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Abstract

Aims. Supersonic turbulence is a large reservoir of supratheemeigy in the interstellar medium. Its dissipation, beeaitiss
intermittent in space and time, can deeply modify the chagnaf the gas. This is clearly seen in the framework of shduinaistry.
Intense turbulent dissipation also occurs in regions gidaelocity shears, sharing with shocks the property ofimnittency. Whether
these bursts of dissipation, short-lived and localizeslelemmeasurable impact on molecular abundances in theseimedium, and
how the chemical enrichment they drive compares to obsenstare the questions we address here.

Methods. We further explore a hybrid method to compute the chemicdltharmal evolution of a magnetized dissipative structure,
under the energetic constraints provided by the observagepties of turbulence in the cold neutral medium. For that fime, we
model a random line of sight by taking into account the reéatiuration of the bursts with respect to the thermal and atsm
relaxation timescales of the gas. The key parameter is thalant rate of straia due to the ambient turbulence. With the gas density,
it controls the size of the dissipative structures, theeetbe strength of the burst. It also sets the relative ingome of viscous
dissipation and ion-neutral friction in the gas heating elneimical enrichment.

Results. For alarge range of rates of strain and densities, the moéialsbulent dissipation regions (TDR) reproduce the*@dlumn
densities observed in thefflise medium and their correlation with highly excitegl ihey do so without producing an excess of CH.
As a natural consequence, they reproduce the abundanee s&tiCO/OH and HCO/H,0, and their dynamic range of about one
order of magnitude observed infilise gas. Large £ and CO abundances, also related to those of H@& another outcome of the
TDR models that compare well with observed values. Neuateban exceeds the abundance expected at ionization eguritibin
agreement with fine-structure line observations. The aduces and column densities computed for CN, HCN and HNC areter

of magnitude above PDR model predictions, although stithificantly smaller than observed values. The dependenoaraksults

on the rate of strain and density reveals that the chemideraements are in better agreement with observations dissgation is
dominated by ion-neutral friction, involving shear sturets of thickness 100 AU.
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1. Introduction (Miville-Deschénes et al. 2003),
(3) its spatial and velocity structure is even a greaterlehgke

The difuse medium has a major contribution to the mass of ti§#ce it has to reconcile the existence of structures obseay
interstellar medium (ISM) in galaxies like the Milky Way anc@ll scales in emission and a remarkable similarity of linefipes

as such is a key player in the star formation process. AlthougPservedin absorption (see the discussion in Liszt & Lué@81

it is the first component of the ISM to have been discovere@ho question the elusive dimensionality of théase medium).
and later on extensively analyzed through absorption nreasuSInce many tracers of the kinematics and small-scale sireiof
ments of atoms, ions and molecules (see the review of Snowtzg difuse ISM are molecular lines, clues are likely to be found
McCall, 2006), its structure and properties remain a chglitein  in its surprisingly rich, but poorly understood, chemistry

many respects:

(1) long thought to consist of two stable phases - the warm and One major puzzle in this chemistry, raised by the detectfon o
cold neutral medium (WNM at temperatur€s~ 8000 K and CH® in almost every line of sight sampling the CNM, persisted
CNM at T ~ 100 K) in thermal pressure equilibrium - a sigfor decades because no formation path was found tdHoéesmt
nificant fraction of its emission is now detected at tempaeg enough in the dfuse ISM (Black, Dalgarno & Oppenheimer
covering the whole range between those of the CNM and WNI75, Black & Dalgarno 1977). It is rooted in the fact that in
(Heiles & Troland 2003), such difuse gas, CHforms via a highly endoenergetic reaction
(2) the CNM is turbulent with supersonic velocities, yet th€" + H, (AE/k = 4640 K) unlikely to proceed at the low tem-
velocity and density power spectra carry the signature ef tperatures of the CNM. Similarly, one way to activate the atyg
Kolmogorov power spectrum for incompressible turbulenaghemistry in the dtuse medium, and therefore the formation of
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OH and HO, involves the reaction of @ H, which has an en- In their long-lasting &ort dedicated to unravelling molecular
ergy barrier of 2980 K. abundances in the filise ISM, Liszt & Lucas (2002 and refer-

A possibly related issue is the existence of rotationally egnces therein) have provided us with invaluable constahht
cited H, in the difuse gas. FUSE observations have reveal@aly did they show that the abundances of several molectags s
large populations in thd > 2 levels of H, inconsistent with proportional to each other, with very well defined abundaaee
fluorescence generated by the ambient UV field (Sonnentruckes, but they found that the column densities of these nuddsc
et al. 2003; Gry et al. 2002; Nehmeé et al. 2008a,b; Martitdiza vary by more than one order of magnitude across clouds that al
et al. 2005; Lacour et al. 2005). This excited ¢buld be local- have about the same total hydrogen column density, comespo
ized in circumstellar materi§l but it also has been detected iring to diffuse and translucent clouds. They also revealed the re-
the direction of late B stars, devoid of circumstellar matis in  markable similarity of HCO and OH line profiles, all the more
the data of Gry et al. (2002). Stellar UV photons are thegefosurprising for an ion and a neutral speciesfatently coupled
unlikely to contribute significantly to the UV-pumping obHn  to the magnetic field. On the contrary, the high-spectrailtes
particular Lacour et al. (2005) find an increase of the Dappl&on spectra of Crane, Lambert and &ee (1995) convincingly
parameter of the plines with J, supporting the existence of ashowed that the CHline profiles are definitely broader and less
warm component that cannot be heated by UV photons. Thepussian than those of CH, along the same lines of sightewnhil
argue that this warm component cannot be duesddrmation Lambert, Sher & Crane (1990) found that, in the direction of
pumping, as proposed by Sternberg & Dalgarno (1995) in ders®ph, the CH line profiles could be seen as the sum of a broad
PDRs, because it would require an fdrmation rate larger than component similar to the CHprofile, and a narrow one, close
that inferred from observations, and would not reprodueeth to that of the CN line. A similar result was obtained by Panlet a
served column densities of GHound to correlate with excited (2004, 2005) towards stars of the CepOB2 and CepOB3 regions.
H, (Spitzer et al. 1974; Snow 1976, 1977; Frisch & Jura 1980hese sets of results suggest that the velocity field is veebl

Lambert & Danks 1986). in the origin and the evolution of these molecules, and does s
ISO-SWS observations further support the possible exfiferently for each species. _
tence of a small fraction of warm gas in the Galactiffidie It is therefore challenging to compare these available mbse

medium by revealing its pure rotational line emission (Batge Vations with models of a random line of sight across the dif-
et al. 2005). Interestingly, the rattd(Ho)warm/Ny ~ 2 x 1074,  fuse ISM, where active dissipation bursts coexist with citie
whereN(Hy)warm is the H column density in leveld > 3, is the their relaxation phase. In particular, the possibilitytthaumber
same across the Galactididise medium as in the direction ofof transient events may dominate the observed molecular col
nearby late B stars. ReceBitzer observations have confirmeddmn densities has never been addressed. This is what we do in
the 1ISO-SWS line flux values (Verstraete et al. in prepandtio the present paper. We restrict our study to densities lokaa t
Both the observed abundances of Cahd column densi- M+ = 200 cnT® because, as will be seen, at higher densities and
ties of rotationally excited bisuggest that large amounts of©r the turbulent energy observed in the CNM, turbulentidiss
suprathermal energy are deposited in the cofflgée medium. Pation does not heat the gas enough to open the endoenergetic
One obvious reservoir of suprathermal energy in the ISMsis iig_arrl(_ers mentioned abov_e. We cannot rule out, though, riare d
turbulent kinetic energy. Attempts at incorporating thisegy ~SiPation bursts of exceptional intensity that would be ableeat
in the chemical networks of magneto-hydrodynamical (MH tll denser gas to the required temperature. We extendéwe-p
shocks have been partly successful at reproducing the\aaserPUS Studies in a way that allows us to explore the parameter do
properties of the diuse medium (Pineau des Foréts et al. 198f12iN, in particular those characterizing the ambient tenice.
Draine & Katz 1986, Flower & Pineau des Foréts 1998). OthdYe also extend the chemical network. We model a random line
routes have been explored, involving dynamic interactiohs of sight across the ﬂ‘use_medlum and compare the predicted
the gas and the star cluster in the Pleiades (White 1984,;208@lumn densities of a variety of molecular species to thenbs
Ritchey et al. 2006), turbulent transport between the WNV\éF‘t'O,nS' The dynamic steady state is computed and desdribed
and CNM (Les#re et al. 2007) and turbulent dissipation tak>€ction 2, the chemistry in the active dissipation and wlar
ing place in regions of large velocity shears. Turbulence bBhases is presented in Sections 3 and 4. The modelling oéa lin
ing intermittent in space and time (see the review of Anselm@! Sightis discussed in Section 5. Comparisons of compued ¢
Antonia & Danaila 2001), velocity shears may locally be &rgiMmn densities with observations, as well as excitationrdiag
enough to drive large local heating rates and trigger theend of Hy, are shown in Section 6 and these results are discussed in
ergetic reactions of carbon and oxygen chemistries in tffiesdi Sect.|]7.
ISM (Falgarone, Pineau des Foréts & Rfiu©95). Along these
lines, Joulain et al. (1998, hereafter J98) have exploreddle . .
of ion-neutral decoupling induced, in the weakly ionizefildie 2 Stealijly -staf[e cgj.frfnagnetlzed vortexin a
medium, by the sharp gas accelerations in the regions afdarg weakly-ionized aifiuse gas
velocity-shear and its impact on ion-neutral chemistryantic- 2 1. The neutral flow
ular the formation of CH and HCO'. Falgarone et al. (2006) ) ) o )
have analysed the thermal and chemical relaxation phasein furbulence in the diuse ISM is supersonic with respect to its
evolution of a gas chemically enriched in a dissipationburs ~ cold phase, the CNM. Supersonic turbulence dissipateoirksh
The observational data probing the molecular diversity agld regions of large velocity shear (Kritsuk et al. 2007)eifh

richness of the diuse ISM are not restricted to Ckind HCO.  'espective importance has been studied in numerical simula
tions. Porter et al. (1992; 1994) and Pavlovski, Smith & Mac

