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ABSTRACT

Aims. We further characterize the structures tentatively idiexation thermal and chemical grounds as the sites of dissipafitur-
bulence in molecular clouds (Papers | and II).

Methods. Our study is based on two-point statistics of line centraitbuities (CV), computed from three larg@CO maps of two
fields. We build the probability density functions (PDF) b&tCO line centroid velocity increments (CVI) over lags wagyby an
order of magnitude. Structure functions of the line CV amapated up to the'Border. We compare these statistical properties in two
translucent parsec-scale fields embedded fiiedint large-scale environments, one far from virial badaaied the other virialized.
We also address their scale dependence in the former, nmbréent, field.

Results. The statistical properties of the line CV bear the threeatigres of intermittency in a turbulent velocity field: (1pthon-
Gaussian tails in the CVI PDF grow as the lag decreases, €2)léparture from Kolmogorov scaling of the high-order dtrte
functions is more pronounced in the more turbulent field ti§&) positions contributing to the CVI PDF tails delineaterow fila-
mentary structures (thickness0.02 pc), uncorrelated to dense gas structures and spataligrent with thicker ones-(0.18 pc)
observed on larger scales. We show that the largest CVI stzang variations of the extreme CO linewings and that thiyedly cap-
ture properties of the underlying velocity field, uncontaated by density fluctuations. The confrontation with tleéical predictions
leads us to identify these small-scale filamentary strestwith extrema of velocity-shears. We estimate that visabssipation at
the 0.02 pc-scalin these structuresis up to 10 times higher than average, consistent with theirgoassociated with gas warmer than
the bulk. Last, their average direction is parallel (or e)a® that of the local magnetic field projection.

Conclusions. Turbulence in these translucent fields exhibits the stedilshnd structural signatures of small-scale and ineréinbe
intermittency. The more turbulent field on the 30 pc-scalaglse the more intermittent on small scales. The small-soédemittent
structures coincide with those formerly identified as s@&gnhanced dissipation. They are organized into parsale-soherent
structures, coupling a broad range of scales.

Key words. ISM: clouds, ISM: magnetic fields, ISM: kinematics and dyiesnturbulence
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D 1. Introduction oratory experiments of incompressible turbulence, in thgoa

. . o ) o sphere, and in the solar wind (see recent reviews by Anselmet
~Star formation proceedga gravitational instability in dense ¢t 5. 2001: Bruno & Carbone 2005). It manifests its¢lfs
I gas, but the respective roles of turbulence and magnetitsfiefon_Gaussian tails in the probability distribution of ailapti-
CQin that process are still debated issues (Ciolek & Basu 20Qfss involving velocity diferences dg. gradient, shear, vortic-
<I Tassis & Mouschovias 2004; Mac Low & Kle_ssen_2004; Pa_doqﬁ;, rates of strain, and energy dissipation raié)anomalous
O) etal. 2001; Klessen 2001; Bate et al. 2002) in spite of déeita s¢aling of the high-order structure functions of the velpi-

() observational studies of magnetic fields in molecular cou@rements (Anselmet et al. 1984), iiidl the existence of coher-
QN (Matthews & Wilson 2000; Crutcher 1999) and extensive thegpt stryctures of intense vorticity (Vincent & Meneguzzb19
o retical and numerical works devoted to characterizing tiogp{ Moisy & Jiménez 2004, hereafter MJO04). It has long been un-
O erties of the turbulence (Boldyrev et al. 2002; Padoan et glear whether these three manifestations, which refeeeith

—2003). A hybrid paradigm is taking shape, where turbulengge statistical properties of the flow or to its coherentatues,
(O dominates the diuse ISM dynamics and magnetic fields gaifyere related.

_Cimportance as the scale decreases (Crutcher 2005). Todaule
and magnetic fields are recognized as powerful stabilizijgmts Statistical models make theoretical predictions in terms o
in molecular clouds, and a critical issue remains, turbegetis-  the two-point statistics of the velocity field, with no link any
sipation: where, when, and at which rate and scale doeslir8cc physical structures in the turbulent flow. In particulag 8truc-
A generic property of turbulent flows is the space-time inteture functionsSp(l) = ([v(r + 1) — v(r)]") of the velocity field
mittency of the velocity field. Intermittency is observediab- are expected to be power la@g(l) o« 1P, As p increases, the
structure functions give more weight to intense and raratsve
Send offprint requests to: e-mail:philybla@obs.ujf-grenoble.fr  Inprinciple then, a detailed description of the velocitydieould
* Based on observations carried out with the IRAM-30m telpsco be achieved with the knowledge of &}, for p — oo, however,
IRAM is supported by INSU-CNRSPG/IGN. the number of point®, needed to comput8, grows with p,
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Fig. 1. Reprocessed IRAS map of the Polaris Flare (Miville-Deselsé o
& Lagache 2005). The map size is about X01LC° or 27x 27 pc. The Fig.2. Map of the cold dust emission in the Taurus molecular com-
parsec-scale field analyzed in this paper is shown as a vettangle. Plex built from the reprocessed @ and 10@m IRAS maps (Hily-

The 10@:m, 6Qum and 12m emissions are red, green and blue respe8lant et al. 2007b) following the method of Abergel et al. 59 The
tively. orientation of the projection of the magnetic fields on the @Keiles

2000) is shown as white segments of length proportional egpthiar-
ization degree. The parsec-scale field discussed in thex impentered
at asp00 = 04M40M08.84°, 5000 = 24°1248.40" and is shown as a white
rectangle at fisets (0,-1°).

