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Extragalactic Fields Optimized for Adaptive Optics
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ABSTRACT. In this article we present the coordinates of 67 55’ x 55’ patches of sky that have the rare combi-
nation of both high stellar surface density (=0.5 arcmin~? with 13 < R < 16.5 mag) and low extinction
(E(B — V)<0.1). These ficlds are ideal for adaptive-optics-based follow-up of extragalactic targets. One region
of sky, situated near Baade’s Window, contains most of the patches we have identified. OQur optimal field, centered at
R.A.: 7T"24™3%, decl.: —1°27'15", has an additional advantage of being accessible from both hemispheres. We pro-
pose a figure of merit for quantifying real-world adaptive optics performance and use this to analyze the perfor-
mance of multiconjugate adaptive optics in these fields. We also compare our results with those that would be
obtained in existing deep fields. In some cases adaptive optics observations undertaken in the fields given in this
article would be orders of magnitude more efficient than equivalent observations undertaken in existing deep fields.

Online material: color figures

1. INTRODUCTION

Our understanding of the high-redshift universe has been
revolutionized by deep fields, several of which have been ex-
tensively surveyed at all accessible wavelengths. Figure 1 shows
an up-to-date summary of the locations of all existing deep
fields (circles). These fields have been primarily used to study
galaxy formation and evolution out to very high redshifts
(Cowie et al. 1995; Yee et al. 2000; Labbé et al. 2003; Bell et al.
2004; Egami et al. 2004; van Dokkum et al. 2004; Arnouts
et al. 2007; Davis et al. 2007; Scoville et al. 2007; Bouwens
et al. 2010; Ono et al. 2010). Because galaxies at such high red-
shifts are typically <1” in size, kinematical investigations of
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galaxies in these fields require adaptive optics (AQO) spectro-
scopy (Law et al. 2009; Forster-Schreiber et al, 2(09). The pro-
mise of such observations has been held out as an exciting next
step for over a decade (e.g., Ellis et al. 1997). Unfortunately, it is
now clear that only very limited AQ observations are going to be
undertaken in any existing deep fields.

Coupling integral-field spectroscopy to AQ is crucial for un-
derstanding the formation of massive galaxies, particularly
disks, since at high redshift it has proven difficult for slit spec-
troscopy to reliably identify kinematic disks, as kinematic and
morphological axes are not necessarily correlated (Erb et al.
2006). Even at intermediate redshift {(z ~ 0.6), it has been dem-
onstrated that galaxies are already kinematically complex and
that 3D integral-field spectroscopy (IES) is essential to physi-
cal understanding and kinematic modeling (Rix et al. 1997;
Flores et al. 2006). At the highest redshifts AO TFS observa-
tions by some groups have given different results compared
with non-AQ observations of cther groups. For example, laser
guide star AO observations with kiloparsec resolution (Law
et al. 2009) show that z = 2-3 Lynman break selected galaxies
have high intrinsic velocity dispersions and no significant rota-
tional gradients about a preferred kinematic axis (Law et al.
2009). Forster-Schreiber et al. (2009) found similarly high-
velocity dispersions but a much greater incidence of disk rota-
tion in a predominantly non-AQ data set of predominantly
near-IR selected galaxies. It remains inconclusive whether such
differences arise from a difference in sample (massive versus
low-mass galaxies) or the fact that the non-AQO data has seven-
times-poorer resolution, on average, in natural seeing. This is
an important question: physical differences in kinematics at
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high redshift may diagnose the prevalence of fast gas accretion
along cold flows in the early universe (e.g., Bournand et al.
2007), but they may also arise from sample selection effects
or observational limitations (for example, Green et al. 2010
suggest that it is simply the high star-formation rates that drive
the large velocity dispersions). Most IFS observations at high
redshift are still done without AQ, due to the technical diffi-
culties of AO and also to the practical difficulties of finding
enough targets near sufficiently bright stars in existing deep
field samples.

The next stage in the development of this field is to comple-
went kinematical studies by probing chemical abundance gra-
dients at a subkiloparsec scale in star-forming galaxies and to
extend existing kinematical investigations to encompass more
representative galaxies. This requires AO systems to be operat-
ing more efficiently (i.e., without performance limitation im-
posed by natural guide star availability) and, ultimately, to
multiplex if truly large samples are to be obtained. A step in
this direction is already being taken with the MASSIV (Mass
Assembly Survey with SINFONI in VVDS) survey on the
VLT, which targets star-forming galaxies in the redshift range
1 < z < 2 with SINFONI (Epinat et al. 2009; Queyrel et al.
2009). The targets are more representative than those being
probed by Supemnova Intensive Studies (SINS), with median
stellar masses of ~10'" A, and median star-formation rates
of ~10 Mgyr~! (the corresponding values for SINS are
~10%% M, and ~30 M yr™?, respectively). However, most
of the SINFONI data acquired during the MASSIV survey
are seeing-limited leading to a final median spatial resolution
of ~0.6-0.7" with only 25% of the MASSIV sample presently
being observed with adaptive optics. Of these AO targets, only a
few are being acquired with the smallest pixel size (0.05"). The
main reasons are (1) the limitations in the availability of natural
guide stars, which precludes usefully observing at finer avail-
able pixel scale, and (2) the difficulty of reaching the depth re-
quired to probe the low-surface brightness component of
galaxies in a reasonable exposure time with the smallest pixel
size. This latter point leads to expectations of considerable pro-
gress in this subject with the advent of 30 m class extremely
large telescopes (ELTs).

A basic problem with undertaking AQ in existing deep fields,
even with laser guide stars, is that one still needs at least one
reasonably proximate natural guide star to supply the informa-
tion needed for tip-tilt correction (Rigaut & Gendron 1992). In
contrast, two of the main selection criteria when. identifying
deep fields have been that they contain as few bright stars as
possible to avoid light scattering contamination and saturation
‘in long exposures and that they lie in regions of low Galactic
extinction (e.g., Alcald et al. 2004). Thus, all existing deep fields
are near the Galactic poles, where the density of suitable natural
guide stars is near a minimum, For example, Davies et al, (2008)
report that only 1% of the Lyman break galaxy sample of
Mannucei (2007) is accessible to the VLT laser guide star sys-
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F1G. 1-—Galactocentric coordinates of existing deep fields (circles) and the
locations of the fields better suited for AO observations presented in Table 1
(Squares), see § 3 for details. The location of the fields has been overplotted
on the dust emission map from the Schlegel et al. (1998) study. Labeled existing
deep fields are indicated with filled circles. One labeled square denotes 2 1 deg?
region within the CFHTLS W2 field (§ 5.2). The field labeled AODF is our
suggested optimal field whose properties are studied in detail in §§ 4 and 5.
See the electronic edition of the PASP for a color version of this figure,

tem (Bonacciqi et al. 1999): the loss of 75% of the targets is due
to the absence of suitably close natural guide stars (NGSs),
while an additional 25% are lost after suitable color cuts and
elimination of systems at redshifts obscured by strong OH fea-
tures. The situation is similar with Gemini, whose AQ system
has similar sky coverage (Ellerbrock & Tyler-1998). Even with
the npcoming Gemini multiconjugate AO system (MCAQ), the
H-band sky coverage at the Galactic poles will only be around
15% (Rigaut et al. 2000), and large benefits for MCAO emerge
from having more than the minimum number of natural guide
stars. This is because the geometry of the guide stars on the
sky impacts the uniformity of the Strehl ratio (Flicker &
Rigaut 2001).

The issue of guide star rarity in deep fields becomes pro-
minent in cases where target source density is low. This is of-
ten the case for extragalactic programs that focus on unusual
objects. For example, many of the key projects described in the
James Webb Space Telescope (JWST) Design Reference Mis-
sion (Gardner et al. 2006) rely on either extreme depth or ser-
endipitous lines of sight. If such JWST observations are to be
synergistic with ground-based AO follow-up, in particular,
with next-generation telescopes like the Thirty Meter Tele-
scope (TMT) or the European Extremely Large Telescope
(E-ELT), they cannot be undertaken efficiently in any existing
deep field. It would be disappointing indeed if only 1%-10%
of rare targets imaged with JWST in a deep field could be fol-
lowed up with ground-based integral-field units (IFUs). It is
becoming clear that existing and planned AO systems are
set to enable transformative high-redshift science, but they will
do so only in the regions of the sky in which they are effective.
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It is arguable that no existing deep field is suitable for efficient
extragalactic AO work (though, of course, the cost of obtaining
ancillary data equivalent to that already obtained in existing
deep fields may overwhelm the gains obtained from high-
efficiency adaptive optics).

In this aiticle we report on the results we have obtained in
searching for those fields on the sky most suitable for high-
efficiency extragalactic adaptive optics observations. In § 2
we describe the important characteristics of deep fields in the
context of adaptive optics observations, such as the acceptable
level of dust extinction, field size, and magnitude range of nat-
ural guide stars. In § 3 we describe our attempts to identify the
most suitable areas on the sky for undertaking extragalactic AO
waork, which is based on the strategy of combining information
from ali-sky stellar density and extinction maps. Cur preferred
AQ-riendly field and its first imaging results are described in
§ 4. In § 5 we define a figure of merit for adaptive optics and use
this to compare the efficiency of AO observing in the proposed
fields with the efficiency in representative deep fields. Our con-
clusions are summarized in § 6. All magnitudes in this article
are based on the Vega system.