1 Here, we deliberately overlook most of the early Coperniessilts !‘OW (.2006) showed that ”?OSt of the turbulent kinetic energy
on H, high-J lines obtained in the direction of hot stars (e.g. Spitzdp rapidly transferred to high wavenumber non-compressibl
et al. 1973; Savage et al. 1977; Shull & Beckwith 1982) thattte Modes, once the shocks generated by supersonic turbulavee h

the conclusion that excited,Hbsorption is occurring in circumstellar Started to interact, reducing the role of compressible raode
material heateghocked by the star itself. (shocks) in turbulent dissipation. In the so-called quéesdSM
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(i.e. far from star forming regions), the smooth observed-i wherer;; is the stress tensor. This rate is written in cylindrical

shapes support the view of a turbulence devoid of strongkshocoordinates:

(Falgarone et al. 1994) implying that the dissipation mexfie ) ) ) )

tially occurs in shear-layers. Lon _|0Ug _Upl™  (OU)" (0" 2(&)2 L o[04 ©)
Dissipative structures are modelled as shear-layersgigign n ~ | or r or or r 0z

to a solution of the Helmholtz equation for vorticity, cloge ) o o _

the Burgers vortex adopted in J98: this analytical solutias Wheren = pv is the dynamic viscosity in a gas of densitylt

the merit that it has only two free parameters that deschie tis computed for hydrogen atoms using the Kay & Laby (1966)

balance between the stretching action of the large scatkthan tables of physical and chemical constangs= 6 x 10°T? g

diffusion of vorticity across the vortex edge, at small scale. din! s whereTy is the gas kinetic temperature.

provides an analytical framework in which we can compute the |n all the following, it is assumed that the fluid description

effect of partial decoupling between ions and neutrals upon thethe gas motions is justified because the mean free path of H

steady state configuration of velocity and magnetic fieldtand  atomsay_y = 0.23(n4/50 cnm3)~1 AU in the diffuse medium,

explore the &ect of both the ion-neutral friction and viscouSor a H-H elastic collision cross Sect@n-H,H = 57 x 1015

heating upon the chemical network. cm? (Spitzer 1978), is smaller than all the lengthscales insglv
The modified Burgers vortex is an axisymmetric solutioth the model.

elaborated in atmospheric sciences by Nolan & Farrell (.998

Itis identical to the Burgers vortex at small radiin cylindrical .

coordinategr, 6, 2), and difers from it at large radii in the sense?-2- Interstellar constraints on the vortex parameters

that the radial inflow velocity is not divergent at infinity: As said above, each vortex is defined by a set of three inde-
a , pendent parameters, 8 and wo. The cut-df parametes has
ur(r) = —éf e (1) no influence either on the dynamics or on the chemistry of the

structure as long ag is small compared toy . Hereafterg
wherea is the turbulent rate of strain (imy andg (in cm2) is chosen in order to satisfy this condition. In other wotds;,
describes the cutbof the radial velocity. The axial velocity,, bulent dissipation in the vortex happens through radiatieity
the vorticityw, and the orthoradial velocity, are inferred from distribution, not through a radial flux of matter. In thesexdd

the Helmholtz and continuity equations: tions, the dominant contribution to the viscous dissipatiothe
first term in Eq. [(9).
—az.-eP?.(1-pr2 2 Numerical simulations of incompressible turbulence
U(r) = az-e ( pr ) @) (Jimenez 1997) and experiments (Belin et al. 1996) have show

. , that the maximum tangential velocity of filaments of votiici
wyr) = wo - e’m[lfe " ] (3) Usmax ~ wolo IS of the order of the rms velqglty dlsper_smn of
the ambient turbulencep. Since the equilibrium radiusy
1 (" is set by the rate of straia (Eq. B),wo is also determined. In
Ug(r) = — f r'wy(r')dr’ (4) the case of interstellar turbulence, it implies that théoradial
rJo velocity in the vortex is supersonic with respect to the qgad.
It is noteworthy that slightly supersonic Burgers vorti¢tese
been found in experiments of rotating magnetized plasmas by
Nagaoka et al. (2002) in conjunction with an inner densitgho
Moreover, as will be seen later, the gas being violently and
rapidly heated in the layers of largest orthoradial velgdite
Mach number there is likely to drop below unity. The only free
parameter left in the vortex description is therefore the
rg = 4y/a (5) straina,. although the gas density is in fact a free parameter that
determines the vortex size, through the kinematic visgosit

involving the two quantities that act on it, the rate of stmand (Eq.[3).
the viscosityv. Accordingly, the vortex crossing time

wherewy is the peak of vorticity and is the kinematic viscosity.
Any vortex is therefore entirely defined by three parameggrs
B andwo.

Note that, according to the radial dependence of the voytici
the same equilibrium vortex radiug as for the Burgers vortex
can be defined,

2.3. Magnetic field configuration and ionized flow

~ kr dr’ ~ 2 | ‘ 6
Te = j; u(r) a n(1/k) 6) The configuration of the magnetic field and ions reached once
the above vortex has developed in the partially ionized gas i
for any constank < 1 depends only on the rate of strain, whiléwumerically computed. The ions argtially at rest, threaded by

the vortex period, defined as a uniform magnetic field parallel to theaxis, By = Bok. The
o ions are predominantly'C the neutrals are mainly composed of

=—— (7) Hand H and the ionization degreg,= 2 x 10, is wealf. At
Uy(ro) t = 0, the ions are suddenly put into motion by friction with the

vortex that developed in the neutral gas i.e. the three coemis

depends om, a, andwo. X X
P 00 of the neutral gas velocity,, are those of the vortex given by

Because vorticity is radially non uniform there is dfeli-
ential rotation of the fluid within the structure which indisca —;

For comparison the HH, elastic collision cross section is

tion field (ISRF).

VISCOUS dISSIpatlon rate: THp-H, ~ 3 10-L5¢cm? (Monchick et al. 1980).
U 3 Computed for a dfuse molecular cloud of density; ~ 50 cn?3,
I'nn = Z ] 6_I (8) temperaturdl ~ 100 K, illuminated by the standard interstellar radia-
Xj
]
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Egs. (1), (2) and (4). Boundary conditions are provided ey tt 12—
assumption that the vortex has a finite lenth apodised over I
a lengthCy,.

The alignment ofv with the ambient magnetic field is sup-
ported by the results of numerical simulations. Brandegletr
al. (1996) showed that in MHD turbulence, magnetic field ar
vorticity vectors tend to align with each other. More red¢gnt
Mininni et al. (2006a,b) observed a similar behaviour inithe
1536 numerical simulations.

Under these assumptions, we compute the two-dimensio
time-dependent evolution of the ion velocity and the mag-
netic field B. We neglect the retro-action of the ions upon th
neutral motions because, for densities in the range 10-208 ¢
and an ion-neutral drift velocity comparable tp (see Fig.
1), the friction forceF;, they exert on the neutrals is negli-
gible compared to the advection force in the vortical matio!
Fin ~ 1073(1/10AU) X p, Un.Vup, | being the spatial scale for the
variation ofu,, in the range 10 to 100 AU. The neutrals velocit
components are therefore those of the vortex (Egs. (1),n@) ¢
(4)) at any time.

In the interstellar mediunB is frozen in the charged fluid
(Spitzer 1978) and its evolution is simply written:

09

06

U (km.s‘1)

100

0.1

-0.1

? +Vx(Bxu)=0. (20) 10.2

Neglecting the pressure gradients in the evolution eqoati 10.1
of the ionized flow (this assumption is justified in Seﬂ:t. Qds

to: 10
au . - {oVin oy, 1
w5t (Ui - V)ui = Gt )™ (Un —u) + 2, (VxB)xB(11)

whereu, andy; are the mean mass per particle of the neutrals (| * A4
H,) and ions (mostly €) respectively{ov);, = 2.2 x 10~%cm?
st is the momentum transfer rate ¢heient between the ion-
ized and neutral fluids calculated by Flower & Pineau degfSor
(1995, Appendix A), and close to the Langevin rate.

Figurel. Magnetic properties of the vortex. Panel (a): evolution
of |Uj L |max, the maximum ion velocity component perpendicular
to the axisz, as a function of time. The fierent curves corre-
spond to the modelsly, M3, M, andMs, (see Tabl{|1). Panels

My Mp; M, M; (b) and (c): orthoradial and axial components of the magneti
Magnetic field B uG 10 5 10 10 field att = 100 yr for the modeMg as functions of andz
Vortex length Ly AU 200 200 100 200

Apodisation length C, AU 100 100 50 50

Table 1. Parameters of the four models of Ffg. 1. Th3e densitYaytrals. After~ 100 VI Ui lrex < 0.4 km s which is smal
ny and the turbulent rate of strain are fixeg; = 50 cnT?, a = compared tdun, | in the vortex (see Fid:l 2in Se.2) for all

5x101%s, models. A steady state is reached in which the ions are almost
back to rest and the magnetic field slightly helical (Fﬂg..]Ao)
large and steady state drift is set between the ion and neutra
orthoradial velocities with an amplitude close to the oréubal

We integrate Eq[(}0) and E. 11) by means of a two dimegelocity of the neutrals in the vortex.

sional implicit scheme using the Alternating Direction linjt Such a drift has a deep impact on the chemistry of the gas, as

method ADI). To validate our approach we also use two oth&fas shown by J98, and contributes to the dissipation of its tu

integration schemes: an explicit and an implicit withow Dl pulent energy. The additional heating term due to the iantraé

method. The results of our 3&X00 points grid simulations are friction is written:

displayed in Fig[|1. Panel (a) shows the evolutiofupfy, the e Li

maximum ion velocity component perpendicular to the axis lin = - (0V)in ——— (Ui — Up)?. (12)

as a function of time. The curves correspond to the four nzodel Hn+ Hi Hn+ Hi

presented in Tabﬁ 1. Panels (b) and (c) show the orthorawiial We also found that there is only a very small ion-neutrakdrif

axial components dB for the modelM, att = 100 yr. in thez direction because the magnetic field is only slightly he-

Fig.|j|a shows that the ions, initially at rest, are put into- mdical. Since in addition the contributions of the spatialiations

tion by the friction force from the neutrals in the vortex.igh of u; to the heating ternir,, are negligible (Ecﬂ9), we consider

motion (including its boundary conditions) generates ghmr the vortex as invariant along the axsnd restrict our study of

radial componenBy of B and a gradient oB,. These terms in the spatial and time dependences to those occurring nadiall

turn induce magnetic tension and pressure gradient (s@q. In the next sections we focus on the rapid thermal and chem-

two forces resisting the orthoradial entrainment exertedhle ical evolution of the gas trapped in such a steady statetstelc
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and follow its thermal and chemical relaxation, once theesor dUi _ d (3  _\ Hn | Hn
has blown-up. at = at\2"KTi| =Bt Bet ir'” * ere” (14)

