fit the shape of the white dwarf luminosity func-
tion to constrain the age of the oldest stars
(Fig. 3). Hansen et al. (2004) derive an age of
12.1 Gyr (95% lower limit of 10.5 Gyr) for the
globular cluster M4 using this approach. There is
significant covariance between the derived age
and the slope of the mass function x. Unfortu-
nately, much also depends on the dynamical state
of the globular cluster. The white dwarf cooling
method itself would be compromised if binary
mass transfer resets the cooling ‘‘clock’’ for some
fraction of WD (Hurley and Shara, 2003); a wide
field survey would help to assess better the binary
issue. A deep wide field imaging campaign would
improve the precision of the age constraint by
increasing the numbers of measured white dwarfs.
If multicolor imaging were obtained, it would be
possible to exclude the non-DA white dwarfs on
the basis of their colors, reducing another uncer-
tainty. During the lifetime of HST, it reasonable
to assume that at most 3 clusters will be studied
in depth, and then only in one small ACS field.
A SNAP-type mission would revisit these clusters,
but with a wide field study, and might well add
several more. A space based mission is crucial
for this problem as high spatial resolution is re-
quired to deal with crowding and scattered light
from bright stars.

Hansen has performed a simulation in which the
white dwarf luminosity function is measured for an
entire cluster, an increase of a factor of 10 in the
numbers of WD compared to Fig. 3 and with the
analysis of Hansen et al. (2004). The age estimate
now becomes an amazing 12.61 ± 0.02 Gyr. The
troublesome x is constrained to dx better than 0.1
as well. If the 5 clusters cited in Hansen�s (2004)
review were observed, one could get a tight con-
straint on the formation timescale of the Galactic
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halo and the age of the Universe. While not solving
the dark matter problem, this would have to be
considered a significant contribution.

There is a dark matter problem connected to
white dwarfs, however by the time of this proposed
mission, it i s likely to be solved. This is the ques-
tion of whether ancient white dwarfs may account
for some fraction of the baryonic dark matter. A
proper motion survey by Oppenheimer et al.
(2001) suggested that an old white dwarf popula-
tion, perhaps accounting for a few per cent of
the dark matter, might be present. This population
would be distinct in nature from that related to the
stellar halo. Subsequent studies (e.g., Reid et al.,
2001; Salim et al., 2004) fail to confirm the dark
matter interpretation. However, a decisive result
awaits a deep wide area survey. A SNAP type mis-
sion would be powerful in its capability to reach
faint magnitudes and to cover wide areas. How-
ever, ground-based wide field imagers and survey
telescopes will be attacking this problem, which
is not affected by crowded fields.

4.2. Galactic bulge

Wide field imaging of the Galactic bulge is
being contemplated as a MIDEX class mission
(Microlensing Planet Finder; Bennett et al.,
2004). The aim is to stare at the bulge as continu-
ously as possible with the hope of discovering tran-
sient microlensing amplification due to Earth-mass
lenses. While transiting hot Jupiters would also be
discovered, the primary aim here is the measure-
ment of terrestrial mass planets and their incidence
as a function of Galactocentric distance. Such a
dataset would also give proper motion data, which
constrains the mass and structure of the bulge, as
well as the age of its stellar population (Kuijken
and Rich, 2002). Proper motions effectively sepa-
rate the foreground disk population from the
bulge field stars (Fig. 4). Given the compelling sci-
ence goals of SNAP and the planet search, the pos-
sibility of pairing the missions is worth
consideration.

The bulge offers a great deal of secondary sci-
ence. If the white dwarf cooling sequence method
is proven in globular clusters, it may well be ap-
plied to get some constraints for the age and star
formation history of the Galactic bulge. This will
prove a most challenging goal, and will likely be
feasible in fields well outside 1 kpc (that is, outside
of the classical metal rich bulge). As infrared capa-
bility is a likely part of a SNAP mission, an ultra
deep bulge exposure would almost certainly reach
the end of the stellar hydrogen burning sequence,
giving a mass function for normal stars (Zoccali
et al., 2003). Because the disk and bulge popula-
tions are superposed, a measurement of the bulge
luminosity function requires proper motion sepa-
ration from the disk, more feasible if a wide field
imager can address the problem with a study in a
single field.

