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Abstract

The A Cold Dark Matter model, although able to provide a satisfactory descrip­

tion of most of the data collected at cosmological and astrophysical scales, faces 

both theoretical and observational problems. Its foundation is the assumption of 

General Relativity as the definitive theory of gravity. Once Einstein’s theory is 

accepted, the content of 95% of the Universe must be “dark”. Dark Energy, which 

accounts for 68% of the universe’s energy budget, drives the late-time accelerated 

expansion phase of the universe, while Dark Matter, which accounts for the 27%, 

manifests itself as the additional gravitational attraction observed at astrophysical 

scales.

Today, however, we have no idea about the nature of both the Dark Energy 

and the Dark Matter. Because of that, cosmologists are looking for solutions. One 

approach is to consider General Relativity as a special case of a more general the­

ory of gravity. Such approach leads to the so-called Extended Theories of Gravity. 

However, all new gravitational models must be reduced to General Relativity on 

the scale of the Solar system, where it has been found to be fully valid. The safe 

mechanism that allows Extended Gravity Theories to reproduce the effect of Dark 

Energy at cosmological scales and reduce to General Relativity at Solar System 

scales is generally defined as a screening mechanism.

Interestingly, in some of these Extended Theories, this screening mechanism
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is partially broken. Thus, General Relativity is also modified inside a source of 
matter, such as clusters and galaxies, where Dark Matter plays a key role.

This partial breaking of the screening mechanism may provide a way to con­
sider Extended Theories of Gravity as a viable mechanism to realise a unification 
of Dark Energy at cosmological scales and Dark Matter at astrophysical scales. 
The aim of this work is to shed fight on this possibility by adopting a specific 
model belonging to the domain of Degenerate Higher-Order Scalar Tensor theo­

ries with a broken screening mechanism, and testing it by trying to use the most 

complete observational data at astrophysical scales involving galaxy clusters and 
galaxies.

In the first part we focus on the scales of galaxy clusters. We have tested a 
dataset of 16 clusters selected from the CLASH programme. Our analysis includes 
two independent probes, X-ray and gravitational lensing observations, combining 
both strong and weak lensing effects.

A multi-component approach has also been taken. This means that the cluster 
masses have been modelled taking into account not only the Dark Matter and hot 
X-ray gas component, but also the contribution from the Brightest Cluster Galaxy 
and other galaxy components.

The chosen Degenerate Higher-Order Scalar Tensor theory model is charac­

terised by a partially broken Vainshtein screening. Two different scenarios were 
considered. In the first scenario, the model was used to replace only Dark Energy. 
We therefore assume that Dark Matter is also included in the cluster mass budget. 
In the second scenario, the model is assumed to also play the role of Dark Matter 
due to the partial breaking of the Vainshtein screen.

We show that the this model has a slight statistical advantage over General 
Relativity in mimicking the Dark Energy component. In addition, it reduces the 
discrepancy between the X-ray and gravitational lensing masses. When the model 

acts as both Dark Energy and Dark Matter, it shows a statistical disadvantage 
when compared with general relativity.

In the second part, we continue our investigation of the same model at galactic 
scales. In particular, we analyse the kinematics of a sub-sample of so-called Ultra 

Diffuse Galaxies (UDGs) observed with the Dragonfly Telescope Array. These 
systems are very interesting in the context of testing Extended Theories of Gravity, 



as they show very different properties, including galaxies with a very low Dark 
Matter content, such as NGC 1052-DF2 and NGC 1052-DF4, and others that are 
Dark Matter dominated, such as Dragonfly 44.

The model has been taken into account to study firstly the velocity dispersion 
of NGC 1052-DF2, whose observational data have been derived using associated 
globular clusters. The same analysis was then extended to NGC 1052-DF4 and to 
Dragonfly 44. We consider three scenarios: one in which the galaxies are entirely 
baryonic systems, a second in which the model mimics Dark Energy, and a third 
one in which the model also plays the role of the Dark Matter component. In the 
latter case, the galaxy masses were modelled using only the stellar component.

For NGC 1052-DF2 and NGC 1052-DF4, we confirm that the best agreement 
with the data in the General Relativity framework occurs when these two galaxies 
are considered as almost entirely baryonic systems. For a Dark Matter dominated 
system such as Dragonfly 44, this scenario is strongly disfavoured compared to 
one in which a Dark Matter component is assumed to be the main dominant mass 
component.

When the model mimics Dark Energy, the General Relativity reference case is 
still favoured. This result is largely expected, since Dark Energy does not play a 
relevant role on galactic scales. When the model plays the role of an “effective” 
Dark Matter component, we show that for NGC 1052-DF2 and NGC 1052-DF4 
this scenario is as successful as General Relativity. In contrast, Dragonfly 44 still 
requires a Dark Matter component.



VI
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CHAPTER 1

Introducing the consensus cosmology: 
pros and cons

Twenty-four years have passed since one of the most important discoveries for 

modem cosmology: that our Universe is in a phase of accelerated expansion [1, 

2], According to the standard consensus approach, which fully relies on Einstein’s 

General Relativity, recognized as the most reliable theory of gravity, such acceler­
ated expansion should be caused by an unknown form of energy, which has been 

purposely called Dark Energy (DE). Its existence and crucial role in the dynamics 

of our Universe has been successively confirmed by the most up-to-date measure­

ments of the Cosmic Microwave Background (CMB) anisotropies realised by the 

Planck telescope [3] and by a set of different types of cosmological and astro- 

physical data, such as the Baryon Acoustic Oscillations (BAO), galaxy clustering 

and cosmic weak lensing, among the most relevant lately [4-7]. All of this data 

have set that DE should account for ~ 68% of the total energy-matter content of 

the Universe.

In addition to DE, a further ~ 27% of the Universe’s composition is also un­

known [3]. This second dark component, referred to as Dark Matter (DM), has 

been “known” (i.e. there has been evidence for its existence) for a longer time, 
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starting from the studies of Zwicky [8] in the early thirties of the previous century. 
Shreds of evidence of such kind of matter, which interacts only through gravity 

with baryonic “standard” matter (estimated to contribute for only ~ 5% to the 
matter in our Universe), have been collected once again by multiple types of ob­
servations at astrophysical scales, as in the case of the pioneering works about the 
flattening of the rotation curves of spiral galaxies [9], and, at cosmological scales, 
from the same Planck satellite [3].

1.1 ACDM, or the consensus model

It is important to emphasize that the current cosmological consensus model is 

built on the crucial assumption of General Relativity (GR) as the “final” theory of 
gravity. As it is well known, the Hilbert-Einstein action, which determines its role 
in the dynamics of all structures in our Universe and of the entire Universe itself, 
reads 

She (1.1)

where: G is the Newtonian universal gravitational constant; c is the speed of light; 
R is the Ricci scalar; g is the determinant of the metric, g^v; -Z'(^) is the matter 

Lagrangian which includes all the matter species ch; and A is Einstein’s “biggest 
blunder”, the Cosmological Constant responsible for the late-time accelerated ex­
pansion phase of the Universe (and whose role and alternatives will be discussed 
in more detail in the next sections).

Once a variational principle is applied to the above action with respect to the 
metric, we arrive at the famous Einstein equations,

(1.2)

where the geometrical effects of GR are fully contained and described by the met­
ric tensor g^v, the Ricci tensor R^v and the Ricci scalar R, whilst the stress-energy 

tensor, T^v, incorporates all the properties of the energy and matter components 
which are in the Universe.

To proceed further in the use of Einstein’s equations, further assumptions have 
to be made. One of them, and surely one of the most important, is the so-called
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Cosmological Principle, namely, the assumption that the Universe is homoge­
neous and isotropic on sufficiently large scales. Although studies intended to 

verify at which scale this assumption can be considered satisfied are still ongo­
ing [10], it is generally assumed that our Universe is homogeneous and isotropic 
at scales larger than ~ 250 4- 300 Mpc. As a consequence of the assumption of 

the Cosmological Principle, the metric g^v can be represented by the Friedman- 
Robertson-Lemaitre-Walker (FRLW) metric, under which a line element can be 

expressed as

ds2 = g^vdx^dxv = —c2dt2 + a2(t)
1 — kr2

+ Azn2 (1.3)

where: dQ.2 = df)2 + sin2 6d(f)2 is the solid angle; k is a constant, generally ex­

pressed in the units of [length] ~2, representing the curvature of the spacetime, and 

that can assume the values {1,0, — 1} whether the Universe is, respectively, closed 
(sphere), spatially flat (Euclidean), and open (hyperboloid). Finally, the function 

a(t) is the scale factor (which we assume here to be dimensionless) describing 
how the Universe expands.

Together with the metric, we also need to set some general properties for the 
energy-matter content. It is generally assumed, in the consensus scenario, that the 
matter distribution in the Universe is in the form of a perfect cosmological fluid. 
This leads to defining the stress-energy tensor, T^v as

T"v= (pc2+/>)«"«'■+/>£»", (1.4)

where p represents the density of the cosmological fiuid(s), p is their pressure and 
u is their four-velocity in a comoving frame.

With all these ingredients, Einstein’s equations can be cast in a form that is 
more easily handled when compared with observational data. This form is known 
as the Friedmann equations:

8 icG^ Kc2 kc2 
~r- 2-Pz + —;------- 2"»3 3

a
a

(1.5)

(1.6)
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where we have introduced the Hubble parameter, H(a), and where pz and pi are, 

obviously, the density and the pressure of each energy-matter species. The com­

bination of these two equations leads to another equally fundamental equation 

(which can also be obtained independently from them from the assumption of 

conservation of energy-mass applied directly to the stress-energy tensor), the con­

tinuity equation which, in its most general form, reads as

£A- + 3H£(Pi+^)=0. (1.7)

In the case of the absence of any interaction among the various energy-matter 

components, the previous equation can be decoupled ending with a similar ex­

pression valid for each component separately.

Introducing the critical density of the Universe, namely the density of the Uni­

verse if there were no A and a spatially flat geometry, pc = we can define 

the dimensionless density parameters = Pi/pc, after which the first Friedman 

equation can be rewritten as

H2(a) = Hq (Q.moa2 + £i.rQa^ + + fl a) (1-8)

where: Hq is the Hubble constant; fl^,o is the density parameter associated with 

the matter (baryon and dark) component evaluated today (thus the suffix 0); Qr,o 

is related to radiation (photons and neutrinos); Qk is connected to the spatial cur­

vature; and Ha = 1 — Q.m,o — f\o — flfc is the dimensionless density parameter of 

the Cosmological Constant, A. This equation provides in a quite clear way the 

main ingredients and their role in the global background evolution of the Universe 

through the Hubble parameter, i.e. its expansion rate.

The second Friedman equation, instead, provides information about the accel­

eration (or deceleration) of the Universe’s expansion. We can easily see how the 

Cosmological Constant (which is generally considered a positive quantity) leads 

to acceleration, while any other type of “standard” contribution (whether radia­

tion, baryons or dark matter) leads to deceleration.

All the above equations, and the components we have included so far in them, 

make the consensus cosmological model named ACDM.
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1.2 ACDM: successes and failures

The ACDM model has been proven to successfully explain several cosmological 
observations. However, its validity is still under examination due to various obser­
vational and theoretical problems, which we will briefly review in the following 
pages.

1.2.1 ACDM vs. observations

From an observational point of view, in recent years there has been an intensifi­
cation of the debate within the cosmological community regarding the effective 
role of the ACDM model as a consensus model, due to newly updated and more 
precise measurements from independent cosmological probes, which have exacer­
bated the now (in)famous “cosmological tensions” [11]. The two most discussed 
tensions in this context are the Hubble (Ho) tension and the S$ tension. The state 
of the art relating to the two aforementioned tensions will be reported below, high­
lighting the main results.

The Hq tension. We have compelling statistical evidence of an inconsistency 
between the values of the Hubble constant obtained by the Planck measurements 
of the CMB [3] (the so-called early-times value, at z ~ 1100), and the low redshift 
(the late-times value, for z < 1) ones [12], obtained by using local standard candles 
such as Cepheids and Type la Supemovae (SNela) [13].

The latest results from the Planck satellite provide a value1 for the Hubble 
constant, Hq = 67.27 ± 0.60 km s-1 Mpc-1 [3]. The key point is that CMB data 

cannot be analysed without assuming a cosmological model. The baseline value 
provided by the mission is based on the assumption of a flat ACDM model, which 
is also the most statistically favoured model with respect to other standard ex­
tensions that the mission has considered. However, even such extensions do not 
provide a value of Hq much greater than 68 4- 69.

It should be noted that the previous CMB mission, the Wilkinson Microwave 
Anisotropy Probe (WMAP) preferred a value of Hq = 70.0 ± 2.0 km s-1 Mpc-1 

[14] which is still consistent with the Planck value but also less in tension with the

’All uncertainties reported in this thesis are at la confidence level, if not explicitly reported 
differently.
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local value. Ground-based CMB experiments, such as the South Pole Telescope 
(SPT) initially found Ho = 71.3 ± 2.1 km s-1 Mpc-1 [15] which, after technical 

improvements, has been later updated to Ho = 68.8 ±1.5 km s 1 Mpc 1 [16]). 

The Atacama Cosmology Telescope (ACT) [17] measured Ho —67.9 ±1.5 km s-1 

Mpc-1. A combination of several ground-based experiments on CMB (SPT, SPT- 

Pol, ACTPol) led to a Hubble constant value Ho = 69.72 ± 1.63 km s-1 Mpc-1 

[18].

2The sound horizon rs is the standard ruler in any cosmological model and corresponds to the 
comoving distance that a sound wave (in cosmology, the photon-baryon plasma) could travel from 
the beginning of the Universe to the recombination epoch

BAO are another probe known to be sensitive to the same early physics as the 

CMB. However, they can only constrain the product of the Hubble constant Hq and 
the sound horizon scale r2. Due to this degeneracy, measuring Hq solely using 

BAO data is not possible. The degeneracy can be broken once a fiducial model is 

provided or when BAO measurements are combined with other independent data, 
for example, by fixing the sound horizon rs with the CMB power spectrum. The 

analysis of the Data Release 12 (DR 12) of the Baryon Oscillation Spectroscopic 

Survey (BOSS), assuming a prior on the baryon density O- [19], provided Hq = 
67.9 ± 1.1 km s-1 Mpc-1 [20]. The study of DR12 of BOSS using the Effective 

Field Theory of Large-Scale Structure (EFTofLSS) produced Hq — 68.5 ± 2.2 km 
s-1 Mpc-1 [21]. Additionally, when BAO data from the Main Galaxy Sample, are 

combined with BOSS and eBOSS a value of Hq = 67.35 ± 0.97 km s-1 Mpc-1 is 

obtained.

Late-time measurements of the Hubble constant Hq mostly rely on distance 

ladder methods, which appear to be cosmology-insensitive [22]. Distances of 

standard candles, such as Cepheids, are usually calibrated using geometric an­

chors (e.g. Milky Way, Large Magellanic Cloud, NGC 4258), and can be de­

termined using several approaches among which geometry parallax is the most 

commonly used (other calibration methods are presented in [23-25]). Once the 

distances of Cepheids are known, the luminosity of SNIa, residing in the same 

galaxies, can be determined.

The Supemovae Hq for the Equation of State (SHOES) group has provided 

multiple measurements of the Hubble constant in recent years, with the most 



1.2 ACDM: successes and failures 7

updated and upgraded estimation, obtained by combining Early Data Release 3 
(EDR3) from the ESA Gaia mission with the Milky Way’s Cepheids multiband 
photometry from the Hubble Space Telescope (HST), being Hq = 73.04 ± 1.04 km 
s-1 Mpc-1 [12]. This result shows a ~ 5 a tension with the one derived by Planck 

assuming the ACDM scenario. Further re-analysis of the SHOES data seems to 
confirm this trend from the local environment, having Hq = 73.75 ± 2.11 km s-1 
Mpc-1 (using Bayesian hyper-parameters) [26], Ho = 75.35±1.68kms-1 Mpc-1 
(cosmographic expansion of luminosity distance) [27], Hq = 72.8 ±1.6 km s-1 

Mpc-1 (SNIa sample measured in near-infrared) [28], and Hq = 73.2 ±2.3 km 
s-1 Mpc-1 (data from Carnegie Supernova Project I) [29].

Cepheids are not the only calibrators for SNIa. Indeed, other distance ladder 
methods involve the Tip of Red Giant Branch (TRGB) stars and Mirae, which 
result in the estimation of Hq lying in the range of Hq ~ 70 — 74 km s-1 Mpc-1 

[24, 30-35], albeit with much larger uncertainties than the Cepheids-SNIa based 
values. This same trend is common to other approaches applied to late-time data 
which involve, for example, the Surface Brightness Fluctuations (SBF) method 

[36, 37], the Tully Fisher [38] and the Baryonic Tully Fisher [39] relations, Type 
II Supemovae [40] and the Megamaser Cosmology Project (MCP) [41].

Time delay effects due to strong gravitational lens phenomena can be used 
to assess the Hq value through model-dependent characterization of mass dis­
tributions. These measurements show agreement with low redshift Hq determi­
nations and a slight tension with Planck ones. For instance, the HO Lenses in 
COSMOGRAIL’s Wellspring (HOLiCOW) collaboration, without involving dis­
tance ladder methods, achieved an estimation of Hq = 72.5^2 3 Ion s-1 Mpc-1 

[42] and Hq — 73.3Ion s-1 Mpc-1 [43] (further details regarding re-analysis 

of HOLiCOW or combination with other measurements are explained in [11]).

Early-type galaxies that undergo passive evolution and exhibit a characteris­
tic feature in their spectra, i.e. the so-called 4000 break, are generally defined 
as cosmic chronometers. Indeed, they have been extensively shown to act as 
“clocks” [44-46] and can provide measurements of the Hubble parameter H(z) 
without relying on early-times physics or on distance ladder methods. In [47], 

using 28 measurements of H(z), extrapolated then at z = 0, the authors reported 
Hq — 68.3^2 6 km s-1 Mpc-1. More updated measurements relying on Cosmic 
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Chronometers combined with other probes such as BAO and SNIa, provide a wide 
range (considering the errors) for the value of the Hubble constant Ho = 66 — 73 
km s-1 Mpc-1 [48-56]. This broad range of Hq values prevents, for now, from 

exploiting this method to alleviate the Hubble tension.
Finally, standard and dark sirens (gravitational waves with and without an 

electromagnetic counterpart) can also be used as probes to determine the lumi­
nosity density up to cosmological scales without requiring any distance ladders. 
From the first attempt using the crucial GW170817 (standard siren) event, in [57] 
the authors reported a value Hq = 70.0tg20° km s-1 Mpc-1. Re-analysis of this 

same event has been conducted: after correction for the source’s peculiar veloc­
ity, in [58] they get Hq = 68.3^^ km s-1 Mpc-1; treating it as a dark-like siren, 

namely, combining the redshifts from each galaxy with the distance estimate from 
GW170817, in [59] it is obtained Hq = 77t|§ km s-1 Mpc-1 [59]. The first mea­

surement of the Hubble constant from purely dark sirens is described in [60], with 
an obvious degradation of the signal and dependence on the applied prior, which 
in the best case leads to Hq = 75.2^4 km 8-1 Mpc-1. If the dark siren is well 

localised, the constraints are slightly improved, Hq = 77.96^5 03 km s-1 Mpc-1 

[61]. A combination of both standard and dark sirens can improve the constraints 
slightly, with Hq = 68.84^^1 km s-1 Mpc-1 [62]. However, it is evident that 

gravitational waves are currently not yet able to provide decisive assistance in 
solving the Hq tension, although the forecasts for the future are promising [63].

The 5g tension. This second tension is connected to the measured values of 
the 5g = G^Qy/Q.mfi/0.3 parameter, which combines (and correlates) two cos­

mological parameters, Qm,o, which we have introduced in the previous section, 
and Og’O, the amplitude (evaluated today) of the power spectrum on scales of 
8/z-1 Mpc. There is actually a discrepancy between the values from Planck 

(5g = 0.834 ± 0.016) versus those obtained from cosmic weak lensing surveys 
[64], cluster counts [65], and redshift space distortion [66].

Cosmic shear [67-70], which is the distortion of images of background distant 
galaxies due to weak gravitational lensing by the foreground (line-of-sight) large- 
scale structure in the Universe, represents a powerful tool to test cosmological 

models. Cosmic shear outcomes from the Canada France Hawaii Telescope Lens­
ing Survey (CFHTLenS) showed a tension with Planck CMB results [71]. Cos­
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mic shear analysis from the ~ 450 deg2 of the Kilo Degree Survey (KiDS-450) 

[72-75], was performed to shed the light on the 5g tension between Planck and 

CFHTLenS data, reporting 5g = 0.745 ± 0.039 (over 2a tension with Planck). The 

combination of the cosmic shear data from KiDS-450 with the galaxy-galaxy lens­

ing tomography and redshift-space power spectra of the spectroscopic surveys, 2- 

degree Field Lensing Survey (2dFLenS) and BOSS, produced 5g = 0.742 ± 0.035 

[76]. When KiDS-450 data are combined with the VISTA Kilo-Degree Infrared 
Galaxy Survey (VIKING) a value of 5g = O.737^o gZ6 [77] has been found. More 

recently, the analysis of the fourth release of the KiDS data of ~ 1000 deg2 in­

creases the tension with Planck data up to ~ 3a (5g = 0.766^0 014) [78], Once 

KiDS-450 data are combined with the first release of DES [79, 80], the tension, 
with Planck data, reaches 3.2a (5g = 0.755to 021)- Finally, the combination of 

KiDS-450 and BOSS data produces an 5g = 0.728 ± 0.026. The most updated 

result comes from a joint cosmic shear analysis of the Dark Energy Survey (DES 

Y3) and the Kilo-Degree Survey (KiDS-1000) leading to 5g = O.79Oto 014, which 

is “only” at 1.7a tension with Planck.

Galaxy cluster abundances (as a function of mass and redshift) can be used to 

constrain the matter density and the amplitude of the matter power spectrum

ag,g. Constraints on ag,g can also be combined with CMB data, assessing the 

growth of cosmic structures. In [65], the authors analysed a catalogue of galaxy 

clusters identified with the AMICO algorithm [81] in the third release of the KiDS 

data. They used the cluster number counts and the stacked weak lensing analysis 

to constrain the cosmological parameters Qm,o, ag,g, and 5g. They reported 5g = 

0.78 ±0.04 which is compatible at la CL with the results provided by WMAP 
and Planck. However, the matter density 0OTio = 0.24 ± 0.24^0A agrees at la 

with WMAP one but it shows a 2a tension with Planck.

Lyman-« absorption lines of quasars spectra represent a powerful tool to un­

derstand the clustering of the Universe at z ~ 2 — 4. In [82], Lyman-a measure­

ments, based on BOSS and E-BOSS data consisting of 43751 quasars, have been 

used to put constraints on the set of cosmological parameters comparing the re­

sults with the Planck ones. Regarding the parameter 5g, a tension of ~ 2.6a has 

been found.
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1.2.2 ACDM vs. theory

The ACDM model relies on the crucial assumption of GR as the ultimate theory of 

gravity. This is a strong hypothesis since Einstein’s theory has been directly tested 

only on Solar System scales. As explained in the previous section, the adoption 

of the ACDM model leads to tensions that arise when we compare inference from 

cosmological probes related to the latest stages in the evolution of our Universe 

to the early stages. We might then conclude that the ACDM model is unable to 

provide a unified description of our Universe evolution. Additionally, the ACDM 

model is unable to explain comprehensively the nature of DE and DM.

A huge variety of solutions have been introduced in the effort to reduce the 

differences between independent cosmological probes and to understand the na­

ture of the dark components that, after all, constitute the ~ 95% of the Universe’s 

energy-matter content. In the following pages, we provide a general state-of-the- 

art and we will be focusing in particular on modifications of Einstein’s theory of 

gravity which represent the basis of this work.

Dark Energy

As we have seen, the “easiest” (from an Occam’s razor perspective) way to ex­

plain the accelerated expansion of our Universe is, according to the ACDM sce­

nario, through the introduction of a Cosmological Constant (CO), A. The most 

credited hypothesis about the nature of such a constant is that it would represent 

the expected value of the energy density of the vacuum [83]. However, there is a 

discrepancy of about ~ 120 orders of magnitude between the observed value of 

A and the one derived from theory. This problem is known as the Cosmological 

Constant problem [83].

Furthermore, the CC present value of the energy density Pa seems to be ap­

proximately equal to the present matter density pmp, namely we measure Pa ~ 

pmfl. Nonetheless, these two densities scale differently with the size of the Uni­

verse (Pa = const and pm <-- a~3). This problem in literature is known as the 

coincidence problem.
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The above-mentioned issues (a more detailed list is presented in [84]) and 
cosmological tensions [11], have pushed the scientific community to look for al­
ternatives to the ACDM model.