; whereB,, B; and B, are the sums of all the heating and cool-
3. The active phase ing rates of the neutrals, the ions and the electrons rasphgt
3.1. Numerical modelling not induced by turbulent dissipation, afigh andT;, the heat-

ing rates induced by turbulent dissipation defined in theipres
sectionI'y, is the heating rate due to the electron-neutral drift, a
term taken into account in the code but negligible compaved t

ical i | : b hemist nT*nn andl,. The cooling rates include the radiative de-excitation
ical timescales, we compute non-equilibrium chemistrypted of the ro-vibrational levels of K of the fine structure levels of

to the time-dependent thermal evolution. The initial g@sger- ~+ = 2194 O and of the rotational levels 05@, OH and CO

atures and molecular abundances are those of a steadyi$tate d’LastI since ions and neutrals are decou’ led. we use. the ap-

fuse cloud of densityy, illuminated by the ambient interstellar astly, pled, we P

radiation field (ISRF) (Draine 1978) scaled by the fagtoand ProXimation of Flower et al. (1985) for the calculation okth
chemical rate caficients. The cross-section of a 2-species reac-

shielded by the extinctioAy. The cosmic ray ionization rae . =" = X et el
and the elemental abundances are given in 'l@ble 2 tion is integrated over a Maxwellian velocity distributiah an
effective temperature

The neutrals and the ions are treated sepaﬂate‘l;zl a fluid
particle is defined at each time by its positigrthe neutral and
ionized velocity fields, andu;, the mass densitigs, andpi, T, = "2+t Mel1 1 mm o (15)
the temperatures of the neutrdls and ionsT;, and the abun- m + My 3kmy +mp P
dances\(X) of each species. The system therefore comprises 11
dynamic time-dependent variableas &, N, pi, en, Ti, Ty Unrs wheremy, mp, T; andT, are respectively the masses and the tem-
Ung, Uir, Uig). Our chemical network originates from the Meudoiperatures of the 2 reactants amgtheir relative drift velocity.

PDR code (Le Petit et al. 2006). It incorporates 90 species-in
acting through 1524 reactions. Those include the formadion
H, on dust, the photoprocesses and the processes induced b

cosmic rays. We also compute the time-dependent evolufiongqg. [} displays the main properties of a reference model @/her
the populations of the 18 first ro-vibrational levels of tdorre- 3 = 3% 10112, ny = 30 cnT2 andAy = 0.4 mag. The vortex

As in J98, we follow the Lagrangian evolution of a fluid parti
cle trapped in the steady state vortex configuration. Becthes
vortex crossing time. (see Sec@.l) is comparableto the che

);,[ﬁ.eThermal evolution of the gas

sponding toTex < 10* K). has an equilibrium radius = 38 AU and generates an average

turbulent heating ratdy,, = 3.4 x 10722 erg cnt® s7* defined

Density Ny cm?  10-200 as:

Radiation field X 1

Extinction Ay mag 0.1-1 _ ) Kro

Cosmic ray ionization rate ¢ st 3x10Y a Turb = 2/(Kro) f [Ton(r) + Tin(r)]r dr. (16)

Elemental abundances [XTH] 0

i 1

(H;:ygg:, [[%?] llggi ig“ The integration domain extends to the radirs where the tur-

Oxygen [0] 302x% 104 bulent heating has no significant influence on the gas tempera

Nitrogen IN] 794% 10°5 ture and chemistryi{ ~ 5).

Sulfur [S] 186x 10° In the model presented here, the heating rate is dominated
Iron [Fe] 150x 108 everywhere by ion-neutral friction (Fiﬂ 2a). For hemes
Table 2. Physical conditions and elemental abundances of tAkthe turbulent rate of straia, ro decreases (see Sect/5.3) and

gas in the TDR models. a - Dalgarno (2006). the importance of the viscous dissipation increases beaapls

is fixed by the ambient turbulence.

The gas in the vortex never reaches thermal balance and the
thermal inertia is visible by comparing Figk. 2a §hd 2c witeee
, , , eak temperature of the fluid particle is reached a few huhdre
The system of variables is therefore driven by a set §§ars after the peak of the heating rate. Emission in the pure
119 first-order coupled fferential equations that are integrateghational lines of H is by far the dominant coolant in the layers
along the fluid particle trajectory. To ensure that the titieg $s whereT, > 200K (Fig.@c) while the cooling rate due to the

=

consistent with the variations of all dependent variablesuse o764 carbon € decreases in the warmest layers. This is due
the DVODE diferential equation solver (Brown et al. 1989). i, the chemical evolution (see S 3.3).

The evolution of the thermal energy densitlés andU; is Last, some chemical clues are provided in Fﬁlg 2¢. The

given by: neutral-neutral reactions only depend on the temperafyre
du d /3 while the ion-neutral reactions depend on the ion-neutitl th
dtn = G (En”kT“) =Bn+ T+ Tin+Ten (13) Eq. ), the second term of the right hand side reaches 1000K

asup ~ 3 km s, an dfective temperature higher than the peak

4 The ions and the electrons are treated as a unique fluid afetem Kinetic temperature in the vortex. A comparison of the skayie
atureT; because: (1) the ion-electron velocity drift induced byieg- the orthoradial Veloc'tl_a“"_ and the neutral t?mp?rat“TﬁSho‘."’s
netic field fluctuations in the model is 1 cm s?, negligible compared that the endo-energetic ion-neutral chemistry is actiatlier
to the thermal velocities, (2) the ion-electron tempeequipartition in the fluid particle evolution than the neutral-neutral wingry.
time is~ 0.1 (T/1000 K}*?(n;/3 103 cm3)~1 yr (Spitzer 1978), also For each type of vortex, the relative importance of those two
negligible compared to the dynamic timescales. chemical regimes is fferent.
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C via the dissociative recombination with electrons, HG@Dd

Time (yr) CO via
4.e+03 2.e+03 1.e+03 0.e+00
. 1e-22 ‘ . @ T o CH} + O - HCO" + H, (18)
“ - | and CN, HCN and HNC via
g 1e23 | 7
o F
2 CH} + N — HCN' + Ha. (29)
g
g lety The production of CHi is also at the origin of gH and CS since
g these molecules are both products of CH (through the raetio
S o L CH+C" —» C; + Hand CH+ S* — CS' + H respectively).
") Hy weemeeee The second main reaction, absent in the ambient medium,
o o) ] which plays an important role in the chemical evolution af th
@ . c 1 vortex is:
§ teasfs CF
g ‘ ] O+H, > OH+H - AE/k = 298(K. (20)
@D E e,
5 ] 1
é, le-24 E., it r Besides the direct production of OH it triggers the produttf
5 b e ] H,0 via
3 S ]
OH+Hy, - H,O+H — AE/k = 149K (21)
_ _and Qvia
< -
s E OH+0 — Oy +H. (22)
| 5e+02 -
é’ E Fig.ﬂ displays the evolution of several relative abundance
e = in the magnetized vortex. The impact of the turbulent heatin
is such that most species abundances rise from 2 to 5 orders of
magnitude within the structure. The formation of vorticestie

O0e+00

turbulent gas flow therefore has specific chemical signatinat
Radius (AU) we expect to observe in thefflise medium. One remarkable
example is HCO. Since this molecule is a direct product of CH

Figure2. Vortex physical properties as functions of the radiugn the vortex) it becomes related to almost all the spectesse
(bottom axis) or time (top axis, arbitrary origin) for thefee abundance is enhanced in the vortex.

ence modela = 3x 10 s, ny = 30 cn® andAy = 0.4 mag. Time (and space) stratification is also visible in Eig.S:
Panel (a): The heating terniis, due to the viscous dissipation,the chemical enrichments occur successively, becausethe i
Tin due to the ion-neutral friction anby,_e due to the photo- neutral chemistry is triggered earlier than the neutraitras
electric dfect. Panel (b): The dominant cooling terms due to téhemistry (see previous section) and because the chemical i
radiative desexcitation of Hpure rotational lines), C, O and'C ertia of each species isftérent.

(fine-structure lines). Panel (c): The temperature ancboattial

velocity of the neutrals.
4. The relaxation phase

4.1. Numerical modelling

3.3. Chemical evolution of the gas S )
Once the burst of turbulent dissipation is over, some chaimic

The chemical evolution of the gas during the vortex activasgh signatures imprinted in the gas persist for several thaligaars

is similar to that reported in J98, although the chemicaMoelt  as shown by Falgarone et al. (2006). To compute the chemical
is updated and includes nitrogen- and sulfur-bearing nub$sc and thermal relaxation of the gas, we assume that, once the vo
The outline of this network is given in Appendik C where we disex has vanished, the gas is dynamically frozen= 0. The
play the main production and destruction routes of the midsc previous Lagrangian approach is switched to Eulerian, aad w
of interest (1) in the ambientfiuse mediumrg, = 30 cnT® and  compute the time-dependent evolution of each cell in theexor

Av = 0.4 mag) and (2) in the vortex for the reference model athe initial conditions of the relaxation are the conditiarishe

radiusr =ro. _ ~ active stage at every position. The thermal equatipnls (28) a
The most important reaction route opened by the dissipatif#4) are still valid withl'y, = 0 andlj, = 0.
structure is the endothermic hydrogenation of C While the numerical code has been conceived to treat iso-
C* +H, —» CH' + H — AE/k = 464(K. (17) baric or isochoric relaxation, all the results presenteithis pa-

per were obtained assuming isochoric relaxation, becausde i
Besides the direct production of CHbhis reaction is respon- lows us to better disentangle what is due to the chemisteif its
sible for most of the chemical richness of the vortex as shiownfrom what is due to the gas density. In particular, it showsemo
Fig. (Appendiﬂ:): it enhances the production of{CHa clearly the role of the relaxation timescales of the molesyile.
the successive hydrogenation by 6f CH* and CH. CHJ, in  only driven by the chemical network and the thermal evohjtio
turn, enhances the production of molecules including CH aimtlependently of the gas density.
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Figure3. Fractional abundances relativertg = n(H) + 2n(H;) Figure4. Vortex thermal features during the relaxation phase,
of selected species as functions of the radius (bottom axis)as functions of the radius and time (after the vortex bloy-up
time (top axis, arbitrary origin) for the reference model= for the reference mode = 3 x 101 s, ny = 30 cn® and
3x 10 st ny =30cnt® andAy = 0.4 mag. Ay = 0.4 mag. An isochoric relaxation is assumed. Top panel:
the main cooling terms, i.e. the radiative desexcitatiodp&nd
C*. Bottom panel: the temperature of the neutrals.

