
The	  LSST	  Deep	  Drilling	  Program

Approximately 10% of LSST's survey time will be dedicated to mini-surveys designed to enhance science beyond the 
Wide, Fast Deep (WFD) mode of typical LSST operations. One planned type of mini-survey is the Deep Drilling (DD) 
program, which proposes to survey a limited number of fields to deeper limiting magnitudes and with higher cadence 
than the WFD baseline. By observing more frequently and using many filters during each sequence, the DD program 
will provide rich data sets for discovering and characterizing supernovae and other transient objects. By observing to 
much deeper limiting magnitudes, the DD program delivers higher SNR for galaxy shape and photometric redshift 
measurements, providing a clean calibration sample to correct for biases within the WFD, and will also detect objects to 
much higher redshifts. Deep drilling fields will be targeted towards a wide range of science goals, including discovering 
faint (r=27) solar system objects to explore planetesimal size distributions, characterizing L and T dwarfs by adding 

deeper i band exposures, and obtaining dense light curves for variable stars and transients within our Local Group, as 
well as measuring faint high redshift galaxies and SN. A DD Interest Group, drawn from the LSST Science 
Collaborations, has been tasked with exploring deep drilling program implementations. Members of this group have 
written a series of white papers, available on the web, detailing their various science goals and observational 
requirements. The LSST Operations Simulation group has completed a first set of runs to investigate how these 
requirements mesh with the overall survey; preliminary analysis of these runs is presented here. The first four DD 
pointings have been announced by the LSST Science Council to provide opportunities for precovery or multiwavelength 
surveys, and are discussed here. Further refinement of the DD program to optimize science return of both DD and WFD 
fields will continue until shortly before the start of LSST operations. 
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Figure 1: Dependence of the sampling error for LSST main-survey-like samples on the total sky
area surveyed in Deep Drilling Fields. If this error is small, we can use redshift distributions
determined from high-quality photometric redshifts in the DDFs as a direct proxy for the true
redshift distribution of the main survey sample, without loss of cosmological constraining power. In
the presence of larger errors, more complicated methods relying on estimates of the mean density
of the DDFs compared to main survey fields will be required. Five weak-lensing tomography bins
evenly spaced between redshift 0 and 3 are used for the analysis. The sampling error plotted includes
both shot noise and sample variance, with the shot noise subdominant in most of the cases. Di!erent
curves indicate di!erent tomographic bins, with redshift increasing from bin 1 to 5. The horizontal
and vertical lines are drawn to guide the eye. For sampling errors below 0.5%, mismatch between
the DDF and main survey redshift distributions will a!ect cosmological parameter estimates by less
than 50% of the nominal errors.

1.2.2 Determining the E!ects of Cosmic Magnification

In addition to being a signal we are interested in for studying cosmology, weak gravitational lensing
can be a contaminant for other measurements. In particular, magnification by large-scale structure
will a!ect the apparent density of background objects, both by making them brighter (and hence
bringing objects that would originally be below survey magnitude limits above them) and by reducing
their apparent surface density. This e!ect, commonly referred to as ”cosmic magnification”, will
cause an apparent cross-correlation in the locations of foreground and background objects on the
sky, which can be a contaminant in attempts to study large-scale structure.

The amount of apparent correlation will depend on both a lensing kernel and the logarithmic
slope of the number counts in a given sample at the survey magnitude limit. Determining that slope
only from objects brighter than the survey limit will generally yield biased results (particularly if the
slope varies with magnitude); however, the deep drilling fields will allow us to assess the abundance
of objects fainter than the main survey magnitude limits, eliminating this obstacle. Essentially, we
need to determine the abundance of galaxies that could be brightened into a given magnitude and
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Figure 1: (a) Caption for panel a. (b) Caption for panel b.

in this example, we have invested significantly more time in the u, z, y filters. For the star-forming

galaxies, the main survey is deep enough to reach a L∗ out to z ∼ 5, but identification of Lyman-

break galaxies at z ∼ 3 will be somewhat hampered by the relatively shallow u-band depth of the

main survey, to the extent that the z ∼ 4 samples are likely to probe further down the luminosity

function than the z ∼ 3 samples. For passive galaxies, the deep-drilling fields could in principle

provide detections in z and y of L∗ passive galaxies out to z ∼ 3.