2. DESIRABLE CHARACTERISTICS OF
EXTRAGALACTIC FIELDS OPTIMIZED
FOR ADAPTIVE OPTICS

In this section we consider the desirable characteristics of
extragalactic fields optimized for adaptive optics. The relevant
considerations include the maximum acceptable level of extine-
tion from the intergalactic medium, the minimum useful area on
the sky, and number density and magnitude range of available
natural gnide stars. We will consider each of these factors in turn
and discuss the importance of each of these factors using very
general principles, in order to look for considerations that will
remain relevant for fuiure AO systems.

2.1. Extinction

Although most adaptive optics is undertaken in the near-
infrared where extinction is lower than at visible wavelengths,
it is clear that for any number of reasons, including reliability of
photometric redshifts and “future-procfing™ the fields so as to
make them useful when AO work moves to shorter wave-
lengths, the ideal fields will lie in regions of low Galactic ex-
tinction. As any glance at the night sky will attest, patchy
extinction can be rather high in regions with high star counts,
It is therefore important to define an upper limit to the accep-
table extinction in order to exclude unsuitable fields. A value
of E{B—V)~0.15 mag is a good starting point, because
Fukugita et al. (2004) and Yasuda et al. (2007) show that Gal-
actic extinction estimates become fairly unreliable in regions
with E(B — V) 2z 0.15 mag. To err on the conservative side,
in this article we will use an upper limit of E(B-— V) =0.1
mag on the mean extinction as a constraint when exploring star-

count surface density maps for suitable fields. We note that
E(B— V) = 0.1 mag corresponds to Ay = Ry x E(B — V)~
0.3 mag at visible wavelengths and that this is a factor of 3 t0 10
times higher than the corresponding extinction in near-infrared
(NIR) passbands used by current AO systems.

2.2. Field Size

The next factor to consider is the required size of the field.
For extragalactic fields, the area of the field is driven by a desire
to minimize the impact of cosmic variance, because scale-
dependent inhomogeneity is often the dominant source of error
in measurements derived from galaxy populations within a sur-
vey volume. The survey volume naturally depends on the area
on the sky and the chosen redshift range, but for concreteness
we will assume that most extragalactic work will explore a range
of redshifts from z = 0 to z = 4, which encompasses most of
the star-formation history of the universe. For such surveys,
areas on the order of 1 deg? are needed in order to maintain
fractional errors on number counts near the 10% level and to
probe a wide range of cosmic structures. This is fairly easy
to demonstrate nsing online tools such as the Cosmic Variance
Calculator'' described in Trenti & Stiavelli (2008), but an even
simpler way to show this is to use the analytic expressions pro-
vided by Driver & Robotham (2010) to estimate and compare
cosmic variance for different field sizes. These authors em-
ployed counts of galaxies near the characteristic break in the
luminosity function (A*) in the Sloan Digital Sky Survey Data
Release 7 (SDSS DR7; Abazajian et al. 2009) to derive an em-
pirical expression connecting cosmic variance and survey vol-
ume. Assuming a single sight line and a rectangular geometry,
the fractional error in the counts of M™* galaxies is given by:

¢ =(1-0.03(/(4/B) — 1)
x (219.7 — 52.4(log;o[A - B - 291.0))
+3.21(logy[A - B-291.012)/C/291.0. (1)

where A, B, and (' are the median redshift transverse lengths
and the radial depth of the survey, respectively, expressed in

units of hys Mpc. (Note that the derived cosmic variance is

for M* &+ 1 mag population only and will take higher values
for more massive halos; see, e.g., Moustakas & Somervillle
2002.) Results computed using this equation are presented in
Figure 2, which shows the calculated cosmic variance for a
number of surveys and compares these with our proposed field
size of around 1 deg? (actually 55’ x 55', for technical reasons
described subsequently).

Figure 2 shows that the calculated cosmic variance for our
proposed field size results in fractional counting errors of
around 10~-15% (per unit redshift interval) for counts of M™

" See hitp:/fcasa.colorado.edw/~trenti/CosmicVariance. html.
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FiG. 2.—Cosmic variance, quantified using eq. (1), as a function of red-
shift for four fields covering different areas on the sky. Redshifts of presented
points correspond to median values for redshift ranges indicated with dotted
lines. The effect of small-scale inhomogeneity on the field size we propose
(~1 deg?, denoted as AODF) is comparable with the COSMOS field cosmic
variance and much less prominent than in the other two (smaller) fields, GEMS
and GOODS. Sec the electronic edition of the PASP for a color version of this
figure.

galaxies at redshifts between z =1 and z = 4. This is only
slightly higher than for the COSMOS field (Scoville et al.
2007), but quite significantly better than for smaller-volume sur-
vey fields, such as Galaxy Evolution from Morphology and
SEDs (GEMS; Rix et al. 2004) and Great Observatories Origing
Deep Survey (GOODS; Dickinson et al. 2003). On this basis
alone we would argue that something around 1 deg? is probably
the right minimum size for a contiguous area survey field in-
tended to allow a broad range of investigations using adaptive
optics, although another important factor is that a survey of this
size will contain many thousands of strong line-emitting ob-
jects, which are obvious targets for present-generation AO
systems. :

We have computed the surface density of strong H, line
emitters (which we define to be Fy_> 1076 ergs cm? s7%,
corresponding to the flux density of bright line emitters in
(Forster-Schreiber et al. (2009); Law et al. (2009) on the basis
of direct measurement (Villar et al. 2008; Shim et al. 2009), as
well as using indirect estimates scaled from UV flux (Bouwens
et al. 2009) and measurements of [O II] {Cooper et al. 2008). By
incorporating all the available information, we estimate this
value to be 2-5 H, line emitters with flux >1071% ergs cm?
s71 Al arcmin™? at 1 < z < 1.5, declining to 1-2 arcmin™
in the redshift interval 2 < z < 2.5. The deep fields proposed
in this article wili thus have around 10,000 suitable targets

2
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for AO-based follow-up. A significant fraction of these will
be lost for various reasons (e.g., if H, lies on an airglow emis-
sion line; Davies et al. 2008), and a small number of remaining
objects will still lack suitable guide stars (see § 5). How-
ever, thousands of AO-accessible targets will remain, presenting
a multiple-order-of-magnitude change from the current
sitnaticn.

2.3. Guide Star Limitations

‘We now explore the brightness of natural guide stars needed
for effective vse of adaptive optics. Our focus will be on the
following three classes of AQ systems:

Case 1.—Laser-assisted adaptive optics systems on 8 m class
telescopes, for which natural guide stars are needed to supply
tip-tilt corrections. Such systems will define the state of the art
for the next few years.

Case 2.—Ground-layer adaptive optics systems for 4 m class
telescopes. Such systems are now being proposed as a means of
revitalizing 4 m class facilities (e.g., Canada-France-Hawaii

‘Telescope [CFHT] ‘IMAKA; Lai et al. 2008). These facilities

will also require natural guide stars for tip-tilt correction.

Case 3—AQ systems on 30 m class telescopes, some de-
signs for which rely on AO for routine operation. In this case
we mainly seck fields with an abundance of natural guide stars
bright enough to feed laser-unassisted AQ systems. Laser bea-
cons may not be available at all times, and the existence of ex-
tragalactic fields in which they are not essential may be
extremely attractive for telescopes that heavily emphasize AO.

We will begin by first outlining the general problem before
focusing on the parameter space appropriate to the specific pre-
ceding cases. As will be shown subsequently, in practice, it is
cases 2 and 3 that drive our chosen magnitude limits.

In order to function an AO system needs to capture photons
from a star, compute a correction, and apply this correction to an
optical surface. The frequency over which an AO system must
operate is set by the velocity of the atmosphere and the atmo-
spheric coherence length. The coherence length is the length
scale over which the index of refraction of the atmosphere is
effectively constant and is typically around 10 cm at a good site.
Wind speeds in the upper atmosphere are around 20 m/s, so it
typically takes around 0.005 s for a patch of atmosphere to move
a coherence length (Rogemann & Welsh 1996). The minimum
frequency of an AQ system is therefore around 200 Hz,
although, in reality, one would want to both Nyquist-sample
the signal and allow time for actuator lag in applying a correc-
tion, so a realistic minimum is around 1 kHz.

- How many photons from a natural guide star are needed in -
this time depends on the specific type of correction, but we can
bracket our analysis by considering two extremes: (1) tip-tilt
correction, for which relatively faint stars suffice, and (2) full
correction to obtain diffraction-limited performance, for which
bright stars are needed,
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A zeroth magnitude star has a R-band flux of 3080 Jy at the
top of the atmosphere," corresponding to 2.02 x 10! photons
m~?% 571 (Bessell 1979). Thus, an 8 m telescope captures ~600
R-band photons from an 18th magnitude star in 1 ms. In the
foreseeable future no AO system will have a quantum efficiency
approaching unity, but even with an end-to-end efficiency of
20%, over 100 photons will remain, which is ample for obtain-
ing a reasonable centroid. Thus, at least in principle, an AQ sys-
tem on an 8 m telescope can use K = 18 mag stars for tip-tilt
corrections. Since the number of photons from a star imaged
with a 30 m telescope is about 14 times greater than for an
8 m telescope, a 30 m telescope can do tip-tilt corrections on
guide stars down to around R = 21 mag. On the other hand,
a 4 m telescope needs stars of about R = 16.5 mag for tip-tilt
corrections. We emphasize that these numbers are all for rather
idealized AO systems. For example, in the real-world situation
of the Gemini Altair AC system, tip-tilt reference stars of around
B ~16.5 mag (over a magnitude brighter than the somewhat
ideal case discussed previously) are found to be highly desirable
for high-performance AQ operation.

