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Executive Summary

After two semesters of operation, the Next Generation Virgo Cluster Survey is 40% complete (see §III). By design, 
most of the coverage has been achieved in the g (87% of the survey area) and the i-bands (78% of the survey area). 
22% and 66% of the survey area has been covered in the u and z-bands, respectively. Regrettably, the r-band 
coverage, which was part of our original proposal, had to be put on-hold as a consequence of time lost in 2009A. 
Given the high (100%) completion rate in 2009B/2010A, we estimate very high probability that coverage in g,i and 
z will be completed by 2012A, while coverage in the u-band is less certain (see §IV). If necessary, a PI program will 
be submitted to the national TACs in 2013A to complete the u-band coverage. Although full r-band coverage cannot 
be reinstated within our remaining allocation, our request for an additional 5% time allocation (38.5 hours, see §XII) 
is designed to target the entire survey area with shallow r-band exposures, and would allow us to recover most of the 
original science goals that are currently compromised by the lack of r-band data. 

Technical achievements of the survey include the development of Elixir-LSB, which is now offered to the entire 
community (see §II). Elixir-LSB is able to produce images reaching 0.2% of the sky background, in all filters, 
allowing the unprecedented use of MegaCam to study the intracluster light, extended haloes around galaxies, and 
diffuse low surface brightness features. The NGVS collaboration is further developing a variety of tools, including 
automated processing for the characterization of PSFs and modeling the reflection stellar haloes (see §V). Several 
exciting scientific investigations are on-going (see §VI and §XI). Most notably, the completeness limit for detection 
of Virgo galaxies is M(B)  ~ -8 mag— a regime so far probed systematically only in the Local Group —allowing the 
study of galaxy scaling relations and the luminosity function over a range of 106 in luminosity. Several follow-up 
projects (imaging: MeerKat, Galex, CFHT/WIRCAM, Magellan, Gemini; and spectroscopy: VLT, Magellan, MMT, 
AAT) are being pursued (see §VII).    

I. Preface: Survey Design and Science Goals

The Next Generation Virgo Cluster Survey is designed to provide deep, high spatial resolution, contiguous coverage 
of the Virgo cluster from its core to virial radius. The 104 deg2 survey area (corresponding to 8.6 Mpc2 at the 16.5 
Mpc distance of Virgo)  is tiled with 117, slightly overlapping MegaCam pointings. These are shown in Figure 1, 
while Figure 2 shows the location of the NGVS fields with respect to known Virgo cluster galaxies (Binggeli et al. 
1985); four additional background fields (not shown) are located ~15 deg away from the cluster centre. The survey 
requested, and was awarded, 771 hours divided equally between the four spring semesters from 2009A to 2012A. 
The survey design originally envisioned complete coverage in five filters, (ugriz). In gri, the exposure times were 
selected to reach comparable depth for objects with colors characteristic of old stellar populations (with a 10σ point-
source detection limit of g=25.7 mag). In u and z, the survey was designed to reach half this depth, to ease 
scheduling constraints. Table 1 summarizes the details of the observations. The “short”  exposures were included to 
recover the cores of galaxies that might saturate in the “long” exposures. As will be explained below, the r-band 
coverage had to be put on hold following time lost in the 2009A semester, so the current survey plan includes ugiz 
coverage only (see §XII). 

The science goals of the NGVS fall into three main categories:

• Virgo Science, which includes the faint-end of the galaxy luminosity function; the characterization of galaxy 
scaling relations over a factor 107 in mass; the cluster/intracluster medium/galaxy connection; and the fossil record 
of star formation and chemical enrichment in dense environments. 

NGVS Mid-Term Report	
 October 1, 2010

3



• Background Science, which includes a search for z≲1 galaxy clusters; the effect of tidal fields on galaxy shapes; 
and cosmic shear.

• Foreground Science,  which includes the discovery and characterization of Kuiper Belt Objects (KBOs); and the 
study of the Galactic halo, including the “Virgo Overdensity” and the Sagittarius stream, the largest currently 
known substructures in the halo.

Figure 1 (left): Distribution of the NGVS fields on the plane of the sky. The numbers (which roughly correspond to the 
separation, in degrees, of a given field from the cluster center, taken here to be M87) can be used to identify each field in the 
NGVS CADC archive. The central four fields (0,0 0,1 -1,0 -1,1) were observed in 2008A as part  of the NGVS “pilot project”. 
The dotted outlines correspond to the area surveyed by Binggeli and collaborators (i.e. the VCC area), while the orange 
circles are drawn at the virial radii of Virgo’s A and B subclusters (centered on M87 and M49, respectively).
Figure 2 (right): Location of all Virgo members from the Virgo Cluster Catalogue (VCC) of Binggeli et  al (1985). Large 
black points  represent galaxies brighter than B=11.5 mag, blue points galaxies with 11.5 < B < 13.1 mag, and green points 
galaxies fainter than B=13.1 mag. Virgo’s distance modulus is m-M = 31.09 mag.

Table 1: Exposure Breakdown (for each MegaCam field)Table 1: Exposure Breakdown (for each MegaCam field)Table 1: Exposure Breakdown (for each MegaCam field)Table 1: Exposure Breakdown (for each MegaCam field)Table 1: Exposure Breakdown (for each MegaCam field)Table 1: Exposure Breakdown (for each MegaCam field)Table 1: Exposure Breakdown (for each MegaCam field)Table 1: Exposure Breakdown (for each MegaCam field)

Filter

Long ExposuresLong ExposuresLong Exposures Short ExposuresShort Exposures
Seeing 
FWHM

% Moon 
IlluminationFilter Exposure 

Times 
Point Sources 

Detection Limit 
(AB mag) and S/N

Extended Sources 
Detection Limit (AB 

mag arcsec-2, 2σ)

Exposure 
Times 

Point Sources 
Detection Limit 

(AB mag, S/N=5)

Seeing 
FWHM

% Moon 
Illumination

u* 11×582s 25.9 (S/N=5) 29.3 5×50s 24.3 <1.1ʺ″ <20%
gʹ′  5×634s  25.7 (S/N=10) 29.0 5×12s 23.2 <1.0ʺ″ <20%
rʹ′  7×687s  25.2 (S/N=10) 28.5 5× 9s 22.2 <1.0ʺ″ <40%
iʹ′  5×411s  24.9 (S/N=10) 27.4 5× 8s 21.7 <0.6ʺ″ ANY
zʹ′  8×550s 24.6 (S/N=5) 26.0 5×13s 21.2 <1.0ʺ″ ANY

II. Observing Strategy and Pre-Processing at CFHT

The NGVS observing strategy was specifically designed to push the surface brightness detection limit to a sub-
percent of the sky. This is a prerequisite for the study of both the large-scale structure of galaxies and the diffuse 
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web of filaments and stream that permeates the intracluster medium. The standard processing of MegaCam images 
— where the background is determined locally during the stacking process by median averaging across a coarse grid 
— is completely unsuitable for images containing objects extending over scales comparable to, or larger than, a 
single CCD (as is the case for all NGVS frames). This is demonstrated in Figure 3, which shows a single 634s g-
band exposure of the M49 field, and a MegaPipe stack of 5 exposures of the same field using a “local” background 
subtraction. Better results are obtained using a procedure developed by NGVS CoI Stephen Gwyn, whereby 
“master” sky frames are built by stacking hundreds of publicly available images of blank fields. These master sky 
frames are then scaled and subtracted from each individual exposure. A stack using this “global” background 
subtraction method is shown in the third panel of Figure 3. While “local” background stacks are useless for the study 
of objects on scales beyond a few tens of arcseconds, “global” background stacks can reach surface brightness levels 
of a few to several percent of the sky (depending on the filter). They are, however, fundamentally limited by the fact 
that the background light component in MegaCam — a combination of sky background, and scattered light 
introduced in the twilight flats by internal reflections in the Wide Field Corrector optics — varies at the few percent 
level on timescales of ~ several hours. Such variations are not captured in the master sky frames. 

   

Figure 3. From left to right: 1) A single g-band Elixir processed frame of the M49 field (M49 is the bright elliptical in the 
lower left corner). The bright halo at the centre of the frame is the result of scattered light  due to internal reflections in the 
wide-field corrector optics. 2) A MegaPipe stack of the same field produced using a “local” background estimation (as  used 
in  the CFHTLS analysis). 3) A MegaPipe stack produced using a “global” background constructed from archival images. 
Notice the obvious improvement over the local background stack, but also the residual scattered light component at the 
centre. 4) An Elixir-LSB stack (i.e., the customized reduction pipeline built for the NGVS). All images use the same 
grayscale.

Reaching fainter surface brightness limits required us to develop an entirely new observing strategy. As is 
customary, the total integration per field is divided into a number of sub-exposures (see column 2 of Table 1) taken 
at the positions corresponding to a standard dither pattern designed to recover intra-CCD regions. However, while 
the standard observing mode would complete the dither pattern on a given field before moving to the next field, the 
NGVS observes a sequence of several (generally six or seven) fields at a single dither position, repeating this 
sequence for as many times as there are dither positions in the requested dither pattern. In other words, one can think 
of this as the dither pattern being applied to a group of fields, as opposed to individual fields (see Figure 4). Each 
group sequence (i.e., each position in the dither pattern) takes between 0.9 and 1.4 hours to complete (depending on 
the filter) — a time during which the background light component is known to be relatively stable. The fields 
observed during a single sequence can therefore be median-combined to produce a sky frame, which is then scaled 
and subtracted from each individual exposure in the corresponding sequence. Once this process is completed for all 
dither positions, all sky-subtracted frames of a single field are stacked, omitting any further background estimation 
except for a constant pedestal. [In practice, the observing procedure and processing is more complex, as “partial” 
sequences are allowed to be taken as long as a minimum number of six fields is observed in an uninterrupted 
sequence. The sky is then determined using an optimal number of frames that is allowed to slide over the entire 
sequence, see Figure 5].
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Figure 4. An example of a typical  NGVS observing sequence. In this case, each MegaCam field (represented by a red or 
gray square) is observed at five dither positions for a total  exposure time Texp. The six fields shown in the leftmost  panel are 
observed in a continuous sequence, which takes 6 ×Texp/5 to complete; they are then median-averaged to produce a single 
sky frame, which is subsequently subtracted  from each of  the six exposures. The same procedure is repeated (not  necessarily 
immediately after the first), this  time at  pointings corresponding to the second position in the dither pattern (red squares in 
the second panel from the left, the gray squares represent  the field observed in the previous sequence), and so on until  the 
entire number of fields has  been observed at  all five dither  positions (rightmost panel). The five sky subtracted frames 
corresponding to the five dither positions obtained for each field are then stacked. 

Figure 5. When multiple sequences are observed during the same night, the sky is determined from an optimal number of 
consecutive exposures (seven in this  figure) which are allowed to slide across the sequence, as shown above (exposures on 
the fields are shown in the upper row, the median skies in the lower row).