The table below lists the co-moving volume enclosed in different redshift ranges for a single deep-

drilling field, the age of the universe at the mean redshift of the interval, and the number of galaxies

with L > L∗. Estimates of the number of galaxies with luminosities L > L∗ were computed from

the UV luminosity functions of star-forming galaxies given in Oesch et al. 2010 (for z < 2), Reddy

et al. 2008 (for 2 < z < 3), and Bouwens et al. (2010) for higher redshifts. For ten deep-drilling

fields, the sample sizes are roughly a million galaxies with L > L∗ per unit redshift. A y-band depth

of AB=26.5 would be required for 5σ detection of L∗ galaxies out to z ∼ 6. Also shown in the table

are the stellar masses for galaxies with a number density n = 2× 10−4Mpc
−3

from Papovich et al.

(2011) for z > 1 and from van Dokkum et al. (2010) for z < 1.

Table 1:

z Volume (Gpc) Age (Gyr) N(> L∗)× 105 logM∗
0.1-1 0.03 8.6 0.9 11.4

1-2 0.10 4.2 2.3 11.2

2-3 0.11 2.5 1.2 10.7

3-4 0.11 1.8 1.4 10.3

4-5 0.10 1.3 1.0 9.3

5-6 0.09 1.0 1.3 9.0

6-7 0.08 0.8 0.72 8.7

The capsule summary of these numbers is that one is likely to be moving from samples of order

105 to samples of order 106 galaxies per unit redshift for fields of this depth, which is comparable

to the gain from the 2df redshift survey to SDSS. The larger samples enable higher precision for

correlation functions and other meausures of clustering, luminosity functions, and other types of

distribution functions or parameter correlations, which are the essential measurements against which

theories of galaxy evolution are tested. This is discussed in more detail in the Galaxies chapter of

the LSST Science Book.
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Figure 1 (a) The box-and-whisker distribution of simulated proper motions of disk (Bochanski et al. 2010;
Bond et al. 2010) and halo stars (Bond et al. 2010) as a function of heliocentric distance for a LSST field
looking towards the South Galactic Pole. The proper motions of the majority of the disk and halo stars will
be measured in 3 and 10 yrs, respectively (detection limits shown by the dotted lines). The upper x-axes
show the latest type star that will be detected at the distance in a single epoch in the main LSST survey (i =
24; outer ticks) and in our proposed DDF observations (i = 28.9; inner ticks). The DDF observations will
allow us to construct a spatial and kinematic map of the Galaxy to !500 pc complete to late-type L dwarfs
and to !2500 pc complete to mid-type M dwarfs. (b) The high proper motion stars will be moving too fast
to be properly coadded in the main LSST survey; in fact, the majority of stars within !500 pc will move
more than 1 pixel over the 10 yr survey length. Hence, the faintness limit for fast-moving stellar sources is
actually brighter than the survey limits, which underscores the role of DDF in mapping the Galaxy.

1.2 Details of Main Science Goals

1.2.1 Identifying and Characterizing L and T dwarfs

No study of Galactic structure and properties will be complete without a census of the substellar
population. The very wide-field surveys of DENIS (e.g. Delfosse et al. 1999), 2MASS (e.g., Kirk-
patrick et al. 1999; Cruz et al. 2003, 2007), SDSS (e.g., Chiu et al. 2006; Schmidt et al. 2010),
and UKIDSS (e.g., Deacon et al. 2009) have identified over 1000 brown dwarfs1 of types L and T
based on the optical and infrared broadband colors and various absorption features. Since these
objects are intrinsically faint (Mi > 16 mag; Hawley et al. 2002), nearly all known early-L dwarfs
are within !120 pc and mid–late L and T dwarfs are within !50 pc of the Sun (e.g., Reid et al.
2003, 2008; Schmidt et al. 2010), making the Galactic distribution (such as the disk scale height
and length) di!cult to determine. While this problem can be overcome by using deeper data sets
that probe significantly further into the disk, limited observing time and poor detection e!ciency
have restricted all studies to using extremely narrow fields-of-view and/or single lines-of-sight (e.g.,
Ryan et al. 2005; Pirzkal et al. 2005, 2009). Naturally, this results in over-simplified models (such
as a single disk component), large uncertainties on the model parameters (such as the vertical scale
height), and significant variation between the authors.