4.2. Thermal evolution of the gas

Fig. |} displays the main cooling rates (top panel) and gas tefar CO). The existence of the relaxation phases modifiesdhe c

perature (bottom panel) as functions of time and positioihén relations between molecular abundances. One example 4is pro

vortex (after the vortex blow-up). It shows that as in thevact vided by HCN and gH that follow a similar enhancementin the

phase, the cooling rate during the relaxation phase is datetin active phase (see FiJ. 3) and have markedtedént behaviours

by the emission in the pure rotational lines of.#h the model in the relaxation phase.

presented hereng = 30 cnT?), other cooling agents (mainly ~ The richest phases are not necessarily those contributing

C*) become dominant a@t~ 10% yr. the most to the observable column densities because they hav
short lifetimes. In the next section, we detail how we takeeti

. . variability into account in our modelling of a random line of
4.3. Chemical evolution of the gas sight across the fiuse medium.

During relaxation, the cooling of the gas causes all the endo
energetic reactions triggered during the dissipativettiarsiow
down and stop, one after the other. The gas loses its cheemieal
richment at a speed that depends on the molecular speciess. Tinturbulent flows, the spatial distribution of the regiorisimgh-
is illustrated in Fig[|5 that displays the time-dependentation est dissipation rate (extrema of velocity shear, extremzegh-
of the column densitiNyr(X, t) of selected species integrated tive velocity divergence i.e. shocks) is far from spacenfij) one
across the vortex. of the aspects of the intermittent nature of turbulence.fillivey

For most species (CO,,COH, H,0, GH...) the signature factor of these extrema has been computed in numericalaimul
of the turbulent dissipation persists over more thahiyifOThe tions of mildly compressible (Pety & Falgarone 2000) or supe
characteristic timescales (e-folding timedfeli between species sonic MHD turbulence (Pavlovski et al. 2006, Pan & Padoan
by more than a factor of 3G«(2 x 107 yr for CH* and 7x 10°yr  2008). More recently, Moisy & Jimenez (2004) have shown that

5. Modelling of a line of sight
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results, namely because, as it will be seen, the resultsndepe
weakly ona.

The contribution of one active phase of duratignto the
total column density of a speciesis Nya(X). The contribution
of the relaxation phase of that species is computed by aggumi
that the longer its relaxation timescale, the greater tmerim-
tion of the relaxation phase in the observed column density s
that the chemical composition of a line of sight is entiredyet-
mined by the number of active vorticéé,a and their lifetime
7v. The resulting column density of a speckss:

1e+13

1e+12 |
1e+11 |
18+10 |

1e+09 |

16408 |

18+07 [

Vortex column density (cm'2)

Te+06
+ Nm(X) (23)

N(X) = Mva(X) [NVA(X) +1/7y jom Nyr(X, t)dt

el whereNy (X) is the contribution of the ambient medium.

18410
i 5.2. Constraints provided by the energy available in the
16409 ¢ s turbulent cascade

Vortex column density (cm'2)

16408 £ . 5.2.1. The number of active vortices

The number of active vorticeS\a in a line of sight and their
lifetime 7y, are constrained by the turbulent energy available in
the cascade and its transfer rate. In turbulent flows, thestea
rate of kinetic energy at scal®f characteristic velocity is, on
average:

1e+09
1e+08
1e+07
1e+06§ 1 u|3

& =50 (24)

1e+05 [

1e+04 E

Vortex column density (cm'2)

The Kolmogorov scaling of turbulence, valid for incompress
ible turbulence, postulates that this transfer rate is escal
independent. In the highly compressible interstellar medi

one would expect this quantity toftér from one scale to an-

. . L other. Measurements of the internal velocity dispersicriaids
Figure5. Column densities of selected species, integrated acrg$ssize | combined with their density provide an estimate of

the reference vortex, as functions of time during an iso€hokne yrhulent energy transfer rate at this scale. A coripiaf

relaxation phase. CO(1-0) line observations of interstellar structures aésiang-
ing between 16 and 16 pc shows that is remarkably in-
dependent of the scale in the Galaxy and that there is a large

. . . . . scatter (by a factor of 100) about a well defined average value
the regions of intense vorticity tend to form filaments, &hik- Babs ~ 2% 10725 ergent3s ! (Falgarone, 1998; Hily-Blant et al.

gions of most intense dissipation rather form sheets oorib >00g). A similar value holds for turbulence in the HI CNM and

all of them being organized in clusters, probing the orgaiitn i non-star-forming dense cores (Falgarone 1999). Theotnif

of small-scale intermittent structures. o mity of this value across the local ISM suggests that theutierit
For our purpose, we assume that any line of sight interceptggscade encompasses th@gatent regions of the cold medium,

number of vortices, either active or in their relaxationghahe  and that the transfer is driven by turbulence at the sameirate
total number of vortices per line of sight is constrainedhi®/av- - 5)| media, whatever the gas density.

1e403 ol ol el
1e+01 1e+02 1e+03 1e+04 1e+05

Time (yr)

erage transfer rate of turbulent energy per unit volumelaiviei We adopt the above value &f,s in our model as representa-

in the cascade. tive of the turbulent energy transfer rate through scalestis
impose that, at any time, the dissipation rate in all thevaator-

5.1. Method tices in a line of sight is equal to the average energy tramafe

in the turbulent cascade, so that:
Any line of sight samples three kinds ofidise gas: (1) the ambi- —
ent medium in which the chemistry is computed as steady states = Nval'urb2Kro/L (25)
UV-dominated chemistry, (2) a numbgafya of active vortices
and (3) a number of relaxation phases related/{a. We also L . . ; . .
consider that the line of sight is homogeneous and charaeter NH/.nH' Th|§ fixes the number of active vortices in a given line
by its densityny and uniform shieldingh, from the ISRF. Such of S|_ghﬂ. Th_|s number and many of the results are therefore pro-
an approximation is useful to test the importance of eacamar portional toops.

eter @, ny andAv) on the f'r_]al Chem'ca_l state Qf the gas. L"’_‘St’ 5 Aa also depends on the angle of inclination of the vorticesglon
we assume that all the vortices in the line of sight are id@fiti e |ine of sight. Because the dynamics and the chemistryviorix
they all have the same turbulent rate of straiin the following  do not depend on the axial coordinateand because the model is ax-
section we show why a more realistic description, with ardist isymmetric, this angle has no influence on the final resilts, is thus
bution of rate of strain values, would not provide verffelient defined for vortices perpendicular to the line of sight.

whereL is the depth of the line of sight, inferred from =
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Figure6. Main physical properties of the TDR models as functions efttirbulent rate of straia for several values of the density

ny. Top panels: the vortex heating termig, due to the viscous dissipation (left) afig, due to the ion-neutral friction (right).
Bottom panel: the vortex lifetimey, .

5.2.2. The velocity dispersion of the ambient turbulence 5.2.3. The lifetime of the active phase

The lifetime of an active vortex;y, is controlled by the large-
scale motions of the ambient turbulence that feed energy int
the small-scale structures (Matt, Kida & Ohkitani 1994). It
The energy transfer rate depends on the density, velocity dinay exceed the period of the vortex as suggested by a vafiety o
persion and timescale. We thus need to know the amountexferiments inincompressible turbulence (e.g. Douadyg€n
turbulent energy available in the CNM component of the diBrachet 1991). This lifetime is uncertain, though, and atue
fuse medium, or the rms turbulent velocity in the CNM. It ign our model is constrained by energetic considerations.
this quantity that sets the angular velocity of the vorteze(s =~ We assume that, for simplicity, all the vortices explored in
Section 2.2). This quantity is flicult to determine on observa-the models dissipate the same total energy over theimiteti,
tional grounds, because of the mixture of WNM and CNM in
the HI emission spectra and because of the lack of spatial |
formation for the absorption spectra (dominated by the CN
We adopted a rms velocity dispersioq,, = 3.5 km st for the . L L . .
CNM turbulence derived from the HI maps of a high latitude cir, 'S constraintfixes the lifetims, of the vortexi.e. the time
rus in the Polaris Flare (Joncas et al. 1992; Miville-Desws during which turbulent dissipation is active. In order taystn
et al. 2003) in which HI emission is well correlated with théhe_vortex f“’%mew‘)fk We Impose tha)t IS Iarggrthan the vortex
10Qum emission of dust, probing column densities of gas repre€od P, which sets a lower limit t&. The influence of this
sentative of the CNM. This value is consistent with thosetggo Parameter on the results is discussed in Appefidix B.
in Crovisier (1981) for the CNM. It is comparable to the geo-
metric mean of the two smallest valugsiVHM = 4.9 and 12.0 5.3 The role of the rate of strain and density under the
km s inferred by Haud & Kalberla (2007) from the Gaussian  gpergetic constraints
decomposition of the HI profiles of the Leigé&mgentingBonn
survey of galactic HI (Hartmann & Burton 1997). Last, thissrmOncezqs, owrb andE are given, a line of sight is therefore de-
velocity dispersion is consistent with the approximateigaui- fined by only three independent parameters: the turbulésbfa
tion between magnetic and turbulent energy inferred byeseilstraina, the gas densitgy and the shielding\,.
& Troland (2005) from the median value of the magnetic field To help the reader understand the chemical results prasente
estimated in the diuse mediunB = 6 uG. in the next section, we discuss the roles of the rate of stmagh

= ﬂ(Kfo)z fturb Lv v (26)
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Figure7. Main physical properties of the TDR models as functions efttivbulent rate of straia and of the density of the gas.
Top panels: the vortex turbulent heating rB{g, (left) and the vortex maximum temperatdrg.y (right). Bottom panels: the vortex
radiusrg (left) and the number of active vorticdg,a along a line of sight sampling one magnitude of gas (right).

gas density because the above constraints on the energpadisslissipation dominates because the orthoradial velocifixésl

tion rate actually coupla andny that should be independent pa-and thin vortices induce large velocity shears, thus largeous
rameters. This is so because the two energy constraintsféra heating. However, the thermal inertia of the gas preveifiitsrit

rate and energy) involve the equilibrium radigghat primarily reaching much higher temperatures, because the niasest
depends om but also omy, via the density dependence of thevortices (large) are short-lived. The range afandny explored
kinematic viscosity (see Section 2.1) These trends argtiiited in our study covers these two regimes and we quantify the ehem
in Figs.|]5 anc|]7 that also display the dependence of seveyal keal effects of turbulent dissipation as it changes from dominated
quantities ora andny. by ion-neutral friction to dominated by viscous dissipatio

~ Fig. [§ shows that, as expectdt, ~ any is almost propor- [ ast, we find that the number of active vortict§a (com-
tional toa because the higher the rate of strain, the smaller thgted for a line of sight sampling one magnitude of gas) is
equ|l|br|um radius and the |al‘ger the Ve|OCIt)_/ Shdaﬁ is al- roughly independentdand decreases a|mostr¢$ as the den-
most independent af and increases with density B o Uonf sty increases. This is becausgs is fixed (see previous section),
so that, depending oa andny, two regimes exist: one at low and because of the combined dependenceg, ¥, andL on

density and high rate of strain where the turbulent heating 1 o,
: \ L oo ! H (see Eq@5). We note thatya reaches large values at
dominated by viscous dissipation, and the other (smafligh |, density (up to several hundreds along lines of sight of se

density) where this heating is dominated by the ion-nedii@l o5 ens of parsecs). However the filling factor of the e
tion. The rate of straima therefore plays an important role in the

nature of the warm chemistry triggered in the vortex. Thiarfiég

also displays the run ofy with the rate of strain for dierent

densities, as a result of the constraint on the total enErdis- 2Krg
sipated in each vortex. fv = Nva L

Fig.n shows that, is small in the former regime and reaches
values of the order of 100 AU in the regime where ion-neutral
friction dominates. The peak gas temperature reached wothe never exceed§, = 4 x 1072, its lowest values bein§, ~ 10~* at
tex, Tmax, IS also shown: it is higher in the regime where viscousigh densities and rates of strain.

