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ABSTRACT. Earth is bombarded by meteors, occasionally by one large enough to cause a significant explosion
and possible loss of life. It is not possible to detect all hazardous asteroids, and the efforts to detect them years before
they strike are only advancing slowly. Similarly, ideas for mitigation of the danger from an impact by moving the
asteroid are in their infancy. Although the odds of a deadly asteroid strike in the next century are low, the most likely
impact is by a relatively small asteroid, and we suggest that the best mitigation strategy in the near term is simply to
move people out of the way. With enough warning, a small asteroid impact should not cause loss of life, and even
portable property might be preserved. We describe an early warning system that could provide a week’s notice of most
sizeable asteroids or comets on track to hit the Earth. This may be all the mitigation needed or desired for small
asteroids, and it can be implemented immediately for relatively low cost. This system, dubbed Asteroid Terrestrial-
Impact Last Alert System (ATLAS), comprises two observatories separated by about 100 km that simultaneously scan
the visible sky twice a night. Software automatically registers a comparison with the unchanging sky and identifies
everything that has moved or changed. Communications between the observatories lock down the orbits of anything
approaching the Earth, within one night if its arrival is less than a week. The sensitivity of the system permits detection
of 140 m asteroids (100 Mton impact energy) three weeks before impact and 50 m asteroids a week before arrival. An
ATLAS alarm, augmented by other observations, should result in a determination of impact location and time that is
accurate to a few kilometers and a few seconds. In addition to detecting and warning of approaching asteroids, ATLAS
will continuously monitor the changing universe around us: most of the variable stars in our Galaxy, many micro-
lensing events from stellar alignments, luminous stars and novae in nearby galaxies, thousands of supernovae, nearly a
million quasars and active galactic nuclei, tens of millions of galaxies, and a billion stars. With two views per day

ATLAS will make the variable universe as familiar to us as the sunrise and sunset.

Online material: color figures

1. INTRODUCTION

In recognition of the hazard posed to the Earth by asteroid
impact, Congress has mandated that NASA undertake a Near
Earth Object (NEO) survey program to detect, catalog, and track
NEOs of 140 m diameter and larger. The recent passage of a 7 m
diameter asteroid 2009 VA in 2009 November within only one
Earth diameter emphasizes that this is a real threat, and the fact
that only a small fraction of such close passages are detected
reminds us that we are in fact in a continuous storm of small
asteroids passing close by. In the previous year, the Earth was
struck by 2008 TC; on 2008 October 7 in the Sudan.' Perhaps
more disturbing, on 2009 October 8, a ~50 kton atmospheric
explosion occurred over Indonesia that is thought to have been
caused by a ~10 m asteroid impacting the atmosphere.”

" A description and references can be found at the JPL NEO website, neo.jpl
.nasa.gov/news/2008tc3.html.
>The JPL description is at neo.jpl.nasa.gov/news/news165.html.
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The article by Asphaug (2009) reviews what is known about
asteroid populations and characteristics. (We use the term aster-
oid to mean any small solar system body, asteroid, comet,
meteor, etc.) The population of asteroids is quite well known
as a function of brightness, usually characterized by the [/ mag-
nitude (V-band magnitude the asteroid would have at 1 AU dis-
tance from both the Sun and observer, viewed at opposition).
The number of main belt asteroids depends on size as an ap-
proximate power law of exponent —2.5, but the number of small
(Iess than 200 m) NEOs reported by Brown et al. (2002) has an
exponent closer to —4. Since the arrival impact energy scales as
the cube of the asteroid size, the net arrival energy is more or
less uniform per logarithmic size interval.

Conversion from observed population to surface destruction
involves an estimate of albedo to derive size (usually taken as a
weighted average of ~0.14, combining ~0.20 for the S-type as-
teroids that predominate among NEOs and ~0.05 for the C-type
that are the most numerous in the solar system), an estimate of
density to derive mass (usually taken as ~2-3 gcm ™2 for S-
type, although ice-dominated comets have a density less than
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water, C-type are ~1.5 gcm™3, and M-type may have a density
in excess of 6 gcm™?), an estimate of arrival velocity (typically
~15 kms™!, but there is a broad distribution), and an estimate of
the fraction of energy that couples through the atmosphere to
ground destruction. An asteroid of H magnitude of 22 is there-
fore taken to have a diameter of 140 m and to carry about
100 Mton of kinetic energy. Morbidelli et al. (2002) performed
this calculation in much more detail and fidelity.

The atmosphere has a surface density equivalent to about
10 m of water, so we can expect that an impactor must be con-
siderably larger than ~10 m before a substantial fraction of its
kinetic energy reaches the ground instead of being dissipated in
the atmosphere. For example, Melosh and Collins (2005) cal-
culated that the ~30 m iron impactor that created the 1.2 km
Meteor Crater in Arizona delivered only ~2.5 Mton to the
ground of ~9 Mton of arrival kinetic energy.

Boslough and Crawford (2008) performed a detailed hydro-
code calculation of low-altitude air bursts from asteroid impact,
using the Tunguska explosion that flattened trees over an area of
~1000 km? in 1908 as a calibrator, and found that it is not a
good assumption to compare an asteroid impact to a stationary
point explosion (e.g., nuclear bomb test) at the altitude where
the asteroid explodes. One difference is that the wake from the
incoming object creates a channel by which the explosion is
directed upward, and even a few-megaton explosion will rise
hundreds of kilometers into space. Another difference is that
the incoming momentum carries the fireball and shock wave
much lower than an equivalent point explosion, causing com-
mensurately more damage on the ground. They also performed
a calculation of the effects of a 100 Mton stony impactor and
found that although the asteroid explodes before it hits the
ground, the fireball touches down over a diameter of 10 km with
temperatures in excess of 5000 K for 10 s.

The 2007 impact in Carancas, Peru, of a relatively small
(~3 m, 1 ton kinetic energy) chondrite left a 13 m crater. This
seems to indicate that there are mechanisms by which a small
impactor can couple significant energy to the ground, although
most, like 2008 TC; or the explosion over Indonesia in 2009,
will explode harmlessly, high in the atmosphere.

We are therefore left with some uncertainty about the fre-
quency of damage from asteroid impact. The calibration by
Brown et al. (2002) of small NEOs is based on the rate of large
fireballs from atmospheric impacts and a conversion from op-
tical to explosion energy, and this is joined onto estimates from
counts of asteroids as a function of I magnitude. The rate of
impacts by large asteroids (140 m and larger) is estimated to
only one per 20,000 yr or more, the rate of impacts by 50 m
Tunguska-sized objects (5 Mton arrival kinetic energy) is about
one per 1000 yr, and the rate of 10 m (40 kton arrival kinetic
energy) impacts is about one per decade (NRC 2010). These
rates are probably uncertain to a factor of at least two, and
the work of Boslough and Crawford (2008) illustrates the dif-
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ficulty in predicting surface damage from the incident kinetic
energy.

A NASA NEO report (2007) found that a combination of
planned surveys by Pan-STARRS 4 (Panoramic Survey Tele-
scope and Rapid Response System, PS4) and LSST (Large Sy-
noptic Survey Telescope) could reach 83% completeness for
140 m diameter NEOs by 2026. The total architecture cost was
estimated at about $500 million in fiscal year 2006 dollars. In
order to speed up and improve the detection probability, NASA
found that an additional $800 million to $1 billion for either an
additional LSST system dedicated to potentially hazardous ob-
ject (PHO) detection or a dedicated space imager could bring the
completion limit to better than 90% by 2020.

This conclusion was affirmed in the recent report by the NRC
(2010) on survey and mitigation strategies that NASA might
pursue to reduce the risk from hazardous objects, but they
stressed the severe tension between cost and survey completion
deadline and suggested that 2030 may be a more attainable goal,
although still at high cost. The NRC report (2010) also recog-
nized that the damage from relatively small asteroids in the
30-50 m range may be greater than heretofore appreciated, and
it recommended that “surveys should attempt to detect as many
30-50-meter objects as possible.”

We believe that, while the final solution of finding, catalog-
ing, and tracking 90% of asteroids of 140 m is very hard, the
technology to find most asteroids of 50 m or larger on their final
approach is now in hand. Although this may not give us enough
warning to mount a mission to deflect the asteroid, it should
give us enough warning to know exactly where and when
the impact will occur. Lives can be saved by moving out of
the impact area or away from the tsunami run-up, even though
loss of property is unavoidable.

We describe how the construction and operation of a new sky
survey could continually scan the visible sky. This facility, en-
titled Asteroid Terrestrial-Impact Last Alert System (ATLAS)
would use an array of eight wide-field, fast telescopes equipped
with large detector arrays to scan the visible sky (~20, 000 deg?)
twice per night. Its sky completeness gives us a better than 50%
chance of detecting any 50 m asteroid approaching from a ran-
dom direction, and its sensitivity provides three weeks’ warning
of 140 m objects and one week for 50 m asteroids.