The first path still assumes GR. It relies on the introduction of modifications 
in the right-hand side of the Einstein field equations, namely, introducing (new) 
energy or matter fields in the stress-energy tensor. Usually, in the most standard 

case, matter and energy fields are treated and introduced as perfect fluids, so that 
their equations of state connecting pressure p with density p can be parametrised 
as p = wp, with the equation of state (EoS) parameter, w, being only function of 

time (or scale factor). For instance, although the CC was initially introduced as 

a geometrical term (thus, on the left-hand side of Einstein’s equations), it can be 
equivalently (at least from a formal mathematical point of view) described by an 
equation of state p\ = —Pa, i e. with w\ = — 1. It is not pedantic to remind here 
that for this reason, when talking about dark energy, we generally refer to models 

in which the density of the fluid is a function of time.

Of course, other more general choices are possible [85]. Quintessence models, 
or wCDM, have w — const. —1. The Chevallier-Polarski-Linder (CPE) model, 

the simplest two-parameters generalisation for w(a), a straight line (in the scale 

factor) interpolating late and early-times EoS, wcpl = wo + (1 —a)wa [86, 87]. DE 
models characterized by two parameters in the EoS have been extensively studied 
by the proposal of other (and most varied) parametrizations [88-90].

While such models are hardly more than phenomenological proposals, one can 
even build more physically based scenarios: quintessence models have a scalar 
field minimally coupled with gravity and whose potential can reproduce the late­
time accelerated expansion of the Universe; K-essence [91] models, where we 
recover the accelerated expansion by modifying the kinetic term of the additional 

degree of freedom; or even ghost fields, that is, scalar degrees of freedom with 
an equation of state w < — 1 and therefore negative kinetic energy [92]. A more 
recent possibility, introduced to address the Hq tension [93], is represented by a 
DE fluid with a phantom crossing, namely moving from a ghost-field behaviour 

exhibiting w < — 1 to a standard quintessence with w > — 1. This phantom cross­

ing is supposed to happen for a certain value of the scale factor a = am (or redshift 
equivalently) at which the DE conservation equation changes sign.
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Early Dark Energy (EDE) models have been introduced to try to reconcile the 

SNIa and Planck measurements on Hq. These models introduce a “primordial” 

DE which, contrary to a CC, has a more relevant role and prominence also at 

early times. Several EDE models have been proposed, for example, based on 

a scalar field with an anharmonic potential [94] or with a power-law potential 

[95, 96], ultralight axion-like particles [97] also interacting with dilatons [98]. 

Other possibilities are represented by phenomenological EDE with an Anti-de 

Sitter phase [99], or by a dark fluid, defined as Acoustic Dark Energy, impacting 

acoustic oscillations imprinted in the CMB [100].

Beyond that, we can also consider a less conservative approach whereby GR 

represents a specific instance of a more general theory of gravity. Under this 

perspective, the left-hand side of the Einstein field equations is modified. This 

approach introduces an even larger number of possible theories of gravity that 

expand upon GR. Their quantity is so large that it is unmanageable (and outside 

the scope of this thesis) to detail all of them fully.

Although the number of theories is large, one must not make the mistake of 

thinking that consistently modifying Einstein’s theory is an easy task to accom­

plish. From a theoretical point of view, for example, Lovelock’s theorem [101, 

102] states that GR is the only local theory of gravity with equations of motion 

in the second order in the metric g^v. On one hand, this limits the possibility to 

generalise GR in this context but also provides a hint about which paths to follow. 

Then, a crucial step to check the consistency of a theory is that it has to be stable 

[103, 104].

With these quite general and not exhaustive prescriptions, we can classify the 

ETGs zoo into four macro families:

• theories with extra degrees of freedom. These can be additional fields of 

various kind: scalar [105-109], vector [110, 111], tensor [112-115] or even 

mixed [116, 117];

• theories with higher (than second) order derivatives in the Hilbert-Einstein 

action, like: /(/?) theories [118-123], f(Q) theories (with Q being the non- 

metricity tensor, equal to zero in GR) [124], f(T) theories (with T being the 
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torsion tensor, equal to zero in GR) or tele-parallel theories [125], Horava- 
Lifshitz gravity [126], or Conformal Gravity [127];

• nonlocal theories, whose Lagrangians contain nonlocal differential opera­
tors trying to create a bridge between gravity and the formalism of quantum 
mechanics [128-130]. Some examples are Infinite Derivatives of Theories 
of Gravity [131, 132], which introduce functions of the Dalambertian oper­
ator  in the action, or Integral Kernel Theories of Gravity which rely on 
the adoption of the inverse of the Dalambertian operator [128, 130];

• theories in which space-time has higher dimensionality and GR is a particu­
lar case of a more general theory embedded in a manifold with a dimension 
greater than four [133-135], like Kaluza-Klein theory [136] or Cascading 

gravity [137].

In the next chapter, we will focus our attention on the first group and, in particular, 
on a specific sub-family of scalar-tensor theories of gravity which we have used 
in our works.

One main obstacle on the road to building a successful ETG is that it has to be 
as successful as GR in explaining the data and cannot spoil GR’s successes. This 
means that all the modifications of GR must pass, for example, the well-known 
Solar System constraints [138, 139]. Indeed, GR has been proven to work per­
fectly at these scales. This has a main consequence: all ETGs, in one way or 
another, introduce a new kind of interaction, generally called a fifth force. There­
fore, a mechanism must exist which, at the same time, turns off GR’s modifica­
tions at Solar System scales and maintains such modifications at larger scales of 
the right order of magnitude to drive the Universe’s acceleration. Such “safety” 
mechanisms for ETGs are usually called screening mechanisms.

A phenomenological classification of screening mechanisms is possible (a 
force classification is also possible [140]). We can distinguish three major groups:

1. chameleon type - screening based on the properties of the scalar field [105, 
106], whose mass depends on the density of the local environment: on cos­
mological scales, where the density is low, the mass is small and its inter­
action length is large (possibly reproducing DE on such scales); on smaller 
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scales, like in the Solar System, where the density is much higher, the field’s 
mass is large and its interaction length is very small, making it basically in­
effective and undetectable;

2. symmetron type [107, 108, 141] - screening based on the first derivatives 
of the scalar field: the screening is again dominated by the form of the 
potential of the new field, but now it is the coupling of the new field with 
the matter which screens the new forces: on cosmological scales it is large, 
and the effects of the field are measurable; on smaller higher density scales, 
the coupling is much smaller and the effects of the field are much weaker, 
thus satisfying all the local constraints;

3. Kinetic type - the screening is controlled by the kinetic contribution of the 
field: when the first-order derivatives of the fields are dominant, the ef­
fects of the field are turned off when the local gravitational acceleration is 
larger than some critical value set by the theory (this is the base for the phe­
nomenological behaviour of MOND theory); when the second order deriva­

tives dominate, then we have the so-called Vainshtein screening [142].

Dark Matter

The other unknown component, which represents the ~ 27% of the matter content 
in the Universe, is DM. Historically, the term DM was coined in 1933 by the Swiss 
astronomer Fritz Zwicky [8] who discovered a discrepancy between the observed 
matter and what theoretical arguments should be expected in order to explain the 
dynamics of the Coma Cluster. This new matter should have had the peculiarity 
to interact with the baryonic one only through gravity. For this reason, as the 
properties of this matter were different from the baryonic one and since it was not 
luminous, it was defined as “dark matter”.

This discrepancy was later confirmed by the American astronomer Vera Rubin, 
who observed the rotation curve of spiral galaxies [9,143]. The rotation curves at 
larger radii were expected to decrease with a Keplerian trend. The exact opposite 
was observed, i.e., the rotation curves flattened at larger radii. The conclusion was 
that the baryonic matter alone should not be able to support the formation of the 
cosmological structures we see today (e.g. galaxies and galaxy clusters).
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At the present day, a particle nature is attributed to DM, which is thus tenta­

tively explained using the Standard Model without introducing any form of “ex­

tremely” exotic new types of matter.

According to the ACDM model, DM should be represented by cold particles 

(CDM) whose velocity is much lower than the speed of light. These particles 

should be able to form small clumps that then aggregate through gravity into larger 

ones. Since CDM can fit the data better, its candidates are usually preferred. A 

detailed fist is provided in [144], with some of them being: Weakly Interactive 

Massive Particles (WIMPs) [145] interacting with baryonic matter through gravity 

and the weak force; axions [146], originally introduced as a possible solution 

to the strong interaction CP violation problem [147]; Feebly Interactive Massive 

Particles (FIMPs) [148]; Supersymmetric (SUSY) particles [149] like gravitino 

and neutralino.

In addition to the standard scenario represented by the CDM, two other cat­

egories of DM can be defined, based on the velocity of the hypothetical parti­

cles. Ultra-relativistic particles like neutrinos may characterize Hot Dark Matter 

(HDM). HDM should be responsible for forming large mass clumps that surround 

galaxy clusters. However, multiple observations seem to kill this possibility, as 

this kind of dark matter should not be able to form structures at small scales like 

galaxies. We can also have Warm Dark Matter (WDM) particles [150, 151] that 

lie between the previous two categories.

Nevertheless, since DM is defined as a particle, it should be detectable using 

the already existing experiments such as ATLAS at the Large Hadron Collider 
(LHC3) in Geneva, and Darkside4 5, Xenon 1003 (updated to XENONnT [152]) at 

Gran Sasso in Italy. But despite all these experiments searching for DM, we have 

not detected any statistically significant and strikingly positive signal so far.

3https://home.cern/science/accelerators/large-hadron-collider

4https://www.Ings.infn.it/en/darkside
5http://www.xenonlt.org/

New DM models have been introduced recently trying to ease the Sg ten­

sion. For example, in [153], the authors have shown that a “cannibal dark matter” 

(CanDM), which is a matter with number-changing interactions, might alleviate 

https://home.cern/science/accelerators/large-hadron-collider
4https://www.Ings.infn.it/en/darkside
5http://www.xenonlt.org/
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the Sg tension (and not the Hq one) between CMB and weak lensing measure­

ments. Another possibility is represented by a decaying dark matter according to 

which CDM particles could decay into a massive WDM particle and dark radia­

tion (DR) [154], Additionally, this peculiar kind of DM might be able to explain 

the excess registered in the Xenon-11 experiment [155, 156].

A third option may be represented by a dark component mimicking both DM 

and DE. With this purpose, in [157], it has been shown that a unified dark matter 

or quartessence model tested with a combination of Planck, SDSS DR 12 and 

cosmic shear data from KiDS could ease the existing tension between the total 

matter density and the structure clustering.

As introduced in the previous section, the Hq and the 5g tensions are not the 

only observational problems affecting the ACDM model. A third one related to 

our understanding of the DM’s nature is the so-called cuspy-core problem [158— 

162]. It refers to the discrepancy of DM distribution in dwarf galaxies, assessed 

from cosmological simulations and observations. According to N-body simula­

tions (based on the ACDM paradigm), DM haloes seem to be characterized by a 

cuspy density profile Pdm « r~a that increases steeply when r —> 0. Examples of 

density profile describing cuspy DM haloes are the Navarro-Frenck-White profile 

(NFW) [163], Einasto profile [164], Moore profile [165]. All these profiles can 

be generalised with the profile proposed by [166, 167]. However, results from 

observations [160, 161, 168, 169] state that in the inner region of dwarf galaxies, 
the density of dark matter haloes is approximately constant Pdm r° (a = 0).

The missing satellite problem [170, 171] highlights the disparity between the 

sub-halo structures inferred from N-body simulations and the number of dwarf 

satellite galaxies in the Local Group. Specifically, in the ACDM gravitational 

scenario the predicted number of satellites is ~ 1000, while observations reveal 

only a fraction of that amount, ~ 50 [172, 173].

Finally, the recent study of the kinematics of a particular class of low sur­

face brightness galaxies, called Ultra-diffuse galaxies (UDGs) [174] unveiled that 

some of them, for instance, NGC 10552-DF2 and NGC1052-DF4 [175, 176] are 

characterized by a low amount of DM. This lack of DM makes these galaxies 

outliers in the standard cosmological background provided by the ACDM model.
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Explanations of these problems, at the present day, are not known and they 
could lead to an overcoming of the GR in favour of other solutions represented, 
for example, by ETGs.

1.3 Motivation: unification of Dark Energy and Dark 
Matter

It emerges quite clearly from the previous sections, which, we remark here, are 
just a quick and non-detailed summary of a much more complex and large state- 
of-the-art, that DM and DE, whose origin and nature are still a big question mark, 
are among the most pressing problems to be solved in modem cosmology. We 
claim we are now living in the era of so-called “precision cosmology” [177]; a 
statement which is quite true if we consider the advances in technology we have 
witnessed over the last few years and the higher technological level and condi­
tions under which the astronomical community can now think to plan next future 
observations [178]. And even more exciting times are ahead of us thanks to a new 
and fast-developing window of multi-messenger observations, opened by the re­
cent discoveries made in the gravitational waves field [179, 180]. But this freshly 
achieved high precision, instead of helping us to solve those big issues, has done 
nothing more than further deepen the mystery behind them.

So that, now, here we stand: we have no idea of what could be DM, and we 
have no idea of what could be DE. To be more precise, we do have a plethora 
of candidates for both DM [144] and DE [181, 182]. However, regarding DM, 

none of them has been detected directly in laboratories so far. And for DE the 
situation is even more troublesome, because the same intrinsic physical properties 
of DE which we have been able to infer so far, push us to a far deeper break in 

our understanding of the Universe. In fact, even in the most conservative case, we 
need a cosmological ingredient whose properties run away from every possible 
interpretation of what we have taken for granted in our physical interpretation 

of the Universe to date. In the less conservative approaches, we can push even 
further: dealing with DE’s nature is equivalent to dealing with a new theory of 

gravity. In this case, we generally speak about “extended” theories of gravity 

[181].
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This seemingly exotic terminology is actually more appropriate than one might 

think because both DM and DE emerge as “problems” in a context where GR is 

assumed to be the final and ultimate theory of gravity. So we are left with two 

choices: we can face a Universe where we assume GR as the universal law of 

gravity, but then we need to uncover and understand the nature of two missing 

quantities which sum up to about 95% of the energy-matter content in our Uni­

verse [3]; or, we can try to relax the GR assumption and find a more general way 

to explain DM and DE, but at the expense of basically ignoring which should be 

the effective way to describe the behaviour of gravity at all possible scales [84],

In this very wide and complex scenario, our research would aim to make up 

our personal contribution to the topic by asking and tentatively answering the 

following questions.

• Why? The main spur would be to pursue an old goal with new instruments. 

The “old goal” refers to a “Theory of Everything” which unifies all the 

fundamental interactions; the “new instruments” refer to ETGs and, more 

specifically, to those having and fulfilling some specific properties and re­

quirements. Thus, our main goal will be to contribute to answering the 

question: can we unify dark energy and dark matter in one single theo­

retical background? They have completely different properties, but is it 

possible that they are different manifestations of the same kind of (new) in­

teraction? After all, the same nature of gravity, as a fundamental force, is 
unclear and highly debated.

• What? We will turn on ETGs as the theoretical arena in which to perform 

our studies, but not all ETGs are feasible for such a goal. ETGs are mostly 

formulated in order to give meaning to DE, not to DM. All of them have to 

fulfil some basic requirements: they have to reduce to GR at local and Solar 

System scales, where we know that GR works perfectly well. This con­

straint must require a screening mechanism which prevents the large cos­

mological scale effects of ETGs mimicking DE from affecting the smaller 

astrophysical ones. What we propose here is the idea that the partial break­

ing of such screening mechanisms at astrophysical scales, could be the key 
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to unifying DM and DE as two different sides of the same gravitational the­
ory.

• How? (observations) The tests for such a hypothesis will span the full range 
of scales of the large-scale structure of the Universe. We will make use of 
the most diverse sets of observational probes which can be retrieved from 
literature and databases. A preliminary list might include: gravitational 
lensing events (both weak and strong); X-ray observations; stellar dynamics 
and kinematics. We will also look for distinctive and peculiar features which 
might be indicative of a departure from GR, and which could be related to 
ETGs’ screening mechanisms.

The lines of investigation which have been delineated above, stem from a se­
ries of studies which show how a specific family of ETGs, the DHOST theories 
which will be described in more detail in the next chapter, exhibit a partial break­
ing of the Vainshtein screening mechanism [183]. For this reason, they have been 

selected as the class of theories which we have analysed in our works.
A Vainshtein screening partially broken may represent the trait d’union be­

tween cosmological and astrophysical scales. Indeed, gravity modifications that 
should be effectively working only at cosmological scales whilst being partially 
screened at astrophysical scales, could leak to these scales where the DM compo­
nent should play a fundamental role. In this sense, there would be a unification of 
DE and DM. Due to the partial breaking of the Vainshtein screening mechanism, 

a DHOST theory may reproduce, at cosmological scales, the effect we associate 
with DE and at astrophysical scales the ones we attribute to DM. According to 
this idea, DM would no longer be described by a hypothetical particle but would 
become a gravitational effect induced by an ETG (a DHOST theory in this work).

Typically, modifications of Einstein’s theory have been developed as alterna­
tives to DE. DM, which is characterized by entirely different properties, is usually 
described with models (a list is provided in [144]) that do not require a gravity 
modification.

However, a potentially new and compelling idea, which represents the foun­
dation of the works on which this thesis is based on, might be considered. DE and 
DM are considered distinct physical components because they possess different 
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properties. However, they might be different sides of the same gravitational inter­
action. Following this hypothesis, with one model, instead of many, it could be 
possible, depending on the scales, to describe the effects we associate with DM 
and DE. This model, to be suitably tested, might therefore provide a unification of 
DM and DE.

It is crucial to understand at which scale such unification may happen and 
consequently look for the observational data required to test the above-mentioned 
idea.

This thesis is organised as follows. In Chapter 2, we introduce all the the­
oretical properties of the ETG model which have been used to test the possible 
unification of DE and DM. In Chapter 3, we will explain which kind of obser­

vational data have been used in our publications, which gravitational structures 
have been chosen for our analysis and how they have been modelled. We will 
also briefly illustrate the statistical tools used to derive and corroborate the results 
of our research. Such results will be discussed in Chapter 4 regarding the galaxy 

cluster scale, and in Chapter 5 for the galactic scales. Finally, in Chapter 6 we 
summarise the main consequences and impact of our works and possible future 
developments.



CHAPTER 2

Degenerate Higher-Order Scalar Tensor 
(DHOST) theories

One of the “easiest” ways to modify Einstein’s theory of gravity is to introduce 
an additional scalar degree of freedom in the Hilbert-Einstein action. For this 
reason, theories that follow this approach are defined in the literature as scalar­
tensor theories (where “tensor” clearly refers to the metric tensor). The most 
common expression of the action for such theories is described in [184] and can 
be written as

Sst = [d4xV=g [F(0)7?-Z(0)g^0dv0-2t7(0)] +Sm[ljfm-,gliv],
lOTTCr* J

(2.1) 

where: 0 is the new scalar field; G* is the bare gravitational constant, different 
from the experimentally measured one, the “standard” G#; Sm is the action of the 
standard matter field(s) 1and F, Z and U are general functions and potential of 
the new minimally coupled scalar field 0 that completely describe its dynamics. 
However, not all of these functions are independent, and their form depends on a 
case-by-case basis.

In 1974, Gregory Homdeski introduced the most general scalar-tensor the­
ory of gravity [185] (later called Homdeski theory) with a Lagrangian contain-
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ing second-order derivatives of the scalar field (which is the only propagating 

scalar degree of freedom) and satisfying the specific constraint of leading to Euler- 

Lagrange equations which are at most second order. This theory was a bit forgot­

ten until very recently when it was somehow “rediscovered” after the Galileon 

theories. The Galileon scalar fields [109, 186] owe their name to the fact that 

they are characterised by the Galilean symmetry 0(x) —> 0(x) + + c. Even

though these theories have been introduced within a Minkowskian background 

[186], they were later extended by adding gravity and promoting the operators to 

their covariant version. Thus, the so-called covariant Galileon theories came out, 

which are described by the following Lagrangian [186]

(2.2)
v

+ c5X2&lvfav-^X -so^fay + ifa^^

+ c2X - + yX27? + c4X [(□</>)2 - ^vfa

"i ~ Y/xv L ' '

where: R is the Ricci scalar; G^v is the Einstein tensor; fa = and fav — 

VgVv0 with V which denotes the covariant derivative. In the Lagrangian (2.2), 

the fourth and the sixth terms are those that prevent the theory from having higher- 

order derivatives in the equations of motion, which are second-order, and thus suf­

fering instabilities (this point is discussed later in this section). Covariant Galileon 

theories have been introduced within a four-dimensional spacetime, however, they 

can be further extended to higher dimensional spacetime [187].

The action that is currently most used for Homdeski theory is not written ex­

actly as the one initially defined in [185] but as it emerged in the Galileon theories, 

although it is, of course, fully equivalent from a physical point of view. This action 

looks like

1
8 TtGx

(2.3)
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with:

<^2 = G2(0,X), (2.4)

^3 = G3(0,X)Q0, (2.5)
^4 = G4(</>,X)7? + G4^(</>,X)[(n</>)2-^v^v] , (2.6)

°^5 - Gs(§,X)G^<^ - ^0)^20^"0v«0«p-30pv^^^ ,

(2.7)

where  is d’Alembert operator, X = dg0d^0 is the kinetic term of the field 0 

and Gi (r — 2,... 5) are arbitrary functions of the field.
Generally speaking, the number of propagating degrees of freedom can not 

be increased arbitrarily. Indeed, there exists a theorem, the Ostrogradski theorem 

[188], according to which a theory that has more than one degree of freedom is 
unstable. The consequence is a negative kinetic term of the additional degree of 
freedom which generates, in this way, a ghost field.

However, it was recently recognized that Homdeski’s theory can be safely ex­
tended, namely, that it is possible to build up theories which exhibit equations of 
motion of higher (than second) order derivatives, but whose true propagating de­
grees of freedom obey second-order equations which are free from Ostrogradski 

instabilities. These new theories have been called, for such reasons, Beyond Hom- 
deski theories [189-194], Within this theoretical context the four Lagrangians of 
the Homdeski theory, Eq. 2.3, can be extended to include other two terms

■&1H = W, 0)£pVpa£pVp'a0p0p'0vv'0pp'
, , , , (Z.o)

which depend on the two further additional functions F4(X, 0) and Fz(X,0), with 
epvpa being the anti-symmetric Levi-Civita tensor.

Very soon it was realized that even a further generalization of Beyond Hom­

deski’s theories was possible, leading to the definition of the Degenerate Higher 
Order Scalar Tensor (DHOST) theories [195-199], which will be our main tool in 
this work.

The most general action which can be defined to describe these theories, in­
cluding both quadratic and cubic order terms (in the second-order derivatives), 



24 2 Degenerate Higher-Order Scalar Tensor (DHOST) theories

can be written as

5
Sdhost = [+ 

J L i= i

10+ F(3)(X^)G(1v^,' + £b,(X^)^) . (2.9)
10

r—1

This action contains nineteen functions of the scalar field 0 and its kinetic term 
X; five Lagrangians are quadratic, and ten are cubic in the scalar field 0 [196, 
200]. From Eq. 2.9, it is possible to see how some well-known cases are naturally 
included in this action:

• if F(2)(X, 0) = AfpZ/2 (with the Planck mass being = (8ttG) ’) and all 

the other functions vanish, we get the usual Hilbert-Einstein action of GR;

• we can recover the Brans-Dicke theory [201] if

F(2)(X,« = F(2)(« = iL, P(X,« = P(« = - (2.10)

• The quadratic part of Homdeski’s theory is retrieved with

F{ 2)(X,0) = G4(X,0), Ai(X,0) = -A2(X,0) = 2G4jx

A3=A4=A5 = 0, (2.11)

while the cubic part with

2
F(3)(X,0) = G5(X,0), 3Bi = -B2=-B3 = G5^. (2.12)

With the exception of the quadratic and cubic Lagrangians in the scalar field 0 
(and of P(X, 0) and Q(X, 0)), all the other functions appearing in Eq. 2.9 can not 
be chosen arbitrarily: in order to prevent Ostrogradski instabilities the functions 

F(2), A/, F(3j, and Bz have to satisfy some degeneracy conditions. Indeed, if the 
so-called kinetic matrix (the Hessian matrix constructed from the kinetic terms of 
the Lagrangians) is degenerate, then such a degeneracy translates into a series of 
constraints which automatically cancel the extra degree of freedom and thus the 
instabilities. Exactly from this property, the DHOST theories take their name.
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(2.13)

(2.14)

(2.15)

A detailed explanation of this formalism is beyond the scope of this work and 
can be found in [196, 202], Here we only present some general features that 
will be applicable to the particular DHOST model we have utilized and compared 
against observational data in our works. As a consequence of this degeneracy, for 
example, from the above action restricted to the case of quadratic higher-order 
Lagrangian (the cubic case is explained in [200]), one can find three conditions 
linking the A; functions

Both Homdeski and Beyond Homdeski theories satisfy the above conditions. Us­
ing the same degeneracy conditions, it is also possible to classify DHOST theories 
[195, 196, 203, 204]. In particular, the DHOST model which we will use is based 
on the condition Ai +A2 = 0.