 
This new observing and data-processing strategy required the implementation of new procedures at CFHT, 
specifically:

1. Significant modifications needed to be made to the PH2 Submission Tool to allow targets to be grouped together 
and specific dither patterns to be applied to groups rather than individual targets. [For this, we gratefully 
acknowledge the invaluable help of Billy Mahoney, as well as the support of Nadine Manset and Todd Burdullis.]

2. A new processing pipeline, Elixir-LSB, was developed by NGVS CoI Jean-Charles Cuillandre specifically to 
handle background subtraction in NGVS data. Elixir-LSB represents a significant undertaking (and time 
commitment)  on the part of Jean-Charles, and has led to a huge improvement in the quality of the processed 
MegaCam images. A comparison between Elixir and Elixir-LSB processing of the same frame is shown in Figure 
6. The Elixir-LSB pipeline will be described in an upcoming NGVS publication (Cuillandre et al., in prep.)

At the time of our last SAC report, the Elixir-LSB pipeline was optimized to work with u and g-band data only, and 
was capable of producing images reaching 0.7% of the sky. Jean-Charles has now developed an improved pipeline, 
and extended it to the i and z-band data. The new pipeline, which includes a second background pass after pre-
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filtering the first pass frames, produces images reaching 0.2% of the sky in all filters. This corresponds to limiting 
surface brightnesses ranging from μ  = 29.2 mag arcsec2 in the u-band to μ = 26 mag arcsec2 in the z-band. In the i 
and z-band, Elixir-LSB also leads to much improved fringing correction than can be achieved using the standard 
Elixir processing. Typical NGVS Elixir-LSB process frames and associated statistics are given in Figure 7.

 
Figure 6. Comparison between an Elixir (left) and Elixir-LSB (right) processed g-band exposure of the M49 field. The 
scattered light  component at the center of the Elixir-processed frame is obvious, but is  removed in the Elixir-LSB frame. A 
stack based on Elixir-LSB frames is shown in panel 4) of Figure 3.

u* Elixir-LSB
Residuals: 0.2% of the sky
Sky μ: 22.6 mag arcsec2

Limiting μ: 29.3 mag arcsec2

Max excursions: 0.5% μ(sky)

g’ Elixir-LSB
Residuals: 0.2% of the sky
Sky μ: 22.2 mag arcsec2

Limiting μ: 29.0 mag arcsec2

Max excursions: 0.5% μ(sky)

i’ Elixir-LSB
Residuals: 0.2% of the sky
Sky μ: 20.7 mag arcsec2

Limiting μ: 27.4 mag arcsec2

Max excursions: 0.5% μ(sky)

z’ Elixir-LSB
Residuals: 0.2% of the sky
Sky μ: 19.3 mag arcsec2

Limiting μ: 26.0 mag arcsec2

Max excursions: 0.5% μ(sky)

Figure 7. ugiz Elixir-LSB stacks of the M49 field (M49 is once again the elliptical  galaxy in the lower left corner). Statistics 
are given above each panel. The Elixir-LSB procedure is now capable of reaching 0.2% of the sky surface brightness  in all 
filters. For comparison, Stephen’s Gwyn implementation  of the “global” sky subtraction method (described above) can 
reach levels of several percent of the sky. The only processing available for MegaCam data before the NGVS work would 
completely remove M49 from the frames (see panel 2 of Figure 3).
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Although both the new PH2 capabilities and Elixir-LSB were motivated and implemented by the NGVS 
collaboration (and represented a very large time commitment on the part of several NGVS CoIs)  they are now 
offered to all MegaCam users and represent invaluable resources for the community. In 2010A, four PI programs 
(unrelated to the NGVS) were enabled by, and/or specifically requested, Elixir-LSB processing.

III. Data Acquisition: 2009A, 2009B and 2010A.

The status of data acquisition for the first two years of the survey is summarized in Table 2, where we report the 
number of fields/hours requested and observed in each filter for both the “long” and “short” exposures (see Table 1). 
The number of “observed” hours in Table 2 includes only frames that are validated by the Elixir-LSB processing; 
note that Elixir-LSB occasionally rejects exposures validated by Elixir, usually due to larger than acceptable 
variations in the sky background. 

Because of the Elixir-LSB data acquisition mode, a given field is typically observed during the course of several 
days, but sometimes weeks, or even months. Occasionally, fields are not completed by the end of the semester, and 
are therefore carried forward to the next semester (and are, of course, counted towards the time allocation of the new 
semester). In the first half of Table 2, we therefore identify the fields as “completed” (i.e., fields started and finished 
within that semester), “started” (i.e, fields not finished within that semester), and “finished” (i.e. fields started the 
previous semester and finished that semester). Also, we explicitly separate “background” from “Virgo” fields. For 
instance, in the second (g-band, long exposures) row of the 2009A semester, we asked for 49 fields to be observed, 
of which 45 were in Virgo and four in the background. Of these, 44 were completely observed (of which four were 
background fields), and five more were started. These five were finished in 2009B/2010A, as we show in the 5th 
column. A more detailed breakdown of the field coverage can be found on the NGVS QSO webpages:
https://www.astrosci.ca/NGVS/NGVS_QSO_Site/Progress_09A.html 
and
https://www.astrosci.ca/NGVS/NGVS_QSO_Site/Progress_09B_10A.html

The last row of Table 2 summarizes the total time requested and the total time validated by Elixir-LSB as of October 
2010. Note that the time allocated to the NGVS in 2009B and 2010A was 193 hours. However, we asked and were 
allowed to overfill the queue by 7.9 hours. This was necessary both for technical reasons (having to do with the way 
target groups are entered in the PH2) and to ease the scheduling (by giving the QSO observers more sequences to 
choose from). The observations were, however, stopped when the 193 hour target was reached.
 
The field coverage as of October 2010 is shown in Figure 8. Long exposures are shown on the left, short exposures 
on the right. Fields shown as filled colored squares have been completed, fields identified by colored dashes have 
been started and will be completed in 2010B/2011A, while fields shown in solid gray were in the queue for 2010A 
but were never started. Fields shown as open gray squares will be observed in 2011/2012. As discussed in the 
November 2009 report to the SAC, no r-band imaging was included in the 2009B/2010A PH2. This drastic step was 
taken to compensate for the large amount of time lost in 2009A (~77 hours) and the time that is anticipated to be lost 
in the upcoming semesters. Loss of r-band coverage (which requires 167.4 hours) was deemed less damaging to the 
science goals of the NGVS than a decrease in spatial coverage or depth in the other filters. However, the r-band data 
are critical to the NGVS “background” science (high-redshift clusters, cosmic shear, etc.). Our request for an 
additional 5% allocation (which will be discussed in §XII) is designed to recover some of the original NGVS 
science goals that are currently in jeopardy because of the loss of r-band coverage.
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Table 2: NGVS Data Acquisition Status as of October 2010

2009A2009A 2009B/2010A2009B/2010A All SemestersAll Semesters

Filter/
exposure

# of Fields# of Fields # of Fields# of Fields # of Distinct Fields# of Distinct FieldsFilter/
exposure Requested Observed Requested Observed Requested Observed

u, long 6+4 6+4 (completed) 21 16 (completed)
 5 (started)

27+4 22+4 (completed)
 5   (started)

g, long 45+4 40+4 (completed)
5    (started)

42+
5 partial

42 (completed)
 5 (finished)

87+4 87+4 (completed)

r, long 24+4 0+3  (completed) 0+1 none 24+4  0+3 (completed)

i, long 45+4 24+4 (completed)
15   (started)

48+
15partial

39 (completed)
 7 (started)
15 (finished)

87+4 78+4 (completed)
 7   (started)

z, long 32+4 8+4  (completed)
4    (started)

54+ 
4 partial

54 (completed)
 4 (finished)

66+4 66+4 (completed)

u, short  6 6 21 21 27 27

g, short 45 40 47 47 87 87

r, short 24 1 0 0 24 1

i, short 45 15 72 3 87 18

z, short 32 14 52 52 66 66

2009A2009A 2009B/2010A2009B/2010A All SemestersAll Semesters

Filter/
exposure

# of Hours# of Hours # of Hours# of Hours # of Hours# of HoursFilter/
exposure Requested Observed Requested Observed Requested Observed

u, long 19.01 19.01 39.12 39.12  58.13 58.13

g, long 45.87 43.06 42.13 42.13  88.00 85.19

r, long 39.58  4.24  1.41  0.00  40.99  4.24

i, long 30.69 23.43 33.57 29.57  64.26 52.99

z, long 47.20 20.32 71.46 71.46 118.66 91.78

u, short  0.75  0.75  2.63  2.63   3.38  3.38

g, short  3.25  2.89  3.39  3.39   6.64  6.28

r, short  1.63  0.07  0.00  0.00   1.63  0.07

i, short  3.00  1.00  4.80  0.20   7.80  1.20

z, short  2.36  1.03  3.83  3.83   6.18  4.86

Total 
hours

193.3 115.8 (60%) 193.0
(+7.9)

192.3 
(100%)

386.3 308.1 (80%)
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After getting off to a slow start in 2009A, the NGVS reached 
100% completeness in 2009B/2010A. This allows us to clarify 
one important point regarding the NGVS scheduling 
requirements. Although the NGVS is a very ambitious program, 
feasibility in scheduling was a top-priority when designing the 
survey. For instance: 1) the u and z-band data were de-scoped — 
from the very beginning — to half-depth to allow for realistic 
scheduling constraints; 2) an early plan to include time sequences 
specifically designed for the detection of KBOs and transient 
events was abandoned as it would have been too harsh on the 
scheduling; 3) the i-band was selected as our “best” seeing band 
both because of the naturally better seeing compared to bluer 
bands, and because of the lower exposure time required in this 
filter, again making the scheduling easier; 4) the fraction of time 
allocated in each filter was checked to make sure that it could be 
accommodated within the time that, historically, has been 
available to Canada and France in the requested observing 
conditions at the RAs sampled by the survey. This resulted in a 
survey that is not only robust from a scheduling point of view, 
but that under good weather conditions, is robust even against 
high PI pressure. This is proven by the fact that in 2009B/2010A, 
a high completion rate was achieved in spite of the higher than 
average pressure from PI programs at RA=12h. Of course, no 
program can be robust against abnormally bad weather 
conditions, and 2009A was one of the worst semesters on record 
in terms of weather. In such cases, as has been pointed out many 
times in the past, Large Programs (for which the goal is 75% 
completion) are in fact more vulnerable than top ranked PI 
programs (for which the goal is 100% completion). However this 
is a limitation imposed by Agency balancing, and not the result of 
scheduling weaknesses intrinsic to the NGVS.

IV. Observing Plan: 2010B to 2012A
 
In our original plans, we hoped to achieve complete coverage of 
the cluster in g and i by the end of 2010A. Coverage in the 
remaining three filters was expected to be completed by the end 
of 2012A. This plan has been thwarted by the low completion 
rate in 2009A. However, at the expense of sacrificing the r-band 
coverage, we are now on track to complete the g and i band coverage by the end of 2011A, and the z-band coverage 
by the end of 2012A (and possibly earlier). Coverage in u is less certain. 

