The turbulence structure in molecular clouds

V. Ossenkopf1, M.-M. Mac Low2, F. Bensch1, J.Stutzki1

1 1. Physikalisches Institut der Universität zu Köln;^2 American Museum of Natural History, New York

Motivation

In order to reveal the turbulence structure of molecular clouds, systematic comparisons between observational signatures of turbulence and simulations of the physical processes driving the formation and evolution of cloud structures are required.

The comparison has to rely on some statistical measures for the scaling of the density and the velocity structure that can be determined both in observational data and turbulence simulations. We want to test several structure analysis tools providing means for such a comparison with respect to their sensitivity to changes in the turbulence model and to observational distortions to judge their suitability to disclose reliably the molecular cloud turbulence.

Finally, observational data and numerous turbulence models have to be compared and the turbulence simulations have to be iteratively improved to reveal the dynamical state of the molecular clouds.

Observational data

• MCLD 123.5+24.9 in the Polaris Flare, a high latitude, translucent cloud without star formation • Maps in various CO isotopes taken with different resolutions at the CfA 1.2m telescope (Heithausen & Thaddeus 1990), the KOSMA 3m telescope (Bensch et al. 2000), and the IRAM 30m telescope (Falgarone et al. 1998)

CO maps of the three nested data cubes of MCLD 123.5+24.9 used in the analyses

Turbulence simulations

• hydrodynamic or magnetohydrodynamic simulations • ZEUS-3D code (Stone & Norman 1992) on a 643 – 2563 grid • isothermal, supersonic turbulence • driven by Gaussian perturbations on a fixed scale or a range of scales • investigation of continuously driven models or decaying turbulence

Column density structure at four timesteps (τ_c – crossing time) in the simulation of decaying hydrodynamic turbulence

Statistical measures

The Δ-variance

The Δ-variance is an n-dimensional generalisation of the Allan-variance originally invented to characterise the drift of 1-dimensional signals. It measures the relative structural variation on a certain scale. Thus it can be used to determine the spatial scaling properties of arbitrary quantities.

Intensity scaling

The Δ-variance of an astrophysical map is computed by convolving the image with a “French hat” wavelet of varying diameter and measuring the variance of the result.

From the slope of the Δ-variance as a function of lag (filter size) we obtain the spectral index β of the power spectrum of the image, in a way which is more robust with respect to edge and gridding effects than the Fourier transform.

Velocity scaling

Like for intensity maps the analysis may as well be applied to the velocity centroid maps. The square root of the Δ-variance gives the spatial drift of the velocity structure in terms of a variation of the line position. It is thus an independent measure for the average line width at a certain radius.

A comprehensive introduction to the Δ-variance was provided by Stutzki et al. 1998.

The velocity PDF

The velocity probability distribution functions (PDFs) are clues regarding the character of the turbulence. Exponential wings indicate intermittency as produced by strong stellar winds, whereas Gaussian tails characterise random flows and decaying turbulence models.

The velocity PDFs are either measured by means of the average line profile tracing the full velocity distribution or as the distribution of velocity centroids only. In the first case all components along a line of sight contribute. This PDF depends critically on the depth of a cloud. In the latter case only the lateral variation of the velocities is measured. Thus, the comparison of both PDFs can reveal the cloud extend along the line of sight.

The size-linewidth relation

In contrast to the traditional size-linewidth relation (Goodman et al. 1998), we use virtual beams of different sizes to trace different length scales.

The map is scanned by virtual telescope beams of varying size. We

compute the average line width measured by the beams of one size.

As with the PDFs we can either use the full line width at each point or consider only the variance of the centroid velocities in the beam.

Δ-variance of the intensity maps

The Δ-variance σ^2_Δ of the three nested intensity maps. The spectral indices β

correspond to the solid lines including corrections for noise and beam smea-

ring

On the scale of a typical map most observations are reasonably fitted by a power law. On the global scale, however, we find a significant deviation from selfsimilarity. The spectral index β changes from 2.6 at large scales to 3.3 at small scales.

The centroid velocity maps

Square root of the Δ-variance of the velocity centroids. Beyond

3000^{′′} the centroid map is dominated by regions without measu-

rable emission so that the values are not significant there.

We find one smooth relation for the velocity drift connecting all three maps. The slope changes from 0.66 at the smallest scales to 0.46 at the end of the significant range, corresponding to β values between 4.3 and 3.9.

The velocity PDF

Total velocity PDFs as measured by the average line profile and centroid

velocity PDFs for the IRAM and CfA data. The velocity PDFs of the KOS-

MA data show an intermediate behaviour. The error bars are provided by the

possible influence of observational noise.

The PDFs are well represented by the superposition of two Gaussians with a width ratio of about 2. Only when the map size is comparable to the depth of the cloud, the total velocity PDF and the centroid velocity PDF agree.

