
Draft version 26th Deember 2007Preprint typeset using LATEX style emulateapj v. 6/22/04THE EXCITATION OF N2H+ IN INTERSTELLAR MOLECULAR CLOUDS. I - MODELSF. Daniel1,2,J. Cerniharo1,M.-L. Dubernet2Draft version 26th Deember 2007AbstratWe present LVG and non-loal radiative transfer alulations involving the rotational and hyper�nestruture of the spetrum of N2H+ with ollisional rate oe�ients reently derived by us. The goalof this study is to hek the validity of the assumptions made to treat the hyper�ne struture and tostudy the physial mehanisms leading to the observed hyper�ne anomalies.We �nd that the usual hypothesis of idential exitation temperatures for all hyper�ne omponentsof the J=1-0 transition is not orret within the range of densities existing in old dense ores, i.e., afew 104 < n(H2) < a few 106 m−3. This is due to di�erent radiative trapping e�ets in the hyper�neomponents. Moreover, within this range of densities and onsidering the typial abundane of N2H+,the total opaity of rotational lines has to be derived taking into aount the hyper�ne struture. Theerror made when only onsidering the rotational energy struture an be as large as 100%.Using non-loal models we �nd that, due to saturation, hyper�ne anomalies appear as soon as thetotal opaity of the J=1-0 transition beomes larger than ≃ 20. Radiative sattering in less denseregions enhane these anomalies, and partiularly, indue a di�erential inrease of the exitationtemperatures of the hyper�ne omponents. This proess is more e�etive for the transitions withthe highest opaities for whih emerging intensities are also redued by self-absorption e�ets. Thesee�ets are not as ritial as in HCO+ or HCN, but should be taken into aount when interpretingthe spatial extent of the N2H+ emission in dark louds.Subjet headings: line: formation : pro�les � moleular proesses � radiative transfer � ISM: louds: moleules : abundanes1. INTRODUCTIONN2H+ was one of the �rst moleular ions deteted in in-terstellar spae (Thaddeus & Turner 1975). The J=1-0line of this speies has been extensively observed towardold dark louds and protostellar ores to get some es-timates of the physial onditions of the gas (see, e.g.,Bergin et al. (2002); Tafalla et al. (2004); Hotzel et al.(2004); Bellohe & André (2004); Caselli et al. (2002)).These observations indiate that N2H+ is a good traerof the highest density regions of dark louds. It seemsthat N2H+ is less depleted onto dust grain surfaes thanCO and other moleular speies. This is probably re-lated to the fat that N2, the hemial mother speies ofN2H+, is more volatile and ondensates at lower temper-atures than arbon monoxide. In addition, the omplexhyper�ne struture of N2H+ inreases the odds to haveat least one optially thin hyper�ne line omponent toprobe the innermost regions of these louds. Therefore,this speies is in priniple an interesting tool to studyold dark louds. However, a drawbak has been the lakof ollisional rate oe�ients between N2H+ and mole-ular hydrogen (or helium). The observational data in-diate some hyper�ne intensity anomalies that ould bedue to seletive ollisional proesses or to radiative trans-fer e�ets (see Gónzalez-Alfonso & Cerniharo (1993) forthe ase the analogous ase of HCN hyper�ne intensitiesin dark louds).For urrent researh, it is lear that astronomers needEletroni 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 CNRS 8112, 5,Plae Jules Janssen, F-92195 Meudon Cedex, Frane.