Moreover, the recent multi-messenger observation of gravitational waves [180, 
205] has put stronger constraints on ETGs [206, 207] ruling out many of them. 
Theories such as the DHOST which we will use, successfully pass these con­
straints. Indeed, the speed of gravitational waves cgw can be defined (for brevity, 
from now on, since we are focusing on quadratic DHOSTs, we will assume 
F = F(2))as[208]

Ai 4-A2 — 0, A3+A4 — 0, Az — 0.

F 7^ XA\\ the functions A2, A4, and Az can be re-expressed in terms of three 
Ai, Az, and F which are now arbitrary

Ai = S(F-XA 1̂~16XA>+4(3F + 16X7*)A1 -x2™3

- (16X2Fx - 12XF)AiA3 - 16Fx(3F + 4XFx)Ai

+ 8F(XFx - F)Az + 48FFy]

Cgw = f~xa1

If we fix cgw = 1 [205], therefore Al — 0 and the remaining functions A4 and Az 
can, thus, be expressed in terms of Az(X, 0) and F(X, 0).

The model that we have analyzed belongs to the class specified by the con­
straint A2 = —Ai. In this class, it is then possible to identify two different sub­
classes, depending on the form of the non-minimal coupling between the Ricci 
scalar R and the scalar field 0:
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and

(4Fx-2Ai+XA3)(-2A2-3XAiA3+4FxAi+4FA3)
A5 =--------------------------- S(F-XAtf--------------------------- (216)

• F = XAi: within this second subclass, the function A3 can be re-expressed 

as

2(F — 2XFx)
A3 = ------ ---------- I2-17)

with F, A4, and A5 which are arbitrary.

2.1 Phenomenology with DHOST theories

The Effective Field Theory (EFT) formalism enables us to study the evolution 

of the cosmological background and linear perturbations in a model-independent 

way. This formalism was used for the first time in [209], to study a possible 

coupling between a ghost condensate and gravity. It was later applied to infla­

tion [210-212], quintessence model [213], and then to DE and modified gravity 

models [214-216] (for other approaches see [217-220]).

The foundation of this approach is in the so-called unitary gauge [221] that 

consists of choosing a time coordinate such that the perturbation <50(t,x) of, for 

example, a certain scalar degree of freedom 0(t,x) vanishes. As a consequence, 

the EFT action does not show any explicit dependence on the scalar field terms, 

but it is written in terms of the so-called EFT functions (a more detailed descrip­

tion is provided in [222]). The applicability of the EFT approach ranges from 

cosmological scales down to scales at which we cannot adopt the classical de­

scription of gravity. Moreover, the EFT formulation can even be expanded by 

including non-linear scales [223-227].

In the literature, there exist several versions of the EFT action [214, 215, 217, 

228-230] diversified based on notation, number of operators and order of pertur­

bations. Here, we will consider the most general EFT action up to the second 
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order in perturbation (following the notation adopted in [214])

Sbft = iy'j4xV=J[Mj/(»)R-2A(r)-2c(r)g00

+»£(r)(Sg°°)2 - ^(r)3gm8K - M^t)8K2 (2 lg)

- Mj (t) 8K^V8K^ v + Ilf (t) 8g008R + (t)h^v d^g0® dvgQQ

+...) +SOT

where: is the Planck mass; g is the determinant of the metric g^v; 7? and 8R

are, respectively the Ricci scalar and the perturbation of the Ricci scalar; Sm is the 

matter action; {/,A, c, Mi, mi,Mi,mt,Hi} are the EFT-functions, time-dependent 

functions that guarantee the symmetry of the action [222]; the dots ... account for 

higher order terms into the action. The action Eq. 2.18 is organized such that all 

the EFT functions which appear in the first line describe the background, whilst 

the functions in the other two lines offer a description of the linear perturbations 

only. In particular, /(?) (or running Planck mass) underfines the coupling be­

tween matter and the scalar field 0. Possible parameterization of these functions 

are shown in [222]. The functions A(t) and c(t) can be expressed in terms of the 

background DE density and pressure [214]; {Mi,mi,Mi,mi,Hi} are mass parame­

ters. More exhaustive details about these parameters and their physical meaning 

are presented in [214, 215, 217, 222, 228-230].

The proficiency of the EFT approach is related to the connection it can es­

tablish with most of the proposed gravitational theories of gravity. For example: 

Brans-Dicke theories are recovered from Eq. 2.18 using only the EFT background 

function {/,A,c}; Homdeski theories are recovered from Eq. 2.18 by imposing 
M\ = -Ml = 2Hi-

DHOST theories can be retrieved from the action Eq. 2.18 by adding three 

additional EFT functions [196, 197]. However, in this thesis we will consider a 

different but equivalent formulation of the EFT action developed to study, specif­

ically, the properties of the Homdeski theories and their extensions [231]. Devia­

tions from GR are parametrized by four a time-dependent functions {(Xm, (Xb, (Xk, (Xr}- 

To account for the extension of the Homedski theory, i.e., Beyond Homdeski’s and 

DHOST theories the additional an parameter has to be included. The advantage 
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of this EFT parametrization is the link between the EFT functions and physical 
effects.

Using this EFT framework, the DHOST action can generally be written as 
[215, 232]

ęEFT 
0DHOST

j3 j 3M2F 
a xata ——

2

/ o \ 
8Kij8Kij - I ! + aL J 8K2

(8 Fh \8WR—t- + 8^R +H2aK8N2 + 4HaB8K8N 
a3

+ (1 + aH)®R8N+4Pi8K8Ń+faSŃ2 + ^(dt8N)2 
aL

(2.19)

where: a is the scale factor; 8K is the variation of the trace of the extrinsic cur­
vature; Vh is the square root of the determinant of the three-dimensional metric 
induced on the three-dimensional hypersurfaces; 8^ is the second-order term in 

the expansion of the Ricci scalar ^R; 8N and 8Ń are the variations concerning the 

lapse function and the time derivative of the lapse function respectively. Further­
more, the action Eq. 2.19 depends on additional nine time-dependent functions. 
In particular, M, ar, (Xk, and aB are enough to completely characterize the Hom- 
deski theory [231]. Beyond Homdeski’s theories require the additional parameter 
(%h [216]. DHOST theories include also aB and A [232].

Before moving further, few words have to be spent describing the meaning of 
these nine parameters since some of them have been constrained in our works:

• (Xm, the running Planck mass: evolution rate of the effective Planck mass

1 JlnAf2 
(Xm = — „ . • H alnt

(2.20)

At the cosmological level, this parameter influences the growth of cosmo­
logical perturbations and also influences the propagation of gravitational 
waves;

• aB, the braiding: quantifies the mixing between the kinetic terms of the 
scalar degree of freedom and the metric. It can impact the sound speed of 
the scalar field mimicking dark energy, and can thus be related to possible 
dark energy clustering;
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• (%k, the kineticity: corresponds to the kinetic energy of the scalar perturba­

tion and affects the propagation of the dark energy field;

• ar, the tensor speeding excess: described the deviation of the speed of 

propagation of the gravitational waves from the speed of light

4 = 1 + aT (2.21)

Within the Homdeski gravitational scenario, these four parameters can be con­

ceived as independent physical properties of dark energy. In addition, once a par­

ticular gravitational model is assumed, the oq parameters are determined by the 

Lagrangian and the scalar degree of freedom 0 (a list of examples is represented 

by [233-237]). On the other hand, theories which go beyond Homdeski require an 

additional parameter, an, which quantifies the departure from Homdeski theory, 

vanishes for Homdeski theories and becomes non-zero for Beyond Homdeski or 

DHOST theories.

Finally, DHOST theories also introduce Ofc, corresponding to the detuning 
between the extrinsic curvature terms and K2-, and the parameters A

and A, analogous to Ofc and Ofc for the additional degree of freedom present in 

higher-order theories, and A which is related to the gradient of energy of the 

additional degree of freedom.

Degeneracy conditions that prevent DHOST theories from developing ghosts 

imply that the A parameters are not independent, but need to satisfy two different 

sets of conditions [232]

I: Ofc = 0, fa = -60i, 03 = -2/3i[2(l + an) + /3i(l + ar)]

//: ft = _(i + (fc)l±* ft = _6(1 + aL)Il±^£, ft = 2<l±f£
1 + Ofc (1 + Ofc ) 1 + Ofc

(2.22)

Moreover, from the action Eq. 2.19, it is possible to study the physical degrees 
of freedom consisting of one scalar mode and two tensor ones. In particular, as 

explained in [196], from the study of the scalar mode, it is possible to understand 
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that DHOSTs characterized by condition II suffer from instability (scalar and ten­

sor modes are not stable simultaneously), preventing them from being recognized 
as viable theories.

2.2 DHOST at astrophysical scales

As explained in section 1.2.2, DHOST theories (and any ETG in general) must 

pass Solar System constraints reducing to GR at those scales. The screening 
mechanism which characterises DHOST more specifically is the so-called Vain­
shtein screening [142],

Historically, the Vainshtein screening was introduced to solve a problem of 

the so-called Fierz and Pauli (FP) theory [238]. This theory introduced a 2—spin 
massive particle (massive graviton) establishing the fundamentals for the devel­

opment of massive gravity theories. According to the FP theory, gravitons were 

characterised by five degrees of freedom instead of the two defined by the GR. 
However, according to Einstein’s theory, gravitons, as a consequence of the equiv­

alence principle, are massless particles with two degrees of freedom correspond­
ing to their polarization states. As expected, in [239, 240] it was shown that the 
FP theory was suffering from instability, according to which it was impossible to 

reconcile the prediction of GR in the massless limit.

To solve this issue, in 1972, Vainshtein introduced a mechanism, the so-called 
Vainshtein screening [142], according to which, at short distances (and high mass) 

the non-linearities, arising in theories like the FP one, suppress the additional 
degree of freedom restoring GR predictions. In general, the Vainshtein screening 

plays a crucial role in reconciling ETGs with observational constraints.

This mechanism introduces a radius, the Vainshtein radius ry, where the fifth 

force mediated by the addition scalar degree of freedom is suppressed, and GR is 
restored. The Vainshtein radius ry reads

/ M \1/3
\87tMpi9Jl) (2.23)

where: M is the total mass of a matter source; MPi is the Planck mass; Mis a spe­

cific mass scale, for instance, M ~ MpiHq, if M is the energy density associated 
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with the present expansion rate of the Universe. In the massive gravity case [241] 
M = m2Mpi with m the graviton mass. In the DGP braneworld [242] gravitational 

scenario, the mass scale M = r~2MPi where rc is the scale between the four and 

five-dimensional gravity.

The Vainshtein screening has been studied in detail also for Homdeski’s the­

ories [243-245]. However, for Beyond Homdeski [246] and DHOST theories 

[247-250], the Vainshtein screening is partially broken, that is, gravity is modi­

fied also inside the object. This partial breaking leads to interesting possibilities, 

such as gravity modifications that leak at astrophysical scales mimicking the ef­

fects that we attribute to dark matter (this will be discussed in other sections).

In the weak-field regime, the deformation of the spacetime induced by a matter 

source, assuming also spherical symmetry, is small and described by the metric

ds2 = -[ 1 + 2<&(r))dt2 + (1 - 2'P(r)] 8ijd^dxj, (2.24)

where <b(r) and 'P(r) are the gravitational and the metric potential induced by 

a matter source with a density p(r). These two potentials are the same in GR; 

however, this is generally not true when gravity is modified in ETGs.

Furthermore, the matter source also induces a small perturbation in the scalar 

field

0 = fo(r) + 50(r). (2.25)

The relations that involve 4>(r), T'(r), <50(r), and p(r) can be determined by 

expanding the equations of motion, assuming 4>(r), T'(r), <50 (r) to be small and 

neglecting the high-order terms.

The final result for DHOST, as shown in [196, 247, 249, 251], leads to the 

modified expressions of the gravitational and metric potentials

d<S> _ GNM(r)
— —----- ~----- \-HąGnM (r),
dr rz
™ _ G„M(r) GNM'(r)—— —-- =-- 1- J±2--------------------------------------------- nM (r) (2.26)
dr rz r

where: Af(r) is the mass of the object within the radius r, and M' and M" are the
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first and second derivative of the matter source concerning the radius r

Af(r) = [ dx47lx2p (x), 
Jo

Af'(r) = 47TX2 p(r),

M"(r) = 8^rp(r)+W^ . (2.27)
dr

Outside the source where the mass M(r) = M is constant, M' = Af" = 0 and con­
sequently GR is restored (with 4> and 'P coinciding). However, inside the matter 
distribution, Af(r) is not constant and gravity is modified according to Eq. 2.26.

As underlined in [196, 247-249, 251] the Hi ,2,3 parameters can be related 
to the functions that appear in action Eq. 2.9 or to express them in terms of the 
more fundamental (and practical) EFT parameters in Eq. 2.19. Their most general 
expression, using the formalism of [249], reads

« (Qta + crP i)2
4(1 + ay - 4/3i) — a# — 1 ’

„ _ «H(Off-av+2(l+Cy)^l+^l(Cy-l)(l+Cy^l)
“2 Cy(l + ay -4/31) — Oh — 1 ’

cf(l + ay - 4/31) - an -1

These three parameters are not totally independent, although, and must satisfy the 
relation [196]

H| — Hi = |-HiH2 . (2.31)

An additional parameter corresponding to the fractional difference between the 
effective gravitational constant G# and the “bare” one G (related to the Planck 
mass Mpi = (8ttG)-1) reads

y0 = (8ttM^Giv) -1 - 1 = av - 3/Bi. (2.32)

The above four definitions can be greatly simplified if we apply the strong con­
straints on extended theories of gravity which have been derived from the multi­
messenger observation of gravitational waves [180,205-207,252-254], The most 
decisive is the one constraining the velocity of gravitational waves cgw with re­
spect to the speed of fight c [255],

-3-10-15 < —-1 <7-10-16. (2.33)
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This condition automatically implies

ct = 1 => oct — 0, (Xy — —&H - (2.34)

With these equalities, the E/ parameters can be expressed in terms of On and A 
only

(aH + P i)2 „ „ fii(ag + fii)
2(an + 2j3i)’ 2 h, 3 2(a#-|-2/Ji) (2.35)

and the fractional difference between G# and G becomes

A) = ~aH — 3/3i (2.36)

2.3 Observational constraints on the EFT parame­
ters

In [256], the Planck collaboration has investigated models characterized by a con­

nection between the running Planck mass constant (Xm and the brading clb (typical 
of models such as /(/?), Brans-Dicke and chameleon theories). In particular, (Xm 
has been modelled as a power law in the scale factor with a constant amplitude 

(Xm,o and scaling /3. By combining CMB amplitudes, weak lensing data (WE), 
BAO and Redshift Space Distortions (RSD) stringent constraints have been im­

posed on the amplitude of the running Planck mass tt^,g < 0.097 and on the scal­
ing P — 0.92^0 25 [256] (2a CL). Adopting the most updated Planck data [3], the 

results of the analysis show a preference for a negative value of (Xm,o, when only 

CMB data have been considered, while the combination of CMB data with WL, 
BAO and RSD one gives (Xm,o — —0.015^ 017 (2ci CL) [3].

Additionally, constraints on the running Planck mass can be put also consid­

ering the EFT description provided by the action Eq. 2.18. To this purpose, in 
[257], they delved into the effects of a running Planck mass function, denoted as 
/(t) in the action Eq. 2.18, assuming both ACDM and tt)CDM background. The 
EFT parameter Q. [257], from the f(f) in the action Eq. 2.18 expanded linearly 
in the scale factor as /(t) = 1 + Q.FFTa, [257] embodies the effects of a varying 

Planck mass. The results of the analysis, which are based on several data sets 
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(Planck temperature-temperature power spectra [258, 259], WMAP low-I polar­
ization spectra [260] and BAO [261-263]) yield QFFT < 0.061 for the ACDM 
background and £lFFT < 0.058 within a ®CDM background [257] being consis­

tent with what has been found by the Planck collaboration [264].
For Homdeski models the EFT functions that can be constrained are {/, m2, ,

using the action Eq. 2.18, and {(Xb,<Xr, 0^, ar} in the a-basis [222]. The 

first set of constraints has been determined for the EFT functions in the a basis 
from CMB, BAO, RSD and the WiggleZ survey [265] datasets. The constraints, 
depicted in Figure 3 of [265], favour a larger effective Planck mass M2 (in the 

action Eq. 2.19) with respect to the Planck mass, a negative value for the running 
Planck mass (Xm < 0, a positive value for the braiding ttg > 0 and sub-luminal 
propagation of gravitational waves ct < 1.

Constraints from KiDS combined with GAMA [266], which are consistent 
with the ACDM, show a preference for (%b,m > 0 and the Sg parameter consistent 
with Planck when the gravitational framework was represented by the Homeski 

model instead of ACDM.
As shown in [267, 268] (exploiting several cosmological probes), the con­

straints provided by CMB data are driven by the Integrated Sachs-Wolfe (ISW) 
effect leading to large values for the oq EFT parameters. The inclusion of RSD 

allows for breaking the degeneracy between (Xm and a% (Figure 2 of [268]).

Furthermore, in [269], it has been shown that RSD data, concerning the growth 
function fag, when combined with data from VIPERS [270] and SDSS [271] 

(that enable separate measurement of f and Og) can improve the constraints on 
the EFT parameters of about ~ 20%. In addition, in [269], the tight constraint 
\Gn/G\ < 0.002Hg on the variation, over time, of the Newtonian constant, ob­
tained exploiting Solar System tests translated into a prior on the running Planck 

mass enhancing the constraining power of the growth rate f and of the amplitude 
of matter fluctuation cig.

The findings presented in [265] emphasize that, despite considering multiple 
cosmological probes, the kineticity parameter a% does not affect the other param­
eters’ constraints. To the same topic, the outcome presented in [272], reveal that 

bounds on the kineticity function (Xr are difficult to impose because the contribu­
tion given by (Xr to the observables is always within the cosmic variance. How­



2.3 Observational constraints on the EFT parameters 35

ever, also in [272], the multi-tracer techniques have been presented as a possible 

way to overcome the cosmic variance problem.

When the gravitational scenario is described by Beyond Homdeski theories, 

we have an additional parameter an that we can constrain using observational 

data. In particular, the combination of CMB, BAO and RSD has shown that an 

is degenerate with the braiding ttg and the running Planck mass (Xm parameters 

[194]. Additionally, the marginalized distributions on an have shown that this 

parameter is not consistent with the GR limit (oh? —> 0) for most of the cases the 

authors have considered [194].

DHOST theories are the further generalization of Beyond Homdeski ones. As 

explained in Section 2.1, the action of these theories is characterized by three 

additional non-completely independent parameters A,2,3 [232].

Observational constraints can be imposed on the effective field theory param­

eters an and A, by taking into account the dependence of the DHOST parameter 

Ei from these (as defined by the first equation of Eq. 2.35), exploiting late-time 

observations. The parameter Ei controls the deviation from the standard Newto­

nian potential (for non-relativistic systems), and its constraints can be extracted 

independently from those on VP. First of all, from the definition of the derivative 

of the gravitational potential, in (2.26), can be seen that if Ei <0, gravity inside 

an astrophysical object is stronger (the opposite happens if Ei > 0). This fact can 

be used to establish constraints, on Ei, from stellar stability arguments. A lower 

bound of Ei > —1/6 arises by requiring stars to be in the hydrostatic equilibrium 

[273]. Furthermore, an upper bound can also be introduced. Indeed, the mass of 

the smallest red dwarf should be, at least, equal to the minimum mass required 

to start burning hydrogen [274]. The other two parameters, appearing in equation 

Eq. 2.26, E2 and Ez have to be constrained simultaneously requiring relativistic 

observations. For example, if Ez — 0, a constraint on E2 has been provided in 

[275].

Imposing the first constrain on the fractional difference in the speed of gravi­

tational waves (first equation in Eq. 2.34), M can also be constrained through the 

observations on the Hulse-Taylor pulsar [276]. Considering the results provided 

by [253] and based on the time measurements of the Hulse-Taylor pulsar [277]
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one finds (at 2a)
—7.5 • 10-3 < 7t) — 1 < 2.5 • 10-3 (2.37)

Combining all the existing constraints on Ej and /g establishes tight limits on an 
and Pi.

However, the most stringent constraints on Ei are granted by helioseismology 
arguments. In [278], the authors studying the interior physics of the Sun derived

— 1.8 • 10-3 < Ei < 1.2- IO-3 (2.38)



CHAPTER 3

Observational Data: modelling and 
statistical analysis

In this chapter, we provide a panoramic description of the type of astrophysical 

data which have been used to test the possible unification of DE and DM using 

the DHOST model represented by Eq. 2.9.

3.1 Galaxy clusters

Galaxy clusters are the most massive gravitationally-bound structures in the Uni­

verse for which a detailed dynamical and kinematical analysis has been performed. 

They are quite useful because with them multiple and independent types of obser­

vations are possible.

Indeed, on the one hand, we have observations in the optical band which are 

used mostly in lensing analysis. The sample we have finally chosen had the im­
portant feature of combining both strong lensing, mostly for the inner regions of 

the clusters, and extended weak lensing data, from the outer skirts of these grav­

itational structures, leading to a more precise galaxy cluster mass reconstruction 

[279] and tighter constraints for the concentration parameter. On the other hand, 
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for clusters of galaxies, we also have at our disposal X-ray observations from the 

hot intra-cluster gas.

The importance of having both types of data has to be sought in the existing 

natural tension between lensing and X-ray-based mass reconstruction approaches, 

which relies on the fact that these two types of data are sensitive to different phe­

nomena and regimes. Indeed, mass reconstruction from X-ray data (whose emis­

sion is susceptible to the Newtonian gravitational potential 4>) is more prone to 

biasedness by non-gravitational effects [280] in the internal regions of the clus­

ters. Instead, gravitational lensing (which also allows us to test related to the 

combination of potentials O + 'P to which photons are sensitive) is much less sen­

sitive to local astrophysical and non-thermal phenomena, but a bit more sensitive 

to the presence of matter along the line of sight. These fundamental differences 

can systematically lead to different mass determinations which are fundamental 

to take into account in GR, and even more so when dealing with ETGs.

Studies of the dark matter distributions based on observations of strong grav­

itational lensing effects showed a discrepancy with the results obtained by cos­

mological simulations (and based on GR) [281-283]. Indeed, the observation of 

galaxy clusters at z > 1 implies that their formation occurred earlier than sug­

gested by cosmological simulations. Furthermore, galaxy clusters at intermediate 

redshifts z ~ 0.3 have been observed to have denser cores than expected. Several 

explanations have been proposed to explain these discrepancies between obser­

vations and cosmological simulations, such as the presence of non-Gaussianities 

in the initial density fluctuations. However, several models that introduce non- 

Gaussianity in the initial conditions have been ruled out by X-ray measurements 

[284]. Another possibility is the introduction of an early form of dark energy 

(EDE) that suppressed the formation of galaxy clusters [285-288]. Therefore, to 

match the number of galaxy clusters that we observe today, these objects had to 

start forming earlier than expected.

At the present day, the main “ingredient” of cosmological simulations is dark 

matter, and a possible solution to the discrepancy with observations might be to 

introduce baryons into cosmological simulations. However, it is reasonable to ex­

pect that their contributions (since they are a sub-dominant component of galaxy
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clusters) may not be sufficient to explain the observed higher concentration param­

eter. Indeed, it has been shown in [289-291] that when baryons are included in 

cosmological simulations, they can imply a variation of ~ 10% in the concentra­

tion parameter. In our analysis, we have also taken into account the contributions 

coming from the Brightest Cluster Galaxy (BCG) which lies at the centre of the 

clusters, and from the non-BCG galaxies, scattered throughout them.

In order to take advantage of this wide variety of tests, we initially planned 

to use the most recent data that could be obtained from the literature but then 

realized that it would be most useful to look for the most complete data set. The 

data set we have used in our works [292], belong to the Cluster Lensing and 

Supernova Survey with Hubble (CLASH) programme [279]. This sample consists 

of 25 galaxy clusters divided into two main categories

• 20 galaxy clusters selected on the basis of their X-ray measurements, with 

a temperature of T% > 5 Kpc and a small deviation from the hydrostatic 

equilibrium. Within the ACDM scheme [293], numerical simulations have 

suggested that ~ 70% of these clusters are relaxed, with a non-negligible 

fraction (~ 30%) of them unrelaxed;

• 5 galaxy clusters selected for their lensing data, which may allow the deter­

mination of high-resolution dark matter maps. However, these systems are 

highly massive ongoing mergers [294].

In [295], the authors studied a subsample of 16 CLASH galaxy clusters to recon­
struct the convergence x(7?), combining weak-lensing shear and magnification 

data from the Subaru telescope [296], and strong-weak lensing constraints from 

the Hubble Space Telescope (HST) [297]. Remarkably, both photometric data and 

BCG mass estimates were also available for these clusters.