The second section discusses the general meaning of etendue
and presents equations for survey capability and signal-to-noise
ratio (S/N) achievable from a survey instrument, even in the
regime of undersampled pixels. This lays the foundation for
evaluation of how scientific goals can be met by a given sur-
vey implementation. The third section presents details of the
ATLAS concept and describes how it compares with other sur-
veys, present and planned. The fourth section describes how AT-
LAS performs in its role of detecting hazardous asteroids as well
as other science topics. We find that ATLAS has some very in-
teresting capabilities beyond early warning and is quite comple-
mentary to other existing or planned surveys. We conclude with



60 TONRY

thoughts on how ATLAS could provide the seed for a World-
wide Internet Survey Telescope that could improve the probabil-
ity of detection and the warning time of approaching impactors.

2. ETENDUE AND SURVEY DESIGN
2.1. Etendue and Information

The technical term etendue means the product in an optical
system of the solid angle and cross-sectional area occupied by
the bundle of light rays. Liouville’s theorem guarantees that this
product is conserved throughout the optical system, provided
there is no absorption. In particular, at the entrance aperture,
the product of solid angle seen on the sky times the collection
area is a measure of how large the “grasp” of an optical system
is. This etendue product is therefore often adopted as a measure
of the merit of proposed survey systems, with some understand-
ing that it has something to do with the rate at which scientific
value can be accrued.

The information content in /N independent measurements at
S/N S is expressible in N log,(.S) bits. If our science goal is to
generate a catalog of independent quantities, this might be an
appropriate metric for the tradeoff between quantity N against
quality S to maximize information. However, an important and
common science goal is accumulation of S/N for a measurement
to which many correlated observations contribute. In this case
the science value lies in the S/N of the sum or other combination
of measurements that are presumed to be highly correlated, and
the information content goes as logy (N'/25), or 3_ 11ogy (n;5?)
if we do this for a number of classes of inquiry, collecting n;
objects in each class with S/N S;. Colloquially, the net S/N from
averaging N measurements improves as N/2,

This sum, log(n;S?), is in fact the standard metric that is
used to evaluate the capability of a survey system. It is not
unique, nor is it appropriate for all scientific goals (for example,
it does not optimize detection rate of stellar occulations by hot
Jupiters, where the dependency of capability on .S; is essentially
a step function at S; ~ 200), but it does describe the main scien-
tific purposes to which survey data are usually applied. We will
use the term capability henceforth to mean “accumulation of log
(n;S?) per unit time” in order that etendue can be reserved for
its technical use.

In the Poisson limited case, where the variance is propor-
tional to the number of photons collected and n; is proportional
to the solid angle surveyed, n;S? does not depend on how sur-
vey time is apportioned between area coverage and depth—
capability is basically the number of photons collected from
objects of class ¢, regardless from which objects the photons
come. There are two curbs on this covariance, apart from the
details of luminosity function or spatial distribution. The first
arises when systematic error at extremely low or high S,
(e.g., read noise or flatfielding error) slows the growth of infor-
mation from ”11 /2__itis often not practical to increase n; without
bound by permitting S; to become arbitrarily small, nor do we

necessarily gain by arbitrarily increasing .S; on a single object.
The second limit arises when n; becomes so large within a solid
angle that objects blur together—their perceived fluxes are no
longer independent, which again limits the growth of informa-
tion. If we assign a footprint solid angle w to an object blurred
by the point-spread function (PSF) and consider an object to
have value only if no other object’s footprint overlaps its center,
the maximum density of isolated objects is achieved when the
overall number density is w ™', at which point the density of non-
overlapped objects is lower by the natural logarithm
base, (ew)~L.

Apart from these considerations, and for known objects with
sufficient density on the sky or randomly positioned objects,
maximizing n; is tantamount to maximizing the solid angle that
can be observed per unit time. Therefore, we can consider the
survey metric to be 5%, where (2 is the survey solid angle, but
remembering that this is not valid when S; is low enough to be
affected by systematics or when the PSF and object footprint are
large enough that objects start to overlap. The survey capability
is the rate at which Q.57 is accumulated.

2.2. S/N and PSFs

Recovery of an unresolved object’s flux in the face of blur-
ring and noise is a finely honed art. For uniform, independent
Gaussian noise the optimum S/N occurs by cross-correlating
(often misnamed convolving) the image with the PSF. More
generally, the optimum cross-correlation kernel is just the
Wiener filter, whose Fourier transform depends on those of
the PSF, P(k), and the noise, N (k): |P|*/(|P|> + |[N|?). In the
limit that an object is faint compared with the noise, the opti-
mum kernel then devolves to the PSF itself, but if the object’s
noise variance is significant or if the background noise is cor-
related (e.g., by rebinning), the optimal kernel becomes nar-
rower in image space.

Note that this is true for undersampled images as well, where
it is understood that the kernel is the convolution of a physical
PSF (meaning distribution of delivered flux prior to integration
within a pixel) with a detector pixel with phase shift; i.e., the
optimal kernel depends on the exact subpixel position where
the object lies.

The net S/N from a faint point source of total flux f spread
over a unity integral PSF P, in the face of independent Gaussian
noise variance per unit area (square arcseconds, for example) o2,
derived from integration against a unity integral kernel K is just

_f JEP _f |
S/NUUKQ]UQU[/P?] /2a (D

where the right side expresses the S/N when the PSF is used as
an optimal kernel.

We integrated equation (1) for a variety of popular PSF mod-
els, with results from the well-sampled regime given in Table 1.
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TABLE 1
S/N FOR DIFFERENT PSFs

PSF Qpsp irc Tcirc Atm?
(1) (2) (3) ) 5)
Gaussian  ............... 0.66 0.60 0.70 N
Kolmogorov ........... 0.57 051  0.71 Y
Moffat .................. 0.58 0.51 0.73 Y
Waussian ............... 0.52 0.45 0.76 Y
Cubic Lorentzian ...... 040 028 0.84 N

Notes.—The profiles are Gaussian, a Kolmogorov
exp(—k>/3) profile, a Moffat (power of a Lorentzian) profile
(1+72)~% with 8 = —4.765 recommended by Trujillo et al.
(2001), a “Waussian” (wingy Gaussian) (1 + 7%+ 7!/2+
70/12)~! introduced by Schechter et al. (1993) for DoPhot,
and a cubic Lorentzian (i.e., Moffat function with 5 = 3/2).
Col. (2): proportionality factor [(S/N)o(d/ f)] for a PSF ker-
nel; Col. (3): factor for an optimal circular, top-hat kernel;
Col. (4): optimal top-hat radius in units of d; Col. (5):
PSF profiles that are realistic approximations to atmospheric
PSFs.

Since [ P?]'/2 for a given PSF must be inversely proportional
to the spatial scale in order to maintain unity integral, the S/N
will be proportional to f/od, where we use the full width at
half-maximum (FWHM) d as a convenient measure of the
PSF extent. We see that aperture photometry delivers an S/N
that is about 12% worse than PSF integration.

We also performed these integrations into the extremely un-
dersampled regime, averaging (S/N)? over PSF position within
a square pixel, and found that a reasonable fit to the results for
the middle three (atmospheric) PSFs from Table 1 is

S/N =

Q1=

(3.5d2 + 0.4dp + p*)~1/2, )

where d is the physical FWHM, p is the pixel size, o? is

the background noise variance per unit area, and f is the total
flux in the faint point source. Equation (2) is therefore a
good approximation for atmospheric PSFs, regardless of
undersampling.

An application of equation (2) is selection of pixel size for
optimal S/N, trading off read noise against background noise
variance. (For zero read noise the optimum is an infinitely small
pixel.) If we add 0% /p? to o2, where oy, is the read noise per
pixel, we can solve for the pixel size that maximizes the S/N. An
approximate solution to the quartic equation is given by

Pep = 2dop/o. 3

Since o /o is the pixel size at which the read noise equals the
sky noise, the pixel that optimizes photometry S/N is /2 times
the geometric mean of the physical FWHM and the size that
balances read noise against sky noise (which depends on band-
pass and sky brightness).
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2.3. Survey Design and Performance

A survey system’s ability to capture photons from a source
depends on its aperture and obstruction, vignetting, filter band-
width and throughput, atmospheric throughput, detector quan-
tum efficiency, and fill factor, which we bundle into a single
throughput number e. Operationally, we use the zero point of
the AB magnitude system, 5.48 x 10% photons cm=2 s~!
In(vy/v;)~%, to find that an AB magnitude of m, = 25.10 pro-
vides 1 photon m~2 s~! per bandpass of 0.2 in natural log of
wavelength (a typical width for astronomical filters). We define
€ as the factor by which an actual system falls short of this ideal
(or conceivably exceeds it by using a broader bandpass); i.e., the
signal from a source of magnitude m captured by an aperture of
area A is

f = Aetey, 1070-4m=mo) 4)

We define the net fraction of shutter open time, including losses
for weather, daytime, instrumental failures, etc., as the duty
cycle, 6. A survey system’s temporal efficiency depends on the
net exposure time devoted to a given field, f.,, adding together
however many successive dithers are deemed necessary, and the
matching overhead time oy that adds all proportionate times
such as read out, slew, focus, etc. We term the ratio tey, / (fexp +
ton) as the temporal duty cycle 6,. The duty cycle 6 can have an
interesting relation to ¢;, especially when one considers sites in
Antarctica (6 = ¢, in the winter) or in orbit or an observatory
that consists of many units at a diversity of geographical loca-
tions, but generally speaking, we have control over 6 when de-
signing a survey but control over only ¢, when operating a
survey (by changing fcy).