to know the state to state ollisional rates of N2H+ withH2 and He. This will be even more neessary for ALMAdue to the muh higher angular resolution and highersensitivity observations that it ould provide of proto-stellar ores in several rotational transitions of N2H+ (upto J=9-8).N2H+ has also been deteted in warm moleular louds(e.g. Turner & Thaddeus (1977)) where the lines arebroader and very strong. In these objets only the hy-per�ne struture due to the external N-atom ould benotied as the splitting produed by the internal N-atomis lower than the intrinsi line width. Nevertheless, inorder to orretly model the N2H+ intensities emergingfrom these louds, astronomers need a omplete set ofstate to state ollisional rate oe�ients for high tem-peratures.A detailed study on moleular ions exitation was ar-ried out by Green (1975) and a set of ollisional rateoe�ients for N2H+ olliding with He was provided.In that work, the rate oe�ients were given for tran-sitions among N2H+ rotational energy levels. Reently,Daniel et al. (2005) extended the previous study by om-puting a new set of ollisional rate oe�ients for transi-tions among hyper�ne energy levels and using a new po-tential energy surfae. The range of kineti temperaturesis between 5-50 K and in a future paper, rate oe�ientsfor temperatures up to 300 K will be provided.The paper is organized as follows: Setion 2 is devotedto the spetrosopy of N2H+. In setion 3 we present theresults obtained with a Large Veloity Gradient (LVG)model to disuss the treatment of moleular hyper�netransitions. Comparisons with the ases of HCN and HClare made. In setion 4 we present results from non-loalradiative transfer models applied to N2H+ for di�erent
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2loud strutures.2. SPECTROSCOPY OF N2H+The energy levels of N2H+ are haraterized by thequantum numbers J (rotational quantum number), F1that results from the oupling of Ĵ with Î1 (F̂1 = Ĵ + Î1,where I1=1 orresponds to the nulear spin of the outernitrogen), and F (F̂ = F̂1 + Î2, where I2=1 for the in-ner nitrogen). We have maintained the symbols used inDaniel et al. (2004, 2005), exept for J . The externalnitrogen nuleus indues the largest splitting sine itsoupling onstants are larger than those of the internalnuleus. Following Gordy & Cook (1984), the hyper�neenergy levels an be found by diagonalizing the moleu-lar Hamiltonian Hmol = BĴ2 − DĴ4 + Hcoupling, where
B and D are respetively the rotational and entrifugaldistortion onstants of the moleule and Hcoupling thee�etive nulear oupling Hamiltonian. The Einstein o-e�ients (Au→l) are given by the equation:
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}2(2)where [x℄ stands for (2x+1) and {.} is the Wigner-6j o-e�ient. The values adopted for rotational and ouplingonstants were provided by L. Dore (see Daniel et al.(2004)) and where determined following the method de-sribed in Caselli et al. (1995). We assume a dipolemoment for N2H+ of 3.4±0.2 D, as derived experimen-tally by Havenith et al. (1990). It is in exellent agree-ment with the value of 3.37 D derived theoretially byBotshwina (1984). The resulting frequenies and linestrengths for the J=1-0 transition are given in Table 1.Figure 2 shows energy diagrams of the J=1 and J=0hyper�ne levels and indiates the line strengths of thehyper�ne transitions. Figure 1 shows the J=1-0 hyper-�ne omponents together with their labeling.Due to hyper�ne interations, there are 9 distint en-ergy levels for J >1, 7 for J=1 and 3 for J=0. It is worthnoting that the three energy levels in J=0 are indistin-guishable from a spetrosopi point of view, as theirenergy splitting is less than 10−6 Hz. Thus, althoughthere are atually 15 allowed hyper�ne transitions on-neting J=1 to J=0, there are only 7 resolved features,usually labeled as: 110-011, 112-012 (112-011, and 012),111-010 (111-010, 011, and 012), 122-011 (122-011 and012), 123-012, 121-011 (121-010, 011, and 012), and 101-012 (101-010, 011 and 012). Hereafter, we all hyper�neomponent eah one of 15 transitions, and set of tran-sitions is used to refer to eah group among the sevengroups of blended omponents, using the labeling indi-ated above. 3. LVG MODELS3.1. E�et of ollisional rate oe�ientsTo date, two sets of ollisional rates are available forthe rotational struture of N2H+: Green (1975) and

