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Simulating the Milky Way is hard
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Abstract. The formation of the Milky Way in the currently accepted concordance cosmology presents a
couple of pitfalls. Mostly, these involve the much reported overcooling problem. If gas is allowed to cool, it
will condense into massive central concentrations unlike any observed in real galaxies. These concentrations
are characterized by a high central peak in the rotation curve and a rise in the surface brightness profile
much steeper than the exponentially increasing disk. Such galaxies may contain no disk component and
form many more stars than predicted by abundance matching studies.

1. INTRODUCTION

There are four major problems with the galaxies formed in fully cosmological simulations:
– They form too many stars [1]
– Their rotation curves are too centrally peaked
– They have high central surface brightnesses
– Bulge-to-total ratios are high for every L∗ galaxy ever simulated

The evidence for simulations forming too many stars comes from recent studies using the abundance
matching technique. To lay the groundwork for this technique, Conroy et al (2006) rank ordered halos
by total halo mass from collisionless simulations and then did a rank ordering of galaxies based on
their stellar mass from the Sloan Digital Sky Survey [2]. The halos and galaxies were then divided in
several mass bins. Conroy et al (2006) found that the correlation functions between halos in certain
mass bins were well matched by the correlation functions of galaxies in corresponding stellar mass
bins [2]. Several groups used this abundance matching technique to compare total halo masses with
galaxy stellar masses [1, 3, 4]. Similar comparisons of stellar mass and total halo mass have been done
based on satellite dynamics [5, 6] and weak lensing [7]. For a comparsion of all these techniques, please
see Figure 11 of Behroozi et al (2010) [4]. Each method shows a good level of correspondence. Guo et
al (2010) and Sawala et al (2011)showed that nearly all the simulations of galaxy formation have formed
many more stars than abundance matching predicts [1, 8].

The excess star formation and the other three problems are all symptoms of the overcooling
catastrophe. Fully cosmological numerical galaxy simulations consistently contain an excess of low
angular momentum material [9–11]. This is evident in the central peak in rotation curves in simulated
galaxies as well as in their surface brightness profiles. van den Bosch et al (2002) showed that this
excess low angular momentum material is the natural result of gas being accreted with the same
angular momentum profile as dark matter [12]. Consequently, this low angular momentum material
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needs to be removed from the center of the system. Dutton et al (2009) showed that as simple model for
supernova feedback can remove the central concentration analytically [13]. Brook et al (2011) showed
that high resolution simulations of dwarf galaxies can accomplish this task [14]. However, reproducing
the resolution of those simulations in a Milky Way mass galaxy are currently infeasible with current
computers.

There is general agreement that feedback is the way to solve these problems [15, 16]. Two methods
are commonly used. One is kinetic feedback that adds velocity kicks to gas particles to remove them
from the inner regions of galaxy disks. The other is thermal feedback in which stars simply heat gas
particles and allow the PdV work of the particles push other gas out of the way. Since stars form in
dense regions, the cooling times are short. There are few other methods available to simulators to push
gas out of the central regions of galaxies.

Kinetic feedback is another alternative. It was described in Navarro & Steinmetz (1997) [17], and
many simulations currently use the method described in Springel et al 2003 [16, 18–22]. That method
ejects a gas particle or two every time another gas particle gets turned into a star. Particles are given
velocities of either an observationally motivated fixed value like 400 km s−1 or a value corresponding
to vesc of the halo to which that particle is a member. Springel et al (2005) found that the removal of
particles and high cooling rates lead to dramatically unstable disks when the disks were dominated by
gas, so they fixed the equation of state to P ∼ �2 in high density regions, which provides significantly
more pressure support and thus disk stability than the P ∼ �5/3 ideal gas equation of state used
commonly in simulations [23].

Resolution remains a problem for modeling feedback. State-of-the-art simulations model galaxies
with a million gas particles inside rvir . This means that each gas particle has a mass of 105 M� in the case
of an L∗ galaxy such as the Milky Way. Stars are formed with some fraction of this mass, so each star
particle represents more than 104 M�. In reality, such a mass of stars would be comprised of multiple
energy sources each isotropically irradiating a small part of the interstellar medium. We know that the
fraction of gas converted to stars is small during the free fall time of the gas [24].

In addition to mass resolution, it is difficult to spatially resolve feedback processes. For a halo to
dynamically relax over the age of the Universe, the gravitational softening length cannot be smaller than
rvir/

√
Nvir [25]. For 106 particles within rvir , this means softening lengths of 200 pc. Molecular clouds

are 10 pc and all the shocks and intricate features inside them are much smaller.
One of the reasons that energetic feedback is necessary in simulations is the limited time resolution.