Much brighter natural guide stars are needed for use with
natural guide AO star systems that attempt to achieve diffrac-
tion-limited performance. In this case the size of relevance is
not the full aperture of the telescope, but rather the subaperture
defined by the coherence length of the atmosphere, which in
turn drives the number of needed actuators. An R = 13 mag
star supplies ~10 photons in 1 ms to a 10 cm diameter subaper-
ture. The number of photons per bin needed to reliably compute
a wavefront depends critically on factors such as the read noise
of the detector, but 10 photons per coherence-length-sized patch
on the pupil is a reasonable lower limit. Note that in the case of
diffraction-limited AOQ (and unlike the case with tip-tilt correc-
tion), having a larger telescope does not gain one a fainter mag-
nitude limit for natural guide stars; in fact, AO becomes harder,
because the system requires more actuators. We also note that
the presence of bright stars (R < 14 mag) in the field with AO
correction can potentially cause problem for infrared (IR) detec-
tors by leaving long-lasting (up to 1 hr) residual flux. Although
this would affect imaging in the case when AQ correction is
applied across a wide field of view, the main motives for devel-
oping an AO-friendly deep field (see §§ 1 and 5) are high-
resolution IFU or multiobject spectroscopic surveys, which
would not be influenced.

On the basis of the considerations just given, our search for
locations on the sky suitable for extragalactic adaptive optics
focuses on stars in the magnitude range 13 < A < 16.5 mag.
The bright end is set by the apparent magnitude of stars needed
to supply guide stars for NGS AQ systems (independent of tele-
scope aperture), which is essentially case 3. The faint end is set
by the apparent magnitude of stars needed to supply tip-tilt

"2 For concreteness we consider the brightness of guide stars at visible wave-
lengths, though the argument can be generalized to stars at arbitrary wavelength.

reference stars for real-world operation of existing AQ systems
on 8 m class telescopes (case 1) and for ideal-case laser-based
ground-layer AO with 4 m class telescopes (case 2).

3, IDENTIFICATION OF TIE SUITABLE FIELDS
FOR ADAPTIVE OPTICS '

In order to find the regions on the sky with the properties we
have just described, we rely on full-sky reprocessed composites
of the COBE/DIRBE and IRAC/ASSA dust maps (Schlegel et al.
1998) and the UCAC?2 astrometric catalog of ~5 x 107 stars
with declination in the [—90°, +-(40-52)°] range (Zacharias et al.
2004). We constructed a full-sky map of star-count surface den-
sity for UCAC2 stars in the range 13-16.5 mag using the
HEALPix data analysis package (Gérski et al. 2005) that per-
forms pixelization of the sphere with equal-area pixels. Two
maps have been produced: one with the resolution of 6.871'
to match the resolation of the available HEALPix map of Gal-
actic reddening F(B — V) and the other (see Fig. 3) with the
coarser sampling of 55’ (the HEALPix resolution that is closest
to the 1° x 1° field size, see § 2.2). The resolution of the existing
E(B — V) map was degraded to match the 55 resolution of the
star-count surface density map by taking the average extinction
value for each cell. The coarse resolution extinction and star-
count maps are both shown as panels at the top left and top right
of Figure 3. Note that the UCAC2 catalog has a gap in coverage
at high declination (shown in gray in the figure), but any AO-
optimized fields that might exist at these very high declinations
would be generally unsuitable anyway. Any such fields would
be inaccessible from Chile and be at quite high air mass most of
the time for major northern hemisphere observatories (including
those on Mauna Kea).

Before proceeding with a detailed analysis, it is instructive to
note that many positions in the sky likely to be suitable for our
purposes can be identified easily by simply looking for maxima
in a map obtained by multiplying the stellar density map by the
inverse of the extinction map. This is shown as the large bottom
panel in Figure 3. Local maxima in this map do not necessarily
define regions suitable for AQ, because some local maxima cor-
respond to regions with low star counts but extremely low ex-
tinction. However, this figure acts as a natural starting point for
the next step in our analysis.

Having identified candidate fields using the analysis just de-
scribed, we then looked at all the candidate fields individuaily to
try to better understand their characteristics. ‘To be explicit, we
first identified all HEALPix cells whose 13 < R < 16.5 mag
stellar density 5, was Z,. > 0.5 arcmin~2 and whose extinc-
tion was E(B — V)<0.1. We found 442 1 deg? cells met these
criteria, and these were then examined further. The distribution
of stellar density and extinction for these cells is shown in Fig-
ure 4, shaded by right ascension. In order to cull these fields
down to a more manageable number, we then restricted the sam-
ple further to include only those fields whose extinction is lower
than the average extinction and whose stellar density is higher
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ree— 22.6 arcmin™® mag™!

FiG. 3.—Top left: An all-sky map of extinction, scaled logarithmically. The solid-line grid corresponds to the celestial coordinate system with right ascension in
degrees increasing to the left. Zero degrees lies at the center of the figure. A Galactic coordinate system is overplotted with dashed lines. Top right: The corresponding
map of star-count surface density for stars in the 13-16.5 mag range. The region shown in gray comresponds to a high-declination gap in coverage in the UCAC2 stellar
catalog. As noted in the text, any AO-friendly fields that might exist at very high declination would be unsuitable for other reasons. Botfor: A map constructed by
multiplying the map at the top left by the inverse of the map at the top right. Maxima in this figure correspond to potentially interesting locations for undertaking
extragalactic adaptive optics observations. Circles present the positions of 67 fields that are well suited to extragalactic AQ. See the text for details. See the electronic

edition of the PASP for a color version of this figure.

than the average density. This translates into selecting fields
with a stellar density greater than (.65 arcmin— and reddening
less than ~0.087 mag. This final cut corresponds to selecting
fields inside the dashed region shown in Figure 4 and brings
the total number of fields down to 67 from 442. The positions
of these fields are shown as solid dots in Figure 3 and squares in
Figure 1.

The locations and properties of the 67 fields are given in Ta-
ble 1. Variances and higher-order moments of stellar counts and

2011 PASP, 123:348-365

extinction within each field are also tabulated. These moments
are based on computations within subcells with widths of
6.871". The fields flagged with open circles in Figure 4 have
the highest star-count surface density or the lowest average
value or standard deviation of the reddening coefficient, and
rows cormesponding to these fields are italicized in the table.
Shaded arrows point at some more representative fields for
the three sight lines (see Appendix A for details). A graphical
summary of all higher-order statistics is presented in Figure 3,
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Fra. 4, —Extinction E(B — V) as a function of the star-count surface density
., for 442 55 x 55 fields with . > 0.5 arcmin™? and E(B — V)<0.1. The
fields are shaded based on their equatorial coordinates, The dashed line encloses
67 fields with X,.20.65 arcmin=? and 0.05 < E(B — V)[mag] 5 0.087. The
fields flagged with opén circles have the highest star-count surface density
or the lowest mean extinction or its standard deviation. Shaded arrows point
at the representative fields for each of the three sight lines (see Appendix A
for details). The proposed optimal field described in § 4 is labeled AODF
and flagged with an open box. See the electronic edition of the PASP for a color
version of this figure.

{

from which it can be seen that there is a substantial variation in
the distribution of both stars and extinction throughout the fields
we have identified. While all the tabulated fields should be quite
good for extragalactic adaptive optics work, the best fieid for a
given purpose will depend upon the specific application (e.g.,
upon whether it is more important to maximize uniformity of
star counts, or to minimize absolute extinction, or to minimize
variation in extinction). The various tradeocffs that need to be
balanced in order to choose the best field for a given set of re-
quirements are explored in Appendix A.

4. CFHT IMAGING RESULTS FOR A PROPOSED
OPTIMAL FIELD

All fields labeled in Figure 1 and in the lower panel of Fig-
ure 3 have exceptional characteristics in terms of stellar surface
density and/or extinction."”? However, a practical factor that has

1t is interesting to speculate on why these fields exist. While many of them
lie in the vicinity of Badde’s Window, characterized by very low dust content, a
smaller group of fields is found near the Galactic anticenter. One possibility (S.
van den Bergh 2010, private communication), is that these fields have high
counts but low extinction, because metallicity decreases with increasing galac-
trocentric distance. As a result, the Galactic anticenter has a Iow dust-to-gas
ratio,
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FIG. 5.—Three higher-order moments of the extinction and star-count surface
density distributions as functions of the mean star-count surface density for 67
fields from Table 1. The fields are shaded based on their equatorial coordinates,
as given in Fig. 4. The fields flagged with open circles or with shaded arrows
correspond to the flagged fields in Fig. 4. Our optimal AO-filendly field is la-
beled as in Fig. 4. See the electronic edition of the PASP for a color version of
this figure.

