
Aepted for publiation in ApJPreprint typeset using LATEX style emulateapj v. 6/22/04N2H+ AND N2D+ IN INTERSTELLAR MOLECULAR CLOUDS. II � OBSERVATIONSF. Daniel1,2, J. Cerniharo1, E. Roueff3, M. Gerin4, and M.L Dubernet2Aepted for publiation in ApJAbstratWe present observations of the J=1�0, 2�1, and 3�2 rotational transitions of N2H+ and N2D+towards a sample of prototypial dark louds. The data have been interpreted using non�loal radiativetransfer models. For all soures previously studied through millimeter ontinuum observations, we �nda good agreement between the volume density estimated from our N2H+ data and that estimated fromthe dust emission. This on�rms that N2H+ depletion is not very e�ient in dark louds for densitiesas large as 106 m−3, and also points out that a simultaneous analysis based on mm ontinuum, N2H+and N2D+ observations should lead to reliable estimates for the temperature and density struture ofold dark louds.From multi�line modeling of N2H+ and N2D+, we derive the deuterium enrihment in the observedlouds. Our estimates are similar or higher than previous ones. The di�erenes an be explained bythe assumptions made on the loud density pro�le, and by the hemial frationation ourring in thelouds. For two of the observed objets, L183 and TMC2, multi�position observations have allowedus to derive the variation of the N2D+/N2H+ abundane ratio with the radius. We have found that itdereases by an order of magnitude for radii greater than a few 0.01 p (i.e. outside the entral ores).Inside the dense ondensations, the frationation is e�ient and, ompared to the abundane ratioexpeted from statistial onsiderations based on the osmi D/H ratio, the deuterium enrihment isestimated to be ≃ 0.1�0.5 105.An important result from our observations and models is that the interpretation of deuteratedmoleular speies emerging intensities in old dark louds requires spei� radiative transfer modelingbeause the exitation onditions for the deuterated speies an be quite di�erent from those of themain isotopologue. Moreover, the use of three rotational lines for N2H+ and N2D+ allows to onstrainthe size of the emitting regions for eah speies and to determine aurately the volume density. Thisenables to draw a detailed piture of the spatial variation of deuterium enrihment.Subjet headings: line: formation : pro�les � moleular proesses � radiative transfer � ISM: louds: moleules : abundanes � ISM: individual (TMC1, L183)1. INTRODUCTIONOver the past deades, important e�orts have been de-voted to improve our understanding of the physial on-ditions in protostellar louds. These studies have en-abled to draw an evolutionary sequene of the stagesprior to the formation of protostars, through the mor-phologial, dynamial and hemial harateristis of thelouds. Reent progress in detetion apabilities in thefar infrared, sub�mm and mm windows, have permittedto onstrain the density distribution of moleular loudsthrough measurements of dust absorption and emission(see e.g. Ward�Thompson et al. 1994, 1999). It has beenfound that the geometrial struture of old dark loudsis onsistent with an inner region of nearly onstant den-sity and a surrounding envelope that has a density whihdereases as a power law. The density distribution thusobtained is often used as a starting point for moleu-lar line studies and allows to onstrain the spatial dis-tribution of the moleules (see e.g. Tafalla et al. 2004).Eletroni address: daniel�damir.iem.si.es, erni�damir.iem.si.es, marie�lise.dubernet�obspm.fr1 Dept. Moleular and Infrared Astrophysis (DAMIR), ConsejoSuperior de Investigaiones Cientí�as (CSIC), C/ Serrano 121,28006 Madrid. Spain2 Observatoire de Paris�Meudon, LERMA UMR 8112, 5 PlaeJules Janssen, F�92195 Meudon Cedex, Frane.3 Observatoire de Paris�Meudon, LUTH UMR 8102, 5 PlaeJules Janssen, F�92195 Meudon Cedex, Frane.4 Observatoire de Paris�Meudon, UMR 8112

Moreover, from NH3 inversion lines it has been foundthat the louds are nearly isothermal (Benson & Myers1989; Tafalla et al. 2004). Suh observational onstraintsare of great interest to understand the physial meha-nisms that drive the ollapse. However, the balane be-tween gravitational energy and support mehanisms suhas thermal pressure, turbulene or magnetism is yet to beunderstood (Aikawa et al. 2005). Moreover, theoretialstudies predit that the initial onditions strongly a�etthe way the ollapse of the loud evolves. In partiular,time dependent studies, whih ouple both dynamialand hemial proesses, have shown that moleules anbe used as tools to probe the stage of evolution priorto the formation of protostars. These studies also pre-dit that deuterium frationation inreases with time andthat the D/H ratio an reah high values for a variety ofspeies (Roberts et al. 2003).The goal of this work is to put observational onstraintson the spatial struture of a sample of dark loudsthrough observations of a late type moleule, N2H+, andof its deuterated isotopologue N2D+. These moleulesare well adapted to probe the innermost dense regions ofdark louds due to their high dipole moments and alsobeause they are weakly depleted onto dust grains. Whilemoleular observations are a very powerful tool to derivethe physial and hemial onditions of the gas in theseregions, the interpretation of the observations needs es-sential informations on moleular physis data, suh as
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2ollisional rate oe�ients, line intensities and frequen-ies. Moleules often used as tools, like N2H+, have beeninterpreted so far with rude estimates of these param-eters. Reently, Daniel et al. (2005) have omputed ol-lisional rate oe�ients between N2H+ and He for therange of temperatures prevailing in old dark louds andlow mass star forming regions. Daniel et al. (2006) (here-after referred to as Paper I) have modeled, using thesenew rates, the emission of N2H+ in dark louds. A widerange of physial onditions has been explored in order tohave a general view of the di�erent proesses that ouldlead to the observed intensities of N2H+ hyper�ne lines.Observations are desribed in setion 2. In setion 3we present the results obtained for eah loud and wederive the physial onditions of the gas as well as N2H+and N2D+ abundanes. The onlusions are given in se-tion 5. The exitation proesses ourring for deuteratedspeies are analyzed in the Appendix.2. OBSERVATIONSN2H+ and N2D+ observations were performed duringseveral observing sessions. Additionally, we make use ofN2D+ data already disussed by Tiné et al. (2000).Observations of the N2D+ J=2�1 line have been ob-tained at the IRAM�30m telesope (Granada, Spain) inJuly 2000 during average weather onditions. The point-ing was heked regularly on nearby ontinuum soures,and the fous was heked on small planets. The datahave been taken in frequeny swithing mode, with themixers onneted to the versatile, high spetral resolu-tion, orrelator VESPA. The N2D+ J=1�0 data havebeen taken in August 2004 when the tuning range of the3mm mixers was extended to frequenies lower than 80GHz. Simultaneous observations of N2D+ J=3�2 wereperformed using two mixers tuned at this frequeny. Thesystem temperature was ∼ 250 K at 77 GHz and ∼ 500K at 231 GHz. Partiular are was given to the inten-sity alibration as the mixer tuning is done without sideband rejetion at these low frequenies. The image sideband gain has been measured on an o�set position or aontinuum soure for eah objet, and applied during thedata proessing.Further observations of the J=1�0, 2�1 and 3�2 linesof N2H+ and of the N2D+ J=3�2 line were arried outin January 2005 with the IRAM�30m telesope. Fourreeivers tuned at the frequeny of these lines were usedsimultaneously. Pointing was heked every hour onontinuum soures lose to the targets. The relativealignment of the reeivers was heked with Saturn andJupiter and found to be better than 2.0�. Our observa-tions indiate that the o�sets on the sky from the point-ing derived with the 3 mm reeiver were 1.0�, 2.0� and1.0� for the 2 mm, 1 mm low frequeny and 1 mm highfrequeny reeivers respetively. Fous was heked atthe beginning and end of eah observing shift. It wasfound to be stable for the entire observing run.The weather was exellent during observations with atypial water vapor amount above the telesope site of ≃1.0 mm, or even better. Calibration was performed usingtwo absorbers at ambient and liquid nitrogen tempera-tures. The ATM pakage (Cerniharo 1985; Pardo et al.2001) was used to estimate the signi�ant atmospheriparameters for the observations. The typial system tem-peratures were 100 K, 1000 K and 250 K at 3, 2 and 1 mm

respetively. The J=2�1 line was observed in upper sideband whih avoided the possibility of rejeting the imageside band in the 30�m reeivers. The large system tem-perature for this transition is due to the high opaity ofthe atmosphere at 186 GHz and to the fat that the fre-queny is at the edge of the tuning range of the reeiver.Calibration unertainties for the J=1�0 and 3�2 lines arewell below 10% (the standard alibration auray undergood weather onditions). However, the J=2�1 line has alarger unertainty due the e�ets ommented above, and,in order to have an estimate of the alibration auraywe observed the ontinuum emission of Jupiter, Saturnand Mars at di�erent elevations. We have found that theintensity of the J=2�1 transition was always ompatiblewith the expeted one. However, these double side bandobservations of the planets are not very sensitive to theside band rejetion. Nevertheless, these data allow us toderive beam e�ienies for eah frequeny. They are inexellent agreement with those published for the 30�mIRAM telesope. For some strong soures we observedseveral times a referene position and we noted that the
J=2�1 line intensity had alibration errors up to 20% de-pending on the elevation of the soure. We onlude thatwith the on�guration adopted for the 2 mm reeiver, theupper signal side band has a gain of 0.35 rather than 0.5(perfet DSB). This fat introdues systemati errors inthe determination of the sky opaities. It is impossi-ble to estimate the atual error for eah soure. Hene,for the J=2�1 line we assume a typial alibration errorof 20%. Nevertheless, most observed J=2�1 intensitiesagree with those expeted from the results of the J=1�0 and 3�2 lines (see Set. 3). Only for TMC2, L1489and L1251C it has been neessary to orret the J=2�1intensities by multipliative fators of, respetively, 0.8,0.8 and 0.85 in order to have data onsistent with thewell alibrated J=1�0 and 3�2 lines.The observations were performed in frequeny swith-ing mode. As all soures have narrow lines, the baselineresulting from folding the data has been removed by �t-ting a polynomial of degree 2. Figure 1 shows the N2H+and N2D+ observed lines in seleted soures and Table1 gives the position of the louds observed in this paper(see setion 3). The intensity sale is antenna tempera-ture, T∗

A. In order to ompare the results of our modelswith observations, we have to onvolvemodel results withthe beam pattern of the 30�m IRAM telesope. We haveadopted half power beam widths (HPBW) of 27�, 13.5�and 9�, beam e�ienies of 0.76, 0.59 and 0.42, and errorbeams of 350�, 220�, and 160� for the J=1�0, 2�1 and3�2 lines of N2H+. For N2D+, we adopted HPBW's of32�, 17� and 10.5�, beam e�ienies of 0.79, 0.69 and 0.52and the same error beams as for N2H+ lines. The wholedata set for all observed soures is shown in Figures 3 to15. 3. RESULTSOver the past deades, mm ontinuum observationsand star ount analysis (Ward�Thompson et al. 1994)have revealed that the density struture of old denseores losely mathes a Bonnor�Ebert sphere, with aninner region of nearly uniform density and steep outeredges where the density dereases as r−p with p = 2 �2.5. This desription is valid for r < 0.1 p typially,and at larger sales (0.1 � 1 p), the density struture of



