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Abstract

Local Cosmology aims to provide a link between the local scenario at red-
shift z = 0 and the distant Universe. In this context, we may certainly assert
that the evolution of the Milky Way, and its constituents, is the product of the
action of gravity according to General Relativity. In the era of Gaia, the weak-
gravity regime is playing a pivotal role in Galactic observation surveys, to-
gether with the implementation of high-resolution cosmological simulations.
Therefore, the quests nowadays and the motivation of this Thesis are to put
several observational constraints on the structure and origin of the Galaxy as
a "standard candle" for disc-like galaxies and to push on the use of General
Relativity to ensure a robust Local Cosmology Laboratory against which any
model at rst for the Galaxy can be tested. In this work, the high-resolution
simulation AgqC4 was investigated to disentangle the complex overlapping
of stellar generations that rises from the top-down and inside-out formation
of the galactic disc. Several cosmological signatures, stemming from past
and recent dynamical perturbations, con rm that the Galactic thick disc was
produced by a satellite with a stellar massratio D 5.5% accretedatz 1.6
which resembles the major merger Gaia-Sausage-EnceladusD 6 %), while
at z 0.5 0.4 two merging satellites with a stellar mass of 10° M
each are associated to a strong starburst in the Star Formation History which
appears fairly similar to that recently found in the Solar Neighbourhood.
On the other hand, from the Gaia DR2 catalogue was extracted one of the
most suitable angular-momentum supported stellar sample that better traces
the Milky Way observed rotation curve. To explain its atness, two models
were tted to such data: a classical velocity pro le including a dark matter
halo, and a general relativistic one derived from a stationary axisymmetric
Galactic-scale metric. The latter provides a statistically indistinguishable re-
sult from its state-of-the-art dark matter analogue. These ndings suggest
no need for extra matter to account for the Galactic disc kinematics and a
baryonic-only Milky Way. The results of this Thesis con rm that detailed
studies of stellar kinematics based on current and future Gaia data releases
and in synergy with simulations are fundamental to unravel the formation
and evolution of the Milky Way in the context of Local Cosmology.
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Chapter 1

The context of Local Cosmology

hat does it mean Local Cosmology? From the Greek kdsmogi.e.
W "world") and -logia (in the gurative sense, "study of"), the term
cosmology refers to the studies of the origin and evolution of the
Universe, from the beginning of spacetime with the Big Bang to today and on
into the future. It concerns the scienti ¢ study of the largest-scale structures,
as well as the laws that govern their formation and dynamics.

Since immemorial time, indeed, our ancestors have been observing the
night sky and trying to make sense of the world around them in some "the-
oretical framework", but it is from the 20 ™ century that cosmology raises as
a modern science. In 1915, Albert Einstein published his theory of General
Relativity and advanced that the Universe should be evolving; then in 1929,
Edwin Hubble claimed that it was not only changing in time but actually ex-
panding. In the same period, Harlow Shapley and Heber Curtis proposed
two different models on the structure of our galaxy, the Milky Way, and their
discussion led to the famous Great Debate in 1920. Again, in 1929, obser-
vations of the Andromeda "nebula" using the period-luminosity relation for
Cepheids stars, now called the Leavitt Law (Leavitt and Pickering, 1912),
con rmed unambiguously that our Milky Way is one among a large variety
of galaxies in the observable universe with similar evolution process, as well
as peculiar properties. The discovery in 1965 of the Cosmic Microwave Back-
ground, or CMB, showed that the Universe was hotter and denser in the past
(Penzias and Wilson, 1965; Wright et al., 1992; Planck Collaboration et al.,
2016).

By the 1970s, the Holy Grail of cosmology soon emerged: starting from
a theory of gravity, de ning a standard cosmological model to describe the
origin of galaxies became one of the major research goals of astrophysicists.
In this respect, the history of modern cosmology highlights a dichotomy, a
contrast between the wholeUniverse and our relatively small Localcorner, our
Galaxy. On one hand, is our observable Universe all there is, homogeneous
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and isotropic as implied by the Cosmological Principle? How the large scale
structures could have been formed from the primordial density uctuations
in the Cosmic Microwave Background? On the other hand, is our Galaxy just
a Local, atypical "bubble" which just happens to have the properties we can
observe today or is it a typical cosmological product with which we can test
and study cosmological models?

Indeed, the cosmological consequences of the evolution of the Universe
"could manifest themselves as characteristic signatures in the main consti-
tuents of the Milky Way (i.e. halo, disc) or as small perturbations in the
gravity in action within our Solar System" (Lattanzi, 2012). Then, many of
the chemo-kinematic properties of the Milky Way and nearby galaxies relate
to events that occurred a long time ago.

Therefore, the terminology Localassociated with Cosmologygains its full
meaning and importance in the wider and more global interest of modern as-
trophysics: the aim is to provide a link between the local scenario at redshift
z = 0 and the distant Universe.

This new perspective highlights that the domain of far- eld, concerning
cosmic structures, CMB, galaxy clusters etc., and near- eld cosmology, fo-
cused on the local Group, Galactic Archaeology, stellar and gas astrophysics,
are no more separate research elds. From now on, the whole and the local
studies of the Universe, the high-redshift and the low-redshift observations
have converged in the Milky Way thanks to the tremendous improvements
of astrometry given by space mission as Gaia (Gaia Collaboration et al., 2016)
and of ground-based spectro-photometric surveys (e.g. Majewski et al., 2017;
De Silva et al., 2015).

