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Fig. 1.— The chosen CFHT tiling pattern of the region around M31 (on which the coordinates are centered) is displayed, with the
colors marking the year of observation of the i-band images from 2003 to 2010, as indicated in the legend. The g-band data have an almost
identical tiling pattern and temporal (observing year) distribution. Each tile represents a CFHT/MegaPrime field. The inner red ellipse
represents a disk of inclination 77� and radius 1�.25 (17 kpc), the approximate edge of the “classical” regular stellar disk. This same ellipse
is reproduced in the image insert on the top left, a view of M31 constructed from Palomar photographic plates.

survey. This can be appreciated in Fig. 3, where we dis-
play the limiting magnitude in the g- (left panel) and
i-band (right panel). The median (5-�) depth is 26.0 in
the g-band and 24.8 in the i-band. With only a few ex-
ceptions, the chosen exposure times for the observation
of these fields were 3⇥ 450s in both the g and i bands.

The queue mode observations ensure reasonably good
photometric calibration of the data, as the camera is typ-
ically operated for a “run” lasting several weeks, during
which time a substantial number of photometric stan-
dards are observed at varying airmass. The transparency
during the night is also monitored. The data products
from the CFHT pre-processing pipeline “Elixir” (Mag-
nier & Cuillandre 2004) thus include de-biassing, flat-

fielding and an estimate of the photometric zero-point
for each observation.

The pre-processed CFHT images were passed through
the Cambridge Astronomical Survey Unit (CASU)
pipeline (Irwin & Lewis 2001), as discussed in Paper I.
The software combines the individual exposures, and
then proceeds CCD by CCD, detecting sources and mea-
suring their photometry, image profile and shape. Based
upon the information contained in the curve of growth
(for each CCD), the algorithm classifies the objects into
noise detections, galaxies, and probable stars. As in Pa-
per I, we select objects with classifications of either -1 or
-2 in both g and i, which includes point-sources up to 2�
from the stellar locus.

McConnachie et al. (2009)	
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And XXI	


MV = –9.9±0.6 	


rh = 990±160 pc
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Figure 2. Left panel: spatial distribution of stellar sources around And XXI. Small dots represent all stars in the PAndAS survey whereas large dots correspond to
likely RGB stars of the dwarf galaxy, selected within the dashed box shown on the CMD of the middle panel. These stars are clearly clumped into an overdensity of
stars. MegaCam CCDs are shown as dashed rectangles and white regions correspond to holes in-between CCDs or holes in the survey. Open circles correspond to
regions that are lost to the survey due to the presence of saturated bright stars. The central dashed ellipse corresponds to the region within two half-light radii of the
dwarf galaxy, assuming the structural parameters listed in Table 1. Right panels: color–magnitude diagrams within two half-light radii of And XXI (middle panel)
and, for comparison, of a field region at a distance of ∼20′ covering the same area after correcting from gaps in the survey coverage (rightmost panel). The galaxy’s
RGB is clearly visible as an overdensity of stars with 0.8 ! g − i ! 1.5 and i " 21.2 that does not appear in the reference CMD.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 2 but for And XXII. Although this system is much fainter, it still appears as a spatial overdensity of stars (left panel) that are aligned along a
RGB in the CMD (middle panel), a feature that does not appear in the reference CMD (right panel).
(A color version of this figure is available in the online journal.)

Both systems appear as overdensities of stars on the sky, as is
visible in the left panels of Figures 2 and 3. These stars are also
aligned along a RGB that would be at, or close to, the distance
of M31 or M33. The color-magnitude diagrams (CMDs) within
2 half-light radii of the dwarfs (determined in Section 3.3) are
shown in the middle panels of these figures and, when compared
to the CMD of reference fields chosen in an annulus covering

the same area at a distance of ∼20′ from the dwarfs’ centers
(right panels), indeed reveal an alignment of stars that follow
the typical shape of a RGB. Isolating these stars enhances the
contrast of the overdensity of stars on the sky (large symbols in
the left panels).