With a coadded faintness limit of z ! 26.2, the main LSST survey is in a position to identify tens
of thousands of L and a few thousand T dwarfs (LSST Science Collaborations et al. 2009). However,
there are questions as to whether they can be unambiguously identified as stellar/substellar sources
and further characterized as L and T dwarfs at z = 23.3–26.2, the regime where they are only

1http://dwarfarchives.org
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Figure 1: (a) Possible field coverage for LMC assuming a mosaic of 4 pointings. The circular regions
indicated have a radius of 1.67 degrees. (b) Possible field coverage assuming a single pointing center for the
SMC and 47 Tuc. The position of 47 Tuc is indicated by the red circle.

for the relatively low cadence of observations during the main LSST survey. Deep Drilling will allow
for more e!cient and reliable identification of events during the main survey, by characterizing the
variability of stars in the field. It is interesting to note that, whenever the Deep Drilling observations
take place, there will almost certainly be an event in progress. It may be in very early or late stages,
but the opportunity for almost continuous monitoring during parts of the survey, and the ability to
come back in about a month, will provide a combination of depth and cadence not achieved before.

2) The fast cadence in g would increase sensitivity to shock breakout of SN in galaxies behind
the LMC/SMC and other transient behavior such as binary neutron star coelescence (Metzger et al.
2009) on hour timescales or objects such as GRB070610 (Kasliwal et al. 2008) on minute timescales.

2 Description of Proposed LSST Observations

2.1 List of Proposed Fields

1. LMC, 05 23 35, -69 45 22 We request 4 pointings in this region to cover much of the LMC.
See Figure 1 for positions.

2. SMC and 47 Tuc, 00 38, -72 28 These coords are about halfway between the two - see Figure
1 (FOV is 3.5 deg and separation of 47 Tuc-SMC is about 2 deg)

3. IC 4651 17 24 49, -49 56

2.2 Motivation for Proposed Fields

We want to sample well-known and studied clusters and galaxies so that the parameters of distance,
metallicity, and age are well determined. The LMC and SMC provide a large selection of di"erent
populations of stars. We want to compare both the types of short period variables in each case
as well as building deep color-magnitude diagrams to compare with stellar evolution models. The
observations of the Clouds will sample the brighter end of the H-R diagram (stars down to M+̃11),
while the globular cluster 47 Tuc will reach to Mv of 15.5 and the open cluster IC 4651 to +19.5.
To reach variability levels of 0.1 to 0.005 mag will require co-adds depending on the timescale of the
particular variables but in general the main-sequence variables will be well-sampled in the Clouds
while 47 Tuc and especially IC 4651 will reach all the way to the white dwarf pulsators. Due
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Deep Drilling Science Goals
The deep drilling field observations are motivated by a diverse set of science 
goals, described in a series of white papers (see list of Deep Drilling White 
Papers, below). Some of those goals include: 

Detecting faint galaxies: The DD fields will detect 
galaxies at redshifts between 2<z<6 at flux limits far below 
the WFD survey limits, providing both a higher redshift 
galaxy sample and a higher SNR comparison sample for 
the WFD. The figure above shows LSST DD limiting 
magnitudes compared to the SED of high-redshift star-
forming galaxies (above left) and passively evolving red-
sequence galaxies (above right) [Ferguson et al.].

Improving weak lensing: Weak lensing studies require 
accurate and unbiased photo-z measurements; DD fields 
can provide more accurate photo-z’s due to higher SNR 
photometry. The DD photo-z’s can also be used to 
calibrate the estimated redshift distribution of galaxies 
observed in WFD fields; the error in this calibration 
depends on the area observed in the DD, as shown in the 
figure to left [Ma et al.].