(27)
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Table 3. Physical and chemical characteristics of two TDR-modefidd by their parameters,, Ay anda. fu(X), fva(X) and
fvr(X) are the contributions of the ambient medium, the activethadelaxation phases respectively, to the column dehKit) of
the specieX. All models are computed fd¥y = 1.8 x 10%'cm 2. The relative abundances are given in the last columns. Kwnb

in parenthesis are powers of 10.

Parameters
Ny 30 cnT? 100 cnt?
Ay 0.1 mag 0.1 mag
a 3(-11 st 3(-11) st
Physical properties
Twb 9.3 (-24) erg.cm’.s! 6.9 (-23) erg.crmi.st
Tamb 114 K 58 K
Trax 1000 K 807 K
Ty 1070 yr 506 yr
ro 40 AU 21 AU
Nva 215 17
fy 2.2(-2) 2.9 (-3)
Chemical properties
(X)) fwa(X)  fwr(X)  N(X)  NX)/Nu | (X))  falX)  fr(X)  N(X)  N(X)/Ny
Species| % % % cnt? % % % cnt?
H 100 63 ? 7.0(20) 3.9(-01) 100 63 0? 2.8(20) 1.6(-02)
H, 100 6 02 5.5(20) 3.1(-01)| 100 65 0? 7.6(20) 4.2(-01)
H3 81 5 14 29(13) 1.6(-08) 93 2 5 1.2(13) 6.7 (-09)
C 19 65 35 4.4(14) 2.4(-07) 68 23 9 5.6 (14) 3.1(-07)
CH 5 86 9 8.1(12) 4.5(-09) 22 69 9 7.9(12) 4.4(-09)
CH* 0.2 96 4 2.2(13) 1.2(-08 2 95 3 1.3(12) 7.2(-10)
C; 0.5 72 28 40(11) 22(10) 3 46 51 14(12) 7.8(-10)
CH 0.1 76 24 6.3(11) 3.5(-10] 0.4 61 39 3.5(12) 1.9(-09)
OH 52 17 31 8.7(13) 4.8(-08) 63 18 19 2.3(13) 1.3(-08)
H,O 57 11 32 1.3(13) 7.2(-09) 68 14 18 3.6(12) 2.0(-09)
H;O* 35 23 42 1.3(13) 7.2(-09) 32 40 28 1.1(12) 6.1(-10)
CO 57 16 27 2.6(13) 1.4(-08) 67 12 21 3.0(13) 1.7(-08)
HCO* 14 69 17 8.4(11) 4.7(10) 11 77 12 3.7(11) 2.1(-10)
0O, 67 11 22 3.8(10) 2.1(-11) 80 10 10 4.1(10) 2.3(-11)
SH* 0.1 98 2 6.2(11) 3.4(-10y 0.2 98 2 2.1(11) 1.2(-10)
Cs 3 85 12 1.8(09) 1.0(12) 11 69 20 7.0(09) 3.9(-12)
HCS' 0.6 93 7 1.1(09) 6.1(-13 1 89 10 1.9(09) 1.1(-12)
CN 1 79 20 23(11) 1.3(10) 8 63 29 1.6 (11) 8.9(-11)
HCN 0.5 88 12 3.3(10) 1.8(-11 3 81 16 2.6(10) 1.4(-11)
HNC 2 89 9 59(09) 3.3(12) 17 74 9 4.0(09) 2.2(-13)

a Forthe reason givenin Se\{JA(H) = fur(H) = fva(H2) = fur(H2) = 0, because the densities of H angldte not modified in the vortex.

5.4. The respective contribution of each chemical regime

Three diterent chemical regimes enter our line of sight mo

elling, associated with the active phase, the relaxati@spland
the ambient medium. Their respective contributions to the-i
grated column density of a speci¥gsee EqES),

fu(X) = N (X)/N(X) (28)
fua(X) = Mva(X)Nva(X)/N(X) (29)
fUR(X) = Ava(X) fo "~ NvR(X dt/N(X)ry (30)

depend on this species and are given in Tatﬂes[lS & 4.
For numerical reasons the contributiofya (X) and fyr(X)
are computed as excesses of the dengi¥) in the active and

relaxation phases respectively, above its value in the ambi
medium. HencéNy (X) = fy(X) x N(X) is the column density
of the speciexX along a line of sight without vortices of total

column densityNy = 1.8 x 10?1 cm2.

Tables.[B &} show that all the regimes have a significa

contribution, although most of the selected species amopne
nantly formed in the vortices.

6. Results: Comparison with the observations

c{/'Ve have computed 150ftierent models exploring the parameter

space as follows:

- 6 densitiesrfy = 10, 30, 50, 80, 100, 200 cT#)

- 5 rates of straing = 1, 3, 10, 30, 1010t s71)

-5 UV shieldings Ay = 0.2,0.4, 0.6, 0.8, 1).

The turbulent rate of strain extends over two orders of magni
tude, the largest value corresponding to the conditjos Ay

for all densities, the smallest being the limit of validit{ aur
analytical approach.

In this Section, we present the results of our line of sight
models (named Turbulent Dissipation Regions models or TDR
models) on the same displays as large sets of observatiatzal d
We also compare these data with results obtained from PDR
models (two-side illuminated slabs of uniform density (Men
PDR code, Le Petit et al. 2006)), computed with the same con-
ditions as in the TDR modelg:= 1,/ = 3x 107" st and with
me same chemical network.

The amount of gas along the line of sight in the PDR and
TDR models is normalized thy = 1.8 x 10?1 cm 2 because, as
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Table 4. Same as Tablg 3.

Parameters
Ny 30 cnt? 100 cni?
Ay 0.4 mag 0.4 mag
a 3(-11) st 3(-11) st
Physical properties
Tuurb 8.5 (-24) erg.crm’.s L 6.2 (-23) erg.cmi.st
Tamb 79K 42 K
Trex 830 K 710 K
Ty 1250 yr 610 yr
ro 38 AU 20 AU
Nva 246 19
fy 2.4 (-2) 3.2(-3)
Chemical properties
fmX)  fwvaX) fwr(X) N(X)  NX)/Na | (X))  fwalX)  r(X)  N(X)  N(X)/Ny
Species| % % % cnr? % % % cnt?
H 100 63 ? 2.0(20) 1.1(-01) 100 63 03 7.9(19) 4.4(-02)
H, 100 o 0®  8.0(20) 4.4(-01)| 100 a 0? 8.6 (20) 4.8(-01)
H; 77 6 17 5.9(13) 3.3(-08) 92 2 6 1.4(13) 7.8(-09)
C 19 56 25  1.3(15) 7.2(-07) 76 13 11 14(15) 7.8(-07)
CH 2 87 11 3.6(13) 2.0(-08) 20 66 14 15(13) 8.3(-09)
CH* 0.2 96 4 1.3(13) 7.2(-09) 3 93 4 6.0(11) 3.3(-10)
C, 0.3 57 43 42(12) 2.3(-09 3 30 67 4.2(12) 2.3(-09)
C,H 0.1 68 32 74(12) 4.1(-09] 0.4 52 47  1.0(13) 5.6 (-09)
OH 47 24 29 8.4(13) 4.7(-08) 34 31 35 15(13) 8.3(-09)
H,O 50 20 30 1.3(13) 7.2(-09) 39 27 34  24(12) 1.3(-09)
H3;O* 20 46 34 9.9(12) 5.5(09) 11 59 30 7.0(11) 3.9(-09)
co 45 15 40 12(14) 6.7(-08) 35 11 54  9.1(13) 5.1(-08)
HCO* 6 82 12 22(12) 1.2(-09) 3 84 13 49(11) 2.7(-10)
0, 64 16 20 6.9(10) 3.8(-11) 52 19 29  4.4(10) 2.4(-11)
SH* 0.02 97 3 1.7(12) 9.4(-10) 0.03 96 4 49(11) 2.7(-10)
cs 1 82 17 1.9(10) 1.1(11) 9 61 30  3.0(10) 1.7(-11)
HCS' 0.2 92 8 9.2(09) 5.1(-12 1 86 13 6.1(09) 3.4(-12)
CN 2 67 31  8.8(11) 4.9(-10) 10 46 44 4.7(11) 2.6(-10)
HCN 1 84 15 10(11) 56(11) 3 75 2 5.7(10) 3.2(-11)
HNC 2 87 11 2.7(10) 1.5(-11) 18 69 13 1.2(10) 6.7 (-12)

a Same as TabE 3.