In particular, it is the few-micro-arcsecond ( mas) accuracy achievable with
Gaia measurements that allows astronomers to reach the kilo-parsec (kpc)
scale and acquire detailed phase space coordinates for about one billion stars,
within a sphere of 20 kpc of diameters (the "Gaia sphere"). This impressive
result requires "a fully general-relativistic analysis of the inverse ray-tracing
problem, from the observational data (e.g. stellar images on a digital detec-
tor) back to the positions of light-emitting stars" (Crosta et al., 2017). In this
respect, cosmology becomes "local” not only because we are observing and
studying a small portion of the Universe, but also from a relativistic point
of view: due to the ever present and ever changing overlapping weak local
gravitational eld of the Solar System, the localGaia-observer must be prop-
erly de ned, and in this framework of modern Relativistic Astrometry, the
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Figure 1.1: The elds of interest of Local Cosmology.

weak gravitational regime is playing a pivotal role for understanding grav-
ity (Crosta, 2019, and references therein). Moreover, "once a relativistic model
for the data reduction is in place, any subsequent scienti ¢ exploitation and
investigation should be consistent with those prescriptions and, consequen-
tially, fully compliant with the precepts of the standard theory of gravity
adopted, i.e. the General Relativity" (Crosta et al. 2017; Crosta, Giammaria,
Lattanzi, and Poggio 2020).

A last but not less important eld of interest for Local Cosmology is the
comparison between observations and high-resolution cosmological simula-
tions that recently have produced quantitative predictions on the present-day
structure of our Galaxy.

This is mandatory in order to create a coherent laboratory for Local Cos-
mology studies to perform extensive experimental tests on the Standard Cos-
mological Model, also called Concordance modehe L CDM.

1.1 The Concordance model

he Concordance model, as introduced before, is the state-of-the-art of
modern cosmology, the culmination of almost all the investigations
made in the last century on the physics of the Universe and structures
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formation. This paradigm is based upon the Cosmological Principle within
the framework of General Relativity (Bland-Hawthorn, Freeman, and Mat-
teucci, 2014; Read, 2014; Bullock and Boylan-Kolchin, 2017). The former is
the hypothesis that the Universe is spatially homogeneous and isotropic at
least at large scales, and it is mathematically expressed with the Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric, i.e.

ds? = cAdt a(t)2 + r2(dg? + sin®qdf 2) (1.1)

1 K 1 Kr2
that takes into account the expansion of the Universe. Here, spherical po-
lar coordinates are used: r, q and f are the comoving coordinates® (r is by
convention dimensionless); t is the proper time; a(t) is a function to be de-
termined which has the dimensions of a length and is called the cosmic scale
factor or the expansion parameter; the curvature parameter K is a constant
which can be scaled in such a way that it takes only the values +1, O or -1.
The framework is the standard theory of gravity, expressed by the famous
Einstein's eld equation
Gmn= Rmn %ger +Lgmn = 8I;):4(3-|-mn (1.2)

where Rpnis the Ricci curvature tensor, R is the scalar curvature, gmnis the
metric tensor, L is the cosmological constant’, G is Newton's gravitational
constant, c is the speed of light in vacuum, and Tpyis the stress-energy ten-
sor. According to this equation, gravity is the manifestation of the geometry
of spacetime encapsulated in the metric tensor gn, and determined by the
energy-mass distribution, i.e. the physical sources of the gravitational eld
Tmn

In this respect, the Concordance model, or L CDM (expression that will
be divulged just a little later) describes the expanding Universe that obeys
to Cosmological Principle, and, within the framework of General Relativity,
explains how primordial uctuations grew in time to become the seeds of all
structure formation (Liddle and Lyth, 2000). A graphical representation of
this process is shown in Fig. 1.2.

Lcomoving coordinates assign constant spatial coordinate values to observers who per-
ceive the Universe as isotropic. Such observers are called "comoving" observers because they
move along with the Hubble ow.

2To be precise, Einstein included a cosmological constant in 1917 (Einstein, 1917) to coun-
terbalance the effects of gravity and achieve a static universe. If moved onto the right-hand
side of the equation, the L = 8p (G/ ®)ryac becomes proportional to the intrinsic energy
density of space, or vacuum energy, r yac
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Figure 1.2: Graphic picture of the history of the Universe according to the
Standard Model of Cosmology L CDM. Copyright: ESA

According to this model, the Universe should be dominated today by
Dark Energy (L, 70 % of the total budget, Planck Collaboration et al.,
2016), that produce an apparent accelerated expansion (Riess et al., 1998),
and by Cold dark matter (CDM, 25 %), a collisionless, non-relativistic and
non-baryonic uid that is gravitationally dominant and determines the struc-
tures formation. Baryons contributes only for a 5 % to the energy density
(Planck Collaboration et al., 2016; Guo et al., 2016).

1.1.1 Galactic formation scenario

In this context, the Concordance model predicts that structures in the Uni-
verse form hierarchically, driven by the gravitational forces of the large-scale
distribution of Cold dark matter (see Fig. 1.2).

Starting from sub-galactic scales, via mergers, larger and large systems
such as our Galaxy growth. Fig. 1.3 provides a good exempli cation of this
process. At early times mergers were more frequent because of the higher
density of the Universe, and depending on the accretion history and the mass
ratio between the main galaxy and the accreted satellite, such events could
lead to the formation of all the great variety of galactic morphologies, as well
as the internal substructures of these galaxies.
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Figure 1.3: Schematic representation of a merger tree showing the growth of
dark matter halos in time. Time increases from top to bottom, and the widths
of branches are proportional to the masses of the progenitor halo. Credits:

Lacey and Cole (1993).



1.1. The Concordance model 35

Figure 1.4: The age-metallicity relation of the Galaxy for the different com-
ponents. Credits: Buser (2000).

