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Abstract: One of the most important challenges to the cold dark matter (CDM) model has been the striking disagreement between the dark matter density profiles predicted by CDM simulations and those measured by observational studies.  Existing observations, however, focus on disk galaxies, where the modeling and interpretation of the kinematics is controversial.  Tiny dwarf spheroidal galaxies surrounding the Milky Way potentially provide a much cleaner test of the theoretical predictions.  The observations required for such a study – velocities accurate to a few km/s for thousands of stars down to 22nd magnitude, or proper motions accurate to 30 micro-arcseconds – are beyond the capabilities of current telescopes, but will be within the reach of the TMT and GMT.  A reliable determination of the dark matter density profiles of even a few dwarf galaxies would have fundamental implications for the nature of dark matter.

Summary Table:

	Telescope
	Instrument
	# Nights
	Mode
	( range((m)
	(/((
	AO Mode
	FOV

	GMT
	GMACS
	9/galaxy
	any
	0.6-0.9
	6000
	None
	18’

	TMT
	WFOS 
	9/galaxy
	any
	0.6-0.9
	6000
	none
	9’

	GMT
	HRCam 
	1/gal/epoch
	any
	2.2
	N/A
	MCAO
	30”

	TMT
	IRIS/WIRC 
	1/gal/epoch
	any
	2.2
	N/A
	NFIRAOS
	30”


Scientific Motivation: 

The cold dark matter (CDM) model is now by far the dominant paradigm in cosmology and galaxy formation.  On large (Mpc) scales, the theory is in excellent agreement with a wide variety of data.  But on smaller scales, the observations and the theory appear to diverge.  In particular, intensive study has been directed at three disagreements between theoretical predictions and the real universe: the missing satellite problem, the angular momentum problem, and the cusp/core problem.  The recent discovery of large numbers of extremely faint dwarf galaxies around the Milky Way, which points to the likelihood of an even larger population of even fainter systems, goes a long way toward lessening concern over the first issue, and computational advances are slowly resolving the second.  The question of whether dark matter halos actually contain the predicted central density cusps, however, has proved more stubborn.

Current state of the art density profile measurements involve obtaining two-dimensional velocity fields of low-mass disk galaxies and then attempting to determine the range of mass models that are consistent with the data.  A number of systematic problems, including the presence of non-circular motions and unknown stellar mass-to-light ratios, have rendered the results of these studies controversial. The most that different authors have been able to agree on is that real galaxies seem to exhibit a wide variety of density profiles, with some galaxies consistent with central cusps and others appearing to contain constant-density cores (e.g., Simon et al. 2005; Kuzio de Naray et al. 2008).  But how many galaxies fall into each category and what these results imply about dark matter remains an active area of debate.  Furthermore, the systematic uncertainties make it unclear whether the observations are actually measuring the true density profiles.

 Local Group dwarf spheroidal (dSph) galaxies potentially offer a cleaner laboratory in which to measure dark matter density profiles.  They are much more dark matter-dominated than more massive disk galaxies and they contain no gas, so the complications of baryonic physics can largely be avoided.  The goal with dSphs is to use the Jeans equation to derive the density profile directly from the stellar distribution (r*) and kinematics (sr2):
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The difficulty with this approach is that the mass distribution, M(r) or r(r), is degenerate with the anisotropy of the stellar orbits, b(r), and with limited samples of stellar velocities it is not possible to determine the density profile uniquely.

Approach: 

A GSMT offers two paths to breaking this degeneracy.  The first is to harness the power provided by the sheer number of stars for which radial velocities can be measured with a 25-30 m telescope.  Instead of the samples of 1000-2000 stars per galaxy that are currently accessible with Keck or Magellan, up to 10,000 stars in a single galaxy could be observed by the TMT or GMT.  In Figure 1, we show the uncertainty on the measured slope of the central density profile (assuming that the inner density profile is approximately a power law, r ~ r-g) as a function of the number of radial velocity measurements (for a median velocity uncertainty of 3 km s-1).  With 1000 stars, the uncertainty on g is ~0.5, which means that a g = 0 core and a g > 1 cusp cannot reliably be distinguished.  Radial velocities must be obtained for more than 5000 stars in order to provide a detection of a cusp or a core at greater than 4 s significance.