Daniel et al. (2005) 3. The di�erenes between state tostate rate oe�ients inrease with both ∆J and J as dis-ussed in Daniel et al. (2005). In Figure 3 are omparedopaities and exitation temperatures obtained using thetwo di�erent sets in the same LVG ode. There is agree-ment within a few perent, and the main di�erenes aremainly due to hanges in ritial densities. At 10 K, therate oe�ients for ∆J = 1 agree within 20% and theritial densities for the radiative lines di�er by a sim-ilar fator in the opposite way. In partiular, the rateoe�ient for the transition J=1-0 is 22% higher usingthe results of Daniel et al. (2005) and the derived riti-al density is 22% smaller. In other words, the reentlyderived rate oe�ients make this transition thermalizedat slightly lower densities.For densities below 104 m−3 the exitation tempera-ture of the J=1-0 line would be very lose to the osmibakground temperature due to the high dipole momentof N2H+ and the high ritial densities (see Figure 3).However, for olumn densities as low as 1012 m−2 (leftpanels of Figure 3), the opaity of the J=1-0 and J=2-1lines would be large enough to produe signi�ant ab-sorption e�ets on the radiation emerging from the in-ner and denser regions of the louds. It is di�ult toestimate from emission measurements the abundane ofN2H+ in these low density regions. However, by observ-ing the J=2-1 and J=3-2 lines it ould be possible toassess the e�et of the external layers of the loud on theemerging pro�les of the low-J lines of N2H+, and thusto indiretly determine the spatial repartition in N2H+abundane. This e�et will be disussed in detail below.3.2. LVG treatment of hyper�ne transitionsThe LVG model used for the simulations presentedin this work takes into aount all possible ollisionaland radiative transitions among hyper�ne levels. Nev-ertheless, it does not aount for loal overlap, and par-tiularly, the 15 transitions assoiated with J=1-0 lineare treated independently. In order to hek the ef-fet of the hyper�ne struture, we performed alulationswith and without it for three speies: HCl, HCN andN2H+. Figure 4 shows, for the three speies, the ratioof the summed opaities of the hyper�ne omponents,
τ(1− 0)=Στi, to the opaity of the unsplitted rotationaltransition, τR(1 − 0). This ratio will be referred to as
Rτ=τ(1 − 0)/τR(1 − 0). The range of τ(1 − 0) exploredis 0.1 to 100. This �gure reveals di�erenes between thetwo approahes. Under LTE onditions (large volumedensity), or in radiative equilibrium with the osmi ra-diation bakground (low volume density), the two ap-proahes lead to the same estimate of the total opaitybeause under these onditions the hyper�ne levels arepopulated aording to the statistial weights :
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nJ (3)3 It was inorretly stated, in Daniel et al. (2004, 2005) that thepotential energy surfae (PES) used by Green (1975) was alu-lated under the eletron-gas approximation. Indeed, as explainedin Green (1975), the PES was determined using the self-onsistent�eld approah whih gives aurate results for interating systemswhere the harge-indued dipole term is prominent. This is atu-ally the ase for the N2H+ - He system and explain the agreementbetween the two sets of ollisional rate oe�ients for the transi-tions among the �rst rotational levels.



3where [JI1I2℄ is the total number of hyper�ne sub�magneti levels for a given rotational quantum number
J . Suh a population sheme of hyper�ne energy levelsours when lines are optially thin or in the domains oflow and high volume densities, as Einstein (Au→l) andollisional (Cu→l) rate oe�ients redue similarly aftersummation over initial and �nal hyper�ne levels:
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F ′ = [JI1I2]AJ→J′ (5)If n(H2) ∼ AJ→J′/CJ→J′ , both ollisional and radia-tive proesses ompete in populating the energy levels.Figure 4 shows that in this ase the exitation proessesare less e�etive to populate the �rst exited rotationallevels if the hyper�ne struture is onsidered. Thus, thetotal population of the fundamental level J=0 is underes-timated in a treatment that only inludes the rotationalmoleular struture. It gives rise to an underestimationof the opaity of the J=1-0 and J=2-1 lines, and to anoverestimate of the opaity of the J=3-2 transition ofN2H+ and HCN. For HCl there is always an overesti-mate of the opaity.When the hyper�ne struture is taken into aount,both Einstein and ollisional rate oe�ients have thesame order of magnitude than the orresponding valuesfor the rotational struture. Thus, the amount of radia-tive de�exitation, in the hyper�ne desription, is glob-ally larger for the rotational lines. Then, this makes Rτinrease with the total opaity of the lines. As opaityinreases, the di�erent Einstein oe�ients of hyper�nelines lead to di�erent exitation onditions for eah hy-per�ne omponent, i.e., di�erent exitation temperatures(see Figure 7). In addition, in an inhomogeneous loud,hyper�ne lines may be exited in regions where otherlines still have low exitation temperatures. This e�etis analyzed in setion 4 with the help of non-loal radia-tive transfer models.HCl behaves di�erently with respet to HCN andN2H+ due to its large rotational onstant (B ∼ 313.0GHz). The �rst exited levels are hardly populated atlow temperatures. We an roughly estimate the numberof rotational levels reahed by ollisions to be ∼kBT/hB.Thus, for HCl, most moleules are in the fundamental