_not yet been considered is the position of the field for accessi-

bility with a broad range of telescopes. An ideal field lies near
zero degrees declination in order to be reachable from both
hemispheres. With this consideration in mind, the most interest-
ing region for further analysis proves to be the rather large 30° x
60° region centered at R.A. = 8, decl. = (° (see the bottom
map in Fig. 3). To identify the best 1 deg® patch within this
region, we tessellated the region into 55’ x 55’ cells and ex-
plored the distribution of star counts and E(B—V) on a
cell-by-cell basis. After identifying a handful of promising cells,
we then looked for both low absclute extinction and uniformity

in extinction within individual cells. (Uniformity in extinction is

desirable for accurate photometric redshifts). Figure 6 shows the
intracell stellar surface density and the extinction map for the
best 55' x 55’ cell, which we refer to as the adaptive optics deep
field (AODF). The field lies at R.A.: 7024m3s decl.: —1°27'15"
and is labeled (in bold) with IT> 8328 in Table 1. It has a stellar
surface density of more than two stars per 2’ x 2’ region over
>99% of its area. In addition, for >85% of the field presented in
Figure 6 extinction is F(B — V)=<0.1 (4y < 0.3; NIR extinc-
tion at AQ wavelengths will be far lower; see § 2). Another im-

- portant practical consideration is that the number of very bright

stars (which scatter and raise the sky background) in this ~1 de
g? field is low: there are only a handful of stars brighter than
11th magnitude in the field.
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FiG. 6.—Extinction and star surface density maps centered on the position of our chosen field. Each pixel is 6.871" x 6.871". There are 22200 13-16.5 mag stars
suitable for AQ guiding in the field corresponding to ~3300 star-forming galaxy candidates with the number surface density of 3 arcmin—2. The field is centered at

R.A. = 7"24m2.67%, decl. =
the PASP for a color version of this figure.

Since this AODF field seems highly interesting for future
follow-up, Director’s Discretionary time on the CFHT was used
to explore its properties further (and to act as a sanity check on
the analysis presented in this article). A 10 minute snapshotin ¢/
and 2 bands was acquired using CFHT’s MegaCam in 2010
March in order to evaluate the distribution and color of the
brightest stars in the AODF (see Bertin et al. 2002 for the de-
scription of the TeraPIX software modules designed for proces-
sing MegaCam data). The upper panel of Figure 7 presents the
~1° x 1°field of view (made out of five dithered exposures), and
it is apparent here that bright stars are indeed sparse, with the
most prominent one (V' = 9.9 mag) in the center of the field.
The main drawback of such a star is not the vertical blooming,
which affects a small fraction of the imaging area, but the halos
due to internal reflections in the MegaPrime optics: such a halo
locally increases the sky background and limits detectivity. The
upper panel of Figure 7 shows that there are four stars that cause
a potential problem. Each halo covers a disk of 3" in radins, lead-
ing to ~120 arcmin? for the whole field. When compared with
the MegaCam field of view of ~1 deg?, those four halos pro-
duce a negligible loss of less than 4%. (We note that brighter
galaxies can still be extracted from these areas.)

We also compared AODF galaxy counts in ¢’ and 2’ bands
with the expected number based on the CFHT Legacy Survey
(CFHTLS) Deep data (details on galaxy/star separation method
used by the TeraPIX pipeline are given in Coupon et al. 2009).
The resulting depth found in both ¢ and 2’ bands follow the
expectations (within the range of error), and the recovered gal-
axy number surface density closely tracks the distribution of
CFHTLS Deep objects, as shown in the lower panel of Figure 7.

" The slight excess at the bright énd is the combined effect of shot
noise and cosmic variance (see § 2.2), and the turnover at g =
24.5 mag is due to the (much) shorter exposure time, compared
with the CFHTLS Deep.

We conclude from analysis of the CFHT data that all the
characteristics discussed in this section (namely, a position that
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—1°2714.44". The solid-line grid corresponds to the celestial coordinate system with R.A. [*] = 360° — & [] . See the electronic edition of

allows observations from different sites, a large number of suit-
able tip-tilt stars for laser AO, a generally low and fairly uniform
Galactic_extinction, coupled with the small number of very
bright stars) make this particular field an excellent choice for
future deep extragalactic AO cbservations."

5. REAL-WORLD BENEFITS OF UNDERTAKING
OBSERVATIONS IN AO-OPTIMIZED FIELDS

How do the properties of the fields identified in the previous
sections compare with those of existing extragalactic deep
fields? Figure 8 presents a comparison of the average stellar
density, average extinction, and standard deviation of the extinc-
tion coefficient for the set of 67 55 x 55’ fields from Table 1 to
those in 55 existing deep fields.™ Quantities are shown as func-
tions of Galactic latitude, with our candidate fields shown as
filled circles at low Galactic iatitudes' and existing deep fields
shown as filled circles at high Galactic latitudes. Our preferred
field is labeled F in each panel. The figure illustrates that our
proposed fields typically have over 10 times the stellar density

- of existing deep fields coupled with extinction values and ex-

tinction variations across the field at the high end of those in
existing deep fields.” How does this translate into practical per-
formance benefits for undertaking AQ observations? Are the ex-
isting fields already good enough? In order to investigate these
questions, we will define a fairly generic figure of merit for AO
observations in § 5.1 and compare the distribution of this figure
of merit in our proposed fields with the corresponding distribu-
tion in a typical existing deep field (§ 5.2).

“From the list compiled by J. Brinchmann; see http:/fwww.strw.leidenuniv.nl/
~jarle/Surveys/DeepFields/index.himl.

¥ Note that in Fig. 8 we have also included a region within the CFHTLS W2,
This is not technically a deep field, but CFHTLS W2 is worthy of inclusion
because it is the most commenly chserved extragalactic field that lies in the
general vicinity of our preferred field (for detailed descriptions and comparisons
with this field, see § 5.2).




356 DAMIANQV ET AL.

T T 7T I i 1777 I T 1 T | T T 71 i L I T

| creTLS-DEEP

log N/0.5mag/deg?

16 18 20 22 24 26
g*

FiG. 7—Top: CFHT MegaCam ¢- and #-band mosaic of the 1° x 1° field
centered on R.A. = 7"24%, decl. = —1°2715", Note that there are only a few
bright stars in this field, with the brightest one (in the middle of the field) at
V' = 9.9 mag. Bottom: Galaxy number per 0.5 mag and per 1° x 1° as a function
of ¢ magnitude. The solid line represents the expected values based on CFHTLS
Deep data set and triangles correspond to the recovered galaxy number counts.
See the electronic edition of the PASP for a color version of this figure.

For the sake of concreteness, much of the following analysis
will be undertaken in the context of the predicted performance of
the soon-to-be-commissioned Gemini Multiconjugate Adaptive
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FiG. 8.—Top left: Stellar surface density as a function of Galactic latitude for
two sets of deep fields: 55 existing deep fields plus 1 deg® region within the
CFHTLS W2 field (filled circles at high Galacetic latitudes) and 67 low-latitude
pointings we have explored in detail (filled circles ar low Galactic latitudes [de-
tailed properties listed in Table 1]). Top right: Average E(B — V) as a function
of Galactic latitude for the same two sets of fields. Bottom righs: Standard de-
viation of E(B — V) for the data in the other panels (this panel quantifies the
patchiness of the extinction). Our chosen field {AQDF) and five other fields from
Table 1 with extremne properties are labeled. See the electronic edition of the
PASP for a color version of this figure.

Optics System (Gemini MCAQ, Ellerbrock et al. 2003). Gemini
MCAQ is intended to feed NIR instruments with a high Stehl
ratio beam at relatively short wavelengths (Strehl ratios up to
~50% in the .J band) and, in particular, to feed the Florida Mul-
ti-Object Imaging Near-Infrared Grism Observational Spectro-
meter (FLAMINGOS-2) NIR MOS spectrograph (Eikenberry
et al. 2004) and the Gemini South Adaptive Optics Imager
(GSAQI) imaging camera (McGregor et al. 2004). The benefits
of undertaking observations in the AODF are fairly obvious for
science programs that use imaging cameras or resolved integral-

field spectrographs, but the AODF will also be of considerable =

interest for programs of NIR MOS spectroscopy. Some spatially
resolved kinematical and chemical composition information can
be recovered with narrow slits if these span individual objects that
are not obliterated by seeing. Furthermore, AQ-assisted MOS
spectrographs will be able to effectively use narrow slits, which
minimize background contamination.