4.3. Local Group halos

The complexity of the M31 halo (Fig. 1; Fergu-
son et al., 2002; Ibata et al., 2001) presents the
most compelling argument for how a wide field
imaging mission could be a major boon to the
study of stellar populations. Reaching the old
main sequence turnoff at V � 31 while at the same
time covering significant area would be a daunting
challenge. The inner halo covers roughly 4 sq.
deg.; depending on the focal plane geometry, this
would take of order 20 pointings at 50 orbits/
pointing – or 1/3 of a year of integration time.
Considering a dedicated mission of a decade or
more, such a program might actually be accom-
plished. A contiguous imaging survey, if extended
to cover greater area, might also discover or rule
out the presence of a large number of low luminos-
ity satellites, predicted to be present in the current
cold dark matter paradigm. Brown et al. (2003)
obtained a deep ACS pointing in one M31 halo
field 11 kpc distant on the minor axis. In such a
complex stellar population, the AGB and HB give
only sketchy indications of the age. In reality,
there is little to constrain age differences for popu-
lations older than 5 Gyr. A distant satellite might
have too few red giant members to have a measur-
able presence, while the number of subgiant and
main sequence starsmight be a factor of 100 greater.
Thus, the goal of detecting the luminosity function
of faint, distinct streams and companions is better
served by a deep, high spatial resolution imaging
survey.



Fig. 4. Proper motion measurements can separate stellar populations in the Galaxy. The Galactic bulge field Sgr I (l = 2, b = � 2.6) is
cleanly separated from the foreground disk population in red, which has significant transverse velocity relative to the bulge field, due to
the Sun�s motion relative to the Galactic Center (Kuijken and Rich, 2002). This work shows that the Galactic bulge is dominated by a
12–13 Gyr old stellar population. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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At present, we have an age constraint for one
M31 globular cluster, GC 312 (Brown et al.,
2004a,b). It is a compact metal rich cluster chosen
for study because it is situated in the (Brown et al.,
2003) deep halo field. Unfortunately, due to its
compactness the uncertainty in the age is too great
to settle the long running debate over whether the
metal rich clusters and field stars are younger on
the whole than the oldest halo stars. The analysis
of 20 HST observations of M31 globular clusters
(Rich et al., 2005) finds that the most metal poor
globular clusters have a wide range in horizontal
branch morphology and that the trend is distinctly
different from that of the Milky Way (Fig. 5). The
presence of the second parameter problem at such
low metallicity raises the real possibility that the
oldest, most metal poor stars in M31 are younger
than the comparable Milky Way halo population.
As opposed to measuring turnoff photometry for 1
or 2 clusters, a wide field imager could invest a
long integration time on the study of several clus-
ters, getting main sequence turnoff age constraints.
The value of such a campaign has been raised
greatly by a new set of techniques to obtain de-
tailed chemical abundances and the mean red giant
branch temperature from echelle spectroscopy of
the integrated light (Bernstein and McWilliam,
2002). This information, combined with a deep
color-magnitude diagram reaching the main se-
quence turnoff, would give age constraints suffi-
cient to determine whether the halos of M31 and
the Milky Way, two massive galaxies thought to
have similar histories, do in fact differ in the ages
of their oldest stars.
5. Beyond the Local Group

When their halos are considered, even galaxies
as distant as 10–20 Mpc can cover an area on the



Fig. 5. Horizontal branch type from WFPC2/HST imaging, vs.
[Fe/H] for M31 and Galactic (small points) globular clusters
(Rich et al., 2005). Squares are clusters in the Fornax dwarf
spheroidal galaxy. Notice that the M31 globular clusters exhibit
a range in horizontal branch type (the second parameter
problem) at [Fe/H] = � 1.6. This may be an indication that
some of the M31 globular clusters are younger than those in the
Galactic halo. Only a wide field imaging space-based survey can
test whether this is true, by measuring the main sequence turnoff
for a large sample of M31 globular clusters.

Fig. 6. Metallicity of stellar halo fields roughly 10 kpc off the
Galactic disk, against total luminosity of the parent system.
Most Galaxies in this plot are edge-on spirals and the
metallicities are derived from the colors of the resolved red
giants (Mouhcine et al., 2005). Notice that the Milky Way lies 1
dex below the general trend, perhaps indicating that the
Galactic bulge has been less important than the debris of
accreted satellites in forming the halo population. The halos of
these nearby galaxies such as NGC 4565 actually subtend
roughly 20 0 on the sky and deep imaging from a wide field
imager could reveal features such as streamers from disrupted
satellites.
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sky of 10–20 0. Just as the properties of globular
cluster systems have been the subject of wide rang-
ing studies and important inferences on galaxy for-
mation, the properties of stellar halo populations
are now coming to the fore. The primary questions
are how the metallicity and age distribution corre-
lates with parent galaxy Hubble type and luminos-
ity, and how widespread are low luminosity
satellites, tidal streams, warped disks, debris fields,
and other anomalies. The metal enriched winds of
proto starbursts must have had a dramatic effect
on scales of �1 Mpc in the intergalactic medium,
and the fossil record of this period may well be re-
corded in the stellar halos.

