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Introduction
Pre-protostellar cores are dense, cold regions in molecular cloud complexes, but do not show any signs of having an internal source of luminosity. They are “starless cores”, and it is thought that they represent an evolutionary stage immediately before a protostar is formed.

Observations

The J=1-0 rotational line spectra at 93.17 GHz of NNH+ (Diazenylium) was observed in three such starless cores. The spectra were obtained at the Nobeyama 45 meter Radio Telescope in Japan on April 25 and 26 of 2004. The instrument used, called BEARS, is a 5x5 array of SIS double sideband receivers. The separation between receivers is 41.1”. The array was dithered and rotated with respect to the objects observed such that the final maps consisted of 100 spectra spaced at 20.55”. At this frequency the beam size was 17.8”, and the velocity resolution was about .12 km/s. The rms noise on the spectra was about .11 K.

The Three Cores


The three observed cores were Lynds 1498, Lynds 1512, and Lynds 1544. All three are located in the Taurus-Auriga molecular cloud complex. The Taurus-Auriga molecular cloud is one of the closest star forming regions observable in the Northern hemisphere, and the isolation of its star forming regions makes it an excellent place to observe star formation with few complications due to turbulence. 


The central densities of the cores were determined based on the best fit Bonner-Ebert spheres for the 850 micron dust continuum emission, which was obtained previously. L1498, L1512, and L1544 have central densities of 104 cm-3, 105 cm-3, and 106 cm-3 respectively. It is hoped that they represent an evolutionary sequence. The coordinates for the three pre-protostellar cores are found in Table 1.

NNH+


The spectra of molecular tracers can yield essential kinematic information useful when constraining models of star formation. In particular, diazenylium has some interesting characteristics. Firstly, its rotational spectrum is observable because the molecule has an electric dipole moment. Diazenylium’s rotational spectrum reflects that it is a linear molecule; energy levels scale as J2 and frequency of transitions scale as J. Diazenylium spectra also show hyperfine structure, which is due to the interaction between the nuclear electric quadrupole moment and the electric field gradient of the molecule at the position of the nucleus. Because NNH+ has two nitrogen nuclei, it requires three quantum numbers to describe its state. The hyperfine splitting occurs twice, once for each nucleus. For the J=1-0 transition, there are seven hyperfine transitions allowed by the selection rules. For the J=3-2 level, there are 45 allowed transitions. The J=2-1 level is not observed due to atmospheric interference. 


NNH+ is thought to be particularly suited for use in determining the column density of the core.  Due to the presence of nitrogen, diazenylium only ‘freezes out’ (attaches to dust grains) at extremely low temperatures, much lower than the temperatures of other molecular tracers, e.g. CO. Thus we can still use a tracer at temperatures of about 10K, the modeled temperature at the center of pre-protostellar cores that are shielded from the Interstellar Radiation Field. Due to its chemical characteristics and surveys of starless cores, it has been assumed that NNH+ is a good tracer for the total column density of these cores. However, the surveys were taken with a beam size of approximately 40”, and the results have not been checked on smaller spatial scales.

Column Density

The column density can be determined from SCUBA dust continuum emission (obtained at the JCMT, see Shirley 2002) as a comparison for our NNH+ column densities. Assuming an isothermal dust shell, optically thin radiation, and a constant dust opacity, the column density as obtained from the 850 micron dust continuum emission is N = S / B(T)μmκΩ where S is the flux density, B(T) is the Planck function at temperature T, μ is the mean molecular weight, m is the mass of a hydrogen atom, κ is the mass opacity of the dust per gram, and Ω is the solid angle of the aperture (Shirley 2002).

The column density map was also calculated using the NNH+ spectra by finding the integrated intensity. Assuming an isothermal core, optically thin radiation, that the gas and dust are thermally coupled, a constant abundance of the tracer through the core, and that all levels are in local thermodynamic equilibrium, the total column density as derived from the radiation temperature of the molecular emission line is N(x) = (3kQeE/kT / 8π3νμ2J) ∫ Tr dν where k is Boltzmann’s constant, Q is the partition function, E is the energy of the level, T is the excitation temperature, ν is the frequency, μ is the dipole moment, and Tr is the radiation temperature (Lee et. al. 2003).


Figure 1 shows a comparison of the column densities derived from the dust continuum and those derived from the NNH+ flux. The NNH+ derived column density traces the dust column density very well. The shape and aspect ratios of the cores are matched, as are the central positions. The column density appears quite flat, and shows little signs of a central density plateau or cusp. It appears that the assumption that the NNH+ traces the total density is true even on these smaller spatial scales.

Optical Depth Correction


The column densities shown above were not corrected for optical depth. Optical depth corrections may change the central density, and the densities given are lower limits. The optical depth can be calculated when the strongest hyperfine component saturates, causing the ratio between the height of the optically thick main component to the optically thin satellite lines to decrease. After interactively fitting Gaussians to the hyperfine components, the optical depth was calculated using Tm/Ts = 1-e-τ  / 1-e-aτ  where Tm is the antenna temperature of the main component, Ts is the antenna temperature of the satellite component, a is the theoretical ratio determined by quantum mechanics, and τ is the optical depth. To correct column density, the equation used is N_thick = N_thin * τ / (1-e-τ). However, due to the sensitivity to error in the line height measurement, a factor of about sqrt(3) better signal to noise is needed to calculate optical depths with reasonable errors. Central position optical depths were calculated using only the isolated hyperfine component to minimize the effects of anomalous hyperfine structure and line blending. L1544 had a central optical depth of 4.31 +2.9 – 1.2, L1512  was .78 +.99  -.78, and L1498 was 2.74 +1.8 -1.1.

Abundance


An assumption often made in models of pre-protostellar cores is that the abundance is constant with radius. Some chemical models suggest that depletion might occur in the central 20” of cores with densities of 106 cm-3, such as L1544. However, no evidence was seen for this in our observations, and the abundances remain nearly constant out to the largest radii observed.

Dispersional Velocity


The velocity dispersion in the lines is obtained from the line width. The velocity dispersion is constant for all three cores out to the radii we observed. There is no evidence for the dissipation of turbulence.

Blue Asymmetry


A blue asymmetry was observed in the spectra of the central positions of L1544. This could be evidence of an outflow, or, more likely, of core collapse. A plot of the positions in which the blue asymmetry was observed can be found in Figure 2.

CSO Observations of the NNH+ J=3-2 Transition


The three cores were observed at the 279.5 GHz J=3-2 transition of Diazenylium at the Caltech Submillimeter Observatory on Mauna Kea. There was no detection for L1498, a 4 sigma detection for L1512, and an 11 sigma detection for L1544. An increase in line strength with increased density was expected.

Conclusion


Diazenylium was found to be an excellent total density tracer. However, more observations are needed as the optical depth corrections were impeded by the rms noise on the spectra, anomalous hyperfine structure, and blending. Abundances of NNH+ were found to be constant, with no evidence of depletion in the center of the cores. Also, velocity dispersion was found to be constant with radius with no signs of dissipation of turbulence. A blue asymmetry was observed at the center of L1544, which may indicate collapse.
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Figure 1
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Figure 2
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