and an educated guessNg ~ 10°2. Fortunately, theoretical

models show that, with a limited number of ordeps{ 3), some
properties of the turbulence can still be tested. The Kolonog
theory of non-intermittent turbulence (hereafter K41, s&p these lines, Lis et al. (1996) have shown that it is possible t
Frisch 1995) predictg(p) = p/3, while experiments show atrace the projection of the most intense velocity-sheath wi
clear departure from this scaling, generally wip) < p/3 for measurable quantity based on two-point statistics of thaitg
p > 3. The departure from thg/3 scaling is usually interpretedfield: the line centroid velocity increments (CVI). This thet,
as a definition of intermittency. Statistical models prediter- applied to diferent fields observed in CO lines, a star-forming
mittent scalingg/(p) # p/3. One such model (She & Lévéqueregion (Lis et al. 1998) and quiescent regions (Pety & Falgar
1994, hereafter SL94, see Appendix A3) has an intermittepd03, hereafter PF03) revealed filamentary structuredatece
scaling/s" = p/9+ 2[1 - (2/3)"7], in excellent agreement with with the gas mass distribution. The line centroid velositand
tunnel-flow experimental data (Benzi et al. 1993). their increments) are sensitive to optical defteets and to den-
The structural approach is inspired from laboratory expesity, temperature, and abundance fluctuations along tleeolin
ments showing filaments of high vorticity (Douady et al. 1P91sight. Their relevance in any analysis of the statisticapprties
Localized regions of high vorticity and rate of strain (andfthe actual velocity fields have therefore been repeatpaiiyg-
thus energy dissipation) are found in numerical simulatiah tioned. Several recent studies have clarified the issueafizaz
high resolution of both incompressible and compressildeté? & Pogosyan 2000; Miville-Deschénes et al. 2003; Levri€d20
et al. 1994) and magneto-hydrodynamical (MHD) turbulen@@ssenkopf et al. 2006) without having provided any final arsw
(Vincent & Meneguzzi 1991; Mininni et al. 2006b). Recentlyto that question yet. The present work is part of a broad situdy
MJ04 found that intense structures of vorticity and ratetigfis ~ which we characterize the structures of largest CVI on tladrm
are respectively filaments and ribbons that are not randdisly chemical, and statistical grounds, and then repeat thigsiaan
tributed in space but that instead form clusters of ineréalge different turbulent clouds. The goal of this broad program is to
extent, implying a large-scale organization of the smedilsin- shed light on what these structures actually trace.
termittent structures. In 1024umerical simulations of incom-  One of the two fields studied in this paper is the parsec-scale
pressible turbulence, with variable large-scale stirriogces, environment of two low-mass dense cores in the Polaris Riare
Mininni et al. (2006a) have shown that the large and smallesc the vicinity of the dense cores, Falgarone et al. (2006 efeer
properties of the flow are correlated, namely thabore intense Paper 1) find HCO abundances locally far in excess of steady-
small-scale gradients and vortex tubes are concentratdtein state chemical predictions. The large measured abundanees
regions where the large-scale shears are the largest, atid) th consistent with a scenario that involves an impulsive ingabf
the departure from the Kolmogorov scaling is more pronodncehe gas, during which a warm chemistry is triggered, folldlvg
in these regions. They infer from these results that théstitat a slow chemical and thermal relaxation. According to this-sc
cal signatures of intermittency are linked to the existesfddie nario, the observed abundances and gas densities, in the ran
small-scale vortex tubes. 200 and 600 cn?, correspond to a gas that has cooled down
Investigations of interstellar turbulence are plagued to p to 100-200 K. In Hily-Blant & Falgarone (2007a) (hereafter
jection efects that fect our knowledge of the velocity. DirectPaper 1), we analyze the mass distribution of the gas intle e
inversion of the observations being a highly degenerategaroronment of the dense cores and disclose localized regioasawh
dure, progress relies on astrophysical observables defiven  the'2CO profiles exhibit broad wings. Multi-line analysis shows
numerical simulations of turbulence, and their confrdotato that gas in these linewings is optically thin in tHe&€O(1 - 0)
real data (see the review of Elmegreen & Scalo 2004). Alottige and warmer than 25 K with density 1000 cn13. The new
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Table 1. Dispersionsrsc (in km st) of the PDF of CVI computed from
o the 12CO(1- 0) transition in the Polaris and Taurus fields foffelient
S 1 lags! (in pixels).
[ gsc
Polaris  Taurus
[pixels] [pc] kms! kms?
SR 0.02 0.11 0.05
o[ i 6 0.05 0.17 0.07
1 9 0.07 0.22 0.09
12 0.09 0.25 0.10
15 0.11 0.27 0.11
18 0.14 0.29 0.12
18@ 0.14 0.30 -
il R 36@ 027 0.6 -
0 1 2 3 4 54@ 0.41 057 -
Aveq  [km/s] 72@ 0.54 0.64 -
. . ) . 90@ 0.68 0.69 -
Fig. 3. Histograms of the equivalent widtAeq = fT(vX) avy/ Tpear) Of 1082 0.81 0.72 _
the 12CO(1- 0) line in Polaris (shaded area) and Taurus. The result of
the log-normal fit to the Polaris histogram is also shown. (@) Computed from the KOSMA2CO(2 - 1) data of Bensch et al. (2001), where one
pixel corresponds to 6 pixels of the IRAM data. The adoptedadice is 150 pc for
both fields.

result is that this warm gas component is not widespreacdbut |
calized in filaments. The dispersion of the orientation effita-

ments of dense gas in the field, compared to the velocity dispgon of the field mapped is shown in Fig. 1. The fully-sampled
sion, SUggeStS that the turbulence in that field is transéhlic. ~1 pcxpc maps cover the non_star-formingtrans'ucent environ-
In the forthcoming and last paper (Falgarone et al. 2008), \Wgent of two dense cores (Gerin et al. 1997; Falgarone et@8;19
will report *CO(1-0) IRAM-Plateau de Bure observations perHgijthausen 2002), corresponding¢@000 independent spectra
formed in this field, revealing milliparsec-scale struetiwith (i.e. spaced by one beamsize or'2@t 115 GHz). The spectral
large velocity-shears. ) o resolution is 0.055knT$. Since the signal-to-noise ratio of the
The present paper is dedicated to the statistical and stryc= 21 data is insfficient, only the) = 10 transition are used
tural analyS|S of turl_)ulence in similar p(?lrsec-scale {ranent in the present paper. For Comparison with |arger scale Fmepe
samples of gas, which belong to twoffdrent large-scale en-we use the fully-sampletfCO(2 - 1) data from Bensch et al.

vironments: one, far from virial balance and devoid of st&s (2001) obtained at a lower angular resoluti6tPBW = 120)
the above-mentioned field in the Polaris Flare; the otherdie jth the 3m KOSMA antenna.

the edge of the Taurus-Auriga molecular complex. The siedis
analysis is based on two-point statistics of the CO line sioiis
observed at high spectral resolution, and the structuryais 2.2. Taurus field
consists in characterizing the regions of largest linetvoéh ve-

2 The second field is located at the edge of the Taurus-Auriga
locity increments.

molecular complex (Fig. 2). Observations were done with the

After preser_lting the data_in Section 2, the characteristics M-30m telescope. Observational strategy and data tezhuc
the turbulence in these two fields are derived based on the P, similar to those of the Polaris field. The maps, centered a

of line CVI and structure functions (Section 3). We then show _ ah _ ope , )
Section 4, that the regions of largest CVI on small-scaledita- Eﬁé&oﬁn—ug‘glgg%%%((Slz(f’oo)_ -%ﬁ 815324\2")" géepfrtélyesgg in

ments uncorrelated with the distribution of matter, butelated e .
A . . ; ’ more detail in a later paper (Hily-Blant & Falgarone 2008) bu
with the filaments of gas optically thin i3CO(1-0) where large here we give the propgrt?es r(elezant t0 the prgsent worktag to

HC.O+ atr)]undatniia are found. It ils sIhOévn tthat t5hese filr]ar\r‘:ﬁg]tstfi?lmo independent spectra was obtained with the sameapect
main C%| erefn a Ite %arseé:-s_(;ﬁ e.in tr?C |c;nt_ ’twels ct)smj alyesolution of 0.055 km<. In a small region (around 0;@ffsets
ensembie of resulls, based either on the staustical octatal —y, ,q map of Fig. 9), spectra show two separate components (a
approach, proyldes a consistent descr|pt|.on of the inteEnmy visr ~ 5 and 10 kms'), and the analysis presented in this paper
of turbulence in these two fields. In Section 6, the COMPArsQ - «os on the main Cbmponeny@éR ~ 5 kms?, by blanking

of the radiative cooling of these structures with the fi@ttof - ; :
. . > out the area corresponding to the high-velocity component.
the turbulent energy susceptible to being dissipated fluetiger P 9 9 y P

supports the proposition that the filaments of largest Cviiso
how trace extrema of velocity-shear in the fields and pinjgbie  2.3. Comparison of the two fields

sites of intermittent dissipation of turbulence. . . L .
P Both fields are translucent. The visual extinction lies lestw

Ay = 0.6 and 0.8 mag at a resolution of i the Polaris field

2. Observations (Cambrésy et al. 2001) and betweAn = 1 and 1.2 mag in
o the Taurus field at the same resolution (Cambrésy 1999). As
2.1. Polaris field shown in Fig. 3, the most probable equivalent widttvey =

Paper Il describes the observations and data reductioneof thT (V) dvx/Tpeak X being the coordinate along the line of sight)
IRAM 2CO and*3CO(1- 0) and (2- 1) maps of the molecular of the 2’CO(1- 0) line is a factor two larger in Polaris than in
cloud MCLD 123.5-24.9 located in the Polaris Flare. The locaTaurus. However, since the lines are stronger in the Taweld fi



