
MNRAS 000, 1–9 (0000) Preprint 30 August 2019 Compiled using MNRAS LATEX style file v3.0

Quantifying the power spectrum of small-scale structure in

semi-analytic galaxies

Sean Brennan,1 Andrew J. Benson,2 Francis-Yan Cyr-Racine,3 Charles R. Keeton,1

Leonidas A. Moustakas,4,5 and Anthony R. Pullen6
1Department of Physics and Astronomy, Rutgers, The State University of New Jersey, Piscataway, New Jersey 08854, USA
2Carnegie Observatories, 813 Santa Barbara Street, Pasadena, CA 91101, USA
3Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
4NASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109, USA
5California Institute of Technology, Pasadena, California 91125, USA
6Center for Cosmology and Particle Physics, Department of Physics, New York University, 726 Broadway, New York, NY, 10003, USA

30 August 2019

ABSTRACT

In the cold dark matter (CDM) picture of structure formation, galaxy mass distribu-
tions are predicted to have a considerable amount of structure on small scales. Strong
gravitational lensing has proven to be a useful tool for studying this small-scale struc-
ture. Much of the attention has been given to detecting individual dark matter subha-
los through lens modeling, but recent work has suggested that the full population of
subhalos could be probed using a power spectrum analysis. In this paper we quantify
the power spectrum of small-scale structure in simulated galaxies, with the goal of
understanding theoretical predictions and setting the stage for using measurements of
the power spectrum to test dark matter models. We use a sample of simulated galaxies
generated from the Galacticus semi-analytic model to determine the power spectrum
distribution first in the CDM paradigm and then in a warm dark matter scenario. We
find that a measurement of the slope and amplitude of the power spectrum on galaxy
strong lensing scales (k ∼ 1 kpc−1) could be used to distinguish between CDM and
alternate dark matter models, especially if the most massive subhalos can be directly
detected via gravitational imaging.
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1 INTRODUCTION

Dark matter is a key component of the standard model of
cosmology, but its fundamental nature remains uncertain.
In the standard Cold Dark Matter (CDM) model of cosmo-
logical evolution, structures form through the accretion and
merging of smaller structures. This bottom-up picture of
structure formation leads to dark matter halos that contain
substructure in the form of smaller, less massive subhalos.
Cosmological simulations make specific predictions about
the mass function and spatial distributions of this dark mat-
ter substructure (e.g., Springel et al. 2008; Boylan-Kolchin
et al. 2009; Fiacconi et al. 2016). These predictions depend
strongly on the type of dark matter particle considered. For
instance, moving from CDM to a warm dark matter (WDM)
model by decreasing the mass of the dark matter particle re-
duces the amount of substructure in galaxies (e.g., Götz &
Sommer-Larsen 2002; Lovell et al. 2014; Bose et al. 2017).
This difference provides a possible way to learn about the
fundamental nature of dark matter by observing the abun-

dance of satellite galaxies within the Local Group (see, e.g.,
Anderhalden et al. 2013; Governato et al. 2015; Schneider
2015).

In practice, the actual number of small dwarf galaxies
surrounding the Milky Way depends not only on the dark
matter physics, but also on the star formation efficiency in
small dark matter subhalos (e.g., Bullock et al. 2000; Ben-
son et al. 2002; Somerville et al. 2003; Behroozi et al. 2013;
Garrison-Kimmel et al. 2014; Brooks et al. 2013; Brook et al.
2014; Rodŕıguez-Puebla et al. 2017). While there are still
considerable uncertainties in the stellar content of small ha-
los, it appears plausible that dark matter halos below a cer-
tain mass threshold may be entirely devoid of stars (see, e.g.,
Dooley et al. 2017; Kim et al. 2017). Therefore, directly ob-
serving the substructure content of the Local Group at the
smallest scales is very challenging, although indirect meth-
ods based on the gravitational influence of small subhalos
on the Milky Way disk (Feldmann & Spolyar 2015), halo
stars (Buschmann et al. 2018), or stellar streams (Ngan &
Carlberg 2014; Erkal et al. 2016; Carlberg 2016; Bovy 2016;
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