Table 3 shows our “worst” and “best” case projections for the remainder of the survey (for this exercise, we consider 
long exposures only). The worst case projection is based on the assumption that the NGVS completion rate, in each 
filter, will be the same as in 2009A. The best case projection takes the completion rate in 2010A as a baseline. We 
should emphasize that 2009A was one of the worst semesters on record in terms of weather, and chances of the next 
two semesters (even one of them) being as bad as 2009A are small. Therefore, our “worst case” scenario is likely to 
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Figure 8. Fields observed as of October 2010. 
Four background fields, located 15 deg away 
from the cluster center  have been observed in all 
filters (except for one field  missing r-band data) 
but are not shown in the figure. The central four 
fields are not technically part of the NGVS, 
having been observed as part  of a  PI program in 
2008A. Filled colored squares indicate observed 
fields (for these all of the data have now been 
stacked and archived). Dashed colored squares 
indicate fields with partial data. Filled gray 
squares indicate fields that were in the queue for 
2009B/2010A but were not observed. All other 
fields will be in the queue for 2011/2012.



err on the pessimistic side, and we certainly expect that the NGVS will obtain significantly better completion than 
indicated. On the other hand, 2010A was one of the best semesters on record, weather-wise: as mentioned above we 
were able to achieve 100% completion in 2010A, while a more realistic target is 75%. Table 3 shows that even in the 
worst case projection, the g and i-band coverage of the cluster should be completed in 2011A. Coverage in z should 
also be guaranteed by the end of the survey: as mentioned earlier, chances of the next two semesters being as bad as 
2009A are very slim, and even one average semester will ensure that we will be able to obtain all z-band data. In 
fact, if 2011A is as good as 2010A, not only we will be able to complete coverage in z by the end of 2011A, but we 
would then be able to use some of the bright time in 2012A to re-instate some r-band observations (although in no 
case we would be able to complete the coverage in r). To summarize, in the baseline scenario (75% completion), we 
would still expect to complete coverage in g and i in 2011A, and coverage in z in 2012A. 

The only real uncertainty concerns the u-band data. Even under our best case projection, it is likely that coverage 
will not be completed in u by the end of the survey. The reason for this is that u has the most stringent constraints on 
the scheduling: in this band, the NGVS needs a large fraction of the “good seeing” dark time that is statistically 
available to Canada and France, and 2009A has upset the balance. We note that reducing the depth of the u-band 
imaging is not an acceptable option, since u is already half depth compared to g and i.

In section XII, we will make the case that the NGVS will benefit greatly from a 5% additional time allocation. This 
allocation could be used to either provide partial (in area and/or depth)  coverage in r, or towards completing the 
coverage in u. The latter option is, unfortunately, not feasible, as the current u-band allocation is already imposing as 
tight constraints on the scheduling as we are willing to accept. However, u-band is essential for all core science 
goals of the survey. If, as we anticipate, coverage in u is not achieved by the end of the survey, we will submit a 
PI program to the national TACs to complete the coverage in 2013A. 

In the past two years, we have established very effective communications with the QSO team. We will continue to 
interact (on a daily basis, during the MegaCam runs) with the QSO team, establishing priorities for observing and 
keeping track of the progress, through our dedicated QSO NGVS Webpage: https://www.astrosci.ca/NGVS/
NGVS_QSO_Site/Home.html.

Table 3: Number of Fields Expected to be Observed in 2010B to 2012A (long exposures)Table 3: Number of Fields Expected to be Observed in 2010B to 2012A (long exposures)Table 3: Number of Fields Expected to be Observed in 2010B to 2012A (long exposures)Table 3: Number of Fields Expected to be Observed in 2010B to 2012A (long exposures)Table 3: Number of Fields Expected to be Observed in 2010B to 2012A (long exposures)Table 3: Number of Fields Expected to be Observed in 2010B to 2012A (long exposures)Table 3: Number of Fields Expected to be Observed in 2010B to 2012A (long exposures)

Filter
Worst Case Projection 

(based on 2009A performance, 
60% overall completion)

Worst Case Projection 
(based on 2009A performance, 

60% overall completion)

Worst Case Projection 
(based on 2009A performance, 

60% overall completion)

Best Case Projection 
(based on 09B/10A performance, 

100% overall completion)

Best Case Projection 
(based on 09B/10A performance, 

100% overall completion)

Best Case Projection 
(based on 09B/10A performance, 

100% overall completion)

10B/11A 11B/12A # of Fields Left 10B/11A 11B/12A # of Fields Left

u 13 23 50 32 40 14

g 25 0 0 25 0 0

r 0 0 114 16 68 30

i 34 0 0 34 0 0

z 8 25 14 47 0 0
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V. Data Stacking and Advanced Analysis.

V.1 Image Stacking.
All data obtained to date have been pre-processed with Elixir and Elixir-LSB. Stacks have been produced by 
Stephen Gwyn at NRC/HIA using the MegaPipe pipeline, and by Thomas Erben at the University of Bonn using the 
THELI pipeline (Erben et al. 2005). The production of Terapix stacks has been put on hold until after the last 
Terapix CFHTLS release, which is expected in November 2011. All raw data, Elixir and Elixir-LSB frames, and 
final stacks have been archived and are accessible through the dedicated NGVS archive interface (http://www2.cadc-
ccda.hia-iha.nrc-cnrc.gc.ca/gsky/ndata.html). A schematic diagram of the NGVS data processing pipeline is shown 
in Figure 9.

CFHT

Validation

HIA(MegaPipe) IAP/TeraPixHIA(MegaPipe) IAP/TeraPix

Local 
Background 

Stacks, median 
combine 

Local 
Background 

Stacks, median 
combine 

LSB Median 
Combine Stacks

LSB Median 
Combine Stacks

LSB Artificial 
Skepticism 

Combine Stacks

LSB “Mean + CR 
reject” Combine 

Stacks

CADC
Archive

Preview Stacks
(3x3 and 24x24)

Elixir

MegaPipe Global 
Background 

Stacks, median 
combine 

Double Pass 
Background 

Stacks, median 
combine 

Elixir-LSB

Raw Data

U.Bonn/THELI

Stacks w/ Local 
Background 
Subtraction, 

weighted-mean 
combine 

Generation of PSFs (HIA/DAOPhot, and Bonn/Shaplet Decomposition)

SDSS Phot. Calibration

Modelling of 
Stellar Haloes 

(Case Western)

Figure 9. The NGVS data pipeline. Prior to the NGVS, only those steps in white boxes were offered to the community. Steps 
in  green boxes have been developed by the NGVS collaboration. Weight and sigma maps, as well as SExtractor catalogues, 
are now available for all stacks. Steps in italics are under development.

To summarize, the following data products are currently available for all data acquired to date:
I. Individual Frames:

1.  Raw data;
2.  Elixir processed frame;
3.  Elixir-LSB processed frames.

II. Stacks (all stacks have associated weight and sigma maps, as well as SExtractor catalogues):
1. Elixir-LSB binned stacks (3×3 and 24×24) produced for quality control and “quick look” purposes;
2. MegaPipe Elixir median combined stacks with a local background estimation;
3. MegaPipe Elixir median combined stacks with global background estimation (see section II);
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4. Terapix Elixir median combined stacks with a local background estimation (in progress);
5. Terapix Elixir median combined stacks with a a double pass background estimation (in progress);
6. THELI Elixir weighted-combined stacks with a local background estimation. 
7. Megapipe Elixir-LSB median combined stacks;
8. Megapipe Elixir-LSB artificial skepticism combined stacks;
9. Terapix Elixir-LSB median combined stacks (in progress);
10. Terapix Elixir-LSB mean combined+optimal CR rejection stacks (in progress).

Each stack serves a specific purpose. For instance, THELI stacks are designed to optimise S/N for colour and shape 
measurements of small and faint background galaxies for lensing and photo-z studies. Megapipe Elixir stacks with a 
local background estimation produce the tightest photometry for compact sources; Elixir “global background” stacks 
preserve inner surface brightness profiles of large galaxies, and were developed to aid in the analysis of such 
galaxies in cases where Elixir-LSB data might not be available; Elixir-LSB stacks are the preferred stacks for 
surface photometry and detection of diffuse features. Comparison of Terapix and MegaPipe stacks is important to 
assess systematics.

Of all the data processing steps listed above, only I.2, II.2, II.4 and II.6 are generated with tools that were available 
prior to the start of the survey. All other steps (I.3, II.1, II.3, II.5, II.7, II.8, II.9, II.10) have been developed by the 
NGVS collaboration. The processing and stacking of NGVS data is the subject of two upcoming NGVS papers 
(Gwyn et al. 2011; Cuillandre et al. 2011).

V.2 Advanced Processing.

A) PSF Generation.  With the exception of the KBO science, all of the NGVS science goals require accurate point 
spread functions across the entire field of view, and in all filters. Significant efforts in the past year have resulted in 
two independent codes capable of generating PSFs. NGVS CoI Stephen Gwyn has developed a fully automated 
version of DAOPhot that can be queried through a web interface: PSFs are automatically generated for any NGVS 
stack by simply “dialing in” an x,y position. Independently, NGVS CoI Thomas Erben has developed a PSF 
generation code based on a “Shaplet” formalism (further described in http://marvinweb.astro.uni-bonn.de/
NGVSPSF/PSF_modelling_procedure.html). Stephen Gwyn’s code is currently already being used by the PAndAS 
collaboration and will eventually be developed into a general purpose tool available to the community at large.

B) Modeling and Subtraction of Stellar Halos. Although Virgo is at high Galactic latitude, haloes around bright stars 
— from both internal Megacam reflections and the extended stellar PSF — ultimately limit our ability to trace the 
diffuse intra-cluster light within the cluster and, in some cases, derive accurate structural parameters for galaxies. 
NGVS CoI Chris Mihos has developed a technique to remove these halos by first modeling each reflection as a 
constant surface brightness ring, whose spatial offset from its parent star is modeled as a function of the star's 
position on the chip. After modeling and subtracting each reflection from a star, the star's extended PSF is 
modeled and subtracted as a higher order radial polynomial. Figure 10 shows a preliminary application of the 
method; current limitations are the lack of accurate bright star photometry and of dedicated imaging needed to 
model the larger, fainter reflections. The latter requires a short, dedicated program, which is currently being 
developed by Jean-Charles Cuillandre, where a bright star is imaged multiple times across the MegaCam FOV. 
Once our technique is perfected, we plan to make the halo modeling code available to the community for general 
use on MegaCam images.

C) Automated Object Detection. Two of the primary science drivers of NGVS are measuring the faint‐end shape of 
the luminosity function and the scaling relations of Virgo galaxies over a factor of 107 in mass. Both of these 
goals require us to detect, characterize (magnitude, size, shape), and reliably assign Virgo membership of all 
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sources in the project fields. Given the size of the NGVS footprint, the procedure must also be automated, a 
difficult task due to the large dynamic range to be examined. Lauren MacArthur is leading the automation of a 
detection and profile fitting algorithm. The code incorporates SExtractor runs on ring-filtered images optimized 
for the detection of faint, low-surface brightness galaxies, which are then fed into a 2D profile fitting code (Galfit, 
developed by C. Peng), along with appropriate masks and input parameters for the fitting. Tests on fields for 
which Virgo candidates have been identified by eye (independently by L. Ferrarese, P. Durrell, and E. Ferriere), 
show that the algorithm is able to recover all of the objects. Simulated galaxies are also being used to assess 
detection limits and the reliability of the recovered galaxy structural parameters.