4 Hily-Blant P. et al: Intermittency in difuse molecular gas

o Bl i Lo & - n§ 'u =
Wi e T A I g - 1 10 ¢ %f 1T H Y 1T / :
i, (=3 P L= e ;=10 foe=3 t Po=6 % § (=10
i t : s f i i 3
ff Tﬁ I |2 i % f
107" 1 F ] ] 107 ] [
‘
-5 0 5 -5 0 5 -5 0 5 -5 0 5 -5 0 5 -5 0 5
jp— : : : ‘ ‘ : ‘ ‘ 1 : ‘ : : : : : ‘
e o 5, o, o, o
.. ", .%' o oy < A... \,.
~ 107°%[ ; . 1 F / 3 1t A 1 ~ 10*L N ] :" r
2 =12 = t =15  1=25 2 P12 . (=15 (=25
= H = i i i ! i
H i : i
i % : e ; f i
107*f 1 F 1 b HE- 107t} 1 r 1 F
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
-5 0 5 -5 0 5 -5 0 5 -5 0 5 -5 0 5 -5 0 5
5C, / o(8C) 8¢, / a(8C)

Fig.4. Normalized PDF®P,(5C)), of the centroid velocity increments Fig. 5. Same as Fig. 4 for tf8CO(1- 0) data towards the Taurus field.
(CVI) computed from thé>CO(1- 0) IRAM map in Polaris . The PDF
are computed for dierent lags between pairs of points= 3 to 25
pixels, and normalized to unity dispersion, such thatxhaxis is in
units of the rmsr,c for each distribution. Only the bins containing more . . .
than 10 data points were kept. The values of the dispersjoare given Increments of the centroid velocity between 2 points sepdra
in Table 1. A Gaussian of unit dispersion is also shown (dotteve). by | are defined byC(r, 1) = C(r + ) — C(r). This quantity will
be called centroid velocity increment (CVI). The maiffidulty
of this method concerns the computation®fwhich not only
) ) L ) . ) depends on the bounds of the integrals in Eq. 1, but is also af-
the integrated intensities in both fields are similar. Ndyasthe  focteqd by the signal-to-noise ratio (SNR). To circumvesthias
equivalentwidth larger in the Polaris field than in the Tawne, iniroduced by spatial noise variations, Rosolowsky et90)
but so is the dlsp_ersmn of these equwal_ent widths. Th_rtc)faz degrade all the spectra to a unique threshold SNR. ferdint
between the equivalent width translates into a factor 4erspie-  g55r0ach (PF03) has been adopted here, which uses the SNR of
cific kinetic energy ratio between the two fields. The distfin e jntegrated area as the optimization criterion to deiterhe
of the equivalentwidth in Polaris is also verylwe_ll-fltt_edd)y)_g- spectral window used to compu@e The reason is that we have
normal distribution centered aveq = 2 km s with dispersion  checked that the noise is already homogeneous in the daga,cub
1.2 kms*'. The parsec-scale velocity gradients, deduced fromiostly as a result of the observing strategy consistingversé
the centroid velocity maps, in the Polaris fieldZ kms*pc™)  coverages of individual sub-maps in perpendicular dioexsti
is also twice larger than in the Taurus field. For a given value df = |1|, we compute maps of CVI for each
_ These two parsec-scale fields are similar with respect io thgirection|/I. A probability density function (PDF) is built from
size and average column density but have specific kinetic enese maps by normalizing the histogram of CVI to a unit area.
gies that difer by a factor 4. Moreover, they belong to two veryye thus obtain a PDF for eattand each direction. For eath
different environments on the scale-080 pc, that of Figs. 1 and 5 ppF is computed with the CVI from all directiohd, which
2. The total gas masdi = 4.4 10* M, at the scale of 30 pcis e denote a®(5C)). In order to get PDF with zero average and
close to the virial mass in the Taurus-Auriga field (Ungetechynjt standard deviation and to ease the comparisons, wéase t
& Thaddeus 1987), while it is more than six times lower iformalized PDRP,(6C)). All bins of the?,(5C;) associated to
the Polaris FlareMir = 5500 M, with My = 3.6 x 10 Mo 5 number of points less than a given vahlig, are blanked (see
(Heithausen & Thaddeus 1990). It is interesting that th@lir Appendix A.1). In the following, allP,(5C;) have 32 bins, and
masses of the two large-scale fields are close, because theiradopted minimum number of data points for a bin to be sig-
velocity (ljlspersmr_] on the scale of 30 pc are similar, 3.8 anicant isNm, = 10. In a second step, for a giverwe compute
4.8 kms, respectively. o the azimuthal average of the absolute value of the CVI, tiegul
In summary, the less turbulent parsec-scale field lies on thes single CVI map. In practice the structures seen in the non

far outskirts of the virialized Taurus-Auriga moleculangplex, ayeraged maps are not smeared out, though they appearrthinne
while the more turbulent field belongs to a much less massi¥esome cases.

complex, far from virial balance. Figs. 4 and 5 show th®@,(6C,) computed for various lags
from| = 3 to 25 pixels in the Polaris and Taurus fields, respec-
3. Two-point statistics of the centroid velocity tively. The Igigl =3 is the shortesj di;tance between two inde-
pendent points (since the sampling is half the beam sizé), an
3.1. Probability density functions of the line centroid velocity | = 25 corresponds to the largest lag with significant number of
increments pairs of points. The number of data points correspondingeo t

three most extreme bins foe 3 and 25 are in the range £50
and 20- 500, respectively.

The PDF at large lagd & 15) (Fig. 4) are nearly Gaussian
and become slightly asymmetrical lat 12, an éfect we at-
tribute to large-scale velocity gradients. Sudfeets cancel out

at lags smaller than the characteristic scale of these el
C(r) = fT(r’Vx)VX dvx/fT(r’Vx) dvy. (1) hence the more symmetrical shape of the PDF at small lags. It

Following Lis et al. (1996), we analyze the two-point sti#tis
of the centroid of the line-of-sight projection of the veityovy,
which we note a€(y, 2) = C(r), where ¥, 2) is the position on
the sky:
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Table 2. Standard deviations (in km s7%) of the centroid velocity PDF

N ‘ ‘ ‘ ‘ o~ (pos) and of the average line profilel§), computed in three ways in
o FoN s the two fields ¢ 1, o2, 03).
1072 N s 1 F - 1T - ]
gt =8 E s =6 Lios0 Field Type Size o1 o2 O3 (o)
Ll ' ! 1) 2 3 4 (B (® )
10°r 1T 1 F ] PolariS pos 21x28 054 057 0.60 67+0.03
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ : los 113 1.10 116 13+003
P A 2 SR 2 SR ° Polari§ pos 07x06 031 0.32 0.25 9+004
A I Ea? los 097 1.02 110 D3+0.05
o Tauru§ pos 04x07 012 013 011 02+001
s 070 s o108 17 4 K ] los 0.50 0.60 0.66 69+0.07
- NEESE =15 - =25
g L ; : ) ; (1) For the Polaris field, the IRAM (small) and KOSMA (largegtdsets are taken sepa-
107 1T 1T 1 rately.t: based on thé2CO(2- 1) data}: 12CO(1 - 0) data
‘ ) ) ) ) ) ) ) ) (2) the type of PDFf§os or los)
_s5 0 5 _5 0 5 _5 0 5 (3) Map sizes (in px pc) are computed assuming a distance of 150 pc
5C, / a(8C) (4) o1 is the standard deviation

(5) o is derived from a Gaussian fit

Fig.6. Same as Fig. 4 for thPCO(2- 1) KOSMA data from Bensch (6) o3 = Aveq/2.35 o
et al. (2001). (7) average of the three determinations

: : i : PDF in Fig. 4. The flatness increases at smaller lags as & resul
is not obvious that such large-scale gradients should beveth f non-Gaussian tails. For the Taurus field. however, thadt

(see discussion in PF03). The fields mapped here are expecte L . :
to be small with respect to the integral scale of turbulencat stays close to 3, confirming that the non-Gaussian tailsesm® |
least on the order of the molecular cloud size itself. As dgede- pronounced.

creases fronh = 25 tol = 3 pixels, non-Gaussian tails develop.

