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Preface

A Physics Department is a complex system, more akin to a living organism than a
network of weakly interacting units. This is perhaps the reason why being the
director of the Physics Department of the University of Milan for about six years
has been such an exciting adventure.

I inherited a healthy department from my predecessor, Francesco Ragusa. Since
then, we have been growing steadily. Looking at quantitative figures like the
number of faculty members, staff members, and students, however, one sees only a
side of the story. What I mostly witnessed in the last years is an impressive
qualitative growth in terms of the synergy between the different areas of research,
the capacity of attracting funds from diverse sources, and the overall throughput
of the department’s ecosystem.

I deliver to my successor, Giovanni Onida, a department which is just as healthy
as before and with a more outward-oriented attitude. This will be a key feature in the
next future, which will see the University of Milan on the verge of a radically new
era, as the scientific Departments will move to the new Campus at the EXPO2015
site. The Physics Department, recently named after its founder Aldo Pontremoli, has
embraced this new challenge as an opportunity to expand its activities, possibly
including the development of new interdisciplinary facilities for applied physics.

With this idea very much in mind, I have been delighted to conclude my service
as a director with a Congress of the Department. I’'m also proud to present this book
of proceeding, which contains a faithful account of what we have seen and heard
during our Congress.

I would like to thank the Scientific Committee, all the speakers, and the many
participants, for ensuring the high scientific quality of the workshop and of this
volume. I warmly thank also the colleagues at the Mathematics Department, for
having hosted our workshop in their conference hall.

Finally, special thanks are due to the local organizers Vera Bernardoni and
Matteo Bina, for their help and patience in preparing and running the workshop.

Milan, Italy Laura Perini
March 2018
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Introduction

The Congress of the Department of Physics has been a two-day event held in Milan
on June 28-29, 2017. The Congress was mostly aimed at presenting a snapshot
of the research done in our Department to the academic community, the media, and
the public at large. Policy-makers and authorities were also invited. The workshop
has been also instrumental in summarizing our activities and to strengthen inter-
disciplinary collaborations among the different areas of research within the
Department, and among the members of the Department and of other communities.

We received several excellent submissions, and this fact made it rather easy to
distill a program of high scientific level and, in turn, to edit the book of proceedings.
Overall, serving as members of the Scientific Committee and editors of the present
volume has been a fulfilling experience for all of us.

Our Department has a natural attitude toward collaborative research and inter-
disciplinary topics. This nature will be a key feature in the next future, while the
Department of Physics, recently named after Aldo Pontremoli, will move to the new
Campus at the EXPO2015 site, together with the other scientific departments.

The Congress has been attended by many researchers working in the Milan
research area, and by other interested scholars as well, including students, high
school teachers, and collaborators. The Congress took place in Aula Chisini at the
Department of Mathematics Federigo Enriques of the University of Milan. We
thank our colleagues for their hospitality and their logistic support.

The Congress lasted two days with a total of 25 invited presentations in eight
sessions, plus two poster sessions where about 70 presentations were displayed.
This volume contains contributions linked to most of the oral presentations and to a
selection of the poster presentations, including the winners of the poster awards:
Giulia Ballabio, Claudia Benedetti, and Andrea Merli.

We asked the contributors to provide an introduction to their fields, together with
a brief account of their recent results. It has been a natural choice, following the
format of the Congress, which was aimed at being a science camp rather than a
sequence of talks, to break from the traditional conference format, which are often
showcases of career-long investigations.
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XXii Introduction

The overall goal of this volume is to engage the creativity of both senior and
early-stage scientists and create new scientific connections, fostering critical
thinking and collaborations. For these very reasons, we did not impose any con-
straints on contributors and you will see rather diverse styles and formats, a feature
which we value as a plus. In particular, among the 25 papers that constitute this
volume, you will find research papers, the most part, few tutorials, and one his-
torical paper, by L. Gariboldi, about the life and the work of Aldo Pontremoli, who
founded and directed the Institute of Advanced Physics at the University of Milan
starting from 1924 until his presumed death in May 1928.