J=0 level for TK=10 K and Rτ ≃ 1. Although somedisrepanies do appear for Rτ in high-J transitions, theopaities of these lines are so low at TK=10 K that theemerging intensity is negligible. At low temperatures, ahyper�ne treatment of HCl is thus not neessary.HCN and N2H+ have similar rotational onstants (44.3GHz and 46.6 GHz respetively). For these two speies,the exited rotational levels are e�iently pumped byboth ollisions and radiation. Hene, the hyper�ne stru-ture has to be onsidered to orretly derive olumn den-sities and abundanes. For the J=1-0 transition of N2H+the error indued in the opaity estimate by negletingthe hyper�ne struture varies from 20% (τ ∼ 1) to 100%(τ ∼ 100).3.3. J=1-0 Hyper�ne Brightness Temperature RatiosHereafter, we all Ti
ex the exitation temperature ofthe hyper�ne omponent i. LVG alulations show that

there are two domains in the estimate of Ti
ex for J=1-0.When opaities of individual omponents are low (τi ≪1), the exitation temperature is the same for all hyper-�ne omponents. In this ase, the opaities are propor-tional to line strengths si : τi = siτ(1 − 0). This be-havior is similar to what is expeted in the LTE regime.For higher opaities, photon trapping indues di�erentbehaviors for the hyper�ne omponents.In the LTE approximation, where Tex is assumed to bethe same for all lines, the brightness temperature ratiosvary monotonously with the rotational line opaity :
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(6)Therefore, the brightness temperature ratios willhange from the optially thin ase, where they are givenby the statistial weights 1 : 3 : 5 : 7, to unity in theoptially thik ase. Figure 5 shows the hyper�ne ra-tios, in LTE and non-LTE onditions, of the di�erenthyper�ne transitions with respet to the thikest one,i.e., JF1F=123-012. As expeted for high densities, theLVG alulations are oinident with the result of theLTE approximation. The LVG alulations show that ina large domain of the (n(H2), N(N2H+)) plane, i.e. n(H2)

< 106 m−3 and N(N2H+) > 1012 m−2/(km s−1 p−1),the ratios are smaller than expeted in the LTE approx-imation. Furthermore, ratios below the lower possiblelimit predited under LTE onditions, i.e. 1/7, 3/7, 5/7,our when hyper�ne levels are not populated aordingto their statistial weights. Hene, �tting observationaldata using the hypothesis of idential exitation temper-atures for all J=1-0 hyper�ne omponents will lead to anerroneous determination of the total opaity. From ouralulations it seems that using this proedure underes-timates τ(1-0).To disuss the behavior of the ratios, it is onvenientto de�ne an averaged exitation temperature, Tave, us-ing LVG results for individual rotational lines, and theirhyper�ne omponents, as:
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τi.Figure 6 shows the LVG exitation temperature for allhyper�ne omponents of the J=1-0 transition divided by
Tave. This �gure also shows the ratio of individual hyper-�ne line opaities to the expeted LTE opaities. Figure7 shows individual exitation temperatures and opaitiesfor all hyper�ne transitions. It is lear from these �g-ures that the e�ets are only important for large olumndensities, i.e., for large total opaities as disussed above.Non-LTE e�ets tend to redue the spread of the opa-ities of the di�erent lines transferring opaity from thethikest to the thinnest ones. For the hyper�ne transi-tions assoiated to J=1-0, and from Figures 6 and 7, we�nd the following trends :

• for JF1F=123-012 : Ti
ex > Tave and τi < siτ(1−0)

• for lines with initial quantum number F=2 : Ti
ex

∼ Tave and τi ∼ siτ(1 − 0)

• for lines with initial quantum number F=1 or F=0: Ti
ex < Tave and τi > siτ(1 − 0)