3the outer envelope has been shown to vary from souresto soures. For example, Cerniharo et al. (1985) havefound that a shallow density pro�le, n(r) ∝ r−1/3, is ad-equate to model the density struture of the envelope ofthe Taurus�Auriga omplex. In this setion, we use adensity pro�le whih orresponds to n(r) = n0 for r < r0and n(r) = n0(r0/r)2 for r > r0. In order to haraterizethe louds, we determine the value of the entral density,i.e. n0, and the radius of the inner �at region, i.e. r0. ForL1517B, we ompare the results obtained using this den-sity pro�le with the phenomenologial density law usedin Tafalla et al. (2004).The observed line pro�les for N2H+ and N2D+ J=1�0, 2�1, and 3�2 lines are shown in Figures 3 to 15. Inorder to model our data we have found that some ad-ditional onstraints were neessary. In partiular theextent of the emission has been found to be a riti-al parameter to derive physial onditions. Our dataare in most ases related to one single observed posi-tion (exept for L183 for whih we have a map in sev-eral transitions). Fortunately, some louds presentedin this setion have been mapped in the J=1�0 tran-sitions of N2H+ by Caselli et al. (2002), Tafalla et al.(2004), and Crapsi et al. (2005) (In the disussion of thesoures, if not spei�ed, N2H+ maps refer to data fromCaselli et al. (2002)). For six soures (L63, L43, L1489,L1498, L1517B, and TMC�2) they have reported J=1�0integrated intensity versus impat parameter. Thus, wehave heked that the pro�le of the J=1�0 integrated in-tensity provided by our models was onsistent with thosedata. For the other louds, similar data ould not befound in the literature.The radiative transfer models aim at reproduing our
J=1�0, 2�1 and 3�2 line intensities and the J=1�0 ra-dial emission pro�le. A disussion onerning the as-sumptions made to model N2D+ is given in the Appendix(that deals in partiular with the determination of ol-lisional rate oe�ients for the isotopologue of N2H+).Observed positions, entral line intensities and adopteddistanes to the soures are given in Table 1. We re-port in the same table the J=1�0 emission half powerradius (noted r). This orresponds to the radius whihenloses half of the J=1�0 total intensity whih emergesof the loud. The onvolution of the emerging line in-tensities with the telesope beam pattern has been donetaking into aount the harateristis of 30�m IRAMradio telesope (see setion 2) and those of the 14�mFCRAO antenna. For the latter we have used a HPBWof 54� at 91 GHz and a beam e�ieny of 0.51. Never-theless, the error beam size for the FCRAO antenna isnot known but must be taken into aount. In our mod-eling, we arbitrarily assume a size of 180�. As quotedabove, the radial intensity pro�le enables to onstrainthe way density and abundane vary through the loud.We stress that the density pro�les determined in the fol-lowing setion depend essentially on the observations ofthe J=1�0 line. Hene, an aurate desription of theradiation pattern of the FCRAO antenna is needed toobtain the best estimates for the physial parameters ofthe louds. We have heked the e�et of introduingdi�erent error beam sizes for the FCRAO antenna, andthe largest di�erenes are obtained when the error beamis not taken into aount, whih leads to J=1�0 line in-

tensities 20�30% lower for the same physial onditionsand soure struture. This e�et ould be ompensatedby inreasing the size of the entral ore, r0, by 5��10�,dereasing its density, n0, and inreasing the abundaneof N2H+ in the outer region of the louds.For some soures, we have inluded infall veloity �eldsin order to reprodue the spetral features seen in the
J=2�1 line. The pro�les used onsist of a v ∝ r fun-tion whih orresponds to infalling ores for all soures,exept for L1517B. Despite the inlusion of these velo-ity �elds, we have observed frequeny o�sets between theobservations and the models. In table 4, we report theVLSR determined from our J=1�0 data, the orretionsto this value for the other lines (VLSR and orretionsare determined by a χ square �tting), and the veloitygradient found in the soures. For all of them, we �ndthat the J=2�1 and J=3�2 lines have VLSR ∼ 30 m s−1larger than the VLSR of the J=1�0 line. This would beonsistent with the view of a stati ore with an infallingenvelope as the J=2�1 and J=3�2 lines arise from thedensest part of the loud. However, we think that thee�et, 20 and 30 kHz for the J=2�1 and J=3�2 linesrespetively, is within the auray of the laboratory fre-quenies of N2H+ (see e.g. Amano et al. 2005). Conse-quently, the range of model parameters is limited by thelaboratory auray in the frequenies.3.1. Individual ore propertiesIn this setion, the loud physial parameters (seeTables 2 and 3), obtained from the modeling of ourdata, are disussed. In the following disussion, weuse the notation rD ≡ X(N2D+)/X(N2H+) to refer tothe isotopologues abundane ratio. This quantity dif-fers from the olumn density ratio (referred to as R ≡N(N2D+)/N(N2H+)) in the ase of three louds (L63,TMC2 and the two moleular peaks in L183) for whih
rD has been found to hange with radius. R representsin all ases an averaged value along the line of sight ofthe N2H+ volume density.For eah loud, the error bars quoted for the physialparameters are derived by use of a redued χ2. These areobtained by assuming that the parameters of the modelsare independent and thus, it does not aount for theorrelation among them. Nevertheless, it gives an indi-ation on the sensitivity of the emerging spetra to themodel's parameters. The same riterion was used forboth N2H+ and N2D+ spetra. The unertainty on rDis then found important due to the lower signal to noiseratio of the N2D+ data and this leads to large error barsfor the N2D+ olumn density (varying from 20% to 100%depending on the soure) while typially, the N2H+ ol-umn density is estimated with an auray of 10-20 %.3.1.1. L1517BModeled lines and observations of the J=1�0 and J=2�1 transitions of N2H+ and N2D+ are shown on �gure3. When omparing the line pro�les of the two isotopo-logues, it is important to note the di�erenes whih areintrodued by their respetive abundanes, i.e. opai-ties (see Paper I). We see that the intensity ratio be-tween the di�erent J=1�0 hyper�ne omponents are bestreprodued for N2D+ whih is optially thinner thanN2H+. This fat supports the idea that hyper�ne inten-sity anomalies are due to radiative e�ets whih our at



4high opaities. For the J=2�1 lines of the two isotopo-logues, we see that the main entral emission omponentis self absorbed for N2H+ while it is not for N2D+. More-over, as ommented in Paper I, the line pro�le seen in the
J=2�1 line of N2H+ is harateristi of expanding �ows.A detailed study of L1517B has been reported inTafalla et al. (2004) where the struture of the loud isderived from maps of the NH3 inversion line and 1.2 mmontinuum emission. The position we observed orre-sponds to the N2H+ peak intensity given by Caselli et al.(2002), whih is situated at (+15�,+15�) of the N2H+emission peak in the higher resolution map reported byTafalla et al. (2004). The latter position is also a max-imum of the 1.2 mm emission map. In our models wetook into aount the J=1�0 and J=3�2 lines reportedby Tafalla et al. (2004) towards the ontinuum peak. On�gure 2, we ompare the J=1�0 radial integrated inten-sity of our model to the observational data reported inthe latter study.To haraterize the veloity struture of L1517B, we in-trodued a linear outward gradient of 1.4 km s−1 p−1 forradii beyond 20�. As pointed out in Paper I, it is ratherdi�ult to onstrain veloity �elds from observations ofthe J=1�0 and J=3�2 lines of N2H+, while the largeropaity of the J=2�1 line enables a better estimate.From observations of CS emission lines, Tafalla et al.(2004) derived a value for the outward gradient of 2 kms−1 p−1, for radii larger than ∼ 70�. Hene, this veloity�eld is onsistent with their observations of the J=1�0and J=3�2 lines of N2H+ observed towards the entralposition.On Figure 2, we ompare the J=1�0 radial intensitiesobtained with two types of density pro�les. The �rst isthe one quoted above (labeled (1) in Table 2) and theseond orresponds to the phenomenologial pro�le usedby Tafalla et al. (2004) (labeled as (2)). Using the pro�le(2), we obtain the same estimate than in the latter study,i.e. n0 = 2.0 105 m −3 and r0 = 35�. Moreover, we seethat with the present observational data, we are ratherinsensitive to the exat form of the funtion whih de-sribes the density variations in the loud, sine the twodensity pro�les give similar results for both line shapesand the J=1�0 integrated intensity pro�le.Using the two density pro�les mentioned above, we alsoderive di�erent estimates for the N2H+ abundane, i.e.1.6 10−10 with (1) and 2.5 10−10 with (2). In the latterase, our estimate is higher by ∼ 70% with respet tothe one obtained by Tafalla et al. (2004), i.e. X(N2H+)= 1.5 10−10. The di�erene is due to the use of di�erentsets of ollisional rate oe�ients in eah studies.We have determined the D/H ratio that allows to re-produe the J=2�1 line of N2D+ for the two density pro-�les. For the density pro�le (1), we derive R = 0.12+0.04

−0.03whih is a fator 2 higher than the estimate of 0.06 ±0.01 obtained by Crapsi et al. (2005) toward the densitypeak position.Benson & Myers (1989) have estimated a mass of 0.33M⊙ within a radius of 1.4', whih orresponds to a meanvolume density of n(H2)=6 103 m−3. For the same ra-dius, we obtain a mass of 2.5 M⊙. On the other hand,the analysis of emission maps at 850 µm and 450 µm(Kirk et al. 2005) lead to an estimate of n(H2) ∼ 4�5 105m−3, in qualitative agreement with the entral densityassessed from our N2H+ data.