These tails are more pI’OI’\OUI’\CGd in the Polaris field thanen tB.3. Structure functions of the line centroid velocities

Taurus one, with CVI values up to 6 times the dispersiogsof , , o
the unnormalized PDF (see Table 1). However, since the numB¥ analogy with studies performed on the velocity fietlg(

of points in Taurus is lower than in the Polaris field, the min>n€ et al. 2001), we computed the structure functions oitiee |
mum level of probability reached is an order of magnitudébig CV» using the PDF of the centroid velocity incremef#g6Ci),
(10-% instead of 16* in Polaris). We also computed the PDF oft procedu_re that a!low_s a check of the convergence of the-stru
the increments for the large-scale KOSMA data in the Polafidre functions Dy filtering out doubtful points in the PDF.eTh
field (Fig. 6) and we also find increasing non-Gaussian tails gi'ucture functions are evaluated by a direct integratiothe
the lag decreases. The dispersions of the PDF are reporte&’m:: o0
Table 1 and are seen to smoothly connect with the small-scale Sp(l) = f |6CI[PPr(I6Cil) d(6Cy]). 3)
values computed in the IRAM field. 0
In both fields, the dependencemfc with | can be well-fitted Structure functions of velocity are frequently normalized
by a power lawosc o 1%5. The dispersionssc in the Taurus the third-order function for two reasons: first because @om-
field are a factor 2 smaller than in the Polaris field. This ratiopressible, isotropic, and homogeneous turbuleri(®, = 1 is
is also found when comparing the velocity dispersions —eeithan exact result; second because oscillatiorih) — | plots are
across the plane of the skpds) or along the line of sighl¢s) damped when th8, are plotted againSs, a property called ex-
—in the two fields (see Table 2). Furthermore, the ratio ofdise tended self-similarity (ESS) (Benzi et al. 1993), so thatrénge
to pos dispersions suggests that the depth of the cloud is largsgfrscales over which the structure functions are power laws i
than the extension in the plane of the slgs(> pos) (Ossenkopf wider.
& Mac Low 2002). Calculations of high-order structure functions are suseep
ble to errors since, ggincreases, any spurious large fluctuation
largely dfectsSy. The calculation o5, based on Eq. 3 allows
us to reject bins populated by too small a number of points, an
The deviations of the PDF from a Gaussian shape can be quianstudy the influence of irrelevant bins of the PDF (for which
tified using the flatness (or kurtosis) of a distribution, defiby N < Nmi, = 10). We also applied the procedure described in
Lévéque & She (1997) and Padoan et al. (2003) for detengini
(6C* 2 the highest significant order: the peak of the histogrartﬁ(q'ﬂ
(6C,2)2 (2) occurs for a value aofC, that must be represented by a significant
number of points in the PDF @iC;. The maximum significant
where the pth-order moment (for everp) is computed as order found isp = 6.
(6C|p> = féclp Pn(6Cy) d(6C;). The flatness equals 3 for a  The scalings 08, with Sz are shown in Fig. 8 for the Polaris
Gaussian distribution. The uncertainties, here and fahalmo- and Taurus fields. They are power laws. Exponents of the-struc
ments computed in what follows, are estimated by using twoare functions are calculated by fitting the ESS diagramézfys
Pn(6Cy) with two thresholdsNmin = 1 and 10, and by computing wider than 2 pixels and smaller than 30 to 60 (see Fig. 8).rErro
the mean and rms of the two outputs. Fig. 7 displays the flatndmrs on the exponents (13%) are estimated from weighted
of the PDF at all lags, for the two fields. For the Polaris fighé, averages of the results from two calculations correspanttin
IRAM and KOSMA data have a flatness close to 3 at large lag¥min=1 and 10. The ESS exponent values are given in Table 3.
which confirms the visual Gaussian shape of the correspgndifhe absolute values of the second-order structure funistitire

3.2. Non-Gaussianity: the flatness

F()=
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5 Table3. Exponentsfp = /(p)/Z(3) of the ESS structure functions of the
i % CV for the Polaris and Taurus fields (see Fig. 14).
Iy ]
f i I £ 1 b ) Zs & Zs Zs
4L II i Polaris 037 070 100 127 153 1.77
x = | Polari$¥ 0.38 0.71 1.00 1.28 1.54 1.80
| | Taurus 036 069 100 130 160 1.89
5 | x* | SL94D 0.36 0.70 1.00 1.28 154 1.78
% x | BO2P 042 0.74 100 121 140 1.56
3+ 2 0o @ Tg ¥ - B
N (@) From the large scal®CO(2- 1) data from Bensch et al. (2001).
F e 1 (b) SL94 and B02 are the She & Lévéeque (1994) and Boldyrev. ¢€2@02) scalings of
%= the velocity structure functions (see Section 5.2).
2 L L L P |
1 10"

{ [pixels] corner of the field (Heiles 2000) (see also Fig. 1). In Pojaris
the scatter of their orientations relative to the magnetldfis
Figa@g'ﬁ“”fgff. ;J the Cll/l |(S'eel2|(53%(i) Cg)“?g‘if&ddfr?mTthe nlormaHarger (Paper 11). In both Taurus and Polaris, their chamact
I2€ ol % V7.quares. Fotarns = ata.Iriangles: jstic half-maximum width, measured on transverse cutseis r
1CO(2- 1) KOSMA dataCircles: Taurus“CO(1- 0) IRAM data.  gqyed (30 after deconvolution from the lag, at ~ 0.02 pc),
and their aspect ratio is often greater than 5. The surfaxe fr
tions covered by the regions where t{jéC)|) are larger than
oaver (Whereo e is the dispersion of the distributioffeC|)),

e 10% and 28 % in Polaris and Taurus, respectively. Last, th
non-averaged CVI in these structures (see Section 3.1)and 5
4 times larger than the dispersiorc (see Figs. 4 and 5) in
Polaris and Taurus, respectively. Hoe 3, the corresponding
shears are % 0.11 kms1/0.02 pc= 30 kms!pc? in Polaris
and 4x 0.05 kms'/0.02 pc = 10 kms?!pct in Taurus. The
most turbulent field on the parsec-scale (Polaris) is tioeedhat
4. The spatial distribution of the largest line where the largest small-scale shears are measured.

Taurus field are a factor 6 lower than in Polaris, confirmirgth3
the Taurus field contains less kinetic energy. The non-ESS
of the CV structure functions lead to values {@8) = 1.35 and
1.60 in Polaris and Taurus, whichfldir significantly from the
expected value(3) = 1) for the velocity in incompressible,
homogeneous, and isotropic turbulence (Kritsuk et al. 2007

centroid velocity increments

In the following section, we discuss the spatial structafethe 4.2. Comparison of the extrema of CVI with the CO emission

largest CVI in the dferent maps. We compare maps of CViNe stress here that our work is based on the statistics of the
computed on large and small-scales with large and small beagxtrema of CVI (called E-CVI in what follows), unlike what is
For the sake of simplicity, we call shear the CVI value dididedone in most analyseg.¢. Esquivel & Lazarian 2005), where

by the lag over which it is measureiC /1. This will be justified the full distribution of CVI is considered. We show below whi

at the end of Section 5. specific features of the CO line emission are associatedthéth
extrema of CVI.
: . ) .
4.1. Locus of the extrema of CVI in the IRAM fields Fig. 10 displays twd“CO(1 - 0) space-velocity cuts made

across the Polaris map at longitud#sets -500 and -800The
Figs. 9 and A.3 show the maps of azimuthally averaged Cwun of the averaged CV and CVI along these cuts is shown to
(¢16Ci]y) computed for two lagsl (= 3 and 18 pixels) in both illustrate that the largest CVI are mostly due to very laoadi
fields. The grey scale is the magnitude of the azimuthally-avéroad CO linewings. As expected, however, some of the large
aged CVI at a given position on the sky. Because of the avegagivariations in the centroid velocities due to these broadyere
procedure, the exact values of the CVI in those maps areinot treduced by opposite variations due to fluctuations in the-lin
ially related to the values of the non-averaged PDF of Figsdt core emission.
5. However, regions of large CVI in the maps do correspond to This is seen better in Fig. 11 where the extrema of cen-
the positions responsible for the non-Gaussian tails irPID& troid velocity increments in the Polaris field are overgdton
of Figs. 4-6. the 12CO wing emission and th®CO integrated emission. The