Let us define the PSF footprint w as the solid angle that car-
ries background noise equal to f/(S/N) for a faint point source
of flux f and S/N defined by the flux measurement algorithm in
use (e.g., those in Table 1), so that we can calculate S/N for a
given object by comparing its total flux to the noise found in
this PSF footprint. Equation (2) gives this solid angle as w =
(3.5d* + 0.4dp + p*) for the case of PSF-matched photometry
with a atmospheric seeing profile and independent noise, but
which is not necessarily well sampled.

If 11 is the sky brightness per square arcsecond, the noise var-
iance that the signal contends with is

o2 = Aetexp(w10—0,4(u—m0) 4 10—0.4(7n—m0)) +.f%?7 (3)

where f% is the readout variance over w’s worth of pixels: f% =
UQRp’Qw for a read noise of ope~ and pixel size p arcseconds.’

?Note that the term involving the object’s magnitude m itself is somewhat
notional—not only does the weighting involve [ P3 for the case of a PSF kernel,
but the optimal kernel would change for objects that are brighter than noise. Its
presence serves to remind us that S/N depends on the Poisson statistics of the
flux from the object itself.
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Equations (4) and (5) provide the square of the S/N, S2, for at
this particular magnitude:

S% — AEtexpwil 10+044(u7m(])1070.8(mfm0)

X [1 + 1070.4(mfmsky) + f%f:k;],l’ 6)

where myg, is sky magnitude within w, mg, = u — 2.5logw,
and &y 18 equivalent flux in e, fgy,=
Aet ey, 10794 =m0) - In this equation and subsequently, the
term in square brackets is approximately unity when the sky
noise dominates the object’s photon statistics and the read noise;
we include it here for completeness, but drop it henceforth for
clarity. It can be reintroduced if the read noise or object photon
noise is significant with respect to the background noise.

The capability metric defined previously includes a factor for
the surveyed solid angle. The cadence time f ,q to carry out t.y,
worth of integration over a survey solid angle ) is related to the
field-of-view solid angle 2, and duty cycle by

Qteh = Qotehd. @)
Therefore, the capability function at magnitude m is

S%_Q _ AQOE(s 104—0‘4(;1,—1710)10—0‘8(m—mn). 8)
tcad w

This includes the A2, term commonly called etendue, but also
the dependence on w, €, 8, and p that are crucial to the real S/N
gathering capability of a system. Rewriting the system-fixed
parameters as an overall system capability M, equation (9) re-
veals how the survey choices of cadence, S/N, survey area, and
magnitude can be traded off against one another:

AQ 2Q)
_ 06(5 _ i 10+0.8 m (9)

w tcad

M 10+0.4(/L+7TL0)

Taking a logarithm, survey-variable parameters on the right add
to the (nearly) constant left-hand side:

log M = 0.8 m — logt.,q + logQ + 2log S;. (10)

This relation forms a surface in the observability space of mag-
nitude m, S/N, solid angle, and cadence interval that is acces-
sible for a particular survey capability. The left-hand side is not
strictly fixed; changing ., affects 6, and 6, as well as the
(dropped) term in square brackets if the read noise is not neg-
ligible, and the term in square brackets also contributes if the
object is brighter than the background. A sketch of how the
left-hand side is affected is illustrated in Figure 1. Apart from
this, the observability surface is a plane in log space.

As argued in the preceding section, most science value is not
changed by tradeoffs that keep the product {25% constant. In

log S/N log S/N

Obj Photon
Limited

,,,,,, 0.2(m,—m B LD
fog RN : (m: = M) 1 ' \\_Background

Limited

toy f=fy log tep Msar My m

FiG. 1.—S/N, illustrated by cuts at constant magnitude and t.y,,, falls precip-
itously when ¢, approaches the overhead time Zo (6, < 1) or the magnitude
approaches the saturation limit m, (which depends on #.,, of course), falls
quickly with exposure time when the flux is less than the read noise fy, and
transitions between photon and background limited when the magnitude be-
comes fainter than the background magnitude g, within a PSF.

practice, scientists tend to set .S; at a fixed minimum value for
which systematics are not compromising the S/N and then max-
imize survey solid angle (). For moving-object detection, S
might be 5; for Type Ia supernova light curves, S; might be
30 at peak; and for planetary occultations, S; might be 200. This
science value level set or S/N operating point provides a second
constraint in observability space for a survey. Therefore, there
are really only two independent parameters for setting a given
survey’s operation for a given capability: for a given magnitude
the cadence time dictates the solid angle.

The density of various types of objects and application of
science values can now optimize the overall survey capability.
For example, if value lies in detection of orphan afterglows of
gamma-ray bursts (GRBs), we may choose to spend our M ca-
pability in short ¢4 and large €2 at the expense of m. If value
lies in detection of planetary occultations of stars, we cannot
give up S or t.y and therefore may make compromises in
m or . Searching for solar system objects would emphasize
m and € at the cost of minimal S| and allowing f .4 to grow
to the linking confusion limit. General-purpose surveys such as
PTF (Palomar Transient Factory), Pan-STARRS, and SkyMap-
per strive to maximize capability M generally, but then dedicate
portions of time (subdivide ¢) to different locations in the ob-
servability surface according to different science goals. LSST
has claimed to be able to maximize science value at a fixed lo-
cation on the observability surface, but, of course, it is straight-
forward to move on the surface or split time into different
surveys, should that prove desirable.

3. ATLAS

Spaceguard has discovered most NEOs larger than 1 km and
has determined that none will strike the Earth in the foreseeable
future. The NRC report (2010) estimates that the remaining
fatality rate is bimodal as a function of impactor size, with a
1079 yr~! probability of impact by a 1-2 km object that would
cause 50 million deaths (averaging over possible impact loca-
tions) and a 103 yr~! probability of impact by a ~50 m object
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FIG. 2.—Left: Various systems’ capabilities at common S/N = 5 in the magnitude-cadence plane. The area of the symbol is proportional to the solid angle {2 surveyed
in that cadence time, and the lines illustrate the observability surface in m and ¢, at fixed © and S/N. However, putting all surveys at a common S/N = 5 does some
injustice to the science they seek to achieve. The rolloff in magnitude occurs when Z.,, becomes comparable with ¢oy (the square bracket term). Right: Various systems
capabilities in the magnitude-cadence plane at common S/N = 5 and assuming they trade off sensitivity for coverage to 2 = 1000 deg?. See the online edition of the

PASP for color version of this figure.

that would cause an average of 30,000 deaths. The H magnitude
of a 50 m asteroid is 24 or fainter, and for a typical phase func-
tion the actual magnitude at 1 AU distance will be greater than
25-26. This suggested to us that surveying at a much smaller
distance than 1 AU would make sense and, by definition, any
Earth-impacting asteroid will be present shortly before impact at
a small distance. Choosing one week as a minimum warning
interval for civil defense against a limited explosion and three
weeks’ warning as necessary for a city-devastating explosion,
we were surprised to discover that this places rather modest re-
quirements on limiting magnitude, although it does require iso-
tropic vigilance.

It is possible to achieve the requisite sensitivity over half of
the sky with survey hardware that is more or less off-the-shelf
and of modest cost. We have proposed ATLAS to NASA for
construction and 2 yr of operation; fundamentally, the system
is equivalent to a telescope of 0.5 m aperture with a 40 deg?
field of view, subjected to an effective PSF of 3.8", with band-
passes twice as wide as an SDSS filter. By comparison, the
PTF uses a 1.2 m aperture, an 8deg2 field of view, and SDSS
filters and enjoys ~2.2" seeing for a very comparable
capability.

The NASA proposal implements ATLAS using eight Taka-
hashi astrographs of 0.25 m aperture and 0.7 m focal length
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that each provide a 20deg? field of view. These telescopes
are small enough that there are a number of equatorial mounts
available commercially that can carry more than one tele-
scope. We believe that a fully equipped telescope with focuser,
filters, shutter, camera adapter, and mount should cost about
$50,000.