3.1.2. L183L183 is a well studied objet due to its proximity(d=110 p). It has a non spherial shape with a north�south axis in the density distribution. Reent stud-ies point out a omplex hemistry in the loud, withfour main moleular peaks showing harateristis whihare interpreted as signs of di�erent stages of evolution(Dikens et al. 2000). The N2H+ maximum of intensityis situated near the densest part of the loud (moleu-lar peak C). A seondary maximum situated ∼ 3' to thenorth (moleular peak N) is also seen in the N2H+ in-tensity map. For this soure, the observed position formoleular peak C orresponds to the intensity peak asgiven by Caselli et al. (2002). It is plaed at (-5�,+15�)with respet to the peak position of the higher resolutionmaps given by Dikens et al. (2000) and Pagani et al.(2005).Figure 4 shows peak C observations and models of the
J=1�0, 2�1 and 3�2 transitions of N2H+, and of the
J=3�2 transition of N2D+. Figure 5 shows the J=1�0 and 3�2 lines of N2H+ and the J=1�0, 2�1 and 3�2lines of N2D+ for peak N. Figures 6 and 7 present mapsof the J=1�0 and 2�1 lines of N2D+ obtained towardspeak C, the latter being obtained with the same data asin Tiné et al. (2000).There are a number of studies regarding the dust emis-sion properties of L183 (e.g. Kirk et al. (2005) at 450 and850 µm, Juvela et al. (2002), Pagani et al. (2003) at 200
µm and Pagani et al. (2005) at 1.2 mm). From thesestudies, it seems that the region of moleular peak C isassoiated with two ontinuum soures FIR1 (south) andFIR2 (north) separated by ∼ 1.5'. The region of FIR1and FIR2 orresponds to the maximum extintion andminimum temperature in the loud (Juvela et al. 2002).Also, there might be a gradient of temperature in thisregion or hanges in the omposition of the grains sineFIR1 is deteted at 200 and 450 µm but remains unde-teted at 850 µm. Moreover, the emission peak FIR2 at850 µm is shifted to the North ompared to that at 200and 450 µm (Kirk et al. 2005), while the 1.2 mm peakposition is shifted to the South. It is worth noting thatthe maxima of the 1.2 mm and N2H+ maps reported inPagani et al. (2005) do not oinide. From this study, itappears that the maxima of these two maps are shiftedby ∼ 25� and that the H2 volume density reahes 2 106m−3 at the position of the 1.2 mm map emission peak.For simpliity, we have modeled the observations of peakC assuming that the density enter of our model is atthe position of the N2H+ emission peak (i.e. o�set by(+5",-15") with respet to the oordinates given in table1).For the spetra belonging to peak N, our observationsare o� by (+2�,-40�) with respet to the referene positiongiven by Dikens et al. (2000). We have assumed in ourmodels that the density peak is entered at the positionof our observations whih orresponds to the seondarymaximum in the N2H+ map.For peak C, in order to �t the observed asymmetry inthe J=2�1 transition, we have inluded a veloity gradi-ent of ∆v = -0.2 km s−1 p−1. As disussed in Paper I,this line is sensitive to small veloity gradients, due tothe presene of multiple hyper�ne omponents in a smallfrequeny interval. For peak N, no veloity gradient was



5inluded sine, for this position, the observed lines areinsensitive to suh small veloity �elds (the J=2�1 linewas not observed). It is worth noting that the J=2�1transition of N2H+ obtained towards peak C has a peu-liar shape that is not observed in any other loud of thepresent sample. Hene, the abundane pro�le obtainedfor this soure is unique, among all our models, sine we�nd that the best agreement between models and obser-vations is obtained by inreasing the abundane at largeradii.For the two peaks, we obtain similar N2H+ abun-danes, but di�erent density pro�les: peak C is moredense and entrally peaked than peak N. For the formerposition, our density estimate is onsistent with that ob-tained from sub�mm observations, i.e. n(H2) = 106 m−3(Kirk et al. 2005).In order to model the N2D+ map shown in Figures6 and 7, the relative abundane has been set to rD =0.43 for radii below r ∼ 0.021 p. For larger radii, therelative abundane is lowered to 0.05. Note that this de-rease in abundane is neessary to reprodue the lineshapes as it redues the self�absorption indued by theexternal layers of the loud, in the J=2�1 main ompo-nent of N2D+. On the ontrary, the main omponent ofthe J=2�1 transition of N2H+ is strongly self�absorbedand is better reprodued by inreasing the N2H+ abun-dane at the outermost radii. Sine our model onsidersspherial geometry while the morphology of the loud isextended along a North�South axis, we have failed to re-produe the J=2�1 transition for the whole map. Hene,the intensities are well reprodued for delinations be-tween δ = -20� and +20� but are underestimated alongthe North�South axis. Toward the position given in ta-ble 1, we �nd a olumn density ratio R = 0.33+0.16
−0.11 whihis similar to the one obtained by Tiné et al. (2000) at aposition o�set by ∼ 5" to the north, i.e. R = 0.35. Thisvalue is higher than the one obtained by Crapsi et al.(2005) at a position o�set by (-5",-15"), i.e. R = 0.22

±0.04.From the observations towards peak N, we obtain val-ues for the deuterium enrihment of rD = 0.76 for radiibelow 5 10−3 p and 0.05 beyond. Note that the radiuswhih enloses the entral D�rih region is determinedfrom a single position analysis. Beause the angular sizeof this entral region is intermediate between the HPBWof the J=1�0 and 3�2 lines of N2D+, (32� and 10� re-spetively), the J=3�2 line is favored ompared to the
J=1�0 one. In order to better onstrain the variationof the D/H ratio with radius, observations at di�erentpositions are needed. For peak N, we derive a olumndensity ratio of R = 0.15 .Reently, a similar work based on N2H+ and N2D+observations was arried out by Pagani et al. (2007) formoleular peak C. This latter study di�ers from ours inthe loation of the enter of the density pro�le: it wasset oinident with the maximum of the 1.2 mm mapwhih is shifted ∼ 25" to the south ompared to that as-sumed in the present work. Moreover, the 1D radiativetransfer ode used in Pagani et al. (2007) work treats lineoverlap and the onvolution with the telesope beam wasmade using an approximation that takes into aount thenorth-south extent of the loud. At the position of the 1.2mm map peak, they found that the temperature ranges

from 7K (from N2H+ data) to 8K (from N2D+ data) andthat the maximum H2 density is 3 times higher than thatderived in the present work. Note that the density pro�lederived here and the "best model" pro�le in Pagani et al.(2007) are similar beyond 30": the latter orresponds todensities whih are higher by ∼ 25%. The main di�er-ene onerns the N2H+ abundane pro�le. Pagani et al.(2007) have found that X(N2H+) drops by a fator 6+13

−3in the inner 20" region. This derease is interpreted asdepletion and it beomes e�ient at densites n(H2) =5�7 105 m−3. At our position, we do not see evidenefor suh a strong derease in abundane: the abundanewe �nd is ∼ 1.6 time lower below 40" where the den-sity reah n(H2) = 2 105 m−3. Given that the sourestrongly departs from spherial geometry, this variationould be a onsequene of a mis�interpretation of thereal exitation onditions and prevents us to interpretthis result as a sign of depletion. Considering the deu-terium enrihment, Pagani et al. (2007) �nd that at the1.2 mm map peak, rD varies from 0.7 ±0.12 (inner 6") to0.05 (beyond 40"), whih is onsistent with the present�ndings. 3.1.3. TMC2In the present study, we report N2H+ and N2D+ obser-vations for two positions towards TMC2 whih are sepa-rated by ∼ 40�. Figure 8 shows the J=1�0, 2�1 and 3�2observed lines of N2H+, and the J=3�2 line of N2D+ forthe entral position. For the (-33�,-23�) position, N2H+

J=1�0 and N2D+ J=2�1 lines are shown. Figure 2 showsthe J=1�0 radial integrated intensity of the model om-pared to observational data from Caselli et al. (2002).This soure has been mapped in many moleularlines (e.g. C18O, DCO+ and H13CO+ by Butner et al.(1995), H13CO+ by Onishi et al. (2002) and C18O byOnishi et al. (1996)) as well as in 1.2 mm ontinuumemission by Crapsi et al. (2005). Large sale visual ex-tintion maps overing the whole region are reported byCerniharo et al. (1984, 1985). Contrary to other louds,N2H+ and 1.2 mm maps seem to be unorrelated: whilethe N2H+ peak has a bright 1.2 mm emission ounter-part, there are several maxima in the 1.2 mm map whihdo not orrespond to any N2H+ peak. In this work, wederive an average entral volume density of n(H2) ∼ 3.5105 m−3, whih is in good agreement with the value of 3105 m−3 derived from the analysis of the 1.2 mm emis-sion. However, this value is higher than the estimatesobtained from other moleular speies. The disrep-any partly arises from a di�erent spatial loation of themoleules (see the map of C18O reported by Crapsi et al.(2005) and the map of H13CO+ of Onishi et al. (2002)).On the other hand, N2H+ and NH3 lines (Myers et al.1979) seem to arise from the same region and an averagevolume density of 2.5 104 m−3 was derived from the lat-ter moleule. Similar values for the average density aregiven in Butner et al. (1995), based on C18O and DCO+lines. Nevertheless, higher density estimates have beenobtained using H13CO+ (Onishi et al. 2002). The mapof this moleule shows that two emission maxima are lo-ated within the NH3 map orresponding to regions ofaverage volume density ∼ 105 m−3.From NH3 lines, the mass enlosed within a radius of3.6' has been estimated to be ∼ 16 M⊙, and from C18Olines (Onishi et al. 2002), the mass enlosed within 7.8'



6is estimated to be ∼ 50 M⊙. The density pro�le given intable 2 orresponds to enlosed masses of 50 M⊙ and 121M⊙ for the same radii. We stress that the value adoptedfor r0 is the most important parameter to derive the massof the loud and, in order to obtain similar values thanthose quoted above and using the same entral density,we would have to adopt a value of r0 ∼ 35�. Adoptingsuh a small value for r0 does not allow to reprodue the
J=1�0 radial integrated intensity.To reprodue the N2D+ spetra obtained towards thetwo positions, we have dereased the abundane ratio bya fator 7 at radii > 0.024 p. It is worth noting thata single position analysis enables to reprodue indepen-dently eah one of the two N2D+ spetra, assuming aonstant value for rD. For the entral position, suh ananalysis leads to a ratio of rD ∼ 0.25.3.1.4. TMC1(NH3)Figure 9 shows observations of N2H+ and N2D+ to-wards two positions separated by ∼ 35�. The refereneposition is given in table 1 and the seond position isloated at (-35�,+9�). Towards both positions, two ve-loity omponents are identi�ed in the observations ofthe J=1�0 line of N2H+. In order to model the faintestomponent, we have simply added the ontribution oftwo emitting regions. This way of omputing the emerg-ing spetra is motivated by the fat that the di�erenein the VLSR of the two omponents is larger than thelinewidth: the determined VLSR are 5.98 km s−1 and5.68 km s−1, the former being the most intense one.For both positions, the faintest veloity omponents havebeen determined to be similar.The TMC1 ridge is known to have a omplex veloitystruture with a veloity gradient of ∼ 0.2 km s−1, per-pendiular to the major axis of the ridge (Olano et al.1988) , and ores at di�erent VLSR for the same lineof sight. Partiularly, two omponents at ∼ 5.6 km
s−1 and 6.0 km s−1 have been identi�ed around theyanopolyyne peak (Tölle et al. 1981). Also, aroundthe ammonia peak, two possible omponents at VLSR

∼ 5.9 km s−1 and 5.3�5.4 km s−1 are reported byHirahara et al. (1992) from observations of C34S tran-sitions, the latter being identi�ed as a low density ore.The two VLSR omponents identi�ed in this work arealso seen in SO observations (Lique et al. 2006).As for the previous soures, we obtain a higher den-sity estimate than in previous studies based on the emis-sion from other moleules. See for example the detailedanalysis of the density struture along the TMC1 ridgereported by Pratap et al. (1997). At the position of theN2H+ peak (ammonia referene position), the density isestimated to be ∼ 105 m−3 from the analysis of severalHC3N lines. Note that the struture of the yanopolyynepeak has been probed through interferometri observa-tions (Langer et al. 1995). It has been found that theore of the loud onsists of several high density on-densations (n(H2) ∼ 3 105 m−3) with diameters rang-ing from 10� to 30�, whih are embedded in a lowerdensity medium. This result was further on�rmed byTóth et al. (2004) who analyzed ISOPHOT images.From the J=2�1 line of N2D+, we derive R ∼ 0.10+0.09
−0.04for the ammonia referene position, whih is in goodagreement with the value of 0.08 reported by Tiné et al.(2000).