4We note that the variations of exitation temperaturesand opaities for the di�erent hyper�ne omponents areanti-orrelated, i.e., an inrease of T i
ex is aompanied bya derease of τi, and inversely (see Figure 6). This fatsuggests that non-LTE e�ets mainly indue variations inthe population of the JF1F=012 level (the lower energylevel in the referene hyper�ne transition) ompared tothe LTE values. As for moderate and large opaities thebrightness temperatures T i∗

B , are less sensitive than T i
exto variations in τi, the non-LTE e�ets tend to inrease

T ∗

B for the JF1F=123-012 line and indue a derease of
T ∗

B for lines with initial quantum number F=0 or F=1.Thus, for a given H2 density and N2H+ abundane, ratiosderived in the LVG approximation are smaller than thoseobtained under the LTE approximation (see Figure 5).4. NON-LOCAL RADIATIVE TRANSFER FOR N2H+The LVG alulations disussed in the previous se-tion ould be a reasonable approximation to the emerg-ing N2H+ intensities from dark louds when line opa-ities are low. However, as the line strengths of the hy-per�ne omponents are di�erent, the density strutureof the loud, radiation sattering and/or radiative ou-pling between di�erent loud regions ould a�et thepopulation of N2H+ energy levels. In order to hekthe validity of the LVG approximation and the di�er-ent assumptions made earlier in this paper to interpretthe N2H+ J=1-0 transition, we arried out non-loalalulations using the ode developed and desribed byGónzalez-Alfonso & Cerniharo (1993). For the opaityrange onsidered in this work the ode provides reliableand fast onvergene.We assume a loud at 160 p with an angular diameterof 30� whih orresponds to a radius of 3.6 1016 m (i.e.0.023 p), and we onsider three di�erent sets of models.In the �rst one we onsider a ore of uniform density.In the seond set the entral ore is surrounded by anenvelope with size 3 and 6 times the ore size. Finally,the last set orresponds to a ollapsing loud. In allmodels the turbulene veloity was varied from 0 to 0.4km s−1 by step of 0.1 km s−1. Finally, we adopt a kinetitemperature of 10 K in all models.In all �gures related to this setion the ordinate saleis antenna temperature obtained by onvolving the loudbrightness temperature with the beam of the 30-m IRAMradio telesope as follows: half power beam widths of 27�,13.5� and 9�, beam e�ienies of 0.76, 0.59 and 0.42, anderror beams of 350�, 220�, and 160� for the J=1-0, 2-1 and 3-2 lines respetively. The error beam is alwayslarger than the size of the dense regions and thus the en-ergy entering the telesope radiation pattern through theerror beam just aounts for a few perent of the totalintensity at most. Moreover, the ontribution to J=1-0 from the extended envelopes surrounding the ores isfully taken into aount by onsidering the onvolutionwith the beam of the telesope (main beam and errorlobe). The only plots for whih the emerging intensityhas not been onvolved with the beam orrespond to thetwo lowest right panels of Figure 10. In these ases, weaim to show the in�uene of the high density region onthe exitation of the moleules in the low density enve-lope and this would have been hidden by performing theonvolution with the telesope beam pattern.

4.1. Uniform density oresFor this set of models the N2H+ abundane has beenvaried from 4 10−10 to 6.4 10−9, and the volume den-sity from 2.5 104 m−3 to 4 105 m−3, by multipliativesteps of 4. Figure 8 shows the emerging line pro�les forthe J=1-0, 2-1 and 3-2 transitions for all omputed den-sities n(H2) and abundanes X(N2H+). As expeted, thebrightness temperature inreases with n(H2) due to olli-sional exitation, leading to the thermalization of the the
J=1-0 hyper�ne omponents. We see that the brightnesstemperatures of the J=1-0, 2-1, and 3-2 transitions aremore sensitive to a variation of n(H2) in the range 2.5104m−3 < n(H2) <4 105m−3 than to an inrease ofX(N2H+). This an be understood by looking at �gure7: in this range of n(H2) the exitation temperatures in-rease rapidly. Moreover, for J=1-0 total opaities below20, the exitation temperatures depend essentially on thevolume density as radiative trapping e�ets are negligibleand do not indue signi�ant departure for the di�erent
T i

