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ABSTRACT

We used the VIMOS Public Extragalactic Redshift Survey (VIPERS) final data release (PDR-2) to investigate the performance of
colour-selected populations of galaxies as tracers of linear large-scale motions. We empirically selected volume-limited samples of
blue and red galaxies as to minimise the systematic error on the estimate of the growth rate of structure f�8 from the anisotropy of
the two-point correlation function. To this end, rather than rigidly splitting the sample into two colour classes we defined the red or
blue fractional contribution of each object through a weight based on the (U � V) colour distribution. Using mock surveys that are
designed to reproduce the observed properties of VIPERS galaxies, we find the systematic error in recovering the fiducial value of
f�8 to be minimised when using a volume-limited sample of luminous blue galaxies. We modelled non-linear corrections via the
Scoccimarro extension of the Kaiser model (with updated fitting formulae for the velocity power spectra), finding systematic errors on
f�8 of below 1-2%, using scales as small as 5 h�1 Mpc. We interpret this result as indicating that selection of luminous blue galaxies
maximises the fraction that are central objects in their dark matter haloes; this in turn minimises the contribution to the measured
⇠(rp, ⇡) from the 1-halo term, which is dominated by non-linear motions. The gain is inferior if one uses the full magnitude-limited
sample of blue objects, consistent with the presence of a significant fraction of blue, fainter satellites dominated by non-streaming,
orbital velocities. We measured a value of f�8 = 0.45±0.11 over the single redshift range 0.6  z  1.0, corresponding to an e↵ective
redshift for the blue galaxies hzi = 0.85. Including in the likelihood the potential extra information contained in the blue-red galaxy
cross-correlation function does not lead to an appreciable improvement in the error bars, while it increases the systematic error.

Key words. Cosmology: observations – Cosmology: large scale structure of Universe – Galaxies: high-redshift – Galaxies: statistics

1. Introduction

Over the past two decades, observations have established that the
Universe is undergoing a period of accelerated expansion. The
expansion history H(z) is now well constrained by geometrical
probes such as Type-1a supernovae (Riess et al. 1998; Perlmutter
et al. 1999), Baryon Acoustic Oscillations (BAO; e.g. Anderson
et al. 2014) in the clustering of galaxies and anisotropies in the
Cosmic Microwave Background (CMB) (e.g. Planck Collabora-

Send o↵print requests to: F. G. Mohammad,
e-mail: faizan.mohammad@brera.inaf.it
? Based on observations collected at the European Southern Obser-

vatory, Cerro Paranal, Chile, using the Very Large Telescope under
programs 182.A-0886 and partly 070.A-9007. Also based on obser-
vations obtained with MegaPrime/MegaCam, a joint project of CFHT
and CEA/DAPNIA, at the Canada-France-Hawaii Telescope (CFHT),
which is operated by the National Research Council (NRC) of Canada,
the Institut National des Sciences de l’Univers of the Centre National
de la Recherche Scientifique (CNRS) of France, and the University of
Hawaii. This work is based in part on data products produced at TER-
APIX and the Canadian Astronomy Data Centre as part of the Canada-
France-Hawaii Telescope Legacy Survey, a collaborative project of
NRC and CNRS. The VIPERS web site is http://www.vipers.inaf.it/.

tion et al. 2015). In the framework of Einstein’s General Rela-
tivity (GR), the observed H(z) requires the inclusion of an extra
contribution in the cosmic budget, in the form of a fluid with neg-
ative pressure, dubbed ‘dark energy’. Current observations are
compatible with the simplest form for this fluid, coinciding with
Einstein’s cosmological constant. Alternatively, however, one
could also match the data by modifying the very nature of the
gravitational equations. These two alternatives are degenerate
when considering the expansion history of the Universe alone.
Such a degeneracy can be lifted, in principle, by measurements
of the growth rate of cosmological structure, which is sensitive
to the gravity theory.