3.1.5. L1498Figure 10 shows the J=1�0 line of N2H+, and the
J=1�0 and 2�1 lines of N2D+. L1498 is a nearbymoleular loud loated in the Taurus omplex. Thisloud has been observed in H2CO (Young et al. 2004),CS (Tafalla et al. 2004) and N2H+ (Tafalla et al. 2004;Shirley et al. 2005) and its physial properties havebeen derived from ISOPHOT observations (Langer et al.2001) and millimeter observations (Shirley et al. 2005).As for L1517B, a detailed study of L1498 has been doneby Tafalla et al. (2004), and we have used this work as astarting point for our models. The position we observedin this soure is at (+10�,0�) of the 1.2 mm emission peak.In our model, we have assumed that the enter of the den-sity pro�le orresponds to the ontinuum peak. Figure 2shows the J=1�0 radial integrated intensity ompared tothe observational data reported by Tafalla et al. (2004).As noted in that study, a derease of the abundane inthe outer envelope is needed to reprodue the J=1�0 ra-dial intensity pro�le. Otherwise, the intensity would beoverestimated at large radii.The values we have derived for the density and forthe N2H+ abundane are onsistent with those foundby Tafalla et al. (2004). As for L1517B, we derive ahigher abundane than in the latter study (X(N2H+)=2.5 10−10 ompared to 1.7 10−10). This is related tothe use of di�erent ollisional rate oe�ients and den-sity pro�les in eah study. Moreover, we derive the sameentral density, but with a smaller value for r0 due tothe di�erent analytial expressions of the density pro�le.Nevertheless, the entral density reported in this workis higher than what is usually found for this loud. Forexample, Shirley et al. (2005) reported a density ∼ 1�3104 m−3 from ontinuum observations at 350 µm, 850
µm and 1.2 mm.The value we have found for the olumn density ratio,i.e. R = 0.07+0.03

−0.03, is larger by a fator two than the onereported by Crapsi et al. (2005) at the same position.3.1.6. L63Figure 11 presents the J=1�0, 2�1 and 3�2 lines ofN2H+ and the J=1�0 and 3�2 lines of N2D+. Figure 12shows a 5 points map of the J=1�0 transition of N2D+(the referene position is given in table 1). Figure 2 om-pares the J=1�0 radial integrated intensity of the modelto observational data reported by Caselli et al. (2002).In order to simultaneously reprodue the J=1�0 and3�2 lines of N2D+, a step in the isotopologues abun-dane ratio has been introdued, this ratio varying from
∼ 0.6+0.5

−0.3 in the inner 10� to ∼ 0.25+0.16
−0.02 at greater radii.Note that the extent of the enrihed region favors theintensity in the J=3�2 line ompared to the J=1�0 line(see disussion of L183).L63 has been mapped in NH3 (Benson & Myers 1989) ,N2H+ and CO (Snell 1981) as well as at 800 µm and 1.3mm ontinuum emission (Ward�Thompson et al. 1994,1999). The intensity peak of both the ontinuum emis-sion and N2H+ maps are found at the same position.The entral density and break radius obtained in thiswork (n0 = 7.2 105 m−3, r0 = 0.018 p) are in exel-lent agreement with the orresponding values derived byWard�Thompson et al. (1999) from the analysis of 1.3mm emission (n0 = 7.9 105 m−3, r0 = 0.017 p). In



7omparison to the results derived by Benson & Myers(1989) from NH3 observations, the pro�le determined inthis work orresponds to a more massive loud (within2.4', 8 M⊙ from NH3 ompared to 16.5 M⊙ from N2H+).Suh a disrepany seems to be present all soures wehave modeled.For this soure, we have introdued a radial variationof the temperature, going from 8 K in the inner part to 15K in the outer envelope. This is onsistent with previousworks where the temperature has been estimated to be8 K in the inner 40� (ontinuum, Ward�Thompson et al.(1994)), 9.7 K inside 2.4' (NH3, Benson & Myers (1989)),and 15 K within 8' (CO, Snell (1981)). Suh an inreaseof the temperature in the outer regions of louds is ex-peted due to heating of the gas and dust by the inter-stellar radiation �eld. 3.1.7. L43Figure 13 shows the J=1�0, 2�1 and 3�2 lines of N2H+and the J=3�2 line of N2D+, and Figure 2 presentsthe J=1�0 radial integrated intensity from the modelompared to the observations reported by Caselli et al.(2002).The dense ore of L43 is omposed of one main onden-sation with a �lamentary extent at the South�East. Thisore is assoiated with the T�tauri star RNO91 loated1.5' West. As pointed out by Ward�Thompson et al.(1999), the initial loud might be forming multiple stars,RNO91 being the �rst to have appeared. From 1.3mm ontinuum emission, Ward�Thompson et al. (1999)found an average entral volume density of ∼ 2 106 m−3within a radius of r0=0.018 p, at whih a steeper slopeis reahed. The density pro�le we have determined is lessentrally peaked (i.e r0 = 0.022 p, n0 = 9.2 105 m−3)but leads to the same estimate of the enlosed mass inthe loud: we obtain masses of 1.1 and 8.2 M⊙ within,respetively, 22� and 51�. This latter radius orrespondsto the geometri average of the FWHM major and minoraxis quoted by Ward�Thompson et al. (1999) at a dis-tane of 160 p. Our results are in exellent agreementwith the estimations of 1.2 and 8.2 M⊙ of the latter work.3.1.8. L1489Figure 14 presents the J=1�0, 2�1 and 3�2 lines ofN2H+ and the J=3�2 line of N2D+. Figure 2 shows the
J=1�0 radial integrated intensity ompared to observa-tional data obtained by Caselli et al. (2002). Our obser-vation of the J=1�0 line shows asymmetrial line wingswith an enhaned red wing that we failed to reproduein our models. Thus, the integrated intensity shown onFigure 2 is underestimated in the model by omparisonto observational data.This soure belongs to the Taurus omplex and is as-soiated with the low mass YSO, IRAS 04016+2610 sit-uated ∼ 1.2' to the West. The NH3 map shows one mainondensation of radius ∼ 0.07 p with a peak intensityshifted ∼ 1' North of the N2H+ peak. Benson & Myers(1989) estimated the temperature to be 9.5�10 K and themain ondensation mass to be around 1.6�2.1 M⊙, whihis lower than our estimate of 6.5 M⊙. On the other hand,observations of HCO+ lines performed by Onishi et al.(2002) have shown that two ondensations are lying inthe NH3 emitting region. These lumps have a low spa-

tial extent (r = 0.018 and 0.016 p ) and orrespond todense ores with masses ∼ 1 M⊙.3.1.9. L1251CFigure 15 shows the J=1�0, 2�1 and 3�2 lines of N2H+and the J=3�2 line of N2D+.L1251C is a dense ore belonging to a region of ativestellar formation in the Cepheus omplex. Large salestudies of this region are reported for 13CO and C18O bySato et al. (1992) and for NH3 by Tóth et al. (1996). Asfor the other louds, we have determined a higher densityfrom our N2H+ data ompared to that obtained fromanalysis based on other moleular speies. This results ina larger mass estimate for the loud. In previous studies,masses of 5 M⊙ within 62� (Tóth et al. 1996) and 56 M⊙within 300� (Sato et al. 1992) have been obtained. In thiswork, we derive masses of 13 and 87 M⊙ respetively.3.2. DisussionFor all soures where the J=1�0 line of N2D+ was ob-served, we have been able to obtain models whih re-produe the observed hyper�ne intensity ratios. On theother hand, it is often more di�ult to obtain suh agood agreement when trying to model the J=1�0 hy-per�ne line intensities of N2H+. For this moleule, anumber of studies have reported intensity anomalies forthe J=1�0 hyper�ne transitions (see e.g. Caselli et al.1995). Between the two isotopologues, the main di�er-ene is due to optial thikness. Indeed, when omparingthe observations of the J=2�1 lines of N2H+ and N2D+,we see that, for most soures, we observe self absorptionfeatures in the J=2�1 main entral omponent of N2H+while not for N2D+. Thus, this fat supports the ideathat hyper�ne intensity anomalies are due to radiativee�ets suh as sattering in the low density regions ofthe louds. Hene, the lower opaity of the J=1�0 lineof N2D+ ompared to N2H+ explains why suh intensityanomalies are not observed for the deuterated isotopo-logue.For most soures, we �nd a better agreement betweenmodels and observations using a N2H+ abundane whihvaries with radius. The N2H+ abundane is enhanedin the entral region in all models, exept for L1517Band for moleular peak C in L183. For L183, the bestagreement with observations is found by introduing aninrease of the N2H+ abundane in the outer envelope.This ould indiate a real trend for this soure but, onthe other hand, it must be on�rmed with a more preisedesription of the morphology of the loud, as previouslydisussed. Note that these two louds are the less mas-sive in our sample (see table 1). For all the other loudsfor whih we have obtained enlosed masses greater than5 M⊙ within 2', the N2H+ abundane dereases in theoutermost regions. These di�erent types of abundanepro�les were already notied for some louds in our sam-ple (see set. 3) and this re�ets the spei�ity of thehemistry in eah soure.Compared to previous studies, we have derived lowerN2H+ abundanes despite the fat that the ollisionalrates used in the present work are lower than the ratesof HCO+ � H2 urrently used to interpret N2H+ spe-tra. Models with high density and low abundane arethe best to reprodue the J=2�1 line whih su�ers fromself�absorption. Moreover, in the sample of louds we



8studied, we �nd a weak departure in the abundanes (lessthan a fator of 2) to the average N2H+ abundane of 1.510−10. Note that for the same sample of louds, the av-erage value for the abundane reported in Caselli et al.(2002) is 4 10−10. In all these louds, a derease of thetemperature in the inner region below 10 K enables to re-produe best the observations sine it inreases the opa-ity of the J=1�0 line. On the other hand, an inreaseof the temperature with radius allows to minimize selfabsorption e�ets in the J=2�1 line.In our sample, several louds have already been ana-lyzed using ontinuum observations (L63, L43, TMC�2,L183, L1498 and L1489). These studies lead to esti-mates for the mean volume density whih are in goodagreement with those derived in this work. Nevertheless,when using other moleules, the di�erenes in densityestimates are more important. Part of the disrepaniesmay arise from the di�erent spatial distribution withinthe louds of eah moleule. Some of them, suh as COor CS, are known to undergo depletion in the highestdensity regions and an analysis whih assumes a uniformdensity would lead to a lower value for the loud den-sity. For the studies based on NH3, the di�erenes areyet unlear sine both moleules seem to be present inthe same regions of the louds, as shown by the orre-sponding emission maps. For the omparison with theestimates done in Benson & Myers (1989), a soure ofdisrepany ould be the larger HPBW (∼ 80") of theHaystak antenna used in the latter work. Another possi-bility explaining the lower density estimates derived fromNH3 lines may ome from the low ritial densities ofthe (J,K)=(1,1) and (2,2) inversion lines, i.e. nc ∼ 104m−3. Sine for the densities of the inner regions of thedense ores, these lines are thermalized, an aurate de-termination of the kineti temperature and NH3 olumndensity is still possible while the lines are rather insen-sitive to the density. Moreover, the densities estimatedfrom N2H+ and millimeter ontinuum observations leadto NH3 line intensities onsistent with the observations(see e.g. Tafalla et al. 2004). This points out the lowsensitivity of the NH3 inversion lines to dense gas, andthe di�ulty to assess the dense ore gas density uniquelyfrom NH3 observations. Finally, we obtain that the massderived for the louds are in general in good agreementwith the estimates obtained from mm or sub�mm emis-sion analysis and higher than the mass derived from theobservations of other moleular speies.Note, that the rate oe�ients used in this workare alulated for ollisions with He. As disussed inMonteiro (1985) for the ase of HCO+ (isoeletroni ofN2H+), the larger polarizability of H2 ompared to Heindues strong variations in the orresponding potentialenergy surfaes. It entails that the ross setions ob-tained for HCO+�H2 are greater by a fator 2�3 om-pared to the HCO+�He ones. In the present work, theollisional rate oe�ients are orreted for the di�erenein the redued masses of H2 and He in the Boltzmannaverage. This is a rude approximation whih assumesthat ross setions for ollisions with He and H2 are sim-ilar. Thus, we expet to obtain signi�ant di�erenes, byanalogy with the HCO+ ase, for the ollisional rates ofN2H+ with H2. Therefore, the results obtained have tobe regarded with aution and the error on the densityand abundane estimates ould be as large as a fator 2.