ex from a single value. Consequently, in the optiallythin ase and for a given volume density, the line inten-sities are proportional to X(N2H+) (raw orrespondingto n(H2) = 2.5 104 m−3 on Figure 8). Radiative trap-ping and line saturation only beome important for largeN2H+ olumn densities. On Figure 8, for the J=1-0 line,and on the panel orresponding to n(H2)=105 m−3, wesee that inreasing the abundane from 1.6 10−9 to 6.410−9 modify the ratio between the the JF1F = 101-012and 121-011 sets of transitions. This hange is due to ra-diative trapping and entails variations in the T i
ex for theinvolved hyper�ne omponents. Thus for large opaities,i.e. τ(1-0) ∼ 20, the exitation temperatures start to besensitive to X(N2H+).One of the main results that an be derived fromFigure 8 is that hyper�ne intensity anomalies appearwhen inreasing the N2H+ abundane. This is sim-ilar to the e�et found in HCN and disussed byGónzalez-Alfonso & Cerniharo (1993). For total opai-ties in the J=1-0 transition above 10, di�erential radia-tive trapping aross the loud starts to a�et the rel-ative intensities of the hyper�ne omponents. More-over, in an inhomogeneous loud we ould expet tobe sensitive to di�erent spatial extents for eah hy-per�ne omponent (see Cerniharo & Guélin (1987);Gónzalez-Alfonso & Cerniharo (1993)). This is evenmore striking when onsidering transitions with the sameinitial quantum number F , expeted to have the samebrightness temperature in the LTE limit. The most af-feted hyper�ne set of omponents is the 121-011 setwhih indeed appears weaker than the 101-012 and 111-010 sets (see setion 2). A low brightness temperaturefor this set has already been observed (see e.g. Lee et al.(1999); Caselli et al. (1995)). We �nd the general trend

TB(111-010) & TB(101-012) > TB(121-011) and TB(112-012) & TB(122-011). This behavior originates from dif-ferential non-LTE e�ets in the hyper�ne omponents ofthe J=0 F1=1 levels (F=0,1,2). This is not surprisingas the three transitions from J=1 F=1 (F1=0,1,2) havedi�erent line strengths (see Table 1). The 121-011 tran-sition mostly depends on the JF1F=010 level and is in-dependent of JF1F=012 while the 111-010 and 101-012sets mainly depend on JF1F=012. Thus, the 121-011set weakness ompared to the other two must be related



5to an underpopulation of the JF1F=012 level that pro-dues higher exitation temperatures for the hyper�nelines involving it. As shown in Figure 8 the e�et ap-pears for high abundanes, i.e., large opaities, while forlow abundanes the three sets have the same intensities.Hene, it seems that it is not related to a ollisional e�etbut to a radiative one. The sum of the line strengths forlines onneting the J=1 to the J=0 level is larger for
JF1F=012 than for the others. Thus, for large opaitiesthis level will be more a�eted by radiative trapping thanthe others.For the J=2-1 and J=3-2 lines the e�et of the abun-dane on the hyper�ne intensities is similar. Largeabundanes lead to larger opaities, di�erential radia-tive trapping between the hyper�ne omponents, andto anomalies in the observed line intensities. For theselevels, line overlap is really important as the hyper-�ne omponents are loser in frequeny and should betaken into aount in a detailed modeling. In ollaps-ing louds the veloity �eld ould allow to have radiativeoupling aross the loud between hyper�ne omponentswith di�erent frequenies. This e�et has been foundto be extremely important in moleules suh as HCN(Gónzalez-Alfonso & Cerniharo 1993). In the modelsshown in Figure 8 we only onsider the e�ets of opa-ity for eah line without taking into aount populationtransfer between levels due to radiative onnetion be-tween them. Hene, the e�ets shown in this �gure forlarge abundanes are purely due to the line opaities. Forthe J=2-1 and 3-2 lines, the self absorption indued bythe external layers of the loud is extremely important.When mapping louds, the J=2-1 and 3-2 transitionshave little intensity outside the entral position. How-ever, although the exitation temperature of their hyper-�ne omponents ould be low for o�set positions, theirline opaities are still large enough to produe signi�ante�ets on the emerging pro�les toward the densest re-gions. For example, the model in Figure 8 with n(H2)= 2.5 104 m−3 has low emission for all lines. However,the opaities are large enough for the strongest hyper�neomponents of the J=1-0 and J=2-1 lines to produe theabove mentioned e�ets. Figure 9 shows the opaities ofthe lines for n(H2)=105 m−3 whih roughly agree withthose found in the ase n(H2)=2.5 104 m−3 multipliedby a fator 4. We see that the opaity of J=2-1 willbe even larger than that of J=1-0, and of the order of0.75/7.5 for the strongest omponent and for the low-est/largest abundane of N2H+. As shown in Figure 7the exitation temperatures of the J=1-0 hyper�ne om-ponents vary strongly in the range 104 < n(H2) < 106m−3. The same will our for the J=2-1 and 3-2 hyper-�ne omponents. Consequently, strong absorption willbe produed in the low density layers of a loud with amarked density struture.4.2. Core/Envelope CloudsWe have �nally explored more omplex strutures forthe loud to hek the e�ets quoted above. Figure 10shows the results for two di�erent ases. Left and en-tral panels orrespond to a simple ore+envelope stru-ture. For the line pro�les shown in the left panels(TK=10 K, n(H2)core= 4 105 m−3, n(H2)env=4 104m−3, X(N2H+)core/env=4 10−10, Rcore=3.6 1016 m,Renv=2 Rcore), the opaity in the envelope for the J=1-