3.1.1 X-ray hot gas mass reconstruction

Another important advantage in selecting and working with CLASH clusters, is 

that they were selected (for dedicated observations) also taking into account the 

fact that archival X-ray data were available for them [280] for the X-ray analysis.
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X-ray estimates of the masses of galaxy clusters are based on the collisionless 

Boltzmann equation with the basic assumptions of spherical symmetry and hydro­

static equilibrium. With these assumptions, the collisionless Boltzmann equation 

can be used to express the relationship between the gravitational potential, 4>, of 

a galaxy cluster and the temperature, Tgas, and the density, pgas, of the hot gas,

_ d<I>(r) = ATgaS(r) \dlnpgas(r) dlnTgas(r)
dr flmpr \_ dlnr dlnr

In GR, the derivative of the gravitational potential is related to the total mass of 

the system under exam by
_ GNMtot(r)

dr r2 ’ { }

so that, by substituting this result in Eq. 3.1 it is possible to determine the galaxy 

cluster’s total mass

Mot (r) = Mas(r) +Mal(r) +MBCgW + M>M(r)

= £Tgas(r)r dlnpgas(r) dlnTgas(r)~
\_ dlnr dlnr

For the CLASH clusters which we have used, the hot-gas density and tempera­

ture profiles have been retrieved by observational data from Chandra telescope in 

[280]. Consequently, the total mass can be inferred from Eq. 3.3. Additionally, 

after measuring the gas mass, Mgas from the same observations, and adding the 

information coming from other baryonic components (BCG, Mbcg, and galaxies, 

Mgai), one can also eventually infer the mass of the DM component Mjjm-

Crucial for our analysis in the DHOST scenario is thus the observationally 

estimated total cluster mass which can be compared to the theoretically expected 

one, from the following relation: 

ifobs —
7Wtot —

r2 dd>
G^f d7 ’ (3.4)

where the right-hand side, within the context of the DHOST gravitational scenario 

chosen for investigation, is given by Eq. 2.26.
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3.1.2 Gravitational lensing

Galaxy clusters can act as, and are actually one of the best examples of, gravi­
tational lenses. Hence, gravitational lensing is a powerful tool to be exploited to 
map/reconstruct the mass distribution of clusters.

^0

Figure 3.1: Typical lensing configuration. The gravitational lens represented by 
a galaxy cluster is pictured by the blue circle. The light blue shaded area around 
it represents the gravitational potential generated by the lens. The yellow circle 
represents the source (e.g. a distant galaxy), while the yellow ellipses represent 
the observed apparent positions of the source distorted by the lensing effects.

According to the typical lensing configuration, represented in Fig. 3.1, 0S is the 

angular position of the source (with respect to the lens); 0 is the angular position 
of the image; and a is the deflection angle, given by

7 r+°° _a =-^2 I dzV±<?> (3.5)

where V± is the two-dimensional gradient in the transverse plane and z specifies 
the coordinate along the line of sight. The angular diameter distances between 
observer and lens, lens and source, and observer and source are Dl, Dls, and Ds, 
respectively.

If 0, 0S and a are small, in the limit of sin(G) ~ 0, there is a simple but fun­
damental equation that comes from geometrical considerations, the lens equation'.

0Ds = 0SDS + &Dls ■ (3.6)

The lens equation can be recast as

0 — 0s + tx(6) , (3.7)



42 3 Observational Data: modelling and statistical analysis

where a = Dis/Dsa is the scaled deflection angle, and we highlighted the depen­

dence of a from 0 since this is the core of the lensing effects.

It is common practice to express all relations in terms of dimensionless quan­

tities. From Fig. 3.1, we see that Ę and fj are the physical lengths on the lens and 

source plane, but it is more common to work with dimensionless quantities. In­

deed, we can define the dimensionless position of the image on the lens plane, the 

dimensionless source position on the lens plane and the scaled deflection angle, 

respectively, as

x =^-6 , 
Śo

y=^-0s,
&
DLDLS ą

(3.8)

(3.9)

(3.10)

where <^g is a characteristic length on the lens plane whose value and nature depend 

on the mass models that are used to describe the lens. Eventually, using these 

dimensionless quantities, the lens equation, Eq. 3.6, will become

y = x — a(x) . (3.11)

Since the scales (and in particular the width) on which the lens physically extends 

are much smaller than the typical distances between the observer and the lens 

and the lens and the source, the lens can be schematically modelled as a two- 

dimensional mass distribution, in the so-called thin-lens approximation. Thus, 

instead of defining the lens by its volume mass density, p(r), with r being the 

three-dimensional distance from the centre of the lens, we work with the surface 

mass density, defined as [298]

E(?)=2 rpg,z)dz, (3.12)
J o

where z is the line-of-sight direction.

A relation between the scaled deflection angle and the effective lensing poten­

tial, namely the projection of the three-dimensional Newtonian potential on the
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lens plane, can be established

o n z»-|-oo

(3.13)

(3.14)

where R = D/0 corresponds to the two-dimensional radius projected onto the lens 
plane and Vg = D/V. By taking the Laplacian of the scaled deflection potential 

4>/E, one can obtain the lensing convergence k(R)

k(R) = dzM>(R,z), (3.15)
cz Ds J-oo

where: r = \/R2 + Z2 is the three-dimensional radius and Ar = 2 is the

radial part of the Laplacian operator.

The convergence, Eq. 3.15 can be related to the density distribution of the lens 
through the Poisson equation. Using

A0 = 4tt GNp(r), (3.16)

we have

(3.17)

(3.18)£ Ds
4 llG DisDi

All the above definitions have been determined within the GR description of 
gravity according to which there is an equality between the gravitational and met­

ric potentials O = *P. However, when gravity is modified, for instance, as specified 
by Eq. 2.26, <b(r) and 'P(r), in general, do not coincide. Hence, the convergence 
definition Eq. 3.15 must be generalized to

4kGnDisDi r+°° E
KW = —2---- YT dzp(R,z) = —,

C L/j1 J —oo L^c

where Ł is the two-dimensional projected mass density of the lens and Lc is the 

critical surface density

*(*) =
1 DlsD[ r+°° (G(R,z)+V(R,z)

/ dz^ (-------- 2-----------
C L/j1 J —oo \ Z,

(3.19)

Nonetheless, an important point should be stressed. The determination of k(R) is 
strictly tied to the background specification. Indeed, the cosmological background 
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enters in the determination of the angular diameter distance through the Hubble 

parameter H(z)

Da = (3-20)
1+zJo H(z)

where the Hubble parameter H(z) is determined from the first Friedmann equa­

tion and thus depends on the cosmological model. When a gravity modification 

is cast to extend GR, Friedmann equations (and consequently the Hubble param­

eter) have to be modified (a non-exhaustive list of examples is represented by 

[121, 126, 299]. However, in our works, as we were not interested in a cosmo­

logical analysis of the DHOST model represented by (2.26), we have assumed 

that the global behaviour of these models on cosmological scales was equivalent 

to that of a standard ACDM background, whose Hubble parameter was reported 

in the previous chapter in Eq. (1.8). Both qualitative and quantitative motiva­

tions behind this choice can be found in [206], where the EFT parametrization of 

cosmological perturbations is made by expanding the action around the standard 

FRW background, and in [300, 301], in which the authors determine constraints 

on the DHOST theories using CMB data from Planck [3] adopting also a ACDM 

background.

3.1.3 Mass modeling of galaxy clusters

In galaxy clusters, DM represents the most abundant component amounting to 

~ 30% (at ~ 5 kpc) and ~ 60% (at ~ 5 Mpc) of the total mass. Hot gas (as X- 

rays) ranges from ~ 5% to ~ 40% of the total mass in the same ranges. However, 

it is essential to point out that in the innermost region of galaxy clusters, the BCGs 

contribution is far from being considered negligible. Indeed, at 10 — 20 kpc, their 

mass can be up to ~ 50% of the total mass, thus comparable to DM, while At 

50 — 100 kpc, BCGs are subdominant (~ 10%) with respect to DM but comparable 

to X-rays. On the contrary, the contribution provided by non-BCG galaxies is 

always subdominant compared to all the other components (~ 1 — 2% in the range 

20 — 300 kpc). Although this component has the lowest weight in the calculation 

of the total mass, it has been included for completeness in our analysis.
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Dark matter

According to cosmological simulations, the DM distribution in galaxy clusters 
can be described by a functional form that steepens with the distance from the 
cluster centre. Among these functional forms that describe the dark matter density 
we have the Navarro-Frenk-White (NFW) profile [163, 302] and the Einasto one 
[164]. In the last ten years, lensing-based observations of galaxy clusters have 
shown that their total masses are well described by cuspy profiles [295, 296, 303- 
307] such as the NFW and Einasto ones.

We have used the standard spherically symmetric NFW density function [163]

(3.21)

where ps and rs are the NFW density and scale radius, respectively. The NFW 
density ps can be expressed in terms of the concentration parameter cA

_ A________________
Ps 31og(l+cA)- (3.22)

where the concentration parameter cA is evaluated at the spherical radius rA which 
encloses a density which is A-times the critical density of the Universe pc,

= 3H^)
P 8nGN '

where H(z) is the Hubble parameter Eq. 1.8.
The mass associated to Eq. 3.21 reads

MDM(r) = 4TtpsĄ log ( 1 + — )------—
\ rsJ r + rs_

while the mass enclosed in the spherical radius rA is given by

4-r z
AfA = -y ApcrA.

(3.23)

(3.24)

(3.25)

There are several choices for A = {200,500,2500}. Although one of the most 
common is 200, because it is almost equal to the virialised radius, our choice was 
A = 500, with a radius rzgg corresponding approximately to half of the virialised 
radius, motivated by the fitting relation we used following [308] to parameterise 
the non-BCG component, as will be explained in the following pages.
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Hot-gas

The X-ray hot gas component has been parametrized, following [280], with a 
double P -model [309]

-3ft/2 r / r -301/2
+ Pe, 1 I ----  ) , (3.26)

L\re,l/ J
where: pe$ and pe j are the density normalization constants of the two ft -model 
terms in Eq. 3.26; re$ and re \ are the scale radii; rg is the scale radius of the 
power-law truncating term. All the parameters appearing in Eq. 3.26 {pe,o>Pe,i> 

re,o> re,i » ro, a, Po,Pi} have not been considered as free parameters in our analysis, 
but they have been fixed to their best-fit values in a preliminary step.

Although the assumed density describing the gas component is that described 
by Eq. 3.26, the vast majority of clusters have been successfully fitted using a 
single truncated P-model, namely, the first term in Eq. 3.26) (with the single ex­
ception of MACSJ1720, for which the double -model is preferable). This choice 
is motivated by the fact that for several clusters the available data points were 
few or limited, so that we did not have enough information to perform a fully 
statistically reliable analysis of the previous expression.

Brightest cluster galaxy

BCGs reside at or near the centre of the gravitational potential of hosting galaxy 
clusters. Stellar mass estimations for the BCGs of CLASH galaxy clusters, can 
be found in several works [310, 311]. The main difference between [310, 311] 
is represented by the fact that in [310], the authors did not decompose the BCG 
component from the low-brightness non-BCG stellar one. On the other hand, in 
[311], such decomposition has been considered. These approaches translate into 
a difference of about ~ 30% in the BCG mass estimation. In our work [292], we 
have considered the BCG component separated from the stellar ones, and thus we 
have used the mass estimation described in [311].

Several possibilities can be considered to model the density function of the 
BCG component [312, 313]. In [312], the authors model the surface brightness of 
the BCG component using a single Sersie profile [314]. In [313], both the single 
and the double Sersie profiles (and also other possibilities) were used. The final 

re, o
Pgas(r) — Pe,0 I

V0
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choice for modelling the BCG mass density function, in [292], was the double 
Sersie profile [313] as the fits taking into account a central region and an outer 
envelope, were of better quality than those ones obtained with a single Sersie 
profile.

The Sersie profile is described by

Z(7?) =Zoexp (3.27)

where Zg is the central surface brightness, as is the Sersie scale parameter, and n is 
the Sersie index. The Sersie profile can also be re-written as [313]

Z(7?) = Ie exp (3.28)

with Ie the intensity at the half-light radius, Re and bn a parameter defined in 
terms of the Sersie index, bn = 2n — 0.33 [315]. It is straightforward to show 
that the two definitions of surface brightness are equivalent with the substitution 
as = Re/ (bn)n.

The deprojection of the surface brightness Z(7?), described by Eq. 3.27, leads 
to the luminosity density Z(r). However, an analytical expression for it does not 
exist. Indeed, it is only possible to get Z(r) invoking approximations as the one 
proposed by [316]

l{r) = hl{r/as), (3.29)

with

Z(x) ~ x Pn exp (—x1/”) 

. _  Ffot
1 47rnF[(3 — p)n]a% ’

with the function pn defined as [317]

, 0.6097 0.05463
Pn^ 1-0------------+------ 2n

(3.30)

(3.31)

and the total luminosity Ltot as depending from the apparent magnitude m

Ltot 10-°'4m (3.32)
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The required photometric parameters for the mass modeling {Re ,n,m} are enlisted 
in Table 2 of [313]. Finally, we model the BCG component as

Pbcg(t} °= (3.33)

where the subscripts int and ext refer to the BCG’s internal region and the external 
envelope; s# encloses all the remaining constant terms such as the mass-to-light 
ratio, fundamental to ensure and quantify the correct conversion luminosity to 
mass. The value of this constant has been fixed equalling the total BCG mass, 
calculated at r = 50 kpc (integrating equation Eq. 3.33) to the mass estimate de­
termined in [311].

Galaxies

Determining the mass density of non-BGC galaxies requires some preliminary 
steps. The first stage is the introduction of the cold baryonic fraction fc (estimated 
in [308] for a sample of 91 galaxy clusters with 0.25 <z< 1.25), defined as the 
ratio between the stellar mass Af* (consisting in the sum of the BCG and non-BCG 
galaxies masses within 7-500) 2nd the baryonic one M^ar = Af* + Mgas

=---- Af*-----
Jc M* + Mgas

where the gas mass, Mgas is estimated from X-ray observations. In [308], the cold 
baryonic fraction fc has been obtained from a subsample of galaxy clusters in the 
redshift range 0.25 < z < 1.25 with measurements of the stellar mass Af*. The 
resulting data, then, have been fitted using the relation 

where Mpiv and zpiv are the reference mass and redshift of the selected cluster 
sample. In addition, the stacked radial profile of fc is represented, not analytically, 
but by a black line in Figure 11 of [308]. From that, we numerically extract its 
mathematical behaviours.

When we introduced the modelling of the DM component in the previous 
section, we stated that the DM free parameters were {C500, rsoo}- It is clear now 
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why we have adopted this choice with respect to other more common values, like 

200. Moreover, one can see from Eq. 3.35 that the value of the cold baryonic 

fraction is also related to the knowledge of 3/zgg (or equivalently rzgg). In [292], 

the procedure adopted to determine the radial trend of the cold baryonic fraction 

consists of the following steps:

1. extract /c(r), namely, the radial dependence of the stacked /c(r) shown in 

Figure 11 of [308]. The logarithm of fc has been expressed as a third-order 

polynomial in the variable log r, ensuring the best agreement with the data 

in [308];

2. the average cold baryonic fraction of each galaxy cluster has been deter­

mined using Eq. 3.35;

3. Finally, to get the radial profile for fc a shift of fc has been performed

/c(r) = /c(r)+d, (3.36)

where the displacement d is defined as

d = fc + fc(r5oo). (3.37)

Once /c(r) has been found, the mass of the galaxy component (excluding the 

BCGs) is provided by Eq. 3.34

Mgaltr) = , .Mgas - MBCG(r). (3.38)
1 Jc\r)

It is now straightforward to find the density of the galaxy component from Eq. 3.38 

as

_ Afgas(<r)r fc(r) V
Pga,(r) = T^WPs“+" Psco(r) ’ <3'39)

where the prime denotes the first order derivative of /c(r)/(l — /c(r)) with respect 

to r.
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3.2 Ultra-diffuse galaxies

Low Surface Brightness galaxies (LSB) [318] are galaxies dominated by an expo­
nential disk characterized by a value for the central surface brightness below the 
Freeman value gs = 21.65 mag arcsec-2 [319]. This family of galaxies is charac­

terized by properties such as luminosity, colours, and dynamics that are still under 
debate.

The Dragonfly Telephoto Array [320] has been developed to study specifically 
LSB galaxies with a low surface brightness below gs = 30 mag arcsec-2. This 

surface brightness is markedly beyond the limit of any other existing wide-field 
telescope. In [321], the Dragonfly Telephoto Array has been exploited to study the 

outskirts of the spiral galaxy M101. In [322] authors reported the identification 
of seven objects with a surface brightness of gg = 25.5 — 27.5 mag arcsec-2. 

These seven galaxies share similar properties (such as effective radius, absolute 

magnitude, median surface brightness and colour) of known galaxies in the Local 
Group like Sextans I and Phoenix.

The same instruments have also been used for the identification of low sur­
face brightness objects in the Coma Cluster. While observing the Coma Cluster, 

it has been found a family of forty-seven galaxies with very low surface bright­
ness [174], which seemed not to be already included in any existing catalogue 

[323, 324]. However, after some initial quest, it was concluded that they did not 
represent a new category of galaxies and some of them were actually already cat­

alogued in [325].

Indeed, they were finally considered a subset of a specific galactic family, that 
of dwarf spheroidal and elliptical galaxies [326]. These galaxies are characterized 
by a central surface brightness gg — 24 — 26 mag arcsec-2, a size similar to the 

Milky Way, and luminosity analogous to that of elliptical galaxies [327] and have 

been named as Ultra-Diffuse Galaxies (UDG).

UDGs can be localized in dense environments [174, 328, 329], in galaxy 
groups [330, 331], and in cosmic voids [332, 333]. Different environments imply 

different formation scenarios. For instance, UDGs could represent the final result 
of tidal stripping processes. In [334, 335], the authors introduced the possibility 

that UDGs are dwarf galaxies formed from dark matter halos characterized by 
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high-spins. In addition, the low amount of gas shown by UDGs might point out 

that these galaxies lost their gas component after forming the first population of 

stars. This loss could be the consequence of astrophysical phenomena like super­

novae, AGN feedback [336, 337], “galaxy harassment” [320], and quenching at 

high redshift [338, 339].

Additionally, the unusually high number of globular clusters (GCs) in UDGs 

[340, 341], suggest that massive dark matter halos are hosting these galaxies. 

This seems to be the case of, for example, Dragonfly 44, characterized by a high 

number of GCs (~ 100 according to [342] while a lower number was given in 

[343]) and with a halo mass estimated to be ~ 99% of the total one. However, 

it was later revealed that another UDG, NGC1052-DF2 (DF2), also observed with 

the Dragonfly telescope, shows a lack of dark matter (M^ ~ 1% of Mtot) [175]. In 

the same group of galaxies, also another UDG, NGC1052-DF4 (DF4) displays, as 

DF2, a low amount of dark matter.

The absence of DM seems strange, since dark matter is the crucial component 

of any gravitationally bound structure according to the current galaxy formation 

paradigm, although hydrodynamical simulations show that it would be possible 

to form galaxies like DF2 and DF4 within the gravitational paradigm represented 

by the ACDM model [344-346]. Furthermore, a galaxy like DF2 could fit the 

standard paradigm if it were at a lower distance [347]. However, this possibility 

seems to have been ruled out by the determination of the distance of DF2 using 

the Tip of the Red Giant Branch method [348]. In a more recent paper [349], 

the authors suggest that galaxies such as DF2 and DF4 could belong to a family 

of eleven galaxies with similar properties (above all, the dark matter deficit) that 

have formed as a result of a Bullet-Cluster-like mechanism.

The determination of the dynamical mass of such UDGs from kinematic data 

is therefore crucial for distinguishing between different formation processes. How­

ever, due to their low surface brightness (and low signal-to-noise ratio), the mass 

determination of these galaxies using stellar velocity dispersion data is not afford­

able. A viable way to reconstruct the total mass of UDGs is to study the dynamics 

of the associated globular clusters.
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3.2.1 Internal kinematics

The internal kinematics of UDGs can be studied through the Jeans equation with 
the assumptions of spherical symmetry and a collisionless trace population

dr r dr
(3.40)

where Z(r) is the luminosity density measured in L& /kpc3 and (r) is the so-called 

velocity anisotropy parameter [350]

(3.41)

In the above definition, Gr is the radial component of the velocity dispersion and 
Gt represents the tangential component of the velocity dispersion tensor, which is 

defined as a combination of the angular velocity dispersion components (vg^)

2 +°j>
(3.42)

If = 0 —> Gt = Gr, the system is defined as fully isotropic; if = 1 —> Gt = 0, 
the system is considered fully radial; if /3 —> —> Gr —> 0, we have a purely 
tangential scheme.

In Eq. 3.40, the information about gravity is stored in the gravitational poten­
tial 4> at the right-hand side. The Jeans equation, then, ensures studying the inter­

nal kinematics of galaxies in any gravitational scenario as, for instance, the one 
specified by the first equation of Eq. 2.26 introduced within the DHOST model.

Within GR, Eq. 3.40 can be easily solved, leading to [351]

(3.43)

with

(3.44)

The function /(r) depends on the chosen parametrization for the anisotropy pa­

rameter /3(r). For instance, with a constant anisotropy, the function /(r) reduces 
to /(r) = r2P (other examples are enlisted in detail in [351]).
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We can then deproject Eq. 3.43 along the line of sight, defining in this way the 
true observable quantity, the velocity dispersion along the line of sight O/os

= 2 rdrr1^^
WJR

(3.45)

where R is the projected two-dimensional radius, and Z(7?) is the stellar surface 
brightness. Eventually, using Eq. 3.43 in Eq. 3.45, one can recast the velocity 
dispersion as a function of the galaxy mass distribution as

where K(r/R) is the so-called Kernel function whose expression depends on the 
specific parametrization chosen for /3(r) (more details are given in [351]).

We can now properly and easily generalise Eq. 3.46 for the DHOST gravity 
modification introduced by Eqs. 2.26. The first step is to notice that the first of 
Eq. 2.26 can be re-written as the derivative of a Newton-like gravitational potential 

to = Gariy) 
ar rz 

introducing, therefore, an “effective” mass

Meff(r) = M(r) + r2EiAf"(r), (3.48)

accounting for the modification to the mass distribution induced by the DHOST 

model Eq. 2.26. With the definition Eq. 3.48 the velocity dispersion along the line 
of sight Eq. 3.46 then becomes

0 z x 2 Gn f°° (r\ , .Meff(r)
= ’ (349)

which can be clearly used to analyse UDGs data in the DHOST scenario.

3.2.2 Mass modelling of Ultra-diffuse galaxies

The UDGs observed with the Dragonfly Array telescope are poor-gas galaxies. 
Therefore, their total mass has been modelled as the sum of the DM and the stellar 
components only. Moreover, two scenarios have been considered to underline 
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the connection between the DM and the stellar component. Indeed, according to 
the actual galaxy formation paradigm, there should be a correlation between their 

corresponding masses. Such a link can be defined through the so-called Stellar-to- 
Halo-mass relation (SHMR). A second less conservative possibility is to consider 
the dark matter and the stellar component completely decoupled.

Dark Matter

For the description of the DM component in UDGs, we have considered a gener­
alized NFW profile [165, 352]

z \ -v / \ y-3I r \ 1 ( r \ ' 
PgNFw(f) = ps I — I (Id--- I

\rs / \ rs /
(3.50)

where ps and rs are the gNFW parameters and y is the inner log-slope. Eq. 3.50 
reduces to the standard NFW density if y — 1. The choice of a generalized NFW 
profile, as defined by Eq. 3.50 is motivated by the fact that it has more freedom to 
recover a larger number of inner profiles than the simpler NFW one. The mass of 
the dark matter component is simply derived by integrating Eq. 3.50

Mdm(< r) =
4 7tpsr3s 
3-y

3-y,3-y,4-y,--
rs.