The cameras for ATLAS each have a 4000 x 4000 pixel fo-
cal plane, taking advantage of an existing inventory of 2000 x
4000 CCDs with 15 um pixels. Although the pixel size is not
optimal in the preceding sense (a 10 um pixel provides about
0.1 mag more sensitivity in moderate seeing), a pair of those
CCDs could be mounted in a cryostat and equipped with a con-
troller for a unit cost that we again believe will be about $50,000
(since there is no detector cost).

ATLAS consists of a set of eight of these telescope and cam-
era units and reaches an interesting survey capability level,
while remaining cost-effective. While subject to further optimi-
zation, the design reference calls for the following:

1. Exposures of t., = 30 s with oy = 5 s and 10 e~ read
noise, using broad filters that are approximately g + r and r + <.
(The science program of finding asteroids calls for the broadest
possible filters; the other science programs benefit from color
information.)
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2. Four unit telescopes are clustered on a common mount
within an observatory, and the other four are in an identical ob-
servatory separated by ~100 km in order to obtain good paral-
laxes to 0.1 AU, enabling instantaneous alerts for approaching
objects, as well as providing the crucial function of weeding out
false alerts from space junk. The blue observatory uses the g + r
filter set; the red observatory uses the r + i filters. At each ob-
servatory telescopes are used as two co-aligned pairs, thereby
providing 40 deg? of instantaneous field of view at twice the
aperture of a single telescope and twice the throughput of a
single SDSS filter. The two observatories synchronize their
pointing and observations exactly.

3. Both observatories cover the entire visible sky
(20,000 deg?) twice per night, visiting each point with a time
separation of about 1 hr (R.A. permitting) in order to obtain
unambiguous tracklets of moving objects.

Although the 15 um pixels subtend 4.4” and are therefore
considerably undersampling the PSF, a detailed calculation of
the expected sensitivity is promising. A single moonless expo-
sure in either bandpass by each of the telescopes reaches S/N =
5atV = 19.1 for a solar spectrum. The seeing assumed for this
was 1.5”, but the S/N is relatively insensitive because of the un-
dersampling, and the contribution from optics blur. The sum
of the images from a co-aligned pair of units therefore yields
S/N =5 at V =19.5. The combination of the observations
from the two co-aligned pairs at the two observatories provides
S/N =5atV = 19.9. (The two filters are chosen to provide the
same S/N for a solar spectrum.)

ATLAS’s performance on objects fainter than this depends
on the details of the object and how the observatories can com-
municate. Our design calls for each observatory to have a cluster
of computers that can align and co-add images and that can re-
liably detect objects at S/N = 3.7 (with false alarms). We de-
mand that the observatories have at least enough bandwidth that
they can share detections, so as to confirm S/N = 3.7 detec-
tions and reach S/N =5 at V = 19.9.

We cannot expect to detect moving objects (or objects closer
than 0.05 AU with a significant parallax) much fainter than
V'~ 20, since they will not align on successive images. How-
ever, stationary objects that are observed twice per night will be
detected at S/N = 5 at V' ~ 20 in both the red and blue band-
passes or at S/N = 5 at m = 20.35 in a combination of red and
blue images. Obviously detections of stationary objects can
continue to fainter magnitudes by stacking many nights’ ob-
servations until systematics dominate. With no defocus, the
cameras will saturate at V' ~12.5 (blue) and V ~ 13 (red).
We intend to equip each observatory with a pair of high-end
digital single-lens reflex cameras to provide five-color photom-
etry to a limiting magnitude of V ~6, so as to be able to
monitor brighter stars and extend the dynamic range for very
bright transients.

4. ONGOING AND PLANNED SURVEYS

There are many past, ongoing, and future sky surveys for a
variety of purposes. Table 2 shows the basic design choices
made by a set of successful efforts and some proposed ones.

The most productive asteroid and NEO search programs are
currently the Catalina Sky Survey* (Larson et al. 2003), Lincoln
Near Earth Asteroid Research (LINEAR?; Stokes et al. 2000),
and Spacewatch® (McMillan et al. 2006; Larson et al. 2007).
The JPL World Wide Web site’ attributes 73% of asteroid dis-
coveries in 2009 to Catalina (60% of NEOs), 14% to LINEAR
(28% of NEOs), and 8% to Spacewatch (4% of NEOs). (Space-
watch is now spending a greater fraction of time on follow-up
rather than discovery.)

Pi of the Sky® (Malek et al. 2009) is a representative GRB
search program. Rapid Telescopes for Optical Response (RAP-
TOR;’ Vestrand et al. 2003) is another interesting example of
GRB and other transient search, but is not listed in Table 2.
These projects put a high premium on rapid cadence and rapid
follow-up capability, at the cost of limiting magnitude.

SuperWASP'® (Wide Angle Search for Planets; Pollacco et al.
2006) and HAT-South' (Hungarian-made Automated Tele-
scope; Bakos et al. 2009) are examples of surveys searching
for planetary occultations. Such surveys must work at very high
S/N at fast cadence, again at the expense of limiting magnitude,
but their science does not lack for stars of suitable brightness.
HAT-South is particularly interesting for comparison with
ATLAS because there are marked similarities in the equipment,
but the science for HAT-South and ATLAS lives in different
locations in observability surface.

The PTF'? (Law et al. 2009) has dedicated time to different
search strategies for optical transients such as supernovae. We
list the properties of the 5 day portion of their survey.

Pan-STARRS 1" (Burgett & Kaiser 2009) and SkyMapper"*
(Keller et al. 2007) seek to perform surveys of the entire north-
ern and southern skies to unprecedented depths. Both surveys
are optimized to find transients and moving objects. A portion
of Pan-STARRS 1 (PS1) is dedicated to a 37 survey of three-
fourths of the sky, revisiting once every 3 months; another por-
tion to a medium-deep (MD) survey of about 40 deg? revisited
each day to a substantial depth. We list both Pan-STARRS sur-
veys in order to illustrate how more or less equal resources (cap-
ability) can be placed at rather different places on the

*See http://www.Ipl.arizona.edu/css.

* See http://www.ll.mit.edu/LINEAR.
®See http://spacewatch.lpl.arizona.edu.
’ See http://neo.jpl.nasa.gov.

¥ See http://grb.fuw.edu.pl.

? See http://www.raptor.lanl.gov.

' See http://www.superwasp.org.

"' See http://www.cfa.harvard.edu/~gbakos/HS.
12 See http://www.astro.caltech.edu/ptf.
" See http://pan-starrs.ifa.hawaii.edu.

' See .http://rsaa.anu.edu.au/skymapper
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TABLE 2
SKY SURVEY DESIGN AND PERFORMANCE

Program A Qq w Mgy b, S m n, tead Q log M
NEOSearch
Spacewatch ........ 0.51 29 16 18.0 0.50 3 217 1 0.5 150 20.8
LINEAR ........... 1.2 2.0 30 17.3 0.80 4 19.0 1 0.3 2400 20.4
Catalina ............ 0.27 8.2 41 17.0 0.50 4 19.5 1 0.4 800 20.1
GRB Counterparts
PioftheSky ......... 0.13 484 25000 10.0 0.83 5 14.5 1 0.01 6400 18.8
Planet Occultations
SuperWASP ....... 0.15 61 11000 10.9 0.88 100 12.9 1 0.02 3900 19.7
HAT-South ......... 0.46 16 128 15.7 0.92 100 14.0 0.004 128 20.5
Sky Survey and Transients
PTF-5day .......... 0.85 7.8 16 18.0 0.67 5 214 2 5 3200 21.3
SkyMapper ........ 1.1 52 8 18.7 0.88 5 224 6 270 20000 21.2
PS1-37 ...l 1.8 7.5 3.7 19.6 0.75 5 233 5 90 20000 22.4
PSI-MD ........... 1.8 7.5 3.7 19.6 0.98 5 247 5 4 45 222
Proposed Surveys
ATLAS ............ 0.29 20 46 16.9 0.86 5 19.9 2 0.7 20000 21.8
PS4-3m ... 7.1 7.5 3.0 19.8 0.92 5 236 5 10 20000 23.6
LSST .............. 35 9.6 2.9 19.8 0.88 5 245 2 3 10000 24.5

NOTES.—A is the net aperture in m?, including obscurations and the number of units; €2, is the solid angle in deg? per exposure; w is
the noise equivalent PSF area in square arcseconds, as discussed in the text; my, is the magnitude collected within w when the sky
brightness is 4 = 21 per square arcsecond; 6, is the exposure duty cycle fex,/(texp + ton): Si is the S/N achieved at magnitude m,
which includes the coadded sensitivity from the contributions of n,. colors; the cadence times ?.,4 in days have been adjusted for two-
thirds clear weather; € is the actual solid angle in deg? surveyed in the cadence time ¢ 4; Catalina is only the 0.7 m Schmidt, its
combination with the Siding Spring Survey and the Mount Lemmon Survey almost double the total capability; PS4-37 presumes a
100% 37 survey for PS4, but the etendue may be split as with PS1; LSST is based on current suggestions for a two-color, 27 survey

that is estimated to reach m = 24.5 in 3 days, including weather.

observability surface. Pan-STARRS is intended to be a
replicable system, with a goal of four units (PS4) sited on
Mauna Kea.

