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Abstract. The stellar radial profiles of disk galaxies are often observed to be truncated, or
anti-truncated in the galaxies’ outskirts. As of now, the literature about galaxy formation lacks
a model for the formation of observed anti-truncated stellar disks which is based on secular
processes. We present an attempt to fill this gap. We were able to model anti-truncated disks
in numerical SPH simulations of the formation of isolated galaxies. We will show that the stars
in the outskirts of the simulated galactic disk are on very eccentric orbits but were formed on
circular orbits at much smaller radii. We argue that a strong central bar is the main driver
of the formation of such a disk configuration. The model predicts that such outer stellar disks
should show very slow rotation, but high radial dispersion. If confirmed, their existence would
constitute galaxy disks of qualitatively very new kinematic properties.
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1. Introduction

The first studies of the spatial light distribution of disk galaxies found their radial
profiles to follow an exponential shape (de Vaucouleurs 1957; de Vacouleurs 1958; Free-
man 1970). As observations became more sensitive, broken exponential profiles had been
identified in most of the galaxies (e.g. van der Kruit 1979; Pohlen et al. 2004). These
can be either truncated (e.g. Pohlen et al. 2002) or anti-truncated. The latter have first
been observed by Erwin, Beckman & Pohlen (2005).

In Herpich et al. (2015) we used hydrodynamical simulations of galaxy formation in
isolated Milky-Way mass dark matter halos to reproduce the entire population of disk
profile shapes. In those simulations, the type of break depends on the initial angular
momentum (halo spin) of the baryonic component in the simulations. Halos with lots
of initial angular momentum end up hosting galaxies with truncated disk profiles, halos
with little initial angular momentum form galaxies with anti-truncated disk profiles. Pure
exponential profiles only occur in halos with initial angular momentum in a narrow range
between the respective regimes of broken disk profiles.

Due to the design of the simulations from Herpich et al. (2015) (isolated/non-
cosmological), the formation mechanism of the broken disk profiles must be secular,
i.e. internal to the host halo. The formation of truncated disk profiles due to secular
evolution has been achieved in simulations by Roskar et al. (2008) and in analytical
models by Dutton (2009). As of now, the formation of anti-truncated profiles could only
be attributed to external triggers (Younger et al. 2007; Kazantzidis et al. 2009; Roediger
et al. 2012; Minchev et al. 2012; Borlaff et al. 2014). For the first time we present a purely
secular mechanism that forms anti-truncated stellar disk profiles.
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Figure 1. Orbital evolution of a stellar par-
ticle, located outside the break radius in the
final simulation snapshot. The top and bot-
tom panels show the radial position and the
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Figure 2. Stellar trajectories in the Lindblad
diagram of the star from Fig. 1 (intermediate
black line) and eight other randomly chosen
stars, located outside the break radius in the
final simulation snapshot (thin colored lines).
The thick red line indicates the slope of con-

orbital energy of the particle respectively for
a period of 4-6 Gyr into the simulation. The
vertical dashed lines indicate the minima of
the radius.

stant Jacobi energy with respect to the galac-
tic bar’s pattern speed.

2. Forming anti-truncations

Here we show how the anti-truncation in one of our slowly rotating simulations is
formed. All star particles that comprise the disk outside the break radius in the final
simulation snapshot, are on very eccentric orbits. These stars were born at much smaller
radii and on mostly circular orbits. Thus we need to understand, how these stellar orbits
become eccentric and migrate to large radii.

Therefor we studied the evolution of the orbits of an individual stellar particle that
is located beyond the break radius in the final simulation snapshot. In Fig. 1 we show
the evolution of the radial position (top panel) and orbital energy (bottom panel) of
this stellar particle between 4 and 6 Gyr into the simulation. The orbit’s semi-major
axis grows considerably during this period. The minimum radius stays constant for each
orbit. This indicates that the star’s orbit becomes more eccentric. After 4.5 Gyr the star’s
orbital energy changes only at pericenter and thus its evolution approximately follows a
step function. Thus the star particle gains the energy necessary to migrate to large radii
at the center of the simulated galaxy.

The simulations with little initial angular momentum have strong bars. In particular,
they are stronger than those in the simulations with high initial angular momentum. In
the particular simulation that we analysed, the bar is long lasting with a constant pattern
speed €2, ~ 100 km s~ ' kpc™!. This introduces a non-axisymmetric perturbation to the
potential of the simulated galaxy, that is steadily rotating with a constant pattern speed.
In such a system, the Jacobi integral (or Jacobi energy) ey = e—£2,j is constant, where e
and j are the specific orbital energy and angular momentum of the stellar particle. Given
the constancy of e; and 2, particles trajectories, that are effected by the rotating bar in
the simulations should follow a constant slope in the e-j plane, also known as Lindblad
diagram Binney & Tremaine 2008. In Fig. 2 we show the trajectories in the Lindblad
diagram for the star from Fig. 1 (intermediate black line) and eight other stars that have
been randomly selected from those stars located outside the break radius (thin colored
lines). The thick red line indicates the slope of constant Jacobi energy. We see that there
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may be some horizontal evolution (constant e) but that any change in orbital energy e
dominantly obeys the slope of constant Jacobi energy with respect to the rotating bar.
We interpret this as a clear signature of the bar as the main driver for outward migration
of practically all stars that comprise the outskirts of the stellar disk which corresponds to
the shallow outer part of the broken exponential surface density profile of the simulated
galaxy.

3. Conclusion and observational predictions

We show that anti-truncated stellar disks can be formed via a purely secular mech-
anism. This mechanism is based on reoccuring interactions of stellar particles with the
rotating potential of a strong and long-lasting central bar. These interactions can drive a
substantial radial heating of stellar orbits accompanied by a growth in semi-major axis.
A substantial amount of stars experience such an orbit transformation and ultimately
make up the outskirts of the anti-truncated disk in the simulated galaxies.

The dynamics of stars in the outskirts of these disks give rise to very peculiar global
dynamics of the corresponding stellar disks, providing a potential observational test. The
average azimuthal rotational velocity of stars is up to a factor of four slower than that
expected of a rotationally supported disk comprised of stars on near circular orbits. The
radial velocity dispersion of all stars in the disk component of the galaxies exceeds the
value of the azimuthal and vertical velocity dispersion by almost an order of magnitude.
Thus, anti-truncated disks, formed via the proposed mechanism, are predicted to be
slowly rotating and anisotropic, particularly in their outskirts.
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