As the motions of galaxies respond to the gravitational po-
tential, the velocity field can be used as a powerful probe of the
growth of structure. In galaxy redshift surveys, the line-of-sight
velocity information becomes encoded in the redshift through
the Doppler component which combines with the cosmological
redshift, radially distorting galaxy positions in what is called
‘redshift space’. The amplitude of such ‘redshift-space distor-
tions’ (RSD; Kaiser 1987) can be quantified statistically by mod-
elling their e↵ect on two-point statistics. The linear component
of the distortion is directly proportional to the linear growth rate
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RSD: CHALLENGES AND POSSIBLE SOLUTIONS
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• Non-linear evolution of density and velocity field;
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• Non-linear evolution of density and velocity field;

• Sophisticated theoretical models;

• Appropriate tracers (e.g. Mohammad et al. 2016, MNRAS 458.1948M);

• Improved statistics (e.g. Simpson et al. 2016, Wilson et al. in prep., Mohammad et al. 2016);
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• Morphological segregation (e.g. Dressler 1980);

• Red (satellites) inside massive virialised structures;

• Blue (centrals) inhabit the “field”;

VIPERS: APPROPRIATE TRACERS
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Type NW1+W4 zeff

Blue ~32 666 0.66

Red ~16 188 0.69
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VIPERS: COLOUR CLASSIFICATION

• Rest-frame UV colour bimodality;

• Evolution with redshift;

• Three Gaussian model;

• Colour weights;

VIPERS
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VIPERS: ANISOTROPIC CLUSTERING
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RSD MODELS

• Kaiser model;

• Scoccimarro model;

• Lorentzian damping;

• Fit multipole moments of the 2PCF;

P s(k, ⌫) =
⇥
(b�8) + (f�8)⌫

2
⇤2

P�� (k)

P s(k, ⌫) = (b�8)
2P��(k) + 2(f�8)(b�8)⌫

2P�✓ (k) + ⌫4 (f�8)
2 P✓✓(k)

D (k⌫�12) =
1

1 + (k⌫�12)
2

⇠(`)(s) =
2`+ 1

2

Z +1

�1
⇠(s, µ)L(µ)dµ



F. G. MOHAMMAD SEXTEN 2018!8

RSD MODELS
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• Improved fitting func. for Pδθ ,Pθθ (Bel et al. in preparation);
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MODELLING SYSTEMATICS
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MODELLING SYSTEMATICS
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VOLUME-LIMITED SAMPLES

• Passive luminosity evolution;

• Rare mergers;

• Neglect galaxy quenching;

• Constant n(z) => estimate MBth(z);

MBth(z) = M0 + M1 z
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MODELLING SYSTEMATICS
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MODELLING SYSTEMATICS
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MODELLING SYSTEMATICS
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• A second Gaussian damping to model z-err;
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RESULTS
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RESULTS

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
ze↵

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
f
�

8

Planck : ⇤CDM + GR

WiggleZ (Blake et al. 2012)

BOSS (Beutler et al. 2017)

6dFGR (Beutler et al. 2012)

VVDS (Guzzo et al. 2008)

SDSS (Howlett et al. 2015)

FastSound (Okumura et al. 2016)

VIPERS voids (Hawken et al. 2017)

VIPERS RSD only (Pezzotta et al. 2017)

VIPERS RSD + gg lensing (de la Torre et al. 2017)

This work



F. G. MOHAMMAD SEXTEN 2018!17

CONLCUSIONS

• Accuracy even better then using more sophisticated RSD models on full galaxy sample;

• Competitive statistical precision;

• Promising for planned experiment;

• Attention to details approaching the percent precision cosmology;
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UNBIASED CLUSTERING ESTIMATES WITH VIPERS SLIT ASSIGNMENT
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The VIMOS Public Extragalactic Redshift Survey (VIPERS)?