The LSST" (Ivezic et al. 2008) is proposed to survey the
visible sky on a few-day cadence with an 8 m telescope, pro-
jected to reach at least a magnitude fainter than Pan-STARRS 1
at a much faster cadence.

Table 2 also shows how well these surveys perform and their
log capability, generated from equation (9). Actual performance
only correlates loosely with A€),: background, efficiency, and
duty cycle are very serious factors. Therefore, the capability is
best calculated from the right-hand side, since limiting magni-
tude at some estimate of S/N and the overall cadence of cover-
ing a planned solid angle is generally well reported. For systems
that are not yet operational we take their estimated S/N and
magnitude at face value, but delivered ¢, 8, and, especially, w
may fall short of preoperational claims.

Different survey choices can trade off m, S, t.4, and
against one another on the observability surface; Figure 2 shows
a cut at constant S| = 5 in the m — ¢4 plane, with point area
proportional to §2 and another cut at S; = 5 and 2 = 1000 deg?.

The cadence time is defined as the mean time required to
survey ), but the survey may include a great deal of valuable

% See http://Isst.org.
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temporal sampling when the survey includes multiple expo-
sures. For example, the PS1-37 survey is specifically designed
to detect moving objects with pairs of exposures on a
~15 minute interval. It is therefore not safe to conclude that
t.aq listed in Table 2 is the shortest time interval for detection
of motion or variability.

It is instructive to examine how the ATLAS proposal differs
from HAT-South and Pan-STARRS 1. ATLAS is using a very
similar approach to the HAT-South project, even to the extent of
both using four Takahashi telescopes on common mounts, each
feeding a 4000 x 4000 camera. ATLAS gains factors in capabil-
ity from e(x4), w(x3), Q(x1.5), but loses in A(x0.7) for a net
gain of about an order of magnitude. Pan-STARRS-1 and
ATLAS have nearly the same product of A e (collect photons
at the same rate), but, of course, Pan-STARRS-1 has about an
order-of-magnitude-higher capability than ATLAS, because w is
so much smaller.

It is not worthwhile to try to split hairs about which survey is
the best or most capable; many of the parameters in Table 2 are
rough enough that it is not possible to make an accurate com-
parison. Even more important, the table fails to clarify all the
factors that make the various surveys especially well tuned
for the science they are trying to do. However, ATLAS does
occupy an important portion of design space. It is an order
of magnitude faster than existing NEO surveys, it reaches much
fainter magnitudes than the other subday cadence surveys, and it
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is unique in surveying the entire sky several times per night.
While some of the other systems could move at constant capa-
bility to cover the entire sky nightly, they would not be able to
do so at nearly the sensitivity of ATLAS.

ATLAS is complementary to general surveys such as Pan-
STARRS, SkyMapper, and LSST. Like these, it covers most
of the sky, but it offers a much faster cadence at the cost of less
sensitivity, fewer colors, and less resolution. As described in the
next section, there is a great deal of science to be found in this
brighter, faster regime of discovery space, in addition to the pri-
mary mission of finding asteroids approaching the Earth.

5. SCIENCE WITH ATLAS
5.1. Asteroid Impacts

ATLAS is first and foremost a system to warn of incoming
objects that might hit the Earth. ATLAS is not optimized to find
objects at 1 AU and H ~ 20, many of which are known and will
never strike the Earth. Other systems, notably Pan-STARRS and
(eventually) LSST, have the leisure to find and catalog these
objects better.

Fortunately, the interval between collisions of the Earth with
an object of ~50 m or larger is many centuries, the impact at
Tunguska in 1908 notwithstanding. However, the cumulative
frequency of Earth impacts as a function of the size of impactor
has been estimated by Brown et al. (2002) as

—2.7
N(> D) = 37 yr! (%) , (11)

so we can expect an impact of a 20-30 m asteroid once per cen-
tury, a nearly megaton-class explosion. Although most of the
incident energy will be dissipated high in the atmosphere, we
have already discussed the evidence that it could cause signifi-
cant damage on the ground as well.

We have developed a detailed ATLAS simulator that inte-
grates the orbits of NEOs or impactors from Veres et al.
(2009): either 10,000 impactors chosen to strike the Earth ran-
domly in location and time over the next 100 yr or the full pop-
ulation of 270,000 NEOs. It is important to note that Earth
impactors have a different orbit distribution from NEOs or even
PHOs—the impactor’s orbit distribution is shifted to smaller
semimajor axis, eccentricity, and inclination.'® This is what
makes ATLAS so effective at identifying impactors as opposed
to generic NEOs. If an asteroid can hit the Earth, its orbit must
intersect the Earth’s orbit, and ATLAS’s small search volume
and fast cadence are ideal for finding them.

' An NEO is defined as an object with a perihelion less than 1.3 AU and an
aphelion greater than 0.983 AU; a PHO is an object with H < 22 (diameter
~140 m) whose orbit passes within 0.05 AU of the Earth’s orbit; and an impac-
tor is an object that actually strikes the Earth within 100 yr.

The simulator uses ATLAS’s view of each night’s sky, sched-
ules the observing time; examines each asteroid for visibility
according to its apparent magnitude and the observation’s ex-
tinction, trailing losses, and weather; and decides that an aster-
oid has been found when it has been observed eight times in
four tracklets or else has an accurate parallax.

ATLAS can detect more than half of the impactors that are
larger than 50 m and almost two-thirds of the 140 m impactors,
as illustrated in Figure 3. The asteroids that ATLAS misses slip
in from the direction of the Sun and South Pole or during pe-
riods of bad weather. (An ATLAS copy in the southern hemi-
sphere or in a different weather pattern would raise the detection
fraction.) Figure 4 illustrates the distribution of warning times
provided by ATLAS. Objects of 140 m diameter are typically
detected 20 days before impact, while 50 m diameter objects are
detected with a week’s notice, when they are ~15 times the dis-
tance to the moon.

Simultaneous images from the two sites provide a 3¢ paral-
lax when the object is closer than 0.1 AU, about two weeks be-
fore impact. The parallax is crucial for identification of an
approaching asteroid in a single night and important for vetoing
confusion with space junk.

Looking at the full NEO and PHO populations, the right
panel of Figure 4 shows the rate at which asteroids are found
by ATLAS. ATLAS will (re)discover 50% of all 1000 m NEOs
and PHOs within 1 yr, 70% in 3 yr, and 90% in 10 yr. The net
rate of detection of 140 m asteroids or larger should be more
than 400 NEOs and 100 PHOs per year. ATLAS can find about
15% of all 140 m PHOs within 3 yr and 30% within 10 yr,
which is slightly less than Veres et al. (2009) found for the
Pan-STARRS 1 mission.
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FIG. 3.—Fraction of impactors that ATLAS detects before collision, as a func-
tion of asteroid size for a survey of 10 yr duration. The kink at ~20 m occurs
when a significant fraction has warning time greater than one day, and the kink at
~140 m is caused by an increasing fraction of greater than one orbit warning
time. See the online edition of the PASP for color version of this figure.
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FIG. 4 —Left: Distribution of warning times provided by ATLAS for impactors of 140 m and 50 m diameter that it detects. The typical 140 m impactor will be found
three weeks before arrival; the typical 50 m impactor will be found one week before collision. Depending on survey duration, there is also a growing number of warning
times longer than a year (not illustrated here). Right: ATLAS’s completeness for detection of NEOs (thin lines) and PHOs (thick lines) of various sizes as a function of
survey duration. See the online edition of the PASP for color version of this figure.

ATLAS is not a direct competitor for the much more capable
surveys such as Pan-STARRS 4 or LSST. However, for the cru-
cial days and weeks that an impactor is on final approach,
ATLAS is far more effective than any existing NEO survey, Pan-
STARRS, or LSST. The coverage and cadence that ATLAS
provides give us a high probability of seeing an incoming as-
teroid, and ATLAS’s sensitivity is enough to spot it while it is
still reasonably distant.