And XXI is typical of the relatively bright dwarf galaxies
that we have found before (such as And XV or And XVI).
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And XXII	


MV = –6.5±0.8	


rh = 230±80 pc

Two examples in PAndAS

760 MARTIN ET AL. Vol. 705

Figure 2. Left panel: spatial distribution of stellar sources around And XXI. Small dots represent all stars in the PAndAS survey whereas large dots correspond to
likely RGB stars of the dwarf galaxy, selected within the dashed box shown on the CMD of the middle panel. These stars are clearly clumped into an overdensity of
stars. MegaCam CCDs are shown as dashed rectangles and white regions correspond to holes in-between CCDs or holes in the survey. Open circles correspond to
regions that are lost to the survey due to the presence of saturated bright stars. The central dashed ellipse corresponds to the region within two half-light radii of the
dwarf galaxy, assuming the structural parameters listed in Table 1. Right panels: color–magnitude diagrams within two half-light radii of And XXI (middle panel)
and, for comparison, of a field region at a distance of ∼20′ covering the same area after correcting from gaps in the survey coverage (rightmost panel). The galaxy’s
RGB is clearly visible as an overdensity of stars with 0.8 ! g − i ! 1.5 and i " 21.2 that does not appear in the reference CMD.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 2 but for And XXII. Although this system is much fainter, it still appears as a spatial overdensity of stars (left panel) that are aligned along a
RGB in the CMD (middle panel), a feature that does not appear in the reference CMD (right panel).
(A color version of this figure is available in the online journal.)

Both systems appear as overdensities of stars on the sky, as is
visible in the left panels of Figures 2 and 3. These stars are also
aligned along a RGB that would be at, or close to, the distance
of M31 or M33. The color-magnitude diagrams (CMDs) within
2 half-light radii of the dwarfs (determined in Section 3.3) are
shown in the middle panels of these figures and, when compared
to the CMD of reference fields chosen in an annulus covering

the same area at a distance of ∼20′ from the dwarfs’ centers
(right panels), indeed reveal an alignment of stars that follow
the typical shape of a RGB. Isolating these stars enhances the
contrast of the overdensity of stars on the sky (large symbols in
the left panels).

And XXI is typical of the relatively bright dwarf galaxies
that we have found before (such as And XV or And XVI).
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Automating the dwarf galaxies search

๏Automated search:	


• Mv>–6.5 candidate dwarf galaxies	


• completeness function as f(X,Y,rh,[Fe/H],m-M,…)	



→ to "observe" simulations	



!

๏ Full statistical analysis of spatial + CMD information	


• Accounting for varying MW foreground contamination, very 

structured M31 “contamination”

Martin et al. (2013b)



Automating the dwarf galaxies search
Martin et al. (2013b)
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Figure 5. Top panel: stellar density of point sources in the M31 RGB box over
the PAndAS footprint. M31 is at the center of the map and M33 is visible in the
bottom left corner. Multiple stellar streams also appear in the M31 halo, even
though they are dominated by the contamination from the foreground MW. That
contamination severely increases toward the north, which mainly corresponds
to the axis of increasing Galactic latitude. Middle panel: stellar density of the
MW CM contamination model, integrated over the M31 RGB selection box.
The model replicates the behavior of the MW foreground contamination visible
in the top panel. Bottom panel: residuals between the data and the model,
highlighting the fine ability of the model to account for the MW contamination.
(A color version of this figure is available in the online journal.)

main-sequence stars whose density increases much more
sharply than, for instance, that of MW halo stars. Thin disk
stars to the red of this sequence show high but lower values
of β, a likely consequence of these stars being closer, and
thus showing a milder density increase toward the Galactic
plane.

3. γ (g − i, i) corresponds to the normalization of the contam-
ination model and, as such, traces changes in the global
density. The corresponding panel of Figure 4 consequently
shows known CMD structures: the MW halo main se-
quence, the thick disk main sequence, the bulk of fore-
ground thin disk stars piling up in the region 2.0 < g − i <

Figure 6. Realizations of the MW CM contamination pdf, P CM
cont,MW(g −

i, i|X0, Y0), for three arbitrary locations in the survey. The pdfs are normalized
to unity over the M31 RGB selection box, leading to changes in the relative
importance of the model features.
(A color version of this figure is available in the online journal.)

3.0, and even a hint of the population of misidentified back-
ground compact galaxies which appears at the faint end of
the survey, at (g − i, i) ∼ (1.0, 24.0).

The power of building such a model for the contamination
is that it can now be included in the analytic expression of the
global model of stellar populations present at any location of
the PAndAS footprint. However, in order to test its quality,
it is possible to do a simple and crude subtraction of the
contamination model integrated over the M31 RGB box from
PAndAS star-count maps. The corresponding maps of the
PAndAS data, model, and resulting residuals are displayed
in Figure 5. The residual map exhibits a flat and negligible
background level over which M31’s stellar streams and dwarf
galaxies become very prominent, indicative of an adequate
modeling of the MW contamination.