0 line is very small. The emerging pro�le is pratiallyoinident with the one arising from the ore. However,the J=2-1 line is optially thik in the envelope and im-portant absorption is aused to the emission from theore. As the opaity of the di�erent hyper�ne ompo-nents depends on the line strength, weak lines are nota�eted (omponents at extreme negative and positiveveloities), while the entral omponents are muh morea�eted. The J=3-2 lines are pratially not a�eted bythe envelope.A di�erent situation ours if the abundane of N2H+and/or the physial size of the envelope inrease. Theline pro�les reported in the entral panels of Figure 10(TK=10 K, n(H2)core= 4 105 m−3, n(H2)env=5 103m−3, X(N2H+)core/env=6.4 10−9, Rcore=3.6 1016 m,Renv=6 Rcore) show that the strongest hyper�ne ompo-nents of the J=1-0 line are strongly a�eted by absorp-tion (the e�et is similar to the one obtained in the mod-els shown in the previous setion, see Figure 8, where ab-sorption ours in the most external ore layers where theexitation temperature has dereased with respet to theenter). For the J=2-1 hyper�ne lines the presene of theenvelope a�et dramatially the emerging intensities andthe shape of the line. The J=3-2 line is less a�eted sinethe density in the envelope is not large enough to pumpthe J=2 and J=3 levels e�iently. The ore also has ane�et on the exitation temperatures of the N2H+ linesin the envelope. The right panels of Figure 10 show theemerging pro�le from the envelope at a position loated30� away from the enter. The top right panel shows theomparison of the emission from the envelope alone andthe emission obtained when the ore is also present andexites radiatively the N2H+ moleules of the envelope.The intensity of the J=1-0 line has inreased by a fator
∼ 2. The other two right panels show the radial intensitydistribution (not onvolved with the telesope beam) forthe J=1-0 and J=2-1 lines (integrated intensity over allhyper�ne omponents). The "heating e�et" is learlyseen as a signi�ant inrease of the integrated line in-tensity even at distanes of 3-4 times the radius of theore. These e�ets should be taken into aount wheninterpreting the radial distribution of N2H+ from obser-vations of the J=1-0 line (whih is muh easier to detetthan the high-J lines in these low density regions).4.3. Collapsing CloudsOver the past deades, mm ontinuum observationsand star ount analysis (Ward-Thompson et al. 1994)have revealed that the density struture of old darklouds onsists of an inner region of nearly uniform den-sity and of an outer region where the density dereasesas r−p with p ∼ 2.0-2.5. In this setion, we use this typeof density pro�le with a power law index p = 2 in or-der to test the in�uene of the veloity �eld on emergingspetra. Figure 11 shows the pro�les of the J=1-0, 2-1and 3-2 lines for a 180� diameter loud (at a distane D= 160 p) with n0 = 4 105 m−3, r0 = 20" and a uni-form abundane X(N2H+) = 2 10−10. The veloity �eldsompared are linear funtions of r with slopes of ± 1.5km s−1 p−1 (the veloity at the outer radius is ± 0.1km s−1) .In non-LTE onditions, the line exitation tempera-tures follow the density pro�le and, in the present ase,derease outward. Thus, in the ase of a linearly de-