Figure 10. Preliminary results obtained by using a semi-automated method for modeling and subtracting stellar haloes. The 
top panels show a  full NGVS field (1 deg2) while the bottom panels show a magnified view of a single star. From left to right, 
the panels show the original image, the reflection model, and the model subtracted image. In the top panels, the imperfect 
subtraction of some of the stars is due to the lack of high quality ugriz photometry for these bright stars.

D) Optimization of Profile Fitting for Virgo Galaxies. The determination of accurate structural parameters for Virgo 
galaxies (particularly faint and/or LSB objects) is highly sensitive to the determination of background levels and the 
masking of nearby sources. Three independent algorithms have been developed for this crucial task: the first by L. 
Ferrarese to extract 1D galaxy profiles which are then modeled to provide the relevant galaxy parameters; the 
second, by L. MacArthur, derives galaxy parameters in two dimensional (2D) space; and the third, by E. Ferriere 
and P‐A. Duc, is based on a specialized 2D LSB feature detector (MARSIAA; see below). The results have been 
compared on a test sample of 13 faint/LSB galaxies and are remarkably consistent (typical differences of ~3% in 
size and ~0.02 mag in total magnitude). This test also clearly demonstrated that the data are of exquisite quality and 
will allow us to fulfill our proposed survey goals. The faintest galaxy in the test sample (g’ = 22.7 mag, a central 
surface brightness μ(g)  = 27 mag arcsec2), is already more than three magnitudes fainter than the current limit for 
Virgo galaxies with accurate measured parameters. 

E) Characterization of Low Surface Brightness Features. The characterization of the very often complex web of 
filaments and structures associated with tidal stripping and merger events is being tackled using an image 
segmentation software, MARSIAA (MARkovian Software for Image Analysis in Astronomy), developed by NGVS 
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CoI Bernd Vollmer. [Efforts in this direction are led by Pierre-Alain Duc and Etienne Ferrière.] Working 
simultaneously with multi-band images, MARSIAA decomposes the images into classes of pixels defined by a 
specific statistical behavior, one or several of which correspond to the LSB structure. A second algorithm, 
DetectLSB, was developed to perform aperture photometry on the MARSIAA-generated mask, an example of which 
is shown in Figure 11.

Figure 11. Fine structure associated with a bright elliptical galaxy (which has been subtracted). The different  colors 
identify different classes detected by MARSIAA. 

F)  Characterization of Globular Cluster Systems. Somewhat unexpectedly, a significant number (20%)  of globular 
cluster (GC) are spatially resolved in the NGVS images — a testament to the exceptional spatial resolution that can 
be reached with CFHT. We are adapting the KingPhot algorithm (originally developed by NGVS CoI Andres Jordan 
for the analysis of HST data) to fit PSF-convolved King models to NGVS data. The code (which is now running on 
the CANFAR infrastructure) produces photometric (and in some cases, structural) parameters for GCs and ultra 
compact dwarfs in Virgo. We note that KingPhot requires an accurate knowledge of the (position dependent) PSF. 
 

VI. Science Results.

VI.1 Galaxy Structural Parameters.

The study of the scaling relations for baryonic structures in Virgo is one of the primary goals of the NGVS. We have 
developed a new algorithm (nicknamed “Typhon” after the most fearsome of all multi-headed monsters in Greek 
mythology) that, from a list of RAs and DECs of galaxy centers, is able to: extract NGVS cutouts; mask 
contaminants; recover one-dimensional surface brightness profiles and structural parameters; fit for the background 
sky; produce curves of growth; build galaxy models; subtract them from the data; and fit multiple Sersic laws to the 
final surface brightness profiles. An example is shown in Figures 12 and 13. The code is now being applied to 
recover structural parameters for all (~1500) VCC galaxies in the NGVS footprint, as well as for all newly 
discovered cluster members in the four square degrees surrounding M87 (see below).
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Figure 12. Typhon reduction of VCC1523, a dE,N galaxy. The panels show, from left to right, a 3×3 arcmin cutout around 
the galaxy, the same with contaminants masked (the isophotes  are also shown); the model galaxy, and the original image 
with the model subtracted, after an optimal determination of the sky. All images are in the g-band.

Figure 13 (left). g-band structural parameters  recovered by Typhon for VCC 1523. The green points show the final surface 
brightness profile (left) and growth curve (right) using an optimal determination for the sky. (Right)  A double-Sersic fit to the 
surface brightness profile. Note the very low surface brightness reached by the NGVS light profiles.

Figure 14 shows a comparison of NGVS (in red) and HST (in blue) g-band surface brightness profiles for nine 
nucleated VCC galaxies observed as part of the Advanced Camera for Survey Virgo Cluster Surveys (ACSVCS, 
Cote et al. 2004). Although ACS has clearly superior spatial resolution, the nuclear fraction (i.e., the fraction of total 
light contained in the nucleus) is recovered in the NGVS images with 10% accuracy or better in all but two of the 68 
ACSVCS nucleated galaxies (the two galaxies for which a nucleus is not detected in the NGVS data are shown in 
the figure: in both cases, the nucleus is very extended and shows very little contrast with the underlying galaxy). 

The NGVS is therefore delivering on its promise to characterize both the global and nuclear structural parameters of 
galaxies across the entire Hubble sequence, and over the entire extent of the cluster. In the original proposal, it was 
claimed that the NGVS would be able to push the detection of Virgo members to much fainter limits than was 
possible using existing data. This is shown in Figure 15. We have conducted a visual search for new Virgo cluster 
members in the four square degrees surrounding M87. About 400 new likely members have been identified, a few of 
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which are shown in the figure. These new members have magnitudes comparable to the Local Group dwarf 
spheroidal galaxies, a region of parameter space that has never been explored in Virgo. From the bright to the faint 
end of the luminosity function, the NGVS spans a factor of 106 in luminosity (and another factor of ten if one 
includes individual star clusters). As described in §V, an automated detection algorithm for these faint galaxies is 
currently being tested by Lauren MacArthur and Etienne Ferriere.

Figure 14. g-band surface brightness  profiles for nine nucleated VCC galaxies, recovered from HST/ACS (blue) and NGVS 
(red) data. The same galaxies are shown in the two figures, on a log scale to the left, and a linear scale to the right. HST/
ACS clearly has better  resolution, although the NGVS wins hands down in radial  coverage and depth. The “η” parameter 
listed in each panel represent  the nuclear flux expressed as a fraction of the total flux within the galaxy, measured by 
performing double-Sersic fits to the surface brightness profiles. Of the 68 nucleated galaxies observed as  part  of our 
previous HST survey, in only two cases do the NGVS data fail to correctly recover the nuclear parameters.

VI.2 The Identification of Virgo Members and the Galaxy Luminosity Function.

Measuring the faint end of the Virgo luminosity function is a primary science goals of the NGVS. A visual search for 
Virgo LSB galaxies, carried out independently by three NGVS team members in a 4 deg2 region centered on M87, 
has led to the identification of 400 new (likely) members down to MB ~ -7.5 mag. Some examples are shown in 
Figure 15. Extensive simulations are now being carried out in order to assess our completeness in constraining the 
faint end slope and normalization of the luminosity function. Extending these results to the entire survey area is 
contingent on the automation of an object detection algorithm capable of targeting objects spanning a range of 107 in 
luminosity and central surface brightness, as well as our ability to separate Virgo galaxies from background and 
foreground objects. The former issue has been discussed in §V, while the latter is being investigated using a three-
pronged approach. First, spectroscopic redshift measurements for a selected number of the brightest targets is being 
carried out using MMT/Hectospec (an effort led by Eric Peng) and is a key part of the science justification for a 
number of spectroscopic proposals that were submitted in the fall of 2010. Second, photo-zs are determined 
specifically to establish Virgo membership using an empirical, machine-learning method (effort led by Nick Ball). 
The method makes use of training sets built from the spectroscopic catalogues generated by the collaboration. 
Additional machine-learning techniques as well as unsupervised methods (k-means) are also being tested. Third, 
SBF measurements are being used to determination a simple “cluster membership statistic” for faint galaxies that 
lack sufficient signal in their power spectra for very accurate distance determination (effort led by S. Mei). 
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Figure 15. The panels to the right show newly discovered members of the Virgo cluster. The galaxies are part of a sample 
of  ~400 new Virgo cluster members identified in the four square degrees surrounding M87. In the scaling relations linking 
total magnitude to central surface brightness and Sersic index (shown in the figure to the left, from Cote et al. 2010), 
these galaxies are located in  the areas shown in green. The cyan points plotted in this region are the faint dwarf 
spheroidal companions of the Milky Way and Andromeda. Gray points are Virgo members known before the NGVS.

VI.3 Galaxy Interactions and the Intracluster Light.

The NGVS’ unique combination of areal coverage, spatial resolution, depth, and SED sampling (as well as the 
availability of ancillary data)  makes it possible to study features related to past mergers and interactions. Such 
tracers include:

1. Intracluster Light (ICL). On scales up to several hundreds kpc, the ICL arises from stars that are no longer bound 
to individual galaxies, but are rather “floating” in the overall cluster potential after being tidally stripped in galaxy 
interactions. The properties of the ICL are thus linked to both the dynamical evolution of the cluster and the 
distribution of dark matter (which largely defines the total gravitational potential).

2. Fine Structures. On scales of ~tens of kpc, fine structures (e.g., shells, tails and extended halos) surrounding 
individual galaxies trace their merger and accretion histories.

3. Star-forming knots. On kpc scales, UV-bright knots within tidal filaments are often the sign of star-formation 
associated with gas that has been ram-pressure stripped. These studies are benefiting greatly from the availability 
of Galex data in many of the NGVS fields.

4. Globular clusters. On scales of tens of parsecs or more, GCs can probe not only the nature and origin of 
intracluster stars, but also the dark matter distribution within the cluster (using kinematic data for GCs targeted in 
our spectroscopic follow-up programs). 
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Figure 16. A 2×1 deg2 region to the north of M87, as seen by the NGVS (left) and the Burrell Schmidt (right) from an 
independent program led by NGVS CoI Chris Mihos.

Figure 17. Examples of fine structures in the NGVS images. (Left) g-band surface brightness map of NGC 4660, showing a 
prominent tidal tail. (Middle)  g-band surface brightness map of  NGC 3490. The presence of shells and filaments around a 
spiral  galaxy of this sort is very unusual. (Right)  g-band surface brightness map of an early-type galaxy in Virgo. A true 
color image of the galaxy is superimposed in each panel.