will be shown later, it corresponds to most of the data ctdiéc The TDR models predict column densities of Ch good
in the visible, UV and radio ranges. agreement with the observations for low densitigs & 100
cm~3). This density limit corresponds to the observed average
turbulent energy to which we scale our computations q.i25)
6.1. Ultraviolet and visible observations towards nearby stars  gq,s Was larger, this limit would be larger too. Most gratifyirgy i
the fact that this is achieved without producing an exce&Hof
An important clue for the understanding of theffdse ISM It is so because, in the vortex, CH is a product of*Qis pro-
chemistry is provided by the combined observations of CH amidction is therefore enhanced by the turbulent dissipates
CH* ( Gredel et al. 1993; Crane et al. 1995 ; Gredel 1997; Pappendix|[¢) but its destruction is also enhanced since it pro
et al. 2004, 2005; Stier et al. 2008). Although CHis known ceeds through endo-energetic reactions (CH, —AE/k=2200
to be overabundant, the column densities of CH are in agreeand CH+ H,, ~AE/k=1760 K). Note that in panels (c,d), be-
ment with the predictions of the PDR models. Because the twause of the assumed homogeneity of the gas (unifayrand
species are tightly related by the chemistry (see fig$. QCLE: ny along the line of sight), the column densities computedén th
in Appendix[¢), the diiculty of any modelling is then to under- TDR models are proportional fs, hence the straight lines.
stand the physics which leads to an enhancement 6fdtthout The dissipation of turbulent energy is also a plausibleaxpl
changing the amount of CH. Another important clue lies in theation for the excitation of the pure rotational levels oflewe
correlation, mentioned in the Introduction, between'Gidd the j|5r hydrogen: the TDR models reproduce not only the' G
pure rotationall > 3 levels of K. Hz(J = 4) column density ratio but also a significant fraction of
The CH, CH and excited K observational data are dis-the large dynamic range (2 orders of magnitude) over whieh th
played in Fig[B with the prediction of several PDR modelgt (lecorrelation is observed (Fiﬂ. 8 e,f). We recall that all tblumnn
panels) and TDR models (right panels), computed fiude gas densities of species dominated by the warm chemistry are pro
of density between 10 and 200 ctnAs mentioned above, we portional toeqs,s and may be under- or over-estimated by about a
restrict our analysis to ffuse gas illuminated by the ambienfactor of 10.
ISRF, and have therefore removed all the data corresponading An encouraging result is also shown in Fﬂ; 8 (g,h). Gry et
lines of sight toward hot stars. al. (2002) and Lacour et al. (2005) found that theexcitation
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diagrams obtained in the direction of stars later than BZotain sented here, we discuss the impact of this choice in Appendix
be reproduced with the stellar UV excitation only. For compa@.

ison we display a PDR and a TDR model, both computed for

ny = 100 cnT3, a value close to the optimal density found b

Nehmé et al. (2008b) toward HD102065. %.2.1. OH, H,0 and HCO*

The dependence of the TDR models on the density signFer these molecules, the PDR models predict linear coivakt
icantly differs from those of the PDR models. They share thetween their abundances, but they fail to reproduce the ob-
same dependence of the chemistry on gas density but the TE#Rved ratios and the observed dynamic range of absolute abu
models have the additional dependence on density of the @umdiances.
of vortices and their size. The column density of Cid there- The TDR models, without fine-tuning of the parameters, are
fore highly dependent omy (varies roughly aﬂ;f) while those consistent with the data over a broad range of gas densilies 1
of CH and H(J > 3) are almost insensitive to the density in them < ny < 200 cnt and rates of strain 18's? < a< 10710
range of parameters explored. Last, the turbulent ratea@inst s1. Better agreement is obtained for small values of the rate of
has a weakfgect: all the column densities decrease by less thatrain, i.e. a chemistry dominated by ion-neutral drift thega
a factor of 10 whem increases by a factor of 100. Not only are the abundance ratios correctly reproduced by th

TDR models, but the dynamic ranges are also reproduced even
with a single value oEy,s. Moreover these results are obtained

6.2. Submillimeter and.millimeter observations: absorption without producing water abundances in excess of obsened va
lines towards continuum sources ues. The models at high densities are consistent with the up-
Conspicuous correlations have been observed in thgsgi ISM per limit reported in HST-GHRS observations by Spaans et al.

among the observed column densities of OHOHHCO", CO, (1998).

C,H, CN, HCN and HNC seen in absorption along lines of sight

towards extragalactic radio sources or star forming regidhe 6.2.2. C,H and HCO*

column densities of several species appear to be linearfg-co i )
lated. Some are tight correlations suchN(©H)/N(HCO*) = In the case of gH, we find that the observed column densi-
27+ 7 (Lucas & Liszt 1996)N(CN)/N(HCN) = 6.8+ 1, and ties are reproduced by several models, something that tie PD
N(HNC)/N(HCN) = 0.21 + 0.05 (Liszt & Lucas 2001) in the Models cannot even approach. The average abundance ratio
direction of extragalactic radio sources. Others are loosge- N(C2H)/N(HCO") = 145 = 6.7 (Lucas & Liszt 2000) is re-
lations, still linear, such aN(H,0)/N(HCO*) ~ 6 (Olofsson et Produced for almost the same models that match the observed
al. submitted) and(H,0)/N(OH) ~ 0.3 (Neufeld et al. 2002) Column densities of OH and#8: 30 cnT? < ny < 200 e
found in several velocity components towards galacticfstan- ~ and rates of strain 16 s <a < 10%9s™.

ing regions. The column densities of CO angHCappear non-

Iine_arly correlated to those of HCQLiszt &Lucas 1998; Lucas g2 3 co and HCO*

& Liszt 2000). In all cases, these correlations are obseoved

a dynamic range of column densities as large as 30-100. In the case of CO, the TDR models are closer to the observed

To determine whether these large dynamic ranges corf@umn densities than the PDR model predictions, and again,
spond to actual variations of molecular relative abundamee high densities and low rates of strain are more favorable. In
are due to a large range of column densities of gas sampled,ArPendix[B we show, however, that if the energy dissipated in
have estimated the total amount of gég = N(HI) + 2N(H,) @& vortex lifetimery is r_educed by_ a factor of 10 (i.e. the im-
along the lines of sight used in our study, whenever it was pdrtance of the relaxation phase is increased by a factod)of 1
sible. Using thel21 cm observations of HI (Du Puy et al. 1969the whole range of observegd CO column densities is naturally
Radhakrishnan et al. 1972; Lazir&975; Dickey et al. 1978) reproduced fony > 100 cn1* without significantly modifying
on the one side, and the measurement oft®em line of CH  the results regarding the other molecules. _
and the remarkable correlation between CH andrtthe dif-  The clumpiness and large fluctuations of density along the
fuse ISM (Liszt & Lucas 2002) on the other side, we estimatdie of sight - often required to find an agreement between ob-
the total H column density for several lines of sight dipldye served and predicted column densities in uv-drlven chebmica
Fig. B and 70. We found that most lines of sight sample aboufnodels (e.g. Black & Dalgarno, 1977; Le Petit et al. 2006)e- ar
magnitude of gas, with the exception of the upper point of pafiot required here.
els (a,b) that corresponds tdb« 10;0< NH2< 3.6 x 107t cm?
and the lowest for whicNy = 6 x 10°° cm™<. The next 2 points
both verifyNy > 1.2x 10°* cm2. The dynamic range of 30—1006'2'4' CN, HCN and HNC
observed on the column densities in Hify. 9 10 is therefdrbe TDR models fail to reproduce the high column densities
due in a small part to the amount of gas on the line of sighdbserved for CN, HCN and HNC, although the results are one
and the actual dynamic range of observed relative abundande two orders of magnitude above the PDR models predictions.
N(X)/Nu, remains as large as about 10 along theffeist lines This discrepancy might be due to the nitrogen chemistry whic
of sight. involves neutral-neutral reactions whose rates are pdoidyvn

All these data are displayed in F[§. 9 gndl 10. The left pandRineau des Foréts et al. 1990, Boger & Sternberg 2005).
show the predictions of several PDR models while the right pa
els dlsplay_ those of the TDR models for comparson (F‘Ofm‘*"z 6.3. The departure of carbon from ionization equilibrium
to 1 magnitude of diuse gas sampled on the line of sight). The
calculations were made assuming a recombination rate ofHCEig. shows that the neutral carbon abundance predicted by
of k = 2.4 x 1077(T/300K) 8% cm= 57! (Ganguli 1988). This the TDR models is higher by up to a factor of 10 than that of the
recombination rate being critical for some of the molecpless PDR models where carbon is in ionization balance. This may
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be related to the finding of Fitzpatrick & Spitzer (1997) thie According to the temperature gradients of Fﬁb 2 (panelh®), t
electron density inferred from C and @& higher than those in- inner regionsi( < 0.5rp) should be compressed while the outer
ferred from other pairs of ions and neutrals (Mg, S, Ca). regions ( > 1.5rp) should expand. The characteristic timescales
associated with those motions are found to be short compared
the chemical timescales (see S 4.3). However, an isacho
relaxation was assumed because the regions that are cligmica

001 the richest and have the largest contribution to the coluemsd
ties are those where the thermal pressure gradients anmtile s
0.008 g est (Q5rg < r < 1.5r).
£ 0.006 1 ;
£Z£ 7.3. Loosening the vortex framework
@)
Z 0004 iy The vortex is a model that has the great and unique advantage o
analytically coupling the large and small scales, but thevwkn
0.002 4 edge we have of its lifetime is drawn from laboratory experi-
ments only. This lifetimery however plays an important role in
. the modelling of a dtuse line of sight: Eq.@S) shows that if a

species is predominantly produced during the relaxati@aseh
its column density is proportional tg/'4,.

We have made the choice in Sect. §.2.3 to infgfrom the
Figurell. Column densities ratidN(C)/N(C*) computed with total energyE dissipated in the vortex, under the constraint that
the PDR and TDR codes, as functions of the density 7y remains larger than the vortex period. We show in Appendix
B how the TDR model results are modified whEr{and there-
forety) is ten times larger or smaller than the adopted value. As
expected, the impact df is greater for the molecules that have
_ _ a long relaxation time. Fid. B.1 shows that a small valuéof
7. Discussion leads to a better agreement with the available observafidnis
is shown for OH and CO but the same behavior is observed for
CN, HCN and HNC. Such a result is in favour of very short
In our TDR models, the ambient chemistry is not treated witbursts of turbulent dissipation, for whick, may become (at
accurate UV radiative transfer. Instead, we assume thahall smalla) shorter than the vortex period.
CNM on the line of sight has the same shielding from the am- A teady stat del of hort-lived but int
bient UV radiation field, no matter its density and column-den_ /* Non steady stateé model of a short-lived but intense
sity. This takes into account the fractal structure of theM:NveIOCHy—shear may thus be more realistic and produce aivequ
(Elmegreen et al. 2001) also found in the numerical simoeti alent _chemlcal enr_lchment. This suggests that the vortenés
of Audit & Hennebelle (2005) and similar to that of edges o‘ﬁ’o”‘ is not essential.
molecular clouds (Falgarone et al. 1991) and translucetgeno
ular clouds (Stutzki et al. 1998). It also takes into accolmfact .
that fragments that bear molecules are not isolated in dpatce 7-4- The chemistry
are shielded from the ambient UV field by their neighbouring
fragments (see Dobbs, Glover & Klessen 2008). This howew@ne source of uncertainties is undoubtedly linked to therghe
does not have a major impact on our results for all the speciety itself. While the results are weakly dependent on tie d
that form predominantly in the warm chemistry, i.e. mosthaf t namic parametersandny, a few reaction rates are critical. This
species discussed here. is illustrated by Fig that displays the predictionsied PDR
and TDR models for a recent value (measured in the laboratory
Mitchell & Mitchell 2006) of the recombination rate of HCO