‘We have chosen to focus our analysis on Gemini MCAO be-
cause it is the most advanced AO system likely to be available
on 8 m class telescopes for the foreseeable future and because
MCAQ is virtually certain to be an important operational mode
for future 30 m class ELTs. We will not describe the fundamen-
tals of MCAO here, and we refer the reader to Rigaut et al.
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TABLE 1 |
PROPERTIES OF THE 55 x 55 FIELDS IDENTIFIED IN FiGs. 3 AnD 4
o ) Zse §Zs¢ E(B-V)  bgpy
No.* (h m 5) " min~?)  (min™®)  7(Es)” 1(Ssc) (mag) (mag) Mm(EB-V))  w(EB-V)
8273 ........ 08 01 55.8886 —14 35 51.1368 0.6529 0.1159 0.2201 —0.1935 0.0778 0.0082 0.6996 —0.3415
8276 ........ 08 05 33.3355 —14 52 48.6047 0.6648 0.1331 0.0565 —0.2372 0.0692 0.0069 0.4663 —0.6372
8328 ........ 07 24 02.6662 —01 27 14.4438 0.7243 0.1199 0.7418 0.6834 0.0842 0.0116 0.5841 -0.3379
16758 ....... 19 26 57.2356 —21 00 06.8527 0.6512 0.1322 0.4283 0.5339 0.0847 0.0046 —0.0902 -0.1311
16759 ....... 19 25 39.0129 —20 08 11,7480 0.6886 0.1399 0.1533 01122 (.0865 0.0051 0.1163 —-0.2162
16760 ....... 19 26 03.2858 —23 06 02.0956 0.6552 0.1361 0.1152 —0.6959 (.0830 0.0060 0.9076 1.2258
16807 ....... 19 13 28.5182 —33 29 53.6142 0.6836 0.1144 —0.2496 --0.1904 0.0754 0.0082 0.1264 —0.7768
16813 ....... 19 09 30.5475 —33 53 54.2514 0.6698 0.1005 0.6056 —0.2252 0.0864 0.0063 0.7165 0.3145
17007 ....... 18 45 32.0045 —44 18 15.3369 0.6625 0.1077 0.2454 0.0127 0.0689 0.0101 0.6913 —0.5662
17013 ....... 18 51 34.5808 -39 41 51.5158 0.6859 0.1354 0.4643 —0.2977 0.0791 0.0087 0.0751 —1.2020
17016 ....... 18 48 11.6290 —43 03 10.6952 0.6493 0.1335 0.3393 ~0.0503 0.0782 0.0082 -0.3202 0.7728
17018 ....... 18 43 39.3947 —43 27 05.7019 0.6668 0.1345 0.5197 —0.5390 0.0778 0.0079 0.0102 —0.8005
17019 ....... 18 41 51.811t1 - —42 35 40.4388 0.8053 0.1637 0.7161 0.2299 0.0776 0.0120 0.4575 —1.0243
17020 ....... 18 44 35.3906 —41 200 37.7884 0.7226 0.1468 0.7250 1.1223 (.0843 0.0088 0.6999 1.2784
17021 ....... 18 42 54.1928 —40 28 59.3417 (.8050 0.1526 0.7322 0.2712 0.0815 0.0065 1.0337 0.9215
17022 ....... 18 40 08.9584 —41 44 00.6738 0.8661 0.1679 0.2980 —0.7967 0.0764 0.0052 0.1027 —0.6874
17023 ....... 18 38 30.5484 —40 52 07.4231 0.8016 0.1350 —0.0433 0.2787 (.0826 0.0084 0.6570 —0.2598
17075 ....... 18 27 58.8002 —51 47 48.6530 0.6516 0.1194 0.2052 0.3915 0.0738 0.0107 1.0010 0.0506
17077 ... 18 20 04.8143 —49 41 42,1637 0.6572 0.1124 0.0020 —0.2874 0.0737 0.0046 0.5543 0.9716
17078 ....... 18 25 53.1372 —50 56 23.1299 0.7260 0.1587 0.1519 —0.6180 0.0728 0.0065 --0.5469 0.1232
17079 ....... 18 23 54.2239 —50 04 40.8792 0.7656 0.1402 —0.0137 ~0.8646 0.0845 0.0096 -0.1007 —1.2872
17091 ....... 18 40 01.0208 —46 48 19.8550 0.7031 0.1157 0.1433 —(.0895 0.0696 0.00672 0.7903 0.8552
17093 ....... ; 18 40 53.8719 —44 42 (07.6520 0.6906 0.1311 —0.1203 —0.3673 0.0713 0.0081 0.4937 —0.7466
17094 ....... 18 38 04.1331 —45 57 7.0615 0.6536 0.1029 0.1297 —0.5615 0.0657 0.0101 0.1336 —0.9206
17095 ....... 18 36 12.7661 —45 05 38.2141 (.7593 0.1210 0.2531 —0.5653 0.0598 0.0056 0.5337 0.7193
17096 ....... 18 37 08.7827 —48 03 18.3032 (0.7012 0.1389 0.4229 0.08 0.0535 0.0046 0.8826 0.2867
17097 ....... 18 35 09.7115 —47 12 (03.1888 .7124 0.1380 0.4046 —0.0505 0.0557 0.0060 0.4347 —0.0656
17098 ....... 18 32 10.1262 —48 26 55.1962 (.7240 0.1214 01241 | —0.4096 (.0649 0.0045 0.2076 —0.1427
17089 ....... 18 30 14.9620 —47 35 20.7596 0.6929 0.1318 0.0147 —0.399] 0.0533 0.0081 0.6250 0.7012
17100 ....... 18 33 16.4493 —46 20 31.8008 0.7921 0.1450 0.1766 —0.4501 0.0741 - 0.0107 04304 —0.6588
17101 ....... 18 31 28.6253 —45 28 45.3891 0.8453 0.1615  0.5415 —0.0136 0.0630 0.0063 0.3935 —0.4720
17102 ....... 18 28 25.4970 —46 43 31.1481 (.8691 0.1763 0.2818 —0.8206 0.0679 0.0122 —0.0426 —0.,9224
17103 ....... 1§ 26 41.3603 —45 51 27.5153 0.7914 0.1501 0.4085 —0.2372 0.0764 0.0106 (.2804 —0.1952
17004 ... 18 39 4.4069 —43 50 40,8234 0.7537 0.1431 0.4959 0.3473 (.0722 0.0088 —-0.7946 0.6602
17105 ....... 18 37 19.892¢6 —42 58 59.3005 (.7498 0.1416 0.0553 0.0113 0.0795 0.0091 0.4961 —0.1894
17106 ....... 18 34 26.5970 —44 13 54.4803 0.8241 0.1198 0.1038 —0.1377 0.0679 0.0176 . 04784 —1.1006
17107 ....... 18 32 45.2756 —43 21 56.9586 0.8132 0.1411 0.1348 —0.1838 0.0671 0.0101 0.9592 1.6666
17108 ....... 18 35 40.0269 —42 07 04.1409 0.8770 0.1726 0.1150 0.3291 0.0752 0.0081 0.4070 —0.0853
17109 ....... 18 34 04.5145 —41 14 56.3333 0.8866 0.1687 0.0054 —0.4840 0.0836 0.0080 0.0681 —0.9237
17110 ....... 18 31 08.5135 —42 29 46.6791 0.8916 0.1581 0.2791 —-0.0116 0.0843 0.0156 0.4232 0.1181
17112 ....... 18 29 45.8757 —44 36 45.0522 0.9283 0.1362 0.2869 —-0.4116 0.0794 0.0142 0.7674 0.1725
17114 ....... 18 25 02.1950 ~—44 59 109323 0.9693 0.1778 0.0847 0.1121 0.0782 0.0067 —~0.0307 —0.9453
17115 ....... 18 23 27.6851 —44 06 42.3880 0.9336 0.1587 0.2213 —0.2587 0.0824 0.0070 0.6227 1.0957
17116 ....... 18 26 34.3634 —42 52 06.7502 0.9180 0.1542 —0.0436 —0.0388 0.0807 0.0062 0.0834 0.0063
17118 ....... 18 21 57.5217 —43 14 27750 0.9554 0.1916 —1.0498 1.8245 0.0823 0.0109 0.3205 -0.9074
17120 ....... 18 27 07.7550 —48 50 04.1290 0.6671 (.1567 0.1793 -0.4337 0.0701 0.0102 0.3642 —0.4607
17121 ... 18 25 16,6832 —47 58 10.7959 0.7111 0.1280 0.2671 —0.0459 0.0710 0.0084 —0.2037 —0.7853
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TABLE 1 {Continued)

54 & ESC (SESC E(B - V) 6E'(B—V)

No* (hms) C'n min®)  (min?)  y{Sc)  %{Ss) (mag) (mag)  n(EBE-V)  w(EB-V)
17177 ... 18 50 24.7353 —33 44 49.6317 1.0975 0.1658 04016 0.5773 0.0855 0.0122 0.8477 0.3780
17188 ....... 18 46 40.5524 —37 07 1.4218 0.8116 0.1389 0.3189 —-0.1815 0.0867 0.0083 1.1766 1.7831
17288 ....... 18 23 39.5297 —41 06 44.2969 1.2965 0.2105 —0.0562 —0.5628 0.0857 0.0085 0.2818 0.0993
18560 ....... 17 30 4.4220 —59 55 39.3082 0.8774 0.1563 . 1.0359 47730 0.0865 0.0058 0.3543 0.7979
22659 ....... 20 34 1.8777 +18 41 40.5432 0.7140 0.1193 0.1133 —0.0646 0.0842 0.0115 0.1667 —0.8588
22665 ....... 20 30 15.9096 +18 28 26.4926 0.7461 0.1334 0.5894 0.6151 0.0764 0.0147 0.3505 —0.6854
31486 ....... 08 04 54.9932 —15 47 16.2648 0.7365 0.1243 0.4348 —0.4508 0.0674 0.0086 0.8794 —0.2353
31487 ... 08 08 34.1773 —16 03 51.0974 0.6575 0.1107 ~0.2133 0.5630 0.0789 0.0076 —0.1390 —0.8436
48510 ....... 17 40 30.1826 —61 25 54.5380 0.6592 0.1329 0.3597 —0.8497 0.0716 0.0036 0.4596 0.1084
48511 ....... 17 38 41.6103 —60 32 25.4590 0.7031 0.1256 -0.2966 0.1368 0.08 0.0066 0.0875 —{.9509
48593 ....... 17 34 57.5166 —62 37 9.1809 0.6595 0.1102 —0.1926 -0.5202 0.0654 0.0046 0.6758 0.4808
48594 ....... 17 29 01.5184 —~63 47 46.8549 0.6850 0.1238 0.1940 ~-0.5662 0.0771 0.0071 —0.0907 —0.5278
48595 ....... 17 27 18.9816 —62 53 54.7870 0.7736 0.1170 0.1161 —1.0970 0.0788 0.0062 —0.3162 —0.2015
48596 ....... 17 33 11.4505 —61 43 28.8547 0.7230 0.1231 0.2457 —0.3871 0.0760 0.0115 —0.0218 —1.5210
48597 ... 17 31 34.0292 —60 49 38.5446 0.8235 0.1301 0.2149 —0.4993 0.0808 0.0066 —0.1810 —0.6031
48600 ....... 17 21 01.3747 —64 03 37.7765 0.6813 0.1162 0.5003 0.4488 (.0739 0.0062 0.1536 —0.7576
48610 ....... 17 00 14.0968 —68 21 58.8538 0.6641 0.1276 —0.1090 —0.6135 0.0768 0.0049 0.0170 ~0.8740
48611 ....... 16 59 02.2874 —67 27 18.9130 0.6539 (.1090 0.0080 —0.6701 0.0868 0.0055 —0.5483 —~0.7081
48915 ....... 16 19 26.1713 =171 39 37.6062 (.6536 0.1084 0.2919 -0.7719 0.0806 0.0088 0.9343 0.4950
48918 ....... 16 19 40.9547 —70 44 32.6440 0.6883 0.1352 0.8101 —-0.0178 0.0843 0.0106 1.080% —0.0507

*Pixel number based on N, = 64 HEALPix partition of the sphere.