When ATLAS detects a nearby object it will automatically
provide the measurements to the Minor Planet Center for post-
ing on their Web-based NEO Confirmation Page. At that time,
in a manner similar to the rapid follow-up of the first preimpact
identification of meteoroid 2008 TC5 (Jenniskens et al. 2009),
we expect other amateur and professional observers to obtain
additional observations. The case of 2008 TC; demonstrates
the amazing accuracy that can be achieved: JPL’s predic-
tions were accurate to ~20 s and ~100 km within hours of
discovery, and the eventual prediction was accurate to ~1.5 s
and ~1 km.

5.2. Asteroid Science

ATLAS will monitor a large number of asteroids in the Main
Belt as well as asteroids and comets elsewhere in the solar sys-
tem. The rapid time cadence of ATLAS is particularly well
suited to providing light curves and simultaneous colors for
many asteroids that can then be analyzed to infer asteroid shape
and tumbling motion. ATLAS should achieve photometry in
two colors with 0.01 mag accuracy at V' ~ 16, 0.02 mag accu-
racy at V' ~ 17, and 0.04 mag accuracy at V' ~ 18. The AstDyS
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Web site'” () lists 973 numbered asteroids with V' < 16, 3149
with V' < 17, and 10,078 with V' < 18 at this moment in time
(2010 October 10) in the three-eighths sky between R.A. of 18"
to 6" and decl. of —30° to +90°. Most are considerably off of
opposition right now, and so they have been (or will be) brighter
during the 4-5 months it takes to sweep by. Therefore, ATLAS
should provide twice-nightly two-color light curves of ~4
month duration for at least 2000 asteroids with an accuracy
of 0.01 mag per point, 6000 asteroids with an accuracy of
0.02 mag, and 20,000 asteroids with an accuracy of 0.04 mag.

It has been estimated by R. Jedicke (2010, private com-
munication) that there is a collision each day that disrupts a
10 m asteroid in the Main Belt. If the dust cloud from the colli-
sion grows to 1000 m before becoming optically thin, the colli-
sion should be detectable by ATLAS. The recent asteroid
collision event P/2010 A2 discovered by LINEAR achieved
m ~ 19 and would be detectable by ATLAS.

An object in the outer solar system must have < 4 to be
detectable by ATLAS, so ATLAS is unlikely to add many new
discoveries to the bodies already known or that will be discov-
ered by Pan-STARRS 1. The value from ATLAS is complete-
ness and ongoing monitoring of three-fourths of the sky. If an
object has slipped between the cracks of other surveys, happens
to brighten (e.g., tumbling), or is rapidly approaching (e.g., new
comets), ATLAS may be the first to discover it. The current AU
definition of a dwarf planet is a body with H < 1. With full
illumination, at 60 AU distance (approximately the outer edge

' See http://hamilton.dm.unipi.it/astdys.
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of the Kuiper Belt), such a body would have a V' magnitude
of 18.8 and would therefore be easily detectable by ATLAS.
ATLAS should therefore detect virtually all dwarf planets in
the solar system within one year and should be particularly use-
ful for searching well out of the ecliptic, where such bodies
might have scattered.

5.3. Supernovae

Supernovae Type Ia (SNe Ia) have proven utility as measures
of the cosmological expansion of the universe and could con-
tinue with even more subtle questions, such as whether the ac-
celerated expansion is consistent with a cosmological constant.
Since we do not very well understand the environment, initial
conditions, trigger mechanism, and explosion process of SNe Ia,
these extremely delicate measurements are vulnerable to sys-
tematic errors.

A Type la supernova at z = 0.1 peaks at V' = 18.9. The AT-
LAS sensitivity at S/N =10 is 19.5 day~!; assuming 70%
clear weather, the ATLAS sensitivity for four nightsis V' = 20.1
for S/N = 10. According to Mannucci et al. (2007), there are
approximately 9000 SNe Ia yearly that are closer than z = 0.1
(32,000 at z < 0.15). Since the area that ATLAS surveys each
night is half of the entire sky (neglecting obscuration by the
Galactic plane), we can expect that ATLAS will find and follow
4500 SNe Ia per year at z < 0.1 and S/N > 30 and follow
16,000 SNe Ia per year at z < 0.15 with S/N > 14, with a
4 day sampling of the light curve. Perhaps more interesting from
the standpoint of investigating systematics, ATLAS should find
approximately 300 SNe Ia per year that peak at V' < 17 and ~30
per year that peak at V' < 15. This is nearly an order of mag-
nitude greater than the discovery rate of bright SNe Ia over the
past decade and has the advantage of being completely un-
biased. By contrast, the Katzman Automatic Imaging Telescope
(Li et al. 2003) finds approximately 75 supernovae per year by
patrolling nearby galaxies.

The huge number of SNe Ia discovered by ATLAS, as well as
the completeness of examining the entire sky, will empower us
to ask questions regarding the characterization of explosion as a
function of host galaxy properties, details of the very early
phases of the explosion, and identification of outlier events that
can be flagged for spectroscopy or more detailed photometry.
We can also expect to see a large number of SNe Ia in interesting
environments such as rich clusters or tidal streams of interacting
galaxies.

Core-collapse supernovae (CCSNe) are particularly interest-
ing when they result in a huge collimated explosion, creating a
gamma-ray burst. These are thought to occur in low-metallicity
environments from WR stars that have a high core angular
momentum at the time of collapse. Young et al. (2008) esti-
mated that there are 20 CCSNe per year in galaxies with 12 +
log(O/H) < 8.2 and z < 0.04. ATLAS’s nightly 100 sensitiv-
ity of V' = 19.5 translates to V' = 18.5 at 25¢. In 10 days’ time
(seven clear nights), ATLAS achieves V' = 19.6 at 25¢0. CCSNe

peak at M ~ —16.8 (II-P), M ~ —18.3 (Ib/c), and M ~ —19.6
(II-L), and the distance modulus at z = 0.04 is (m — M) =
36.2, so ATLAS should be able to detect all of these outbursts
at 250, extinction permitting. Since ATLAS is surveying half of
the sky, the expected number is 10 CCSNe per year in such low-
metallicity galaxies.

5.4. Gravity Waves

Although Laser Interferometer Gravitational-Wave Observa-
tory (LIGO) has yet to detect a gravity wave (GW) event, it is
virtually certain that gravity waves exist and highly likely that
Advanced LIGO will detect GW events. The most common de-
tections will be coalescing compact objects whose changing
quadrupole moment makes a vigorous, detectable chirp in grav-
ity waves. Abadie et al. (2010) estimated the rates of events and
sensitivities and suggest that the most likely events will be neu-
tron-star/neutron-star (NS-NS) coalescence within ~445 Mpc.

While, in principle, a coalescence of naked compact objects
could give rise to a minimal electromagnetic signature, it seems
quite possible that the release of more than 10°3 ergs of energy
might be accompanied by 10*® ergs in the optical, as argued by
Stubbs (2008). Such an explosion corresponds to a luminosity
with absolute magnitude of M ~ —18 for a duration of 2 days.
We do not try to advocate any particular mechanism, but only
make the point that if even a part in 10~° of the energy release
appears in the optical, it will be a substantial luminosity for a
substantial duration.

Abadie et al. (2010) estimated that one NS-NS coalescence
occurs every million years in every Mpc?, and they therefore
expected to see some 40 events per year, applying a factor
of 2.26 to the horizon distance of 445 Mpc to account for
sky location and orientation. The distance modulus of
445 Mpc is 38.2, so an explosion of M = —18 would be just
detectable by ATLAS, provided that it happens within the half-
sky visible to ATLAS and endures long enough for ATLAS to
sweep across it. The nearest object that Advanced LIGO would
see in 1 yr would be a factor of 40'/% closer, 2.7 mag brighter,
and easily seen by ATLAS.

The coalescence of compact objects creates a well-defined
GW signal and an extremely ill-defined optical transient. On
the other hand, CCSNe are common, and Ott (2009) reviewed
their possible GW signatures and the ability of Advanced LIGO
to detect them. Advanced LIGO may be able to detect a CCSN
within 1 Mpc with S/N = ~6, but the rate of such supernovae
within the Local Group is only one in ~20 yr. There is about one
CCSN each year within ~5 Mpc, and the rate grows rapidly at
distances beyond ~8 Mpc that start to reach into the Virgo
cluster.

CCSNe closer than the Virgo cluster will be much brighter
than the ATLAS magnitude limit of 20, and therefore ATLAS
will detect the half of them that are in the visible sky at the time
of explosion. We have a decent chance over a year or two of
matching an Advanced LIGO event at 30 with a CCSN seen
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by ATLAS, but there is no question that ATLAS will provide
times and locations for many events for which Advanced LIGO
may have a ~1o detection. The time between collapse and emer-
gence of the light flash is short enough that it should be possible
to correlate CCSNe events with low-S/N GW events and thereby
learn about the mechanism by which CCSNe events create
gravity waves.