50 100 150 200

7.1. The gas homogeneity

7.2. The assumption of isochoric evolution

. . o i The uncertainties on other chemical rates such as the recom-
During the vortex stage, the incompressibilty is reasonpls- i aiion rate of HCNH (Mitchell & Mitchell 2006) and the
tified. (1) Radially, the advection force is 3 to*l0mes larger CN photodissociation rate (Kopp 1996), and neglected i@t

than the neutral thermgl_pressure grad_ié?}ténnan) over the (with negative ions for instance, see Dalgarno & MacCray3)97
whole structure. Since it is also 2@ 10° times greater than the might afect our modelling.

friction forceFj, (see Sec.3yr (npkTy,) ~ 1-30Fj,. The ion
thermal pressure gradien® (nkT;) ~ 2 - 104V, (n,kT,) are In this respect, a promising route would be to further link
consequently negligible comparedig. The assumption in Eq. the observations of Se.l and those of @t. 6.2 by useng t
), involved in the computation of the steady state, isdftge species that are detectable in both UV and radio domains: for
jusitified. (2) Along thez axis V; (n,KTy) is smaller than the ad- instance CH, CN, OH and CO. These molecules would permit us
vection force as long as > 107° 571, Fora < 107° s these to establish valuable correlations between*Gid the oxygen
terms are comparable. In this case, the axial expansiostahe bearing species. It would also be a way to evaluate the column
is ~ 1000 yr, within a factor of 3 of the vortex lifetime (see Figdensity of molecular hydrogen using two independent method
). the remarkable correlation between CH and(Hiszt & Lucas

During the relaxation phase, the thermal pressure gradB02)and the less reliable correlation between CN an(lidzt
ents are dominant and therefore drive its dynamical ewvaruti & Lucas 2001).
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8. Conclusions and perspectives nitude, that is critical to satisfy the energy requiremesitthe

TDR models and is currently beyond the numerical capadsliti
We have built TDR models of ffuse gas in which the gas tem- e P

perature and chemistry are driven by small-scale burstebiit o
lence dissipation. We use the framework of a modified Burget@nowiedgements. We are mgggratefb‘“ to John Black dfor pointing ."Ur‘]trl‘lef“”'
. - certainties concerning the H ecombination rate and to Brian Mitchell for

vortex to analytically couple the large _Scales_ of the amitien the detailed informations regarding the past and most téakoratory measure-
bulence to the Smal_l scales Whe_re dissipation actually I8¢CUnents of this reaction. We thank Javier Goicoechea for theabte discussions
and to compute the ion-neutral drift generated by the lagge n on chemistry in Uv-dominated environments. We also thaekréferee for the
tral accelerations in the vortex. The resulting timescatesshort thorough and encouraging comments on this manuscript.
and comparable to those of chemical evolution, which nécess
tates a non-equilibrium thermal and chemical approach.

The main feature of these TDR models is that, for the firs
time, we quantify the coexistence on a random line of sightlams N.G., Smith D., Alge E. 1982, J. Chem. Phys. 81, 4
across the medium, of a number of vortices in a stage of actfy@ano T. 1990, J. Chem. Phys. 92, 11 .
dissipation with gas in thermal and chemical relaxatioteraf QEZﬁIEetHZhﬁQE%TSElgﬁogag??llAa L‘égof 1 Planet. Space.4%; 1177
the ?nd_Of the dissipation bU.rSt- We.also constrain the nuofbe geiin F., Maurer J., Tabeling P., Willaime H. 1996, JournalRhysique 6, 573
dissipative structures on a line of sight by the averageuterti Black J.H., Dalgamo A. 1977, ApJS 34, 405
energy available in the local ISM and its transfer rate indhs- glack, é'}'-v;a'g?)mo g-'g)%%elh?rggg “2-012975 ApJ 199, 633

: oger G.l., Sternberg A. , Ap ,

Cr?de' -Lhe key galrameter is the turbulent rate of s@alne to Brandenburg A., Jennings R.L., Nordlund A., Rieutord MeiSR.F., Tuominen
the am _'ent turbulence. o ] I. 1996, Journal of Fluid Mechanics 306, 325

We find that these bursts of dissipation, short-lived andlloc Brown P.N., Byrne G.D., Hindmarsh A.C. 1989, J. Sci. Statn@at. 10, 1038
ized, fill at most a few percent of a random line of sight butehacrane P., Lambert D.L., Sker Y. 1995, ApJS 99, 107
a measurable impact on the molecular abundances in fluseli C;?g';'ﬁgj\ e 22
medium. For a broad range of rates of strain and densities, Higamo A, McCray R.A. 1973, ApJ 181, 95
TDR models reproduce the CHolumn densities observed inbickey J.M., Salpeter E.E., Terzian Y. 1978, ApJS 36, 77
the difuse medium and their correlation with highly excitegl H Dobbs C., Glover S., Clark P., Klessen R. 2008, arXiv 0806243

They do so without producing an excess of CH. Douady S., Couder Y., Brachet M.E. 1991, Phys. Rev. Lett867,
A | h d h bDraine B. 1978, ApJS 36, 59
s a natural consequence, they reproduce the correct ab§fine B.T.. Katz N. 1986, ApJ 310, 392

dance ratios of HCQOH and HCG/H;0, and the dynamic pu Puy D., Schmitt J., McClure R., van den Bergh S., RacinedR91ApJ 156,
range of about one order of magnitude over which they are ob- L135 _ .

served. Larger g4 and CO abundances than found in othé?"lnegree” B.G., K'm.S-’“Sta"g'ey‘S_m'th L 200 A 58, T e e
types of models, are additional outcomes of the TDR mod&ggér&réeerinilggg’ }gmithaévt"éﬂlf's Lnager, Nature an , eds. B.
that compare reasonably well with the observed values aid thraigarone E. 1999, in “Interstellar Turbulence”, eds. ango& A. Carraminana,
relation to the HCO abundances. Those results are found for a Cambridge University Presse

broad range of physical parameters, with rates of straitén tFalgarone E., Lis D.C., Phillips T.G., Pouquet A., PorteHDWoodward P.R.

Telgae 1010t 1994, ApJ 436, 728
range 19 s*<a<107s™. Falgarone E., Philipps T.G., Walker C.K. 1991, ApJ, 378, 186
We find that neutral carbon exceeds the abundance expe¢tighrone E., Pineau des Foréts G., Hily-Blant P., ScHikB006, A&A 452,

at ionization equilibrium, in agreement with fine-struetdine 511
observations. The abundances and column densities cothpirégarone E., Pineau des Foréts G., RbEe1995, A&A 300, 870
for CN. HCN and HNC are one order of magnitude above PDI}';glgarone E., Verstraete L., Pineau des Foréts G., H@n8P. 2005, A&A 433,
o . 997
predictions and close to the observed values, althougtteeis i patrick .., Spitzer L. 1997, ApJ 475, 623
ancy still exists. Flower D.R., Pineau des Foréts G. 1995, MNRAS 275, 1049
The comparison with observed column densities favokpwer D.R., Pineau des Foréts G. 1998, MNRAS 297, 1182
chemical enrichment dominated by ion-neutral frictiovoiy- ~ F1iSCh P-C. 1980, ApJ 241, 697
i h tructures of radius 100 AU or more. It also favors Frisch P.C., Jura M. 1980, Ap) 242, 560
Ing s e,ar ,S . . : Ganguli B., Biondi M.A., Johnsen R., Dulaney J.L. 1988, RiR&v. 37, 7
short dissipation bursts. Most of the species are then geriu Gredel R. 1997, A&A 320, 929
during the relaxation phase. In this case, their line prédiégs Gredel R., Van Dishoeck E.F., Black J.H., 1993, A&A 269, 477
the dynamic signatures of the vortex. The fact that someispec®'y C., Boulanger F., Nehmé C., Pineau des Foréts G., ii&haFalgarone E.

are formed in the active phases and some others in the rﬂaxahaug(ﬁ)zkgfgﬁr?: ,13’ ,376’\, 2007 A&A 466. 555

phases m'th explain the dlSCfePanqy among the physmal @@fmann L., Burton W.B. 1997, Atlas of Galactic Neutral Hygen
parameters inferred fromfiierent species along similar lines of  (Cambridge University press)

sight. Heiles C., Troland T.H. 2003, ApJ 586, 1067

iles C., Troland T.H. 2005, ApJ 624, 773

It is foreseeable that the vortex framework and the assu ly-Blant P., Falgarone E., Pety J. 2008, A&A 481, 367

tion _of an_isoch_oric relaxation will have to be supersedediy jimenez J. 1997, Euromech Colloquium 384

merical simulations to: Joncas G., Boulanger F., Dewdney P.E. 1992, ApJ 397, 165

(1) compute the decoupling of magnetic field and neutralsen tJoulain K., Falgarone E., Pineau des Foréts G., Flower B8,1A&A 340, 241

intense small-scale velocity-shears generated by intemcy, <& S-W<C. '-e}_by JH. 1906, Tables of physical and chemicahstants,
. L. . ’ ongmans, Londres

with boundary conditions imposed by large scale turbulence ;v 1996, PhD thesis.

(2) take into account theffect of the field on thg velocity shears kritsuk A.G., Norman M.L., Padoan P., Wagner R. 2007, ApJ, 8d%

(3) accurately involve all the pressure gradients (theramal Lacour S., Ziskin V., Hebrard G. et al. 2005, A&A 627, 251
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Later the same group (Mitchell & Mitchell 2006) revised thaievious value by
taking into account the exploration of the low energy don{&i®.01 eV). They
found :
k=0.7x10"7x(T/300K) %% cmPsL. (A.3)
More recently Korolov et al. (in press, flowing aftergow pleeg performed mea-
surements in the range 156KT < 270K. They obtained results in good agree-
ment with those of Le Padellec et al. (1997), this is to sagestiependence on
the temperature:
k=20x10"7x(T/300K)y 3 cm’st. (A.4)
Fig. displays the results we obtain with the TDR and PDRlei® as-
suming the rate of Mitchell & Mitchell (2006) which is the sheat yet found. In
comparison Fig|9 was obtained assuming the rate of Ganialli @988) which
is one of the highest and is usually adopted in other chemi@orks (UMIST
database; OSU database).