This is also the case of our Galaxy: the mergers that the Milky Way experi-
enced should have left "fossil” (i.e. long-lived) signatures that can be inferred
from the observation today of the stellar populations in the Galactic bulge,
disc, and halo and their peculiar chemo-kinematic properties as shown in
Fig. 1.4 with the age-metallicity relation. Another case study is, for example,
the investigation of co-moving groups of stars: these stars, stripped by the
Milky Way from a merging satellite, continue to follow similar trajectories as
their progenitor system and should de ne streams that crisscross the whole
Galaxy and let us reconstruct the accretion history of the Galactic halo (Helmi
etal., 2018; Re Fiorentin et al., 2015, and references therein). Another particu-
larly useful way to track Galactic history is through precise measurements of
stellar ages in order to date the sequence of events that led to the formation
of the different components. However obtaining precise ages for very old
stars is very dif cult.
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On the other hand, "with the advent of cosmological hydrodynamical
zoom-in simulations of Milky Way-like galaxies, we are able to analyse in
details the complex interplay of physical processes (e.g. dynamics of colli-
sionless systems, gas ows, radiative cooling and heating, star formation,
stellar nucleosynthesis, .. .) that generated our Galaxy, which represents the
Rosetta stone of galaxy evolution" (Giammaria et al., 2021). To the interested
reader, the review by Helmi (2020) describes extensivelly the early accretion
history of the Milky Way, while Buck et al. (2019) and Grand et al. (2020)
discuss in details on the chemical and dynamical properties of the Galaxy,
respectively.

Today, thanks to all of these parallel and complementary studies the def-
inition "Galactic archaeology"”, namely the branch of Galactic studies that in-
vestigate the formation and history of the Milky Way and its stellar popula-
tions, has been adopted widely by the community, and it begins to appear
more frequently both in talks as in the literature (see for example the very
in uential reviews Freeman and Bland-Hawthorn, 2002; Bland-Hawthorn,
Freeman, and Matteucci, 2014, who introduced the term "near- eld cosmol-
ogy"). The idea behind is to use the properties of long-lived stars to recon-
struct the history much in the same way archaeologists use artifacts or "rub-
ble", to learn about the past.

This is again the context of Local Cosmology that, guided by theory and
observation, could test the main aspects of the cosmological models directly
from the perspective of the Milky Way.

1.2 Solutions and open questions

ferent scales that range from the cosmic horizon (15000 Mpc Planck
Collaboration et al., 2016; Slosar et al., 2013; Riess et al., 1998; Riess
et al., 2016) to the typical distance that separate galaxies ( 1 Mpc Zwicky,
1933; Croft et al., 2002; Markevitch et al., 2004; Clowe et al., 2006) to Galactic
scale (order of 100 kpc and lower Rubin, Ford, and Thonnard, 1980; Eilers
et al., 2019; Crosta et al., 2020).

Nevertheless, despite many attempts to explain their physical nature, at
least 95% of the fundamental ingredients that compose the Universe, i.e. the
dark matter and the Dark Energy, are still unknown. Therefore, the validity
of the Concordance model is still a matter of debate among the cosmology
and astrophysics community. In the following, the discussion will be mainly

T here are several observations that supports the L CDM model at dif-
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focused on the rst one of this two undisclosed elements because, within the
context of the Concordance model and Local Cosmology, dark matter plays a
key role in the cosmic structures formation and galaxies evolution, included

the Milky Way.

1.2.1 Inthe dark mirror

Historically, the dark matter paradigm was for a long time termed the “miss-
ing matter” problem. This is because the astrophysicists are not completely
sure where to nd the solution: is it a new kind of fundamental particle
beyond the Standard Model of nuclear physics? Or the standard theory of
gravity, General Relativity, is wrong and need to be modi ed (e.g. MOdi ed
Newtonian Dynamics, f(R) gravity and scalar-tensor theories, etc.)? Or the
approximations such as low speed and weak- eld limits we are considering
are no more valid for the accuracy of new data?

Almost all information on celestial bodies and the Universe comes to us
via photons, and the majority of objects are observed because they emit light.
Despite the great efforts made in identifying dark matter, we have only indi-
rect observations that may suggest the presence of an “invisible” component
which manifests itself only by gravitational interaction.

The strength of the dark matter hypothesis as a solution to the dynamics
and evolution of the Universe lies in the fact that solve a lot of problems in a
very large range of scales, from galactic dynamics to cosmic scale structures,
in a simple way with a few ad hocconsiderations on the possible nature of
its constituent particles (e.g. non-relativistic, weakly interactive). Currently,
no other scenario seems to have the same robustness describing coherently
the Universe, however there are several problems within this context that in
some cases appear to be totally inconsistent and unsolvable. Some of these
issues are reported in the following.

1.2.2 L CDM at cosmological scales

The most important observation that supports the Concordance model and
suggests the presence of dark matter comes from the earliest times of the cos-
mic evolution, when the Universe was very young, dense and hot. In 2016,
the Planck Collaboration released the full mission results of the CMB mea-
surements (Planck Collaboration et al., 2016). The tted power spectrum,
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Figure 1.5: From Planck Collaboration et al. (2016): the best-t prediction
of L CDM theoretical spectrum tted to the Planck likelihood in the upper
panel; residuals with respect to this model are shown in the lower panel. The
error bars show 1s uncertainties.

shown in Fig. 1.5, suggests the actual composition of the Universe, its geom-
etry that should be almost at, and also that the most suitable candidates for
the dark matter are non-baryonic particles.

Although these results are probably the most important evidence of the
L CDM scenario, several aspects are still matter of debate among the scien-
ti c community, and many predictions on the evolution of the Universe are
strongly model-dependent and based on the nature and physics of dark mat-
ter particles.

It is the case of the so-called Hp-tension: using the Planck observation of
the CMB power spectrum, the predicted value of the Hubble constant results
66.93 0.62kms ! Mpc ! (Planck Collaboration et al., 2016), while the local
measurement based on the method of distance ladder gives a result of Hg =
73.00 1.75kms ! Mpc ! (Riess etal., 2016), which is 3.8 higher than the
Planck Collaboration estimate. The Hg-tension between these two results has
attracted lots of attention of cosmologists because both the distance ladder
measurement and the CMB tting have reduced the uncertainty to 2.4% and
less than 1% precision, respectively. Thus, they are in signi cant - more than
3s - tension.
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1.2.3 Galaxy clusters and gravitational lensing

The CMB measurements seem to be in accordance with the mass discrepancy
between baryonic and dark matter that is found in cosmic structures.

