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Introduction

The standard model: ACDM

* The A-Cold Dark Matter model (ACDM) is the best cosmological
model that explains the nature and evolution of the Universe.

* It successfully explains key observations: CMB, accelerated
expansion, large-scale structure formation...

* According to ACDM, the Universe contains: dark energy (~68 %),
cold dark matter (~27 %), radiation (~0.01 %) and baryonic
matter (~5 %).

* It is the frame of reference for modern cosmological
simulations.
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Introduction

The structure formation in the Universe

* The Universe is homogeneous and isotropic at large
scales. However, at small scales contains density
fluctuations. The large scale structures that we can
observe are due to the growth of the initial density
fluctuations.

* We can define the density fluctuation as: 5{},:):9{13;3;?’“]

* In the linear regime (161 << 1) the evolution of the
density perturbation is: s(x,1)=D1(t)s1(x)+D2(t)s2(x)  where
D1(t) is the growing mode and D2(t) is the decaying
mode, and v~V , Vxi=0 .
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Introduction

The structure formation. The Zeldovich approximation

* The Zeldovich approximation allows us to understand the
formation of structure beyond linear theory.

* It allows us to compute the initial displacement of matter due to
the initial perturbation density field 6, assuming linear regime
for the displacement and assuming that we are in the growing
mode: x=q+D1lt)s(q)=q+ éaz_vrsb where q is the initial comoving
position of the partlcle and ¢ is the gravitational potential of 6.
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Introduction

The Local Group: where we live

The Local Group is our galaxy group, a gravitationally
bound system with a radius of ~1 Mpc.

It is composed by our galaxy, the Milky Way (~1 x 102
Mo)!, M31 (~2 x 102 Mo)?, M33 (~5 x 10" Mo)? and their
satellite galaxies.

Currently, ~100 dwarf galaxies are known, the most
massive of which is the LMC.

Due to its proximity, we have many highly accurate
observations, making it a perfect laboratory to study
galaxy formation and evolution, to test cosmological
models...

1 [Shen et al. 2022]
2 [Kozyrev et al. 2024]
3 [Corbelli et al. 2014]
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Goals

* Create initial conditions arising from initial perturbation density
fields & in the ACDM model to try to reproduce the principal
galaxies of the Local Group in the simulations.

* Run dark matter simulations with “Gadget”' using the initial
conditions created to fit the observables with the results of the
simulations and to test the ACDM model.

* Reproduce the dynamical history of the three most massive
galaxies in the Local Group: M31, MW, M33 (from redshift z=127
to z=0).

1 [Springel 2005]
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Initial conditions

* We perform the simulations in a periodic box of 10 Mpc/h with
1282 cells and dark matter particles.

* We represent the three galaxies of the Local Group in three
spherical top-hat regions with &; = 0.09 at z; = 127 so that they
collapse forming dark matter halos.

* Then, we compute the gravitational potential of the over-density

field using the Poisson equation: qua:“”g’f’é @
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Initial conditions

* Finally, we apply the Zeldovich approximation to obtain the
initial displacement of the particles.

* So, we have 9 initial parameters: the three radii of each spherical
region and three coordinates relatives to the position of MW for
M31 and M33.

* These 9 parameters determine the initial conditions to run the
simulations: the initial positions and peculiar velocities of the
particles inside the simulation box.
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Simulations

* We use the public cosmological simulation code “Gadget™.

* We run the simulation from redshift 127 to 0 and we take
several snapshots with the information of the positions and
peculiar velocities of the particles.

* We compute in every snapshot the position and velocity of each
halo as average of the particles inside. We develop a smoothing
technique to ensure that the halo position and velocity are
continuous and differentiable functions of the parameters of the
initial conditions.

1 [Springel 2005]
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Simulations

* So in the end, we have three coordinates for the position and
velocity of each halo.

* We transform the three final positions and velocities (redshift 0)
of each halo in distance, proper motions, right ascension,
declination and radial velocity.

* Then, we compare these results with the observables of M31
and M33 using a likelihood function (x?). We impose a
theoretical error of half a cell to construct 2.

* We use algorithms to minimize the likelihood function and to
obtain the best simulation that fits the observables.
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Results

* The best simulation obtained has a x?of 17 with the following results:

DEC (°)

M31 16.0825 41.8112 763.4 0.0405 -0.0218 -303.8

M31 observed NI0Kt10) 41.2690 779.0 £18.5 0.0459 = 0.0081 |-0.0205 + 0.0066 |-300.1 + 3.9
(1)

M33 17.6763 36.7326 912.3 0.0221 0.0149 -179.3

(YK Nolol=TaVTo B 23.462 1 30.6603 912.0+12.0 0.0453 = 0.0097 |0.0263 £ 0.0073 |-180.0 + 3.0
(1)

1 [Wu et al. 2025]
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Results

* Below, I present the trajectories of MW, M31 and M33 obtained from the

simulation:
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Results

* Below, I present the video of the behavior of the particles inside each
halo during the simulation:

a =0.0078125
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Results

* Now, I present the results of the same simulation but adding some dwarf
galaxies of the Local Group:
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Conclusions

* We have created initial conditions that favor the formation of
dark matter halos that represent the galaxies of the Local Group
arising from primordial density fluctuations in the ACDM
paradigm.

* With these initial conditions we have obtained a cosmological
simulation whose results are consistent with most of the
observed parameters.

* We have added some dwarf galaxies in the same simulation.

* Future work: Continue adding more dwarf galaxies, adding
Fourier modes to take into account the tidal field caused by the
environment of the Local Group.
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* Trajectories of MW, M31 and M33 from the simulation in M31-M33 plane:

2000
— M33
— M31
1500 - M31 observed
@ M33 observed
— MW
1000
[
(=
X 500 -
5
0 .ﬁ,lun-unupnllumll-i IIIlIl-II‘.
—-500
_1{]0(} T T T T T
=1500 -1000 =500 0 500 1000 1500

X" [kpc]

o Institut de Ciéncies del Cosmos

UNIVERSITAT pe BARCELONA

ICCUB



* More plots of the simulation adding dwarf galaxies:
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