The high spatial resolution and great sensitivity
of the HST imagers has permitted the study of a
few extragalactic halos. M31 was the first extraga-
lactic halo to be studied and it was found to be
have a broad, metal rich, abundance distribution
– a contrast to the classical description of the
Galactic halo.
Using Hubble and WFPC2, we have explored
the stellar halo populations of other edge-on spiral
and disk galaxies. We find a strong primary correla-
tion between metallicity and the luminosity of the
parent galaxy (Mouhcine et al., 2005). However,
the Milky Way halo falls nearly 1 dex too metal
poor, well below the trend (Fig. 6). At present,
the field of view of WFPC2 (and also ACS) is too
small to address the question of whether complex
streams or features analogous to those seen in
M31 by Ferguson et al. (2002) may be detected
out to 10–20 Mpc. If one had the wide field of view
and multi-wavelength capabilities of a SNAP-type
mission, it would be possible to constrain the age
distribution of halo stars (from the luminosity of
AGB stars in the infrared) and to constrain better
the metallicities from the shape of the red giant
branch. The colors of the red giants could be com-
pared to those of streams and satellites, and a truly
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general picture of stellar halos and early galaxy evo-
lution might begin to emerge. There is the tantaliz-
ing possibility of measuring actual main sequence
turnoff ages for the first time over a wide range of
the Hubble sequence, perhaps pushing as distant
as the ellipticals of the Virgo cluster. Coupling these
data with the properties of the associated globular
cluster systems might give one of the most powerful
scientific legacies of such a mission.

Any effort to understand galaxy formation and
evolution is incomplete without including also de-
tailed studies of the nearby Universe, as con-
straints and reality checks for any theory. A wide
field imaging mission in space would make a criti-
cal contribution to this subject area, a contribution
that could well rival in importance the goals of its
primary mission.
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Abstract

Deep color–magnitude diagrams extending to the main sequence provide the most direct measure of the detailed star
formation history in a stellar population. With large investments of observing time, HST can obtain such data for pop-
ulations out to 1 Mpc, but its field of view is extremely small in comparison to the size of Local Group galaxies. This
limitation severely constrains our understanding of galaxy formation. For example, the largest galaxy in the Local
Group, Andromeda, offers an ideal laboratory for studying the formation of large spiral galaxies, but the galaxy shows
substructure on a variety of scales, presumably due to its violent merger history. Within its remaining lifetime, HST can
only sample a few sight-lines through this complex galaxy. In contrast, a wide field imager could provide a map of
Andromeda�s halo, outer disk, and tidal streams, revealing the spatially-dependent star formation history in each struc-
ture. The same data would enable many secondary studies, such as the age variation in Andromeda�s globular cluster
system, gigantic samples of variable stars, and microlensing tracers of the galaxy�s dark matter distribution.
� 2005 Elsevier B.V. All rights reserved.
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1. Historical background

Formore than 50 years (Sandage, 1953), a color–
magnitude diagram (CMD) reaching the main
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sequence (MS) has been the most direct tool for
measuring the star formation history in a stellar
population. Much of that work focused on the
ages of simple stellar populations, such as star
clusters, within our own Galaxy. By the late
1980s, the leap in sensitivity and photometric pre-
ed.
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cision offered by the widespread use of CCDs, cou-
pled with advances in stellar evolution models, al-
lowed accurate estimates for the ages of Galactic
globular clusters (VandenBerg, 1988). In the
1990s, the launch of the Hubble Space Telescope
(HST) and the subsequent installation of the Wide
Field Planetary Camera 2 enabled the measure-
ment of star formation histories in more compli-
cated populations throughout the Local Group.
Beyond the closest satellites of the Milky Way,
these studies focused on the brighter and younger
populations in dwarf galaxies (Dohm-Palmer
et al., 2002).
2. The advanced camera for surveys