Indeed, it is frequently possible to study the matter distribution describ-
ing the distribution of light that we observe with telescopes (with some con-
siderations on the emission of photons by the different astrophysical sources
and studying the spectra at all wavelengths) and determining the mass-to-
luminosity ratio M/ L. However, the mass can be also determined by mea-
suring the motions of the sources and their kinematical properties. Taking
into account the hypothesis of low speed and weak eld regime, and com-
paring the direct dynamical mass with the derived luminous mass estimates,
in many cases we can observe a discrepancy between the two distributions:
if Newtonian mechanics gives a useful approximation to the dynamics of the
systems considered, there should be more matter than the visible one, hence
the de nition of "dark" matter.

In this context, clusters of galaxies are the largest virialized systems in
the Universe and seem to be dominated by this unknown source of gravity.
One of the most interesting and most direct hint about the nature of the dark
matter is given by the distribution of matter in the Bullet Cluster 1IE0657-56
(Clowe, Gonzalez, and Markevitch, 2004; Markevitch et al., 2002; Markevitch
et al., 2004), consisting of two colliding clusters of galaxies. In Fig. 1.6 a
comparison of this cluster in visible light and X-ray gas emission is shown.

Accordingto L CDM, during a merger, the gas motion is impeded by pres-
sure forces since the gas is a collisional uid (X-ray observations), while the
galaxies, observable in visible light, behave as a nearly collisionless uid.
Gravitational lensing allows mapping the matter belonging to the cluster,
which seems to be dark matter for the most part. Historically, weak-lensing
observations are one of the most signi cant demonstrations of General Rel-
ativity, and in the case of the Bullet Cluster, they demonstrate that the gas
does not contribute to the missing matter problem.

Nowadays, the accuracy of the measurements reaches a level at which
Newtonian regime might not be suf cient anymore. This is the case of Gaia
(Gaia Collaboration et al., 2016) and its data reduction pipeline which con-
siders a fully relativistic inverse ray-tracing methodology in accordance with
the local geometrical environment affecting light propagation itself and at the
observer's gravitational location, i.e., a correct application of the precepts of
the theory of measurement in General Relativity (Crosta, 2019, and references
therein). Such corrections are due to the gravitational sources of Solar System
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Figure 1.6: Images of the merging bullet cluster 1IE0657-558 (Clowe et al.,
2006). The left panel shows a direct image of the cluster obtained with the
6.5-m Magellan telescope in the Las Campanas Observatory, the right panel
is a X-ray satellite Chandra image of the cluster. Shock waves of the gas are
visible, the gas of the smaller bullet cluster (right) lags behind the cluster
galaxies. In both panels green contours are iso-density levels of the grav-
itational potential of the cluster, found using weak gravitational lensing of
distant galaxies. The white bar has 200 kpc/h length at the distance of the
cluster. Note that contours of the gravitational potential coincide with the
location of visible galaxies, but not with the location of the X-ray gas (the
dominant baryonic component of clusters).

bodies and fundamental at the micro-arcsecond level of accuracy (i.e. Earth,
Jupiter which effects are of the order of tens mas see Crosta and Mignard,
2006, and Fig. 1.7).

Another possible evidence from clusters comes from the redshifts mea-
surements of individual galaxies. This method of analysis was implemented
by Fritz Zwicky (Zwicky, 1933) who found that the velocity dispersion of
galaxies in the Coma cluster was much greater than expected for a virial-
ized, isolated cluster composed by only the luminous matter. The only way
to hold the cluster from rapid expansion is to assume that it contains huge
guantities of some "invisible" matter that exceeds the total mass of galaxies
at least tenfold.

1.2.4 Small-scale problems in cosmological simulations

Also the hierarchical model of galaxies formation show some cracks linked
to the Concordance model on galactic and sub-galactic scales, especially in
cosmological N-body simulations.

The most relevant challenges are:

the missing satellites problem (Klypin et al., 1999; Klypin et al., 2015):
with respect to Milky Way observations, in simulations there are too
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Figure 1.7: All-sky map (in ecliptic coordinates, for an L2-based observer)
displaying the total amount of post-Newtonian light de ection due to all
planets, and the Moon, at 25 May 2014 (two-letter object-name abbreviations
appear above the top axis). The Sun has been suppressed because of its im-
mense contribution, extending all over the sky, compared to the other bodies.
The colour coding has been chosen such that signi cant light bending is pre-
dicted in all regions of the sky coloured different from blue. Copyright: ESA

- Jos de Bruijne.
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many sub-halos and dwarf galaxies orbit the central disc galaxies;

the cusp-core problem (de Blok and McGaugh, 1997; de Blok, 2010): the
inner dark matter density pro le of low surface brightness and dwarf
galaxies seems to be more cored than the cuspy inner region predicted
by L CDM model. In other words, the model prediction appears to dis-
agree with observations, because dwarf galaxies require a shallower
dark matter density pro le in their central regions (Carignan and Free-
man, 1988; Carignan and Beaulieu, 1989);

the too-big-to-fail problem (Boylan-Kolchin, Bullock, and Kaplinghat,
2011; Papastergis et al., 2015; Kaplinghat, Valli, and Yu, 2019): obser-
vations of dwarf galaxies suggest a de cit of dark matter in the inner
region with respect to simulations;

the diversity problem (Oman et al., 2015): the large variety of shapes of
galactic rotation curves;

Most of these problems have been found in dark matter-only simulations,
which do not take into account the complex baryonic physics that must be
properly modelled. For instance, the energy and mass feedback from su-
pernovae into galactic and extra-galactic medium can modify the inner core
pro le of galaxies. These small-scale problems have therefore generated sig-
ni cant interest in the exploration of alternative scenarios. For an extensive
review see de Martino et al. (2020).