Atasmalllag [ = 3), in both fields, the spatial distribution of*2CO wing emission (top panel) is optically thin and associ-
the bright regions with large CVI delineates elongateds$tmes. ated with warm and tenuous gas emission (Paper I1).:¥@©-
When the lag is larger (18 pixels), the contrast of the stmast integrated emission (bottom panel) is used here as a proxydo
above the background values fades away. Yet, in the Polalds fi molecular gas column density. While the largest CVI are pat s
the structure around-(L000", —200) is still visible with| = 18, tially correlated with thé3CO-integrated emission, they closely
and for the two lags of 3 and 18 pixels, the largest CVI is ledat follow the boundaries of the optically-th#3CO emission in the
in the northwestern corner of the map. broad*?CoO linewings.

These maps show that the positions of the largest CVI, in Given the high latitude of the Polaris cloud, the structures
Polaris and Taurus, are not randomly distributed but are caesponsible for the broadCO linewings most likely belong to
nected and form elongated structures. In the Taurus figddjith the Polaris Flare (Fig. 1). The non-Gaussian tails of the PDF
rection of the most prominent CVI structure is parallel te that small lags are thus associated to local structures orctie s
projected orientation of magnetic fields measured in the Ni 30 pc. Their distance, and therefore their size, is knowvn t
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Taurus (right). A power law is fitted to each order for 2 pixels, and fot < 60,1 < 30, andl < 40 from left to right.

within 20%, while the lags of the PDF decrease by an order 4f3. Parsec-scale coherence of the regions of largest CVI:
magnitude (from 25 to 3). Thie= 3 pixel PDF is thus sensitive IRAM and KOSMA data
to true small-scale structures created by the turbulendbédn _
Polaris Flare. This comparison shows that the regions gekr e compare here the properties of the E-CVI (values and spa-
shear are not associated with the bulk of the condensedmaii@ distribution) from the KOSMA and IRAM data sets of the
in the field, but are instead correlated with warmer and mere ¢rolaris field. The comparison is not, however, straightéoov
luted gas. We therefore infer that, unlike centroid velesiin- for two reasons. First, the value of the centroid velocityfis
crements in general, the E-CVI we analyze are not due totyendgcted by the beam size, and second, the computation of the CV
fluctuations or radiative transfeffects in optically thick gas. ~filters out any structures that are much larger than the lag.
Fig. 12 displays the spatial distribution of the CVI complite

We now address the issue of the chance coincidence of @f-large scales with the KOSMA data, for a lag= 3 pixels
related pieces of gas on the line of sight. In the two traresitic (180"). Regions of large increments are spatially resolved fila-
fields, CO is not expected to trace the full molecular contént Ments: cuts across the structures provide an average #sslaf
the clouds, essentially as a result of photodissociationgsses. 200" deconvolved from the lag, or 0.18 pc. These structures are
This has possib|y been observed by Sakamoto & Sunada (20@99)Ut 7 times thicker than those found in the IRAM field. The
who show discontinuous CO emission in low extinction regiorProminent KOSMA structure around (1237295.1T) smoothly
in the Taurus complex. These spots of CO emission are hownnects with the northwestern IRAM structure (contouosnfr
ever embedded in the underlying turbulent molecular gas, Urig- 11). This is seen more clearly in Fig. 13 where the vatdies
detected because mostly made of molecular hydrogen, and i€ non—averaged CVI along this structure are displayed 15
sumably continuous. The velocity field deduced from the Ccilustrates three points) the CVI from the KOSMA and IRAM

emission lines thus carries the statistical propertiebatfturbu- datasets decrease monotonously from north to south alasg th
lent molecular gas. structureji) the IRAM CVI measured ovdr= 180" are all larger

than those measured with KOSMA over the same physical lag,
Nonetheless, projectiorffects are inevitable, and a key pa@ndiii) the CVI measured with the KOSMA telescope over a lag

rameter is the ratityL of the lagl over which CVI are measured ©f 3 Pixels (180) are similar to those measured at the same po-
to the unknown depth of the cloud along the line-of-sightn sitions with the IRAM telescope with a lag 6 times smaller{30
their work on 513 numerical simulations of mildly compress-2nd -
ible turbulence, Lis et al. (1996) have computed PDF of CVIfo  The latter property is unexpected: it suggests that the CVI
a lag of 3 pixels, for which this ratio i§312=0.006. They show are similar in this region whether they are measured withalsm
that the E-CVI trace extrema ¢fV x v),)2 _+((V xV),)2.. Since beam and a small lag (IRAM) or a large beam and a large physi-
this quantity is aos integration of a signed quantity (the twocal lag. If the KOSMA structures were only due to beam-ddnti
projections of the vorticity in the plane of the sky), itsexha Of the IRAM ones, the KOSMA CVI foil = 180" would be
are due to a few exceptional values present on the line of.sigtmaller than the IRAM ones fdr = 30". In other words, the
For this reason Lis et al. (1996) say that the E-CVI trace the p KOSMA CVI structures are real and are sub-structured: theesa
jection of large velocity-shears (or vorticity) in turbalee. In  Vvelocity variations ¢ 0.5 kms'! for positive dfsets) are mea-
Polaris and Taurus, is not known but we conservatively adopsured on small (IRAM) and large (KOSMA) scales.
a value in the range 4 30 pc. For the smallest lag € 3 pixels) The largest velocity-shears at the KOSMA resolution are
the ratio is in the rangf/L = 0.001- 0.02. Our observational 5x0.30/0.18 ~ 8.3 km s pc'. The surface fraction covered by
study thus falls into the regime tested by Lis et al. (1996} a the large increment structures whej&C,|) > 3oaver are close,
the filaments associated with the E-CVI thus trace the ptiojec 10 and 16% for the IRAM and KOSMA data, respectively. These
of regions of extreme velocity-shear somewhere on the Ifne two fields, observed with ferent telescopes and resolutions,
sight. The observed value of the shear, though, is of coursethus show similar statistical properties and demonstreeco-
upper limit. We are therefore confident that E-CVI trace geau herence at the parsec-scale of the structures of largesbitkn
extrema of line-of-sight velocity fluctuations. velocity increments. This is discussed in the next section.
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Fig.9. Spatial distribution of the azimuthally averaged CV.e((|6C/|)) computed with lag$ = 3 based on thé’CO(1 - 0) line. The grey-
scale gives the|sCi|) in km s, The dark regions correspond to large values of the CVI ésatto the tails of thé(5C)) (Fig. 4 and 5). The
orientations of the magnetic fields (Heiles 2000) are alsavshLeft panel: Polaris field. Contours indicate the 0.11 and 0.22 khlevels. The
largest CVI (0.30 kms') appear in the NW corner of the field. The 4 crosses indicaeptisitions where the HCOabundances have been
measured (Paper IRight panel: Taurus field. Map center ig00 = 04"40"08.84°, 6,000 = 24°1248.40". Offsets are irf. Contours: 0.05 kms
with 0.01 km s steps. Note that the largest CVI (0.10 kr)sin that field are 3 times smaller than in the Polaris field. Blamked areas around
(0,0) offsets correspond to the positions where the 10 Knesmponent is present.