The detection of very faint (μg ≳ 28 mag arcsec2) fine structures associated with galaxies and the ICL dictated the 
NGVS observing strategy (described in §II) and the development of the Elixir-LSB pipeline. The left panel of Figure 
16 shows a ~2×1 deg region to the north of M87 (the outer halo of M87 itself is visible in the lower left part of the 
image) as seen from g-band NGVS images; on the right, we show an image obtained with the Burrell Schmidt 
telescope as part of an independent study of the ICL in Virgo led by Chris Mihos. Note that the stellar haloes 
(discussed in §V) have not yet been subtracted from the NGVS image shown here. Nevertheless, the striking 
correspondence between the LSB structures seen in the two images (the faintest structures visible have μg ~ 28.5 
mag arcsec2) is a powerful demonstration of the effectiveness of the Elixir-LSB pipeline. The Burrell Schmidt 
images cover an area of 13.8 deg2 with 1.45 arcsec pixels; with the NGVS studies of the ICL will be extended to the 
entire cluster (104 deg2); furthermore, the exception spatial resolution of the data will allow us to search for tidal 
dwarfs, globular clusters, star forming knots and other small scale structures associated with the ICL.

Figure 17 shows examples of fine structures detected in the NGVS images (such as tidal tails, shells, and diffuse, 
irregular haloes; the detection of such features is led by Pierre-Alain Duc and his student, Etienne Ferriere). We are 
currently in the process of building a full census of such structures and determining their frequency and shape as a 
function of the properties of the parent galaxy and of environment (e.g., cluster centric distance, local density, etc). 
An analysis of the fine structures found within the brightest Virgo galaxies is well underway, and an ApJ paper on 
this work should be submitted in early 2011.
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VI.4 Intracluster Globular Clusters.

Establishing a reliable cluster membership probability for each of the (nearly star-like)  GCs in the NGVS is 
challenging. This is especially true for the isolated GCs (i.e., where the surface densities are small, ~0.01 arcmin-2) 
that are the best candidates for having an intergalactic origin. The identification of these intracluster globular cluster 
(IGC)  candidates using broadband colors is a crucial first step in order to remove as many contaminants (foreground 
stars and unresolved background galaxies) as possible. Efforts in this direction are proceeding through three separate 
routes. 1)  P. Durrell (and students)  are employing a technique that selects IGC candidates from DAOPhot 
photometry of point-like sources in ugz images. Application of this technique to the central fields in the Virgo cluster 
has revealed an excess of points sources ~200 kpc away from M87. 2)  A. MacConnachie has developed a growth 
curve technique that is able to effectively separate foreground stars and Virgo GCs from background galaxies for 
objects brighter than i~24 mag (Figure 18, left). SExtractor photometry of point sources on gi images of ~80 squares 
degrees of NGVS data has shown an excess of GC counts throughout the cluster (Figure 18, right panel; an ApJ 
paper describing this work should be submitted in early 2011). 3) The most unambiguous way to identify IGCs is 
through radial velocities. As part of our MMT/Hectospec project, we have obtained velocities for hundreds of GCs 
in the M87 and M49 regions; several objects, located >600 kpc from M87, indeed appear to be “true” IGCs, i.e. 
unbound to any bright nearby galaxy. 
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Figure 18. (Left)  A color-magnitude diagram of the central  NGVS field, containing all objects identified as stellar based 
on  our curve of growth analysis. The vertical sequence at  g-i~0.3 corresponds to the main-sequence turn off region of halo 
stars along our line of sight. The large vertical  plume visible at  g-i~0.8 identifies Virgo globular  clusters. The colored  
points  overlaid correspond to M31 clusters shifted to the distance of  Virgo. (Centre)  The spatial  distribution of GCs in 
Virgo, selected based  on broad color  cuts in all  NGVS fields with available g and i-band data as of August 2010 (units on 
the axes are degrees away from M87). The main concentrations of GCs around the largest galaxies are obvious: the three 
regions with the highest  concentration coincide with  M87, M49 and M60. The diffuse, non-zero background level is also 
noticeable, and  likely reflects the distribution of  intracluster globular clusters. (Right)  The spatial distribution of  586 
newly confirmed GCs around M87 and neighboring regions, based on our MMT/Hectospec follow-up campaign. The 
clusters are color coded according to their velocity relative to M87 (blue is approaching, red is receding).  The numbers 
correspond to VCC galaxies.  The spectroscopically confirmed GCs are distributed over a region of  hundreds of 
kiloparsecs, including 5 GCs at >600 kpc to the South of M87, and equally distant from the Virgo BCG M49. These are 
some of  the first  truly intergalactic GCs confirmed with  spectroscopy.  Together with previously published catalogs of GCs 
(all within 30 kpc), there are now nearly 900 GCs with velocities in the Virgo core.  We are now using these data to study 
the dynamics of the M87 halo, the mass distribution in the core, and the velocity field of the cluster.
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VI.5 The Kuiper Belt Object Population.

The NGVS KBO project is being conducted as the central component of the PhD thesis of Ying-Tung Chen (NCU, 
Taiwan).  Twenty-six new trans-neptunian objects (TNOs) and one centaur were detected in the 2009A imaging data; 
analysis of the 2010A data is currently underway. 

A preliminary characterization of the NGVS 
TNOs luminosity function indicates a slope in 
good agreement with previous determinations, 
which can be taken as a measure of quality 
assurance. Most importantly, 25 out of the 26 
TNOs detected in 2009A have been re-
observed in 2010A, a very high recovery rate 
for TNO survey projects. The orbital 
eccentricity is plotted against orbital semi-
major axis in the figure to the left; the 
preliminary orbit of the one TNO that has 
been lost is shown in green in the figure.  The 
complete sample of TNOs detected as part of 
the Canada-France Ecliptic Plane Survey 
(CEPS) is also shown by the lighter dots in the 
figure.  The NGVS TNO orbit sample provides 
an excellent complement to the CFEPS 
sample, directly probing a higher inclination 

population than the main CFEPS sample and providing sensitivity to more distant and smaller TNOs.  Evidence of 
this complementary nature is proven by the fact that one NGVS TNO (of 25 currently being tracked) is provisionally 
in the 5:1 resonance compared to 1 CFEPS TNO (of 188 tracked sources)  also in this resonance.  Such 
complementary between the two surveys will permit a more precise modeling of the resonance structure of the 
Kuiper belt, an important tracer of planetary migration. 

Finally, we note that two of the TNOs detected in the NGVS sample have very short arcs in both the 09A discovery 
epoch and the 10A recovery epoch, resulting in large orbital parameter uncertainties.  At this time, 3 of the detected 
TNOs have elements that are consistent with the 2:1 MMR with Neptune (a key target population for this survey), 
however, the entire sample will be re-observed in 11A, to further refine the orbital elements prior to classification. 

VI.6 Additional Efforts.

Significant efforts, not discussed in detail above, are also been carried out in the following science area: 

• Determination of Surface Brightness Fluctuation Distances. The measurements of distances through application of 
the SBF method depend on having accurate characterizations of the 2D galaxy light profiles, globular cluster and 
background source luminosity functions, and the local PSFs. While these efforts are on-going, the SBF analysis code 
is being adapted and modified to suit the NGVS data. We expect to be able to determine SBF distances to 200+ early 
type galaxies in Virgo (the largest sample of accurate SBF distances within this region), thus enabling a detailed 
analysis of the three-dimensional structure of Virgo, subgrouping and infall, and providing useful information on the 
local environments of individual galaxies. 
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• Structure in the Galactic Halo. The NGVS survey area is located in 
the direction of the two most remarkable features in the Galactic halo: 
the Virgo Overdensity and the Sagittarius Stream. The density of halo 
stars in a color-magnitude diagram, derived from 5 deg2 of NGVS 
data, is shown to the left. The darker feature corresponds to the main 
sequence and associated turnoff of the Sagittarius Stream; the cyan 
line is an isochrone for a 10 Gyr, [Fe/H=-1.0] population at 40kpc. 
Spectroscopic follow-up of the Virgo Overdensity and the Sagittarius 
Stream are undergoing at the MMT; additional proposals have been 
submitted at the AAT and VLT. Finally, a search for concentrated 
overdensities of halo stars that are candidates for new satellites (either 
globular clusters or dwarf galaxies) is underway.

• Detection of High-Redshift Galaxy Clusters. Several new clusters have been identified in the 0.3 < z < 1.0 redshift 
range in the inner four square degrees for which r-band images are available; a cluster at z ~ 1 has been tentatively 
identified from a combination of NGVS and WIRCam images obtained as part of our NIR follow-up. For the 
remaining 100 square degrees, the completeness and purity of the cluster sample is compromised by the lack of r-
band data. By including the 4000 Å break, r-band is particularly important for the identification of clusters in the 
0.4≲z≲0.8 range.

• Cosmic Shear. The weak lensing analysis is performed on individual exposures, rather than on stacks, and relies on 
an independent data processing performed with the THELI pipeline (Erben et al. 2005). Photometric redshifts are 
determined using the BPZ template code, while the shear estimation employs the LENSFIT Baysian algorithm. BPZ 
and LENSFIT have been applied to the four square degrees of NGVS data centered on M87 (for which all five 
photometric bands are available), demonstrating the feasibility of the measurements. Extending the analysis to the 
full survey area requires at least shallow r-band coverage, in order to constrain photometric redshifts.

VII. Follow-up Programs and External Collaborations.

The following NGVS follow-up projects have been approved and are in various stages of completion:

• Our MMT/Hectospec spectroscopic follow-up program (PI = E. Peng) was allocated 2.5 nights in 2009A and 4 
nights in 2010A. The project has produced velocities for ~3800 objects in the M87 and M49 regions, including 
~600 globular clusters, 1100 halo stars and 2100 galaxies. 

• The CFHT/WIRCam K-band followup of the M87 region (PIs = Thomas Puzia and Ariane Lancon) was allocated 
36 hours in the A-queue in 2009B and 2010A. The program is 81% complete. The project webpage is: https://
www.astrosci.ca/users/puziat/NGVS-IR/NGVS-IR.html.

• The 28 KBOs discovered in the 2009A have been followed up with a combination of 2010A NGVS data, and 
dedicated projects at CFHT (PI = JJ Kavelaars), Magellan (PI = A. Jordan) and Gemini (PI = JJ Kavelaars). 

• A GALEX followup proposal (GUViCS, PI = A. Boselli)  has been awarded 126 ksec to complete the coverage of 
the Virgo cluster at UV wavelengths. Data acquisition is underway.

In addition, the following projects have been submitted and are under evaluation:
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• A MeerKAT Legacy proposal (PI = W. van Driel) has been submitted that asks for more than 1000 hours to obtain 
deep HI observations of the entire NGVS footprint. A decision on this proposal is expected late in 2010. 

• Several spectroscopic followup proposals (targeting a variety of tracers with different magnitudes, surface 
brightnesses, etc) have been submitted for the AAT (AAOmega, 5 nights, PI = P. Cote), VLT (FLAMES, 24 hours, 
PI = E. Peng), VLT (VIMOS, 37 hours, PI = E. Emsellem), and Magellan (IMACS, 3 nights, PI = A. Jordan).