® Third moment of distribution (skewness) for star-count surface density.

¢ Fourth moment of distribotion (kurtosis) for star-count surface density.
4 Third moment of distribution (skewness) for extinction.
" Fourth moment of distribution (xurtosis) for extinction,

"IV 15 AONVIAVA  3¢¢



EXTRAGALACTIC FIELDS OPTIMIZED FOR ADAPTIVE OPTICS 359

(2000) for an explanation of the general principles. For our pur-
poses it suffices to note that MCAQ’s purpose is to deliver high
image quality over a wider area than conventional adaptive ap-
tics systems, and it does so by using a constellation of laser
guide stars beacons and several natural guide stars to determine
the shape of the wavefront, which is then corrected by multiple
deformable mirrors. (The natural guide stars are essential, be-
cause they are needed in order to establish tip-tilt corrections. )
In the case of the Gemini MCAQ system, five artificial gnide
star beacons and three natural guide stars are used. Another im-
portant point that should be emphasized heré is that the preci-
sipn of the tip-tilt corrections depends on distance from the
guide stars, so the geometric arrangement of the natural guide
stars plays an important role in establishing AO performance
(Flicker & Rigaut 2001). We assume nominal performance
of Gemini MCAOQO and emphasize that both the areal coverage
and PSF stability expected from MCAOQ are substantially larger
than in the case with conventional (single-laser, single wave-
front sensor) AO.

5.1. Figure of Merit

Any number of figures of merit can be devised for intercom-
paring the performance of various AO systems, but in this article
we propose to use a figure of merit that captures the basic idea
that real-world AO performance generally depends not only on
image quality, but also on the variation of that image quality
over the field of view. We therefore adopt the following figure
of merit;

1
- 0.%.25 % (1 _ (S))l.s !

@

where {S} is the average Strehl ratio achieved in the field of
view, and og is the rms variation in Strehl ratio over the field
of view. In the present article our purpose is to understand the
impact of tip-tilt stars, so we will be calculating Strehl ratios
using simulation seftware that computes the distortion in the
wavefront due to anisokinetism and assumes perfect correction
for other aberrations in the wavefront. Our procedure for doing
this will be described in the next section.

The distribution of I” across the sky characterizes the perfor-
mance of an AO system. The specific values of the exponents in
our definition of J' are chosen to weight the peak Strehl ratio at
the expense of some uniformity in the value of the Strehl ratio
over the field of view. However, uniformity in Strehl ratio is not
completely deemphasized, and a guide star configuration result-
ing in a generally high, but strongly variable, Strehl ratio across
the field of view will have a significantly lower value of F.
None of main conclusions of this articlé are strongly depéndent
on the specific values of the exponents used in equation (2), as

_ shown in Appendix B.
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5.2. MCAO Observations in Existing and Proposed Fields

To investigate limitations in MCAO performance in various
fields as a function of natural reference star magnitudes and con-
figurations, we nsed the Gemini MCAO simulator (F, Rigaut
2009, private communication) to compute the distribution of
the figure of merit ¥' for ~1000 uniformly distributed pointings
within several fields. As noted earlier, we wish to study the er-
rors introduced into the corrected wavefront by a paucity of
tip-tilt stars, so the Strehl ratio used in our analysis isolates
the rms contribution to the distorted wavefront introduced by
anisokinetism. In other words, the simulation assumes that
all other contributions to the wavefront degradation are negli-
gible, so if the tip-tilt correction were perfect, the Strehl ratio
would be unity. In practice, of course, errors other than aniso-
kinetism will contribute to the wavefront."® However, the point
is that our analysis allows us to study #he best performance pos-
sible from the AO system, limited only by the number of natural
tip-tilt reference stars.

Each simulated pointing was 80" x 80" in size {appropriate to
Gemini MCAQ). We analyzed performance in the AOIYF, and for
comparison with performance in unoptimized deep fields, we
also examined ~1000 uniformly distributed positions in the
COMBO-17 field 2 deep field and in the 1 deg? region of the
CFHTLS widé field (W2). COMBO-17 field 2 (labeled as A
901 in Wolf et al. 2003) was chosen because it is the existing
deep field with the highest star counts. We chose to include (a
part of) the CFHTLS W2 field in this comparison because (1}
itis located fairly close to the AODF, and (2) its star-count surface
density is high. However, large portions of this 7° x 7° field are
contaminated with very bright stars.”” In order to avoid those re-
gions we performed our analysis in the 1° x 1° subfield within
CFHTLS W2 centered on R.A. = 842™ decl. = -~1°15’, which
has few very bright stars but an abundance of stars in the range
suitable for tip-tilt correction.

To determine the optimal set of guide stars in each pointing,
we looked for the best set of three stars with magnitudes in the
range 13 < R < 16.5 mag with distances between 40" and 60"
from the field center (these distances are set by the patrol fields
of pick-off mirrors in Gemini MCAQ). As noted by Flicker &
Rigaut (2001), the ideal geometry for these stars is an equilateral
triangle, so we searched for three stars lying in the 40"-60" an-
nulus whose interior angles were within 60° 4= 20° from each
other, If we failed to find suitable stars, we then relaxed our
criterion that the guide stars approximate equilateral triangles
and simply searched for three stars defining a triangle with
any set of side lengths. Where multiple triangles existed, we
retained the one that gave the best value of F. When three stars

"“The interested reader is directed to Table 2 of this World Wide Web page for
acensus of othercontributions to the MCAO wavefront: http:/fwww.gemini.edu/
sciops/instruments/mcao?q=node/10749.

1" See http:/flegacy.astro.utoronto.ca/Fields/images/w2.html.
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in any geometry could not be found, we calculated MCAO per-
formance with available stars, either singly or in pairs. In cases
where no stars in the suitable magnitude range were found in the
vicinity of our pointing, the value of F' was set to zero.

The results from our investigation are shown in Figure 9,
which compares the distribution and cumulative distribution
functions of F for the AODF, with the corresponding distribu-
tions for the COMBO-17 field 2 and a 1 deg® region of the
CFHTLS W2 field. The two panels of Figure 9 correspond
to a limiting natural guide star magnitade of 16.5 mag in & band
(corresponding to the anticipated limit for Gemini MCAO
bright time observing). Although the limiting guide star mag-
nitude will vary with lunation, the only difference in the case

- where the faintest natural guide stars is & = 18.5 mag (the ideal

dark sky performance of Gemini MCAQ) will be a higher num-
ber of pointings with low F.

The enormous benefits that emerge from observing in an
AQ-optimized field are obvious from even a cursory inspection
of Figure 9, but it is worth discussing the figure in some detail.
In analyzing this figure, we noted that even in our adaptive-
opticsoptimized deep field (ID 8328, see Table 1), for bright
time observing only about ~1% of the pointings in the field fall
within triangles of guide stars that are approximately equilateral
(as defined previously). However, if we allow any configuration
of three suitably bright guide stars, sky coverage in the AODF is
55%. The 0<F < 20 range in this case covers the MCAO per-
formance when less than three natural guide stars are available.
If we assume dark time observing, the sky coverage is ~92% but
the highest figure of merit still corresponds to the configurations
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of brighter (R<16.5) stars. In contrast to this, none of ~1000
uniformly distributed pointings in the COMBO-17 field 2 and
only one pointing in the CFHTLS W2 subfield fell within equi-
lateral triangles of natural guide for our simulated bright time
conditions, and this fraction rises. to only 0.2% (COMBO-17
field 2) and 1.2% (CFHTLS W2) at dark time. If the MCAO
requirement is relaxed to allow any configuration of three
NGSs, COMBO-17 field 2 coverage is 0.4% and 3.8% for
bright and dark time observing conditions, respectively. Three
AQ-snitable stars with R<16.5 forming a triangle were found in
around 1.8% of the CFHTLS W2 pointings. If the magnitude
limit is lowered to R<18.5, CFHTLS W2 coverage for sets
of three stars arranged in any type of triangle reaches 21%.
For both COMBO-17 and CFHTLS W2, the most common fig-
ure-of-merit values that emerge (0 < F' < 20) correspond to
MCAOQO performance, with only one or two stars being natural
tip-tilt stars. Thus, the low sky coverage in the COMBO-17
field 2 and CFHTLS W2 subfield results in the large spike
in the first bin in Figure 9, with only a few (out of 1000) posi-
tions with high F' producing a steep decline at F' = 20. In con-
trast to this, the median value of F in the AQ-optimized field is a
factor of 3 higher than in COMBO-17 field 2 and CFHTLS W2,
and a significant tail of F' extends out to F ~ 500 (a factor of 3
better than the best F' cobtained in COMBO-17 field 2 and
CFHTLS W2 subfield).