Of course, no proceedings volume may revive the whole experience of a
Congress with its interactive talks and its very active poster sessions. We hope that,
according to its title, the present proceedings volume will be at least successful in
providing a snapshot of current research at Physics Department Aldo Pontremoli,
and to stimulate a scientific debate as the Science Campus at the EXPO2015 site of
Milan is being planned and developed. We also hope that the present material will
foster additional debates on science-related topics like science communication, data
visualization, open access, and social media for science.

We would like to thank all the authors for their contributions, the referees for
their time and their thoroughness, and Sabine Lehr at Springer office for taking care
of all the editorial and administrative matters.

Milan, Italy Pier Francesco Bortignon
March 2018 Giuseppe Lodato
Emanuela Meroni

Matteo G. A. Paris

Alessandro Vicini
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Measuring the Universe with Galaxy i
Redshift Surveys

L. Guzzo, J. Bel, D. Bianchi, C. Carbone, B. R. Granett, A. J. Hawken,
F. G. Mohammad, A. Pezzotta, S. Rota and M. Zennaro

Abstract Galaxy redshift surveys are one of the pillars of the current standard cos-
mological model and remain a key tool in the experimental effort to understand the
origin of cosmic acceleration. To this end, the next generation of surveys aim at
achieving sub-percent precision in the measurement of the equation of state of dark
energy w(z) and the growth rate of structure f(z). This however requires comparable
control over systematic errors, stressing the need for improved modelling methods.
In this paper we review a few specific highlights of the work done in this direc-
tion by the Darklight project (http://darklight.fisica.unimi.it.). Supported by an ERC
Advanced Grant, Darklight has been developing novel techniques and applying them
to numerical simulations and to the new redshift survey data of the VIPERS survey.
We focus in particular on: (a) advances on estimating the growth rate of structure
from redshift-space distortions; (b) parameter estimation through global Bayesian
reconstruction of the density field from survey data; (c) impact of massive neutri-
nos on large-scale structure measurements. Overall, Darklight is paving the way for
forthcoming high-precision experiments, such as Euclid, the next ESA cosmological
mission.
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1.1 Introduction

A major achievement in cosmology over the 20th century has been the detailed
reconstruction of the large-scale structure of the Universe around us. Started in the
1970s, these studies developed over the following decades into the industry of red-
shift surveys, beautifully exemplified by the Sloan Digital Sky Survey (SDSS) in
its various incarnations (e.g. [1]). These maps have covered in detail our “local”
Universe (i.e. redshifts z < 0.2) and only recently we started exploring comparable
volumes at larger redshifts, where the evolution of galaxies and structure over time
can be detected (see e.g. [2]). Figure 1.1 shows a montage using data from some of
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Fig. 1.1 Combined “cone diagram” of the large-scale distribution of galaxies from different sur-
veys, out to z = 1. The plot includes the recently completed, deep VIPERS survey [3-5] and two
sub-samples of the Sloan Digital Sky Survey (SDSS) (main sample and Luminous Red Galaxy
(LRG) sample) at lower redshift [6, 7]. The plotted slices here are 4 and 2 degree-thick for the
SDSS and VIPERS data, respectively
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these surveys, providing a visual impression of the now well-established sponge-like
topology of the large-scale galaxy distribution and how it stretches back into the
younger Universe.