For any location (X0, Y0) in the PAndAS footprint, it is now
possible to use the values of Σ(g−i,i)(X0, Y0) at all relevant
(g − i, i) and build the contamination model CMD at this
particular location. By ensuring that the model is normalized
such that the integral of the model is unity over the M31 RGB
box, it can be interpreted as the pdf of the contamination for
this location, P CM

cont,MW(g − i, i|X0, Y0). Examples of such pdfs
are displayed in Figure 6 for an arbitrary choice of locations
which exemplify the changes in the contribution of respective
contaminants (MW thin and thick disks, MW stellar halo, etc.)
over the PAndAS footprint. Despite our best effort at only
selecting the outskirts of the PAndAS footprint in region C, and
carefully masking out stellar streams and dwarf galaxies, there is
still a hint of an M31 RGB stellar population in the two rightmost
panels of Figure 6, when the contamination by red, disk stars
does not dominate. This feature in the CMDs demonstrates that
there is no truly M31-free region in PAndAS (see also R. A.
Ibata et al., in preparation), but it only has a marginal effect
on the search for dwarf galaxies as it effectively means that
a small fraction of the M31 stellar halo contamination model
(see below) is already accounted for in the MW contamination
model; this has little impact on the dwarf galaxy part of the
model.

The M31 CM stellar halo contamination models. To repre-
sent the CM distribution of M31 stellar halo stars, we build
isochrone-driven models that are similar to the ones described
above for dwarf galaxies, except that we make them broader to
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Invisible PAndAS dwarf galaxies?
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Figure 9. Significance distribution for the region around And XI–XIII. The
black line represents the histogram of pixel significance values for the final
algorithm, whereas the gray histogram corresponds to the significance values
when the priors on log10(N∗) and rh are substituted with a flat prior. In the latter
case, the tail of high-significance values becomes evident at larger S values. The
threshold signal value, Sth, chosen for this region is shown by the red arrow.
(A color version of this figure is available in the online journal.)

most of the very metal-rich stars are in fact too red for the
M31 RGB box tailored for the metal-poor dwarf galaxies.

3. [Fe/H]dw samples a regular grid at the metal-poor end of
the metallicity range, from [Fe/H] = −2.3 until [Fe/H] =
−1.1, with steps of 0.3 dex.

4. rh is tested from 0.′5 to 4.′0 with steps of 0.′7, spanning the
range of most Andromeda satellites, except for the larger
ones. Going beyond rh = 4.′0 would also be a waste of time
given how penalizing our prior on rh is for such systems.
Although there are known M31 dwarf galaxies with half-
light radii larger than 4.′0 (McConnachie 2012; Martin et al.
2013), the algorithm is tailored toward finding faint galaxies
(MV ! −8.0), which are likely to be smaller than this limit
(Brasseur et al. 2011). The presence of a large dwarf galaxy
will likely still be detected for the sampled range of rh,
as demonstrated by the high significance of the And XIX
detection (see below).

5. N∗ is sampled regularly on a log10 scale from log10(N∗) =
−0.5, until log10(N∗) = 3.0, with steps of 0.5 dex. The
reason we test for models of dwarf galaxies containing less
than one star in the M31 RGB selection box is related to
our evaluation of the significance of a detection and will
become apparent in the next subsection. The high limit of
N∗ = 1000 stars is chosen as it corresponds to a dwarf
galaxy with Mi ≃ −9.5, which generally would have
already been discovered by earlier methods in the PAndAS
footprint.

3.3.3. The Significance of a Detection

Once the probability of every model parameter five tuple has
been calculated for a given dwarf galaxy center (X0, Y0), it is
trivial to find the set of parameters P̂ that determines the model
favored by the data as the set of parameters yielding the highest
value of P (P|Dn). However, more important is the knowledge
of whether this model is significantly better than the favored
model containing no dwarf galaxy. This information hinges on
the probability of the model, marginalized over all parameters

Figure 10. Top panels: the CMD of a region within 2′ of the most significant
unknown detection (S = 3.9) in the region of And XI–XIII, along with that of
a field annulus of identical coverage at 15′. The thick, gray line corresponds
to a Padua isochrone of age 13 Gyr and [Fe/H] = −1.7 at the distance of
M31. A group of stars could likely correspond to the RGB of a faint stellar
population. The map of stars that fall in the dot-dashed red polygon, centered
on the detection, is shown on the right-hand panel. Again, a small grouping
of stars is visible. Bottom panels: similar plots for the least significant of the
two detections (S = 3.5). The presence of a compact stellar overdensity is here
less obvious, as expected from the lower signal. The grouping of stars to the
northeast of this detection is And XI.
(A color version of this figure is available in the online journal.)