1.2.5 Internal galactic dynamics

At galactic scales and inside the Milky Way, the presence of dark matter is of
special interest for the internal dynamics of the Galactic disc and in particular
the interpretation of rotation curves, namely the graph of circular velocities
of stars and gas as a function of their distance from the galactic centre (e.g.
Rubin, Ford, and Thonnard, 1980; van Albada and Sancisi, 1986; Balasin and
Grumiller, 2008; locco, Pato, and Bertone, 2015; Sofue, 2020, and references
therein).

Indeed, studying the stellar motions we can determine (according to New-
tonian weak- eld approximation) the distribution of the mass solving the
system between the differential equation V?(R) = R(YF/ IR) and the Pois-
son's equation r 2F = 4p Gr. On the other hand, from photometric data we
can extrapolate the distribution of light, an indirect measurement of bary-
onic mass distribution. The non-Keplerian trends observed in the external
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Figure 1.8: Rotation curve of spiral galaxy (yellow and blue points with error
bars), and a predicted one from distribution of the visible matter (gray line).
The discrepancy between the two curves can be accounted for by adding a
dark matter halo surrounding the galaxy (Corbelli and Salucci, 2000).

region of disc-like galaxies contradict the simple Newtonian prediction (see
Fig. 1.8): in the peripheral region the luminosity of a galaxy drops rather
rapidly, thus the expected circular velocity should decrease. In contrast, the
rotation speeds of galaxies are almost constant, which can lead to very high
local values of mass-to-luminosity ratio M/ L > 200. This discrepancy is
usually interpreted in favour of the presence of the dark matter, that is dis-
tributed in large spheroidal volumes according to a density pro le that de-
scribes the so-called dark halo. The most utilized pro les are the Navarro-
Frenk-White (NFWp, Navarro, Frenk, and White, 1996) and the Einasto pro-
le (Ep, Einasto, 1965).

Nevertheless, there are still uncertainties associated with the local den-
sity because rotation curves measure the total mass within an orbit, thus the
density distributions of the galactic bulge and disc are needed to accurately
calculate the eventual dark matter pro le. Recently, the data from Gaia DR2
has certainly helped in the characterization of Galactic baryonic structures
(determining properties such as radial and vertical scale lengths of the disc,
kinematic models and chemical composition) and in the discrimination of
theoretical models and pro les (e.g. Eilers et al., 2019; Karukes et al., 2019;
de Salas et al., 2019a; Nitschai, Cappellari, and Neumayer, 2020; Crosta et al.,
2020, and references therein). This is part of the main topics of this thesis and
it is deeply discussed in Chapters 6 and 7.



44 Chapter 1. The context of Local Cosmology

Another possible analysis is focused on the vertical velocity dispersion of
the local stars in the Milky Way disc. The rst astronomers who investigated
the density due to all stars near the Galactic plane were Jacobus Kapteyn
and James Jeans in 1922. Kapteyn (1922) found that the spatial density of
known stars is suf cient to explain the vertical motions. In contrast, Jeans
(1915) results indicated "the presence of two dark stars to each bright star".
The equation used by Jeans can be derived from moments of the collision-
less Boltzmann equation in cylindrical coordinates for a steady, axisymmetric
stellar tracer component i with density rj(R,Z) (Binney and Tremaine, 2011,
Eq. 4.222b, p. 353). For a steady-state potential\{{, =0 fork = R, Z, i.e. no net
ux of stars in R or Z), one obtains

RSOVERE S |
z "%  RIR
where r; is the density of i sample, s' is its velocity dispersion component
ZZ or RZ and gz is the vertical acceleration.

This is an exact description of the connection between the local vertical
gravity and the local stellar velocity dispersion within the Newtonian weak-
eld approximation used to estimate the dark matter density in the Solar
neighbourhood. However, the estimates are still poorly constrained, and
even recent measurements are compatible within 1s with both a null local
density (e.g. Moni Bidin et al., 2015) and with a value as highas 37 M pc 3
(Garbari et al., 2012) or 18 M pc 2 (Hagen and Helmi, 2018).

As for the previous rotation curve techniques, local dark matter density
estimates from vertical velocity dispersion are affected by different system-
atic uncertainties. These include uncertainties on baryonic density surface,
which depend on the gas mass density with a typical error of about 50%, and
the local stellar density although these are typically determined with 10%
accuracy or better. Furthermore, the presence of multiple populations and
assumptions on their distributions may also affect the conclusions reached.

In their paper, Moni Bidin et al. (2015) report that the calculation of the
mass surface density S(Z) within Z kpc of the Galactic plane by means
of the integrated Poisson equation in cylindrical coordinates depends criti-
cally on the mass density distribution assumed in the modeling of the Galac-
tic disc. In this way, answering to the critics moved by Bovy and Tremaine
(2012), they con rmed their previous result on the mass surface density at
the Solar Galactocentric position between 1.5 and 4 kpc from the Galactic
plane (Moni Bidin et al., 2012): the local dark matter density they estimated,
extrapolating the observed curve of S(Z),isrpm = 0 1M pc 2 (Fig. 8. of

Rriskz  rigz = 0. (1.3)
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Moni Bidin et al., 2015).

In recent years, the improvement in quality of the measurements was ter-
ri ¢, and, as already said, the Gaia mission provided kinematics information
with unprecedented accuracy. Moreover, reporting Hagen and Helmi (2018)
words: “The power of these data increases even further when combined with
spectroscopic surveys such as the Radial Velocity Experiment (RAVE), the
Apache Point Observatory Galactic Evolution Experiment (APOGEE) and
the Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST),
as this provides knowledge of the full phase-space distribution of stars near
the Sun|...]"