In 2001, the Advanced Camera for Surveys
(ACS) was installed on HST, and its dramatic
improvements in sensitivity, field of view, and sam-
Fig. 1. Panel (a): the CMD of the M31 halo, as observed by ACS in t
with completeness limits marked. Panel (b): comparison to the ACS ob
relative MS turnoff luminosities demonstrate empirically that the M31
poor stars at old ages. Comparison to theoretical isochrones calibrate
stars are at higher metallicity ([Fe/H] >�0.5) and younger ages (6–11
pling enabled dating of the oldest populations out
to the edge of the Local Group. Extremely deep
ACS imaging of Andromeda (M31) showed that
its halo is surprisingly younger than our own
(Brown et al., 2003), with over half of the halo
younger than 11 Gyr, and with 30% of the popula-
tion at intermediate ages of 6–8 Gyr (Fig. 1). The
data from such long exposures are also useful for
studying transient phenomena (e.g., microlensing,
supernovae) and variable stars (Brown et al.,
2004). Soon two more deep fields will be obtained
in M31�s outer disk and giant tidal stream. Because
the ACS field is extremely small compared to the
size of Local Group galaxies (e.g., the M31 halo
is several degrees across), HST can only produce
pencil-beam samples in each major component of
a nearby galaxy. M31�s complex substructure, seen
in maps of its bright giant stars (Ferguson et al.,
2002), cannot be sampled at this depth within the
remaining HST lifetime.
he F606W (broad V) and F814W (I) bands (Brown et al., 2003),
servations of 4 Galactic globular clusters in the same bands. The
halo ranges from metal-rich stars at intermediate ages to metal-
d in the ACS bands also shows that over 50% of the M31 halo
Gyr) than the stars in our own halo (Brown et al., 2003).



Fig. 2. A deprojected view of the galaxies in the local Universe (black points), assuming recent estimates of their distance and
distribution (Karachentsev et al., 2004), showing the volume that can be surveyed down to an old (12 Gyr) MS turnoff with telescopes
from various missions. Giant galaxies are marked by spiral and elliptical symbols. HST and SNAP can survey the Local Group, while
TPF can reach nearly 4 Mpc, assuming 200 hours of observations per field in the F606W and F814W bands.
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3. The future: wide field imaging from space

There are two near-term avenues for major ad-
vances in the study of star formation histories uti-
lizing upcoming optical space missions (Fig. 2): the
Supernova Acceleration Probe (SNAP) and the
Terrestrial Planet Finder (TPF). The James Webb
Space Telescope will also make progress, but its
infrared bands do not provide as good a tempera-
ture lever for MS stars.

As an optical telescope with the sensitivity and
sampling of HST, but with a much larger field of
view, SNAP could map the star formation history
in the outer disk and halo of large galaxies like
M31 and M33. The observing program might con-
sist of two stages: an exploratory stage, where
shallow tiles across the galaxy provide secondary
age diagnostics on the red giant branch and hori-
zontal branch, and a deep followup stage, provid-
ing direct age diagnostics via MS photometry,
sampling at a �20% fill factor. Current plans envi-
sion 0.100 pixels; 0.0500 is better suited to surveys of
the M31 outer disk, while larger pixels would be
restrict this work to the halo outskirts. Its focal
plane design (with many fixed filters) does not pro-
vide an efficient way to obtain two-band photom-
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etry over large fields, but the additional bands
would provide tighter population constraints.

The optical coronograph version of the TPF,
with its 4 · 6 m aperture, will provide high-con-
trast, high-resolution imaging over tiny fields of
view as its prime mission. However, a secondary
instrument with a wide field of view could obtain
MS photometry in galaxies nearly 4 Mpc away.
Currently, we are limited to the study of the two
giant galaxies in the Local Group (our own and
Andromeda) plus a handful of smaller galaxies,
but the volume of space that could be surveyed
with TPF would include the Cen-A Group and
the M81-M82 Group (Fig. 2), greatly expanding
the sample of galaxies.
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Abstract

The Kepler Mission is a NASA Discovery mission which will continuously monitor the brightness of at least 100,000
main sequence stars, to detect the transits of terrestrial and larger planets. It is scheduled to be launched in 2007 into an
Earth-trailing heliocentric orbit. It is a wide-field photometer with a Schmidt-type telescope and array of 42 CCDs cov-
ering the 100 square degree field-of-view. It has a 1-m aperture which enables a differential photometric precision of 2
parts in 100,000 for 12th magnitude solar-like stars over a 6.5-hour transit duration. It will continuously observe dwarf
stars from 8th to 15th magnitude in the Cygnus constellation, for a period of four years, with a cadence of 4 measure-
ments per hour. Hundreds of terrestrial planets should be detected if they are common around solar-type stars.
Ground-based spectrometry of stars with planetary candidates will help eliminate false-positives, and determine stellar
characteristics such as mass and metallicity. A null result would imply that terrestrial planets are rare.
� 2005 Published by Elsevier B.V.
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1. Introduction