Unbiased clustering estimate with VIPERS slit assignment
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ABSTRACT

The VIPERS galaxy survey has measured the clustering of 0.5 < z < 1.2 galaxies, enabling a number of measurements of galaxy
properties and cosmological redshift-space distortions (RSD). Because the measurements were made using 1-pass of the VIMOS
instrument on the VLT, the galaxies observed only represent approximately 34% of the parent target sample, with a distribution
imprinted with the pattern of the VIMOS slitmask. Correcting for the e↵ect on clustering has previously been achieved using an
approximate approach developed using mock catalogues. Pairwise Inverse Probability (PIP) weighting has recently been proposed
by Bianchi & Percival to correct for missing galaxies, and we apply it to mock VIPERS catalogues to show that it accurately corrects
the clustering for the VIMOS e↵ects, matching the clustering measured from the observed sample to that of the parent. We then
apply PIP-weighting to the VIPERS data, and fit the resulting monopole and quadrupole moments of the galaxy two-point correlation
function with respect to the line-of-sight, making measurements of RSD. The results are close to previous measurements, showing
that the previous approximate methods used by the VIPERS team are su�cient given the errors obtained on the RSD parameter.

Key words. Cosmology: observations – Cosmology: large scale structure of Universe – Galaxies: high-redshift – Galaxies: statistics

1. Introduction

The clustering of galaxies within galaxy surveys provides a
wealth of astrophysical information, allowing measurements of
galaxy formation and evolution and cosmological parameters.
Missing galaxies within surveys can however distort the clus-
tering compared to that of the full population of the type of ob-
jects to be observed, if the missed galaxies are not randomly
chosen, but instead cluster in a di↵erent way to the full popula-
tion. Such a situation is often induced by the mechanics of the
experimental apparatus, which given a parent population of tar-
gets limits which can actually be observed. In this paper we con-
sider missing galaxies in the VIPERS survey (Guzzo et al. 2014).
VIPERS collected 89022 galaxy redshifts over an overall area of
23.5 deg2, covering the W1 and W4 fields of the Canada-France-
Hawaii Telescope Legacy Survey Wide (CFHTLS-Wide). A
colour pre selection was used to remove galaxies at z < 0.5,
helping to bring the sampling e�ciency to 47%. VIPERS then
conducted observations using the VIMOS multi-object spectro-
graph (Le Fèvre et al. 2003), which applies a slit-mask to se-

Send o↵print requests to: F. G. Mohammad,
e-mail: faizan.mohammad@brera.inaf.it
? Based on observations collected at the European Southern Obser-

vatory, Cerro Paranal, Chile, using the Very Large Telescope under
programs 182.A-0886 and partly 070.A-9007. Also based on obser-
vations obtained with MegaPrime/MegaCam, a joint project of CFHT
and CEA/DAPNIA, at the Canada-France-Hawaii Telescope (CFHT),
which is operated by the National Research Council (NRC) of Canada,
the Institut National des Sciences de l’Univers of the Centre National
de la Recherche Scientifique (CNRS) of France, and the University of
Hawaii. This work is based in part on data products produced at TER-
APIX and the Canadian Astronomy Data Centre as part of the Canada-
France-Hawaii Telescope Legacy Survey, a collaborative project of
NRC and CNRS. The VIPERS web site is http://www.vipers.inaf.it/.

lect targets for follow-up spectroscopy. A brief description of
VIPERS is provided in Section 2.

The requirement that spectra taken with VIMOS should not
overlap on the focal plane limits the placement of slits, and
consequently the galaxies that can be observed. This e↵ect is
stronger along the dispersion direction compared to across it,
because of the rectangular nature of the projected spectra. The
occulted region around each galaxy is imprinted on the statisti-
cal distribution of the observed galaxies. There are no overlap-
ping observations, such as are present in the Baryon Oscillation
Spectroscopic Survey (BOSS Dawson et al. 2016), so the lost
information cannot be recovered: we simply do not have clus-
tering information on scales smaller than the minimum separa-
tion perpendicular to the dispersion direction. On larger scales,
the slitmask still impacts on the measured clustering through the
large-scale pattern imprinted on the sky, and the density depen-
dence of the selection.