Extragalactic fields grizy sequences every few 
nights (weighted toward z)
Add u band exposures 
during dark time (u=28.5)

5 fields with 265 nights of 
grizy, and additional u band - 
1675 hrs total
ugrizy limits (coadded) = 
28.5/28.7/28.9/28.4/28.0/27.0

grizy sequences every few 
nights (weighted toward z)
Add u band exposures 
during dark time (u=28.0)

5 fields with 265 nights of 
grizy, and additional u band - 
1547 hrs total
ugrizy limits (coadded) = 
28.0/28.7/28.9/28.4/28.0/27.0

Milky Way fields 30 nights of izy/izy/izy 
sequences, every night
gri sequences spread over 2 
years 

3 fields - 407 hrs total
grizy limits (coadded) = 
29.0/28.9/27.0/25.6/24.9

Transients and Variable 
Stars fields

1 hour of g band 
observations followed by 
observations spaced over 3 
nights; repeat in r; later 
repeat in g and r

6 fields - 192 hrs total
gr limits (coadded) = 
28.3/28.1

Solar System fields 8 nights of 85 minutes of 
continuous r band 
observations, spaced at 
particular intervals over one 
year

9 fields - 102 hrs total
r limits (coadded) = 28.1 
(r=27 on individual nights)

ELAIS S1   RA 2000    = 00 37 48  
  DEC 2000   = -44 00 00     
 

Galactic l = 311.30   
Galactic b = -72.90
Ecliptic lat = -43.18

XMM-LSS   RA 2000    = 02 22 50  
  DEC 2000   = -04 45 00     
 

Galactic l = 171.20
Galactic b = -58.77
Ecliptic lat = -17.90

Extended Chandra 
Deep Field-South

  RA 2000    = 03 32 30  
  DEC 2000   = -28 06 00     
 

Galactic l = 224.07
Galactic  b = -54.47
Ecliptic lat = -45.47

COSMOS   RA 2000    = 10 00 24  
  DEC 2000   = +02 10 55     
    

Galactic l = 236.83    
Galactic b = 42.09
Ecliptic lat = -9.39

Multi-wavelength data
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Deep Drilling White Papers (References)
More information on specific deep drilling science goals available within the white papers posted online at 
      https://www.lsstcorp.org/content/whitepapers32012. 
Becker, A. C., et al, 2011, “Opportunities for Solar System Science”
Crotts, A., 2011, “Standard Candle Relations and Photo-Diversity of Type Ia Supernovae”
Dhital, S., et al, 2011, “Mapping the Milky Way’s Ultracool Dwarfs, Subdwarfs, and White Dwarfs”
Ferguson, H. C., 2011, “LSST Deep Drilling for Galaxies”
Gawiser, E., et al, 2011, “Ultra-deep ugrizy Imaging to Reduce Main Survey Photo-z Systematics and to Probe 
Faint Galaxy Clustering, AGN, and Strong Lenses”
Kessler, R., et al, 2011, “Supernova Light Curves” 
Ma, Z., et al, 2011, “Using LSST Deep Drilling Observations to Improve Weak Lensing Measurements”
Szkody, P., et al, 2011, “High Cadence Observations of the Magellanic Clouds and Select Galactic Cluster Fields” 

Simulating Deep Drilling Observations
These diverse science goals can be grouped based on their observational 
requirements. For example, science programs with goals related to measuring 
high redshift objects (galaxies, AGN, SN) all need observations in fields with low 
Galactic extinction and can use a similar cadence of observations. On the other 
hand, the solar system program has tight restrictions on observational cadence 
and requires pointings fairly close to the ecliptic plane. The table below presents 
a preliminary summary of the observational requirements for the DD fields. 

Test runs: The LSST OpSim group has created a 
series of opsim runs incorporating the requested 
extragalactic fields (adding other DD fields is 
underway). The results of these runs are under 
analysis by the DD Interest Group. Early results 
indicate that the DD fields are generally meeting 
the desired depths (left), with the desired cadence 
(middle), but the program needs some additional 
tweaks to minimize impact on the WFD fields.