5. The two facets of intermittency: statistical and ity increments (Frisch 1995; Mininni et al. 2006a). The pres

structural analysis shows various degrees of non-Gaussianity: thist&ts.

) . o ) _in Taurus are nearly Gaussian (flatness close to 3), whille bot

In Section 3, the two-point statistics of the line centroet v po|aris data sets show clear departure from Gaussianifplif
locities were found to display marked non-Gaussian befswiolowing PF03, we attribute the non-Gaussian statisticsef¥
In Section 4, the emission responsible for these non-Gamissio the intermittency of the turbulence in the two sampledenot
statistics is resolved into coherent structures. We henepeoe |ar clouds (see below), the new result, here, is that intienmy
these statistical and structural characteristics withoréical g g5 pronounced at a ldg= 180 in the large field (KOSMA
predictions and recent numerical results regarding theninit- - ppDF) as it is at lag = 30" in the IRAM field. In both datasets,
tency of turbulence. the non-Gaussian tails extend t& 5 605c. This suggests that
intermittency is not only a small-scale phenomenon but ithat
is present and has the same statistical properties on asgale
times larger.

) As mentioned in the introduction, similar conclusions have
The IRAM and KOSMA PDF from Figs. 4 and 6 bear an appageen reached by MJ04, who find that the intense structures of
ent contradiction: the PDF built with the IRAM data with alay yorticity and rate of strain in hydrodynamical turbulencerf
150" (15 pixels) is nearly Gaussian, while the KOSMA PDF witl|ysters of inertial range extent, implying a large-scatgaiza-

asimilar physical lag of 1803 pixels) is not: non-Gaussian tailstjon of the small-scale intermittent structures.
in the KOSMA PDF originate from the largest CVI structures

like the most prominent one discussed in Section 4.3. InHg.

we show that the bulk of the IRAM CVI fof = 180" (dark 5.2. The intensity of small-scale intermittency versus

dots) are below 3;c = 0.9kms™. It is the particular location large-scale shear

of the IRAM field with respect to the CVI maxima seen in the ) ]

KOSMA field that prevents the detection of a number of CVI iVe now compare the scaling of tipff-order structure functions

excess of 8¢ large enough to depart from Gaussian statistic8f CV with p in the framework of the SL94 model. Structure

Would the IRAM field be centered closer to the CVI maximurfidnctions are increasingly sensitive to the tails of the G\IIF

in the KOSMA data (around 123.2925.17), a larger number (E-CVI) as the ordepincreases. Since we have shown (Sect4.2)

of CVI in excess of &sc might have been measured. that the E-CVI stem from velocity fluctuations, it is inteting
However, in both fields, the non-Gaussian tails of the PDP compare the scaling of high order structure functionshef t

of CVI grow as the lag decreases. This behavior is routinefyV to theoretical predictions based on the velocity field.

observed in laboratory and numerical experiments, wheie it  The SL94 model has three parameters (see Appendix A.3).

interpreted as a signature of the intermittency of the vgloc One of the three parameters<08 < 1, describes the level of

field. In such experimentsffects of the non-Gaussian statisticsntermittency:;3 — 1 corresponds to the non-intermittent cas-

are visible with either the transverse or the longitudirelbe- cade with{, = p/3. The two other parameters (Boldyrev et al.

5.1. Self-similarity of the centroid velocity increments in the
Polaris field
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2002) describe the scalings of velocity in the cascade aad th
dimensionD of the most intermittent structures. In the SL94
model, the scaling of the velocity ig ~ 13, It assumes that
the most intermittent structures are filamerils£ 1) and that
the level of intermittency i = 2/3. The associated ESS strucig. 11. Contours of the CVI (1 km$) computed in the Polaris field
ture function exponents, = {(p)/{(3) are then predicted to for | = 3 pixels (see Fig. 9) overplotted on tfCO(1- 0) emission
be ZSL = p/9 + 2[1 - (2/3)"3]. According to this class of ilr;tegrateq in the velocity range-2,5 : 0] km st i.e. optically thin
models, as the level of intermittency increases, the ES$-exp CO emission (top) and th€CO integrated intensity tracing the bulk
nents become smaller thaw3 for p > 3 and the departure °f the dense gas (see Paper II) (bottom).

from the K41 scaling increases with. Following the SL94

approach, further theoretical models were developed far-co

pressible and magnetized turbulence (Politano & Pouqu&;19performed by CV upon the velocity field, using numerical simu
Miller & Biskamp 2000) and tested against numerical simulgations of compressible turbulence. The values that we Have
tions. Boldyrev et al. (2002) propose a similar scaling te dgermined from the exponenfép) may be useful, though, and we
scribe compressible MHD turbulence assuming sheet-like igive them in the Appendix.
termittent structuresl{ = 2) and a more intermittent cascade’  |n summary, the line CV exhibit the statistical and struatur
(8 = 1/3) but do not allow dissipation of large-scale modes ifroperties characterizing the intermittency of the vetiofield
shocks. They find3% = p/9+ 1 (1/3)"° (hereafter called the i theoretical models and numerical simulations of turhaée
BO2 scaling), in excellent agreement with numerical siiofes 1) the non-Gaussian statistics of the CVI at small lag, 2) the
of super-Alfvénic MHD turbulence. However, this scalingsh self-similarity of structures of largest CVI and the existe of
never been tested against observations of the turbuleotitiel jnertial-range intermittency, 3) the anomalous scalinghafr
field of molecular clouds. high-order structure functions similar to wthat is found fioe

In Fig. 14, we compare the scalings of the CV structure fungtructure functions of velocity. Last, we find that the mare i
tions exponents (see Table 3) with the predictions of thedSL@rmittent field on small scales has the larger dispersiatoof
and B02 models for the velocity field. In the Polaris field, fothermal velocity on large scales.
either data set, the measured exponents follow the SL9#gcal  The above properties are borne by the non-Gaussian tail of
closely but difer significantly from that of BO2. This apparenthe CVI PDF, which we have shown to be associated with pure
agreement with the SL94 scaling is unexpected since thiogelocity fluctuations. They support our proposition thattist
describes incompressible and unmagnetized turbuleneey-eviics of the'?CO line centroid velocity and, more specifically,
thing interstellar turbulence is not. However, thEeet of line-  their E-CVI may be used to disclose the statistical and irat
of-sight averaging in the CV structure functions is not know properties of intermittency in the underlying velocity éleln

Further interpretation of the underlying physics requices- what follows, we therefore ascribe the E-CVI to the inteteit
frontation with CV structure functions based on numeridal-s stryctures of intense shears.

ulations. The exponents in the Taurus field do not follow afhy o
the three scalings, and are halfway between the non-inttermbi
K41 scaling {(p) = p/3) and the SL94 scaling. The Taurus field. Discussion
is thus less intermittent than the Polaris one, a resultistam
with the flatness measure of the non-Gaussianity of{&€)).
This result is also in line with the recent numerical findimgs To test the role of gravity in the generation of non-Gaussian
Mininni et al. (2006a), who show that the characteristicthef statistics of the velocity, Klessen (2000) built the twdo
large-scale flow play an important role in the development gfatistics of the velocity field, in SPH numerical simulasoof
small-scale intermittency and determine its statisticapprties. turbulence, both with and without self-gravity . The autbom-
The use of CV structure functions to determine the three paared the numerical PDF of CVI with observed PDF and con-
rameters of the SL94 class of models not only requires a largeded that the inclusion of self-gravity leads to bettereag
number of data points but also “calibration” of the weightinment with the observed PDF in molecular clouds. It was fur-