but log10(N∗),

PN∗ (log10(N∗))

=
∫

grid
P (P|Dn)dηd[Fe/H]halod[Fe/H]dwdrh. (14)

The significance of a detection is assigned as it would be if
PN∗ were a Gaussian function. In this case, the favored model
of probability max(PN∗ ) deviates from the model with no dwarf
galaxy by S times its dispersion (i.e., an “S–sigma detection”)
for S defined as

S2 = 2 ln
(

max(PN∗ )
PN∗ (N∗ = 0)

)
. (15)

In our setup, we explore a grid in log10(N∗), and we therefore
cannot technically calculate PN∗ (N∗ = 0) in Equation (15). It
is replaced by the probability at the lower bound of the grid,
log10(N∗) = −0.5, a small enough number for N∗ that it has a
minimal impact on the calculation of the significance.

4. RESULTS OF THE AUTOMATED SEARCH

4.1. A Detailed View of the And XI–XIII Region

Before moving to the results of the algorithmic search applied
over the whole PAndAS survey, let us first focus on the region
around three known dwarf galaxies, And XI, XII, and XIII,
and study the detailed output of the algorithm for and around
these faint systems. The first two panels in the top row of
Figure 8 compare the original smoothed stellar density with
the significance of detections for every pixel in the region
considered. It is readily evident that the significance map is
a huge improvement over a blind search for overdensities in
the smoothed density map of all RGB stars. The three known

10

The Astrophysical Journal, 776:80 (18pp), 2013 October 20 Martin et al.

Figure 9. Significance distribution for the region around And XI–XIII. The
black line represents the histogram of pixel significance values for the final
algorithm, whereas the gray histogram corresponds to the significance values
when the priors on log10(N∗) and rh are substituted with a flat prior. In the latter
case, the tail of high-significance values becomes evident at larger S values. The
threshold signal value, Sth, chosen for this region is shown by the red arrow.
(A color version of this figure is available in the online journal.)
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value of P (P|Dn). However, more important is the knowledge
of whether this model is significantly better than the favored
model containing no dwarf galaxy. This information hinges on
the probability of the model, marginalized over all parameters
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to a Padua isochrone of age 13 Gyr and [Fe/H] = −1.7 at the distance of
M31. A group of stars could likely correspond to the RGB of a faint stellar
population. The map of stars that fall in the dot-dashed red polygon, centered
on the detection, is shown on the right-hand panel. Again, a small grouping
of stars is visible. Bottom panels: similar plots for the least significant of the
two detections (S = 3.5). The presence of a compact stellar overdensity is here
less obvious, as expected from the lower signal. The grouping of stars to the
northeast of this detection is And XI.
(A color version of this figure is available in the online journal.)
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cannot technically calculate PN∗ (N∗ = 0) in Equation (15). It
is replaced by the probability at the lower bound of the grid,
log10(N∗) = −0.5, a small enough number for N∗ that it has a
minimal impact on the calculation of the significance.
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4.1. A Detailed View of the And XI–XIII Region

Before moving to the results of the algorithmic search applied
over the whole PAndAS survey, let us first focus on the region
around three known dwarf galaxies, And XI, XII, and XIII,
and study the detailed output of the algorithm for and around
these faint systems. The first two panels in the top row of
Figure 8 compare the original smoothed stellar density with
the significance of detections for every pixel in the region
considered. It is readily evident that the significance map is
a huge improvement over a blind search for overdensities in
the smoothed density map of all RGB stars. The three known
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And XI And XII And XIII
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And XVII And XVIII And XIX

Figure 11. Distance posterior distributions for dwarf spheroidal satellites And I–III, And V and And IX–XIX. The distributions are color-coded with red, green, and
blue denoting 1σ (68.2%), 90%, and 99% credibility intervals, respectively. The credibility intervals are measured from either side of the highest peak.
(A color version of this figure is available in the online journal.)
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TABLE 1
Derived properties of the satellites

Name α (J2000) δ (J2000) ϵ θ (deg) rh (arcmin) rh (pc)a

And I 0h45m39.8s ± 0.4s +38◦02′14′′ ± 6′′ 0.29± 0.03 31± 4 3.98+0.15
−0.15 837+35

−42

And II 1h16m27.0s ± 0.4s +33◦26′06′′ ± 5′′ 0.14± 0.02 30± 5 5.13± 0.10 938+38
−44

And III 0h35m30.9s ± 0.5s +36◦29′54′′ ± 8′′ 0.59± 0.04 139± 3 1.88± 0.16 389± 37
And V 1h10m17.3s ± 0.3s +47◦37′45′′ ± 5′′ 0.29+0.08