(3.51)

where 2F1 stands for the hypergeometric function.
Rather than use {p5,r5} as free parameters, the dark matter component has 

then been parametrized in terms of the concentration parameter ca, and the mass 
Ma enclosed in the spherical radius r^. For UDGs, A = 200 means that M200 is 
the mass within r200 inside which the average density is 200 times the critical 
density pc of the Universe, evaluated at the redshift of the given object. For NGC 
1052-DF2, and NGC 1052-DF4 we have z — 0.004963, derived from the NED 
database1; for Dragonfly 44 we have used the same redshift of the Coma Cluster, 

z = 0.023156 [353].
After the introduction of the concentration parameter C200, the gNFW scale 

density can be rewritten as

„ _ mo (3-r)tax>)r 
________________ [3—7,3—7,4—7, —C200]

1https://ned.ipac.caltech.edu/

(3.52)

1https://ned.ipac.caltech.edu/
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Stellar component

The stellar components of the three UDGs under consideration have been mod­
elled using a single Sersie profile. As previously explained in section 3.1.3, it 
is possible to derive, through an approximation, the luminosity density from the 
surface brightness, Eq. 3.27, and to express it as

/(r) = ZiZ(r) =
Z<ot 

47rnF[(3 — p)n\d%
(3.53)

with

as Reff

Ltot = 1O-°-4[w-^-m^6o6] ,

(3.54)

(3.55)

where: Reff, is the half-to-light radius; n is the Sersie index; m is the galaxy 
apparent magnitude; /1(D) is the distance modulus; and Ms y606 is the absolute 

magnitude of the Sun in the Vg06 photometric band.
The luminosity density is then converted to mass density by multiplying Eq. 3.53 

for the mass-to-light ratio Y*

p*(r) = Y*Z(r). (3.56)

Then, the stellar mass profile can be determined by performing the integration of 
equation Eq. 3.56 leading to 

Af*(< r) = 27TnY*Zo
Reff\ 2 F(2 n)

bn ) H(3 -Pn)n]X

< F[(3-pw>] -y
/ r \ I/"! ' 

(3-pn)n,bn -— I 
\ReffJ

(3.57)

(3.58)

where F(z) and y(z,x) are the total and the upper incomplete gamma functions, 
respectively. For the three UDGs, the quantities that will be used to model the 
stellar masses are:

• NGC 1052-DF2: from the photometric analysis presented in [175], n = 0.6, 
Reff — 22.6”, and 7g = 24.4 mag arcsec-2 in the Vg06 band. At a distance 

D = 20 Mpc [175], the galaxy absolute magnitude is M = —15.4, and the 
total luminosity Ltot = 1.12 • 108 L0;
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• NGC 1052-DF4: from [176], n = 0.79, 16.58 , and the axis ratio

b/a = 0.89. At a distance D = 20 Mpc [175], the galaxy absolute magnitude 
is the galaxy absolute magnitude is My — —15 — 0, and Ltot = 7.7 • 107 L0;

• Dragonfly 44: from the analysis carried out in [343, 354], n = 0.94, Reff = 

9.69”, the axis ratio b/a = 0.68, and central surface brightness 7g = 24.1 
mag arcsec-2. The galaxy has been assumed to be at the same distance as 

the Coma cluster 7) — 100 Mpc, at which the absolute magnitude is My = 
— 16.2, and the total luminosity is Ltot = 2.33 • 10  L0.8

Anisotropy parameter

The Jeans equation, Eq. 3.40, is affected by a degeneracy between radial velocity 

dispersion and velocity anisotropy. It is thus necessary to make some assumptions 

on the possible functional form of /3(r), which is not an observable quantity, to 
break such degeneracy. The easiest possibility is to assume /3(r) constant; how­

ever, several other options can be found in the literature [351]. For instance, in 

[355], the authors introduced a velocity anisotropy profile to fit the kinematic data 

of the Canadian Network for Observational Cosmology clusters

P(r) = 2 (3.59)

with Pm = 0.65, and ra = 2rv. This profile fitted well the anisotropy of subhaloes 

from N-body simulations in a flat low-density ACDM scenario [356]. Another 

anisotropy profile is represented by

= (2-60)
r \ ra

with ra = 0.18. Another commonly used /3(r) is the so-called Osipkov-Merrit 

anisotropy [357, 358]
r2

^ = ^2- (2-61)
' "f" ra

However, as can be seen from Fig. 2 of [351], the Osipkov-Merrit anisotropy 

profile is not able to properly fit the data coming from simulations for r —> ^00- 

In addition, it converges too fast to zero at smaller radii.
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Furthermore, in [359], a radial anisotropy profile has been introduced, proving 
to be particularly appropriate for the UDGs [360]

0 (r) = A) + (A» - A)) , (3.62)

where: A) = 0(r = 0) is the inner anisotropy, and Ao = 0 (r —> °°) the outer one; 
ra is the radius scale parameter. From equation Eq. 3.62, it can be seen that this 
anisotropy profile reduces to a constant anisotropy 0 = 0q if and only if the inner 
and the outer terms coincide;

All the above velocity anisotropy profiles generate a specific Kernel function 
K(r/7?), Eq. 3.46 (further details with all the calculations are provided in the ap­
pendix of [351]).

Stellar-to-halo-mass relation (SHMR)

DM represents an essential ingredient for galaxies which are supposed to form 
due to the cooling and then condensation of gas at the centre of potential wells 
of virialized dark matter halos [361]. Therefore, a connection between galax­
ies and hosting DM halos should exist and is named stellar-to-halo mass relation 
(SHMR). Indeed, properties of the galaxies, such as luminosity and stellar mass, 
are supposed to be related to the DM halo mass. Such a connection can be studied 
in several ways. A first way of linking the galaxy population and the DM com­
ponent is possible through the direct observation of the galaxy kinematics [362], 
from gravitational lensing [363], or X-rays observations [364]. A second possi­
bility is to build hydrodynamical simulations involving both the gas and the DM 
component or using semi-analytical models of galaxy formation [365-369].

Extensive galaxy surveys allowed the development of other methods connect­
ing the hosting DM halo with the galaxy population using a statistical approach. 
Examples are represented by the so-called halo occupation distribution method 
[370, 371] and by the conditional luminosity formalism [370]. However, these 
two methods are usually used at low redshift. To avoid this limitation and, there­
fore, to study the link between DM and galaxies at high redshift, a correspondence 
between their distributions should be established.

The most common mathematical model of the SHMR is a double power-law 
[370, 372]. Nonetheless, if low stellar masses data (Af* < 107 M0) are included, 
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a double power law results in a poor fit of the stellar mass function. Therefore, 
other possibilities have to be exploited. In [373] (following the parametrization 
given in [374]), the average stellar mass has been defined as

< log^* >= log10 (eAf0) + g (x) - g(0), (3.63)

where

g(x) = -log10(10<“ +1) +g(l°f1°(1_to?)1'.1 + e 1U
with x = log10(Afvzr/Afo). All the parameters that appear in Eq. 3.63 are redshift­
dependent [373]:

logio(e00) = So + ^(£i,£2,z) -Q(z) + ^(e2,0,z), 

logi0(Af0(z)) = Af0)0 + ^(Af0)i,Af0)2,z) - Q(z), 

a(z) = ao + ^(ai,a2,z)'Q(z), (3.65)

S(z) = th + 0f(8i,82,z)-Q(z), 

y(z) = (Xq + ^(y, 0,z) • Q(z),

with

ZOI/ \ X'Z^(w)=yz-7—, 
1 +z

e(z) = e-4(1+< (3.66)

The exponential function Q(z) allows separating the low-redshift parameters from 
the high-redshift ones. In addition, similarly to what was done in [374], the pa­
rameters appearing in Eq. 3.65 are timed to fit three different redshift ranges: one 
for low-reshift values; one for parametrizing intermediate redshifts; a third one 
for scaling high-redshift values.

3.3 Statistical analysis: a primer

When it comes to statistical inference, i.e. how to extract valuable physical in­
formation from astrophysical or cosmological data, there are two main (and con­
troversial) approaches: the frequentist and the Bayesian. In our work, we have 
followed the Bayesian approach for several reasons.
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First, in the frequentist approach, the definition of probability is based on the 
repeatability of a reproducible experiment, from which the frequency of possi­
ble outcomes is extracted over a series of trials. In cosmology, this repeatability 
is clearly lost. Moreover, in any experiment, any measurement result cannot be 
taken as the “true” expected value, because it is plagued by statistical and sys­
tematic errors. While the former can disappear in the presence of a large number 
of observations, the latter are unavoidable and problematic to deal with within 
the frequentist approach [375, 376]. Bayesian inference, on the other hand, as­
sumes that probability expresses a degree of belief in a proposition based on the 
available knowledge of the experimenter. It does not require an experiment to be 
reproducible and repeatable and allows any prior knowledge about it to be intro­
duced in a mathematical form [377].

Bayesian inference has its core in the Bayes theorem [378] stated as

& (a)

where:

• ^(0\d), is the posterior probability (for brevity, posterior) which represents 

our degree of belief about the parameters 0 having a certain set of data d, 
and which is the function we aim to reconstruct;

• „2?(J|0) is the likelihood probability function (from now on it will be re­
ferred to as likelihood), which represents the probability of having the data 
d given a certain set of parameters 0;

• tt(0) is the prior probability function (or simply prior) which encloses the 
initial knowledge of the parameters 0 before getting the data and the key 
ingredient of Bayesian inference;

• the denominator of Eq. 3.67 is called the Bayesian Evidence and it is de­
fined as the average of the likelihood over the prior volume. It plays a 
fundamental role in model selection.

Now, while the frequentist and Bayesian approaches may seem similar from an 
operational point of view, they are conceptually very different. Indeed, while in 
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both the frequentist and Bayesian approaches the so-called best-fit parameters of 
the chosen model that best describe the data are found by maximising the like­
lihood, in the Bayesian approach this search is constrained by the choice of the 
prior and what one really focuses on is the posterior, which contains the fully rel­
evant physical information. The two approaches are equivalent only if the priors 
are uniform (or flat). Indeed, with this choice, £P(6\d) <-- J?(d|0).

If one assumes that the measurements are normally distributed around their 
real value (this is most of the time true, but not always), then the likelihood can
be written as

|0) <-- exp
_zW

2
(3.68)

where /2(0) is the so-called chi-squared function. In the most general case, thus, 
maximizing J£(d\6) corresponds to minimizing /2(0), defined as 

Z2(0)=Ad • C-1 • AdT, (3.69)

with Ad = dobs — J(0), where dobs is the observed data vector and C-1 is the 

inverse of the covariant matrix, which contains the information about the experi­
mental errors.

3.3.1 Markov Chains Monte Carlo

From an operational point of view, Bayesian inference can be summarised in four 
basic steps: i) define a set of parameters 0; ii) specify the priors for the parameters 
0; Hi) construct the likelihood (the form of which depends on how the data have 
been collected); iv) derive the posterior probability of the parameters by maximis­
ing the likelihood (or equivalently, by minimising the /2). For the last step, we 

use a numerical method known as Markov Chain Monte Carlo (MCMC) [377, 
379, 380],

Several examples of MCMC methods for posterior computation can be found 
in the literature [381], but the main goal of any MCMC algorithm is to build a 
sequence (or chain) of points (“samples”) in the given parameter space. Without 
going into too much detail, the crucial property of a properly constructed MCMC 
is that the density of the sampled point should be a reconstruction of the posterior 
distribution, ^(6\d), in which we are interested. The “Markov nature” of the 
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chains is reached when the sequence of random variables (the Monte Carlo defi­

nition comes from this randomness) is such that the probability of the (t + l)-th 

element in the chain depends only on the value of the t-th element. When this 

happens, the chains should converge to a stationary state (i.e. one that does not 

change with f) in which successive elements of the chain are sampled from the 

target distribution, which in our case would correspond to the posterior ^(0\d).

One of the most used algorithms for MCMCs is the Metropolis-Hastings [382, 

383]. A crucial role in this algorithm is due to the proposal density function, 

q(0'\0), which rules how subsequent trial points are randomly selected, basically 

being the conditional probability to have 0' given 0. The steps to follow in a 

Metropolis-Hastings MCMC are the following ones:

1. start with an initial random point 0;

2. generate a new point 0' sampled from the chosen proposal distribution 

q(0'\0y,

3. the transition kernel T(0,0'), namely the conditional probability to move

from one state to another, must satisfy the condition =

&(0\d)T(0,0') in order to guarantee that the MCMC will eventually re­

cover the posterior distribution ^(0\d);

4. the previous condition can be obtained if we compute the acceptance ratio 

a, which tells if 0' can be accepted or not, as

a(0,0') — min
0>(0'\d) q(0',0) \ 
9(0\d)q(0,0T )

(3.70)

where T(0,0') = a(0,0'^(0,0'y,

5. the acceptance or the rejection is made by sampling a random point within 

a uniform distribution u 6 [0,1): 0' will be accepted if u < a; otherwise, 

it will be rejected. If 0' has been accepted, the point will be stored and the 

next step of the chain will start from it. On the other hand, if rejected, the 

algorithm stores 0, which will be the start also of the next step.
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Note that the general assumption for the proposal density is a simple symmetric 

density such as a Gaussian centred on the current point 0 with a step size pro­

portional to the corresponding covariance matrix. Thus, in this case, at each step, 

the Metropolis-Hastings method simply compares the posterior probability of the 

target density at the two points, 0 and O'.

Theoretically speaking, a MCMC based on the previous algorithm will de­

scribe exactly the posterior. But this will be surely achieved only asymptotically, 

in the limit of n —> °° steps. This is clearly unfeasible and impracticable, and in 

all realistic cases, we have to cut the MCMC at some stage. Thus, it is important 

to have statistical tools to check if the MCMC has reached the so-called conver­

gence, namely if it has collected a sample of 0 points from the parameters space 

large enough to guarantee an unbiased reconstruction of the posterior. The diag­

nostics to be used are many [384, 385]; but we have chosen to follow the method 

devised in [386] where, after conducting a spectral analysis on the sample created 

by a single chain, we can get information about the reached (or not) convergence.

3.3.2 Model selection

The main goal of our research was to test a hypothesis, the unification of dark 

matter and dark energy within a DHOST scenario. However, simply fitting this 

model to the data, even if it were better than the standard GR scenario, would not 

have been a satisfactory result. To establish the reliability of a new model on solid 

(statistical) grounds, we need to rely on strong statistical tools, which in Bayesian 
inference go beyond simply improving the /2 (or the reduced %2, which is the %2 

divided by the degrees of freedom of the given problem). To understand how to 

proceed, we first rewrite the Bayes theorem to make explicit a dependency that is 

generally overlooked:

= (3.71)

where all the probability functions that appear in Eq. 3.71 are explicitly referred 

to a specific model (in our case, the model could be GR or the DHOST). In 

Eq. 3.71, the key quantity for model selection, having at disposal the data set d, is
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the Bayesian Evidence

f (3.72)

where is the priors volume. From Eq. 3.71 it is clear that the Evidence is the 
normalization factor which sets the area of the posterior distribution (or, equiv­

alently, the total probability) equal to one. On the one hand, the value of the 
Evidence is pointless when performing a fit. On the other, it becomes crucial 
when we want to compare the statistical validity of two different models (given 
the same data). Indeed, the comparison is performed by calculating the Bayes 
Factor, namely, the ratio of the posterior probabilities of the two models, which is 
equivalent to the ratio of their Evidences multiplied by the ratio of the prior on the 
(different) model parameters. From Eq. 3.72 we can deduce that even if models 
with a larger number of parameters may produce better fits to the data, on the other 
hand, we have the Evidence, which is proportional to the volume occupied by the 
posterior relative to that occupied by the prior, and will thus favour models which 
are simpler (i.e. with a lower number of parameters) but with greater predictive 
power, provided they give a good enough fit the data.

The difficulty in calculating S(d|^) lies in the fact that the definition Eq. 3.72 
represents a multi-dimensional integral that is difficult to solve. However, this 
multi-dimensional integration can be simplified into a one-dimensional integra­
tion using the Nested Sampling algorithm introduced by [387]. The essence of 
this algorithm relies upon the transformation of the multi-dimensional integral in 
Eq. 3.72 into a one-dimensional integral by introducing X as the fraction of the 
prior volume so that the infinitesimal element dX = tt(0|^)J0. Thus, the quan­
tity

X(A) = f J0tt(0), (3.73)

corresponds to the prior mass (volume) in parameter space containing all the 
points with likelihood greater than a certain value A. As A increases, the prior 
mass decreases from 1 to 0, so, by writing the inverse function as Jzf (X), the 

Bayesian Evidence can be finally written as a one-dimensional integral, 

= [' dXJzf (X), (3.74)
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in which the integrand is positive and decreasing.

At this point, we only need to evaluate the likelihood as Jzfy = Jzf (Xy), where 

the Xj are a sequence of decreasing values between 0 and 1, and the Evidence can 
be computed by applying a simple trapezoid rule

# = with # = PO-1 ~Xj+1)- (3-75)

The full algorithm [388, 389] is made of the following steps:

• sample N points randomly from within the prior and compute the corre­

sponding likelihoods. We initialize {Jzf — 0,Xg — 1^;

» sort the sample points by likelihood and select the point with the lowest 
likelihood, attributing to it a prior volume, Xj. This volume will be set 
randomly to get uncertainty following the probability distribution Nt^~1, 

where i is the i-th step in the algorithm, t G (0,1), and corresponding to a 
volume decrease Xy/Xy-i = t;

• increment the evidence by Sj = Ly(Xy_i —Xj+1)/2.;

• discard the lowest likelihood point and replace it with a new point, uni­
formly distributed within the remaining prior volume (0,Xy) and satisfying 

the condition Jzf > Jzfy;

• repeat the steps until the evidence has been estimated to some desired accu­

racy.

This algorithm is of course stochastic thus, we run it ~ 100 times obtaining a 

distribution of values from which we extract the best value of the Evidence as the 
median of the distribution with the corresponding error.

Once the Bayesian Evidence has been computed, one can write the Bayes 

Factor M/y defined as the ratio between the Evidence for the model with the 

Evidence for the model ^#y

'ij £(dytj) ’ (3.76)
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where, in our works, the subscript i refers to the DHOST model while j to GR. 
This quantity is usually interpreted using an empirical scale known as the Jeffrey 
scale [390]

Bayes Factor log 38a Strength of Evidence
3§ij <c 1 log 38a < 0 Disfavoured

1 <9Bi/<3 0 < log 38ij <1.1 Weak

3 < 98ij <20 1.1 < log 38ij < 3 Definite
20 < SBij < 150 3 < log 38ij < 5 Strong

38ij > 150 log 38a > 5 Very Strong

However, as underlined in [391], the Bayesian Evidence and the Bayes Factor 
are prior-dependent quantities. Consequently, changing priors to parametrize the 
initial knowledge about a particular set of parameters 0 could alter the decision 
related to consistency (or tension) between two models.

A proper comparison between the two models should rely on prior-independent 
quantities. For that purpose, in [392-394], the author introduced a new quantity, 
the suspiciousness

log Sy = log 38+ DKL i — DKL j , (3.77)

where Dkl^/Dklj is the Kullback-Leibler (KL) divergence for model 
[395]

DKL,i= [■ (3.78)
J ó \d\iwbij

The KL divergence, which quantifies the information gain from the data through 
prior and posterior, is also a prior-dependent quantity. Using the definition of 
the Bayesian Evidence and that of the KL divergence, one can prove that the 
suspiciousness Eq. 3.77 is a prior-independent quantity. Indeed, log and the 

difference Dklj ~ Dklj transform similarly under changes of prior distributions, 
therefore the dependence from priors vanishes. We calculated the KL divergence 
with the same Nested algorithm described above.

Positive values of log Sy should be interpreted as a sign of consistency between 
two models, while negative ones as an indication of tension (in [392-394] authors 
derive the same considerations applied to different data samples).
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CHAPTER 4

Exploring DHOST Theories in Galaxy
Clusters

In this chapter we will present the results we have obtained, starting from the scale 

of clusters of galaxies.

In the literature, it is possible to find papers that test modified gravity mod­

els that present a breaking of the screening mechanism. For example, in [396, 

397] the authors tested the possibility of describing DM as a gravitational effect 
induced as a consequence of breaking the Vainshtein screening mechanism of a 

Galileon theory [275]. They have tested this hypothesis on the CLASH sample. 

In both cases, their results show that it may be possible for the specific Galileon 

model to describe DE on cosmological scales and DM on astrophysical scales. In 

[292] we tried to improve the previous studies. First, we considered a DHOST 

model, which is a more general description than the one tested in [396, 397]. Sec­

ondly, while in [396, 397] the cluster masses were modelled only as the sum of 

the DM and X-ray components, in [292] we have also included the contributions 

coming from the BCG and other galactic components.

Figure 4.1 shows the mass function for each component of two representative 

clusters from the CLASH sample, MACSJ1149 and MACSJ0744 (as a proxy for
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Figure 4.1: Galaxy cluster mass modelling, as in [292], Solid lines represent the 
best-fit profiles of, respectively, NFW dark matter (black), X-ray gas (blue), BCG 
(red), and non-BCG galaxies (green).

all other clusters in the sample), as a function of distance from the cluster cen­

tre. The black and blue lines represent the DM (whose density is parameterised 

by Eq. 3.21) and the X-ray component (described by Eq. 3.26). These two com­

ponents (especially DM) are the most abundant. However, at very small scales 

(close to the cluster centre) the BCG component (red lines) and the associated 

effects are comparable to those produced by the DM component. Moreover, close
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to the cluster centre, the BCG is dominant with respect to the X-ray component. 
Its contribution at scales of 50 — 100 kpc is subdominant compared to the DM, but 
still comparable to the X-ray. On the other hand, the contribution of the non-BCG 
galaxy component is more diffuse compared to the BCG, and largely subdominant 
compared to the other components (~ 1 — 2% in the range 20 — 300 kpc).

In order to constrain the parameters of the DHOST model, we have defined 
the %2 function associated with each probe (X-rays and lensing) of the CLASH 
subsample. For the X-ray data, the %2 is defined

v2 _ v ») -2 ,, n
£gas — L -2 (r.\ ’

i= 1 C'obsvri

where: is the number of data points for each cluster [280]; rz- is the distance
from the galaxy cluster’s centre; 0 is the vector of free parameters; M^0 is the 

theoretical total galaxy cluster mass and M°°ts is the observationally determined 
total cluster mass, respectively right and left-hand sides of Eq. 3.4; o0bs is the 
error associated to the total mass.

For the gravitational lensing probe, the %2 function is

Xtaa = (**"(0) - K°bS) ' C-1 • (KtheO(0) - K0bs) , (4.2)

where: K0/,s is the observed convergence data vector; Ktheo is the theoretical con­
vergence defined by equation Eq. 3.15; C is the total covariance matrix [294,295].

When considering GR, the vector of free parameters is 6 — {c5ooZ5OO}, while 

when the DHOST model is analyzed, the free parameters will he 6 — {csoo, rsoo, (Xh,/3i}- 
The total %2 function, consisting in %2ens when the analysis is carried out with only 
lensing observations or %20t = %2ens + %lot_gas for a joint analysis of the probes, 

has been minimized using the Metropolis-Hastings algorithm described in the pre­
vious chapter.

To assess the statistical validity of the DHOST model against GR, we have 
subsequently calculated the Bayesian Evidence (Eq. 3.71) for the DHOST, ^(^7), 
and for GR, F(^)), using the Nested Sampling algorithm [387] cited in the pre­
vious pages. Finally, the statistical comparison between DHOST and GR has been 

achieved by determining the Bayes Ratio (J^-j = S(^j)/S(^j)) whose inter­
pretation is provided by Jeffrey’s empirical scale.
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The final constraints on the NFW parameters 0 — {csoo^soo} which we got, 

are shown for the full CLASH sample in Table 4.1, where the clusters have been 

ordered by redshift z. In the left part of Table 4.1 we present the results achieved 

in the GR framework; the central part is dedicated to the constraints obtained for 

the NFW parameters and the EFT ones, an and A, when the DHOST model is 

mimicking only DE; and the right part has the constraints on the NFW parameters 

and EFT ones when the DHOST model also plays the role of an “effective” DM 
component. Table 4.2, instead, shows the %2 for the analysis (X-ray+gravitational 

lensing and lensing only) within the GR framework and the %2 and the model 

comparison between the DHOST models, respectively, as DE and DE + DM with 

respect to GR.

4.1 GR: comparison with previous works

The first step in our analysis was to compare our data with GR. This is important 

firstly because GR will be our reference model against which we can compare 

and estimate the statistical viability of the DHOST model. Secondly, it allows us 

to compare our modelling and statistical analysis algorithm with results from the 

literature for the same sample.

We compare our results with those obtained in [295], [398], and [399], recall­

ing that in those works only lensing data were considered and thus a single NFW 

component fit was performed. Given that our parameter set {csoo^soo} is not al­

ways chosen as the fitting set, with alternatives such as {c2oo> r2oo} or {c2oo>^2oo} 

often being adopted, we have decided to convert both our parameter estimates and 

those of [398] and [399] into the characteristic NFW parameters {p5,r5} for a 

more direct comparison. The results are shown in Fig. 4.2. We see that our esti­

mates for ps (i.e. C500) are in excellent agreement within the la uncertainty with 

the results of [398] and [399]. On the other hand, for rs (which depends on both 

C500 and rzgg) we see a larger deviation: our rs estimates are generally smaller 

than those of [398] and [399]. Only three clusters (MACSJ0329, MACSJ1149 

and MACSJ0744) are not in agreement at the 3a confidence level with the results 

of [399], who performed a non-spherical triaxial NFW fit.
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Table 4.1: Results from the statistical analysis. CLASH clusters are ordered by 
redshift. For each cluster, we provide la constraints on each parameter in the 
top line, and their values in the minimum of the /2 in the bottom one. Units: 
cluster radii are in kpc. For the cases of DHOST with no NFW component, we 
apply a Gaussian prior on rzgg derived from the corresponding GR cases. Lensing- 
selected CLASH clusters are indicated by stars.