Bianchi & Percival (2017); Percival & Bianchi (2017) pre-
sented a new method to correct for missing galaxies in surveys.
This builds up a probability for each pair of galaxies in the ob-
served sample that it could have been observed in a set of real-
izations of the survey, which would all be equally likely. Such a
set can be constructed by moving or rotating the survey area, or
changing any random selection performed by the selection algo-
rithm. We observe one of these sets of galaxies, and by inverse
weighting by the pair-wise probability of observation we force
the clustering of the one realization to match that of the set as a
whole. Provided there are no pairs of zero weight, this weight-
ing leads to a clustering estimate of the observed sample that is
unbiased compared to that of the full parent sample. The method
is described in more detail in Section 4.1.

In this paper we apply this method to remove the e↵ects of
the VIMOS slitmask from the VIPERS survey. The slitmask

Article number, page 1 of 13
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UNBIASED CLUSTERING ESTIMATES WITH VIPERS SLIT ASSIGNMENT

• TSR up-weighting: ~1% level accuracy but parametric, calibrated on mocks;

• PIP + Ang. up-weighting: Non parametric, intrinsically unbiased;

• Test the impact on growth rate estimates;
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METHOD

PAIRWISE-INVERSE-PROBABILITY (PIP)
Bianchi & Percival 2017

(MNRAS 472.1106B, arXiv 703.02070)

ANGULAR UP-WEIGHTING
Percival & Bianchi 2017

(MNRAS 472L..40P, arXiv 703.02071)
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VIPERS OBSERVATIONS
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Slit Positioning Optimization Code (SPOC)
Bottini et al. 2004 (PASP..117..996B)

VLT VIMOS MASK PREPARATION SOFTWARE 997

2005 PASP, 117:996–1003

Fig. 1.—Location of the four masks in the VIMOS quadrants in the correct relative scale. The outer lines define the contours of the four masks. The dispersion
direction of the spectra is along the Y axis. The four crosses mark the position of the optical axis of each quadrant, while the dashed line indicates the mm244 # 279
field of view projected onto the four CCD detectors (for more details, see Conti et al. 2001).

the optical cameras image the spectra on pixels2,2048 # 4096
the 4096 pixels being placed along the dispersion direction,
while the field of view on the sky is imaged only on

pixels2. This means that for any slit placed in2048 # 2340
the field of view, the full wavelength range of a low-resolution
spectrum is recorded on the detector. This property also applies
to higher resolution spectra, which are fully recordedR ∼ 2500
on the detector for most slit positions in the field of view.

The large number of slits (up to ∼200 per quadrant) involved
in the VIMOS spectroscopic observations, together with slit-
positioning constraints, makes it practically impossible for the
astronomer to manually choose and place all the slits, in par-
ticular if one wants to maximize the number of slits. The soft-
ware tool we are describing in this paper, called the VIMOS
Mask Preparation Software (VMMPS), allows for the design

of the slit masks, taking into account all the instrument con-
straints and solving the problem of maximizing the multiplex-
ing factor for a certain target field (Garilli et al. 1999). This
tool has been delivered by our Consortium to ESO and is now
distributed by ESO to all successful proposers.

VMMPS provides the astronomer with tools for the selection
of objects to be spectroscopically observed. It includes inter-
active object selection, it handles curved slits, and it uses an
algorithm for automatic slit positioning that derives the most
effective solution in terms of number of objects selected per
field. The slit-positioning algorithm takes into account both the
initial list of user’s targets and the constraints imposed either
by the instrument characteristics and/or by the requirement of
easily reducible data. The number of possible slit combinations
in a field is in any case very high, and the task of slit maxi-

1000 BOTTINI ET AL.

2005 PASP, 117:996–1003

Fig. 3.—Output of the VMMPS/SPOC algorithm run on a single quadrant
of a VIMOS image and using an external user catalog; the number of slits
positioned is maximized by VMMPS, satisfying all the user and instrument
constraints. Slit and spectrum contours are plotted over the astronomical image.

only one reference object per quadrant would be required for
pointing refining, a minimum of two reference objects per quad-
rant is recommended.

As reference objects are bright, their second-order spectrum
contamination is strong. For this reason, no slit is allowed in
the same spatial coordinate range as the reference object holes.
The same requirement is applied to curved or tilted slits for
particularly extended and interesting objects, and no spectrum
overlapping is thus allowed.