−0.07 52+9
−7 1.64+0.17

−0.11 360± 34

And IX 0h52m52.8s ± 0.7s +43◦11′59′′ ± 8′′ 0.02+0.13
−0.02 107+90

−90 1.78+0.26
−0.22 327± 53

And X 1h06m35.1s ± 0.6s +44◦48′31′′ ± 9′′ 0.29+0.22
−0.29 30+16

−12 1.00+0.32
−0.18 192+54

−39

And XI 0h46m19.6s ± 0.6s +33◦48′07′′ ± 8′′ 0.05+0.35
−0.05 42± 36 0.64+0.23

−0.15 121+46
−37

And XII 0h47m28.0s+1.4
−0.9

s +34◦22′45′′ ± 37′′ 0.49+0.26
−0.49 −4+28

−16 1.95+1.25
−0.75 499+280

−240

And XIII 0h51m51.0s ± 0.7s +33◦00′16′′ ± 14′′ 0.61+0.15
−0.19 −23+12

−9 0.85+0.36
−0.30 133+93

−47

And XIV 0h51m35.0s ± 0.5s +29◦41′17′′ ± 8′′ 0.21+0.11
−0.14 −7± 13 1.52± 0.16 255b

And XV 1h14m18.7s ± 0.4s +38◦07′18′′ ± 7′′ 0.26+0.09
−0.11 33± 13 1.35+0.16

−0.12 238+37
−27

And XVI 0h59m30.3s ± 0.4s +32◦22′34′′ ± 4′′ 0.30+0.08
−0.09 93± 9 0.98+0.09

−0.07 131+25
−19

And XVII 0h37m06.2s ± 0.5s +44◦19′22′′ ± 6′′ 0.47+0.06
−0.14 112 ± 11 1.33+0.25

−0.21 276+57
−36

And XVIII 0h02m16.1s ± 0.4s +45◦05′32′′ ± 8′′ 0.02+0.32
−0.02 90+24

−20 0.76+0.10
−0.12 267± 40

And XIX 0h19m36.9s+2.0
−3.3

s +35◦03′28′′ ± 47′′ 0.46+0.08
−0.09 40+6

−7 11.82+1.78
−1.49 2072+1098

−422

And XX 0h07m30.7s ± 0.5s +35◦07′40′′ ± 9′′ 0.10+0.37
−0.10 54+52

−32 0.50+0.24
−0.14 102+53

−27

And XXI 23h54m48.7s ± 1.6s +42◦28′03′′ ± 22′′ 0.35+0.11
−0.14 147+10

−14 4.04+0.65
−54 989 ± 156

And XXII/Tri I 1h27m40.5s ± 0.8s +28◦05′22′′ ± 10′′ 0.64+0.11
−0.15 123± 9 0.90+0.35

−0.18 230+72
−87

And XXIII 1h29m20.9s ± 0.8s +38◦43′28′′ ± 13′′ 0.39+0.05
−0.06 139± 5 5.38+0.44

−0.37 1170+120
−100

And XXIV 1h18m31.6s ± 1.7s +46◦22′16′′ ± 17′′ 0.11+0.20
−0.11 90+23

−20 2.41+0.71
−0.47 610+213

−107

And XXV 0h30m10.8s ± 1.0s +46◦51′41′′ ± 18′′ 0.22+0.12
−0.18 8±16 3.14± 0.37 634± 93

And XXVI 0h23m45.8s ± 0.9s +47◦54′46′′ ± 17′′ 0.15+0.39
−0.15 146+28

−52 1.14+0.62
−0.28 188+138

−79

And XXVII 0h37m52.0s ± 11s +45◦20′02′′+96
−80

′′ 0.76+0.06
−0.04 124± 4 19.74+3.37

−2.89 7212c

And XXX/Cas II 0h36m34.6s ± 0.5s +49◦38′47′′ ± 5′′ 0.40+0.06
−0.07 −65± 7 1.44+0.17

−0.13 260± 43

NGC 147 0h33m12.6s ± 0.6s +48◦30′31′′ ± 10′′ 0.31± 0.02 29± 3 8.4+0.28
−0.23 1945+65

−76

NGC 185 0h38m58.1s ± 0.2s +48◦20′15′′ ± 4′′ 0.22± 0.02 43± 2 5.03+0.12
−0.07 925+37