5.5. Novae, Outbursts, and Variable Stars

Novae range in absolute magnitude from M, = —9 to
M, = —7, declining by 3 mag in a week to several months,
and the number per galaxy is estimated to be approximately
40 per year. ATLAS’s 4 day 100 sensitivity of V' = 20.3 gives
us the ability to see novae to distance moduli of (m — M) ~ 28;
i.e., we will certainly see all the novae in the Milky Way and
M31 within ATLAS’s half-sky, and most of the novae in nearby
galaxies such as M81 and M101, but we will not see novae in
the galaxies in the Virgo cluster.

Luminous blue variable stars flare at M ~—9 to My ~
—13, so again, ATLAS can find and monitor many of them
on a daily basis to distances as great as the Virgo cluster.

Mira variables peak at My, ~ —1.5 with periods of the order
of 100 days, and FU Orionis outbursts peak in the range of
M, ~ —1, rising over a year and then declining over decades.
ATLAS can monitor these all throughout the Galaxy, although
M31 is too distant. A southern ATLAS would encompass the
Magellanic Clouds, at distance modulus 18, and so it is sensitive
at 100 to My, = +2 and brighter.

There are approximately 2000 cataclysmic variables known
in the neighborhood of the Sun. ATLAS is unique in being able
to keep an eye on all of them, with two samples each day spread
by an hour or two. This will provide excellent sampling of their
periods (typically about an hour), as well as providing an alert
within a day of an interesting outburst. Within 1 kpc ATLAS has
a 100 sensitivity at My = 49 per visit.

Of course, ATLAS will also watch the lesser beasts of the
variable zoo in the sky. At 20 kpc ATLAS’s sensitivity at
100 day™! is M = +3, so all instability strip stars such as
RR Lyrae and Cepheids will have daily observations at high
S/N. ATLAS will provide the first opportunity to catalog all
the eclipsing and variable binary stars in the sky to M = +3
or fainter. ATLAS’s blue filter is deliberately truncated short
of Ha, so ATLAS has special sensitivity to Hoa flares—
variability that is extremely red is likely to arise from Ha.

5.6. Active Galactic Nuclei

Croom et al. (2004) analyzed the active galactic nuclei
(AGNSs) luminosity function in the SDSS DRS, from which
we calculate that there are approximately a half-million AGNs
in the sky brighter than V' = 19.6. At that level ATLAS can
monitor half of them, more than 100,000, at 250 for a
10 day cadence or 10c for a daily cadence. AGNs have a com-
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plex structure function of variability ranging from general flick-
ering of the accretion process to flares from tidal events to the
spectacular luminosities of blazars and their instabilities. AT-
LAS’s sensitivity, solid angle, and cadence have an excellent
overlap with the densities of AGNs and their various sources
of variation. Well-sampled light curves with timescales ranging
from days to years are key to studying AGN variability.

At V = 20 there are 1800 galaxies per square degree, so
ATLAS will maintain a daily watch on approximately 40 mil-
lion galaxies, sensitive to events whose luminosity is compa-
rable with that of the galaxy on a 1 day timescale or longer.
For example, a star is occasionally disrupted by accretion onto
a black hole at the center of a galaxy, producing a flare of pre-
dictable color and duration. Gezari et al. (2009) predicted a
volume rate of 2.3 x 107% yr—! Mpc~3 and calculated that a
survey with g < 19 would detect events out to 200 Mpc, cor-
responding to a detection rate of 20 events per year by ATLAS.

5.7. Lensing

Even at the north Galactic pole there are about 2000 stars per
square degree brighter than the 1 day limiting magnitude of
V = 20. Over the entire 20, 000 deg? being surveyed each night
by ATLAS there are about a half-billion stars far enough off
of the Galactic plane that there is manageable confusion in
ATLAS’s 4.4" pixels.

Han (2008) estimated the rate of near-field microlensing
from all-sky surveys and found that at IV = 18 we can expect
to see 23 events per year, where an event is defined as an in-
crease of source flux by more than 0.32 mag. The number scales
inversely with the star’s flux, so at V' = 19 there should be 58
lensing events over the sky per year. At IV = 18 the lens-source
proper motion can exceed 40 masyr—!, so we could hope to
disentangle their light after a few years by imaging from space-
or ground-based adaptive optics. The event timescales at the
fainter limits are about 20 days.

ATLAS will survey half of the entire sky atS/N = 10 night~!
at V=195, so a V=18 star will be captured with
0.025 mag uncertainty each night and a V' = 19 star will have
0.06 mag error each night. A 0.3 mag lensing event will there-
fore be seen at 100 at V = 18 and at 50 at V' = 19. Over 20
nights, even allowing for weather, ATLAS ought to capture
most events to V < 19, and the two filters will permit some
level of testing of achromaticity. We therefore estimate that
ATLAS should see approximately 30 microlensing events in the
near field each year, and 10 should have high S/N and time
coverage.

There is a surprisingly large cross section for strong gravita-
tional lensing by galaxy centers. We integrated the galaxy
velocity dispersion function of Sheth et al. (2003), using both
the densities listed for early-type galaxies and late-type galaxy
bulges, assuming that each galaxy has an isothermal core that is
capable of lensing. Over the entire sky, the cross section for a
lensing magnification of 3 or greater is 0.37 deg? for sources at
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a redshift of z= 0.5, 1.75 deg? for sources at a redshift of
z = 1.0, etc., scaling as (u — 1)~2, where p is the lensing mag-
nification, and as z° in the Euclidean limit. Divided by the
41,250 deg? of the sky, this cross section provides a magnifi-
cation probability.

The number of lensed SNe Ia that ATLAS will see, even
aided by magnification, will barely yield one event per year.
Integrating the density of SNe la from Mannucci et al.
(2007) against the lensing cross section, we expect to see
one lensing event per year peaking at a (magnified) magnitude
of 20.6. Of course, this will be extremely hard to distinguish
from the hordes of SNe Ia close to galaxy centers.

However, the number of magnified AGNs that ATLAS will
detect is quite large. Integrating the luminosity function of
Croom et al. (2004) against this cross section gives more than
40 AGNs in the sky with a magnification of 3 or larger at a
magnitude of 19.6 or brighter (250 at 10 days and 100 at 1
day). Among these, there are ~7 at magnification 10 or greater.
The lensing cross section grows rapidly with redshift, of course,
so this is an interesting probe of AGN density, AGN variability
as a function of redshift, and galaxy core structure as a function
of redshift. At high magnifications the microlensing by stars
within the lensing galaxy can cause substantial flickering
as well.

5.8. The Static Sky

ATLAS has only modest sensitivity on a per-unit telescope
basis, and it undersamples a point-spread function that will aver-
age about 2.5” from atmosphere and optics, but the S/N grows,
as each piece of the sky gets approximately 350 visits per year
(3.1 mag). Figure 5 compares how an 0.01 deg? piece of sky
appears in the digital POSS sky survey, the SDSS sky survey,
and ATLAS.

ATLAS goes substantially deeper than POSS after a week of
observation, even allowing for weather. The SDSS PSF is con-
siderably better than ATLAS can ever achieve, but Figure 6
illustrates how the color co-added sky would look after a year
of ATLAS observation (with allowances for weather).

After a year’s operation ATLAS is significantly deeper than
SDSS (and covers three-fourths of the sky), although the coarse
sampling eventually runs into source confusion. However, the
density of transient and variable objects is far lower than the
density of static objects, so ATLAS should stay above the con-
fusion limit for detection and characterization of the variable
parts of their light curves, with S/N proportional to the square
root of the timescale. For example, ATLAS can achieve m ~ 23
sensitivity for slow events such as AGN variability or long-
period variable stars.

5.9. Space Junk

There is a growing amount of space junk in low Earth orbit
(LEO) and geosynchronous Earth orbit (GEO). This is of some
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FiG. 5.—Upper left: Appearance of an 0.1 x 0.08 deg portion of the sky in
POSS R band. Lower left: View in the SDSS r band. Upper right: How it would
appear in a single ATLAS red observation (two 30 s integrations). . Lower right:
After a week of observation (five clear nights). The circled stars are m = 17,
m = 18.5, m = 19.4 (50), and a pair at m = 18.2 and 19.2 separated by 4.4".

concern for satellites and space travel, as evidenced by the re-
cent destruction of an iridium satellite by collision with a tum-
bling booster. To sky surveys looking for transients and moving
objects, space junk is a significant background signal that masks
the solar system objects in which we are interested.

A good rule of thumb for the detection of a streak across an
image left by a moving object is that when each PSF-sized

FiG. 6.—Image of the 0.1 x 0.08 deg portion of the sky after a year of
ATLAS observation illustrates the appearance of S/N =100 at V = 22.4.
Although static objects are starting to blend together at this limit, variable ob-
jects are rare enough to stand out cleanly once the static sky is subtracted. See the
online edition of the PASP for color version of this figure.
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segment of the streak is 10 above background, it is easily visible
to the eye and easily detectable. A magnitude fainter is harder,
and two magnitudes fainter is just about the limit of what can be
detected.