In addition to their purely cartographic beauty, these maps provide a quantitative
test of the theories of structure formation and of the Universe composition. Statis-
tical measurements of the observed galaxy distribution represent in fact one of the
experimental pillars upon which the current “standard” model of cosmology is built.
Let us define the matter over-density (or fluctuation) field, with respect to the mean
density, as §(x) = (p(x) — p)/p; this can be described in terms of Fourier harmonic
components as

5(kK) = f 5(x) e ¥ dPx (1.1)
1%

where V is the volume considered. The power spectrum P (K) is then defined by the
variance of the Fourier modes:

(66" (K)) = 2m)* P()dp(k — k') . (1.2)

The observed number density of galaxies n, (x) is related to the matter fluctuation
field through the bias parameter b by

ng =i (1+bd) (1.3)

which corresponds to assuming that §, = bJ. This linear and scale-independent rela-
tion provides an accurate description of galaxy clustering at large scales, although it
breaks down in the quasi-linear regime below scales of ~10h~! Mpc [8]. In general,
b depends on galaxy properties, as we shall discuss in more detail in Sect. 1.3. From
the hypothesis of linear bias, it descends that Py, (k) = b?>P(k), where Pg, (k) is the
observed galaxy-galaxy power spectrum. This connection allows us to use measure-
ments of P,, (k) to constrain the values of cosmological parameters that regulate
the shape of P (k). Figure 1.2 [9] shows an example of such measurements: the left
panel plots four estimates of the power spectrum P (k) (more precisely, its monopole,
i.e. the average of P (k) over spherical shells) obtained at 0.6 < z < 1.1 from the
VIPERS survey data of Fig. 1.1 (see also Sect. 1.2.2). In the central and right panels,
we show the posterior distribution of the mean density of matter §2,, and the baryon
fraction fp from a combined likelihood analysis of the four measurements; these
are compared to similar estimates from other surveys and from the Planck CMB
anisotropy constraints [10]. More precisely, the galaxy power spectrum shape on
large scales probes the combination §2y,h, where h = H,/100. Such comparisons
provide us with important tests of the ACDM model, with the z ~ 1 estimate from
VIPERS straddling Planck and local measurements.

If one goes beyond the simple shape of angle-averaged quantities, two-point
statistics of the galaxy distribution contain further powerful information, which is
key to understanding the origin of the mysterious acceleration of cosmic expansion
discovered less than twenty years ago [11, 12]. First, tiny “baryonic wiggles” in
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Fig. 1.2 Left: Four independent estimates of the power spectrum of the galaxy distribution at
0.6 < z < 1.1 from the VIPERS galaxy survey. The four curves correspond to two redshift bins
for the two separated fields W1 and W4, which have slightly different window functions (i.e. size
and geometry). Center and Right: VIPERS constraints on the mean total matter density §2, times
the normalised Hubble constant # = H,,/100 and the baryonic fraction, f, = §2;,/£2), compared
to similar measurements from surveys at low (center) and high redshift (right), plus Planck. See [9]
for details

the shape of the power spectrum define a specific, well known comoving spatial
scale, corresponding to the sound horizon scale at the epoch when baryons were
dragged into the pre-existing dark-matter potential wells. In fact, it turns out that
there are enough baryons in the cosmic mixture to influence the dominant dark-
matter fluctuations [7, 13] and leave in the galaxy distribution a visible signature of
the pre-recombination acoustic oscillations in the baryon-radiation plasma. Known
as Baryonic Acoustic Oscillations (BAO), these features provide us with a formidable
standard ruler to measure the expansion history of the Universe H (z), complemen-
tary to what can be done using Type la supernovae as standard candles (see e.g. [14]
for the latest measurements from the SDSS-BOSS sample).

Secondly, the observed redshift maps are distorted by the contribution of peculiar
velocities that cannot be separated from the cosmological redshift. This introduces
a measurable anisotropy in our clustering statistics, what we call Redshift Space
Distortions (RSD), an effect that provides us with a powerful way to probe the growth
rate of structure f. This key information can break the degeneracy on whether the
observed expansion history is due to the presence of the extra contribution of a
cosmological constant (or dark energy) in Einstein’s equations or rather require a
more radical modification of gravity theory. While RSD were first described in the
1980s [15, 16]), their potential in the context of understanding the origin of cosmic
acceleration was fully recognized only recently [17]; nowadays they are considered
one of the potentially most powerful “dark energy tests” expected from the next
generation of cosmological surveys, as in particular the ESA mission Euclid [18], of
which the Milan group is one of the original founders.
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1.2 Measuring the Growth Rate of Structure from RSD