The limited time resolution contributes to the cooling catastrophe. Since fully cosmological simulations
must run for 13.7 Gyr, the age of the Universe, maximizing the length of timesteps to limit the number
of timesteps that must be calculated is desirable. Timesteps must be small enough to resolve the
gravitational and hydrodynamics. The dynamical condition for timesteps is �t = √

ε/a, where ε is
the gravitational softening length and a is a particle’s acceleration. The most accelerated particles are
typically at the centers of galaxies where their orbits enclose 1010 M� inside 2 kpc. a = GM/R2, so
�t ∼ 104 yrs. The hydrodynamic Courant condition is �t = hsm/cs . Hot, dense gas has the shortest
timesteps.

One of the major issues with SPH is that the primary smoothed quantity is density, which is averaged
over a selected number of nearest neighbors (Nsmooth). Typically, Nsmooth > 32. In the simulation with
106 particles inside rvir , that is 3.2 × 106 M� inside 500 pc, which is more gas than would ideally be
heated. If all the gas is not heated, then the cooler particles at high density will dominate the density
calculation. The cooling times for such high density particles from 106 K are shorter than the typical
dynamical times for the particles, so the hot particles never have a chance to adiabatically expand.

A couple of solutions have been proposed to deal with this issue. Ritchie and Thomas (2001) smooth
over pressure instead of density [26]. In the case of one 106 K particle nearby 31 104 K particles at
n = 10 cm−3 the resulting density is only a factor of 3 lower than using normal density smoothing, so
the cooling time is only lengthened from 104 yr to 3 × 104 yr, which is still shorter than the typical
dynamical time. Scannapieco et al (2006) described a scheme to calculate densities of high and low
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Assembling the Puzzle of the Milky Way

Figure 1. Two common symptoms of overcooling in galaxy formation simulation of a Milky Way mass galaxy:
a centrally peaked rotation curve and a higher stellar mass than what is predicted by abundance matching studies.
These plots show that increasing feedback is not guaranteed to fix these problems in Milky Way mass galaxies.

entropy particles separately [27]. This method has shown some promise at forming disks [28, 29] and
dwarf galaxies [8, 30], but It is difficult to know when to move such particles from the low to the high
entropy classification and back.

Most cosmological SPH simulations only inject energy from supernovae explosions [11, 28, 31].
Such simulations ignore the early radiation generated by massive stars. Hopkins et al (2011) introduced
a scheme that uses this energy [32]. The scheme uses extremely large numbers of particles.

2. STAR FORMATION AND FEEDBACK

The simulations shown here use a common star formation recipe described in Stinson et al (2006) [33].
Stars feed both energy and metals back into the interstellar medium gas surrounding the region where
they formed. Supernova feedback is implemented using the blastwave formalism described in Stinson
et al (2006) [33]. In this, Type II supernovae are assumed to explode due to the core collapse at the end
of lifetime of stars greater than 8 M�. In MUGS, supernovae deposited 4 × 1050 erg of energy into the
surrounding medium. Here, we try increasing the feedback, so that ESN is 1 × 1051 erg. It is assumed
that the rapid cooling will take care of reducing the efficiency of this feedback. The MUGS simulations
utilize a stochastic feedback scheme that requires each episode of energy input to include at least 20
supernovae worth of energy. Here, we reverting back to the Stinson et al (2006) method that released
limited amounts of energetic feedback continuously.

3. RESULTS

Figure 1 shows two common symptoms of overcooling in galaxy formation simulation of a Milky Way
mass galaxy: a centrally peaked rotation curve and a higher stellar mass than what is predicted by
abundance matching studies. Two new simulations of the same initial conditions modeled with stronger
supernova feedback are shown in comparison with the MUGS simulations. The models with stronger
feedback show a moderate decrease in the total amount of star formation, but not enough to lower the
star formation to the amount seen in abundance matching. The higher feedback simulations also create
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more mass in the centers of galaxies than MUGS did, causing an even higher central peak in the rotation
curve. These plots show that increasing feedback is not guaranteed to fix the problems we find when
simulating Milky Way mass galaxies.

4. CONCLUSIONS

Simulations have trouble reproducing Milky Way mass disk galaxies because of overcooling. Much
angular momentum is lost and gas cools into the centers of simulated galaxies where it forms a lot of
stars. Such a galaxy exhibits a rotation curve that steeply rises to the center and more star formation
than is predicted by a range of observations of halo and stellar masses. We attempted to increase the
supernova feedback in some simulations and did not find a resolution to these problems, so we continue
searching for a physical mechanism that will correctly form a Milky Way mass galaxy.
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