Figure 9 shows the superiority of the AODF over both
COMBO-17 field 2 and CFHTLS W2 in terms of the figure
of merit. The relation between the figure-of-merit values and
the quantities that enter equation (2) (the average Strehl ratio

1000 : T T T T I T T T T I LI T I T &+ T T | 3T T T 7

600 |- —AQDF -

[ —COMBO 17 ]
--CFHTLS W2

100 R=16.5 3

N so | &
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1/(0'30'25X(1“<S>)l'5)

FIG. 9.—Cumulative distribution: (Jeff) and distribution (right) of our Strehl-ratio—related figure of merit for 55 x 55' AODF, COMRO-17 field 2, and the CFHTLS

W2 subfield. Data points are binned according to their figure-of-merit value in three-unit-wide bins. The left-side vertical axis gives the percentage of field area with the
figure-of-merit value equal to, or higher than, the corresponding bin’s lower limit. In the right-side panel ordinate represents the number of pointings contained in each
bin. Both panels correspend to a guide star magnitude limit of 16,5 mag in the R band (foreseen bright time limit for the Gemini MCAO system). See the text for details.

See the electronic edition of the PASP for a color version of this figure.
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and its rms variation over the field of view) is explored in Fig-
ure 10, where points are shaded according to their figure-of-
merit values. (The reader is once again reminded that the Strehl
ratios in our calculations take into account only the tip-tilt cor-
rection.) The dashed line in the lefi-hand panels denotes thresh-
old value of the average Strehl ratio at which MCAQ fails, i.e.,
when there are only one or two NGSs available. While ~70% of
the AODF pointings with available NGSs have Strehl ratios
above the MCAQO threshold, for the COMBQ-17 field 2 and
the CEFHTLS W2 that fraction is 3.8% and 8%, respectively.
The right-hand panels show the distribution of Strehl ratios
-apd corresponding variances for MCAQ performance when
the required geometry of guide stars is available. Figure 10 con-
firms that the figore of merit we have defined does rather nicely
map onto fields with the combination of high average Strehl
ratios and low rms variation in Strehl ratios over the 80" x 80
" field of view. The third and fourth quartiles of the figure-of-
merit distribution for the AODFE (Fig. 10}, which enclose Strehl
ratios of 90% < {8) < 97% and rms variations of
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FiG. 10.—Strehl ratio as a function of its rms variance for pointings accessible
to AO in AODF, COMBO-17 field 2, and CFHTLS W2 1 deg? subfield. Left-
side panels display full range of values for Strehl ratio and its vartance. The
dashed line corresponds to MCAOQ {failure for pointings where only one or
two guide stars are available. The right-side panels show the range of Strehl
ratios and related variances for pointings where MCAQ is efficient (i.e., where
at least one set of three AO-friendly stars forming a triangle is available). In each
panel points are shaded according to figure-of-merit value (eq. [2]). Labels Q1,
M, and Q3 represent the first quartile, median, and the third quartile of the fig-
ure-of-merit distribution across the AODE All panels correspond to a guide star
magnitude limit of 16.5 mag in the K band (the expected bright time magnitude
limit for the Gemini MCAQ system). See the electronic edition of the PASP fora
color version of this figure.
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1% < og < 6%, contain only 3% of the CFHTLS W2 pointings
available for AO and 1.5% of the corresponding pointings with-
in the COMBO-17 field 2. This hugely better AO performance
clearly illustrates the benefits of undertaking extragalactic AO
observations in fields optimized for adaptive optics.

5.3. The AODF in the Era of Upcoming Methods and
Instruments

Although the MCAOQ has been emphasized in the present ar-
ticle, other AQ methods are in development especially for use
with the 30 m class telescopes. These methods include mulfi-
object adaptive optics (MOAO) and systems with faint IR
tip-tilt sensors whose images are sharpened by the AO system.
Future AO systems are expected to be less sensitive to the
(bright) NGS surface density.

MOAQO (Assémat et al. 20(07) is a technique that allows si-
multaneous AQ corrections for several smatl IFU target fields
(typically 24" in diameter, sufficient to map velocity fields of
large spiral galaxies at z2 1) within a wider field of view
(FOV ~ 5-10', driven by the surface density of line-emitting
galaxies at z 2 1). Each IFU target field is corrected by a sepa-
rate deformable mirror (DM) that provides AO correction along
a given line of sight only (in contrast with MCAQO systems that
provide this correction across the whole FOV). Multiple NGSs
are used for tomographic wavefront sensing (Ragazzoni et al.
2000), i.e., to probe the 3D phase perturbations in the atmo-
sphere above the telescope primary aperture. A real-time control
system then slices multiple columns through the mapped turbu-
lent volume in the directions of all targets and applies a correct-
ing signal to multiple independent DMs. The critical difference
between MOAQ and MCAQ is that the former is an open-loop
system where the wavefront sensors do not get any feedback

E(B-V) Star counts surface density
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Fic. 11.—Extinction and star surface density maps of the 6.871" x 6.871"

cells within the 55’ x 55 field with the highest mean star-count surface density -

of {Z.} = 1.3 arcmin™? (i.e., with 11,000 star-forming galaxies potentially oh-
servable with AO if the average number surface density of these objects is
3 aremin™2), The field is centered at ov = 18"23M39.53° and § = —41°6'44.3".
The solid-line grid comesponds to the celestial coordinate system with
R.A. [}] = 360° — « [}]. See the electronic edition of the PASP for a color ver-
sion of this figure.
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FiG. 12.—Extinction and star surface density maps of the 6.871" x 6.871"
cells within the 55 x 55 field with the lowest reddening coefficient
({E(B —~ V)) = 0.053 mag) but still containing more than 2500 possible guide
stars (~5900 observable star-forming galaxies with number surface density of
3arcmin~2). The field is centered at o= 18"30™14.96° and 6=
—47°3520,76", The solid-line grid comresponds to the celestial coordinate sys-
tem with R.A. [/} = 360° — & []. See the electronic edition of the PASP for a
color version of this figure.

from DMs. In other words, the wavefront error is measured and
corrected only once, and the accurate system calibration is es-
sential.

‘While an advantage of open-loop MOAQ is that it does not
need a guide star for each target, the limiting magnitude of the
NGS is set by the requirement for low system error level. Thus,
even MOAO designed for the 30 m class telescopes will still
need guide stars brighter than R = 17 mag. For example, an
appropriate configuration for mapping turbulent atmospheric
layers using the EAGLE MOAOQ system that is being developed
for the BE-ELT involves five NGSs with R < 17 mag in the 7.3
patrol FOV (Rousset et al. 2010). Based on the average star-
count swiface density, only one out of 55 existing deep fields
mentioned earlier (COMBO-17) lies above {(and very close
io) this threshold. On the other hand, the number density of
available NGSs in the AODF is six times higher than EAGLE
MOAOQ requirements.

As was noted earlier, as the primary mirror of a telescope
becomes larger, its sensitivity allows fainter stars to be used
for wavefront sensing. AQ systems on 30 m class telescope will
give satisfying performance with a NGS magnitude limit of R =
21 mag (though the limiting magnitude will be lower in MOAO
mode, as noted previously). We performed the same analysis as
in previous section on the COMBO-17 field using the Gemini
MCAQ simulator and looked for stars arranged into triangies
within magnitude range 13 < R < 21, based on the USNO-
B catalog {with limiting magnitude of & = 22; Monet et al.
2003). Although the sky coverage in this case is ~47%, only
~15% of these sets of three stars will provide Strehl ratio greater
than (.5. On the other hand, the sky coverage for high Strehl
ratio values (i.e., guide stars arranged in equilateral or isosceles
triangles) using MCAO system in the AODF is 100%.

Star counts surface density
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Fio. 13.—Extinction and star surface density maps of the 6.871" x 6.871"
cells within the 55 x 55’ field with the lowest standard deviation of E(B —V
) that translates into the smallest variation in dust content across the field. There
are 22350 13-16 mag stars suitable for AO guiding in the field corresponding to
~5600 observable star-forming galaxies with the number surface density of
3 arcmin—2, The field is centered at ¢ = 17"40M30.18%, § = —61°25'54.54",
The solid-line grid comresponds to the celestial coordinate system with
R.A. [?] = 360° — & [*]. See the electronic edition of the PASP for a color ver-
sion of this figure.