The alternative is to determine the full orbits of stars in nearby dSphs with proper motion measurements.  Combining proper motions and radial velocities yields a direct measurement of the stellar velocity anisotropy, breaking the degeneracy in the Jeans equation and allowing the density profile to be derived (Strigari et al. 2007).  The density 
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Fig. 1 –  Uncertainty on the density profile slope (red curve) as a function of the number of radial velocity measurements.  The dashed blue line represents a slope uncertainty of 0.25.  Current data sets typically contain ~1000 stars, leading to an uncertainty on the slope of the inner density profile of ~0.5, insufficient to distinguish a cusp from a core.  Velocity measurements for 5000 stars would improve the constraint on the density profile slope to ~0.25, allowing cores and cusps to be differentiated at the 4 s level, and with 9000 stars a 5 s detection of a cusp or core could be made.

profile constraints that can be obtained from astrometry are compared to constraints from radial velocities alone in Fig. 2.

Limiting Factors and the Current State of the Art: 

The limiting factor for radial velocity measurements is simply sensitivity.  Using the DEIMOS spectrograph at Keck, we have demonstrated that we can measure radial velocities at the required accuracy of better than 3 km s-1 for stars in dSphs as faint as R=21.2.  But with 5” minimum slit lengths, 16’ of slit real estate, and modest surface densities of targets, observations are usually limited to ~100 stars at a time.  Obtaining 

this accuracy at R=21.2 requires an exposure of 2.5 hours at Keck, limiting the total number of velocity measurements to ~300 per night (Simon & Geha 2007).  
The fundamental limit for astrometry measurements at Keck is angular resolution.  Using LGS AO, Andrea Ghez and collaborators have reached astrometric accuracies of 150 mas, which translates to a velocity of ~70 km s-1 at a distance of 100 kpc.  Since internal 

velocities in dwarf galaxies are of order 10 km s-1, these measurements are obviously far

from what is needed to measure stellar orbits in dSphs.  Cameron et al. (2008) have recently achieved somewhat better results at Palomar (100 mas for stars brighter than Ks =

13), although these were made in more favorable conditions (a globular cluster with a
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Fig. 2 – Constraints on the density profile slope and the velocity anisotropy that can be derived in a dwarf galaxy for various combinations of velocity measurements and astrometry.  The left panel shows the 1 s and 2 s confidence intervals for a sample of 1000 radial velocities, typical of current data sets.  The density profile is essentially unconstrained over the region of interest.  The middle panel illustrates the dramatically improved confidence intervals for a much larger sample of 10000 radial velocities that could be obtained with the TMT or GMT.  The right panel demonstrates the results for 200 proper motion measurements combined with 1000 radial velocities.
very high stellar surface density).  Measuring velocities with an accuracy of 5 km s-1 at a distance of 100 kpc translates to an astrometric accuracy of 11 mas yr-1.  Over a 3 year time baseline, then, the required accuracy is ~30 mas.  Extrapolating from the Palomar results, the increase in diameter afforded by GMT or TMT should improve the positional accuracy by a factor of 5-6, and the larger collecting area will allow observations of stars ~3 mag fainter.

Technical Details: 

Radial velocity measurements with the GMT or TMT would be carried out exactly as they are today with multi-object spectrographs such as DEIMOS at Keck.  Slit masks allow up to ~12 stars to be targeted per 1’ of slit length available, so as many as 108 or 216 stars could be observed simultaneously with WFOS or GMACS.  In practice, for observations of low surface brightness dwarf galaxies, one is only likely to be able to fit 75 (150) high priority target stars on each WFOS (GMACS) mask.  Extrapolating from DEIMOS measurements, the necessary integration time to reach S/N = 10 per pixel at R=21.2 (allowing velocity measurements with uncertainties smaller than 3 km s-1; Simon & Geha 2007) is 18 minutes for WFOS and 66 minutes for GMACS.  Allowing for 10-15 minutes of overhead for slit mask alignment, it should be possible to observe as many as 18 masks (1350 stars) per night with WFOS and 10 masks (1500 stars) per night with GMACS.  Including 10% contamination and 10% repeat measurements for tests of systematics, observing 5000 stars in one dSph would take 4-5 nights of telescope time, and 10000 stars would take 8-9 nights of telescope time (see Fig. 1 for the corresponding constraints on the density profile slope).