Deep Drilling Field Placement
Many of the science goals for the deep drilling fields, particularly the 
extragalactic fields, are enhanced by multi-wavelength observations that may 
have to be obtained before LSST is on-sky. To aid in securing this multi-
wavelength coverage, four of the extragalactic DD fields have already been 
chosen and announced - these four fields are listed in the table below. Each 
field is approximately 3.5 x 3.5 degrees, covering 9.6 square degrees. These 
first fields were chosen due to existing multi-wavelength coverage and other 
desirable attributes, such as low Galactic extinction. 

Future Development
Further work is required to evaluate the optimal deep drilling strategy and its place within 
the structure of the main (WFD) survey operations. Pointings for the remaining DD fields 
will be chosen, and methods will be improved for interleaving DD and WFD observations. 
Additional analysis methods will be developed, to ensure that the DD observations meet 
the science goal requirements. The DD interest group is open to additional input - please 
email lsst-deepdrill@lsstcorp.org. 
We expect to continue refining the Deep Drilling observational strategy until close to first 
light, with the Deep Drilling Interest Group working closely with the Operations Simulation 
team and the LSST Science Council, culminating in a formal review. 

Field Details: Additional details are still to be 
determined. These include the exact centers of 
these fields (slight adjustments may be necessary 
to avoid bright stars, see example to the left), the 
exact cadence of observations, filter balances, and 
details of the dithering patterns (to fill CCD gaps 
and aid in artifact removal and calibration).

Multi-wavelength science: The figure to the 
left illustrates the range of science that multi-
wavelength coverage enables; LSST 
wavelengths are indicated by the region 
marked ‘DDF’. 

Other DDFs: The location and exact number 
of the remaining DD fields - which could 
range from 20 to 40 fields (not all focused on 
extragalactic science) is also undecided. Our 
preliminary opsim runs have included 
extragalactic DDFs at the locations shown in 
the figure above. 

Discovering faint Solar System objects: By observing fields 
in a manner suitable for Shift-and-Stack to recover TNOs and 
MBAs as faint as r=27 over ~86 sq deg, DD fields can detect 
changes in the size distribution of these planetesimals, 
constraining planet formation theories. A large fraction of these 
TNOs can also be followed for ~1 year (their shear is illustrated 
in figure to left), thus determining their orbits in addition to their 
sizes, distances, and light curves [Becker et al.]. 

Mapping ultracool dwarfs and subdwarfs: 
Increasing coverage in gri bands allows 
identification of these extremely red stars 
(otherwise visible in only z and y). Compressing 
these observations to span only 2 years allows 
coadded images of these relatively high proper 
motion stars (as in figure above) to reach fainter 
limiting magnitudes [Dhital et al.]. 

Discovering unknown transients and 
variables: Adding intensive time coverage 
of a small number of well-chosen fields 
(such as the LMC (left above) and SMC + 
47Tuc (right above), shown with the LSST 
field of view) will improve identification of 
these same kinds of variables and 
transients in WFD fields [Szkody et al.]
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Figure 5: Simulated light curves for the main LSST survey at the same redshift, color and stretch as the
SNLS light curves shown in Fig. 3.
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Figure 6: Based on simulations (Appendix A), left panel shows RMSc vs. redshift, and the right panel
shows the e!ciency vs. redshift. The e!ciency is the fraction of all SNe Ia that are detected and satisfy
the selection requirements. The legend indicates the samples. The selection requirements are applied to each
sample.
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Improving SN light curve 
templates: With higher 
photometric precision and 
faster sampling cadence, the 
DD fields provide significantly 
improved SN light curves than 
the WFD fields, as shown 
above [Kessler et al.].

Run Name Short Description
opsim6.24 No DD observations 

opsim4.262 6 opsim3.61-style DD fields
opsim8.27 4 SC-approved DD fields
opsim8.26 4 SC DD fields, 2x visits

opsim2.168 4 SC + 6 DDWG DD fields
opsim4.267 4 + 6 DD fields, 2x visits


