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Two well studied dwarf galaxies, NGC 3109 and NGC 6822, present some of the strongest
observational support for a flat core at the center of galactic dark matter halos. In a recent
paper (Valenzuela et al. 2007) we have shown that the rotation curves of these two galaxies
are quite compatible with their halos having steep cuspy density profiles. The rotation curves
in the models are measured using standard observational techniques. Since it is apparent that
the rotation curves can be fit equally by cored or cuspy dark matter distributions, we have
sought additional information to distinguish between the two models. We examine the HI
data on which the rotation curve analyses are based and demonstrate that the amplitude and
spatial distribution of non-circular motions is consistent with the presence of a bar seen in the
optical data and hence the cuspy dark model is favored.

1 Introduction

Cosmological models based on the inflationary paradigm, cold dark matter and dark energy
(ΛCDM) are very successful in explaining the large-scale structure of the universe (Spergel
etal. 2003). However, one of the most persistent problems the model faces is the apparent
incompatibility of galaxy kinematics with the structure of dark matter halos predicted by the
model. Cosmological N-body simulations predict halos with a central cusp (Navarro et al 1997,
NFW). Because low surface brightness galaxies and dwarf galaxies are considered dark matter
dominated at all radii, they have been used to measure the properties of dark matter halos.
Observational data for these galaxies seem to favor dark matter halos that have a core.

The solution to this problem lies in understanding the uncertainties in measurements. In
some cases cuspy dark matter profiles provide acceptable fits in other cases the cusps are prob-
lematic. It is essential to carefully model and understand the systematic errors in order to decide
whether there is a conflict with cosmological predictions.

Recent analyses of high resolution hydrodynamical simulations of dwarf galaxies (Valenzuela
et al. 2007) show that the cold gas can rotate slower than the circular velocity due to the
combined effects of stellar feedback and a weak bar. It was also found that the gas rotation and
the stellar rotation are quite comparable in the central regions.



2 A Case Study; NGC 6822

We have chosen to study this galaxy because in its case the discrepancy with cosmological
predictions is so large that is seems impossible to explain the observed kinematics with a cosmo-
logically motivated halo. NGC 6822 is a local group member that has been the subject of high
resolution studies. It is the third nearest dwarf irregular after the LMC and the SMC. Although
the galaxy is classified as barred this fact has been neglected in the dynamical analysis. The
stellar distribution shows a short but rather strong bar. The distribution of starlight in the the
central ∼ 1.5 kpc is misaligned with HI at large radii. Hodge (1977) and Cioni and Habing
(2005) give the position angle of the bar is 10◦, while the position angle of the HI disk is 125◦

(Weldrake et al. 2003). They find that a model of NGC 6822 with a realistic dark matter halo
gives an outstanding bad fit: χ

2 = 1200.

We have fit N-body models to the rotation curve of NGC 6822. The simulations were made
with the parallel adaptive refinement tree code (Kravtsov et al. 1997). Initially the models have
two components, an exponential disk and a dark matter halo with an NFW density profile. We
evolved the models for many disk rotation periods and they developed bars. We then scaled the
models linearly in velocity and spatial coordinates to get the best fit to the data for NGC 6822
namely: the rotation curve, the observed galaxy position and angle and inclination as a function
of radius. These observables were measured for the model by fitting a tilted ring model to the
nbody ’data’.

After fitting the model to the data we can derive parameters for the best fit dark matter
halo. The halo has a virial mass of 3.4 × 1010

⊙ . The model has a disk mass of 109 M⊙. The
halo has a concentration Cvir = 22 consistent (to within 1σ) with the concentration of halos
measured in cosmological simulations Eke et al. (2001).

Our work (Valenzuela et al. 2007) shows that it is indeed possible to reconcile the rotation
of curves of local group dwarf galaxies with cuspy dark matter halos if one takes into account
the effects of non circular motions induced by a bar, projection effects and gas pressure support.
These effects combined lead to a large underestimation of the circular velocity in the central
∼ 1 kpc region creating the illusion of a constant density core.

The data are thus consistent with the presence of a cuspy or cored dark matter halo de-
pending on one’s assumption for the amplitude of non-circular motions and projection effects.
We now turn to the HI data of NGC 6822 to determine the amplitude of non-circular motions
in the cold gas used to determine the rotation curve.

3 Non-Circular Motions in the HI data of NGC 6822

Weldrake et al. (2003) present a high resolution rotation curve of NGC 6822. The best curves
have an angular resolution of 8 arcsec or 20 pc. The data were obtained with the Australia
Telescope Compact Array and reduced using the MIRIAD data reduction package. The reduced
data have a velocity resolution of 1.km/s/s. W. de Blok has very kindly made the data available
to us. We have used what they term the B12 data cube which has a beam size of 42.4 × 12
arcseconds and a pixel size of 4 × 4 arcseconds.

We have analyzed the data using the standard tilted ring analysis. We have paid particular
attention to the residuals from the best fit tilted ring model. The radial velocity of the gas was
measured in two ways. Firstly we determined the intensity weighted velocity at each location
on the sky. Secondly we determined the maximum measurable velocity at each location on the
sky. This is sometimes referred to as maximum envelope tracing. We define the maximum
velocity to be the velocity measured at the point where the signal to noise is 3σ. The basis for
doing this is that when viewing a disk inclined to the line of sight, the tangential velocity of the
gas (i.e. the rotational velocity) is the largest measured velocity along the line of sight. The



Figure 1: Spectrum of the HI gas along a line of sight in NGC 6822.The intensity weighted mean velocity is
-24.3km/s while the maximum envelope tracing velocity is -36.8km/s

difference between these two methods is quite substantial as is seen in Figure 1. Figure 2 shows
the residuals in the data after the maximum envelope tracing model has been subtracted. One
can clearly see the presence of a bar. The residuals appear to form a structure with position
angle ∼ 20◦, close to the position angle of the optical bar. The residuals are as large as 30km/s
in the region of the bar, but much lower along the major axis of the galaxy (of order 3km/s).

The non-circular motions are also clearly visible in the central parts of the galaxy if one uses
the intensity weighted velocities to estimate rotation. Figure 3 shows the residuals estimated
using a tilted ring model fit using intensity weighted velocities.

The rms deviations from the tilted ring fit are of order 12km/s. The deviations are clearly
non-gaussian, so just measuring the rms does not tell the whole story. It is clear from these
residual maps that there are systematic gas motions in this galaxy that are associated with a
bar. This supports our contention that the bar cannot be ignored in the analysis of these data
if one wishes to obtain a reliable rotation curve for the central parts of this galaxy.

Figure 2: Velocity residuals after the rotational velocity has been subtracted from the data. The rotational
velocity was computed using the maximum envelope tracing method.



Figure 3: Velocity residuals after the rotational velocity has been subtracted from the data. The rotational
velocity was computed using intensity weighted velocities

Acknowledgments

This research was funded in part by NSF grant # AST2602363

References

1. M.R.L. Cionni and H.J. Habing, A&A 429, 837 (2005)
2. V. Eke, et al, ApJ 554, 114 (2001).
3. A. Kravtsov et al, ApJS 111, 73 (1997).
4. P. Hodge, ApJS 33, 69 (1977).
5. J. Navarro, et al, ApJ 490, 493 (1997).
6. D. Spergel, et al, ApJS 148, 175 (2003).
7. O. Valenzuela, et al, ApJ 657, 773 (2007).
8. D.T.F. Weldrake et al, Mon. Not. R. Astron. Soc. 340, 12 (2003).