1.2.1 Improved Models of Redshift-Space Distortions

Translating galaxy clustering observations into precise and accurate measurements
of the key cosmological parameters, however, requires modelling the effects of non-
linear evolution, galaxy bias (i.e. how galaxies trace mass) and redshift-space distor-
tions themselves. The interest in RSD precision measurements stimulated work to
verify the accuracy of these measurements [19, 20]. Early estimates—focused essen-
tially on measuring §2,,, given that in the context of General Relativity f ~ [21?4'55
(e.g. [21])—adopted empirical non-linear corrections to the original linear theory by
Kaiser; this is the case of the so-called “dispersion model” [22], which in terms of
the power spectrum of density fluctuations is expressed as

2
P*(k, ) = D(kpoiz) (1 + 5#2) b*Pss(k) (1.4)

where P*(k, p) is the redshift-space power spectrum, which depends both on the
amplitude k and the orientation p = cos(®) of the Fourier mode with respect to
the line-of-sight, Pss(k) is the real-space (isotropic) power spectrum of the matter
fluctuation field § and § = f/b, with f being the growth of structure and b the linear
bias of the specific population of halos (or galaxies) used. The latter is defined as the
ratio of the rms clustering amplitude of galaxies to that of the matter, conventionally
measured in spheres of 8 h~! Mpc radius, b = a§a1 /os. For what will follow later, it
is useful to note that

f fof
g=L - 58 (1.5)
b Uéal
can be recast as
Bt = fog, (1.6)

which combines two directly measurable quantities to the left, showing that what
we actually measure is the combination of the growth rate and the rms amplitude
of clustering, fos. This is what nowadays is customarily plotted when presenting
measurements of the growth rate from redshift surveys (e.g. Fig. 1.8).

Goingback to (1.4), the term D (k ucrlz) is usually either a Lorentzian or a Gaussian
function, empirically introducing a nonlinear damping to the Kaiser linear amplifi-
cation, with the Lorentzian (corresponding to an exponential in configuration space)
normally providing a better fit to the galaxy data [23]. This term is regulated by a
second free parameter, o, which corresponds to an effective (scale-independent)
line-of-sight pairwise velocity dispersion. Figure 1.3 (from [20]), shows how esti-
mates of (3 using the dispersion model can be plagued by systematic errors as large
as 10%, depending on the kind of galaxies (here dark matter halos) used. With the next
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Fig. 1.3 Systematic differences in the measured values of the RSD distortion parameter 3 (dots
with green 1- and 2-o error bands) with respect to the expected value (thinner red band, including
theoretical uncertainties). Measurements are performed for catalogues of dark-matter halos with
increasing threshold mass, built from an n-body simulation [20]

generation of surveys aiming at 1% precision by collecting several tens of millions
of redshifts, such a level of systematic errors is clearly unacceptable.

Exploring how to achieve this overall goal by optimising measurements of galaxy
clustering and RSD, has been one of the main goals of the Darklight project, supported
by an ERC Advanced Grant awarded in 2012. Darklight focused on developing new
techniques, testing them on simulated samples, and then applying them to the new
data from the VIMOS Public Extragalactic Redshift Survey (VIPERS), which was
built in parallel.

After assessing the limitations of existing RSD models [20, 24] the first goal
of Darklight has been to develop refined theoretical descriptions. This work fol-
lowed two branches: one, starting from first principles, was based on revisiting the
so-called streaming model approach; the second, more pragmatic, aimed at refining
the application to real data of the best models available at the time, as in particular
the “TNS” model [25]. Such more “data oriented” line of development also included
exploring the advantages of specific tracers of large-structure in reducing the impact
of non-linear effects.