The size-linewidth relation

Size-linewidth relations for the Polaris Flare data. The three

maps provide the three connected size ranges.

Only the size-linewidth relation for the centroid velocities can detect the spatial velocity drift on all scales. The relation for the whole line profiles is dominated by the cloud depth almost up to its full size.

For the centroid scaling we find a power law index of 0.5 covering all scales.

Results

• The Δ-variance shows that the Polaris Flare is not self-similar, both in the intensity and the velocity structure. This is only detectable when combining maps taken at different resolutions covering a very large dynamic range. The spectral index of the CfA intensity map agrees with that of other large scale maps. The high-resolution maps show a significantly steeper value. The obtained indices cover the range β = 2.6 − 3.4 for the density and 3.8 − 4.2 for the velocity structure.

• The size-linewidth relation is less sensitive to changes at certain scales than the Δ-variance. It shows a unique power law with the exponent 0.5.

• The width ratio of the two different velocity PDFs is a measure for the depth of a cloud along the line of sight. The Gaussian wings in the distributions for the Polaris Flare data provide no indication of strong intermittency in the molecular cloud turbulence.

Δ-variance of the column density

Δ-variance of the density structure in hydrodynamic models on a 128^3 grid continuously driven at scales indicated by the driving wavelength λ_d

Time sequence in a model of decaying hydrodynamic turbulence where the energy was initially injected at the largest scale

The scales of the energy input appear as prominent peaks in the Δ-variance. On small scales, structure is blurred by the artificial viscosity. Only driven models without strong magnetic field show a power law Δvariance below the driving length. The exponent corresponds to spectral indices between 2.45 and 2.75.

The centroid velocity maps

Square root of the Δ-variance of the centroid velocity maps for

the driven hydrodynamic models at the left. The driving length

scales are also well detected.

For isotropic turbulence the Δ-variance of the centroid velocity maps provides reasonable access to the 3-dimensional velocity structure. Below the characteristic length scale we find power law spectra with exponents corresponding to β = 3.6 − 4.2.

The velocity PDF

Comparison of the total velocity PDF and the centroid velocity PDF for a driven hydrodynamic model.

The centroid velocity PDFs of the driven hydrodynamic models discussed above.

The general relation between the two PDF types is similar to that found in the observed data. The simulations may be used to normalise their width ratio. Large scale driven models show irregular PDFs because of the small number of modes. Taking many models or models driven with smaller eddies, we find close to Gaussian wings for all simulated scenarios.

The size-linewidth relation

Size-linewidth relation for the driven hydrodynamic models dis-

cussed above.

For most models the size-line width relation can be approximated by a power law with an exponent between 0.4 and 0.6 independent from the evolutionary state or the magnetic field. Above the driving scale we find a flattening of the relation that might be detectable in corresponding observational data.

What is molecular cloud turbulence ?

• Until now we are not yet able to provide a turbulence simulation reproducing all characteristics of the observed structure. None of the models provides the same slope of the Δ-variance in the intensity structure as observed at small scales.

• However, the simulations can exclude several scenarios: decaying turbulence at evolved stages, turbulence driven at intermediate length scales, and situations with strong magnetic fields.

• The small curvature in all scaling relations obtained from the the Polaris Flare observations is only reproduced by models driven at the largest scale with no or weak magnetic field.

• Future investigations should include a systematic incorporation of self-gravitation and radiative transfer effects. The turbulence simulations need a better understanding of the microphysics of dissipation, relating density and velocity structure to each other.

References

Bensch F., Stutzki J., Ossenkopf V. 2000, A&A submitted, see poster 39

Falgarone E., Panis J.-F., Heithausen A., Pérault M., Stutzki J., Puget J.-L., Bensch F. 1998, A&A 331, 669

Goodman A.A. Barranco J.A., Wilner D.J., Heyer M.H. 1998, ApJ 504, 223

Heithausen A., Thaddeus P. 1990, ApJ 353, L49

Mac Low M.-M., Ossenkopf V. 2000, A&A 353, 339

Mac Low M.-M., Klessen R., Burkert A., Smith M. 1998, Phys.Rev.Lett. 80, 2754

Miesch M.S., Bally J. 1994, ApJ 429, 645

Ossenkopf V., Bensch F., Mac Low M.-M., Stutzki J. 1999, in Ossenkopf V., Stutzki J., Winnewisser G. (eds.), The Physics and Chemistry of the Interstellar Medium, GCA-Verlag Herdecke, p. 216

Ossenkopf V., Bensch F., Stutzki J. 2000, in: Gurzadyan V.G., Ruffini R. (eds.), The Chaotic Universe, World Sci., p. 394

Stone, J. M., & Norman, M. L. 1992, ApJS, 80, 753 and 791

Stutzki J., Bensch F., Heithausen A., Ossenkopf V., Zielinsky M. 1998, A&A 336, 697