The models presented for L1517B and L1498 an serveas a benhmark for the typial variations that we expetusing di�erent ollisional rate oe�ients. Compared tothe abundanes reported in Tafalla et al. (2004), the val-ues we have derived in this work are within 50�70%.From N2D+ lines, we have derived values for the D/Henrihment in eah loud whih are in reasonable agree-ment with previous determinations, despite the fat thatthe methods used are often di�erent. In addition, forthree of the studied louds (L63, TMC2 and the two oresin L183), we �nd that the D/H ratio takes high values(0.5�0.7) in the inner part of the loud and dereases inthe lower density outer regions. Suh harateristis areexpeted from theoretial models whih ouple the dy-namis and hemistry of moleular louds (Aikawa et al.2005; Roberts et al. 2003). Moreover, these models pre-dit that a quantitative determination of the deuteriumenrihment ould probe the evolutionary stage of the ol-lapse. 4. CHEMICAL ANALYSISThe present analysis of the line pro�les of N2H+ andN2D+ has allowed to derive the pro�le and temperaturedependenes together with the overall deuterium fra-tionation ratio in the various seleted pre�stellar ores.Looking at table 3, one may notie that the dedued to-tal olumn density of N2H+ varies within a fator of 2whereas the deuterated ounterpart abundane may varyby fators larger than 6, whih leads to frationation val-ues between 0.07 and 0.5.A detailed hemial disussion on the deuterium fra-tionation derived from the present observations is be-yond the sope of the present paper and we only wantto derive some general trends from the observations.The presene of moleular ions in interstellar envi-ronments is readily explained by a suession of ionmoleule reations initiated by osmi ray (CR) ion-ization of moleular hydrogen : H2 + CR → H+
2 ; H2+ H+

2 → H+
3 + H. The H+

3 moleular ion is an ef-�ient proton donor and reats with saturated stablemoleules suh as CO, N2, HD to produe HCO+, N2H+,H2D+. Deuterium enhanement follows when the tem-perature is low enough so that H+

3 + HD deuterium ex-hange reation may proeed on the exothermi path-way as �rst proposed by Watson (1974). The H2D+thus produed an further transfer its deuteron to thesame neutral moleules, produing DCO+, N2D+, ata rate 3 times smaller than in the reation involvingH+

3 , as 2/3 of the reation rate oe�ient will leadalso to HCO+ and N2H+, if statistial arguments mayapply. In the reation of H2D+ with HD, D2H+ isformed, and a further reation with HD then leads tothe ompletely deuterated ion D+
3 . These proesses havereeived attention both in astrophysis (Roue� et al.2000; Roberts & Millar 2000; Roberts et al. 2003;Flower et al. 2004), and in hemial physis stud-ies (Gerlih et al. 2002; Gerlih & Shlemmer 2002).Ramanlal & Tennyson (2004) have summarized theexothermiities involved in the possible reations involv-ing deuterated substitutes of H+

3 and H2, whih are typ-ially between 150K and 220K. Temperatures as thosederived in Setion 3 are thus low enough to inhibit the o-urrene of the orresponding reverse reations and suit-able for deuterium enhanement to our. The on�rmed



9detetions of H2D+ in the pre-stellar ore LDN 1544(Caselli et al. 2003; Vastel et al. 2006), as well as thereent detetion of D2H+ in LDN 1689N (Vastel et al.2004) , have provided strong observational support forthis theory. It is important to notie that the isotopo-logue ions thus formed (N2H+, N2D+ on the one hand,HCO+, DCO+ on the other hand) are then destroyed bythe same hemial reations, i.e., dissoiative reombina-tion, reations with the other abundant neutral speies,possible harge transfer reations with metals, reombi-nation on grains, ... In the absene of spei� measure-ments, one assumes that the rate oe�ients involvinghydrogenated and deuterated moleular ions are equal.The steady state frationation ratios N2D+ / N2H+,DCO+ / HCO+ are then diretly equal to the ratio ofthe formation probabilities of N2H+ and N2D+ on theone hand and HCO+ and DCO+ on the other hand.In the ase of N2H+, the main formation route is usu-ally N2 + H+
3 , whereas for N2D+, the formation hannelsinvolve N2 + H2D+, N2 + D2H+ and N2 + D+

3 . N2H+may also be produed via N2 + H2D+ and N2 + D2H+ ifthese ions beome abundant. At steady state, the abun-dane ratio is given by :X(N2D+)X(N2H+)
=

X(H2D+) + 2X(HD+

2 ) + 3X(D+

3 )X(HD+

2 ) + 2X(H2D+) + 3X(H+

3 )
(1)where X(x) represents the abundane or the frationalabundane of a partiular speies x. This relation holdsif the overall reation rate oe�ients of N2 with thevarious deuterated isotopologues of H+

3 are equal and ifstatistial equilibrium determines the branhing ratios.High frationation ratios suh as those found inthe studied environments are then diretly orrelatedto high deuteration frations of the deuterated H+

3ions whih an our in highly depleted environments(Roberts et al. 2004; Walmsley et al. 2004; Flower et al.2004; Roue� et al. 2005). In addition to these reations,N2D+ (DCO+) may also be formed in the deuteron ex-hange reation between D atoms and N2H+ (HCO+).Density and temperatures are derived from the anal-ysis of the line pro�les as shown in Table 2. The de-dued frational abundanes of N2H+, whih are of theorder of 10−10 ompared to H2, imply a �rst onstrainton the depletions, i.e. the available abundanes of theelements in the gas phase. The deuterium frationationratio brings an additional limit on these values and alsoon other physial parameters suh as the osmi ray ion-ization rate (ζ) whih is diretly related to the ionizationfration.Steady state model alulations allow to span rapidlythe parameters spae and to obtain the main phys-ial and hemial harateristis of the environment.We have used an updated hemial model desribed inRoue� et al. (2005), where we inlude multiple deuter-ated speies ontaining up to 5 deuterium atoms (CD+

5 )and the most reent hemial reation rate oe�ients.The gas phase hemial network inludes 210 speies on-taining H, D, He, C, N, O, S and a typial metal un-dergoing harge transfer reations whih are onnetedthrough about 3000 hemial reations. Partiular areis paid to dissoiative reombination branhing ratios55 In the urrent hemial analysis, the branhing ratios of dis-

whih modify onsiderably the hemial omposition ofthe gas. We mimi the various mehanisms involvedin gas-grain interations (aretion, thermal desorption,osmi-ray indued desorption, et ...) by introduing adependene of the available gas phase elemental abun-danes with density. The variation laws assumed for thegas phase elemental abundanes with density are arbi-trary and aount for the derease of gas phase atomiarbon, oxygen, nitrogen and sulfur with inreasing den-sity. The assumed laws are:
nC/nH =1.40 10−4

[

1 − exp (

−4 104/nH

)]

nN/nH =7.94 10−5
[

1 − exp (

−3 104/nH

)]

nO/nH =3.50 10−4
[

1 − exp (

−4 104/nH

)]

nS/nH =1.85 10−5
[

1 − exp (

−4 104/nH

)]where nx stands for the elemental volume density ofspeies x. At low densities, the values orrespond to theabundanes observed in di�use and transluent environ-ments. The arbon to oxygen ratio is �xed throughoutthe density variations. For H2 densities in the range be-tween 105 and 106 m−3, the elemental abundanes ofC, N, O and S are in the range of several 10−5 - 10−6,orresponding to depletions of 10 - 100.We solve the harge balane on the grains and allowthe atomi ions to neutralize on the mostly negativelyharged grains. These proesses are important for theoverall ionization fration of the gas and lead to very lowionization fration of the order of 10−9 for densities largerthan 105 m−3. Suh low values are ompatible withthe derived value by Caselli et al. (2002b) from observeddeuterium frationation in dense ores. We show in Fig.16, both the frational abundane of N2H+ in units of10−10 and the N2D+ / N2H+ ratio for densities rangingfrom 104 to 106 m−3 and a temperature of 10K. Two
ζ values are used to probe the role of this importantphysial parameter.We see that the obtained results span very niely thevalues derived from the observations. To model theN2H+ emission, it has been assumed that the densitystruture was onsisting on a power law. We thus derivedthat observed spetra were onsistent with an inreaseof the temperature with radius, and that, depending onthe soure, the N2H+ abundane was whether onstantor dereasing outward. Considering the two ζ values as-sumed we �nd that the trend derived from the modelingis qualitatively reprodued with ζ = 1 10−17 s−1. On theother hand, for a higher ζ value, the abundane wouldtend to inrease with radius.The models done in setion 3 show that theN2D+/N2H+ ratio ould reah values as high as 0.5 insoiative reombination of N2H+ are taken from Geppert et al.(2004). During the revision of the manusript, it has been broughtto our attention that in in a reent experiment, Molek et al. (2007)have reanalysed these branhing ratios and obtained a major han-nel of reation towards N2, opposite to what Geppert et al. (2004)had found with the storage ring experiment. For some test ases,we have introdued these new branhing ratios, by keeping thesame value of the total destrution rate of N2H+ and N2D+ andwe have found that the frational abundanes of N2H+, N2D+ aswell as the frationation ratio remain very similar to the one dis-played on �gure 16. However, substantial hanges are found forhydrogenated nitrogen moleules and their isotopologues suh asNH, NH2, ...