The first approach [26] focused on the so-called streaming model [27], which in
the more general formulation by Scoccimarro [28] (see also [29]), describes the two-
point correlation function in redshift space {s(s , s) as a function of its real-space
counterpart g (r)

L+ Es(se, s) = / dry [1 + Ex (] Py — 5y16) (1.7)

Here quantities noted with | and || correspond to the components of the pair
separation—in redshift or real space—respectively perpendicular and parallel to the
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line of sight, with r*> = rﬁ +r? and r; = s;. The interest in the streaming model
is that this expression is exact: knowing the form of the pairwise velocity distribu-
tion function P(vy|r) = P(r; — s)|r) at any separation r, a full mapping of real- to
redshift-space correlations is provided. The problem is that this is a virtually infinite
family of distribution functions.

The essential question addressed in [26] has been whether a sufficiently accurate
description of this family (and thus of RSD) is still possible with a reduced number
of degrees of freedom. It is found that, at a given galaxy separation r, they can be
described as a superposition of virtually infinite Gaussian functions, whose mean
and dispersion ¢ are in turn distributed according to a bivariate Gaussian, with its
own mean and covariance matrix. A recent extension of this work [30] shows that
such “Gaussian—Gaussian” model cannot fully match the level of skewness observed
at small separations, in particular when applied to catalogues of dark matter halos.
They thus generalize the model by allowing for the presence of a small amount of
local skewness, meaning that the velocity distribution is obtained as a superposition
of quasi-Gaussian functions. In its simplest formulation, this improved model takes
as input the real space correlation function and the first three velocity moments (plus
two well defined nuisance parameters) and returns an accurate description of the
anisotropic redshift-space two-point correlation function down to very small scales
(~5h~! Mpc for dark matter particles and virtually zero for halos). To be applied
to real data to estimate the growth rate of structure f, the model still needs a better
theoretical and/or numerical understanding of how the velocity moments depend on
f on small scale, as well as tests on mock catalogues including realistic galaxies.

The second, parallel approach followed in Darklight was to work on the “best”
models existing in the literature, optimising their application to real data. The natural
extensions to the dispersion model (1.4) start from the Scoccimarro [28] expression

P*(k, p) = D(knor) (b Psst) + 2 by Poot) + F21* Pan)) . (18)

where Psg and Py are respectively the so-called density-velocity divergence cross-
spectrum and the velocity divergence auto-spectrum, while Pjss is the usual matter
power spectrum. If one then also accounts for the non-linear mode coupling between
the density and velocity-divergence fields, two more terms arise inside the parenthe-
sis, named Cy(k, u, f, b) and Cp(k, u, f, b), leading to the TNS model by Taruya
and collaborators [25].

A practical problem in the application of either of these two models is that the
values of Psy and Pyy cannot be measured from the data. As such, they require
empirical fitting functions to be calibrated using numerical simulations [31]. As part
of the Darklight work, we used the DEMNUni simulations (see Sect. 1.4) to derive
improved fitting functions in different cosmologies [32]:

1

Py (k) = (Pag(k)P“%k)e—"”‘*)z, (1.9)
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Pyo(k) = P™(k)e ™ /%, (1.10)

where P'"(k) is the linear matter power spectrum and k* is a parameter representing
the typical damping scale of the velocity power spectra, which is well described as
1/k* = pyol”?, where p;, p are the only two parameters that need to be calibrated
from the simulations. These forms for Psg and Pygy have valuable, physically moti-
vated properties: they naturally converge to Pjs;(k) in the linear regime, including
a dependence on redshift through og(z). They represent a significant improvement
over previous implementations of the Scoccimarro and TNS models and allowed
us to extend their application to smaller scales and to the high redshifts covered by
VIPERS.