6.1. Influence of gravity
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Fig. 12. Spatial distribution of CVI (kms') computed on large scales

using the data of Bensch et al. (2001) (grey-scale with sevalicated
on the right scale, dotted contours indicate the 0.1 Knevel). Full-
line contours indicate the CVI computed on small scalesénfAM-
30m data cube (see Fig. 11). Note the spatial coincidendeedRAM
structures at the tip of the prominent KOSMA structure aB(42 25°),

The transfer rate in the cascade on sddkeq = 1/2p\7,3/l
with v the characteristic turbulent velocity fluctuations on that
scale. This assumes that the time to transfer energy frolalsca
to smaller scales writes as = |/Vv;. At the parsec-scale of the
Polaris cloud

where the CVI are 0.30 knts
e = 5.5x107%/L3, (4)

where the average densjty= uNy /L and the velocity disper-
ther argued in PFO3 that this result was indeed expecteé sigionVv. = 1.5 kms™ are those derived in Paper II. Thetg, is
the observed regions used in the comparison are forming, stdi¢ unknown depth along the line of sight, expressed in pe. Th
hence the importance of self-gravity. The situation is ticaly ~CO cooling rate averaged over the whole field on the parsec-
changed in the two translucent fields we have studied: they $igle is (Paper II)
not form stars, are far from any such regions, and both are non — o4
self-gravitating on the parsec-scale of our observatimteed, Aco =10""/Lpc ®)
we have shown that the field with the more prominent nofhese two rates are thus close, because the depth alongéhe i

ergstcm™

ergstcm.

Gaussian tails, namely Polaris, is located at high latitade
is embedded in a larger structure (the Flare) far from vivat

of sight is not much greater than 1 pc (see Section 3.1), aiyd ma
lead to the conclusion that CO is able to radiate the turlaien

ance. This strongly supports that, in the type of fields wéyaea ergy away, confirming the results of Shore et al. (2006). Altyy

gravity is not at the origin of the PDF tails.

this would be true if the cascade were filling space uniforamly

Nonetheless, gravity is the ultimate source of gas motionsih other words, for a non-intermittent cascade. From theipre
the universe, from galaxy clusters to GMC and collapsin@sor gus section, this assumption is certainly not valid. Ingeke
so it cannot be ignored. If the cloud mass were distributed #ymulative distribution 05¢|2 for| = 3 (see Fig.B.1) shows that
tiny cloudlets of very high density that would rarely codlidhen  the points with CVI larger than@ represent only 2.5% of the
gravity might play a significant role in the gas velocity &at total, while they contribute to 25% of the total 8E2. The ve-
tics. Here, we assume that the fluid approximation is vahd, a|ocity field has two contributions (solenoidal and dilatatl) to
because the Reynolds number is so large, the gas motionstaeeenergy dissipation rate= —& (VX V2 + %IV -VI?) (Kritsuk

turbulent, by definition.

6.2. The intermittency of turbulence dissipation

et al. 2007). As shown by Lis et al. (1996) and Pety & Falgarone
(2000) based on numerical simulations, the E-CVI serve as a
proxy for large vorticity regions. Thus, assuming that thergy
dissipation on scalkis proportional tasC?, the cumulative dis-

In numerical experiments such as those of MJO4 (see atsibution of Fig. B.1 suggests that the local dissipatiote rat
Sreenivasan 1999), maxima of energy dissipation are faaind] = 3 (or ~ 0.02 pc) in the E-CVI regions, is already 10 times

small-scale, in the vicinity of the vorticity filaments. Artge

larger than the average rate over the fieldcy, > 10e.. Note

fraction of the dissipation of turbulence may be conceattatthat these numbers are about the same for the large-scalésPol

in the regions of largest CVI, the small-scale intermittsintic-
tures. We illustrate this point with estimates of energysfar
based on our observations in the Polaris field.

field, while in the less intermittent Taurus field, these E{t@p-
resent only 1% of the total, still contributing to 5% of thesii
pation.
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Fig. 14. Values of the exponents of the structure functions (see3Figith error bars (see Table 3). For comparison, the K41)(f8L94 (dashed),
and B02 (dotted) scalings are indicated. From left to rigtafaris (IRAM), Polaris (KOSMA), Taurus.

On the actual dissipation scale, presumably smaller thtyin*>CO(1-0), while they do not follow the distribution of mat-
0.02 pc, the local dissipation rate is still higher by an umkn ter traced by thé3CO. Using large-scale data, we have shown
factor. Since the turbulent dissipation is not space-fllihin- that these filamentary structures remain coherent over thare
duces high local heating rates. This suggests that othdr caoparsec. Furthermore, the similar statistics found in B¥eM
ing agentse.g. the pure rotational lines of Hor the fine struc- and KOSMA maps of this field suggest that both samples be-
ture line of C', may be dominating the cooling in these region®ng to the self-similar turbulent cascade. In the Polaeisifithe
(Paper | and Falgarone et al. 2007). Observations areatht| high-order structure function exponents, computed up tieior
ing that would allow a comparison of the turbulent transéger p = 6, significantly depart from their Kolmogorov value.

with the CO cooling rate on scales smaller than 0.02 pc. Through the properties of the tails of their PD& the E-

In spite of the self-similarity of the intermittent strucéis CvI, the line centroid velocities in these two clouds arerfou
discussed in Section 5, the bulk of the dissipation is likely to carry the main signatures of intermittency borne by auurb
take place in the smallest structures. The largest CVI aie@t  |ent velocity field. The departure from the Gaussian statisif
tional to o5 and thus td*2. The corresponding shears therethe centroid velocity increments on small-scales is theehs-
fore scale at™/? providing an observed scaling of the dissipacribed to the intermittency of turbulendeg. the non-space fill-
tion rate with lengthscalg ¢ o I71. Now, we use the finding ing character of the turbulent cascade. The structuresgésa
of MJ04, who show that the tails of the probability distriiout  Cv/| trace the intermittent structures of intense shearsthed
functions of the volume of individual dissipative stru@ar(ei- sites of intermittent turbulence dissipation. We show thase
ther intense vorticity or strain-rate) decrease approtélgias intermittent structures, on the 0.02 pc-scale, harbour 25%
p(V) ~ V72 Whether these structures are cylinde¥s«¢ 1) 5% of the total energy dissipation, in the Polaris and Taurus
or sheets\ « ), the integrated dissipation is therefore alwaygelds, respectively, although they fill less than 2.5% anddf%
dominated by the dissipation which takes place on the sstallghe cloud area. We find that both fields are intermittent aatl th
scales, becauggV)e o 17° in the first case o I-2 in the sec- the more intermittent velocity field on small scales (theais|
ond case. field) belongs to a molecular cloud far from virial balance on

This confirms the important point for the evolution of molecthe scale of 30 pc. In contrast, the less intermittent (the' (s
ular clouds that dissipation of turbulence is concentrated field) belongs to a virialized complex. The more turbuleritffie
small subset of space. The induced radiative cooling, aieth thus the more intermittent. Interestingly enough, the tassu-
fore the dissipation rate, have to be searched on scalegam-th |ent field is embedded in a star-forming cloud (Taurus comjple
der of the milliparsec in emission lines more powerful thia@ t with numerous young stellar objects, while the more tunbule
low-J CO transitions. The value of the rate itself may thus bgolaris) is in an inactive complex.
directly observable in line emissions (pure rotationa$iof b, The exact nature of these intermittent structures, thek li