These constraints must be fully taken into account by any
slit-positioning code.

3.3. Manual Selection of Objects

VMMPS is based on the astronomical package SKYCAT, dis-
tributed by ESO. SKYCAT has enhanced real-time display ca-
pabilities and provides basic functions for catalog handling. Dis-
play and catalog functions are coupled with good overlay
capabilities, and WCS is well supported. The VMMPS graphical

user’s interface is a SKYCAT plug-in developed in Tcl/Tk. Al-
lowed formats are FITS for images and ASCII for catalogs.

As slits are positioned with an automated procedure that
maximizes the number of placed slits, there is no way to choose
objects a priori. For all scientific purposes that do not rely on
systematic surveys, this can be a disadvantage. Compulsory
objects are the answer to such needs: the automatic procedure
places slits on them (after having checked that they do not
violate the constraints described above) before anything else,
then it tries to place additional slits on objects randomly chosen
from the catalog.

Forbidden objects are the opposite of compulsory objects;
they are flagged by the user so that no slit is placed on them.

Last, but not least, a number of scientific programs would
greatly benefit from having curved or tilted slits that better
follow the object profile (gravitational arcs are just the most
obvious example). The laser-cutting machine (Conti et al. 2001)
is capable of cutting arbitrary shapes. Therefore, VMMPS al-
lows the user to interactively design curved or tilted slits.
Curved slits are defined by fitting a Bezier curve to a set of
points interactively chosen by the user.

4. SLIT POSITIONING OPTIMIZATION CODE
(SPOC)

The large number of objects and slits involved in the VIMOS
spectroscopic observations, together with the positioning con-
straints and the particular objects described above, make it
practically impossible for the astronomer to manually choose
and place the slits. For this reason, a tool for the automatic
positioning of slits and the maximization of their number has
been implemented: the Slit Positioning Optimization Code
(SPOC), which is the core of VMMPS. Given a catalog of
objects, it maximizes the number of observable objects in a
single exposure and computes the corresponding slit positions.
SPOC places slits on the field of view, taking into account
special objects (reference, compulsory, and forbidden), special
slits (curved, tilted, or in user-defined dimensions), and slit-
positioning constraints. An example of SPOC slit positioning
for a VIMOS quadrant is shown in Figure 3.

The issue to be solved is a combinatory computational prob-
lem. Due to the constraint of slits aligned along the dispersion
direction, the problem can be slightly simplified: the quadrant
area is considered as a sum of columns that are not necessarily
of the same width in the spatial direction. Slits within the same
column have the same length, so that the alignment of orders
is fully ensured. The problem is thus reduced to being a mon-
odimensional one. It is easy to show that the number of com-
binations is roughly given by , where is the num-NcolN p N Nc w c

ber of combinations, the number of possible column widths,Nw

and the average number of columns.Ncol

The slit length (or column width) can vary from a minimum
of 4! (20 pixels; i.e., twice the minimum sky region required
for the sky subtraction) to a maximum of 30! (150 pixels; limit
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Fig. 1.—Location of the four masks in the VIMOS quadrants in the correct relative scale. The outer lines define the contours of the four masks. The dispersion
direction of the spectra is along the Y axis. The four crosses mark the position of the optical axis of each quadrant, while the dashed line indicates the mm244 # 279
field of view projected onto the four CCD detectors (for more details, see Conti et al. 2001).

the optical cameras image the spectra on pixels2,2048 # 4096
the 4096 pixels being placed along the dispersion direction,
while the field of view on the sky is imaged only on

pixels2. This means that for any slit placed in2048 # 2340
the field of view, the full wavelength range of a low-resolution
spectrum is recorded on the detector. This property also applies
to higher resolution spectra, which are fully recordedR ∼ 2500
on the detector for most slit positions in the field of view.