−43
aCalculated from the posterior heliocentric distance probabilities calculated by Conn et al. (2012).
bThe pdf of this parameter is double-peaked.
cDouble peaked
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• Radial velocities (Collins et al. 2013a,b + Tollerud et al. 2013)
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Figure 2. Left panel: spatial distribution of stellar sources around And XXI. Small dots represent all stars in the PAndAS survey whereas large dots correspond to
likely RGB stars of the dwarf galaxy, selected within the dashed box shown on the CMD of the middle panel. These stars are clearly clumped into an overdensity of
stars. MegaCam CCDs are shown as dashed rectangles and white regions correspond to holes in-between CCDs or holes in the survey. Open circles correspond to
regions that are lost to the survey due to the presence of saturated bright stars. The central dashed ellipse corresponds to the region within two half-light radii of the
dwarf galaxy, assuming the structural parameters listed in Table 1. Right panels: color–magnitude diagrams within two half-light radii of And XXI (middle panel)
and, for comparison, of a field region at a distance of ∼20′ covering the same area after correcting from gaps in the survey coverage (rightmost panel). The galaxy’s
RGB is clearly visible as an overdensity of stars with 0.8 ! g − i ! 1.5 and i " 21.2 that does not appear in the reference CMD.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 2 but for And XXII. Although this system is much fainter, it still appears as a spatial overdensity of stars (left panel) that are aligned along a
RGB in the CMD (middle panel), a feature that does not appear in the reference CMD (right panel).
(A color version of this figure is available in the online journal.)

Both systems appear as overdensities of stars on the sky, as is
visible in the left panels of Figures 2 and 3. These stars are also
aligned along a RGB that would be at, or close to, the distance
of M31 or M33. The color-magnitude diagrams (CMDs) within
2 half-light radii of the dwarfs (determined in Section 3.3) are
shown in the middle panels of these figures and, when compared
to the CMD of reference fields chosen in an annulus covering

the same area at a distance of ∼20′ from the dwarfs’ centers
(right panels), indeed reveal an alignment of stars that follow
the typical shape of a RGB. Isolating these stars enhances the
contrast of the overdensity of stars on the sky (large symbols in
the left panels).

And XXI is typical of the relatively bright dwarf galaxies
that we have found before (such as And XV or And XVI).

g-i

i

g-i

Spectroscopy
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Fig. 4.— The solid purple line shows our independent maximum likelihood fit to all Milky Way and

Andromeda dSphs, while the dashed blue and dashed pink lines correspond to the Shen et al. (2003)

relations for late and early-type galaxies, respectively. The shaded regions indicate the intrinsic

scatter derived for both our work and the Shen et al. relation for late-type galaxies.
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What do Andies look like in PS1?
Andromeda I

Lacerta I and Cassiopeia III 3

Figure 2. Top, left-hand panels: CMD of the region within two half-light radii of Lac I (bottom-left) and that of a field region of the
same coverage (top-left), along with the map of PS1 sources around Lac I (right). The dwarf galaxy’s CMD exhibits an overdensity of
stars in the region expected for bright RGB stars at the distance of M31, matched by a spatial overdensity in the map. For the CMDs, the
error-bars on the right-hand side of the panels represent the average photometric uncertainties and the red polygon delineate the selection
box that was used to isolate candidate Lac I stars, shown as large dots in the spatial map (other sources are shown as small dots). The
red ellipse overlaid on the map delineates the region within two half-light radii of the dwarf galaxy, according to the favored structural
parameters determined in § 3.1. Top, right-hand panels: Similar plots for Cas III. Bottom panels: Similar plots for And I. The And I
structural parameters are taken from McConnachie (2012).

the estimation of its structural parameters); for compar-
ison, the panels also include the CMD of a field region
with the same coverage, but offset by a degree towards
the south-east. Lac I produces a clear overdensity of stars
within the RGB color-selection, typical of stars close to
the tip of the red giant branch (TRGB) at the distance
of M31. Isolating these stars yields the map shown to
the right of the CMDs and reveals that they are also
clumped in a clear spatial overdensity, with a size of a
few arcminutes, typical of M31 satellite dwarf galaxies.
The same is true for Cas III (top, right-hand panels),
despite a more severe contamination from the prominent
Milky Way disk.
For comparison, the bottom panels of Figure 2 show

the same set of plots for the well-known Andromeda I
dwarf galaxy, also present in the stacked PS1 data, albeit
in a region of deeper data. The CMDs of both And I and
its background region are less populated owing to the
lower Galactic foreground contamination (b = −16.7◦

for Lac I and b = −11.2◦ for Cas III vs. b = −24.8◦ for
And I), but otherwise displays a similar overdensity of
stars when compared to the two discoveries.