The Kepler mission is designed to discover
hundreds of terrestrial planets in and near the
habitable zone (HZ) around a wide variety of
stars. Kepler was selected as NASA Discovery
Mission #10 in December 2001. The PI is Wil-
liam Borucki, and Deputy PI is David Koch.
Information on the rest of the team, and the mis-
sion, can be found at www.kepler.arc.nasa.gov.
Rocky planets at orbital distances which allow li-
quid surface water are much more likely to har-
bor life than the gas giant planets that are now
being discovered with the Doppler-velocity tech-
nique. Technology based on transit photometry
can find smaller, Earth-like planets that are a fac-
tor of several hundred times less massive than
Jupiter-like planets (Borucki and Summers,
1984).

Transits are a useful means of planetary detec-
tions because current technology allows detection
of planets that are too small to be currently detect-
able by the Doppler method, astrometry, or
ground-based interferometry. The method relies
on the amount of stellar light that is blocked if a
planet crosses the star as seen from here. The frac-
tional blockage is just the ratio of the planet�s area
to the stellar area. A terrestrial planet causes a dip
of only 10�4 in the star�s light. Of course, the like-
lihood we will lie sufficiently close to the planetary
orbital plane drops as the separation of the planet
from its star increases. For true-Earth analogs,
only about 0.5% of planets will be so aligned. This
fraction rises to about 10% for planets with orbital
periods of only a few days (like the already known
‘‘hot jupiters’’). Because of this inefficiency, transit
surveys must include large numbers of stars. The
other problem is that the transit method only
produces a signal during the actual transit (which
typically lasts a few hours). There is thus a duty-
cycle problem which also gets worse as the plane-
tary separation gets larger.

For all the reasons above, a space-based transit
survey is far superior. The photometric precision
achievable without atmospheric interference and
using space-based CCD differential photometry is
up to the task. The telescope must be of sufficient
aperture to collect adequate photon statistics on
the faintest targets. It must also have a wide en-
ough field-of-view (FOV) to obtain a statistically
valid number of transits even with the inherent
inefficiencies. Finally, a space-based photometer
can have a duty cycle of nearly 100%, removing
another of the main problems with ground-based
surveys.
2. The Kepler Mission

The general scientific goal of the Kepler Mis-
sion is to explore the structure and diversity of
planetary systems, with special emphasis on deter-
mining the frequency of Earth-size planets in the
HZ of solar-like stars. This is achieved by survey-
ing a large sample of stars to:

(1) Determine the frequency of Mars-sized and
larger planets in or near the habitable zone
of a wide variety of stellar spectral types.

(2) Determine the distributions of sizes and orbi-
tal semi-major axes of these planets.

(3) Estimate the frequency of planets orbiting
multiple-star systems.

(4) Determine the distributions of semi-major
axis, albedo, size, mass, and density of short
period giant planets.

http://www.kepler.arc.nasa.gov
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(5) Identify additional members of each photo-
metrically discovered planetary system using
complementary techniques.

(6) Determine the properties of those stars that
harbor planetary systems.

2.1. Photometer and spacecraft

The photometer is based on a modified Schmidt
telescope design that includes field flatteners near
the focal plane. The corrector has a clear aperture
of 0.95 m with a 1.4 m diameter F/1 primary. The
optics are being built by Brashear. This aperture is
sufficient to reduce the Poisson noise to the level
required to obtain a 4r detection for a single tran-
sit from an Earth-size planet transiting a 12th
magnitude G2 dwarf. The brightness range of tar-
get stars is from R magnitudes 8–15 (fainter stars
can be studied for closer-in planets). Only a single
FOV is monitored during the entire mission, to
avoid missing transits. The spacecraft is placed in
an Earth-trailing heliocentric orbit by a Delta II
2925-10L launch vehicle. This orbit provides a be-
nign thermal environment to maintain photomet-
ric precision. It also allows continuous viewing of
the FOV for the entire mission without the Sun,
Earth or Moon obtruding.

The focal plane is composed of forty-two
1024 · 2200 backside-illuminated E2V CCDs with
27 lm pixels. The detector focal plane is at prime
focus and is cooled by heat pipes that carry the heat
out to a radiator in the shadow of the spacecraft.
The low-level electronics are placed immediately
behind the focal plane. A four-vane spider supports
the focal plane and its electronics and contains the
power- and signal-cables and the heat pipes.