10the innermost regions of the louds. Figure 16 shows thathemistry predit a N2D+/N2H+ ratio greater than 0.1for densities higher than 2�3 105 m−3, with maximumvalues of 0.2�0.3. While the maximum values derivedfrom the hemial modeling and from observations arewithin a fator 2, the trend derived for the ratio, in bothases, are in good agreement. Atually, for four soures(L63, TMC2, and the two dense ores of L183), we ob-tained from observations that the ratio should dereaserapidly with density, a trend reprodued in the hemialmodeling.Note that both absolute abundanes and abundanesratio have been found to be sensitive to the adopteddepletion law. In ontrast, Figure 16 shows that theN2D+/N2H+ ratio is rather insensitive to variations ofthe temperature or osmi ray onstant, while the N2H+and N2D+ absolute abundanes are strongly hanged.We onsider here only gas phase proesses so that therole of indued desorption by osmi rays is assumed tobe onstant within the variation by a fator of 5 of theosmi ray ionization rate value. A variation of ζ hangesboth the abundanes of H+

3 isotopologues and of the ele-trons, whih are involved respetively in the main N2H+and N2D+ formation and destrution routes. The largere�ieny of formation from H+

3 isotopologues entails thatthe absolute abundanes inrease with ζ. Moreover, thesimilarity of the formation and destrution hannels ofN2H+ and N2D+ lead to nearly equal variations, bothwith the temperature and ζ, whih explains why the iso-topologues abundanes ratio remain idential. Finally,we point out that the N2D+/N2H+ ratio ould serve asa probe of the way the C,N,O and S ontaining speiesdeplete onto grains, sine other parameters suh as tem-perature and the osmi ray ionization rate just in�uenethe isotopologues absolute abundanes similarly.Figure 16 shows the N2D+/N2H+ ratio derived fromthe full hemial network in omparison to the ratio ex-peted from statistial onsiderations (i.e. equation 1).We �nd a reasonable agreement between the two ratio,the largest di�erenes (for T = 15K and ζ = 5 10−17s−1 ) being of the order of 60%. The largest values inthe full modeling are due to an inreased N2D+ forma-tion through the deuterium exhange reation betweenD atoms and N2H+. For some spei� onditions, thisformation route is found e�ient.5. CONCLUSIONSWe have derived estimates of the temperature, den-sity, N2H+ and N2D+ abundanes in a sample of olddark louds, by using a radiative transfer modeling whihenables to interpret the hyper�ne transitions of thesemoleules. The main onlusions are :1. Compared to previous studies onsidering N2H+,we generally derive higher densities due to the in-lusion in the models of the J=2�1 line. For theonditions prevailing in dark louds, i.e. TK ∼ 10K, this line is the optially thikest and, in orderto prevent strong self absorption e�ets whih aregenerally not observed, models with high densityand low abundane are preferred. Moreover, anoutward inrease of the temperature enables to re-due the self absorption in this line.2. In order to reprodue the J=1�0 hyper�ne transi-

tions, the total opaity of this line has to be largerthan τ ∼ 10. A way to inrease the opaity andto still reprodue the other rotational lines is toderease the temperature in the inner ore belowT = 10 K. For most soures, we enounter a goodagreement with a temperature around T = 8 K inthe entral region of the louds.3. We analyzed the density struture of the loudsand we took into aount previous studies wherethe J=1�0 integrated intensity, as a funtion of theposition on the loud, were reported. The entralaverage densities and the radii of the inner �at re-gions, derived using N2H+, are in good agreementwith the equivalent parameters obtained from sub�mm and mm ontinuum observations. Comparedto other studies based on other moleular speies, itseems that N2H+ is the only one whih allows suha good agreement, sine other moleules providesystematially lower H2 volume densities. For mostmoleules, it still might be possible to oniliatethese estimates by introduing the radial depen-dene in the moleular abundanes whih are pre-dited by theoretial studies of dark louds hem-istry.4. We derive X(N2D+)/X(N2H+) whih are in qual-itatively good agreement with previous studies.Moreover, for two of the studied louds (TMC2 andL183 ) where we have observed various positions inthe loud, we �nd that the observed spetra arebest reprodued when inreasing the D/H ratio inthe inner dense regions. We note that for these 2objets a single position analysis lead to the deriva-tion of a onstant ratio throughout the loud, whihwas smaller than the entral value obtained in themulti position analysis. Thus, for the other objets,the ratio we have derived has to be onsidered asan average value and a entral enhanement of theD/H ratio annot be ruled out.Considering studies that deal with the hemi-al evolution of protostellar louds, our resultsare in qualitative and quantitative agreementwith the expeted trend of the two isotopologues(Aikawa et al. 2005). Reently, the importane ofthe multideuterated speies of H+
3 in the hemialnetwork was pointed out by Roberts et al. (2003)in order to explain the high deuterium fration-ation observed in moleular louds. This workshows that for various moleular speies we shouldobserve D/H ratios approahing unity. Moreover,they show that the deuterium frationation is par-tiularly e�ient in the ase of N2H+. A detailedtime dependent study onsidering both dynamisand hemistry was reported in Aikawa et al. (2005)for the stages prior to star formation. It on�rmsthat deuterium frationation an reah high valuesfor N2H+ and that the abundane ratio takes largervalues in the innermost regions of the louds. Fromthis latter study, it appears that the frationationis expeted to inrease with time when the entraldensity of the inner region inreases. Thus, thedetermination of the deuterium enrihment ouldserve as a tool to probe the stage of evolution prior



11to the formation of protostars.The authors thank P. Caselli for providing N2H+observational data. The authors are grateful to I.Jiménez�Serra, J.�R. Pardo and M. Agúndez for theirhelp and suggestions onerning the present manusript.The authors aknowledge funding support from theCNRS/INSU programme PCMI, and from the EuropeanUnion Marie-Curie network "Moleular Universe". J.Cerniharo wants to thank Spanish MEC for funding sup-port under grants PANAYA2000�1784, ESP2001�4516,PNAYA2002�10113�E, ESP2002�01627, PNAYA2003�02785, PNAYA2004�0579 and the Madrid DGU PRICITprogram S-0505/ESP�0237 (ASTROCAM).Appendix: Radiative Transfer Models for N2D+The rotational and hyper�ne oupling onstants forN2D+ are taken from Dore et al. (2004). We have usedthe dipole moment of N2H+, i.e. µ = 3.4 D, to derivethe line strengths of the N2D+ hyper�ne lines, aordingto equation (2) of Paper I. For the hyper�ne ollisionalrate oe�ients, we have used the de�exitation rates ofN2H+ olliding with He (Daniel et al. 2005) and appliedthe detailed balane relationships to derive the exitationrate oe�ients (see below).Figure 17 shows the exitation temperatures, opaitiesand brightness temperatures of the J=1�0, 2�1 and 3�2transitions of N2H+ and N2D+ obtained under the LVGapproximation. The olumn density is the same for bothspeies and equal to 1012 m−2 / (km s−1 p−1). In orderto derive the rotational line opaities we have to take intoaount the hyper�ne struture (see Paper I). Exitationtemperatures are obtained aording to equation (7) ofPaper I.The di�erene in the exitation proesses for the twoisotopologues is a onsequene of their spei� rota-tional energy struture, and hene, di�erent frequeniesand Einstein oe�ients for the rotational lines. ForN2D+, the frequenies of the rotational transitions arelower than those of the main isotopologue by a fatorB(N2H+)/B(N2D+) = 1.21. Consequently, the Einsteinoe�ients are lower for N2D+ by a fator 1.8, whih re-sults in lower ritial densities if we assume that the de�exitation rate oe�ients are idential for both speies.This latter assumption has been heked by omparingthe rotational rate oe�ients of N2H+ and N2D+ ol-liding with He (see table 5). The N2D+ rate oe�ientshave been omputed by the MOLSCAT6 ode using thepotential energy surfae given by Daniel et al. (2004).The redued mass of the olliding system has been mod-i�ed with respet to the N2H+ alulations. However, wehave assumed that the mass enter for both isotopologueswere the same (this enables a straightforward determina-tion of rate oe�ients for the deuterated speies). Theresults are given in Table 5. We an see that for temper-atures ranging from 10 to 30 K, the di�erenes betweenthe rotational de�exitation rate oe�ients of the twoisotopologues are < 20%. However, upwards rate oe�-ients are obtained from detailed balane and they willbe di�erent for both isotopologues, being larger for the6 J. M. Hutson and S. Green, MOLSCAT omputer ode, version14 (1994), distributed by Collaborative Computational Projet No.6 of the Engineering and Physial Sienes Researh Counil (UK).

deuterated speies. The di�erene is small, of the orderof 10�20%, for ∆J=+1 transitions, but beomes as largeas a fator 4 for higher ∆J . The lower Einstein A o-e�ients and higher upwards rate oe�ients for N2D+with respet to N2H+ allow the high�J rotational lev-els to be more e�iently populated for the deuteratedspeies. Hene, the e�et introdued by the di�erentrotational onstants has to be taken into aount whenomputing the level population for both isotopologues.Figure 17 shows that for idential olumn densities (1012m−2) the J=1�0 and 3�2 lines of N2D+ have, respe-tively, lower and higher opaities than those of N2H+.This behavior applies to the whole range of densities ex-plored in our alulations. Nevertheless, the hange inthe ritial density is only apparent for the J=1�0 line(see Tex panel of Figure 17). The e�et is less evident forthe other transitions beause rotational exitation tem-peratures are obtained from the average of the individualhyper�ne Tex (.f. Paper I).The expeted variation of ritial densities is more ob-vious when onsidering HCO+, H13CO+ and DCO+.Figure 17 (right panels) shows that the opaities foreah transition vary similarly than N2H+. More-over, on the Tex panel of Figure 17 we see that theritial densities are lower for DCO+ and H13CO+than for the main isotopologue. It is worth notingthat the intensity ratios TB(DCO+)/TB(HCO+) andTB(N2D+)/TB(N2H+), depend on the volume densityfor 104 < n(H2) < 106 m−3 (see bottom panels of Fig-ure 17). This behavior is found even for higher olumndensities. If the olumn densities for the deuterated andmain speies are not the same, then the plots in the bot-tom panels of Figure 17 should be saled by the assumedolumn density ratio.The e�et disussed above for singly deuterated lin-ear moleules ould be even more important for multiplydeuterated speies. In order to evaluate qualitatively thise�et we have onsidered the exitation of two asymmet-ri top moleules, o�H2CO and p�D2CO (note that thequantum numbers for ortho�formaldeyde and its dou-bly para�deuterated isotopoloque are the same). Fig-ure 18 shows the exitation temperature in the optiallythin ase (olumn density of 1012 m−2 for both isotopo-logues) of di�erent rotational transitions of these speiesas well as the orresponding line intensity ratios. Thedi�erene in the Einstein oe�ients for p�D2CO and o�H2CO, and the larger upwards exitation rates for theformer, produe an important variation in the exitationonditions of these two moleules. The line intensity ra-tio varies from 1.7 for the transition 212-111 to 3.4 forthe 414-313 one. We stress that this di�erene in the ex-itation onditions will translate into di�erent emittingvolumes for eah speies. Hene, the determination ofthe deuteration degree an not be diretly related to theolumn density ratios of the main and deuterated iso-topologues. The loud density and temperature stru-ture has to be used, together with non-loal radiativetransfer odes, in order to derive from observations thedeuteration degree through the loud.The e�et will be even more important for triplydeuterated speies like CD3OH or CD3CN for whih therotational onstant A will hange by a fator ≃2.0 and
B and C by a fator ≃1.5 (see e.g. Walsh et al. 1998).Thus, the energies of the CD3OH levels are lower by a