C") that can only be distinguished from UV-excited emission byjith shocks, and the role of magnetic fields are still elushre
observations at very high angular resolution. comparison of observational data with theoretical scalirey
quires the ability to compute higher orders of the structune-
tions and establish the correspondence between the ata&oi
locity and the velocity fields. This stresses the need faydar
We performed a statistical analysis of the turbulence tdwewo homogeneous data samples with at leastshctra. Such data
translucent molecular clouds based on the two-point pritigab Sets would also allow determination of the three parameters
density functions of th&?CO(1- 0) line centroid velocity. the class of models to which the SL94 or MHD scalings belong.
Thanks to the excellent quality of the data, we prove the non- Heterodyne instrumentatiore.§. multi-beam receiver het-
Gaussian tails in the PDF of the line centroid velocity imeesits  erodyne arrays)ffers a dramatic increase in the spatial dynam-
on small-scales, down to a probability level of #0We show ical range accessible, combining high spatial and speeisal-
that the largest CVI, in both fields, delineate elongatedavar lutions. Sub-arcsecond resolution is needed to resolvditise
structures £ 0.02 pc) that are, in one case, parallel to the localation scale, combined with a large instantaneous field e vi
direction of the magnetic field. In the Polaris field, thesa-fil to disclose the shape of the dissipative structures. Oasenal
ments are well-correlated to the warm gas traced by thealjytic signatures of the dissipation of the turbulent kinetic ggenight

7. Conclusion and perspectives
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be searched for in chemical abundances of species, whose
mation requires high temperatures (Paper 1), like*CHCO*,

and water. Excited kiwas also proposed as a good coolant cam-

didate (Falgarone et al. 2005; Appleton et al. 2006). Whilees
of these observational requirements are already met byirexis
instruments € g. HERA at the IRAM-30m telescope), ALMA,

SOFIA, and the Herschel satellite will definitely open new-pe

spectives in this field.
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Appendix A: Two-point statistics
A.1. Construction of the Pn(56Ci)

In each PDF, all the bins which are associated to a numberesftevess than
a given valueNnin, are blanked. The value &, depends on the number of
bins in the histogram. In Fig. A.1, we show t#g(6C,) computed fol = 3 in
the Polaris field, for successive valued\fi,=0, 10, 30, and 100. It is seen that,
with Nmin=10, the spurious bins having a constant vatug0* are eliminated.
The value of each bin and its uncertainty are then deternfireed the average
and rms of all the points populating the bin.

A.2. CVI maps

The non-averaged CVI map of Fig. A.2, computed in the IRAMadat a lag of
18 pixels (or 180), shows that large-scale structures exist that are natfilteut
with large enough lags. The crosses indicate the positidreserthe CVI values
of Fig. 13 have been taken.

Figure A.3 shows the CVI map computed in the IRAM Polaris aadriis
fields, for a lag of 18 pixels. The comparison with the CVI mapBig. 9 shows
that the thin filaments have faded away. However, in the Rofaap, the struc-
ture visible at a lag of 3 pixels is still visible, though itdhlaroadened.

A.3. Determination of the intermittency level

She & Lévéeque (1994) developed a model to analyze the soalé properties

of an incompressible turbulent flow. Since this model irsphinumerous works
of astrophysical relevance, we summarize its key pointe.h8L94 propose
studying the large fluctuations gf(defined as the dissipation rate averaged over
balls of sizel) through the ratio of its successive momeq(t@ = (e|p+1>/(e|p).

Hence, for eaclp, the value okl(p) describes the dissipation intensity of a set of
turbulent structures: ag increases, the associated structures are more coherent
and more singular. As a result, the hierarchical structafése SL94 model are
not related to any physical objects, except for the mostriniteent. The SL94
model has three parameters: the scaling of the velocity sad#hel, assumed to
be that of the K41 theoryw( ~ 11/3); the level of intermittency characterized
by a parameteg; and the dimensionalityp of the most intermittent structures.
AssumingB = 2/3 andD = 1, SL94 proposed a recursive relation Iinkirfﬁ*l)

toe®,

P - Apsl(p)ﬁq(oo)lfﬁ’ (A1)
which allowed them to compute the anomalous scaling of tieeggrdissipation
rate with scald, (") ~ 1™, with 7, = -2/3p + 2[1 - ().

In principle, by fitting the exponent4{p), it should be possible to determine
the three parameters of the SL94 class of models. In praecticdiable determi-
nation of the three parametersg. by least-square fitting the exponent values,
requires computing high-order structure functiopsx 6). With 6 orders, we
could only determine one parameter, the scaling of the iglflactuations in
the cascadg « |? and we found) = 1/3 which coincides with the K41 value.
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theSp:

)i (A2)

(p+1) _ (P)¥ =(c0
70 = AR R
with 7 = Sp.1(1)/Sp(1). This recursive relation, together with the RSH and

the second assumption tf@‘m) ~ Sg, leads to the expression of the relative
scaling exponents:

1-a
1-ad

lo=py+(1-3y) (A3)

with @ = g% and@ = 1/3. Thea-test proposed by She et al. (2001) is to plot
7:|(p+1)/7:|(2) againstq:l(p)/q:l(l) since?‘l(pﬂ)/?_l(z) — (Ap/Al) (7:|(p)/7:|(1))a If

the log-log plot is a line of slope, the data are said to pass theest. In
Figs. A.4-A.5, we show the result of thetests applied to the Polaris and Taurus
data sets. Both pass thetest with values ofr = 0.89 + 0.01 and 0950+ 0.005

for the Polaris and Taurus fields, respectively. The coordimg values of are
0.70 + 0.04 and 086 + 0.02 in the Polaris and Taurus fields, respectively (see
Figs. A.4-A.5). The intermittency level in the Polaris fiefdvery close to the
SL94 value = 2/3, but our data sets are too small to allow a determination of

Fig.A.1. P,(6C)) computed foil = 3 in the Polaris field, for successivep.

values ofNpyi,=0, 10 (dashed), 30 (dotted), and 100 (dot-dashed).
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Fig.A.2. CVI map computed from the IRAM dataset with a lag 18
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visible, reminiscent of what is seen in Figl:ft panel: contours are the
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with 0.29 km s? levels.

She et al. (2001) propose a method of determining the paeaiénde-
pendently. It makes use of the fundamental assumption dfigrarchical SL94
model that there is a scaling law for the successive powetseaénergy dissipa-
tion on scald. Using the Kolmogorov-Oboukhov refined similarity hypattse

(RSH, seeeg. Lesieur 1997)S, ~ (elp/3)||/3, a recursive relation similar to
Eq. A.1 can be written that involves functions of the ratico€cessive orders of

a = B? with 6 = 1/3. All orders are plotted on the left panel and fitted
with a single power law, while the right panels detail the tiiténdivid-

ual ordersp = 2,3,4,5. Fits are done over the range indicated by the
line. The individual slopes are 0.90, 0.91, 0.92 and 0.93.
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Fig.A.5. As Fig. A.4 for the Taurus field, where the slopes for each
order (p = 2,3,4,5) are 0.94, 0.95, 0.96 and 0.97.
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of the normalize&C, (computed for a lagj= 3).

Appendix B: Filling factor of the CVI and
dissipation
Based on the PDF of CVI of Figs. 4 and 5, we computed the cuimelfiction

of the CVI6C, and the associated cumulative fractionSGF

/// Polaris Kosma 12CO(271)

4
CVI / o(CVI)

. The non-averaged

CVI 6C; are more closely related to the energy dissipation thanzimsughally
averaged oneg|6C,|)) because they preserve the two derivatives ofl tisese-
locity. The results are shown in Fig. B.1, for a lag= 3. Assuming that the
dissipated energy scales&;z, we see that in the Polaris field, the regions with
CVI larger than 3sc represent only 2.5% of the surface and they contribute to
~ 25% of the energy dissipation. In the Taurus field, 5% of ttergndissipation

is concentrated into less than 1% of the surface.
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