The spacecraft bus encloses the base of the pho-
tometer supports the solar panels for power and
the communication, navigation, and power equip-
ment. Several antennas with different frequency
coverage and gain patterns are available for com-
mand uplink and data downlink. A steerable
high-gain antenna operating at Ka band is used
for high-speed data transfer to the Deep Space
Network (DSN). It is the only movable part other
than the ejectable cover and gyroscopes. Approxi-
mately 1 GByte/day of data are recorded and then
transferred to the ground every few days when
contact is made with the DSN. The spacecraft pro-
vides very stable pointing using four fine guidance
sensors mounted in the photometer focal plane.
Small thrusters are used to desaturate the momen-
tum wheels. Sufficient expendables are carried to
extend the mission to six years. Both the instru-
ment and the spacecraft are being built by the Ball
Aerospace and Technology Corporation (BATC)
in Boulder, Colorado.

2.2. Signal analysis

To achieve the required photometric precision
to find terrestrial-size planets, the photometer
and the data analysis system must be designed to
detect the very small changes in stellar flux that
accompany the transits. The variability of the star,
on time scales very different than that of the tran-
sits, is not a problem. Sharp images of the star field
are not helpful because the PSF must be over-sam-
pled and because a broad image profile reduces the
sensitivity to image motion. The FWHM of point
sources in Kepler images will be about 600 (95% of
the energy in a 3 pixel diameter). This provides the
best estimates of image centroids that are used to
reduce the systematic error due to image drift.
The Kepler Mission approach is ‘‘differential rela-
tive photometry’’. In this approach;

(1) Target stars are always measured relative to
the ensemble of similar stars on the same
part of the same CCD and read out by the
same amplifier.

(2) Only the time change of the ratio of the tar-
get star to the ensemble is of interest. Only
decreases from a trend line based on a few
times the transit duration are relevant
(long-term stability of the trend is not
required).

(3) Target star and ensemble stars are read out
every three seconds to avoid drift and
saturation

(4) Correction for systematic errors is critical
(Jenkins, 2002).

Photometry is not done on the spacecraft. In-
stead, all of the pixels (6 · 6) associated with each
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star image are telemetered to the ground for anal-
ysis. This choice allows many different approaches
to be used to reduce systematic errors. Only data
from pixels illuminated by pre-selected target stars
are saved for transmission to Earth. Data for each
pixel are co-added onboard to produce one bright-
ness measurement per pixel per 15-min integration.
Data for target stars that are monitored for p-
mode analysis or transit shapes are recorded at a
cadence of once per minute. Some background
areas will also be continuously monitored.

At least three transits are required to show that
the orbital period repeats to a precision of at least
10 ppm and at least a 7r overall detection is re-
quired to validate any discovery. The threshold
of 7r is required to avoid false positives due to
random noise. Planetary signatures exhibiting
mean detection statistics of 7r will be recognized
50% of the time. The recognition rate for planets
exhibiting 8r detection statistics increases to
84%. The mission lifetime of four years allows four
transits to be observed so that 8r detections can be
obtained on true-Earth analogs.

Classical signal detection algorithms that
whiten the stellar noise, fold the data to superim-
pose multiple transits, and apply matched filters
are employed to search for the transit patterns
down to the statistical noise limit (Jenkins, 2002).
From measurements of the period, change in
brightness and known stellar-type, the planetary
size, the semi-major axis and the characteristic
temperature of the planet can be determined.

2.3. Selection of target stars and field-of-view

Approximately 100,000 target stars must be
monitored to get a statistically meaningful esti-
mate of the frequency of terrestrial planets in the
HZ of solar-like stars. A FOV centered on a galac-
tic longitude of 70� and latitude of 6–12� satisfies
both the constraint of a 55� sun-avoidance angle
and provides a very rich star field. This FOV falls
within the Cygnus constellation and results in
looking a few hundred parsecs along the Orion
spiral arm. (Fig. 1). The stellar population sam-
pled is indistinguishable from the immediate solar
neighborhood. In the 105 square degrees, there are
half a million stars brighter than R = 15th magni-
tude. Studies are underway to classify all these
stars (and fainter ones) and to choose the most
appropriate 100,000 main-sequence stars as tar-
gets. The current approach is to use wide FOV
ground-based telescopes with a color-filter system
to identify both the luminosity class and spectral
types and thereby enable the elimination of most
giants and early spectral types from the target list.
Such stars are too large to allow detection of ter-
restrial planets.
3. Results from the mission

After the mission ends, the results will be sum-
marized as planetary frequencies for different sizes
and separations of planets against different masses
of stars. Because both the size and mass of the
stars that are found to have planets will be deter-
mined by follow-up observations, the size of the
planets and their orbital semi-major axes can be
determined. If most stars have planets approxi-
mately the size of the Earth (0.9 < R < 1.2,) for
example, then we should find approximately 25
planets at distances near 1 AU (0.8 < a <
1.2 AU). If stars often have planets 30% larger,
then because such planets are more readily de-
tected, and roughly 200 planets could be found
for a semi-major axis near 1 AU. Planets twice
the radius of the Earth (i.e., approximately 10
times the mass of the Earth) are readily detected
even for large or dim stars so about 600 planets
would be detected near 1 AU. Such planets are
the potential cores required to start runaway gas
accretion to make giant planets, so the number
of giant planets already known suggests they
should exist.