The NGVS has formed an active collaboration with the GASS team. GASS (GALEX Arecibo SDSS Survey) is a 
targeted HI survey of ~1000 massive galaxies at redshifts 0.025 < z < 0.05. The NGVS will provide optical images 
for the ~300 GASS galaxies within the NGVS footprint. The collaboration was sought out by the GASS team and is 
a testament to the emerging legacy value of the NGVS. 

Finally, we are in the process of establishing a collaboration with the ATLAS3D team. ATLAS3D, a project using the 
SAURON instrument at the WHT to obtain integral field spectroscopy of a magnitude and volume limited sample of 
(mostly)  early-type galaxies, has observed ~70 galaxies within Virgo. The combination of ATLAS3D and NGVS data 
will enable a detailed study of the stellar and gas kinematics and stellar populations of bright early-type galaxies.

VIII. Students and Postdoctoral Fellows Participation in the Survey.

There are currently thirteen students and ten postdoctoral fellows who are involved, to various degrees, in the 
analysis of NGVS data: 

• Katy Accetta, undergraduate student, Youngstown State University (with Patrick Durrell)
• Fabrizio Arrigoni Battaia, undergraduate student, Università di Milano (with Giuseppe Gavazzi)
• Maxime Bois, PhD student, ESO (with Eric Emsellem)
• Fred Boyer, undergraduate student, Youngstown State University (with Patrick Durrell)
• Michele Cantiello, Postodoctoral Fellow, INAF Osservatorio Astronomico di Teramo
• Charles Chien, PhD student, IANCU & HIA (with JJ Kavelaars)
• Tom Connor, undergraduate student, Case Western University (with Christopher Mihos)
• Olga Cucciati, Postdoctoral Fellow, Laboratoire d’Astrophysique de Marseille
• Nick Ball, Postdoctoral Fellow, NRC/HIA (sponsored by CANFAR)
• Sebastien Fabbro, Postdoctoral Fellow, University of Victoria (sponsored by CANFAR)
• Etienne Ferriere, PhD student, CEA (with Pierre-Alain Duc)
• Jennifer Goldin, PhD student, McMaster University (with Christine Wilson)
• Hendrik Hildebrandt, Postdoctoral Fellow, UBC (sponsored by a Marie Curie Fellowship)
• Lauren Kahre, undergraduate student, Case Western University (with Christopher Mihos)
• Chengze Liu, Postdoctoral Fellow, Beijing University (with Eric Peng)
• Lauren MacArthur, Postdoctoral Fellow, NRC/HIA (sponsored by CANFAR)
• Leo Michel-Dansac, Postdoctoral Fellow, Centre de Recherche Astrophysique de Lyon (with Eric Emsellem)
• Martha Milkeraitis, PhD student, UBC (with Ludovic van Waerbeke)
• Roberto Munoz, Postdoctoral Fellow, Observatoire Astronomique de Strasburg (with Ariane Lancon)
• Alex Parker, PhD student, University of Victoria & HIA (with JJ Kavelaars)
• Joel Roediger, PhD student, Queens University (with Stephane Courteau)
• Ryan Speller, PhD student, University of Waterloo
• David Woods, Postdoctoral Fellow, UBC (sponsored by CANFAR)

Three additional Postdoctoral Fellows, sponsored by an ANR grant, are presently being hired at Observatoire du 
Meudon (with Simona Mei), Laboratoire dAstrophysique de Marseille (with Alessandro Boselli), and CEA (with 
Pierre-Alain Duc).
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IX. Return to the Community.

The NGVS continues to provide a number of tangible benefits to the CFHT communities. These include:

• The development (by Billy Mahoney at CFHT) of “target groups” in the MegaCam PH2 templates;
• The development of Elixir-LSB (by J.-C. Cuillandre). In 2010A, four non-NGVS PI programs requested Elixir-

LSB processed data;
• The implementation of an artificial skepticism algorithm in the MegaPipe stacking pipeline, leading to stacks with 

10% higher S/N compared to the commonly adopted median stacks;
• The incorporation in both MegaPipe and Terapix pipelines of variance maps (as well as the more common weight 

maps) which account explicitly for Poisson noise;
• The development of non-local methods of background subtraction (such as MegaPipe’s “global” background 

frames) for Elixir processed frames;
• The implementation of PSF generation pipelines. These pipelines are fully automated and capable of generating 

position dependent PSFs for any stack. 
• Algorithms and tools for modeling (and subtracting) stellar haloes. 
• The CANFAR infrastructure.

In addition, the NGVS has led to the implementation of new observing tools that have, in turn, resulted in 
improvements to the (already efficient) queue operations at CFHT. The following is an excerpt from an (unsolicited) 
email sent in September 2010 by Todd Burdullis to Laura Ferrarese (reprinted with Todd’s permission):

“[...] NGVS is also being used as a great tool to improve the observatory. 
! Over the past few years, the very specific constraints for cirrus on NGVS have led 
to some new tools [...]  We now have a tool that links directly into our Qtools so 
that our observers can see the exact SkyProbe points for each exposures. It has really 
improved our overall data quality on all instruments by helping to better identify the 
exact points where cirrus moves in [...] In return the overall data quality we hand 
out to all PIs is a bit better.
! We have made a few improvements to our observing tool [for the NGVS]. Any Elixir-
LSB program gets displayed for the observer in a manner that forces them to send the 
observations in the right order. This tool turned out to be great for new OGs. [...] 
For the overall scheduling of Queue, when it comes to dynamic scheduling NGVS has been 
a great test case. It has really forced us to look forward beyond the semester level. 
[...] This has had a great impact near the semester boundaries for programs that have 
targets only visible near the beginning/ends of semesters. 
! All the daily progress reports and run summaries [which have been provided for the 
NGVS] have started being offered to some of the other Large Programs, and even a few 
PI programs. Some of the daily communication had really inspired better communication 
in general. 
! We are also going to have a new tool [...] to keep track of partial OGs. We will 
now be moving to a more visual web based system that will directly link to the QSO 
database, providing information that is accurate and much easier to read [...] really 
improving the observers effectiveness.”

X. Team Meetings and NGVS Presentations at International Meetings.

The NGVS Team has met twice to date: (1)  in October 2009 at l’Observatorie de Meudon near Paris and; (2) in July 
2010 at the Herzberg Institute of Astrophysics in Victoria. The next meeting is tentatively scheduled for late summer 
2011 at the Lorentz Center in Leiden. 

Science results from the NGVS have or will be the topic of oral presentations at the following meetings: 
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• “A Universe of Dwarf Galaxies” (June 2010, Lyon, France. Presentation by P.A. Duc);
• “Central Massive Objects: the Stellar Nuclei - Black Hole Connection” (June 2010, Garching, Germany. 

Presentation by L. Ferrarese);
• “MODEST-10: Encounters and interactions in dense stellar systems – modeling, computing, and 

observations” (August 2010, Beijing, China. Presentation by P. Cote).
• “Early-type Dwarf Galaxies: Origin, Evolution, Characteristics” (October 2010, Heidelberg, Germany. 

Presentation by P. Cote)
• "IAUS 277: Tracing the Ancestors of Galaxies" (December 2010, Ouagadougou, Burkina Faso. Presentation by 

P.A. Duc)

The NGVS will be the focus of an invited Plenary Talk by L. Ferrarese at the January 2011 AAS Meeting in Seattle.

On a lighter note, two images from the NGVS will be featured in the 2011 Hawaiian Starlight CFHT/Coelum 
calendar.

XI. Publications.

Building a data reduction pipeline has taken two years of full-time efforts on the part of several NGVS CoIs. The 
data reduction pipeline is now in a mature stage and, with more than half of the survey area observed in g, i and z 
(and a quarter in u-band as well), we are consequently in a position to present the first science results in the coming 
year. Significant thought has been given to the scientific publications that will come from the NGVS, and the list of 
papers identified by the NGVS team is listed below. The first six are expected to be submitted by early 2011; the 
others will follow on somewhat longer timescales (i.e., some rely on full areal coverage). 

Papers in Preparation (to be submitted by early 2011):

1. Ferrarese, L. et al. 2011, “The Next Generation Virgo Cluster Survey I: Introduction to the Survey” 
2. Cuillandre, J.C. et al. 2011, “The Next Generation Virgo Cluster Survey II: Data Acquisition and Detrending 

Pipelines.” 
3. Gwyn, S. et al. 2011, “The Next Generation Virgo Cluster Survey III: Data Stacking, PSF Generation and 

Subtraction of Stellar Halos.” 
4. Chen et al. 2011, “The Next Generation Virgo Cluster Survey IV: First Results on the Orbital and Photometric 

Properties of Kuiper Belt Objects.” 
5. Duc, P.A. et al. 2011, “The Next Generation Virgo Cluster Survey V: The Fine Structure of Galaxy Halos in the 

Virgo Cluster.”
6. Peng, E. et al. 2011, “The Next Generation Virgo Cluster Survey VI: The Nature of the Virgo Overdensity and 

Sagittarius Stream from NGVS and MMT Data.” 

Future NGVS Papers (Divided by Topic). NOTE: Papers identified by a ⚠ need the shallow r-band coverage 
requested in §XII.

The Intergalactic Medium:
7. Duc, P.A. et al., 2012: “The Next Generation Virgo Cluster Survey: Evidence for Ram Pressure and Tidal 

Stripping in the Virgo Cluster.”
8. Ferriere, E., et al., 2012, “The Next Generation Virgo Cluster Survey: Tidal Features and Evidence of Past 

Mergers in Luminous Virgo Cluster Galaxies.”
9. Bournaud, F. et al., 2012, “The Next Generation Virgo Cluster Survey: Galaxy Mergers and Interactions: 

Comparison to Simulations.”
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10.  van Driel, W. et al., 2012, “The Next Generation Virgo Cluster Survey: The Optical Counterparts of HI Sources 
in the Virgo Cluster”

11. Mihos, C. et al., 2012, “The Next Generation Virgo Cluster Survey: The Structure of the Diffuse Intergalactic 
Medium in the Virgo Cluster”

12. Durrell, P. et al., 2012, “The Next Generation Virgo Cluster Survey: Discrete Tracers as a Probe of the 
Intergalactic Medium in the Virgo Cluster”

Galaxy Properties:
13. MacArthur, L. et al., 2012, “The Next Generation Virgo Cluster Survey: Galaxy Masses from SED Fitting: An 

Analysis of the Stellar Populations of Virgo Cluster Galaxies from Multi-Wavelength Data.”
14. Roediger, J. et al., 2012, “The Next Generation Virgo Cluster Survey: A Non-parametric Analysis of the Star 

Formation and Chemical Enrichment Histories of High-Mass Galaxies from 2D Maps.”
15. Ferrarese, L. et al., 2012, “The Next Generation Virgo Cluster Survey: The Color Magnitude Relation and a 

New Classification Scheme for Baryonic Structures in the Virgo Cluster.”
16. Cote, P. et al., 2012, “The Next Generation Virgo Cluster Survey: Photometric and Structural Scaling Relations 

in the Virgo Cluster: Global and Nuclear Relations.”
17. Peng, C., et al., 2012, “The Next Generation Virgo Cluster Survey: A Multi-Wavelength Photometric and 

Structural Analysis of M87.”

