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Dark Matter: models and scales
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Euclid probes and complementarity with other surveys
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Euclid probes and complementarity with other surveys
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Systematics and theoretical errors

1.
Bird+ 2012                         Euclid Collaboration, Knabenhans+ 2020

�2 = k3P (k)
2⇡2

z=0

z=1

Matter power spectra from simulations of LCDM 
with (dashed) and without (solid) neutrinos.
Dot-dashed (dotted) lines show the linear theory 
predictions.

EuclidEmulator: over 250 simulations of 
LCDM + massive neutrinos + time varying 
dark energy with 3000 particles in a 
volume of 1 (h-1 Gpc)3.



2.

Systematics and theoretical errors

Chisari+ 2019                                  Euclid Collaboration: Martinelli+ 2021                                        

Fractional impact of baryons on the matter power 
spectrum for several hydrodynamical simulations.
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Systematics and theoretical errors

Image credits: ned.ipac.caltech.edu
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Input from the Particle Physics community: parametrization

2 S. Bohr et al.
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Figure 1. Diagram illustrating the di↵erent sets of parameters that characterise a given DM particle model and the connections between
them within the ETHOS framework, both in Cyr-Racine et al. (2016) and in this work. The particle physics space parameters such as
the DM particle mass m� , coupling constants gi (e.g. DM-DR), internal parameters hi such as the mediator mass and degrees of freedom
and the present day DR to CDM temperature ratio ⇠ , were mapped in Cyr-Racine et al. (2016) into e↵ective parameters fully describing
the linear DM power spectrum (see section 3.1). In this work, we make a re-parametrization, defining new ETHOS parameters that have
both a more straightforward interpretation in terms of the linear power spectrum and a clearer physical interpretation (amplitude hpeak

and scale kpeak of the first DAO peak, amplitude of the second peak h2, and damping of higher order peaks ⌧; see section 3). The redefined
ETHOS parameter space can be connected naturally to that defined in section 3.1, and thus to the particle physics space. Crucially, it is
also su�cient to characterise non-linear structure formation for a variety of relevant DM models (such as WDM and models with DAOs)
in the high-redshift Universe.

nova feedback to explain DM cores (Pontzen & Governato
2012), tidal e↵ects from the Milky-Way disk to alleviate the
too-big-to-fail problem (Garrison-Kimmel et al. 2019), and
suppression of galaxy formation at the dwarf mass scale due
to cosmic reionisation (Gnedin 2000; Sawala et al. 2016) to
explain the underabundance of low-mass galaxies); and (iii)
additional DM physics, i.e. departures from the CDM hy-
pothesis such as: Warm Dark Matter (WDM; for a review see
Adhikari et al. 2017) where the relativistic motion of the DM
particles in the early Universe reduces the abundance and
inner DM densities of galactic-scale haloes relative to CDM
(e.g. Coĺın et al. 2000; Lovell et al. 2012); self-interacting DM
(SIDM; for a review see Tulin & Yu 2018) where DM par-
ticles have strong self-interactions redistributing energy in
the centre of haloes, thus resulting in DM cores (e.g. Spergel
& Steinhardt 2000; Vogelsberger et al. 2012); and quantum
e↵ects at galactic scales if DM is made of extremely light
bosons with O(1 kpc) de Broglie wavelength (fuzzy DM; for
a review see Hui et al. 2017), also giving rise to extended
DM cores (Robles & Matos 2012; Mocz et al. 2017).

Whether the CDM challenges are due to missing new
DM physics, systematic uncertainties, or an inaccurate ac-
count of baryonic physics remains an open question (for a
recent review on di↵erent DM models and their impact on
structure formation see Zavala & Frenk 2019; for a review
of the CDM challenges and possible solutions see Bullock
& Boylan-Kolchin 2017). Regardless of the answer to these
puzzles, the impact of the DM particle nature on the physics
of galaxies remains a relevant factor that needs to be taken
into account, not only because it causes a major and un-
avoidable uncertainty in structure formation, but also be-
cause the detailed properties of galaxies remain one of the
most promising avenues to find clues about the DM identity.
To incorporate new DM physics into structure formation
theory, a novel framework has been proposed that aims at
mapping a broad range of DM particle physics models into
a set of e↵ective parameters that fully characterise struc-
ture formation at galactic scales (ETHOS; Cyr-Racine et al.
2016; Vogelsberger et al. 2016). Thus far, ETHOS covers two
types of new DM physics: (i) a primordial cuto↵ in the lin-
ear matter power spectrum suppressing the growth of small
density perturbations due to either collisionless damping
(free-streaming) like in WDM, or due to collisional damping

caused by interactions between DM and relativistic particles
in the early Universe and resulting in Dark Acoustic Oscil-
lations (DAOs; for a review see Bringmann 2009). DAOs
are given explicitly in ETHOS by hidden sector DM-dark
radiation (DR) interactions (van den Aarssen et al. 2012;
Buckley et al. 2014) but DM interactions with photons or
neutrinos lead to a similar damping, (e.g. Bœhm et al. 2002);
(ii) DM self-interactions (SIDM) reducing the central den-
sity of haloes in the non-linear regime.

In this work we concentrate exclusively on (i) above, i.e.,
on the impact of a primordial DM cuto↵ with the objective
of defining a parameter space that fully characterises struc-
ture formation within ETHOS at galactic scales (at high
redshift z > 5; see below). Ours is then a continuation of
the work done in Cyr-Racine et al. (2016) where a small set
of e↵ective parameters was defined that where su�cient to
characterise the linear power spectrum in a variety of DM
models with a cuto↵. However, a large number of models
that are di↵erent with respect to their linear power spectrum
can in fact lead to identical structure formation. Therefore,
we re-parametrize this e↵ective ETHOS parameters, still be-
ing determined by the linear power spectrum, but with the
goal of providing a full account of the non-linear evolution
of galactic-scale structures (down to z = 5) using cosmologi-
cal N�body simulations and a physical interpretation of the
parameters; see Fig. 1. We aim at dividing this new ETHOS
parameter space into distinct structure formation regions,
mapping smoothly between the di↵erent possibilities for the
small-scale power spectrum (CDM, WDM or DAOs).

We note that previous works have proposed analytical
formulae to describe the linear power spectra of di↵erent
DM models, usually written as a transfer function relative
to CDM (e.g. for WDM Bode et al. 2001; Viel et al. 2005; Leo
et al. 2018). More recently, Murgia et al. (2017, 2018) pro-
posed a formula for the transfer function that can seemingly
accommodate WDM, fuzzy DM, and also certain ETHOS
models. Crucially however, this formula does not describe
DAOs since they were deemed not relevant for the proper-
ties of interest in Murgia et al. (2017, 2018), namely, for the
1D Lyman�↵ flux power spectrum, and for the number of
observable Milky-Way subhaloes (i.e. those that can host a
luminous satellite). As we demonstrate and quantify in this
work, DAOs are quite relevant for a range of ETHOS models

MNRAS 000, 1–19 (2020 )
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Input from the Particle Physics community: model selection

Buckley & Peter 2018                                                                                     Alonso-Alvarez+ 2020
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