A LEO object at the 1000 km range moves at about 0.4° s~1.
ATLAS has four views (two staggered by 5 ° at each site) and
two sites, so many objects will have one or two endpoints
caught by the system. A LEO object will spend 3 ms on a pixel,
and therefore the lo routine detection benchmark is 8.3 mag
brighter than the 50 magnitude limit for a 30 s exposure:
i.e., about m = 10.8. At m = 11.8 the streak will be visible
to the eye and should be possible to detect automatically, par-
ticularly given the confirmation from the two sites and the pos-
sible collection by the adjacent pointing.

This magnitude corresponds to a white, fully illuminated,
Lambertian ball of size ~4 cm or a piece of space junk of size
~15 cm of albedo 0.1 and random illumination. There are es-
timated to be of the order of 10,000 objects in LEO of that size
or greater.

A GEO object only moves at 15” s~!, spending 0.3 s on a
pixel, so the 1o benchmark is 5 mag fainter than LEO: i.e.,
m = 15.8. Automated detection should therefore be possible
to m =16.8 (~60 cm) without much trouble. At the
40,000 km range, the tangential position accuracy should be
approximately 100 m, and the range accuracy should be about
50 km for the single observation. Since ATLAS sweeps the visi-
ble sky twice each night, GEO objects will be captured on two
occasions, permitting a good estimate of orbit.

6. WORLD-WIDE INTERNET SURVEY TELESCOPE

Apart from its value as a survey for hazardous asteroids,
ATLAS also serves to define a unit survey telescope and soft-
ware that can be replicated many times in order to improve on
the networked performance. ATLAS could therefore be a tem-
plate for a World -wide Internet Survey Telescope (WIST) that
has as many unit observatories as there are parties who would
like to participate, since it is sized to fit within the budget of any
college or university.

The ATLAS proposal to NASA is carefully optimized to take
advantage of the existing ~1.3 million worth of detectors; tries
to avoid as much hardware risk as possible by using commercial
components; and plans for software research and development
to be the most costly, difficult, and critical aspect of the project.
However, given time and resources for hardware research and
development, it is possible to develop a successor that would
have considerably greater capability per unit cost than the pres-
ent ATLAS implementation.

For example, a remarkable set of designs by M. Akermann,
J. T. McGraw, and P. C. Zimmer (2010, private communication)
include an 0.5 m aperture Hamilton astrograph with 1 m focal
length and 7 ° field of view that achieves 50% encircled energy
at 1.5 um radius: i.e., half-energy within a diameter of 0.6”. The
optimal unit camera could have 5-9 um pixels (0.5-0.2 Gpixel
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total) for a 1-1.8” sampling over a field of view of ~40 deg?®. We
note the growing availability of large-format detectors, such as
the STA-1600 CCD" that has 10, 000 x 10, 000 9 um pixels and
can read out at 1 frame per second, Canon’s recent announce-
ment of an APS-H format (29 x 20 mm), 120 Mpixel comple-
mentary metal oxide semiconductor (CMOS) sensor as well as a
monolithic 202 x 205 mm, high-sensitivity sensor, and ad-
vances in back-illuminated CMOS detectors by Cypress, Sony,
and others. It is conceivable that improvements in capability per
unit cost of a factor of 3 or more might emerge.

We have therefore tried to think of ATLAS as the start of a
franchise that defines what a hardware and software unit should
be: basically, a high-performance telescope and detector system
in a robotic observatory, with common reduction and analysis
pipeline and common protocols for communications. An essen-
tial component is bandwidth management—the ATLAS system
has enough local processing to handle the ~100 GB night!
of raw data and depends on extra-observatory bandwidth,
primarily for trading object catalogs that will have orders-of-
magnitude-less information.

The Las Cumbres Observatory Global Telescope (LCOGT;
Brown et al. 2002) consists of a widely distributed set of many
telescopes that are intended for full-time synoptic coverage of
interesting events such as planet occultations or microlensing
passages. WIST differs by being dedicated to all-sky, nightly
survey, and discovery. WIST and LCOGT are therefore comple-
mentary in their approaches and scientific goals, although both
are striving to make the greatest possible use of the silicon revo-
lution and the Internet.

Because we want to achieve the highest possible hardware
and software performance, and also because we cannot cope
with the difficulties inherent in a National Virtual Observatory
that tries to accept information of varying quality and prove-
nance, the WIST franchise would insist on a very high degree
of standardization. This does not mean that a college with poor
seeing or bright skies cannot participate. WIST is intended to be
tolerant of poor seeing, and the standardization allows us to em-
place metrics that permit optimal combination of information
from all sites.

As the number of observatories grows it would become pos-
sible to schedule dynamically according to weather and to allo-
cate observations by filter or time to different places. Sites with
very bright sky backgrounds might be assigned very short ex-
posure times for a more rapid cadence on bright objects, for
example. Obviously, the search for approaching impactors
can be significantly improved by WIST, by virtue of closing
the southern blind spot, squeezing down the solar blind spot,
immunity to weather, and deeper imagery.

Since we intend that the cost of WIST be borne by the par-
ticipants, we expect that all results would be made public

'® See http://www.sta-inc.net.
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immediately. This will encourage participants to define and car-
ry out projects promptly, and we hope it will encourage colla-
borations. The fact that WIST puts the smallest colleges on the
same footing with the most prestigious research universities will
serve to foster innovation and reduce the dependence of re-
search achievement on availability of resources.

7. CONCLUSION

In this article we have argued that the congressional mandate
to NASA to mitigate the hazard from asteroid impact on Earth
can be parsed temporally as well as by impactor size. To some
degree the risk can never be reduced to zero because orbits are
continually perturbed, but we believe that the most important
time interval for discovery of small impactors is just before im-
pact, and we have demonstrated that it is relatively easy and
cost-effective to patrol that portion of hazard space.

In order to understand the real capability of survey systems,
we examined the meaning of etendue and survey capability and
derived equations that quantify survey capability both in terms
of hardware specifications of aperture, solid angle, efficiency,
and image quality and in terms of actual performance. In sup-
port of this we also derived an equation that quantifies the image
performance in terms of an effective noise footprint, which is
valid even in the regime of pixels that undersample the PSE.

We advanced a description of a new survey instrument,
called the Asteroid Terrestrial-impact Last Alert System. AT-
LAS surveys 20, 000 deg? twice per night to magnitude 20, with
the sensitivity determined by the practical need for three weeks’
warning of a 100 Mton impact and with the solid angle deter-
mined by the practical need for immediate warning of a 1 Mton
impact. The components for an ATLAS system are mostly avail-
able commercially, the cost is low, and the construction time
is short.

We compared ATLAS with the other prominent sky surveys
in operation or being planned and found that ATLAS has inter-
esting complementarities to the other surveys that make it par-
ticularly potent for early warning of impacts by hazardous
objects: it surveys essentially the entire sky at a rapid cadence,
so the probability of any object slipping through is reasonably

low and its sensitivity is high enough to provide a useful warn-
ing. No other survey is as effective for this particular job.

Of course, the ATLAS imagery will also open an interesting
window on the entire transient universe. Some of the additional
science products that ATLAS will produce include:

1. Hundreds of light-curve points for thousands of asteroids
that provide estimates of shape and spin.

2. Detection of all dwarf planets in the solar system.

3. Twice-per-night monitoring of ~2000 cataclysmic
variables.

4. Detection of ~30 near-field microlensing events per year.

5. Twice-per-night light curves of most variable stars in the
Galaxy.

6. Novae and luminous blue variable outbursts in most near-
by galaxies.

7. Detailed and prompt information on electromagnetic
counterparts to gravity wave events.

8. Detection of ~10 core-collapse SNe in low-metallicity gal-
axies per year.

9. Light curves of ~4000 SNe Ia per year with z < 0.1, ~300
with V' < 17.

10. Variability of ~100,000 AGNs.

We ended with consideration of a future World-wide Internet
Survey Telescope (WIST), comprised of a confederation of
many basic observatory units. The intent is to franchise the
hardware and software design, but at a cost point that makes
an observatory unit affordable by essentially any college or uni-
versity. This standardization is necessary to allow the full sys-
tem to be scheduled and for the results of the imagery to be
optimally combined, but leads to a system that is virtually un-
bounded in its ability to explore the time and sensitivity do-
mains of the transient universe. Support for this work was
provided by National Science Foundation grant AST-1009749.

We acknowledge useful discussions with Christopher
Stubbs, Robert Jedicke, Armin Rest, and John Blakeslee. We
are grateful for the remarkable design work of Mark Acker-
mann, John McGraw, and Peter Zimmer. This article benefited
from discussions at the Aspen Center for Physics.
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