The amount of time needed for astrometric measurements is more difficult to determine, but using the results of Cameron et al. (2008) as a guide, the total integration time needed is expected to be rather short.  Cameron et al. obtained ~500 images per epoch with an exposure time of 1.4 s per frame.  Since these observations may be pushing the limits of what is possible with ground-based astrometry, higher S/N than Cameron et al. obtained (and therefore larger numbers of frames) will probably be desirable.  In order to determine the behavior of the stellar velocity anisotropy as a function of radius, at least ~3 fields per galaxy should be observed.  Thus, roughly speaking it appears that no more than 1 night should be needed to obtain one astrometry epoch for a galaxy, although considerable uncertainty is attached to this estimate.  To make a firm detection of internal orbital motions in a dwarf galaxy, 3 epochs are necessary, with the overall temporal spacing dependent on the ultimate astrometric accuracy that can be achieved; we assume that 3 years will be a typical time baseline for the measurements.    

Preparatory, Supporting, and Followup Observations: 

Photometry needed to select targets for spectroscopy has largely already been done, although wider-field imaging of some dSphs (employing any of the numerous existing large area cameras on 4 m-class telescopes) would be helpful.  

Establishing an appropriate reference frame for the extremely accurate astrometry measurements requires a set of relatively bright background quasars to be located.  In some cases, suitable quasars have already been identified by the teams using HST to measure the overall orbital motion of various dSphs around the Milky Way (e.g., Piatek et al. 2007).  Multicolor imaging and followup spectroscopy to find more such quasars would likely take ~5 nights on a 4 m-class telescope.  
Anticipated Results:
The observations described here would produce large kinematic data sets that would allow us to derive the stellar velocity anisotropy profile and the density profile of the dark matter halo for several Milky Way dwarf spheroidal galaxies.  Based on our projections shown in Figures 1 and 2, we will be able to distinguish central density cusps from cores in the density profiles, providing a conclusive test of an important prediction of the CDM model.

Requirements and Goals Beyond the GMT and TMT Baseline Instrument Designs:

The only required capability for the radial velocity measurements is a wide-field optical spectrograph that can reach R=6000.  As presently envisioned, WFOS will meet this requirement; it is not yet completely clear what the highest resolution for GMACS will be, but the current plans appear to be close to what is needed.

The requirement for the astrometry is for a near-infrared imager with full AO correction over as wide a field of view as possible.  The exact size required depends on the stellar surface density in the planned target galaxies and on the positions of the quasars behind the targets (which have not necessarily been identified yet; see above).  The 30-40” fields of view expected for WIRC on TMT and HRCam on GMT should be sufficient, although even larger fields would of course be desirable.    

In principle, the astrometry measurements necessary for this project could be obtained with SIM instead of a giant ground-based telescope, but the target stars are faint enough that they would be pushing the limits of that mission.  Given the uncertain future of SIM at this point, it is reasonable to assume that TMT/GMT are likely to have the first opportunity to pursue astrometric studies of the internal kinematics of nearby dwarf galaxies.

Summary: 

CDM simulations predict that all dark matter halos should share a universal, cuspy density profile, but observational searches for such density profiles in nearby galaxies have produced controversial results and many claims of non-cuspy profiles.  We propose a cleaner test of the shape of dark matter density profiles using dwarf spheroidal galaxies around the Milky Way.  Giant telescopes such as the GMT and TMT will be able to measure dSph density profiles both by expanding stellar radial velocity data sets from ~1000 to ~5000-10000 stars and by allowing astrometric determinations of the stellar velocity anisotropy.  Obtaining such observations for even a small sample of dwarf galaxies will have fundamental implications for the nature of dark matter.  If dark matter is cold then cusps must be present, so if cusps are not found one or more of the basic properties of the dark matter particles must be different from what is assumed in ordinary cold dark matter models.
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