In 2018, Hagen and Helmi (2018) used TGAS and RAVE data to derive
an estimate of the local dark matter density and explore the impact of un-
certainties in (some of) the characteristic parameters of the Galactic thin and
thick discs. They selected red clump stars' sample and followed a similar
procedure as Moni Bidin et al. (2015) and Bovy and Tremaine (2012), deter-
mining the vertical force, and found K" = 2454 619km?s 2kpc !and
Kihick = 2141 774km?s 2kpc !at 1.5 kpc away from the Galactic plane
for the thin and thick disc samples and for thin and thick disc scale heights
of 0.28 kpc and 1.12 kpc, respectively. These measurements can be translated
into a local dark matter density rpy = 0.018 0.002 M pc 3. The results
consider only the internal errors on the dark matter density, as the authors
said they do not account for the large systematic uncertainties in the stellar
disc parameters (especially the scale heights), the thick-to-thin disc density
ratio, the scale lengths of the discs, and the ISM mass. These "extra" sources
of uncertainty can lead to a large systematic error on the dark matter density
near the Sun, also compatible with rppy OM pc 2in the Solar Neigh-
bourhood.

1.2.6 Direct search for dark matter particles

The determination of the Local dark matter density from the Milky Way ro-
tation curve and the vertical velocity dispersion is a topic of great interest
among the community of astrophysicists and astroparticle physicists because
it implies important constraints on the lower limit of dark matter particles
mass and on the possibility to detect such particles.

Direct searches, for example, look for a scattering process where a dark
matter particle in the Milky Way halo interacts with an atomic nucleus of a
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Figure 1.9: Upper limits on the spin-independent (SI) elastic DM-nucleon
cross-section as a function of mass of the dark matter particle. The gure is
reproduced from Tanabashi et al. (2018).

detector whose recoil generates a detectable release of energy. Experiment of
this kind is, for example, XENON 1T (Aprile et al., 2011).

Indirect detections of dark matter particles such as WIMPs, one of the
possible candidate for dark matter particle, include searches for neutrinos
arising from the annihilation in the centre of the Earth or the Sun (see IceCube
or Super-K Baur, 2019; Choi et al., 2015), or that can enrich the cosmic rays
background (Avrorin et al., 2015).

So far, no experiment has detected a nal direct evidence of any dark mat-
ter particles. Only the DAMA/LIBRA experiment has been recording an an-
nual uctuation that might be explained with the detection of WIMP (Bern-
abei et al., 2014). This result still lacks robust con rmation, because the signal
is only consistent with values that are within the regions of the WIMP cross-
section-and-mass diagram (see Fig. 1.9) that appear to be excluded by other
experiments. For a more recent reviews on dark matter issues the reader can
refer to Bertone and Tait (2018), Tanabashi et al. (2018) and Amendola et al.
(2018).
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1.3 Alternatives to L CDM and extensions of Gen-
eral Relativity

kind of matter that: (i) it does not absorb or emit light, but it exerts
and responds only to the gravity force; (ii) it enters the calculation as
extra mass required to justify some deviation from the Newtonian mechan-

n Il the observational clues of dark matter point to the existence of a

ics predictions, i.e. the at galactic rotational curves (Crosta, Giammaria,
Lattanzi, and Poggio, 2020, and references therein).

Historically, the rst try to explain the mass discrepancy in cosmic struc-
tures and galaxies was to MOdify the Newtonian Dynamics (MOND, Mil-
grom, 1983) rather than add dark matter. This proposal is based on the intro-
duction of a purely phenomenological acceleration scale, ay' 1.2 10 ®ms 2
below which Newtonian gravity breaks down. The most important problem
raises in the formulation of MOND in a covariant form, because, in General
Relativity, the acceleration is expressed by a covariant equation and linked to
the af ne connection d,m. Recent models that explicitly attempt to reproduce
the MOND phenomenology include, for example, refracted gravity (Cesare
etal., 2020).

This latter attempt belongs to the class of alternative solutions aimed to
avoid the "dark" components by varying the scalar curvature (or the Ricci
scalar), and modify the geometric part of the Einstein equation, like f(R)
gravity (Buchdahl, 1970; Starobinsky, 1980; De Felice and Tsujikawa, 2010).
Scalar-Vector-Tensor theory of gravity, also called MOdi ed Gravity or sim-
ply MOG extends the Einstein-Hilbert action of gravitational eld to more
actions (see e.g. Fujii and Maeda, 2003; Capozziello and de Laurentis, 2011).

Citing Crosta, Giammaria, Lattanzi, and Poggio (2020) for example: "Re-
cently, the non-extensive g-statistics1 of the Boltzmann-Gibbs approach (Tsal-
lis, 1988; Tsallis and Gonzalez Arenas, 2014) has been applied in astronomy
to describe the velocity distribution function of self gravitating collisionless
particles on galactic scales. The rotation curve atness is considered in the
context of Newtonian regime assuming a dark matter halo. Such a non-
extensive distribution provides a way to describe dark matter cored haloes
from rst principles. For example, a set of polytropic, non-Gaussian, Lane-
Emden spheres with the central value g = 0.85 yielded a successful tting
for all the observed rotation curves of some nearby spiral galaxies (Frigerio
Martins, Lima, and Chimenti, 2015, and references therein)."

Most of these attempts are, however, based on peculiar or ad hoghysical
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assumptions. The dynamics of galaxies is usually considered to be domi-
nated by the Newtonian regime (e.g. solving Poisson's equation in order to

derive, for instance, the circular velocity tracing the observed rotation curve)

and general relativistic effects are included as corrections.

The weak relativistic regime of Einstein's equation for the dynamics of
galaxies has been explored by only a few authors (Cooperstock and Tieu,
2007; Balasin and Grumiller, 2008). These authors formulated models to de-
scribe the dynamics of a galactic disc beyond the Newtonian limit, or the
spherical mass distribution, considering that the small curvature limit of
General Relativity may not coincide with the Newtonian regime, as it is the
case of the Lense-Thirring effect (Lense and Thirring, 1918). de Almeida,
Piattella, and Rodrigues (2016) compared both these models to t the rota-
tional curves of some external galaxies for the rst time. The investigation of
these kind of models are part of the work of this Thesis and is discussed in
Chapters 6 and 7.