The Luminosity and Mass Function:
18. Ferrarese, L. et al., 2011, “The Next Generation Virgo Cluster Survey: Missing Satellites and the Luminosity 

Function in the Core of the Virgo Cluster.”
19. Ball, et al. 2012, “The Next Generation Virgo Cluster Survey: The Luminosity and Mass Functions of Baryonic 

Structures in the Virgo Cluster.”

Globular Clusters and Globular Cluster Systems:
20. McConnachie et al., 2011, “The Next Generation Virgo Cluster Survey: The Spatial Distribution of Globular 

Clusters in the Virgo Cluster based on the first two years of NGVS data.”
21. Durrell, P. et al., 2012, “The Next Generation Virgo Cluster Survey: The Spatial Distribution of Globular 

Clusters in the Virgo Cluster: Separating the Galactic and Intergalactic Components.” 
22. Lancon, A et al., 2012, “The Next Generation Virgo Cluster Survey: Color and Metallicity Distributions for 

Globular Clusters in the Virgo Cluster.”
23. Jordan, A. et al., 2012, “The Next Generation Virgo Cluster Survey: The Luminosity Function of Virgo Globular 

Clusters and the Dependence on Environment and Host Galaxy Properties.”
24. Peng, E. et al., 2012, “The Next Generation Virgo Cluster Survey: The Kinematics of Globular Clusters in the 

Virgo Cluster.”
25. McLaughlin et al., 2012, “The Next Generation Virgo Cluster Survey: Dynamical Modeling of the Virgo 

Cluster.”

Galactic Halo:
26. McConnachie, A. et al., 2012, “The Next Generation Virgo Cluster Survey: A Search for Halo Substructures in 

the Direction of the Virgo Cluster.”

Distance Scale and Cluster Structure:
27. Cantiello, M. et al., 2012, “The Next Generation Virgo Cluster Survey: Surface Brightness Fluctuation 

Distances for Virgo Cluster Galaxies.”
28. Blakeslee, J. et al., 2012, “The Next Generation Virgo Cluster Survey: The Three-Dimensional Stucture of the 

Virgo Cluster.”
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29. Mei, S. et al., 2012, “The Next Generation Virgo Cluster Survey: A Critical Comparison of Distance Indicators.”

Strong and Weak Lensing, Photometric Redshifts:
30. ⚠ Gavazzi, R. et al., 2013, “The Next Generation Virgo Cluster Survey: A Catalog of Strong Gravitational Lens 

Candidates.”
31. ⚠ Erben, T. et al., 2013, “The Next Generation Virgo Cluster Survey: Cosmological Constraints from Weak 

Lensing Analysis of the NGVS.”
32. ⚠ Hildebrandt, H. et al., 2013, “The Next Generation Virgo Cluster Survey: Galaxy-Galaxy Lensing in the 

NGVS”
33. ⚠ van Waerbeke et al., 2013, “The Next Generation Virgo Cluster Survey: A Study of the Intrinsic Alignment 

of Galaxies in the Virgo Cluster.”
34. ⚠ Woods, D. et al., 2012, “The Next Generation Virgo Cluster Survey: Photometric Redshift Estimation for the 

NGVS.”

Galaxy Clusters and Field Galaxies:
35. ⚠ Mei et al. et al., 2013, “The Next Generation Virgo Cluster Survey: Galaxy Clusters in the NGVS: Cluster 

Identification and Properties.”
36. ⚠ Mei, S et al., 2013, “The Next Generation Virgo Cluster Survey: Galaxy Clusters in the NGVS: Evolution of 

the Color-Magnitude Relation.”
37. ⚠ Huertas, M. et al., 2013, “The Next Generation Virgo Cluster Survey: Dependence of Field Galaxy 

Properties on Density, Environment and Redshift”

AGN and Supermassive Black Holes:
38. Peng, C. et al., 2013, “The Next Generation Virgo Cluster Survey: AGN Activity in Virgo Cluster Galaxies.”

The Kuiper Belt: 
39. Kavelaars, JJ et al., 2013, “The Next Generation Virgo Cluster Survey: Final Results on the Orbital and 

Photometric Properties of Kuiper Belt Objects.”

Catalogs and Databases:
40. MacArthur et al., 2011, “The Next Generation Virgo Cluster Survey: Object Detection and Characterization for 

the NGVS.”
41. MacArthur et al., 2013, “The Next Generation Virgo Cluster Survey: A Final Catalog of Baryonic Structures in 

the Virgo Cluster.”
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XII. Request for an Additional 5% Allocation.

We ask the SAC for an additional 5% (38.5 hours) time allocation for the NGVS, to be divided equally between 
Canada and France. This time will be used to cover the entire survey area (104 deg2)  with “shallow” (2×687s) r-
band exposures. If granted, our strong preference is for the time to be allocated in the 2012A (as opposed to the 
2011A) semester. The justification for our request is as follows.

Our original survey included 7×687s = 4809s r-band exposures in each field. Including overheads, 158.3 hours were 
needed to complete the r-band coverage of the cluster. In addition, 7.6 hours were requested for short (45s) r-band 
exposures to recover objects that saturate in the longer exposures. In our November 2009 report, we notified the 
SAC that all r-band exposures had to be put on hold following the loss of 77 hours in 2009A, one of the worst 
semesters on record in terms of weather. As a consequence, no r-band data have been obtained so far and, as will be 
explained below, no or little r-band data is likely to be taken before the end of the survey. 

Removing the r-band coverage was a difficult but necessary decision, and, of all de-scoping options available to us, 
it was deemed to be the one least damaging to the scientific value of the survey. The negative impact of the loss of 
the r-band coverage is nevertheless significant. There are three areas that are particularly affected:

1. The r-band is needed to measure photometric redshifts, especially in the 0.4≲z≲0.8 range (where r-band includes 
the 4000 Å break). The lack of accurate photo-zs affects all of the NGVS “background” science goals, and in 
particular weak lensing studies. At its completion, the NGVS will be the widest contiguous field ever observed at 
these depths, so weak lensing studies with the NGVS are not a simple duplication of the CFHTLS efforts.

2. The lack of r-band compromises the ability to detect high redshift clusters using the red sequence technique, 
particularly in the range 0.4≲z≲0.8. For these studies, the advantage of the NGVS, compared for instance to the 
RCS2, is that for the more massive clusters the depth and spatial resolution of the NGVS data will enable weak 
lensing measurements.

3. In the Virgo cluster, the characterization of low surface brightness (g~28-29 mag arcsec2) intracluster light (ICL) 
features, tidal tails and diffuse filaments is best performed in the g and r-bands (fringing prevents us from 
reaching very faint levels in i and z, and the predominantly old ICL stellar populations mean that the ICL is 
intrinsically very faint in u). The greatest challenge in the study of the ICL is the characterization of artifacts and 
systematics at a level that is only a fraction of a percent of the sky. The best way to achieve this is by independent 
confirmation of ICL features in two different bands. The study of the ICL and tidal debris is a key component of 
the NGVS, and one of the motivations behind our painstaking implementation of the Elixir-LSB reduction 
pipeline.

All of the above issues impact the science goals of the NGVS as approved by the LP TAC and ratified by the SAC 
and the Board. The revised survey plan we describe below, including the requested 38.5 hour allocation, would go a 
long way towards addressing them.

Addressing the issues above does not necessarily require the same observing strategy. Concerning issue #1, we have 
carried out an extensive set of tests, using both simulations and real data, that indicate that two “shallow” exposures 
per field, with total integration of ~1200 to 1500s (assuming ≲1 arcsec seeing) will constrain the photometric 
redshifts with an accuracy sufficient to salvage much of the background science: Figures 19 and 20 show that the 
addition of shallow r-band exposures decreases the incidence of catastrophic photo-zs failures by a factor three, and 
improves the photo-z accuracy by 25%, compared to the case in which no r-band data are available. The same 
exposures would also help with cluster detection (issue #2). Such exposures would, of course, need to be obtained 
over the full survey area. We have also studied the impact of having only two exposures to build the stacks, and 
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concluded that the loss resulting from incomplete coverage of the intra-chip gaps, as well as the imperfect cosmic 
ray rejection, is tolerable, since the frames would be not be used for object detections (which relies on the deeper 
images in ugiz. We note that the CFHTLS also initially observed and released data with only two r-band frames per 
field, see Erben et al. 2009). In passing, we also note that shallow exposures in r would improve our ability to use 
color-color diagrams to distinguish globular clusters in Virgo from foreground stars and background galaxies.

Issue #3, i.e. the study of ICL/diffuse features, requires full depth (4809s) exposures. However, some regions of the 
cluster (for instance, the M87 and M49 neighborhoods)  are of greater interest than others for these studies; in other 
words, although desirable, complete coverage of the survey area is not essential. Note that there are no seeing 
constraints on such exposures (i.e., the ICL is diffuse by its very nature and slight binning of the images is standard 
in such studies), although photometric conditions are still required.

After carefully considering all constraints, including ease of scheduling, impact on the legacy value of the 
survey, and scientific impact, the consensus within the NGVS team is that issues #1 and #2 should receive 
highest priority and be solved if at all possible. The additional 5% allocation envisioned by the SAC would 
allow us to achieve these goals. Fourteen of the NGVS fields already have suitable r-band data taken as part of our 
KBO follow-up project (additional data exist but they do not have the required S/N or image quality); 2×687s 
exposures (i.e. 2/7 of our original exposure time), over the remaining 98 fields, translate into 39.6 hours 
(including overheads). This exceeds the 5% allocation (38.5 hours) by a very small amount, which can easily 
be covered using the regular NGVS allocation. 

We note that the background science is a very significant component of the NGVS. A third of the NGVS CoIs and 
seven students and postdoctoral fellows are involved (in most cases exclusively) with the study of background 
clusters, strong and weak lensing. More specifically, weak lensing studies motivated Thomas Erben’s THELI 
reduction of the NGVS data and were an important factor in Terapix’ decision to join the survey. Eight (20%) of the 
papers listed is §XI rely on the ability to measure accurate photo-zs: 20% of the science output would therefore be 
enabled by a 5% time allocation. Canada and France participate equally in these efforts (the high-redshift cluster 
work is led by Simona Mei at Observatoire de Meudon, while the weak lensing efforts are led by Ludo van 
Waerbeke at UBC). We therefore ask the 5% allocation to be divided equally between Canada and France.