Table 1
Derived properties of Lac I/And XXXI and Cas III/And XXXII

Lac I Cas III
α (ICRS) 22h58m16.3s 0h35m59.4s

δ (ICRS) +41◦17′28′′ +51◦33′35′′

ℓ (◦) 101.1 120.5
b (◦) -16.7 -11.2
E(B − V )a 0.133 0.193
(m −M)0 24.40± 0.12 24.45± 0.14
Heliocentric distance (kpc) 756+44

−28 772+61
−56

M31-centric distance (kpc) 275 ± 7 144+6
−4

MV −11.7± 0.7 −12.3± 0.7
µ0 (mag/arcsec2) 25.8± 0.8 26.4± 0.8
Ellipticity 0.43± 0.07 0.50± 0.09
Position angle (N to E; ◦) −59± 6 −90± 7
rh (arcmin) 4.2+0.4

−0.5 6.5+1.2
−1.0

rh (pc) 912+124
−93 1456 ± 267

aFrom Schlegel et al. (1998).

3.1. Structure

The structural parameters of Lac I and Cas III are
determined following the maximum likelihood technique
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Lacerta I
Andromeda XXXI Lacerta I 3

Fig. 1.— Left-hand panels: CMD of the region within two half-light radii of Lac I (bottom-left) and that of a field region of the same
coverage (top-left), along with the map of PS1 sources around Lac I (right). The dwarf galaxy’s CMD exhibits an overdensity of stars
in the region expected for bright red giant branch stars at the distance of M31, matched by a spatial overdensity in the map. For the
CMDs, the error-bars on the right-hand side of the panels show the average photometric uncertainties and the red polygon delineate the
selection box that was used to isolate candidate Lac I stars, shown as large dots in the spatial map (other sources are shown as small
dots). The red ellipse overlaid on the map delineates the region within two half-light radii of the dwarf galaxy, according to the favored
structural parameters determined in § 3.1. Right-hand panels: Similar plots for And VI. The And VI structural parameters are taken from
McConnachie (2012).

Fig. 2.— Left-hand panels: The posterior probability distribution
functions for the structural parameters of Lac I, marginalized over
other parameters. The gray dash-dotted lines correspond to the
maximum of the distributions, whose parameter values are taken
as the favored model parameters. Right-hand panel: The binned
radial density profile of the dwarf galaxy built by assuming the
favored centroid, ellipticity, and position angle (dots), compared
to the favored exponential profile (full line). The dashed line cor-
responds to the favored estimation of the background. The uncer-
tainties on counts were computed assuming Poisson uncertainties.

profile of Lac I is displayed in the right-hand panel of
the figure and compares the data, binned following the
most likely centroid, ellipticity, and position angle, with
the exponential model of most likely half-light radius and
number of stars. The very good agreement between the
two is testimony to the quality of the fit.
The measured structure of Lac I is rather typical of

a bright Andromeda galaxy, with a moderate ellipticity
(0.42± 0.07) and a half-light radius (rh = 4.2+0.4

−0.5 arcmin
or 912+124

−93 pc; see below for the distance estimate) which
is on the high side of that measured for other Local Group
dwarf galaxies, but perfectly expected for a dwarf galaxy
of this brightness (see below), as evidenced by Brasseur
et al. 2011.

Fig. 3.— Left-hand panel: CMD of stars within two half-light
radii of Lac I, with Parsec isochrones of age 12.7 Gyr and metallic-
ity [Fe/H] = −2.3 and −1.0 overlaid in blue and red, respectively.
These two isochrones bracket the color range of Lac I stars near
the TRGB. Right-hand panel: The binned luminosity function of
the CMD stars (thin line), that of a background region scaled to
the same coverage (dotted line), and the resulting background-
corrected luminosity function of Lac I (thick line). The estimated
location of the TRGB is indicated by the arrow, and its uncertainty
is represented by the vertical error bar attached to it.

The properties of Lac I are summarized in Table 1.

3.2. Distance

The magnitude of the tip of TRGB is a very good dis-
tance indicator in the case of Andromeda dwarf galaxies
for which no deep photometric data are available (e.g.,
Conn et al. 2011). The tip’s location also has the ben-
efit of being mainly insensitive to the metallicity and
age of stellar populations, as long as these are at least
reasonably old and metal-poor, a condition that is ful-
filled for all known M31 satellite dwarf galaxies. We ap-
ply the likelihood technique implemented by Slater et al.