1.4 Motivation and outline of this thesis

t should be clearer at this point that now we are in the era of Local Cos-

mology: thanks to Gaia, the weak-gravity regime is playing a pivotal

role in providing a complementary observational perspective for un-
derstanding gravity (Crosta, 2019). There is no doubt that current and future
Gaia data releases and the important synergies with spectroscopic ground-
based surveys such as APOGEE (Majewski et al., 2017) and GALAH (De
Silva et al., 2015) will bring tremendous and fundamental contributions to
the studies of Galactic Archaeology on one hand, and to the improvement
of cosmological models on the other hand. Moreover, the importance of de-
tailed comparison between high-resolution simulations and observations be-
came mandatory.

Currently, General Relativity is the con rmed standard theory that ex-
plains gravity over a range of sixty orders of magnitude. We may certainly
assert that the evolution of the Milky Way, and its constituents, is the prod-
uct of the action of gravity. Nevertheless, the quest nowadays is to push
on the use of General Relativity to detail a more complex structure of the
Milky Way, pursuing a coherent general relativistic phase-space picture of
the Galaxy, our laboratory for Local Cosmology (Crosta, 2019, and references
therein), as reconstructed by Gaia.
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The main motivations of this thesis are based on two simple but at the
same time fundamental points:

1. As stellar astrophysics is based on the Sun, in the era of Local Cosmol-
ogy the Milky Way is become the keystone for spiral disc-like galaxies
and so for cosmology. In other words, the Sun : stars = the Milky Way :
spiral galaxies;

2. As General Relativity is required for the data processing and analysis of
the Gaia mission, we should apply the precepts of such theory at least
at the same order of accuracy for consistency.

In this respect, Gaia represents the perfect conjunction of these two aims:
with its second data release, on the one hand we can put several observa-
tional constraints on the structure and evolution history of disc-like galaxies.
On the other hand, we can trace for the rst time the rotation curve of the
Galaxy at large radii from its center to evaluate to what extent the Newtonian
approximation of Einstein's eld equation should be the only one considered
in describing the Galactic dynamics.

A General Relativistic picture of the Milky Way can ensure a robust and
coherent Local Cosmology Laboratory against which any model of the Galaxy;,
at rst, and then of cosmology can be tested.

Outline of the thesis

The present introductory Chapter (Part I, Chapter 1) about Local Cosmology
and the Concordance model is followed by a brief description of the status
and timeline of the Gaia mission, the main concepts of relativistic astrometry
(Part Il, Chapter 2) and an extensive survey of the Milky Way as seen by Gaia
DR2 (Chapter 3. Then, the state-of-the-art of classic (i.e. non-relativistic),
N-body simulations is presented with a detailed description of the AqC4
framework, a high-resolution cosmological simulation of a Milky Way-like
galaxy (Part 1ll, Chapter 4 and followed by the analysis of such simulation
(Chapter 5). The aim is to investigate and disentangle the complex scenario
of formation and evolution of our Galaxy, interpreted as a typical cosmolog-
ical product according to Local Cosmology, and to the rst purpose of this
thesis. The results here discussed were published in Giammaria et al. (2021).
Next, thanks to the exquisite quality of the recently available Gaia DR2 data,
a rst test of Local Cosmology is discussed in order to push on the use of
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General Relativity (Part IV, Chapter 6 and 7): the relativistic kinematics de-
livered by Gaia is applied to describe the atness of the Galactic rotation
curve at large radii from its center. A classic model that includes a dark mat-
ter halo, and a relativistic one based on the full set of Einstein's eld equation
in the weak eld regime and on the representation of the Galactic disc as a
relativistic dust, are considered for the analysis that was published in Crosta,
Giammaria, Lattanzi, and Poggio (2020). Finally, conclusion remarks and the
outline of the future perspectives are summarized (Part V, Chapter 8).
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Gaia's Milky Way: the Laboratory
of Local Cosmology
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Chapter 2

Gaia: the billion-star surveyor

aia is a cornerstone mission in the science program of the European

Space Agency (ESA), an authentic revolution for modern astronomy

and, in particular, for Local Cosmology. Indeed, it is the rst astro-
metric mission of this century aimed to map the entire sky down to the visual
magnitude G = 20 mag, performing with the micro-arcsecond-level astrom-
etry and milli-magnitude-level photometry the deepest and most complete
census of our Galaxy (Gaia Collaboration et al., 2016).

It was successfully launched on 19" December 2013 from the European
base of Kourou in French Guyana, and since July 2014 it has been contin-
uously scanning the sky from its vantage position close to the second La-
grange point of the Sun-Earth gravitational system. The Second Data Re-
lease (Gaia DR2 Gaia Collaboration et al., 2018b), the rst sample of what
would be the end-of-mission data set, was released on 25" April 2018 and is
available through the Gaia Archive ( Gaia Archiv@. Table 2.1 lists the expected
resulting data set at the end of the mission. Currently, an extension until the
end of 2020 has been approved and an indicative approval until the end of
2022 has been given. For more than one billion stars, Gaia will collect the ve
astrometric parameters (right ascension a, declination d, proper motions my
and my, and parallax v ) and photometry in the visual band (i.e. in particular,
Gaia will provide the mean G magnitude and the magnitudes Ggrp and Ggp
in the red and blue passbands). The complete 6D phase-space, including the
radial velocity RV along the line-of-sight, will be produced for 150 million
bright objects, and combined with their detailed astrophysical classi cation
and characterisation obtained from the photometry and spectroscopy. The
astronomical objects will be observed 70 — 80 times on average, leading a
total of more than 150 billion measurements.