There are two reasons why we prefer not to use the 5% allocation to address issue #3. The first is that, while the 
study of background galaxies is severely compromised by the lack of r-band, some progress in the characterization 
of the ICL can still be made using g-band imaging (see §VI). Moreover, there are other mechanisms available for 
obtaining limited r-band data, specifically for the study of the ICL (note that the data existing in the archive is not 
suitable, because it was not taken in Elixir-LSB mode). Through our CoI, Jean-Charles Cuillandre, we plan to use 
snapshot conditions (seeing > 1.2 arcsec) to obtain full depth r-band coverage of selected parts of the cluster. We 
stress that this is not a prime time allocation: snapshot programs are executed when no other PI program can be 
scheduled and, as a consequence, snapshot time is not charged to any Agency. In other words snapshot programs do 
not compete with PI or LP time; moreover, in the past they have been very effective in increasing the efficiency of 
the queue by providing real time monitoring of the observing conditions. Note that snapshot data cannot be used to 
constrain photometric redshifts for two reasons: the seeing is inadequate and there is no chance we will be able to 
observe more than a few fields in snapshot mode (observing the entire cluster at full depth would require ~160 
hours, and only 10-20 hours per semester are available in this mode).  Limited r-band snapshot coverage over a few 
selected regions of the cluster would significantly enhance the study of the ICL component by providing 
confirmation for faint structures seen in the g-band images (often detected at the 1-2 sigma level) and, for the 
brighter features, by providing a color to constrain the stellar population and test nearby galaxies as the source of the 
ICL. 
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Figure 19. Comparison between photometric redshifts derived from (on the y-axis) ugriz data with full depth (4908s) r-
band  exposures against (on the x-axis, from left to right) ugiz  data (i.e. no r-band); ugriz  data with 1374s r-band 
exposures, and ugriz data with 2748s r-band exposures. The comparison was made using data from the 2008A NGVS 
“Pilot Project”, which targeted four square degrees in ugriz, at full depth. For the experiment, the r-band images 
(7×687s exposures) were re-stacked using only two (middle panel) and four (right panel) of the seven exposures. The test 
was  carried out by David Woods using BPZ (Bayesian Photometric Redshifts – Benitez 2000), but other codes produced 
similar results. The global  photo-z accuracy (defined as σ(Δz/(1+ztrue)) = 1.48 × median(|Δz|/(1+ztrue)); where ztrue is   
here taken as the redshift derived using the full dataset) and catastrophic errors (defined as Δz/(1+ztrue) > 0.15) are: 
1) No r-band data:        	
 accuracy: 0.016; catastrophic errors: 4.2%
2) t=1374s r-band data:   accuracy: 0.012; catastrophic errors: 1.6%
3) t=2748 r-band data:    accuracy: 0.010; catastrophic errors:  0.5%
Using 1374 r-band exposures improves the accuracy of  the photo-zs (compared to the case where no r-band data exist) by 
~25%; while catastrophic errors are reduced by almost  a factor three. The improvement is particularly significant in  the 
0.4 ≲ z ≲ 0.8 range. Longer exposures further reduce the scatter, although the improvement is not as dramatic.

Figure 20. Effects of increasing the depth of the r-band exposure on the photo-z. From left to right, the panels show the 
comparison between input (model) photo-zs and recovered photo-zs with no r-band exposures, 600s r-band exposures, 
and 4800s (full  depth) r-band exposures. [Exposures in the other filters  are taken to be full  depth.] The global photo-z 
scatter an completeness for i<24.5 are (from left to right): 
1) scatter = 0.034;  completeness = 60.1%
2) scatter = 0.029; completeness = 75.6%
3) scatter = 0.027; completeness = 77.2%
The plots were produced by Hendrik Hildebrandt using a simulated data set. In real  datasets, the scatter is expected to be 
~30-40% larger, but the relative comparison between the different scenarios should be realistic. The improvement  in 
going from no r-band data to shallow r-band data is evident not  only in the decreased scatter, but also in the outlier rate, 
which decreases by 20% in the case of  shallow r-band data compared  to the case in which no r-band are available. 
Deeper r-band exposures further improve the reliability of  the photo-zs, but  not as dramatically (for instance, the outlier 
rate decreases by less 10% compared to the case with  shallow r-band exposures). Given the fact that absolute 
photometric calibration  becomes more important for photo-z accuracy when fewer bands are available, the improvement 
in going from no r-band data to shallow r-band data is likely to be even more pronounced than shown here.
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 1) no r-band  2) t(r)=1374s  3) t(r)=2748s

 1) no r-band  2) t(r)=1200s  3) t(r)=4800s



To summarize, the combination of the 5% allocation and the few hours we expect will be available in snapshot mode 
would allow us to: (1)  restore the background science of the survey; and (2) produce a detailed study of the ICL in a 
few carefully selected regions of the cluster. Although this strategy still falls short of the original survey plan, it 
would go a long way towards restoring the legacy value of the survey and maximizing its science returns.

We wish to conclude this request with two additional points. The first concerns scheduling constraints. As mentioned 
in §II, the NGVS was designed to allow for flexible scheduling. Before proceeding with the 5% additional time 
request to the SAC, we asked Todd Burdullis to run some scenarios and estimate the impact on queue scheduling of 
an additional 38.5 hours of r-band data in ≲1 arcsec seeing conditions. Todd estimated that the impact will be 
minimal and the extra allocation can be easily fitted within the queue. The reason for this is that r-band data under 
the conditions proposed can be scheduled very efficiently (the median seeing in r is 0.8 arcsec, the data can be 
obtained in a wide range of moon phases, and the regular NGVS allocation is not putting very stringent constraints 
on the gray/bright time). Following Todd’s suggestion, however, we ask to postpone this allocation, if awarded, until 
the last semester of operation: 2012A. The reason is that gray/bright time pressure from the main survey in 2012 
will be lower than in 2011, further easing the constraints on the queue scheduling and allowing for maximum 
efficiency in the use of the time.

The final point concerns the possibility that shallow r-band coverage of the cluster could be obtained using the 
regular NGVS time allocation. As explained in the previous sections, u, g, i and z-band coverage will be given 
priority for the remainder of the survey. In order to be able to complete coverage in these filters and be left with 39.8 
hours to devote to the r-band, the survey would need to reach 89% completion in both 2011 and 2012. This is 
unlikely (the expected completion rate of Large Programs, by design, is 75%). If a higher completion rate is 
achieved, however, we will continue to obtain r-band exposures over the entire survey area, working towards the 
survey original goal, i.e. 4809s coverage in r at ≲1arcsec seeing. Exposures deeper than 1374 seconds will further 
improve the accuracy of the photometric redshifts and even allow us to expand the study of the ICL beyond the 
central fields. We note that, even with the 5% allocation, the survey’s original goals cannot be completely restored: 
even at 100% completion in 2011/2012, and with an additional 5% allocation, we would still conclude the survey 
~35 hours short of the original allocation.
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XIII. List of Co-Investigators.

The following is a list of NGVS Co-Investigators. A ✭ identifies CoIs invited to join after the survey was 
approved.

Chantal Balkowski (Observatoire de Paris, GEPI, France) 
Michael Balogh (University of Waterloo, Canada) 
John Blakeslee (NRC Herzberg Institute of Astrophysics, Canada) NGVS Team Leader, The Distance Scale and the 

Structure of Virgo
Samuel Boissier (Laboratoire d'Astrophysique de Marseille, France) 
Alessandro Boselli (Laboratoire d'Astrophysique de Marseille, France) NGVS Team Leader,  Coordination with 

Multi-Wavelength Surveys
Frederic Bournaud (Laboratoire AIM, CEA-Saclay, France) 
Claude Carignan (Universite de Montreal, Canada)
Ray Carlberg (University of Toronto, Canada)
Scott Chapman (Cambridge University, UK) 
Patrick Cote (NRC Herzberg Institute of Astrophysics, Canada) NGVS Team Leader, Galaxy Scaling Relations, 

Structural Parameters and Stellar Nuclei
Stephane Courteau (Queen's University, Canada) NGVS Team Co-Leader, Internal Dynamics of Virgo Galaxies, 

Team Leader, Stellar Populations of Virgo Galaxies.
✭ Jean-Charles Cuillandre (CFHT, USA)
Tim Davidge (NRC Herzberg Institute of Astrophysics, Canada)
Serge Demers (Universite de Montreal, Canada) 
Pierre-Alain Duc (Laboratoire AIM, CEA-Saclay, France)  NGVS Team Co-Leader, Galaxy Interactions and the 

Intracluster Light
Patrick Durrell (Youngstown State University, USA) NGVS Team Co-Leader, Galaxy Interactions and the 

Intracluster Light
Eric Emsellem (Centre de Recherche Astrophysique de Lyon, France, and ESO, Germany) NGVS Team Co-Leader, 

Internal Dynamics of Virgo Galaxies
✭ Thomas Erben (University of Bonn, Germany)
Laura Ferrarese (NRC Herzberg Institute of Astrophysics, Canada)  NGVS PI, Team Leader, The Luminosity  and 

Mass Function of Baryonic Structures in Virgo
Giuseppe Gavazzi (Universita’ degli Studi di Milano) 
Raphael Gavazzi (Institut d’Astrophysique de Paris, France) 
Stephen Gwyn (NRC Herzberg Institute of Astrophysics, Canada) 
Henk Hoekstra (Universiteit Leiden The Netherlands, ) 
✭ Patrick Hudelot (Institut d’Astrophysique de Paris, France) 
✭ Marc Huertas-Company (Observatoire de Paris, GEPI, France) - galaxy morphology, galaxy clusters.
✭ Olivier Ilbert (Laboratoire d'Astrophysique de Marseille, France)
Andres Jordan(Pontificia Universidad Catolica, Chile) NGVS Team Co-Leader, Globular Clusters and UCDs
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✭ JJ Kavelaars (NRC Herzberg Institute of Astrophysics, Canada) NGVS Team Leader, The Kuiper Belt Object 
Population

Ariane Lancon (Observatoire astronomique de Strasbourg, France)
Alan McConnachie (University of Victoria, Canada) NGVS Team Leader, The Structure of the Galactic Halo
Dean McLaughlin (Keele University, UK) 
Simona Mei (Observatoire de Paris, GEPI, France) NGVS Team Leader, High Redshift Clusters
Yannick Mellier (Institut d’Astrophysique de Paris, France)
Chris Mihos (Case Western Reserve University, USA)
Chien Peng(NRC Herzberg Institute of Astrophysics, Canada) NGVS Team Leader, Active Galactic Nuclei
Eric Peng (Peking University, China) NGVS Team Co-Leader, Globular Clusters and UCDs; Team Leader, 

Dynamics of  the Virgo Cluster and Globular Cluster Systems
Thomas Puzia (NRC Herzberg Institute of Astrophysics, Canada) 
Marcin Sawicki (Saint Mary’s University, Canada) 
David Schade (NRC Herzberg Institute of Astrophysics, Canada) 
Luc Simard (NRC Herzberg Institute of Astrophysics, Canada) 
James Taylor (University of Waterloo - Canada)
John Tonry (Institute for Astronomy, University of Hawaii) 
Brent Tully (Institute for Astronomy, University of Hawaii) 
Wim van Driel (Observatoire de Paris, GEPI, France) 
Ludo van Waerbeke (University of British Columbia, Canada), Team Leader, Weak and Strong Lensing
Bernd Vollmer (Observatoire astronomique de Strasbourg, France) 
Christine Wilson (McMaster University, Canada) 
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