GR DHOST+NFW DHOST - no NFW

X-ray+lensing lensing X-ray+lensing lensing
name 6500 r500 6500 r500 6500 r500 an ft r500 aH ft

A209
1 77+0-331 ■'' —0.28 1262 1 44+031 i-**-039 ii89t;°» 0 73+0-83 "-"-0.46 1186 1g -0.2011 -!.34lg 11891“ 7.991$ -7SS1L

1.74 1269 1.33 1219 1.88 1272 -0.17 0.38 1189 8.63 -5.69

A2261
4 40+O.27 *■**-0.26 1162tg 7 07+O.8I 

z-5/_q.62 i32i±;»? 7 70+I.O5 x-"-0.86 12441' -0.0611 -1.0911 1320^! 6.491;“ -21.501Z
4.49 1162 2.22 1348 2.78 1263 -0.09 -1.01 1319 7.10 -18.43

RXJ2129
3 56+0-13 n32t;i 4.34tJ^ 864 0.991“ 10731’5 —0 <o+°-16U.3U_q16 -3.02tJl 8671J 3.021$ -32.981“

3.55 1132 4.03 889 1.31 1169 -0.48 -1.81 867 3.74 -25.52

A611
7 o<+0.16 -^-o.is 12751 1131t™ 1 17+1011 ■ 1' —0.27 1280^34 —0 17+0.16"■H—0.16 -119+1.1511^-0.63 1131±“’ 0 07+2.31 O.J 1_1 77 -25.12t‘°g’5

2.35 1276 2.41 1171 0.97 1272 -0.20 -1.60 1130 9.49 -18.56

MS2137
4 74+0-20 ^■^-0.19 1000+g 2.501Z 073+135*"-133 7 oe+0.49 

/.83_q52 775^23 0 47+0 i6 "■* —0.16 —0 14+0.04" l*-0.03 924t[“ -0.55t;i -66.361“
4.35 999 1.57 1013 7.73 783 0.11 -0.05 922 0.99 -55.93

RXJ2248
7 17+0-16 Z-1Z-0.15 1547^2 3.04E 956±}}g 7 67+0-54 +-o/_051 15521“ —0 71+0.10"11-0.10 (1 47+0.07 U-+/-0.08 959±“’ 4 621Z -6.261Z

2.17 1549 2.53 1005 2.98 1499 -0.72 0.45 956 4.60 -6.23

MACSJ1115
7 76+017 z-'°-0.17 1189^39 1 77+0.801‘ 1—034 1021^98 1 07+057 i-u/-0.58 12201|7 -0.4911 -1 19+1.121>iy-2.42 1019H 2.701:g -18.071“

2.76 1188 1.52 1055 2.58 1243 -0.48 0.48 1019 4.30 -8.67

MACSJ1720
3 6(1+0-27 3.OU_027 1059^35 7 q<+1.46 +•*•5-0.98 953^7 1 60+0-801-02-0 47 1112t§ —0 70+0-16 U.3U_q16 -1.321“ 951“ 0 <q+1.32 1.07 -11.871“

3.59 1060 2.62 984 1.71 1139 -0.32 -1.25 950 8.35 -11.74

MACSJ0416*
1 QQ+0.411-yy-0.33 95!tg 1.75±»;g 8651™ 0.431« 853t‘« -0.341“ -2.301" 7 44+O.97 z-**-1.00 —4 70+0-62*-z*-0.63

1.94 960 1.61 888 0.26 761 -0.49 -3.04 870 7.31 -4.20

MACSJ0429
3 70+0.43 J-1*-0.40 960tg 3-77^142 827^97* 1 (14+0-791-O+-0 41 1013^;^ —0 <7+0.23"■•5—0.29 _7 47+I 71 z-*z-2.17 030+1000-58-100 0.881“ -!6.34j:;“:^

3.77 962 3.24 863 3.92 1012 -0.47 0.31 833 5.28 -1.44

MACSJ1206
7 oq+0.34 ^•oy_0.30 1201^40 3-07t}j4 904t®4 0.861“ 12691^2 -0.6511 -1-26147 9041g 0 <7+0.84 

-5-J^-o.86 -14.991$
2.87 1204 2.58 942 0.83 1269 -0.64 -1.36 904 3.93 -10.89

MACSJ0329
3 1 (1+0.23 ,3-iU-0.22 946tg 5.621“ 783tg 1 77+2.071-4/ -0.47 927U -0-4511 — 1 37+1531'^-2.01 785tg -27.3111 -86.341"

3.10 946 5.18 798 4.11 900 -0.27 0.15 784 -29.47 -93.20

RXJ1347
4 04+0-12 +-U+-0.11 15081 1 65+0-791-O3-036 1167+98 iiO/-107 1 07+0-21 10^-0.29 168111 —0 77+0 09"■' —0.09 —0 43+0.48U-+3_q67 1162t™ < <3+0.92

□.□.5_q95 —3 <7+154"1-1.94
4.04 1509 1.45 1202 1.99 1696 -0.72 -0.21 1169 6.14 -1.74

MACS JI 149*
2 O2+0-72—0.52 861tg 1 59+1-17 i-jy-0.63 713±|| 2.26tf;ff 410126 1-lStol —0 61+0-25" "1-0.24 710 +" 11"-96 1 76+0-531 z"-0.53 -6-67 is

1.87 879 1.20 753 1.45 716 0.065 -0.033 711 1.94 -5.40

MACSJ0647*
4 co+1.44 876tg 7 co+1.92 ^'^^-1.03 701 +83 /yi— 90 1 O5-1"091 l.U3_048 i237t;;; -0.8711 — 1 36+0-82!•-50—0.65 790t“ 6.361“’ —4 37+1-62-T. j /_2 27

4.26 894 2.04 830 0.75 1319 -0.98 -1.42 793 6.55 -4.59

MACSJ0744
7 04+0.50 +-S+-0.44 888t” 7 61+1-70 z-Oi-1.00 748t^ 1 03+112 1-O3-0.Z9 894150 —0 47+019"■* —0.18 -LSOlg 748t™ < 07+0-89 •5-u+_0.88 —4 74+2.OO+-5+_4.95

2.82 891 2.09 777 2.95 919 -0.47 0.32 747 4.55 -10.42
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Table 4.2: First column', galaxy cluster name ordered by z. Second column', min­
imum /2 values, within GR, for the mass reconstruction performed, respectively, 
with a joint analysis of X-rays and lensing observations, and lensing only. Third 
column', minimum /2 values, Bayesian ratio and Infor DHOST
(joint analysis) replacing DE. Fourth column', minimum /2 values, Bayesian ratio 
0%™ and In r^^OST for DHOST (lensing only) replacing DE and DM.

GR DHOST+NFW DHOST - no NFW

X-ray+lensing lensing X-ray+lensing lensing 1

name z2 Z2 Z2 ózDHOST ^GR ln^GR°ST z2 ózDHOST ^GR ln^GR°ST

A209 10.69 8.64 8.50 1 <<+005 1-3°_o.o4 0.44t»»3 11.02 n 777+O.OO7 u.zzz_0 005 _1 51+0.03A--’1-0.02
A2261 11.33 5.43 9.64 1 or+o.031-u°_0.03 O.O8t°;°3 10.00 0 O72+O-°02 v.U/z_0 002 -2.63^002

RXJ2129 20.90 7.28 7.94 254±| 5-54Ź4KB 8.29 0-43±g;g] —O.86too2

A611 5.84 3.41 4.18 1 07+003 i-u/_002 0-061® 4.04 O-53±oo] —O.63too2

MS2137 34.38 7.74 13.51
(1 77+006^ . if)4 ^'"-0.05/ 1U Q 72+0 03 y-/o_0.03 5.18 7 0*7+0.08 z-8/ —0.06 1 -05±«:“

RXJ2248 58.93 4.54 6.99 (7.62H) > 1010 25.06t»»3 5.91 0-363tgoio -loitaos

MACSJ1115 19.67 7.12 7.21 2351 5-461® 15.50 (1-I5±g g2). 10-2 —4 47+O O2 '-0.03
MACSJ1720 10.44 5.00 5.93 6.20±g]» 1 27+0031,0 —0.03 4.99 0.74^02 —0.301®

MACSJ0416* 14.86 8.47 9.38 32.6±J Q 3 42+0 03 3-*o-0.03 12.04 n 177+O.OO4U-1Z/-0.003 -2.06^002

MACSJ0429 11.76 5.98 6.50 8-90t“; 7 1 q+0.03 z‘iy-0.03 16.10 (1.03t»:»3)-10-2 —4 52+002tł--’o_0.03
MACSJ1206 31.93 8.07 7.95 (67-4t^)-W3 11 17+O.O3 ll.iz_o.02 7.14 1 71+0.041,z —0.02 0 1 q+003 v.iy_002
MACSJ0329 20.76 10.53 11.17 72-8i« 4 20+004 +*zy-0.03 35.82 (218t^)'10-6 -13.041®

RXJ1347 70.82 3.67 6.40 (1.27t»:»3).1014 37 42+O O3 JZ.4O_002 5.31 O.5O±0q} -0.691®

MACS JI 149* 31.20 8.06 8.81 (16.981$) • 103 0 74+004—0.02 8.93 0.52±»»; -0.661®

MACSJ0647* 24.92 6.16 5.81 (3-610'103 2 1 q+0.03 o-Ay.O.OS 11.78 (4.56tO.10-2 —3 O9+0 02J1Uy-0.02
MACSJ0744 17.13 9.93 10.01 190^4 5 75+0.02—0.02 10.90 O-46±0q} —0 77+003 v. / / -0.03

It should be stressed that it has been verified that this difference is not due to 

statistical bias in the MCMC algorithm: the results are statistically consistent, the 

chains converge, and the posteriors of the parameters do not show any pathological 

behaviour. In addition, Figs. 4.5 and 4.6 clearly show visually that there is no 

problem (within GR) to fit lensing data over the whole range of scales from 10 kpc 

to ~ 5 Mpc.

Although the NFW component is the dominant contribution, we cannot ne­

glect other mass components, as shown in Fig. 4.1. For example, in the innermost 

part of the cluster (approximately, r < 10 — 20 kpc), the BCG component can be 

comparable and even dominant with respect to DM [400, 401]. The only compo-
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Figure 4.2: Comparison of NFW parameters from our analysis with those derived 
in [398] and [399].

nent that is directly related to 7-500, apart from the DM component, is the non-BCG 

galaxy contribution. Here the rzgg radius essentially plays the role of a scaling pa­

rameter that can increase or decrease the relative galaxy contribution. Non-BCG 

galaxies have a large influence in the radial range 50 — 200 kpc, although they are 

subdominant with respect to both DM and hot gas.

Finally, and importantly, the physics of the gas within the cluster could intro­

duce a bias in the final estimate: as the density is derived from X-ray observations, 

the gas mass modelling can be affected by the non-local processes described in the 

previous chapter. In this way, those clusters where there is a mismatch between 

X-ray and lensing masses could lead to slightly different estimates for 7-500- This 
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seems to be the case, for example, for MACS JI 149 and MACSJ0744: as shown 

in Figs. 4.5 and 4.6, from a comparison of GR with combined data (dashed blue 
lines) and GR with lensing only (solid blue lines), we see how the above clusters 

show a difference in the convergence profile in the inner regions (r < 100 kpc). 

Note that MACSJ1149 is a highly disturbed CLASH cluster selected by lensing 
[402, 403], while MACSJ0744 is the highest redshift cluster in our sample. Both 

clusters have been reported to show signs of merger activity [402-404],

Continuing the comparison, within GR, between a joint analysis of X-ray and 

lensing and lensing-only probes, we see from the top two panels in Fig. 4.3 that 
there is no statistically meaningful difference for the c500 parameter, while there 

is a more pronounced bias in the rzgg estimates, although almost all clusters agree 

at the < 3 a level. However, this trend is to be expected and is a signature of 
the above-mentioned disagreement between lensing and X-ray-based mass de­

ductions.

4.2 DHOST: galaxy cluster’s mass reconstruction

The main objective of [292] was to test, with the most complete observational 
data, the reliability of the DHOST model, as expressed in Eqs. (2.26). Two differ­

ent scenarios were considered:

1. DHOST model as an alternative to DE. In this case, the total galaxy clus­

ter mass has been parametrized as Mtot(r) = M^cg(r) + ^nOn-BCG(.r') + 

MgaS(r) +MDM(r).

2. DHOST model as a unified description of both DE and DM as a conse­
quence of the partial breaking of the Vainshtein screening mechanism. Ac­

cording to this theoretical scheme, DM is a gravitational effect induced at 

astrophysical scales by the DHOST model. Therefore, the total galaxy clus­
ter mass now has been parametrized without assuming a DM component 

Mtot ( r) = MbcG (r) + MnOn-BCG(r) + Mgas (r)-

Regarding the first scenario, we should first point out that an analysis using only 
lensing data (i.e. %2 = /j^) was not possible: possibly the observational errors
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Figure 4.3: Comparison of NFW parameters from GR analysis with those derived 
when DHOST mimicking dark energy is considered.

C500 ( DHOST+full)

are still too large to optimally constrain the model. On the other hand, using full 
data sets including X-ray information (/2 = /]2ns + /g^), we obtain more signif­

icant results. It should be noted that X-ray data have a much higher statistical 

precision than lensing data. On the other hand, the X-ray approach relies on the 

assumption of strict hydrostatic equilibrium, which may explain the apparent dis­

crepancy between the two data sets. Indeed, in the context of ACDM, a mean 

hydrostatic mass bias of b = 1 — Mx/M]ens = (12±7)% [280] was found for the 

CLASH sample at r = 500 kpc with respect to the weak-lensing mass estimates of 

[405]. This is consistent with the typical level of hydrostatic mass bias (5%-20%) 

expected for cluster-scale haloes in ACDM cosmologies [406,407].
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The results for the first scenario, using the full available datasets, are listed 
in the second group of columns in Table 4.1. We report both median values (top 
rows) and those corresponding to the minimum in the /2 function (bottom rows). 

From a Bayesian perspective, and given the stochastic nature of MCMC sam­
pling, the minimum /2 values do not have much statistical significance, but we 

have chosen to show them as an indication of possible asymmetry in the posterior 
distribution and possible asymmetry between the median and minimum estimates.

From the lower panels of Fig. 4.3 we see for the NFW parameters how we 
obtain > 3 a deviations for rzgg in only three cases, while we systematically ob­
tain lower c5oo values compared to the GR case (in 14 out of 16 clusters). This 

result suggests that the NFW dark matter halos in the DHOST scenario are less 
concentrated and less massive in the inner regions of the clusters than in the GR 
case, due to the partially broken screening mechanism effects.

There is a crucial point to be made here. As can be seen from Figs. (4.5), 
(4.6), (4.7), and (4.8), the DHOST model, together with an NFW dark matter 
component, fits the data quite well and can “solve” the tension between X-ray and 
lensing that naturally arises in a GR context. This can be seen quite clearly for 
the cases of RXJ2248, MACSJ1115, MACSJ1720, and MACSJ0429, where the 

DHOST+NFW model (red line) fits the GR+NFW with lensing only (solid blue 
line) much better than the GR+NFW with full data (dashed blue fine) at smaller 
scales (r < 100 kpc), while the situation is reversed at larger scales (r > 1 Mpc). 
Somehow the additional terms resulting from the broken screening mechanism 

can find an adjustment between the different contributions, leading to a reasonably 

better fit to the data. This point is then further confirmed by Table 4.2, which 
shows the Bayes Factors of the DHOST model with respect to GR. We can see 
that in the case of the DHOST+NFW model, the logarithm of the Bayes factor 
is always positive, ranging from inconclusive evidence in favour of DHOST (for 
values ~ 1) to a much more conclusive positive assessment (for values > 5).

However, it should be emphasised that we cannot simply rely on the statistical 
significance of models to reliably assess the validity of gravity theories, because 
cluster-based tests involve an inherent equilibrium assumption [408,409]. For ex­

ample, [410] analysed 2 CLASH clusters, MACSJ1206 and RXJ2248, in the con­
text of /(/?) theories [123] using combined galaxy kinematics and gravitational 
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lensing data. They found that while the results for MACSJ1206 are consistent 

with GR predictions, for RXJ2248 there is a tension with the standard GR sce­

nario. Indeed, a detailed dynamical study of RXJ2248 found that the cluster is 

far from a relaxed system, with observational evidence for non-Gaussian velocity 

dispersion along the line of sight and a recent off-axis merger event associated 

with the elongated shape of the X-ray emission [411]. These observational fea­

tures suggest that the assumption of hydrostatic equilibrium for RXJ2248 is likely 

to be invalid.

Finally, we consider the scenario where the DHOST model, together with its 

broken screening effects, is assumed to behave as DM and DE at galaxy cluster 

scales. In this case, no NFW component is considered. Note that this model still 

includes the rzgg parameter, which describes the non-BCG galactic component 

through the cold baryon fraction (Sec. 3.1.3). Since we do not have a full NFW 

profile to constrain in this case, we opt to apply a Gaussian prior to rzgg derived 

from the same corresponding GR scenario (i.e. with lensing-only data). This 

is a completely different approach to the literature, so any comparison with the 

constraints shown above should be taken with caution.

Firstly, it must be emphasised that a good fit is not possible using full data sets 
(Z2 = Ziens + Zgas): our Markov chains could not achieve convergence and the 

resulting posteriors of the parameters are highly irregular, making any parameter 
inference difficult. In contrast, modelling with lensing-only data (/2 = /]2ns) gives 

a reasonable fit, probably due to the much larger degrees of freedom given by the 

larger lensing errors compared to the X-ray data.

Excluded from Fig. 4.3 are the two cases of MS2137 and MACSJ0329, which 

have some problematic profile fitting issues, as can be seen by inspecting the 

green lines and the curved profiles that appear at r < 500 kpc (Figs. (4.6) and 

(4.7)). Other clusters also show some problematic behaviour, such as MACSJ0647 

(Fig. 4.8), for which we are unable to fit the data at r > 1 Mpc.

In general, it has been found that such an approach is unable to describe the 

observed lensing profiles at large cluster-centre distances. Indeed, the Bayesian 

Evidence ratios suggest that this model is significantly disfavoured with respect to 

the GR.
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4.3 EFT paramaters constraints

The DHOST model we are considering can be fully characterised by the EFT pa­

rameters {a# J8i}. In the left panel of Fig. 4.4, we compare our results with those 
derived from astrophysical constraints [249, 278]. The blue regions show the 

constraints derived from stellar physics considerations, such as hydrostatic equi­
librium conditions or the minimum mass of the observed red dwarf stars; the red 

line is derived from the 2a limits on yo from the Hulse-Taylor pulsar; the combi­

nation of these two constraints produces the region bounded by the blue (vertical 
and horizontal) dashed lines. When helioseismology is taken into account, we 
obtain the 2a confidence green regions, which in combination with the prior on 

yo gives the region bounded by the green (vertical and horizontal) dashed lines. 
Much looser constraints can be derived from cosmological data [194, 412, 413] 

not shown in the figure.

We can then see that the parameter an is quite well constrained and consistent 

with the previous limits, while A is only marginally within the la confidence 

limit for most clusters. More interestingly, our estimates for both parameters are 
only marginally consistent with zero (GR limit) in most cases, at least at the 2a 

level.

When the DHOST model, as a consequence of the partial breaking of the 

Vainshtein screening, also plays the role of DM, both EFT parameters are consis­

tent with zero at the 3a level, and they marginally agree with stellar constraints, 
excluding the Hulse-Taylor pulsar priors.

4.4 Lesson about DHOST from clusters of galaxies

This chapter mainly highlights the results of[292], whose main goal was to test a 

specific DHOST model that exhibits a partial breaking of the Vainshtein screening 
mechanism. The driving idea was the intriguing possibility that the gravitational 

effects induced by this modification of GR, due to the partial breaking of the 
screening mechanism, could leak out at the scale of galaxy clusters, also playing 

the role of DM. According to this scheme, the DHOST model could have been 

seen as a way to unify DE and DM into a single theoretical background.
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Figure 4.4: Comparison of ETF parameters constraints from our DHOST analy­
sis with results from [249, 278]. Top plot: results assuming DHOST mimicking 
the DE component; bottom plot: results assuming DHOST mimicking DE and 
DM. Blue regions represent constraints from stellar physics considerations [249]; 
the red line represents the 2a constraints on yo from the Hulse-Taylor pulsar; blue 
(vertical and horizontal) dashed lines are the combination of these two constraints; 
the 2a constraints from helioseismology arguments are shown as green regions; 
their combination with the 2a constraints on yg produce the green (vertical, hori­
zontal) dashed lines.
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The specific theory we have chosen to test in [292] is characterised by the 
second-order equations of motion introduced in [248], and is thus free of Ostro- 
gradski instabilities. As shown in Eqs. 2.26, this model is described by modified 
versions of the gravitational and metric potentials, introducing four parameters 
{El, E2, E3, 'X)}. These four parameters can be written in terms of more fundamen­
tal quantities using an EFT description. By adding the fundamental constraints 
derived from the multi-messenger observation of GW [180, 205, 207, 246, 253, 
254] their final definition is given by Eqs. 2.35 and 2.36.

The DHOST model presented above has been tested on a sample of 16 high- 
mass clusters targeted by the CLASH programme [402] using a combination of 
two complementary probes: X-ray [280] and strong and weak gravitational lens­
ing [295] observations. In addition, a multi-component approach has been used, 
modelling as many mass components as possible using observational results from 
the literature. We were able to account for the hot gas, BCG and non-BCG diffuse 
stellar contributions.

When the DHOST model is assumed to act only as a DE, the results show 
slight Bayesian Evidence in favour of this model over GR for the majority of the 
clusters in our sample. More importantly, in this scenario, we no longer have any 
tension between the X-ray hydrostatic and lensing mass measurements. Equiva­
lently, we could say that the DHOST model, apart from providing a better fit to 
the data than GR, is somehow able to reconcile such a discrepancy in a new the­
oretical approach. However, it should also be noted that the apparent discrepancy 
found in a GR context is likely to arise from the working hypothesis of hydro­
static equilibrium, which is not strictly satisfied in cluster haloes in the ACDM 
framework [280, 406, 407]. Indeed, about half of the sample clusters selected in 
this study are expected to be unrelaxed according to the cosmological numerical 
simulations of [403].

When the DHOST model is assumed to play the role of both DM and DE 
through the partial breaking of the Vainshtein screening mechanism at cluster 

scales, the results show that this model is disfavoured compared to GR. Indeed, 
the Bayes factors are negative and can be interpreted as evidence against such a 
DHOST model compared to GR.
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Figure 4.5: Convergence profiles reconstructed from gravitational lensing. Colour 
code: black points - observational data from [295]; blue dashed - GR (all), blue 
solid - GR (lensing); dashed red - DHOST + NFW (all); green - DHOST (no 
NFW, lensing).
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Figure 4.6: Same as Fig. 4.5.
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Figure 4.7: Same as Fig. 4.5.
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Figure 4.8: Same as Fig. 4.5.



CHAPTER 5

Exploring DHOST Theories in 
ultra-dwarf galaxies

In this chapter we move from the cluster scale to the galactic scale and present the 

results for three ultra-diffuse galaxies, NGC 1052-DF2 (DF2), NGC 1052-DF4 
(DF4), and Dragonfly 44 (DF44), detected with the Dragonfly telescope array 

[174], These three galaxies represent opposite systems in terms of DM content. 

In fact, DF2 [175] and DF4 [176] have been shown to be DM-deficient galaxies 

(~ 1% of their mass is DM), while DF44 is a DM-dominated galaxy (~ 99% of 

its mass is DM) [342].

DM is the fundamental ingredient for galaxies to exist, so galaxies lacking DM 

could be considered outliers in the actual galaxy formation paradigm. However, 

possible explanations within the standard cosmological scenario have been dis­

cussed in Sec. 3.2 of Chapter 3. Even if there are several explanations that, within 

the ACDM paradigm, justify the small amount of DM shown by DF2 and DF4 

(e.g. hydrodynamical simulations [344-346], lower distance [347], non-Gaussian 

data [414]), alternative models have also been explored to explain galaxies like 

DF2 and DF4. These two galaxies, in particular, have become (in)famous as the 

“lacking DM galaxies” and such a lack of DM content has even been considered a 
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crucial deathblow for ETGs, since “...a dark matter signature should always be 

detected, as it is an unavoidable consequence of the presence of ordinary matter” 

[175],

Some efforts have been made to explain the dynamics of DF2 using the Mod­

ified Newtonian Dynamics (MOND) paradigm [415]. However, as explained in 

[175], the velocity dispersion of DF2 reconstructed using its globular clusters with 

the MOND turned out to be double the 90% upper limit of the observed ones. Fur­

thermore, in [416, 417] the authors tried to study the ETGs DF2 and DF44 with 

other modifications of gravity, such as the one introduced within a MOND sce­

nario by an External Field Effect (EFE) [418, 419], Weyl conformal gravity [420, 

421] and a scalar-tensor vector theory (MOG) [422]. The results highlighted in 

[417] state that the internal kinematics of UDGS, such as DF2 and DF44, can be 

explained by MOG and the MOND with (EFE) [419,423], while Weyl conformal 

gravity fits the data acceptably, concluding that NGC1052-DF2 does not imply a 

dead end for ETGs.

In [354], the authors study the dynamics of DF44 assuming the GR framework 

and “fuzzy” dark matter [424] as an alternative to the GR framework.

To discriminate between different formation scenarios and different modifica­

tions of gravity, the crucial physical quantity is the dynamical mass of the galaxy. 

The mass of UDGs can be efficiently reconstructed using the dynamics of globu­

lar clusters, which are gravitationally bound to galaxies (this is not possible with 

stellar velocity dispersion due to its low signal-to-noise ratio).