The large number of slits (up to ∼200 per quadrant) involved
in the VIMOS spectroscopic observations, together with slit-
positioning constraints, makes it practically impossible for the
astronomer to manually choose and place all the slits, in par-
ticular if one wants to maximize the number of slits. The soft-
ware tool we are describing in this paper, called the VIMOS
Mask Preparation Software (VMMPS), allows for the design

of the slit masks, taking into account all the instrument con-
straints and solving the problem of maximizing the multiplex-
ing factor for a certain target field (Garilli et al. 1999). This
tool has been delivered by our Consortium to ESO and is now
distributed by ESO to all successful proposers.

VMMPS provides the astronomer with tools for the selection
of objects to be spectroscopically observed. It includes inter-
active object selection, it handles curved slits, and it uses an
algorithm for automatic slit positioning that derives the most
effective solution in terms of number of objects selected per
field. The slit-positioning algorithm takes into account both the
initial list of user’s targets and the constraints imposed either
by the instrument characteristics and/or by the requirement of
easily reducible data. The number of possible slit combinations
in a field is in any case very high, and the task of slit maxi-
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Fig. 3.—Output of the VMMPS/SPOC algorithm run on a single quadrant
of a VIMOS image and using an external user catalog; the number of slits
positioned is maximized by VMMPS, satisfying all the user and instrument
constraints. Slit and spectrum contours are plotted over the astronomical image.

only one reference object per quadrant would be required for
pointing refining, a minimum of two reference objects per quad-
rant is recommended.

As reference objects are bright, their second-order spectrum
contamination is strong. For this reason, no slit is allowed in
the same spatial coordinate range as the reference object holes.
The same requirement is applied to curved or tilted slits for
particularly extended and interesting objects, and no spectrum
overlapping is thus allowed.

These constraints must be fully taken into account by any
slit-positioning code.

3.3. Manual Selection of Objects

VMMPS is based on the astronomical package SKYCAT, dis-
tributed by ESO. SKYCAT has enhanced real-time display ca-
pabilities and provides basic functions for catalog handling. Dis-
play and catalog functions are coupled with good overlay
capabilities, and WCS is well supported. The VMMPS graphical

user’s interface is a SKYCAT plug-in developed in Tcl/Tk. Al-
lowed formats are FITS for images and ASCII for catalogs.

As slits are positioned with an automated procedure that
maximizes the number of placed slits, there is no way to choose
objects a priori. For all scientific purposes that do not rely on
systematic surveys, this can be a disadvantage. Compulsory
objects are the answer to such needs: the automatic procedure
places slits on them (after having checked that they do not
violate the constraints described above) before anything else,
then it tries to place additional slits on objects randomly chosen
from the catalog.

Forbidden objects are the opposite of compulsory objects;
they are flagged by the user so that no slit is placed on them.

Last, but not least, a number of scientific programs would
greatly benefit from having curved or tilted slits that better
follow the object profile (gravitational arcs are just the most
obvious example). The laser-cutting machine (Conti et al. 2001)
is capable of cutting arbitrary shapes. Therefore, VMMPS al-
lows the user to interactively design curved or tilted slits.
Curved slits are defined by fitting a Bezier curve to a set of
points interactively chosen by the user.

4. SLIT POSITIONING OPTIMIZATION CODE
(SPOC)

The large number of objects and slits involved in the VIMOS
spectroscopic observations, together with the positioning con-
straints and the particular objects described above, make it
practically impossible for the astronomer to manually choose
and place the slits. For this reason, a tool for the automatic
positioning of slits and the maximization of their number has
been implemented: the Slit Positioning Optimization Code
(SPOC), which is the core of VMMPS. Given a catalog of
objects, it maximizes the number of observable objects in a
single exposure and computes the corresponding slit positions.
SPOC places slits on the field of view, taking into account
special objects (reference, compulsory, and forbidden), special
slits (curved, tilted, or in user-defined dimensions), and slit-
positioning constraints. An example of SPOC slit positioning
for a VIMOS quadrant is shown in Figure 3.