As the semi-major axis decreases, the expected
number of discoveries rises very rapidly, for two
reasons. The probability of a detection increases
as the inverse of the orbital radius, and secondly
the number of transits that occur during the mis-
sion lifetime increases. The detectability of transit
patterns rapidly increase with the signal-to-noise
ratio (SNR) and the SNR increases with the
square root of the number of transits. At the value
of the semi-major axis found for the ‘‘hot Jupiters’’
detected by the Doppler velocity technique, i.e.,



Fig. 1. The current Kepler FOV in the Cygnus constellation, looking along the Orion spiral arm. The field may be moved slightly
further off the plane.
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� 0.05 AU, tens of thousands of planets could be
found if they are common orbiting solar-like stars.
Even if the planets are as small as Mars or Mer-
cury, the number of transits that occur in such
tight orbits during a four year mission will be so
large ( � 400) that small planets should be found
in profusion. For this reason, it will be closer-in
planets that allow Kepler to provide a robust esti-
mate of the number of terrestrial planets in the
galaxy.

After two years of operation, the Kepler Mis-
sion should provide a good estimate of the fre-
quency of terrestrial planets with orbital periods
as long as six months (which covers the HZ for
low-mass stars). Once the mission length reaches
four years, a good estimate of that frequency will
be obtained for planets in the HZ of solar-like
stars. An extension to 6 years for the mission raises
the number of expected detections by a factor of
two at 1 AU and a factor of 3.5 at 2 AU. Of
course, there is no reason to expect that all solar-
like stars have planets, and therefore the actual
detections are likely to fall well below the estimates
above. Nonetheless, it is apparent that Kepler has
the statistical sample to make null results meaning-
ful. Knowledge of the frequency of Earth-sized
planets is very helpful in providing an estimate of
the number of stars that must be observed by the
Darwin/TPF missions if they are to fulfill their
goal of determining the atmospheric composition
of such planets.

‘‘Hot Jupiters’’ with orbits of less than seven
days are also detectable by the periodic phase
modulation of their reflected light, without requir-
ing a transit (Borucki et al., 1997). Up to several
hundred might be found that way. For the short-
period giant planets that do transit, the planetary
albedo can be calculated. Information on the scat-
tering properties and phase-function of the pla-
net�s atmosphere can also be derived (Marley
et al., 1999; Seager et al., 2000; Sudarsky et al.,
2000).

3.1. Validation of planet detections

Stellar variability sets the limit to the minimum
size of planet that can be detected. It reduces the
signal detectability in two important ways;
(1) The variability introduces noise into the
detection passband and thereby reduces the
signal to noise ratio (SNR) and thus the sta-
tistical significance of transits.

(2) Because the flux of every target star is rati-
oed to the fluxes of many surrounding stars
to reject common-mode instrument noise,
variability of the stars used in the normaliza-
tion introduces noise into the target star
signal.

The second concern can be alleviated by mea-
suring the variability of each star relative to an
ensemble of others and then iteratively removing
the noisiest from the list of comparison standards.
To mitigate the effects of the first concern, stars
must be chosen that have low variability.

Stellar variability in late-type main sequence
stars is usually associated with the interplay of
the convective layer and the internal magnetic
field. Because the depth of the convective layer
is a function of the spectral class of the star
and because the activity level is higher when the
star is rotating rapidly, the variability of solar-
like main sequence stars is related to both their
spectral class and rotation rate. Further, because
the rotation rate decreases with age, the age of a
star is an important variable. The age and rota-
tion rate of the Sun are approximately 5 Gyr
and 27 days, respectively. The age of the galaxy
is about 12 Gyr and about 2/3 of the stars are
older than the Sun and are expected to be at least
as quiet as the Sun. That extrapolation is verified
by observations with ground-based telescopes of
the emission intensity of the calcium H and K
lines. Finally, because the signal analysis uses
strict variability as a strong filter, stellar phenom-
ena will be enormously suppressed (Jenkins,
2002).