In our works, [425, 426], the driving idea was to test whether the DHOST 

model, expressed by Eqs. 2.26, as a replacement for DM, in galaxies with low 

amounts of DM, such as DF2 and DF4, and galaxies dominated by DM, such as 

DF44, was able to describe the internal kinematics of these galaxies. To constraint 

the parameter 0 = {c2Oo,Af2oo, Y,D,Y} (in GR), and 0 = {c2oo,Af2oo, Y,D,Y,Ei} 
(in the DHOST scenario), I have defined the %2 functions associated to the data 

(radial velocities or velocity dispersions). For the UDGs DF2 and DF4 we have

z2(0)= Ę ™ +ln (2yrof) , (5.1)
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where: jVdata is the total number of GCs associated to DF2 and DF4; vsys is the 
systemic velocity of DF2 and DF4; vz represents the observed velocity of the GCs 
of DF2 and DF4; g2 = g20S ;(0) + g2 js the total error associated to each vz where 

G2 is observed uncertainty, and g20S -(0) is the velocity dispersion.

For the third UDG, DF44, the observational data are the effective velocity 
dispersions, therefore, the %2 reads

} 2 + ln(2^a?) , (5.2)

ztl V OGi )

where: jVdata is the number of observational data; <5eff — \Jv2 + g2 is the effec­

tive velocity dispersion.

In addition, we apply the following priors related to the stellar component:

• for DF2 and DF4 a Gaussian prior on the distance D = 22.1 ± 1.2 Mpc 

whose value has been measured using the method of the Tip of the Red 
Giant Branch [427]. For DF44, a Gaussian prior D= 102 ± 14 Mpc obtained 

through the Surface Brightness Fluctuation method [428, 429];

• a Gaussian prior, for DF2 and DF4, on the light-to-mass ratio Y* = 2.0 ± 

0.5Mq/Lq [175]. For DF44, a normal prior on the light-to-mass ratio 
logY* = 1.5 with 0.1 dex scatter[354];

• a Gaussian prior on the systemic velocity = 1801.6± 5. km s-1 [430] 

for DF2 and vsys = 1444.6 ±7.75 km s-1 [176] for DF4;

• normal priors on the anisotropy parameters — log(l — A) = 0 ± 0.5 within 

the range [—10,1].

In addition, the velocity dispersion has to be a physical quantity, and then the 

control Gios > 0 has also been added.

The actual galaxy formation scenario states that galaxies are embedded in DM 

haloes that are, in general, larger than the distance data provided. Thus, to ensure 

a physical meaning on the constraints on DM parameters, priors on them (0 = 

{C2OO> M200, /}) have been added:
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• a log-normal prior on the concentration parameter C200 arising from the c — 
M relation [431] (assuming the cosmology of Planckl5) with a scatter of 
0.16 dex;

• two different scenarios have been considered parametrizing the relation be­
tween the stellar and the DM component. In the first one, DM is linked 
to the stellar one through the Stellar-to-Halo-mass relation (SHMR) [373] 
described in Sec. 3.2.2, resulting in a log-normal prior whose median is pro­
vided by the SHMR with a deviation of 0.3 dex. In the second case, DM is 
decoupled from the stellar component, with just a flat uniform prior into the 
range logM2oo/Mq = [2,15];

• a flat prior to the inner log-slope parameter ye [0,2] has also been taken 

into account.

Then, the final Xtot = Xdm + X*> when DM has been assumed, and Xtot = X*> 
when the DHOST model replaces DM, has been minimized using the Metropolis- 
Hastings algorithm. Model comparison has been carried out through the calcula­
tion of the Bayes ratio and suspiciousness log 5^.

5.1 NGC1052-DF2

All the scenarios that have been considered, depending on the mass components 
involved and the priors applied are presented in Table 5.1.

The first step has been to analyse the GR scenario, which is our reference 
model against which we can compare and the statistical validity of the DHOST 
model described by Eq. 2.26. More precisely, our reference scenario is the GR 
case with only stellar contribution and a constant anisotropy profile. Note that in 
[430] there is always a DM component, so the stellar-only scenario is described 
here for the first time. In the top panel of Fig. 5.1 we can easily see, even just by 
visual inspection, how we can fit the data with stars only, with a spatially averaged 
total dispersion a ~ 10.53 km s-1. Statistically, i.e. in terms of Bayes Factors and 

suspiciousness, this scenario is the best fit to the observations. From Table 5.1 we 
see that there is no deviation from the applied priors, and the constant anisotropy 
profile shows a preference for highly tangential modes.
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In the top panel of Fig. 5.2 we have the same scenario, but we allow for a 
radial variation of the anisotropy function. From Table 5.1 we can see that there 
is no statistically significant difference compared to the previous case. We see 
an increase in the velocity offset at small scales, while at large scales we have the 
same decreasing profile, although the spatially averaged dispersion velocity is still 
consistent with the data, being a ~ 11.10 km s-1. The parameters are quite well 

constrained, still indicating a highly tangential anisotropy profile, while the radius 
parameter ra is unconstrained. Moreover, we see that from a Bayesian point of 

view, this scenario is disfavoured with respect to our chosen reference one: not in 
a significant way for Jeffrey’s scale, but already in a “statistical tension” regime, 
albeit very mild, when looking at the suspiciousness.

Table 5.1: Results from the statistical analysis of NGC1052-DF2. For each pa­
rameter we provide the median and the la constraints; unconstrained parameters 
are in italic font. The parameters are, from left to right: distance D; mass-to-light 
ratio Y; systemic velocity viys; anisotropy function parameters, depending on the 
model assumed, constant (/3C) or radial from [360] (/3o,/3oo,ra); gNFW concen­
tration <72oo, mass Afcoo, and inner log-slope y; DHOST characteristic scaling Ej; 
Bayes Factor its logarithm; and the suspiciousness log Sy.

GR
D Y* Vjyj
Mpc km s-1

Pc Po P» ra C200 logMaoo y El

Mq

S) lOg^y 10gS<

Star only 22.091} $ 1.811g$ 1804.081}:!}
22.111“ 1.621U} 1804.281}Z

Z4+2.33 _ _ _
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- - - 10 0
0.421°-°; -O.88l°Z -0.611°Z
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DHOST (as dark energy)
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Mq
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DHOST (as dark matter)
D Y* Vjyj
Mpc km s-1

Pc Po P» ra C200 logMaoo y El

Mq

log^y 10gS<
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If we include a gNFW for the DM component in the GR scenario, things 
change drastically and are strongly related to the presence of the SHMR prior. 
All cases are shown in Figs. 5.1 and 5.2. The first major differences between the 
SHMR and no-SHMR cases are a slight shift towards a smaller distance, a smaller
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Figure 5.1: Profiles of v — vsys of NGC1052-DF2 as a baryonic galaxy with a 
constant velocity anisotropy profile. Black dots with error bars represents obser­
vational data, Vi — vsys, with uncertainties, aV;. Green dashed fines with shaded 
regions show the median and the la confidence region of the a/os coining from 
Eq. (3.46).
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Figure 5.2: Same as Fig. 5.1 but for the radial variation of the anisotropy parameter 
described by [360].
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PeM = Pi exp (5.3)

mass-to-light ratio and a lower systemic velocity in the former case, although they 
are still statistically consistent with each other. In addition, the anisotropy param­
eters are less negative but still fully tangential. In the SHMR case, the spatially 
averaged dispersion is a ~ 17 km s-1, in agreement with most of the data, while 
in the no-SHMR case, we have a ~ 11 km s-1, much more in agreement with the 

observations.
Looking more closely at the DM parameters, we see the greatest net differ­

ences. The SHMR case has perfect Gaussian constraints on both C200 2nd 4/200, 
while for y we can only set an upper bound since it is consistent with zero. Note 
that the median we obtain for C200 ~ 8, is not exactly the median we would ex­
pect from the c — M relation of [431] using the resulting 4/200 MCMC outputs, 
which would be C200 ~ 11. However, given the uncertainties, they are still statis­
tically consistent. Nevertheless, the SHMR case is both strongly disfavoured and 
in strong tension with the reference scenario.

The situation is different when the SHMR assumption is relaxed and we do 
not impose such a prior. All parameters are perfectly consistent with the reference 
case, but the DM now has quite different properties: a very high concentration, 
C200 ~ 24; a very low mass content, log4/200 < 74/0; and / unconstrained, with 
a uniform distribution over the entire allowed range. Note that the constraint on 

4/200 is only an upper bound.
We also show in Table 5.1 that such a scenario is in only slight tension with 

the reference star-only case. This is equivalent to saying that the absence of DM at 
such scales in NGC1052-DF2 is a more than highly statistically valid hypothesis. 
We would also like to point out that we have allowed for the possibility that the 
gNFW somehow fails to properly describe the galaxy’s DM halo (if any). We 
have therefore also relied on another DM model, the Einasto profile [164],

-[f-Y-1Yt\rsJ 

which is another three-parameter model which successfully applies to galactic 
scales, but absolutely no qualitative difference has come out.

We now turn our attention to the DHOST model as the main goal is to test and 
possibly demonstrate its viability in describing the kinematic data of NGC1052- 
DF2. We first consider the scenario where the DHOST theory plays the role of
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Figure 5.3: Same as Fig. 5.1 but for the DHOST model.
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DE, the effects of which could be felt on galactic scales by breaking the screening 
mechanism. In this case, we still need to include a DM component in the matter 
budget, which is always parameterised by a gNFW model.

As can be seen from Table 5.1 and the two upper panels of Fig. 5.3, the pres­
ence of the DHOST model does not significantly alter the results we obtain in 

the GR case, which are in fact statistically equivalent. In fact, the value of the 
DHOST parameter E] is equal to zero: as expected, DE does not play a relevant 
role on galactic scales. On the other hand, we see that the addition of the DHOST 
model slightly increases both the Bayes Factor and the suspiciousness with re­
spect to the GR+DM case: even if they remain slightly disadvantaged, the tension 

is somewhat alleviated, and this effect is most noticeable when the SHMR prior is 
applied.

The same conclusions can be drawn in the case where the DHOST plays both 

the role of DE at cosmological scales and fully mimics the DM at galactic scales. 
The results are shown in Table 5.1 and in the two bottom panels of Fig. 5.3. The 
most interesting thing to note is that although the parameters are more or less 
statistically equivalent to the GR star-only case, and although the characteristic 
DHOST parameter has a non zero median but is consistent with the GR limit 

at the la confidence level, we have an increase in both the Bayes Factor and 
the suspiciousness. In the case of constant anisotropy, the Bayes Factor is even 
slightly positive, although by a negligible amount, for which we cannot conclude 
with certainty that it should be preferred over the GR-based reference case. Suspi­
ciousness also becomes positive (the only case among all those considered), which 

means that it is fully consistent and not in tension with our reference model.
This is the main conclusion and goal of our work, [425]: we have shown that 

even in a galaxy with a very low DM content, or even with no DM at all, DHOST 

theories cannot be discarded, but can be as successful as GR in explaining the 
observational data. Thus, NGC1052-DF2 has not dealt a deathblow to DHOST 
theories, which can still be investigated as reliable candidates for ETGs. Another 
interesting and important point is that in the case where DHOST also plays the role 
of DM, given only a limited number of physically reasonable priors, the chains au­

tomatically place a sharp upper bound on the possible values of the characteristic 
DHOST parameters, namely Ei <0.5 with a confidence level of 2a.
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5.2 NGC 1052-DF4

The UDG NGC 1052-DF4 (DF4) is the “twin” galaxy of NGC 1052-DF2 being 

characterized by a lack of DM, at least, within the range of distances specified by 

the data [176]. All the results of our analysis may be found in Table 5.2.

The results of the case with GR and only a baryonic component are effectively 

similar to those found for DF2 [426], namely the kinematics apparently do not 

require any DM to be supported, as can be seen in the top panel of Fig. 5.4. 

Independently of the functional form, the anisotropy parameters /3 point to a more 

tangential anisotropy profile, although the constant anisotropy profile seems to be 

slightly favoured, as can be seen from the values of the Bayes Factors and the 

suspiciousness (last two columns of table 5.2). The spatially averaged velocity 
dispersion is a ~ 6 km s-1 for the case of constant anisotropy and a ~ 5.9 km 

s-1 for the case of radial anisotropy, both consistent with the estimate of a ~ 7 

km s-1 in [176].

When a DM component is added to the matter budget, we need to distinguish 

the results according to the presence or absence of the SHMR prior. Looking at 

the middle panels of Figs. 5.4 and 5.5, when the SHMR prior is assumed, the 

velocity dispersion profile fails to fit the data over the full range of distances for 
both anisotropy cases, with a spatially averaged value of a ~ 11 —13 km s-1. The 

agreement with the data improves when the prior on the SHMR is relaxed and the 

stellar and DM components are decoupled. Indeed, allowing a smaller amount 

of DM leads to less tension with the data, as can be seen from the lower panels 

of Figs. 5.4 and 5.5. In addition, when the anisotropy parameter is constant, the 

resulting velocity dispersion profile is in better agreement with the data in the 

innermost region than that with the radial (r) given by Eq. 3.62.

Looking more closely at the gNFW parameter values, we can see that DF4 be­

haves almost as perfectly as DF2. In the SHMR case, we have: perfect Gaussian 

constraints on C200 and only an upper bound on y which is consistent with 

zero; and the median of C200 ~ 8 does not exactly match the median we would ex­

pect from the theoretical c — M relation of [431], indicating some hidden tension. 

When the SHMR prior is removed, the concentration parameter C2ooc ~ grows, the
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Table 5.2: Results from the statistical analysis of NGC1052-DF4. For each pa­
rameter we provide the median and the la constraints; unconstrained parameters 
are in italic font. The parameters are, from left to right: distance D; mass-to-light 
ratio Y; systemic velocity vjys; anisotropy function parameters, depending on the 
model assumed, constant (A) or radial from [360] (/3o,/3oo,ra); gNFW concen­
tration C200, mass and inner log-slope y; DHOST characteristic scaling E]; 
Bayes Factor logarithm of the Bayes Factor log^j; and the suspiciousness 
log 4
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M0

log^J logSj

Stars only
22.055g 1.935® 1445.925I

22.04i;Z 1.81±£> 1445.56t^g
>-3.06 - - -

> -3.37 > -1.54 50.47
- - - 0 0

-0.43ŹS® -0.10155

SHMR + gNFW
21.905]? 1.915Z 1445.785?’

21.83t;S 1895g 1445.55i?;?J
>-1.98 - - -

> -1.88 > -1.12 49.57

8.875g 10.775;; < 0.48

8.535Z 10.7855 < 0 45

1 ^fi+0.02 1 rn+0.07z.zj_002 1-w-o.Q5
-2.605“ —1-8355

NO SHMR + gNFW
22.035“ I.925Z 1446.045®

21.9953 1835» 1445.635g
>-3.18 - - -

> -3.42 > -1.48 47.81
25.635'3?' <«08 1.00

25.725’3’ < 5.85 0.99

-0.215°; -0.085“

-0.655°; -0135k

DHOST (as dark energy)

D Y» Vgyg

Mpc km/s
ft ft ft r. C200 log Afjoo y Ei

M0

logM; log 5^

SHMR + gNFW
21.98i;Z 1.9153 1445.905g

21.84i;g 1.935 g 1446.045’’
> -1.70 - - -

> -2.19 > -1.25 47.93

9.555g 10.755;; 71 -0.065g

8.495g 10.775;; < 0.57 -0.2555
-1.725g -0.045g

-2.035g -0.435;;

NO SHMR + gNFW
22.015“ 1-9052 1445.905®

21.995g 1.825g 1445.535g
> -2.87 - - -

> -3.34 > -1.46 48.05
25.6855s <0 48 1.03 -0.095®
25.4451,’2 <6.23 0.99 -0.225 g

-0.245g -0.045“

-0.585g -0 095“

DHOST (as dark matter)

D Y» Vgyg

Mpc km/s
ft ft ft. r. C200 log Afjoo y Ei

M0

logM; log 5^

Stars only
22.095A 1.925g 1445.895g
21.95563 1.825g 1445.695g

> -2.22 - - -

> -3.24 > -1.36 47.68
- -0.1152

- -0.1852

0.035g 0.045“

-0.375°; -0.025g

virial mass logA^oo/^f© ~ 6 decreases and is only upper bounded, and y is un­

constrained. We can reinforce our conclusions by looking at the Bayes Factor and 

Suspiciousness: the SHMR scenario is strongly disfavoured, while the absence of 

the SHMR prior is consistent with the reference scenario. Both results strongly 

suggest an absence or large deficiency of DM in the investigated areas.

We now turn to the cases where the gravitational scenario is described by the 

DHOST model. When the DHOST model describes only DE, we need to include 
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DM in the matter budget, and as we can see from Table 5.2, there is no signifi­

cant difference compared to the corresponding GR cases. The presence of a DE 

effect from the DHOST model has no relevant role in changing the values of the 

fitting parameters. It is also possible to see that the results are almost completely 

analogous (considering the la confidence levels) to those in GR by looking at 

the middle and bottom panels of Fig. 5.6 and 5.7. If we look at the values of 

the DHOST parameter Ej, they are perfectly consistent with the GR limit. Once 

again, this is not unexpected, as we do not expect DE to play a significant role on 

galactic scales.

However, an important difference between the GR and DE DHOST cases be­

comes apparent when we look at the last columns of Table 5.2: we can see that 

both the Bayesian Factor and the suspiciousness are improved in the DHOST sce­

nario compared to the GR framework. In particular, the most significant changes 

are in the application of the SHMR prior, which is now only slightly disfavoured 

and consistent within la with the reference GR case. Thus, the DHOST effect 

somehow mitigates or plays a role in the internal kinematics of DF4, easing the 

tension with GR.

Finally, we come to the scenario we are most interested in, i.e. when, as a 

result of the Vainshtein screening, the DHOST model could mimic all the effects 

typically attributed to the DM. The results are summarised in the lower part of 

Table 5.2 and shown in the upper panels of Figs. 5.6 and 5.7. If we compare 

the results with those obtained within the GR framework, we can see that the 

DHOST model hardly implies any substantial change in the values of the param­

eters. We can also see that the DHOST parameter Ei is still consistent with the 

GR limit at the la confidence level. From the last columns of Table 5.2, the 

constant anisotropy scenario is characterized by a positive Bayesian Ratio and a 

slightly positive suspiciousness, thus being perfectly equivalent to the GR case in 

terms of statistical reliability. The case with radial anisotropy instead has a slight 

improvement which also makes it consistent within la with the reference case.
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R (kpc)

Figure 5.4: Profiles of the velocity offset of NGC1052-DF4 with GR and a con­
stant velocity anisotropy profile. Black dots and bars are observational data, 
v, — vsys, with uncertainties, GVi. Coloured dashed lines and shaded regions are 
respectively the median and the la confidence region of the a/os profile derived 
from Eq. (3.46).
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Figure 5.5: Same as Fig. 5.4 but with a radial velocity profile.
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Figure 5.6: Same as Fig. 5.4 but for the DHOST model.
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Figure 5.7: Same as Fig. 5.5 but for the DHOST model.
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5.3 Dragonfly 44

Dragonfly 44 (DF44) [342, 343, 354] was revealed to be a dark matter-dominated 
galaxy with ~ 99% of the total mass. Constraints on the free parameters 
(GR and DHOST) are in Tables 5.3 and 5.4.

Table 5.3: Results from the statistical analysis of DF44. For each parameter we 
provide the median and the la constraints; unconstrained parameters are in italic 
font. The parameters are, from left to right: distance D; mass-to-light ratio Y; 
anisotropy function parameters, depending on the model assumed, constant (A) 
or radial from [360] (/3o,/3oo,ra); gNFW concentration r?2oo, mass 4/200, and in­
ner log-slope y; DHOST characteristic scaling E]; logarithm of the Bayes Factor 
log^j; the suspiciousness log Sy.
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For DF44, as for DF2 and DF4, we first consider the case where the dynamical 
mass of the galaxy consists entirely of baryons. Looking at the top panels of 
Figs. 5.8 and 5.9, it is clear that the fits with the only baryonic component are
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R (kpc)

Figure 5.8: Profiles of the velocity dispersion of Dragonfly 44 with GR assum­
ing a constant velocity anisotropy profile. Black dots and bars are observational 
data, <seff = (of + v?)1/2, with uncertainties. Coloured dashed fines and shaded 

regions are, respectively, the median and the la confidence region of the oeff 
profile derived from Eq. 3.46.
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Figure 5.9: Same as Fig. 5.8 with radial velocity profile.
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Figure 5.10: Same as Fig. 5.8 for the DHOST model.
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Figure 5.11: Same as Fig. 5.9 for the DHOST model.
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undoubtedly poor. Looking at Table 5.3, it can be seen that the case of constant 
anisotropy implies a higher distance and, in particular, a mass-to-light ratio Y* that 
is not consistent with the range given in [343, 354], The discrepancy is reduced 

by assuming a radial anisotropy profile, but the Bayesian indicators still underline 
the impossibility of the baryonic component, regardless of the specific functional 
form of the anisotropy, to reproduce the observational data.

When DM is included in the mass budget, the GR case with a constant anisotropy 
profile points to a tangent value for A, in perfect agreement with the results of 
[354], For DM, the comparison is not so straightforward, because in [354] only 
a standard NFW profile was assumed (corresponding to y = 1). If we look at the 

columns of Table 4.2 with the results for the DM parameters, we may notice a 
first important point: if a constant anisotropy profile is assumed, the reported C200 
value is in full agreement with the value that would result from using the c — M 
relation of [431]. So there is no tension in this case, unlike in DF4 and DF2. The 
upper bound on y is also more relaxed and less cuspy compared to that described 
by a standard NFW density profile.

This scenario is characterised by an increase in the velocity dispersion at larger 
radii, in agreement with the data, so we can state unequivocally that the presence 

of DM is strongly required. The spatially averaged velocity dispersion we find 
is a ~ 31 km s-1, in agreement with the value of a ~ 33.5 km s-1 presented in 

[343]. When the anisotropy profile is a radial function, the /3 parameters also 
tend to tangential values and the scale parameter ra is practically unconstrained, 
and again there seems to be a small tension between the obtained and the expected 

values of C2oo- From the top panels of Fig 5.9, if we compare the velocity disper­
sion profiles oeff, we can see that the case with (r) shows a more significant 
increase in the velocity dispersion profile for r > 5 kpc.

If we remove the SHMR prior and allow less DM, the situation is not so dif­
ferent from the one described above, but it is different from DF4 and DF2. In fact, 
looking at Table 5.3, we can see that C200 2nd are now in perfect agreement 
with literature results and theoretical expectations. The inner log-slope param­
eter y seems to be essentially unconstrained for the case of constant anisotropy, 

while for the other case it points to a core DM halo. From the last columns of 
Table 5.3, the Bayes Factor and the suspiciousness underline full consistency for 
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the constant anisotropy case, which is even slightly favoured with respect to the 
case with applied SHMR. The radial anisotropy scenario does not show a different 
picture compared to the SHMR prior.

We now turn to the DHOST gravity scenario. Looking first at the case where 
DHOST only plays the role of DE, Table 5.3 highlights the fact that the presence of 
DHOST effects does not lead to a change in the results we previously obtained for 

the GR case, at least in the case where the SHMR prior is applied. Instead, when 
it is not included, the values of C200 2nd M200 show the same tension as in DF4 and 
DF2. In addition, the / parameter is now completely different: whereas before we 
always had y < 1, now we prefer > 1. The values of the DHOST parameter E] 

are consistent with zero in the SHMR case, while they are quite large in the case 

of no SHMR prior, being consistent with zero only at the 2a level.
Looking at the Bayes Factors and the suspiciousness, we see that the SHMR 

cases and the constant anisotropy profiles are the best candidates, with marginal 

or almost null disfavour with respect to the GR cases.
When the DHOST model is cast as a DM description, it can be seen from 

Table 4.2 that the A case points to a radial system, and the corresponding value 

of the Ei parameter is not consistent with the GR limit at the 3a confidence level. 
In the case of radial anisotropy, we recover a preferentially tangential behaviour, 
but with a slightly large estimate for the distance and the stellar mass-to-light 
ratio, while the DHOST parameter is now consistent with the GR limit within a 
2a confidence level. The top panels of Figs. 5.10 and 5.11 clearly show that 
DHOST cannot replace DM in this context, and both the Bayesian Factor and the 

suspiciousness point to a strong and significant tension between this scenario and 
the GR reference case. A standard DM component is required and DHOST cannot 
effectively play its role. Finally, by looking at the Bayesian quantities log^j and 
log Sy, we can see that the case in which the anisotropy is assumed to be constant, 
had the SHMR been applied, are the best scenarios, being as successful as GR in 
fitting the velocity dispersion data of DF44.

Nevertheless, it seems to be important and interesting to highlight here that 
(when we try to mimic DM with the DHOST) when a radial profile is assumed, 

there is a rise in the dispersion velocity at larger distances from the centre of the 
galaxy, for which the fit is improved with respect to the corresponding GR case 
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(although still statistically disfavoured with respect to the reference case which 
includes DM). Given the fact that the anisotropy function (r) is unknown, we 
have tried different functional forms to check if we could find one which adapted 
better to the data. Here we will describe quickly all the cases, but we will focus 
more only on what resulted to be the best one, which we show in Table 5.4 and in 
the bottom panel of Fig. 5.10.