1.2.2 Application to Real Data: Optimising the Samples

The performance, in terms of systematic error, of any RSD model when applied to
real data does not depend only on the quality of the model itself. The kind of tracers
of the density and velocity field that are used, significantly enhance or reduce some of
the effects we are trying to model and correct. This means that, in principle, we may
be able to identify specific sub-samples of galaxies for which the needed non-linear
corrections to RSD models are intrinsically smaller. This could be an alternative
to making our models more and more complex, as it happens for the full galaxy
population.

Such an approach becomes feasible if the available galaxy survey was constructed
with a broad selection function and supplemented by extensive ancillary informa-
tion (e.g. multi-band photometry, from which spectral energy distributions, colours,
stellar masses, etc. can be obtained). This allows a wide space in galaxy physical prop-
erties to be explored, experimenting with clustering and RSD measurements using
different classes of tracers (and their combination), as e.g. red versus blue galax-
ies, groups, clusters. This is the case, for example, of the Sloan Digital Sky Survey
main sample [6]. The VIMOS Public Extragalactic Redshift Survey (VIPERS) [3]
was designed with the idea of extending this concept to z ~ 1, i.e. when the Uni-
verse was around half its current age, providing Darklight with a state-of-the-art
playground.

VIPERS is a new statistically complete redshift survey, constructed between 2008
and 2016 as one of the “ESO Large Programmes”, exploiting the unique capabilities
of the VIMOS multi-object spectrograph at the Very Large Telescope (VLT) [5]. It
has secured redshifts for 86,775 galaxies with magnitude i 4 < 22.5 (out of 97,714
spectra) over a total area of 23.6 square degrees, tiled with a mosaic of 288 VIMOS
pointings. Target galaxies were selected from the two fields (W1 and W4) of the
Canada-France-Hawaii Telescope Legacy Survey Wide catalogue (CFHTLS—Wide),
benefiting of its excellent image quality and photometry in five bands (ugriz).! The

Thitp://www.cadc-ccda.hia-iha.nre-cnre.ge.ca/en/cfht.


http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/cfht

1 Measuring the Universe with Galaxy Redshift Surveys 9

Redshift ; 0.95 1.0

WOEUZO

wsTuzo

2000 2100 g
E . 22
Col'Hov.ng dstﬂﬂce “ h 00 2300 3§

Fig. 1.4 A zoom into the central part of the W1 VIPERS region. Galaxies are described by dots,
whose size is proportional to the B-band luminosity of the galaxy and whose colour corresponds
to the its actual (U B) restframe colour. Note the clear colourdensity relation, for the first time
seen so clearly at these redshifts, with red early-type galaxies tracing the backbone of structure and
blue/green star-forming objects filling the more peripheral lower-density regions

survey concentrates over the range 0.5 < z < 1.2, thanks to a robust colour pre-
selection that excluded lower-z targets, nearly doubling in this way the sampling
density achieved by VIMOS within the redshift of interest [3]. This set-up produces
a combination of dense sampling (>40%) and large volume (~5 x 10" h=3 Mpc?),
which is unique for these redshifts and allows studies of large-scale structure and
galaxy evolution to be performed on equal statistical footing with state-of-the-art
surveys of the local z < 0.2 Universe (see Fig. 1.1). Sparser samples like the SDSS
LRG, BOSS [14] or Wigglez [33] surveys allow for much larger volumes to be probed
and are excellent to measure large-scale features as Baryonic Acoustic Oscillations.
However, they include a very specific, limited sample of the overall galaxy population
and (by design) fail to register the details of the underlying nonlinear structure. The
rich content of information of VIPERS can be further appreciated in Fig. 1.4, where
the connection between galaxy colours and large-scale structure is readily visible
by eye. VIPERS released publicly its final catalogue and a series of new scientific
results in November 2016. More details on the survey construction and the properties
of the sample can be found in [3-5].