12fator ≃ 2 ompared to CH3OH. Hene, from detailedbalane relationships, upward ollisional rates will befound very di�erent for both isotopologues. The globale�et in the determination of the deuteration enrihmentwill also depend on the soure physial struture. Whilethe high observed beam averaged abundane ratios forCH3OH and its doubly and triply deuterated isotopo-logues an not be ruled out by these exitation e�ets (see
e.g. Parise et al. 2002, 2004), an exat determination ofthese ratios should take into aount the di�erent loudemitting volumes for these speies. The impliation forhemial models is obvious sine a diret omparison ofthe derived olumn densities will always produe higherdeuteration fators than the real ones. Thus, detailed ra-diative transfer models have to be arried out to deriveorret values for the deuteration enrihment.REFERENCESAikawa Y., Herbst E., Roberts H. and Caselli P., 2005, ApJ, 620,330Amano T., Hirao T., Takano J., 2005, J. Mol. Spetros., 234, 170Benson P.J., Myers P.C., 1989, ApJ, 71, 89Butner H.M., Lada E.A., Loren R.B., ApJ, 448, 207Caselli P., Myers P., Thaddeus P., 1995, ApJ, 455, L77Caselli P., Benson P.J., Myers P., Tafalla M., 2002, ApJ, 572, 238Caselli P., Walmsley C.M., Zuoni A. et al., 2002b, ApJ, 565, 344Caselli P., van der Tak F.F.S., Cearelli C., Bamann A., 2003,A&A, 403, L37Cerniharo J., Bahiller R., 1984, A&A, 58, 327Cerniharo J., IRAM internal report.Cerniharo J., Bahiller R., Duvert G., A&A, 1985, 149, 273Crapsi A., Caselli P., Walmsley M., Myers P.C., Tafalla M., LeeC.W., Bourke T.L., 2005, ApJ, 619, 379Daniel F., Dubernet M.�L. and Meuwly M., 2004, J. Chem. Phys.,121, 4540Daniel F., Dubernet M.�L., Meuwly M., Cerniharo J., 2005,MNRAS, 363, 1083Daniel F., Cerniharo J., Dubernet M.�L., 2006, ApJ, 648, 461Dikens J.E., Irvine W.M., Snell R.L., Bergin E.A., Shloerb F.P.,Pratap P. and Miralles M.P., 2000, ApJ, 542, 870Dore L., Caselli P., Beninati S., Bourke T., Myers P.C., Cazzoli,G., 2004, A&A, 413, 1177Flower D. R., Pineau des Forêts G. & Walmsley C.M. 2004, A&A,427, 887Geppert W. D., Thomas R., Semaniak J., Ehlerding A., Millar T.J., Osterdahl F., af Ugglas M., Djuri¢ N., Paál A., Larsson M.,2004, ApJ, 609, 459Gerlih D., Herbst E. & Roue� E., 2002, Pl.Sp.S., 50, 1275Gerlih D. & Shlemmer S., 2002, Pl.Sp.S., 50, 1287Juvela M., Mattila K., Lethinen K., Lemke D., Laureijs R. andPrusti T., 2002, A.&A., 382, 583Hirahara Y., Suzuki H., Yamamoto S., Kawaguhi K., Kaifu N.,Onishi M., Takano S., Ishikawa S. and Masuda A., 1992, ApJ.,394, 539Langer W.D., Velusamy T., Kuiper T.B.H., Levin S., Olsen E. andMigenes V., 1995, ApJ, 453, 293Langer W.D. and Willay K., 2001, ApJ, 557, 714Lique F., Cerniharo J., Cox J.�P., 2006, ApJ, 653, 1342Kirk J.M., Ward�Thompson D., André P., 2005, MNRAS, 360,1506Molek C.D., MLain J.L., Poterya V., N. G. Adams N.G., 2007, inpreparationMonteiro T.S., 1985, MNRAS, 214, 419Myers P.C., Ho P.T.P., Benson P.J., 1979, ApJ, 233, L141Olano C.A., Walmsley C.M. and Wilson T.L., 1988, A.&A., 196,194Onishi T., Mizuno A., Kawamura A., Ogawa H., Fukui Y., 1996,ApJ, 465, 815Onishi T., Mizuno A., Kawamura A., Tahihara., Fukui Y., 2002,ApJ, 575, 950

Pagani L., Lagahe G., Bamann A., Motte F., Cambrésy L., FihM., Teyssier D., Miville�Deshênes M.�A., J.�R. Pardo, ApponiA.J., Stepnik B., 2003, A&A, 406, L59Pagani L., Pardo J.�R., Apponi A.J., Bamann A., and Cabrit S.,2005, A&A, 429, 181Pagani L., Bamann A., Cabrit S., Vastel C., 2007, A&A, 467, 179Pardo J.R., Cerniharo J., Serabyn G, 2001, IEEE Transations onAntennas and Propagation, 49, 1683Parise B., Castets A., Herbst E., Caux E., Cearelli C.,Mukhopadhyay I., Tielens A.G.G.M., 2004, 416, 159Parise B., Cearelli C., Tielens A.G.G.M., Herbst E., Le�oh B.,Caux E., Castets A., Mukhopadhyay I., Pagani L., Loinard L.,2002, 393, 49Pratap P., Dikens J.E., Snell R.L., Miralles M.P., Bergin E.A.,Irvine W.M. and Shloerb F.P., 1997, ApJ, 486, 862Ramanlal J. ,Tennyson J., 2004, MNRAS, 354, 161Roberts H., Herbst E. and Millar T.J., 2003, ApJ, 591, L41Roberts H., Herbst E., Millar T. J., 2004, A&A, 424, 905Roberts H. & Millar T.J., 2000, A&A, 361, 388Roue� E., Lis D., van der Tak F., Gerin M., Goldsmith P.F., 2005,A&A, 438, 585Roue� E., Tiné S., Coudert L.H. et al., 2000, A&A, 354, L63Sato F., Mizuno A., Nagahama T., Onishi T., Yonekura Y. andFukui Y., 1994, ApJ, 435, 279Shirley Y.L., Nordhaus M.K., Grevih J.M., Evans N.J., RawlingsJ.M.C., and Tatematsu K., 2005, ApJ, 632, 982Snell R.L., 1981, Ap. J. Suppl, 45, 121Tafalla M., Myers P.C., Caselli P., Walmsley C.M., 2004, A.&A.,416, 191Tiné S., Roue� E., Falgarone E., Gerin M., Pineau des Forêts G.,2000, A.&A., 356, 1039Tóth L.V., Walmsley C.M., 1996, A&A, 311, 981Tóth L.V., Haas M., Lemke D., Mattila K. and Onishi T., 2004,A&A, 420, 533Tölle F., Ungerehts H., Walmsley C.M., Winnewisser G. andChurhwell E., 1981, A.&A., 95, 143Vastel C., Phillips T.G., Yoshida H., 2004, ApJ, 606, L127Vastel C., Phillips T.G., Yoshida H., 2006, Astro-ph 06Wamsley C.M., Flower D.R., Pineau des Forêts G., 2004, A&A 418,1035Walsh M.S., Xu L.-H. and Lees R. M., 1998, J. Mol. Spetros.,188, 85Watson W.D., 1974, ApJ, 188, 35Ward�Thompson D., Sott P.F., Hills R.E., André P., 1994,MNRAS, 268, 276Ward�Thompson D., Motte F. and André P., 1999, MNRAS, 305,143Young K.E., Lee J.�E., Evans N.J., Goldsmith P.F., Doty S.D.,2004, ApJ, 614, 252



13Soure α(J2000) δ(J2000) I(K km s−1) r(p) D(p)L1489 04 04 49.0 26 18 42 1.8 0.039 140L1498 04 10 51.4 25 09 58 1.5 0.051 140TMC2 04 32 46.8 24 25 35 2.5 0.061 140TMC1(NH3)1 04 41 21.3 25 48 07 2.3 0.040 140L1517B 04 55 18.8 30 38 04 1.4 0.050 140L183(C) 15 54 08.7 -02 52 07 2.5 0.045 110L183(N) 15 54 09.2 -02 49 39 1.8 0.045 110L43 16 34 35.0 -15 46 36 3.4 0.059 160L63 16 50 15.5 -18 06 26 2.0 0.057 160L1251C 22 35 53.6 75 18 55 1.7 0.069 200 TABLE 1Right asension and delination of the observed soures, assumed distane (D), integrated intensity of the J=1�0 line(I) and half power radius of the models (r), as obtained by onvolution with the FCRAO antenna beam, foromparison with the observed values given in Caselli et al. (2002).
1 For this soure, the half power radius and the entral intensity are alulated onsidering only the main emissionomponent.
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Soure r0["℄ n0/10

5 [m−3℄ r1["℄ T1[K℄ X1/10
−10 r2["℄ T2[K℄ X2/10

−10 r3["℄ T3[K℄ X3/10
−10L1251C 29+1

−3

5.6+0.1

−0.5

21 7+0.2

−0.4

1.5+0.1

−0.3

150 10+1.1

−2.3

0.2+0.1

−0.1

... .. ...L43 29+1

−1

9.2+0.4

−0.3

30 8+0.3

−0.9

0.8+0.1

−0.1

60 11+1.8

−2.0

0.4+0.1

−0.1

150 14+8

−3

0.3+0.1

−0.1TMC2 60+4

−3

3.5+0.1

−0.1

40 8+0.2

−0.6
1.1+0.1

−0.2

200 10+1.8

−1.4

0.2+0.1

−0.1

... ... ...L63 23+1

−1

7.2+0.4

−0.5

20 8+0.3

−0.6

1.4+0.1

−0.3

45 8+0.8

−2.0

0.4+0.1

−0.1

150 15+7

−4

0.4+0.2

−0.2L1489 24+1

−1

5.8+0.3

−0.4

35 8+0.6

−0.7

0.8+0.1

−0.2

65 9+2.8

−1.6

0.8+0.4

−0.1

100 ? 0.1+0.2

−0.1L1498 70+7

−5

0.94+0.03

−0.02

70 8+0.3

−0.2

2.5+0.1

−0.1

200 10+5

−2

0.3+0.1

−0.1

... .. ...TMC1(NH3) 30+1

−1

3.5+0.1

−0.1

35 8+0.4

−1.6

1.3+0.1

−0.3
65 12+1.8

−1.6

1.3+0.2

−0.1

175 ? 0.1+0.6

−0.1L1517B (1) 30+1

−1

1.9+0.1

−0.1

18 8.5+1.3

−1.1

1.6+0.2

−0.5

180 9.5+0.2

−0.3

1.6+0.1

−0.1

... .. ...L1517B (2) 35+1

−1

2.0+0.1

−0.1

18 8.5+2.0

−1.0

2.5+0.7

−1.2

180 9.5+0.5

−0.3

2.5+0.2

−0.1

... .. ...L183(C) 19+1

−1

8.6+0.2

−0.6

20 8+0.4

−0.6

1.4+0.1

−0.3

40 9+0.6

−1.6

1.4+0.1

−0.6

225 9+0.5

−3

2.1+0.2

−0.3L183(N) 44+4

−4

1.4+0.1

−0.1

80 9+1.1

−0.8

2.9+0.5

−0.3

225 9+9

−4

2.0+4.0

−0.6

... .. ...TABLE 2Parameters obtained from the modeling of our observations of N2H+ lines for the 10 louds studied. The density profile is desribed as n(H2) = n0 for r < r0and n(H2) = n0(r0/r)2 for r > r0. Depending on the soure, we have introdued 2 or 3 omponents to desribe the loud: the radius of the ith omponent isgiven as ri and for radii r in the range ri−1 < r < ri, the N2H+ abundane and gas temperature are respetively given as Xi and Ti (the first zone with T1 andX1, orresponds to the radius range 0 < r < r1”). For two louds, i.e. L1489 and TMC1(NH3), the temperature of the 3rd zone is poorly onstrained by theavailable observations. The large error bars found make the value derived non signifiant and this parameter is thus not indiated.