Another advanced type of AO planned for 30 m class tele-
scopes will utilize IR tip-tilt wavefront sensing. A major advan-
tage of this approach is increased guide star density, since faint
IR NGS images are sharpened by the AO system. For example,
for the TMT Narrow-Field Infrared Adaptive Optics System
(NFIRAQOS}) the probability of finding at least one tip-tilt star
brighter than J = 21 mag is 95% at high Galactic latitude.
However, at least three NGSs are still required to detect the ef-
tects of tilt anisoplanatism; the use of only one off-axis tip-tilt
star would give blurred time-averaged images of the science ob-
jects. This condition lowers the sky coverage that NFIRAQOS
will achieve to 50% at high latitndes (Wang et al. 2008). Even
with three guide stars one expects to get a continuum of perfor-
mance. Fainter stars will force the system to run slower, which
in turn leaves larger tip, tilt, and focus errors. Thus, although
MCAQO system on a 30 m class telescope will operate over much
of the sky, an insufficient number of bright guide stars will im-
pair imaging performance, as diffraction-limited cores will be
blurred out by these tip/tilt/focus errors and the variation across
the FOV will be increased. (IFU work will be less affected, be-
cause the ensquared energy loss in a spaxel a few times larger
than the diffraction limit will be lower.} These types of systems
will give the best results when used on a field densely populated
with bright NGSs, where the AO is not pushing the boundaries
of the control system. Finally, we note that AQ using natural
guide stars only (of magnitude ~12 and within ~15" of the
science object) is capable of achieving higher Strehls than
MCAQ, is easier to do, and removes all the complications of
changing plate scales, cone effect, laser elongation, etc. A major
benefit of doing AO in the proposed field is that it will allow
much of the of the 30 m class telescope science to be done in
NGS mode. For example, if an AQ system, similar to EAGLE

2011 PASP, 123:348-365
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HIG. 14.—Cumulative distribution of our Strehl-related figure of merit for 55’
x55" AODF, COMBO-17 field, and the 1° x 1° subfield of CFHT W2. Data
points are binned according to their figure-of-metit value in three-unit-wide bins.
The vertical axis gives the percentage of field area with the figure-cf-merit value
equal to or higher than the corresponding bin’s lower limit. In each panel the
figure of merit is defined by different combinations of the two exponents
(eq. [B1}). All panels correspond to a guide star magnitmde limit of
16.5 mag in the R band (foreseen bright time limit for the Gemini MCAQO sys-
tem). Sce the electronic edition of the PASP for a color version of this
figure.

MOAQ, that uses only bright NGSs were employed in the
AOQDF, sky coverage would be 275%.

We conclude this section by noting that fields optimized for
ground-based adaptive optics with 30 m class telescopes will
not be made obsolete by npcoming space missions, such as
JWST and BEuclid/WFIRST (Wide Field Infrared Survey Tele-
scope; both of which are 5-10 yr away in any case). Enclid/
WEIRST will likely only operate in slitless spectroscopy mode,
while JWST will be equipped with a microshutter array for si-
multaneous spectroscopy of ~100 sources and with an IFU for
3D spectroscopy, spanning the wavelength range of 1-5 um
{Gardner et al. 2006). However, the main point is that the fu-
ture ground-based observations will still be undertaken at
spatial resolutions that are factors of 5 and 15 times higher
than the angular resolution of JWST and Buclid/WFIRST,
respectively.

6. SUMMARY AND CONCLUSIONS

“‘We have combed through stellar density and extinction maps
to identify 67 low Galactic latitude fields with high star density,
remarkably low extinction, relatively large area (1 deg?, to mit-
igate the effects of cosmic variance), and an AO-friendly stellar
mix of many R = 13-16.5 mag, but few <8 mag stars. These
fields allow highly efficient adaptive optics to be undertaken in
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FiG. 15.—Distribution of our Strehl-related figure of merit for 55 x 55'
AQDF, COMBO-17 field, and the 1° x 1° subfield of CFHT W2. Data points
are binned according to their figure-of-merit value in three-unit-wide bins. Or-
dinate represents the number of pointings contained in an individnal bin. In each
panel the figure of merit is defined by different combinations of the two expo-
nents (eq. [B1]). All panels correspond to a guide star magnitude limit of
16.5 mag in the R band (foreseen bright time limit for the Gemini MCAQ sys-
tem). See the electromic edifon of the PASP for a color version of this
figure.

low-extinction extragalactic fields with minimal saturation and
scattering. A comparison of these fields with existing deep
fields reveals that while the number of guide stars per square
arcmimute is, on average, 15 times higher in the AO-friendly
fields, the mean level of extinction is comparable with the more
extincted existing deep fields.

By augmenting our analysis with some practical consid-
erations (such as the desire for an equatorial field accessible
from both hemispheres), we identify a single 1 deg® field
(which we designate the adaptive optics deep field, or AODF)
as being particularly promising for extragalactic AO work, This
field is centered at R.A.: 7024™3, decl.: --1°27'15". Analysis of
galaxy counts in this field based on short observations of this
AODF in ¢ and 2’ bands (using MegaCam on CFHT) confirm
both the absence of extinction and the abundance of suit-
able tip-tilt stars the AODF. In fact, galaxy counts in this
field closelfy follow the counts found in the CFHTLS Deep
data set. -

Simulations were undertaken to estimate the practical peifor-
mance benefits of undertaking AQ observations in the AODF.
Our analysis shows enormous advantages emerge from under-
taking AQ pbservations in optimized fields such as the one de-
scribed heré. For example, for geometries of natural guide stars
that produce spatially stable high Strehl ratio PSFs, dark time
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sky coverage in the AODF is essentially 100% using the Gemini
MCAO system, which is a factor of over 50 times higher than
for most existing deep fields.
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APPENDIX A
PROPERTIES OF SELECTED FIELDS

Figure 4 demonstrates how the set of 55/ x 55’ fields that are
‘most suitable for AQ observations were selected. Amongst this
set we chose our preferred field (the AODF) partly on the basis
of accessibility to both hemispheres. Other fields may be
equally (or even more) suitable if this criterion is relaxed. A
field of obvious interest is the one with the highest star-count
surface density. Table 1 shows that this field is located at o =
18M21m57.525 and 6 = —43°14/2.775". It is flagged with an
open circle in Figures 4 and 8 and presented in more detail
in Figure 11, where star-count surface density and extinction
maps with finer sampling (6.871" x 6.871") are used to bring
out the features of individual cells within the field. The number
of stars in this field is ~5000, corresponding to more than one
star per arcminute squared.

Another property worth optimizing for is dust extinction, so it
is interesting to look for fields with extraordinarily low extinction
in Table 1. The field with the lowest reddening coefficient E(B —
V) is centered at o = 18"30™14.96° and § = —47°35'20.76” and
is also flagged in Figures 4 and 8. A close-up view of its stellar
surface density and reddening coefficient distribution is given in
Figure 12. Although this field features lower extinction than
some of already explored deep fields, the number of its potential
AQ guide stars is almost an order of magnitude higher than in the
existing deep fields labeled in Figure 8.

Finally, it is interesting to consider fields with highly homo-
genous extinction. The third flagged field in Figures 4 and 8 is
the one with the lowest value of standard deviation for F(B —
V) from Table 1 at e = 17"40™30.18° and § = —61°25'54.54".
The properties of this field’s 6.871" x 6.871" cells are given in

Figure 13. Despite not having the highest number of AO-
suitable stars (=2350 versus 24600) or the lowest dust extinc-
tion (its {E(B—V)) is ~35% higher than in the field with
minimum extinction), this field may be interesting for certain
studies in which reddening homogeneity is more important than
other factors.

The higher-order statistical moments of star counts within
subfields, along with proximity to other suitable areas, may
be other factors worth considering when choosing fields.
Whether the higher-order moments really matter depends on
the specific science objectives of the observations. The skew-
ness, -3, in the star-count surface density distribution might
be worthwhile to consider in cases where one wishes to optimize
for having a smaller namber of fields with many NGSs. For ex-
ample, 3 < 0 corresponds to the mass of distribution shifted
toward higher values. For such fields there are many patches
of very high star density. On the other hand, kurtosis in the
E(B - V) distribtuion, 74, could be important if one wishes
to optimize a field for photo-z consistency. Fields with 4 < 0
have a less peaked distribution of E{B — V), i.e., more uniform
extinction. The area within dashed lines in Figure 4 contains the
fields from three regions in the sky. When identifying the best
AQ field in each region (shaded arrows in Figures 4 and 5), we
have taken into account all four moments of both star-count sur-
face density and extinction distributions. In Figure 5 we present
three moments—standard deviation, skewness, and kurtosis—
for all 67 fields from Table 1 as functions of the mean star-count
surface density (the most important factor for identifying AO-
friendly fields).

APPENDIX B
THE FORM OF THE FIGURE OF MERIT

Our proposed figure of merit, given in equation (2), is use-
ful for characterizing AO system performance, but there is
considerable flexibility in choosing the values of the expo-
nents in this equation. We chose exponents that strike a bal-
ance between emphasizing the importance of peak Strehl
ratio in a field and emphasizing the uniformity of the Sirehl
ratio throughout the field. Other, equally valid, cheoices of
these exponents could be made that strike a different balance.
In order to investigate how different combinations of expo-
nents in equation (B1) might influence our general conclu-

sions, we have defined a more generic form of the figure of
merit:

1
F=

Tk (- (B @D

where expeonents o and [ can take several values: o€
{0.25,0.125} and Be{1,1.5,2}. The maximum image quality
(i.e., average Strehl rativ) is weighted by the @ exponent.
Constraints on the range of values for a are set so that
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the high values of the figure of merit cannot coincide with
extremely low values for both Strehl ratio and its variance.

The resulting distributions for all six possible combinations
are given in Figures 14 and 15. In this figure we have examined
and compared three fields: AODF, COMBO-17, and a 1°x 1°
subfield within CFHT W2. Of course, the range of values that
the figure of merit can take is seen to depend rather strongly on
the choice of exponents, but the important thing to note is that
none of the distributions show major changes in shape or rela-

tive position for different combinations of « and G, Furthermore,
the highest figures of merit in all six cases (for all three fields)
correspond to the pointings with the highest average Strehl ratio
({8) > 90%) and relatively low variation of Strehl ratio across
the 80" x 80" field of view (g < 2%). Since our analysis relies
only on relative comparisons between different fieids, our over-
all conclusions seem quite robust to the specific choices of the
exponents.
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