Table 5.4: Results from the statistical analysis of NGC1052-DF44 with a “piece- 
wise” anisotropy profile. For each parameter we provide the median and the la 
constraints; unconstrained parameters are in italic font. The parameters are, from 
left to right: distance D; mass-to-light ratio Y; anisotropy function parameters 
with a division in four bins; gNFW concentration r?2oo, mass A^oo, 2nd inner log­
slope y; DHOST characteristic scaling Ej; logarithm of the Bayes Factor log 
the suspiciousness log Sy.

GR

D T. ft ft ft ft C200 log Af200

Mq

y si log^j log^

Stars only 152.03t;gg 0 nc4-0.65 o.>Z>_o.81 o.i4±»‘| 0.57±H > -5.81 > -6.79 - - - -I9.724g:g; -19.90±«:«

SHMR + gNFW 98.31t£“ 1 5^+0.39 1-OJ_0.33 >-1.15 > -2.84 -4.45 -4.71 10.36±|;?? 10.93±»:‘i c 1.00 -0.394°;® -0.004E?

no SHMR + gNFW 102.18™ 1 -00-0.34 -4.04 -5.25 -3.70 -5.85 13.93 tjff ioio±J:“ >1.46 -0.204J;” -0.20t»;“

DHOST (as dark energy)

D T. ft ft ft ft C200 log Af200

Mq

y Ei log Mi log Si

SHMR + gNFW qc 974-13.32 1.48±g -0.96t«:® > -3.87 -4.58 -5.04 9.4O«:« 10.97±»;!’ C 0.97 0.24izZ -0.544S 0.044S

no SHMR + gNFW 101.40™ 1.57±g:« -3.98 -5.83 -4.83 -7.52 18.284^ 9.64t»:|? > 1.88 -1.884^ -O.O34g:” -0.005t««“

DHOST (as dark matter)

D T. ft ft ft ft C200 logA/200

Mq

y Ei log Mi log Si

Stars only 101.33™ 1.54±«:« 0.93±S vsoE >-0.19 -4.89 - - - -18.50^;® O.O74S 0 1 n+o.05O 10_oo5

Our first check has been to examine the impact of the priors on the final re­
sults. We relaxed the Gaussian priors on log(l — and we also decided to 
tighten the flat prior on ra G [0,1]. However these new conditions did not change, 
from a statistical point of view, the results already listed in Table 5.3. We then 
investigated the feasibility of the Osipkov-Merritt profile [357, 358] 

r2
P(r) = PoM^—^. (5.4)

r2 + r^
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Unlike other works [351, 432], we have left the multiplicative factor Pom as a 

free parameter, imposing a flat prior Pom G [—10,1]. Nevertheless, the Osipkov- 
Merritt profile has resulted in a poorer fit to the observational data with respect to 
the cases we have already considered.

Finally, we explored a “piecewise” anisotropy profile, i.e. we assumed that 

P (r) could be constant or radial within different spatially separated bins. We have 
explored many different configurations, splitting the data from two to four bins, 
with the latter being the best fit and really improving on the standard scenarios 

considered in Table 5.4. While the assumption of a radial profile (in each bin) 
generally produces worse fits to data, when the anisotropy is assumed to be con­
stant we get interesting results. Within GR, we do not really get any statistically 

significant change with respect to Table 4.2, with similar or sometimes slightly 
worse values for the Bayes Factor and the suspiciousness. The same considera­
tion holds when we turn our attention to the DHOST gravitational scenario when 

it reproduces the DE effects.

The most relevant differences concern the case where the DHOST model 
acts as a substitute for DM. Indeed, in this case, the suspiciousness goes from 
a strongly negative value of ~ —3 to a slightly positive one of ~ 0.1. In more de­

tail, the distance and the stellar-to-light mass ratio are in perfect agreement with 
the literature; the anisotropy profile seems to indicate a constant in the first two 

bins, with a decrease in the outer ones (where we have fewer points and thus only 
a lower limit can be fixed); and finally, the characteristic DHOST parameter, E], is 
in agreement with the result in Table 5.3. Looking at the lower panel of Fig. 5.10, 

the DHOST model now seems to fit the observational data as well as GR.

5.4 EFT parameter constraints

In Fig. 5.12 we compare our constraints on Ei, as a function of the ETG param­
eters an and A, with others which are in literature, the same ones described in 

Chapter 4. In blue, we have the constraints obtained from stellar physics argu­
ments as conditions for dynamical equilibrium and for a minimal mass of red 
dwarf stars; in red, the 2a limits on yo from the Hulse-Taylor pulsar [249]; in 

green, the constraints provided by helioseismology arguments [278]; grey points 
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with error bars represent the results we got in [292] from the analysis of the 

CLASH galaxy clusters. The new constraints on an and A, for DF2 [425], which 

can be derived from our estimations for Ej are represented by brown lines for 

NGC1052-DF2, black for NGC1052-DF4 and purple for Dragonfly44. Dashed 

lines are for the case with the SHMR prior, and solid ones for the case without the 

SHMR prior, always assuming a constant anisotropy profile.

For DF2 one can conclude that, independently of the considered scenario (i.e. 

DHOST as DE only or as DM too) our constraints are consistent with GR limits 

and with literature. In particular with stellar scale limits (blue and green regions), 

and “contain” the limits from pulsars (red line), which are known to be the most 

stringent. There is instead a larger tension with estimations from clusters of galax­

ies (grey points).

For DF4 and DF44, in general, it is possible to see, when the DHOST model 

is assumed to play the role of DE alone (top panel of Fig. 5.12), the constraints 

from both galaxies span slightly broader ranges than all those covered by stellar 

constraints, being consistent with them. They also contain both the ACDM limit 

and the tightest constraint so far from pulsars.

In the bottom panel of Fig. 5.12 the constraints on the DHOST parameters 

an and A when the DHOST model resembles also DM are shown. It is possible 

to notice that the constraints derived for DF4 are similar to those previously ob­

tained for DF2. This fact is not unexpected since the galaxies are similar in several 

aspects, such as size, surface brightness, and DM content. But it is also clearly 

evident that Dragonfly 44 produces constraints that are for a large part not consis­

tent with the other probes which have been considered so far, even in the case of 

four 0 bins, which still fit the data. This is a further indication of the difficulty of 

the DHOST model in describing DM in this galaxy.

5.5 Lesson about DHOST from UDGs

In this chapter, the analysis of the DHOST model introduced in [204, 248, 249] 

has been deepened. In [292] we started our journey at clusters of galaxies’ scales; 

here we tried to shed light on the dynamics of the Ultra-diffuse galaxy NGC1052-
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-4 -3 -2 -1 0

A ( DHOST+NFW)

A ( DHOST+no NFW)

Figure 5.12: Comparison of EFT parameter constraints from our DHOST analysis 
[425, 426] with [249], [278] and [292]. Top panel: results under the assumption 
that DHOST mimics DE. Dashed lines are la constraints for the case with SHMR 
prior; solid lines are la constraints for the case without the SHMR prior. Brown 
lines are for NGC1052-DF2, black for NGC1052-DF4 and purple for Dragon- 
fly44. Bottom panel: results when DHOST is assumed to play the role of both 
dark energy and dark matter. In all cases, we assume a constant stellar anisotropy 
profile. In both panels blue regions are derived from stellar physics considerations 
[249]; red from 2a limits on yo from the Hulse-Taylor pulsar; green from helio­
seismology 2a constraints [278]. Grey points/crosses are single constraints from 
CLASH clusters from [292].
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DF2 which has been claimed to be a “lacking DM galaxy” [175] and, as such, 

might be a potentially big problem for ETGs.
The mass of NGC1052-DF2 has been inferred using the Jeans equation, Eq. 3.40, 

and the total mass of the galaxy has been modelled as the sum of DM (if DM is as­
sumed) and a stellar contribution. The DM component has been described using a 
generalisation of the classical Navarro-Frenk-White profile. We also consider two 
different models for the anisotropy parameter : a case where it is constant, and 

one with a radial profile described by Eq. (3.62).
In agreement with the results of [430], when GR is assumed, the best agree­

ment with the data is obtained when no DM is included at all. While in [430] the 

authors always include a DM component and conclude that it should be present in 
a very small amount, we also explicitly consider the case of no DM, i.e. a purely 
baryonic galaxy. We can conclude that, at least at the scales tested by the obser­
vations, the hypothesis of a total absence of DM can be considered a satisfactory 
option from a statistical point of view. In fact, the inclusion of DM only wors­
ens all the Bayesian indices considered (Bayes Factor and suspiciousness). These 
results are also quite independent of the priors that can be adopted.

When the DHOST model is assumed to act only as a DE, there is a substan­
tial equivalence between this scenario and the corresponding GR cases, which is 
somehow expected, because if we have a DM component, the large-scale effects 

of DE could be expected to be negligible at galactic scales. However, it should be 
noted that all the Bayesian indicators are improved with respect to the GR+DM 
cases. Nevertheless, the reference case of GR with only stars is still the most 
favoured, statistically speaking.

Finally, the DHOST model has been assumed to fully mimic DM: considering 
a constant anisotropy profile, we even get both a positive Bayes Factor and a 
positive suspicion. Although they are only slightly larger than zero (but different 
from it at least at la), they indicate that NGC1052-DF2 can be described quite 
satisfactorily by our DHOST model, as successfully as by GR.

The mass properties and modelling of NGC1052-DF4 and Dragonfly 44 were 

carried out as for DF2. In addition, the same DHOST scenarios were analysed.

For NGC1052-DF4, the results are equivalent to those for NGC1052-DF2 
[426], of which it can be considered as a twin: the case of a baryonic galaxy 
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with constant anisotropy is statistically preferred over all other scenarios. The 

introduction of DM has the net effect of worsening the Bayesian tools. This is 

particularly evident in cases where a correlation between the stellar and the DM 

counterpart, in the form of the SHMR prior, has been considered. The discrepancy 

is less when the stellar and DM components are decoupled. When the DHOST 

model acts only as a DE, it does not produce significant differences compared to 

the corresponding GR cases. The main effect is an improvement in the Bayesian 

indicators for all anisotropy parameter cases, more evident for the SHMR sce­

nario. In general, we have agreement with GR at the la confidence level. When 

the DHOST model also acts as a replacement for DM, we find that DHOST and 

GR are still statistically equivalent, with basically no tension.

Thus, combining our results from both NGC1052-DF2 and NGC1052-DF4, 

we can conclude that the DHOST model may be successful in describing the dy­

namics of highly DM-deficient or almost completely baryonic galaxies. However, 

this does not allow us to make an unequivocal claim in favour of the DHOST 

model. We can only conclude that, in the absence of DM, the DHOST model 

with only a stellar mass component is consistently able to reproduce the internal 

dynamics of such galaxies.

For galaxies such as Dragonfly 44, which appear to be dominated by DM, the 

results are quite different. In general, the best agreement with the data is obtained 

when GR describes the gravity, with a constant anisotropy scenario and with the 

stellar and DM components decoupled.

When the DHOST is considered as a DE component, there are no significant 

differences with respect to the corresponding GR cases. Thus, at least as a DE, 

DHOST is statistically equivalent to GR. However, when the DHOST model tries 

to replace the DM, the Bayesian indicators show a high tension for both the con­

stant (J3C) and the radial anisotropy described by Eq. (3.62) compared to the GR 

reference case. Therefore, we can conclude that the DHOST model is not able 

to replace DM in a system like DF44. However, if the anisotropy parameter is a 

“piecewise” function, allowing different constant values within different bins, the 

situation may change, with the DHOST model now seemingly able to play the 

role of DM for a dark matter dominated galaxy.



5.5 Lesson about DHOST from UDGs 115

Unfortunately, if we look at the analysis from the more fundamental perspec­
tive of the EFT approach and parameters, the situation in the case of Dragonfly 44 
is not so easily resolved. While the results of the NGC1052-DF2 and NGC1052- 
DF4 analyses are perfectly consistent with the constraints imposed by more strin­
gent and precise probes at stellar scales, regardless of the presence or absence of a 
DM component, Dragonfly 44 is more problematic. If we take our DHOST model 
as DE only, the agreement is quite good; but if we try to replace DM, the con­
straints on the EFT parameters are completely inconsistent with the stellar limits. 
So this scenario seems to be discarded.
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CHAPTER 6

Conclusions and Final remarks

In this thesis, we have reported the results of a series of scientific articles aimed 
at investigating a possible unification of the dark matter and dark energy compo­

nents, which make up ~ 95% of the energy/matter budget of our Universe, in a 
scenario described by an extended theory of gravity. Modifications of Einstein’s 
general theory of relativity have mostly been introduced to replace dark energy, 
but not dark matter. Moreover, all these theories face the challenge of reproduc­
ing the results of General Relativity at those scales at which this theory has been 
extensively tested and found to be valid. The “safe” mechanism that allows these 
theories to mimic dark energy at cosmological scales and reduce to General Rel­
ativity (at Solar system scales) is called the “screening mechanism”.

A unification of the two dark components could be achieved if the screening 
mechanism, which allows to restore the standard gravitational paradigm, is broken 
at astrophysical scales. In this way, the effects induced by a gravitational mod­
ification could also reproduce the effects normally associated with dark matter. 
Therefore, there will be no need to describe dark matter as a particle, but it would 
become a gravitational effect induced by a modified gravity theory.

In this thesis, attention has been focused on a particular model belonging to the 
family of degenerate higher-order scalar tensor (DHOST) theories, which exhibits 
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a partial breaking of the so-called Vaishtein screening mechanism.

This rather novel and potentially powerful hypothesis has been tested over a 
wide range of scales of the large-scale structure of the Universe. At all the scales 

tested, two different scenarios have been considered:

• the DHOST model mimics the dark energy component alone;

• the DHOST model mimics both the dark energy and the dark matter com­

ponent as a consequence of the partial breaking of the Vainshtein screening 
mechanism.

In the first scenario, a dark matter component was always assumed in the total 

mass budget of the studied objects. In the second scenario, which is the main 
novel contribution of this work, the observational data have been fitted using only 
the baryonic component.

The analysis, carried out at different scales, has yielded interesting results, 
which are shown in bold below.

Initially, the focus was on the scales of galaxy clusters, which serve as the 

most massive, gravitationally hounded structures in the Universe. The data sets 
used to test the analysis at these scales are derived from the Cluster Lensing and 
Supernova Survey with Hubble (CLASH) programme, for which both X-ray and 

gravitational lensing (strong and weak) observations are available. In addition, a 
multi-component approach has been used to parameterise the masses of the clus­
ters, taking into account not only the contributions from dark matter and X-rays, 
but also from the Brightest Cluster Galaxy and other stellar non-brightest cluster 

galaxy components.

• The DHOST model is slightly favoured over general relativity in repro­
ducing effects associated with dark energy alone.

When the DHOST model mimics dark energy, we found a slight preference for 
this model over General Relativity. More importantly, in this scenario the tension 
that exists in the standard gravitational framework between gravitational lensing 
and X-ray probes (because they are sensitive to different phenomena) is alleviated, 

resulting in a better fit to the observational data with respect to General Relativity.
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However, the core scenario, according to which dark energy and dark mat­

ter could be unified as different effects induced by the same extended theory of 
gravity, emphasises a more negative conclusion:

• the DHOST model cannot reproduce the effects associated with dark 
matter on astrophysical scales.

The DHOST model, which by partially breaking the Vainshtein screening mecha­

nism could also replace dark matter at galaxy cluster scales, results to be statisti­
cally disadvantaged compared to General Relativity.

The natural progression of the analysis was to galactic scales. In particular, 
the analysis focused on the family of the Ultra-diffuse Galaxies observed with 
the Dragonfly Telescope Array for which kinematic data were available. Two 
of them, NGC 1052-DF2 and NGC 1052-DF4, are characterised by a lack of 
dark matter (Mdm ~ 1% of their total mass), while the third, Dragonfly 44, is 
a dark matter-dominated galaxy with Mdm ~ 99% of its total mass. Thus, in 
addition to the above scenarios, another was considered, namely their internal 
kinematics supported by the stellar components alone, within the framework of 
General Relativity.

• The baryonic hypothesis, within the framework of General Relativity 
in the absence of dark matter, gave the best agreement with the obser­
vational data in the case of NGC 1052-DF2 and NGC 1052-DF4, while 
for Dragonfly 44 a dark matter component is needed.

To our knowledge, there have been no previous analyses of dark matter-poor 
galaxies modelled as fully baryonic systems, without including a dark matter com­
ponent in the total mass budget. Therefore, the results presented here for NGC 
1052-DF2 and NGC1052-DF4 are derived for the first time.

From the analysis of the internal kinematics of these galaxies, we can con­
clude that at the scales tested by the observational data, the hypothesis of a bary­
onic galaxy for NGC 1052-DF2 and NGC 1052-DF4 can be considered as fully 
satisfactory from a statistical point of view. On the other hand, for a dark matter- 
dominated galaxy such as Dragonfly 44, the best scenario within the framework 

of general relativity is to consider both a dark matter and a stellar component, 
completely decoupled, assuming a constant anisotropy for the stellar counterpart.
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• The DHOST model as dark energy does not lead to significant changes 
compared to the corresponding cases of General Relativity.

As expected, if we still consider a dark matter component in the total mass budget, 
the large-scale effects associated with the dark energy component are expected to 
be negligible. Statistically, however, the Bayesian Ratio and the suspiciousness in 
this case are greatly improved compared to the corresponding General Relativity 
cases.

• DHOST model as dark matter is as successful as General Relativity in 
describing the dynamics of galaxies lacking dark matter while for dark 

matter-dominated galaxies, the results are more uncertain.

We show that for galaxies such as NGC 1052-DF2 and NGC 1052-DF4, the sce­
nario in which dark matter can be interpreted as a gravitational effect induced by 
the DHOST modification of gravity, due to the partial breaking of the Vainshtein 
screening mechanism, can sustain the dynamics of these galaxies just as success­
fully as General Relativity.

If we try to apply the same scenario to an antithetic galaxy with respect to the 
previous two, dominated by dark matter, such as Dragonfly 44, with a constant 
stellar anisotropy profile, we can conclude that the DHOST model cannot play 
the role of dark matter. However, if we consider a more sophisticated piecewise 
parametrization of the anisotropy, constant in each radial bin considered (we have 
considered a case of four bins), the conclusion is quite different. Indeed, in this 
case, the DHOST model as dark matter seems to be able to describe the dynamics 
of a dark matter-dominated galaxy like Dragonfly 44.

• Effective Field Theory parameters constraints are generally consistent 
with broader stellar constraints, with the DHOST model failing to pro­
duce physically consistent results in the case of Dragonfly 44.

As for the values of the Effective Field Theory parameters, at galaxy cluster scales 
the combined use of the two potentials 4> and 'P allows us to place constraints on 
both an and A separately. The parameter an shows constraints compatible with 
the existing ones derived mainly from stellar scales, while A is only marginally in 
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agreement with them, at the la confidence level, for the vast majority of clusters. 
In general, the estimates for both parameters are marginally compatible with the 
General Relativity limit ((Xh,Pi —> 0) for most clusters, at least at the 2a level. 
At galactic scales, the constraints span somewhat wider ranges than those set by 
the stellar arguments but still produce results that are fully consistent with them. 
They also include both the ACDM limit and the Hulse-Taylor pulsar constraints.

These results hold in the case where the DHOST model plays only the role of 
dark energy. When the DHOST model also mimics the dark matter component, 
the derived constraints on the EFT parameters at galaxy cluster scales are in 3 a 
agreement with the GR limit, and only marginally in agreement with the stellar 
and Hulse-Taylor pulsar constraints. For dark matter deficient galaxies, such as 

NGC 1052-DF2 and NGC 1052-DF4, the limits at a# and A are consistent with 
the stellar arguments. However, the case of Dragonfly 44 is more problematic. 
Indeed, the constraints on the effective field theory parameters are incompatible 
with the limits on these parameters set by stellar arguments. This result leads us 
to conclude that the DHOST model as an “effective” component of dark matter 
seems to have to be discarded for a galaxy like Dragonfly 44.

At the end of this work, we can ask again the question we posed in the in­
troduction: “Can we unify dark energy and dark matter in a single theoretical 
background due to the partial breaking of the Vainsthein screening? In this thesis 
we have shown that this scenario seems to work only for highly deficient dark 
matter galaxies, while for clusters and dark matter-dominated galaxies such as 
Dragonfly 44 a dark matter component should always be considered. Therefore, 
our answer to the question should be negative. However, further investigation 
may shed fight on the possible unification of the two dark components in a single 
theoretical background.
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Obecnie, szczególną uwagę poświęcono Rozszerzonym Teoriom Grawitacji z 
dodatkowymi stopniami swobody, których efekty mogą być tłumione w małych 
skalach (np. w Układzie Słonecznym) przez mechanizmy ekranujące, przywraca­

jące Ogólną Teorię Względności.
W niniejszej rozprawie rozważaliśmy model należący do rodziny zdegenerowanych 

teorii skalamo-tensorowych wyższego rzędu (DHOST), dla których mechanizm 
Vainshteina jest częściowo złamany. Przetestowaliśmy, na ile ta własność pozwala, 
w ramach rozważanego modelu, naśladować zarówno ciemną energię na skalach 
kosmologicznych, jak i ciemną materię na skalach astrofizycznych. Model ten 
został zastosowany do gromad galaktyk oraz do ultra-rozproszonych galaktyk 

(UDGs).
W skali gromady galaktyk próbka 16 gromad galaktyk należących do pro­

gramu Cluster Lensing and Supernova survey with Hubble (CLASH) została zbadana 
zużyciem pomiarów promieniowania rentgenowskiego oraz obserwacji silnego i 
słabego soczewkowania grawitacyjnego. Masy zostały zamodelowane z uwzględ­
nieniem wkładu wszystkich składników: gorącego gazu i galaktyk.
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W skali galaktycznej, zbadano wewnętrzną kinematykę trzech galaktyk ultra- 
rozproszonych (UDG), zidentyfikowanych za pomocą Dragonfly Telescope Ar­

ray. Masy zostały zamodelowane jako suma ciemnej materii i komponentu gwiaz­
dowego.

Z bayesowskiego punktu widzenia, dla zdecydowanej większości gromad, model 
DHOST naśladujący składnik ciemnej energii wykazuje łagodnie lepszą zgodność 
z obserwacjami w porównaniu z Ogólną Teorią Względności. Dodatkowo, ist­
niejące napięcie pomiędzy obserwacjami rentgenowskimi i soczewkowania zostało 

złagodzone. W przypadku UDGs scenariusz ten jest zasadniczo równoważny z 
Ogólną Teorią Względności, ponieważ w skalach galaktycznych efekty ciemnej 
energii są w dużej mierze drugorzędne.

Gdy model DHOST odgrywa również rolę ciemnej materii, ze względu na 
częściowe łamanie ekranowania Vainsteina, wyniki pokazują, że w skalach gro­
mad galaktyk scenariusz ten jest statystycznie mniej korzystny w porównaniu z 
Ogólną Teorią Względności, podczas gdy jest statystycznie równoważny z Ogólną 
Teorią Względności w skalach galaktyk dla galaktyk pozbawionych ciemnej ma­
terii.

Słowa kluczowe: soczewkowanie grawitacyjne, kosmologia, ciemna materia, ciemna 
energia, rozszerzone teorie grawitacji.

Data, podpis
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Recently, special attention has been given to Extended Theories of Gravity 
with additional degrees of freedom and whose cosmological effects can be sup­
pressed at small scales by some screening mechanism, thus restoring General Rel­
ativity.

In this thesis, we have considered a model belonging to the family of Degen­
erate Higher Orders Scalar Tensor theories, for which the corresponding (Vain­
shtein) screening mechanism is partially broken. We have tested whether this 

property allows it to mimic both dark energy on cosmological scales and dark 
matter on astrophysical scales. This model has been applied to galaxy clusters 
and to ultra-diffuse galaxies (UDGs).

At galaxy cluster scales a sample of 16 clusters from the Cluster Lensing and 
Supernova Survey with Hubble (CLASH) programme has been studied using both 
X-ray and strong and weak gravitational lensing observations. The masses have 

been modelled including the contributions from all components, the hot gas and 
the galaxies. At galactic scales, the internal kinematics of three UDGs, identified 



126 6 Conclusions and Final remarks

with the Dragonfly Telescope Array, have been studied. The masses have been 
modelled as the sum of the dark matter and stellar components.

From a Bayesian point of view, the DHOST model, which mimics the dark 
energy component, shows a slight preference over General Relativity for the vast 
majority of clusters. In addition, the existing tension between the X-ray and lens­
ing probes has been alleviated. For the UDGs, this scenario is essentially equiv­
alent to General Relativity, since dark energy effects are largely subdominant on 
galactic scales.

When the DHOST model also plays the role of dark matter due to the partial 
breaking of the Vainstein screening, the results show that at galaxy cluster scales 
this scenario is statistically disfavoured compared to General Relativity, while at 
galactic scales it is statistically equivalent to General Relativity in the absence of 
dark matter galaxies.

Keywords: gravitational lensing, cosmology, dark matter, dark energy, extended 
theories of gravity.
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