15

Soure M(r<2') [M⊙℄ rD N(N2H+)/10
12 [m−2℄ N(N2D+)/10

12 [m−2℄ RL1251C 31.1+2.0

−5.6

0.14+0.03

−0.11

12.6+1.1

−2.1

1.6+0.4

−1.3

0.13+0.06

−0.11L43 26.2+1.6

−1.6

0.12+0.04

−0.06

14.1+1.3

−1.3

1.7+0.6

−0.8

0.12+0.06

−0.06TMC2 22.7+2.3

−1.7

0.73+0.53

−0.38

a 8.2+0.9

−1.2

4.4+3.0

−2.1

0.53+0.52

−0.28L63 13.4+1.1

−1.1

0.64+0.56

−0.34

b 12.7+0.7

−2.0

5.1+2.7

−1.6

0.40+0.33

−0.14L1489 7.8+0.6

−0.6

0.17+0.06

−0.11

7.7+0.8

−1.5

1.3+0.5

−0.8

0.17+0.12

−0.11L1498 7.6+1.0

−0.8

0.07+0.02

−0.02

7.3+0.3

−0.2

0.5+0.2

−0.1

0.07+0.02

−0.02TMC1(NH3) 7.1+0.4

−0.4

0.10+0.07

−0.03

8.9+0.8

−1.0

0.9+0.6

−0.3

0.10+0.09

−0.04L1517B (1) 3.9+0.2

−0.3

0.12+0.03

−0.02

6.3+0.4

−0.4

0.8+0.2

−0.2

0.12+0.04

−0.03L1517B (2) ... 0.10+0.03

−0.02

..... .... ....L183(C) 3.6+0.4

−0.3

0.43+0.05

−0.12

c 13.9+0.4

−2.0

4.2+1.6

−1.1

0.33+0.16

−0.11L183(N) 2.7+0.4

−0.4

0.76+1.00

−0.20

d 9.9+2.9

−0.8

1.4+1.4

−0.2

0.15+0.16

−0.06TABLE 3For the louds with model's parameters given in table 2, the mass enlosed within a radius of 2' is given (in M⊙) as well as the abundane ratio rD =X(N2D+)/X(N2H+). The olumn densities derived for the positions reported in table 1 are quoted and their ratio, R, is given in the last olumn.

a the quoted abundane ratio is for radii below 35� and is dereased to 0.10+0.05
−0.10 for greater radii.

b the quoted abundane ratio is for radii below 10� and is dereased to 0.25+0.16
−0.02 for greater radii.

c the quoted abundane ratio is for radii below 40� and is dereased to 0.05+0.34
−0.05 for greater radii.

d the quoted abundane ratio is for radii below 10� and is dereased to 0.05+0.02
−0.01 for greater radii.



16 N2H+ N2D+Soure VLSR δvLSR δvLSR δ vLSR ∆v(J=1�0) (J=2�1) (J=3�2) (J=3�2) (km s−1 p−1)L1489 6.74 0.02 0.07 0.04 -1.3TMC2 6.17 0.02 0.01 0.06 -0.9L183(C) 2.40 0.01 0.04 0.04 -0.2L183(N) 2.41 .... 0.01 0.06 -0.0L43 0.74 0.03 0.04 0.01 -0.4L63 5.73 0.02 0.04 0.03 -0.0L1251C -4.74 0.02 0.02 0.02 -0.5L1498 7.80 .... .... .... -0.0TMC1-NH3 5.98 .... .... .... -0.8L1517B 5.78 0.04 .... .... 1.4 TABLE 4VLSR obtained for the different transitions of N2H+ and N2D+, by minimizing the hi square between observed andmodeled lines. All the values are given in omparison to the VLSR of the J=1�0 line, i.e. VLSR = VLSR(J=1�0) + δvLSR. ∆ v orresponds to the veloity gradient used in the models. Note that L1517B is the only loud with anoutward gradient.

T=10K T=20K T=30Kj j' Rj→j′ (N2D+) δ (%) Rj→j′ (N2D+) δ (%) Rj→j′ (N2D+) δ (%)1 0 103.39 -10.6 91.96 -10.7 88.51 -9.42 0 58.20 -7.9 47.91 -6.4 42.09 -4.03 0 35.04 -4.7 29.15 -6.5 24.98 -9.34 0 19.81 -16.5 17.97 -10.4 16.44 -9.45 0 19.33 -13.0 18.65 -12.8 18.01 -12.26 0 21.78 -2.7 19.41 -5.2 17.84 -4.92 1 175.25 0.0 156.25 -2.4 145.50 -3.33 1 107.85 5.7 89.89 -1.1 78.69 -3.74 1 64.71 -7.0 59.22 -7.6 54.97 -8.45 1 61.24 -13.9 55.96 -13.8 52.23 -13.06 1 59.52 1.6 53.17 -3.2 48.58 -4.63 2 172.15 -5.8 155.22 -5.7 147.37 -5.44 2 125.74 -11.7 114.11 -12.9 106.30 -12.85 2 112.87 -2.3 100.39 -4.8 90.80 -6.36 2 79.06 8.0 73.04 2.1 67.56 -0.94 3 196.35 -2.3 182.35 -3.4 173.38 -3.95 3 127.69 3.0 119.03 0.2 111.16 -2.16 3 95.84 4.2 93.03 2.8 88.18 0.55 4 140.44 -2.2 141.22 -0.5 141.61 -0.66 4 110.55 3.4 108.73 1.8 104.69 -0.36 5 119.72 -3.2 122.05 -0.7 124.50 0.0TABLE 5Rotational rate oeffiients for N2D+ olliding with He, in units of 10−12 m3 s−1, and perentage differene withthe N2H+�He de�exitation rate oeffiients.
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Fig. 1.� Observed J=1�0, 2�1, and 3�2 transitions of N2H+ in the diretion of seleted soures. Ordinate is antenna temperature andabsissa is the VLSR. For eah transition the assigned frequeny orresponds to the one of the strongest hyper�ne omponent.
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Fig. 2.� Observed radial integrated intensity pro�les of L1517B, L1498, L1489, L43, L63 and TMC2 ompared to the models.Observational data are from Caselli et al. (2002) (obtained with the FCRAO antenna) and Tafalla et al. (2004) for L1498 and L1517B(30m, Pio Veleta). For eah soure, the solid lines refer to the emerging intensities of our modeling (see text). For L1517B, the solid lineorrespond to the density pro�le used in this work and the dashed one to the pro�le used in Tafalla et al. (2004).



19

Fig. 3.� Observed and modeled J=1�0 and 2�1 transitions of N2H+ and N2D+ towards L1517B. The solid line orresponds to thedensity pro�le used in this work and the dashed one orresponds to the pro�le used in Tafalla et al. (2004).
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Fig. 4.� Observed and modeled J=1�0, 2�1 and 3�2 lines of N2H+ and J=2�1 and 3�2 lines of N2D+ towards moleular peak C inL183.
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Fig. 5.� Observed and modeled J=1�0 and 3�2 lines of N2H+ and J=1�0, 2�1 and 3�2 lines of N2D+ for the moleular peak N inL183.
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Fig. 6.� Map and modeled lines of the J=2�1 transition of N2D+ orresponding to moleular peak C in L183. The referene positionof the map is reported in table 1 and orresponds to the N2H+ and N2D+ observations shown on �gure 4. On the right side of the mainmap, the map of integrated intensity is reported with ontour levels going from 20% to 90% of the map peak intensity, by step of 10%.Note that the aspet ratio between right asension and delination is respeted on the right map and show the South�North extent of theloud.
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Fig. 7.� Map and modeled lines of the J=1�0 transition of N2D+ orresponding to the moleular peak C in L183.
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Fig. 8.� Observed and modeled lines for two positions toward TMC2. At the position of the N2H+ map peak are shown the J=1�0,2�1 and 3�2 lines of N2H+ and the J=3�2 line of N2D+. For the o�set position, are shown the J=1�0 line of N2H+ and the J=2�1 lineof N2D+.
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Fig. 9.� Models for the J=1�0, 2�1 and 3�2 line of N2H+ and for the J=3�2 line of N2D+ observed in TMC1(NH3). The upper rightpanel is a blow�up of the low frequeny hyper�ne triplet in the J=1�0 line, with the seond emission omponent indiated.
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Fig. 10.� Observed and modeled J=1�0 line of N2H+, and the J=1�0 and 2�1 lines of N2D+ towards L1498.
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Fig. 11.� Observed and modeled J=1�0, 2�1, and 3�2 lines of N2H+ and J=1�0 and 3�2 lines of N2D+ towards L63.
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Fig. 12.� Observed and modeled J=1�0 lines of N2D+ for �ve position towards L63.



29

Fig. 13.� Observed and modeled J=1�0, 2�1, and 3�2 lines of N2H+ and J=3�2 line of N2D+ towards L43.
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Fig. 14.� Observed and modeled J=1�0, 2�1 and 3�2 lines of N2H+ and J=3�2 line of N2D+ towards L1489.
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Fig. 15.� Observed and modeled J=1�0, 2�1 and 3�2 lines of N2H+ and J=3�2 line of N2D+ towards L1251C.
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Fig. 16.� N2H+ frational abundanes (solid lines, in unit of 10−10) and ratio of abundanes rD=X(N2D+)/X(N2H+) (dashed lines),for a osmi ray onstant of ζ = 110−17 s−1 (upper panel) and ζ = 510−17 s−1 (lower panel). For eah panel, the results are shown forlouds at T = 7K (faint grey), T = 10K (grey) and T = 15K (blak). The lower�right box of eah panel ompares the ratio rD to the ratio
rstat
D predited using equation 1. Central densities (n0) , N2H+ abundanes, and abundane ratio (R) derived from models (see setion 3)and listed in tables 2 and 3 are indiated in the lower panel, for omparison with the hemial models.
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Fig. 17.� J=1�0, 2�1 and 3�2 exitation temperature, opaity and brightness temperature of N2D+ (dashed lines) and N2H+ (solidlines) on the left olumn, and of HCO+ (solid lines), H13CO+ (dotted line) and DCO+ (long dashed) on the right olumn. The olumndensity is the same for all moleules and is 1012 m−2/(km s−1 p−1).
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Fig. 18.� Comparison of exitation temperatures (left) and line intensity ratios (rigth) of ortho�H2CO and para�D2CO for di�erenttransitions of both speies and a ommon olumn density of 1012 m−2. Note that the quantum numbers of the seleted transitionsorrespond to di�erent symetries of the two isotopologues. Left panels show that exitation temperatures are di�erent for both speies forthe range of densities found in dense ores.