The issue to be solved is a combinatory computational prob-
lem. Due to the constraint of slits aligned along the dispersion
direction, the problem can be slightly simplified: the quadrant
area is considered as a sum of columns that are not necessarily
of the same width in the spatial direction. Slits within the same
column have the same length, so that the alignment of orders
is fully ensured. The problem is thus reduced to being a mon-
odimensional one. It is easy to show that the number of com-
binations is roughly given by , where is the num-NcolN p N Nc w c

ber of combinations, the number of possible column widths,Nw

and the average number of columns.Ncol

The slit length (or column width) can vary from a minimum
of 4! (20 pixels; i.e., twice the minimum sky region required
for the sky subtraction) to a maximum of 30! (150 pixels; limit
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Fig. 3.—Output of the VMMPS/SPOC algorithm run on a single quadrant
of a VIMOS image and using an external user catalog; the number of slits
positioned is maximized by VMMPS, satisfying all the user and instrument
constraints. Slit and spectrum contours are plotted over the astronomical image.

only one reference object per quadrant would be required for
pointing refining, a minimum of two reference objects per quad-
rant is recommended.

As reference objects are bright, their second-order spectrum
contamination is strong. For this reason, no slit is allowed in
the same spatial coordinate range as the reference object holes.
The same requirement is applied to curved or tilted slits for
particularly extended and interesting objects, and no spectrum
overlapping is thus allowed.

These constraints must be fully taken into account by any
slit-positioning code.

3.3. Manual Selection of Objects

VMMPS is based on the astronomical package SKYCAT, dis-
tributed by ESO. SKYCAT has enhanced real-time display ca-
pabilities and provides basic functions for catalog handling. Dis-
play and catalog functions are coupled with good overlay
capabilities, and WCS is well supported. The VMMPS graphical

user’s interface is a SKYCAT plug-in developed in Tcl/Tk. Al-
lowed formats are FITS for images and ASCII for catalogs.

As slits are positioned with an automated procedure that
maximizes the number of placed slits, there is no way to choose
objects a priori. For all scientific purposes that do not rely on
systematic surveys, this can be a disadvantage. Compulsory
objects are the answer to such needs: the automatic procedure
places slits on them (after having checked that they do not
violate the constraints described above) before anything else,
then it tries to place additional slits on objects randomly chosen
from the catalog.

Forbidden objects are the opposite of compulsory objects;
they are flagged by the user so that no slit is placed on them.

Last, but not least, a number of scientific programs would
greatly benefit from having curved or tilted slits that better
follow the object profile (gravitational arcs are just the most
obvious example). The laser-cutting machine (Conti et al. 2001)
is capable of cutting arbitrary shapes. Therefore, VMMPS al-
lows the user to interactively design curved or tilted slits.
Curved slits are defined by fitting a Bezier curve to a set of
points interactively chosen by the user.

4. SLIT POSITIONING OPTIMIZATION CODE
(SPOC)

The large number of objects and slits involved in the VIMOS
spectroscopic observations, together with the positioning con-
straints and the particular objects described above, make it
practically impossible for the astronomer to manually choose
and place the slits. For this reason, a tool for the automatic
positioning of slits and the maximization of their number has
been implemented: the Slit Positioning Optimization Code
(SPOC), which is the core of VMMPS. Given a catalog of
objects, it maximizes the number of observable objects in a
single exposure and computes the corresponding slit positions.
SPOC places slits on the field of view, taking into account
special objects (reference, compulsory, and forbidden), special
slits (curved, tilted, or in user-defined dimensions), and slit-
positioning constraints. An example of SPOC slit positioning
for a VIMOS quadrant is shown in Figure 3.