Appendix B: Influence of the total energy E

dissipated per vortex.

Fig. E illustrates theféect on the column densities of OH, CO and HC&f
varying the energy dissipated in the vorteby two orders of magnitude.

Fig. i suggests that small values®Bflead to better agreement with the
observations. Smaller amounts of dissipated energy, infraomework, means
shorter vortex lifetimes, that accordingly give a largdatiee importance to the
relaxation phase (EQ.[23). In the models displayed on theptoels, the life-
time is such that the relaxation phase dominates the prioduct almost all the
species we are interested in, namely CHHCOH, H,O, HCO', CO, CN, HCN
and HNC.

Appendix C: UV-dominated versus
turbulence-dominated chemical networks

Figs. anEZ display the main production and destnuatiutes of the
molecules of interest in the ambient UV-dominateffudie medium and in the

Shefer Y., Rogers M, Federman SR et al. 2008 ApJ in pres\éortexforthe reference TDR model at a radius rg respectively.
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Appendix A: The recombination of HCO *

One critical reaction rate of our work is the recombinatidtH€O™* which de-
termines the equilibrium between the oxygen bearing mégsd(©H, CO, HO,

These figures are simplifiednly the dominant reaction of production and
the dominant reaction of destruction of the species are shBar exampl e
would expect the reaction @ H} — OH" + H; to be displayed in Fiﬁl.
But in the model presented here, tHaency of this reaction on the production
of OH* is only 12%, while the ficiency of O + H, — OH* + H is 86%.
Therefore it does not appear on the diagram.

List of Objects

‘Milky Way’ on pa eﬂ
‘Pleiades’ on p 2

‘2 Oph’on pagﬁZ
‘CepOB2’ on pagg|2
‘CepOB3’ on pagg|2
‘Polaris Flare’ on pagg| 9
‘HD102065’ on pagg 13

...). The associated rakénas varied over more than an order of magnitude during

the last 30 years among various experiments.

Adams et al. (1982) and Amano (1990) performed measurenadnks
(studying respectively a flowing and a stationary aftergfgdasma) in a tem-
perature range of 100K T < 300K and found respectively.11x 10~ cm® s71

at 300 K and 3 x 10~7 cm? s ! at 273 K. In 1988 Ganguli et al. (stationary

afterglow plasma) explored the high energy domain 283K < 5500K and
obtained a scaling law:
k=24x107 x (T/300K) 9% cmPst. (A1)

In approximatively the same range of energy (but with thegegrbeam mea-
surement technique) Le Padellec et al. (1997) obtained

k=17x107(T/300K) 2 cm’s™. (A.2)
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Figure8. Observations compared to PDR models (left panels) and to Mb&kels (right panelsPata (open circles) - CH column
densities are from Crane et al. (1995) and Gredel (1997). &@tumn densities are from Crane et al. (1995), Gredel (188d)
Weselak et al. (2008).3_, column densities are from Spitzer et al. (1974), Snow (12987), Frisch (1980), Frisch & Jura (1980)
and Lambert & Danks (1986). The excitation diagrams gake from Gry et al. (2002) and Lacour et al. (2005). The datparrels
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stars of type later than B2. For clarity, on panels (g,h),gbimts for a given level are slightly shifted on the abscig¥aR and
TDR models (filled symbols) - Computed for several densities: 10 (sgsigr30 (triangles), 50 (crosses) and 100 t(eircles).

All the TDR models are computed féx, = 0.2. The models of panels (e,f) and (g,h) have been scaled aatheln panel (f) the
TDR models are computed farvarying along each curve between1b(top right) and 16° s™* (bottom left).
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Figure9. Observations compared to PDR models (left panels) and to D&els (right panelsPata (open circles) - The data
of panels (a,b), (c,d), (e,f) and (g,h) are from Lucas & LiA96), Olofsson et al. (submitted to A&A), Liszt & Lucas @)
and Lucas & Liszt (2000) respectiveRDR and TDR models (filled symbols) - Computed for several densities: 10 (sgsir30
(triangles), 50 (crosses), 100 (circles) and 200 (douldesas) cre. All models are computed fddy = 1.8 x 10°* cm™2 and the
HCO" recombination rate of Ganguli et al. (1988). The TDR modedscmmputed foA, = 0.4 anda varying along each curve

N(CO) (cm™) N(H,0) (cm®) N(OH) {cm?)

N(C,H) (cm™®)

PDR TDR
- (@) £ (b)
i L+ T
1e+14 = " E3 E
B # T ]
L # 4 H 4
1e+13 ¢ & L + " L E
A HH-HH———HHHHH— ::::::; A HHHH——— - |
= (c) £ {d) ?
1e+13 3 = E
[ & 2 1 sl ]
1e+12 : X
() Yy O s
1e+16 & R =
- i + 3 -
C " # ¥ T a #* ¥ ]
1e+15 ¢ o uﬁ'ﬂ# = H Hiw% 3
E 5 : " ;
le+14 ¢ E3
- b S I
- (9) £ (h)
le+14 =
= R
1e+13 = - H %,#% = - H 5
- ] ¥ L] :
1e+12 3 = E
1e+11 I Ll il . .......“ RN | L L ......._
1e+10 Te+11 Te+12 1e+11 Te+12

B. Godard et al.: Models of turbulent dissipation regions

N(HCO") (em’9)

between 10 (top right) and 3x 1071° s7* (bottom left).

N(HCO") (cm™®)

1e+13



B. Godard et al.: Models of turbulent dissipation regions 19

PDR TDR

le+15 g—m AL T T al T T
(@) T (b) ;

1e+14 3 " #* = " #* E

-~ : #1 P
§ ey AT L
= C i T ]
E 1e+12 = =
Z i * ;
Te+11 é_ —%— ‘, —§

£ HEE R I L B """g‘g HER I I IR B IH“H;

- () i) ]

1e+13 £ = E

—_ E & T & 3
e C T ]
E 1le+12 E_ {? g _EE_ {* g _E
G : g * i i 5
i Te+11 3 ] Iﬁ E3 E# 3
Z : i f z
1e+10 | = 3

E T E

12+09 I IR BRE AR TITT] B RN M S A RTITY M |||||||- EERTHTT B W TITT B R W RETIT R AW R T REAT

1e+09 Te+11 1e+13 1e+10 Te+12 Te+14
N(HCN) (cm™) N(HCN) (cm™)

Figure10. Observations compared to PDR models (left panels) and to md&els (right panelsPata (open circles) - The data
of panels (a,b,c,d) are from Liszt & Lucas (200BPR and TDR modéls (filled symbols) - Same as Fig|. 9.



20 B. Godard et al.: Models of turbulent dissipation regions
PDR TDR
16415 g——rrrrrry S — SRS —
- (a)  (b) E
- L ¥
—~ 1 * .’@./
g le+ld o+ /
L C & ]
T i H # ]
O 1e+13 | g E - ﬁ E
Z :
: T e aat!
= (<) F (d) ]
od i ’:@?
£ le+13 ¢ =
S z
@) [ -
o HH i
L le+12 ¢ £ £ W 3
Z x
I 1 1 IIII | 1 1 1 IIII |
e H T I H T
() L -
— 1e+16 F = L =
e s ¥ i :
O C " % I a & %
5 1e+15 3 B Hﬁlﬂl# 3 & é&% E
S o &
Z 1e+1d & % - %
: 9
| 1 1 IIII | 1 1 - IIII |
et H T e T
(9 Fb
& le+14 ¢ =
£ c IR
8 ol g 2
T 1e+13 ¢ i % = -
N g ] e
$) K
Z le+l12 ¢ =
1e+11 1 1 ||||||I 1 |||||||| 1 11 1 1111 ||||||I 1 1 ||||||| 1 11 1 1 111
1e+10 Te+11 Te+12 Te+11 Te+12 1e+13

N{HCO") {cm™?)

N(HCO") {cm™®)

FigureA.l. Observations compared to PDR models (left panels) and to rdRels (right panelsPata (open circles) - Same
as Fig.[P.PDR and TDR models (filled symbols) - Same as Fig} 9 except for the recombinataia of HCO chosen to be
0.7 x 1077(T/300 K)5 cm? st (Mitchell & Mitchell 2006).



N(OH) (cm™)

N(OH) (cm™)

N(OH) (cm™)

B. Godard et al.: Models of turbulent dissipation regions

E/10
le+15 g
(}I,\
le+l4 e
: L
: o
le+13 F S
zZ
le+12 b——rul =

le+10 le+11 le+12 le+13
N(HCO") (cm™)

E
le+15 F——rrr
C}T\
le+l4 £
F L
)
le+13 F O
i Z
le+12 b wl
1le+10 le+11 le+12 1e+13
N(HCO™") (cm™)
1e+15 é 1 o
(}T\
le+l4 £
F L
)
le+13 O
i Z
le+12 b wl

le+10 le+11 le+12 le+13
N(HCO™") (cm™)

21

E/10

le+l7 g——rrrm

le+16

le+15

le+14

le+13 L —
1le+10 le+11 le+12 1e+13

N(HCO") (cm™)

le+l7 g——rrrm

le+16
le+15

le+14

le+13 L —
1le+10 le+11 le+12 1e+13

N(HCO™") (cm™)

E x10

le+17 3 ™y T

B Fegy
le+16 F

: 4

N “ L0
le+15 F o o

F L)
le+14 — %SE%*".:’}.‘/(‘J
le+13 Lol i

le+10 le+11 le+12 1e+13

N(HCO™") (cm™)

FigureB.1. Observations compared to the TDR models. The data are frarad.& Liszt (1996) and Liszt & Lucas (1998). The
TDR models are scaled té; = 1.8 x 10°* cm™ and are computed for several values of the total enErdissipated by a vortex:
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++=  photons,CRP

+ electrons

— H,H,CHONS*

Carbon & Oxygen Oxygen

FigureC.1. Chemical network of a UV-dominated chemistmy: = 30 cnt2 andAy = 0.4. This figure is simplified: for each species
only the dominant reaction of production and the dominaattien of destruction are displayed.

++=  photons,CRP

wmn electrons @
— HH,CONS* ]
£

2 Carbon Carbon Carbon & Oxygen Oxygen

FigureC.2. Same as Fid. §.1 for a turbulence-dominated chemisgry: 30 cnt3, Ay = 0.4,a= 3x 10 ' st at a radiug = ro.
The red arrows show the endoenergetic reactions with theygiresolved.