In terms of the numbers of objects observed and of measurements accu-
racy, Gaia is a huge advance on its predecessor, Hipparcos (The HIPPARCOS
and TYCHO catalogues; Perryman et al., 1997). Exploiting the same scanning
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Table 2.1: Expected end-of-mission Gaia performances in comparison to
those of Hipparcos (ESA Web Portgl

Radial Velocity
RV mean error
Observing

None

Pre-selected

Hipparcos Gaia (end-of-mission)

Magnitude limit | 12 mag 21 mag

Completeness 7.3-9.0 mag 20 mag

Bright limit 0 mag 3 mag

Objects 120000 47 millionto G = 15 mag
360 millionto G = 18 mag
1192 millionto G = 20 mag

Distance limit 1 kpc 50 kpc

Quasars 1(3C 273) 500000

Galaxies None 1000000

Accuracy 1 milliarcsec 7 marcsec atG = 10 mag
26 marcsec atG = 15 mag
600nmarcsec atG = 20 mag

Photometry 2-colour (B and V) | Low-res. spectrato G = 20 mag

150 millions objects
15kms 1to Ggrys= 16 mag
Complete and unbiased

Figure 2.1: Gaia scanning law. Credit: ESA.
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strategy as Hipparcos (Fig. 2.1), the astrometric accuracies will be extended
by 2 — 3 orders of magnitudes and the completeness magnitude limit will
be pushed from  7-9 mag to 20 mag. Thanks to the on-board object de-
tection, variable stars, supernovae, burst sources, micro-lensed events, and
minor planets will all be detected and catalogued to this faint limit. Further
details on the expected performance in ESA Web Portaand in Lattanzi (2012),
Spagna et al. (2016), and Crosta (2019).

To perform its unique census of stars in the Galaxy, Gaia is using two iden-
tical, three-mirror anastigmatic (TMA) telescopes, with apertures of 1.45 m x
0.50 m pointing in directions separated by the basic angle (q = 106.5). With
a scan rate of 60 arcsec s', equivalent to a 6-hour rotation period, the two
telescopes trace great circles on the sky and collect the light to feed the com-
mon focal plane. This is a mosaic of 106 CCDs divided into three on-board
instruments for astrometry, photometry and spectroscopy. The detection is
triggered by the passage of an object through the eld of view of the tele-
scopes and the astrometric instruments determine the position of stars and
other astronomical sources to unprecedented precision; then from these po-
sitions, stellar parallaxes and proper motions are derived. The photometric
instrument measures the brightness of all the stars in the Gaia G-band, using
a bandpass that covers the visible portion of the spectrum, between 330 and
1050 nm. This band was chosen to optimise the collection of starlight, which
in turn maximises the precision of the measurements. Finally, a Radial Veloc-
ity Spectrometer (RVS) also shares the same focal plane, providing the radial
velocities and high-resolution spectral data in the narrow band 847-874 nm.
To cover all the sky, the spin axis is tilted by 45 with respect to the Sun di-
rection and with a precession period of 63.12 days. This represents a good
compromise between astrometric performance and system aspects.

The threshold accuracy of Gaia implies the use of General Relativity for
the astrometric modelling. The consortium constituted for the data analy-
sis and processing (DPAC) has established the use of two relativistic models:
the Gaia RElativity Model as the baseline one (GREM, Klioner, 2003; Klioner,
2004), and the Relativistic Astrometric MODel for the validation (RAMOD,
Crosta et al., 2015, and references therein). Both implement two independent
sphere solutions that contribute to the de nition and materialization of the
absolute reference frame used in astronomy, the Barycentric Celestial Refer-
ence System (BCRS, Soffel et al., 2003), providing a fully general-relativistic
analysis of the inverse ray-tracing problem, from observational data back to
the coordinate position of the light-emitting star. The origin of the BCRS is
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in the barycentre of the Solar System and its spatial axis are aligned with the
International Celestial Reference System (ICRS), while the time coordinate
de nes the barycentric coordinate time (TCB).

Given these premises, during its mission, Gaia is acquiring an enormous
guantity of complex, extremely precise data. The processing of raw data into
the nal science catalogue is the aim of the Data Processing and Analysis
Consortium, or DPAC, a large pan-European team of scientist and software
developers, which are sub-divided into nine Coordination Units, or CUSs,
with a unique set of data processing tasks. The consortium has members
from over 20 countries, revelling the international and cooperative spirit of
the mission and the ESA itself. As anticipated, Gaia's mission is to create
the most accurate map of the Galaxy to date. The science case of the mission
is described in Perryman et al. (2001), while a non-exhaustive list of the re-
search elds on which Gaia will have a huge impact is provided in the next
section with an outline of the most important Gaia contributions. Further
details on the scienti ¢ goals can be found in Gaia Collaboration et al. (2016).

2.1 Scienti c goals

he fundamental target of the mission is the study of the formation,

evolution and today structure of the Milky Way through the analysis

of the distribution and kinematics of its stellar populations. Despite
the Gaia nal catalogue will count about 1% of the stars in the Galaxy (  1-2
billion sources), the dynamical range of the Gaia measurements will cover,
for the rst time, from the outer part of Galactic centre out to the Galactic
halo, providing extremely high accuracies in the Galactic disc region and the
Solar Neighbourhood (see Fig. 2.2). Moreover, by combining extinction de-
duced from stars, it is possible to construct the three-dimensional distribu-
tion of the interstellar medium (ISM) of the Milky Way.

The important synergies with on-going or proposed large-scale photo-
metric and spectroscopic surveys, both in the visible and in the infrared
(e.g. APOGEE, LAMOST, VPHAS, UKIDSS, VVV VISTA, RAVE, Gaia-ESO
Survey, etc.) are producing a very homogeneous survey of all the Galac-
tic components (i.e. bulge, disc, and halo) and will bring tremendous and
fundamental contributions to unravel the formation history, evolution, and
chemo-dynamical properties of the Milky Way in the context of Galactic Ar-
chaeology and Local Cosmology.
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