The issue to be solved is a combinatory computational prob-
lem. Due to the constraint of slits aligned along the dispersion
direction, the problem can be slightly simplified: the quadrant
area is considered as a sum of columns that are not necessarily
of the same width in the spatial direction. Slits within the same
column have the same length, so that the alignment of orders
is fully ensured. The problem is thus reduced to being a mon-
odimensional one. It is easy to show that the number of com-
binations is roughly given by , where is the num-NcolN p N Nc w c

ber of combinations, the number of possible column widths,Nw

and the average number of columns.Ncol

The slit length (or column width) can vary from a minimum
of 4! (20 pixels; i.e., twice the minimum sky region required
for the sky subtraction) to a maximum of 30! (150 pixels; limit

Slit Positioning Optimization Code (SPOC)
Bottini et al. 2004 (PASP..117..996B)VIPERS OBSERVATIONS



F. G. MOHAMMAD SEXTEN 2018!23

VLT VIMOS MASK PREPARATION SOFTWARE 999

2005 PASP, 117:996–1003

Fig. 2.—Spatial constraints for MOS slit positioning: “Yes” indicates allowed slit placements, “No” indicates forbidden slit placements. Case a: slits must not overlap
in the dispersion direction; case b: slits must not overlap in the spatial direction; case c: slits must be exactly aligned along the dispersion direction (see § 3.1).

grisms are used, there can be several spectra along the dis-
persion for the same position on the CCD X coordinate (mul-
tiplexing). In this case, objects must have a separation greater
than their first-order spectrum length (see Fig. 2, case a), and
the spectra resulting from slits placed on objects at different
spatial coordinates must not overlap (see Fig. 2, case b). Fur-
thermore, low-resolution grisms produce second-order spectra
that, although of very low intensity (∼3% of the intensity of
the first order), can be extremely annoying for the sky sub-
traction of the faintest objects. For a better estimate of the
spectral background, it is preferable to have second-order spec-
tra overlapping any eventual first-order spectrum in an exact
way; i.e., the two slits placed “one above the other” should be
of the same length and aligned (see Fig. 2, case c). VIMOS
optical distortions are very small, and aligned slits on the masks
always produce well-aligned spectra on the CCD.

This requirement ensures that the second-order sky contam-
ination of the slit below, and the zero order of the slit above
(in the dispersion direction), can be removed together with the
first-order sky when the dispersed background of a slit is pro-
cessed. This process does not remove the second and zero
orders of the objects in the slits below/above, but it completely
eliminates the inconvenience of having to remove a step-func-

tion contamination along the spatial direction of the slits when
correcting for the sky background.

On the contrary, VIMOS high-dispersion grisms produce
first-order spectra approximately as long as the dispersion di-
rection of a VIMOS quadrant; i.e., only a single column of
slits can be placed along the dispersion direction.

The slit length is set by the object size plus a minimum area
of sky on both sides of the object, required for a stable fitting
of the sky signal to be removed during data processing. The
size of this area should be of the order of 2! per side (i.e.,
about 10 pixels) to ensure a good sky-level fitting.

Slits as narrow as 0!.5 are a real possibility for VIMOS, which
implies an extremely precise pointing and centering of objects
in slits. The best and safest way to obtain such accuracy is to
have reference objects in the field to refine the pointing on the
sky. Once the telescope is on the field, an exposure is taken
with the mask inserted, and pointing is refined so that reference
objects fall exactly at the center of the reference “holes.” Ref-
erence objects must be bright and pointlike, and they must be
part of the same user-input catalog. Reference objects have to
be manually chosen. The slit-positioning algorithm has to han-
dle them in a special way, as they have square holes with a
fixed size instead of rectangular slits. Although in principle

No constraint on ΔRA

Slit Positioning Optimization Code (SPOC)
Bottini et al. 2004 (PASP..117..996B)VIPERS OBSERVATIONS
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THEORETICAL SYSTEMATICS

Ps (k, μk) = D (kμkσ12) [b2Pδδ + 2μ2
k fbPδθ + μ4

k f2Pθθ + A (k, μk, f, b) + B (k, μk, f, b)]

TNS Model (Taruya et al. 2010)
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THEORETICAL SYSTEMATICS
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GROWTH RATE ESTIMATES
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CONCLUSIONS

• Potentially unbiased estimates of the 2PCF;

• Sub-percent level accuracy on scales larger than 1Mpc/h;

• Confirm the robustness of TSR method but non-parametric;

• Confirm growth rate estimates in VIPERS-PDR2 paper release;