Before a candidate detection can be considered
validated and the information released to the pub-
lic, a rigorous process must be executed to ensure
that it is not due to some other phenomenon (Jen-
kins et al., 2002). Public release of false-positives
would reduce the credibility of mission results.
Therefore to be considered a reliable detection
the candidate planet detection must meet several
requirements.
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(1) The total SNR of the superimposed transits
must exceed 7r. This requirement prevents
false positives produced by statistical noise
when 8 · 1011 statistical tests are carried
out on 105 stars for orbital periods from 1
to 700 days.

(2) At least three transits must be observed that
demonstrate a period constant to 10 ppm.
This test is independent of the previous test
and demonstrates the presence of a highly
periodic process. It essentially rules out mis-
taking stellar phenomenon for transits.

(3) The duration, depth, and shape of the light
curve must be consistent. The duration must
be consistent with Kepler�s laws based on the
orbital period. The depth must be consistent
over all transits. A weaker requirement is
that the shape must be consistent with the
‘‘U’’ shape of a planetary transit rather than
the ‘‘V’’ shape of a grazing eclipse of a binary
star. Clearly, low-amplitude transits are
likely to be too noisy to make this
distinction.

(4) The position of the centroid of the target star
determined outside of the transits must be
the same as that of the differential transit sig-
nal. If there is a significant change in posi-
tion, the cause of the signal is likely to be
an eclipsing star in the background.

(5) Radial velocity measurements must be con-
ducted to demonstrate that the target star is
not a stellar-mass eclipsing binary.

(6) High precision radial velocity measurements
must be made to measure the mass of the
companion (eliminate brown dwarfs) or pro-
vide an upper limit that is consistent with
that of a small planet. These can also help
eliminate diluted stellar systems (background
or triple systems).

(7) High spatial resolution measurements must
be made of the area immediately surround-
ing the target star to demonstrate that there
is no background star in the aperture capable
of producing a false-positive signal.

Ground-based Doppler spectroscopy and/or
space-based astrometry with SIM can be used to de-
tect additional massive companions in the systems,
to better define the structure of each planetary sys-
tem. The density of any giant planet detected by
both photometry and either of the other methods
can be calculated. Determination of the planet size,
mass, semi-major axis, and stellar properties pro-
vides the properties needed for the validation and
development of theoretical models of planetary
structure.

White dwarf stars are about the size of the
Earth and might be expected to produce a transit
signal of similar magnitude. However, because of
the gravitational lensing caused by their large-
but-compact mass, the transits actually result in
an increase in brightness (Sahu and Gilliland,
2003) and are thereby readily distinguished from
those of a planet (it is also easy to eliminate them
with Doppler spectroscopy). Jovian planets pro-
duce a transit signal of such high S/N and unique
characteristics that even a single transit is unmis-
takable. It is possible that a few ‘‘true Jupiters’’
in large orbits could be found that way.

3.2. Data release policy

To avoid publication of false-positives, the
series of ground-based observations described
above must be made and analyzed to validate
the discovery before any announcements are
made. It is expected that several months will
be required to obtain telescope time on suitable
ground-based telescopes and make the observa-
tions with the usual time lost due to bad weather
and to the limited seasonal observability of the
FOV. Hence the data will not be released until
several months have passed from the time that
at least three transits with a combined SNR
<7r have been detected. A partial analysis of
the false-positive problem has been published
(Brown, 2003).

For planets with short orbital periods, three or
more transits will be seen within the first weeks
and months of operation. Release of these data
are expected by the end of the first year of opera-
tion. A downselect of targets due to unacceptable
variability and reduced data transmission rates
will result in tens of thousands of light curves
being released to the community early in the mis-
sion as well. When data are released, both original
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calibrated data for each target and the light curves
generated by ensemble photometry will be pro-
vided so that all interested members of the scien-
tific community can independently assess the
reliability of the results.

3.3. Guest observer program

In addition to the primary observations de-
scribed above, around 3000 target slots will be re-
served for the general astrophysical community,
to pursue science not covered by the Kepler mis-
sion. The photometric precision will allow observa-
tion of unprecedented detail of variable
phenomena, and the lengthy uninterrupted cover-
age that is possible opens an equally spectacular
new territory of parameter space. A list of reserved
Kepler targets and a tool to determine whether
other targets are on Kepler CCDs will accompany
the first AO a few months before launch. It is antic-
ipated that GO programs will last at least 3
months, but a few could last the entire mission.
Some fast cadence (1 per minute) targets will also
be supported.
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