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Abstract. The standard galaxy formation model predicts that galaxies form within a Cold Dark
Matter (CDM) halo and that galaxies are dominated by dark matter. However, recent obser-
vations have discovered dark-matter-deficient galaxies with much less dark matter mass than
theoretical predictions, and the process of their formation has been discussed. Here, we inves-
tigate the physical processes of galaxy formation by collisions between gas-rich dark matter
subhalos within the context of the CDM paradigm. We investigate the formation process of
dark-matter-deficient galaxies by running three-dimensional simulations of the collision process
between dark matter subhalos (DMSHs) with the same mass of 109 M� colliding the velocity
of 100 km s−1. We then compared the effect of different supernova feedback models, the subgrid
physics of the simulation, on the collision-induced formation of galaxies. The results show that
the strong feedback model ejects gas out of the system more efficiently than the weak feed-
back model, leading to lower star formation rates and the formation of a more extended galaxy.
Finally, dark-matter-deficient galaxies with stellar masses of ∼ 107 M� and ∼ 108 M� are formed
in the weak and strong feedback models, respectively.
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1. Introduction

In the standard galaxy formation model, cold dark matter (CDM) drives the hierarchi-
cal structure formation in the universe. Based on the CDM model, the correlation between
stellar components and dark matter halos has been numerous studies from both theoret-
ical and observational viewpoints. Almost all studies about the relationship between the
stellar mass and the dark matter halo mass in galaxies have shown that the mass frac-
tion of the dark matter in galaxies is expected to be more than 90% (e.g., Behroozi et al.
2013).

However, van Dokkum et al. (2018) recently reported that the satellite galaxy
NGC1052-DF2, a member of the elliptical galaxy NGC1052 group, has very little dark
matter component compared to the theoretical predictions. Its stellar mass is 2× 108 M�,
whereas its dynamical mass is < 3.4 × 108 M� within a radius of 7.6 kpc. Additionally,
NGC1052-DF4 in the NGC1052 group has also been discovered as a galaxy with similar
properties (van Dokkum et al. 2019). These two galaxies are classified as ultra-diffuse
galaxies (UDGs). UDGs are peculiar galaxies with extremely low surface brightness,
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μ(g, 0)> 24 mag arcsec−2, and large effective radii, re > 1.5 kpc (van Dokkum et al. 2015;
Koda et al. 2015).

Furthermore, different observations have also reported the existence of other dark-
matter-deficient galaxies. Mancera Piña et al. (2019) identified six H I-rich UDGs and
Guo et al. (2020) found 19 dwarf galaxies which have high baryon fraction.

So far, only a few theoretical studies of the formation of such exotic galaxies have been
discussed. Recently, it has been pointed out that high-velocity collisions between gas-rich
dwarf galaxies are capable of forming dark-matter-deficient galaxies (Silk et al. 2019;
Shin et al. 2020). Shin et al. (2020) showed that dark-matter-deficient galaxies formed
when two dwarf galaxies collide with each other at a relative velocity of 300 km s−1 using
self-gravitating hydrodynamics simulations.

Otaki & Mori (2022a) simulated head-on collisions between dark matter subhalos using
a three-dimensional simulation code. They show that a dark-matter-dominated galaxy
is formed when the collision velocity is 20 km s−1, and a dark-matter-deficient galaxy
is formed when the collision velocity is 100 km s−1 In this paper, we investigate the
effects of subgrid physics for supernova feedback on subhalo collision and collision-induced
formation of galaxies.

2. Simulations of dark matter subhalos collision

We ran simulations of head-on collisions between two dark matter subhalos as the
formation process of dark-matter-deficient galaxies. The initial conditions and simulation
setup are as in Otaki & Mori (2022a) thus the two colliding DMSHs each have a mass
of 109 M� and the mass ratio between dark matter and gas is 5.36. The density profile
of the dark matter is assumed to be the Navarro-Frenk-White (NFW) profile, and the
gas is in hydrostatic equilibrium with the dark matter potential. The DMSH centres
are initially at (x, y, z) = (±5, 0, 0) kpc, and the initial bulk-velocities of the DMSHs are
(vx, vy, vz) = (∓100, 0, 0) km s−1.

We use the N -body/Smoothed Particle Hydrodynamics (SPH) simulation code devel-
oped by Otaki & Mori (2022a), but modified to compare the effect of supernova feedback.
Our feedback model assumes that SPH particles in the vicinity of newly born stellar
particles receive the thermal energy released by the supernova explosions and evolve
adiabatically without energy loss by the radiative cooling during the lifetime of a mas-
sive star with 8 M� (Mori et al. 1997, 1999). This model is referred to below as the
strong feedback model. On the other hand, a weak feedback model does not turn off
the radiative cooling calculation of the SPH particles when they receive energy from
the supernova feedback. The cooling time is very short compared to the dynamical
time of the star forming region (Otaki & Mori 2022b), therefore the energy injection
by the supernova explosions does not affect the thermodynamic evolution of the gas
significantly.

Figure 1 shows the time evolution of the dark matter subhalos collision with (a) the
weak feedback model and (b) the strong feedback model. In each panel, the upper panels
are dark matter distribution, the lower panels show baryon, in which the blue and red
points represent gas and stars, respectively. At 50 Myr, the center of the subhalo collides
and the gas density is enhanced at the colliding surface, which triggers star formation.
The dark matter component in the dark matter subhalo is passed through without merger
and a dark-matter-deficient galaxy is formed.

In the case of the weak feedback model, the energy injected into the gas by the super-
nova feedback is lost by radiative cooling before it is converted to kinetic energy, so the
gas remains at the collision interface. Compared to the weak feedback model, the strong
feedback model simulation results in a more extended stellar system because the energy
injection from stellar particles to gas particles makes the strong outflow and most of the
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Figure 1. Snapshots of the head-on collision between dark matter subhalos with 109 M� for a
collision velocity of 100 km s−1 in weak feedback model (a) and strong feedback model (b). The
gray, blue, and red dots represent dark matter, gas, and stars, respectively. From left to right,
t = 0, 50, 245, and 600 Myr, respectively. The gray, blue, and red points represent dark matter,
gas, and stars, respectively.

gas is ejected from the system. This suggests that the strength of the feedback affects
the formation process of the ultra-diffuse galaxies. Both simulation results showed star
formation rates of a few M� yr−1 at the time of the collision, but the star formation
histories differ significantly thereafter. The star formation rate rapidly decreases in the
strong feedback model, but not so much in the weak feedback model. Finally, galax-
ies with stellar masses of ∼ 108 M� and ∼ 107 M� are formed in the weak and strong
feedback models, respectively.
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