MV ~ –11.5
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Figure 2. Kinematic information for all stars observed in Lac I (left panels), Cas III (middle panels), and Per I (right panels). The top
row shows the velocity histogram of the three velocity samples. In all cases, a clear clump of stars divulges the systemic velocity of the
dwarf galaxy. The favored velocity models, as defined in equation (1) and convolved by the typical velocity uncertainty, are represented
by the red lines. The bottom row of panels displays the marginalized pdf of the systemic velocity of a dwarf galaxy, ⟨vr⟩, and its velocity
dispersion, σvr. The dash-dotted line represents the favored model, i.e. the mode of the distributions, whereas the dashed line in the case
of Per I corresponds to the 90-percent confidence limit.

Figure 3. Distribution of M31 satellite dwarf galaxies in the M31-
centric velocity versus distance plane. Lac I, Cas III, and Per I are
highlighted in blue. Values for the other dwarf galaxies are taken
from McConnachie (2012), Conn et al. (2012), and Collins et al.
(2013). The dashed lines correspond to the escape velocity for a
1.5 × 1012 M⊙ point-mass M31 (Watkins et al. 2010). Following
McConnachie (2012), the y-axis values have been multiplied by√
3 to account for the unknown transverse motion of the dwarf

galaxies.
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3.2. Metallicities

In the case of Lac I and Cas III, we measure the metal-
licity, [Fe/H], of each member star using the equivalent
widths of the Ca triplet lines. First, we determine the
continuum for each star by fitting a B-spline to the wave-

9 The uncertainties on these (M/L)V values are mainly driven
by the uncertainties on the luminosity of the systems.

length region surrounding the triplet (8400–8700
◦
A). We

then divide the spectrum by the continuum fit, resulting
in a normalised spectrum from which we can measure
the equivalent widths of the Ca triplet by simultaneously
fitting the continuum level using a polynomial and the
3 Ca lines using 3 Gaussian profiles. Each line fit is
then checked for contamination from nearby sky lines
by comparing the ratios of their equivalent widths with
the expectation from higher resolution studies of the Ca
triplet in RGB stars (e.g. Battaglia et al. 2008). Contam-
inated lines are excluded from the determination of the
final equivalent width for the triplet (see Collins et al.
2013 for more details). Finally, we use the Starkenburg
et al. (2010) relation to determine the value of [Fe/H] for
each star from this equivalent width measurement10 and
its I-band absolute magnitude, converted from the PS1
photometry (Tonry et al. 2012).
A comparison of the metallicity yielded by stars ob-

served on multiple masks implies that the uncertainties
on these individual [Fe/H] measurements are sizeable
(∼ 0.4 dex), preventing a measure of the metallicity
spread. We can nevertheless use the large size of the
samples to derive a precise median metallicity. These
are derived from a Monte Carlo sampling of the individ-
ual metallicity values and their associated uncertainties,
yielding [Fe/H] = −2.0±0.1 and −1.7±0.1 for Lac I and
Cas III, respectively.
In the case of the lower quality Per I data, we are

limited to generating a single stacked spectrum of the 12
stars with a high membership probability. This spectrum
yields the average metallicity [Fe/H] = −2.0±0.2 for this

10 The reader is referred to Collins et al. (2013) for the details of
the recalibration of this relation to use either 2 or 3 clean Calcium
triplet lines.
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dispersion, σvr. The dash-dotted line represents the favored model, i.e. the mode of the distributions, whereas the dashed line in the case
of Per I corresponds to the 90-percent confidence limit.
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each star from this equivalent width measurement10 and
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A comparison of the metallicity yielded by stars ob-

served on multiple masks implies that the uncertainties
on these individual [Fe/H] measurements are sizeable
(∼ 0.4 dex), preventing a measure of the metallicity
spread. We can nevertheless use the large size of the
samples to derive a precise median metallicity. These
are derived from a Monte Carlo sampling of the individ-
ual metallicity values and their associated uncertainties,
yielding [Fe/H] = −2.0±0.1 and −1.7±0.1 for Lac I and
Cas III, respectively.
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Summary
๏ ~40 dwarf galaxies around Andromeda	



• 16+ from PAndAS, 3+ from PS1 (+ upcoming follow up)	


• Testing faint end of galaxy formation in a cosmological context:	



➔ The M31(/Local Group) dwarf galaxy (mass) profile                        
(Collins et al. 2013, 2014)	



➔ The M31(/Local Group) size-luminosity relation	


➔ Anisotropic distribution of M31 dwarf galaxies	



!

๏ Upcoming HST observations for 17 M31 dwarf galaxies          
(accurate distances, SFH,…)	



๏ Towards "observations" of simulations
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