Figure 1.5 shows two measurements of the anisotropic two-point correlation func-
tion in redshift space (i.e. whatis called s(s ., ) in (1.7); here r, = s and ™ = sy),
using the VIPERS data. In this case the sample has been split into two classes, i.e.
blue and red galaxies, defined on the basis of their rest-frame (U — V') photometric
colour (see [34] for details). The signature of the linear streaming motions produced
by the growth of structure is evident in the overall flattening of the contours along
the line-of-sight direction (7). These plots also show how blue galaxies (left) are less
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Fig. 1.5 Estimate of the redshift-space two-point correlation functions from the VIPERS survey,
splitting the sample into blue (left) and red (right) galaxies (colour scale and solid contours),
compared to measurements from a set of mock samples (dashed lines). Blue galaxies show reduced
stretching along the line-of-sight (7) direction, indicating lower contribution by non-streaming
velocities, which are the most difficult to account for in the extraction of the linear component and
the growth rate of structure f [34]
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Fig. 1.6 Systematic errors on the growth rate parameter fog using 153 VIPERS-like mock cata-
logues. In both panels the abscissa correspond to the minimum scale included in the fit: the smaller
Smin, the more nonlinear effects are included. Left: improving non-linear corrections in the RSD
model [23]. Right: improving the galaxy tracers: luminous blue galaxies yield negligible systematic
errors down to 5 h~! Mpc, even limiting non-linear corrections to the Scoccimarro extension (filled
circles) of the dispersion model (open circles)

affected by small-scale nonlinear motions, i.e. those of high-velocity pairs within
virialised structures. These produce the small-scale stretching of the contours along
m (vertical direction), which is instead evident in the central part of the red galaxy
plot on the right. For this reason, blue galaxies turn out to be better tracers of RSD,
for which it is sufficient to use a simpler modelling, as shown in Fig. 1.6. When using
the full galaxy population, the best performing model is the TNS by Taruya et al.
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[25] (left panel), while when we limit the sample to luminous blue galaxies only,
it is sufficient to use the simpler nonlinear corrections by Scoccimarro [28] (filled
circles, right panel); open circles correspond to the simplest model, i.e. the standard
dispersion model [22], which is not sufficient even in this case. See [34] for details.

1.2.3 RSD from Galaxy Outflows in Cosmic Voids

Cosmic voids, i.e. the large under-dense regions visible also in Fig. 1.1, represent an
interesting new way to look at the data from galaxy redshift surveys. As loose as they
may appear, over the past few years they have proved to be able to yield quantitative
cosmological constraints on the growth of structure. Indeed, growth-induced galaxy
peculiar velocities tend to outflow radially from voids, which leaves a specific mark
in the observed void-galaxy cross-correlation function (see e.g. [35]). The dense
sampling of VIPERS makes it excellent for looking for cosmic voids at high redshift.
Figure 1.7 shows an example of how a catalogue of voids was constructed from these
data [36].

The Darklight contribution to this new research path has been presented recently
[37]. By modelling the void-galaxy cross-correlation function of VIPERS, a further
complementary measurement of the growth rate of structure has been obtained [37].
This value is plotted in Fig. 1.8, which provides a summary of all VIPERS estimates,
plotted in the customary form f og (see Sect. 1.2.1 for details). The figure also includes
one further measurement, based on a joint analysis of RSD and galaxy-galaxy lensing
[38], which has not been discussed here. In addition, one more analysis is in progress,
based on the linearisation technique called “clipping” [39].

Such a multifaceted approach to estimating the growth rate of structure clearly
represents an important cross-check of residual systematic errors in each single tech-
nique. We stress again how this has been made possible thanks to the broad “informa-
tion content” of the VIPERS survey, which provides us with an optimal compromise
(for these redshifts) between a large volume, a high sampling rate and extensive
information on galaxy physical properties.

Fig. 1.7 Example of definition and search for “voids”, as performed in VIPERS. Left: the spherical
void regions that make up the largest void in one of the VIPERS fields. Right: in red, the centres of
all overlapping significant spheres defining the same low-density region; other void regions within
this volume are shown in orange [36]