6reasing veloity �eld, photons emitted at the enter ofthe loud appear blue-shifted for the moleules at greaterradii whih then absorb the red wing of the entral emis-sion (the opposite ours for a linearly inreasing veloity�eld). This e�et is important if the lines are optiallythik. Thus, in typial interstellar louds onditions, selfabsorption a�ets the J=2-1 transition (see �gure 9 forthe opaities) while the emerging pro�les of the J=1-0and 3-2 lines are similar with and without veloity �elds.On Figure 11, we see that the e�et of the infallingmaterial is to enhane the blue wing of the J=2-1 entralomponent whih is self absorbed in the stati model,the red wing of the entral omponent being redued byself-absorption. In the ase of a veloity �eld linearlyinreasing with r, the opposite ours and emission inthe red wing is enhaned. Note that beause the J=2-1 entral omponent is omposed of blended hyper�nelines with di�erent line strengths (see �gure 11), hangesin the line pro�le are not similar with respet to a hangein the sign of the slope.Also, we stress that this e�et is similar to what hap-pens to rotational lines with large opaity, exept that,in the present ase, the J=2-1 entral omponent orre-sponds to hyper�ne blended lines of small intrinsi linewidth. Thus, harateristi features appear even if theveloity gradient is weak.4.4. Rate oe�ientsIn star forming regions, the relatively large abundaneof H2 makes this speies the main olliding partner forother moleules. Estimated values of the ollisional rateoe�ients of moleular speies in ollision with para-H2(j = 0) an be obtained from the ones alulated withHe as the ollision partner. The underlying approxima-tion is to onsider idential ross setions values for thetwo olliding systems, and then apply a saling fatorof 1.37 to the rate oe�ients in order to orret forthe assoiated di�erent redued masses. However, byanalogy with the results obtained on the ollision sys-tems involving HCO+, one ould expet the ross se-tions values with H2 as a ollision partner to be 2-3 timeslarger than those with He depending on the seleted ro-tational transition. As disussed in setion 3.1, the maine�et introdued by higher ollisional rate oe�ients isto lower the ritial density of the rotational lines, whihhas diret onsequenes on the determination of bothdensity and moleular abundane. The hyper�ne rateoe�ients are also hanged through variations of theratio of the di�erent PK
jj′ (see Daniel et al. 2004). In-deed, these variations modify the relative importane ofhyper�ne rate oe�ients among a given rotational line.In order to assess the in�uene of suh variations, we ar-ried out alulations where two distint approximationsare employed to determinate the hyper�ne rate oe�-ients. The �rst onsisted on rate oe�ients propor-tional to the statistial weights of the �nal levels of thetransitions and the seond was based on the IOS approx-imation (see Daniel et al. 2005). Figure 12 shows theemerging pro�les resulting from the three sets of alu-lations for a loud at TK = 10 K, n(H2) = 2 105 m−3and X(N2H+) = 5 10−10. It is readily seen that the rel-ative intensities of J=1�0 hyper�ne lines are similar andthat the largest di�erene (∼ 15-20%) is enountered forthe thikest JF1F = 123�012 line. The three sets give

the same results for the thinnest JF1F = 110�011 line.Moreover, the intensity in the J=3�2 line assoiated withthe IOS set of ollisional rates is enhaned ompared tothe two other sets. This is related to the high propen-sity of the ∆F = ∆F1 = ∆J transitions whih lead to amore e�ient pumping of the high�J levels. Note thatit entails higher Tex for the J=2�1 hyper�ne lines whihredue the self-absorption feature in the main J=2�1 hy-per�ne omponent. Finally, one would expet the olli-sional rate oe�ients alulated with H2 to a�et simi-larly the intensities in the J=1�0 line, through variationsof the ratio of the opaity tensors PK
jj′ . Thus, as disussedabove, the most important e�et introdued by rate oef-�ients alulated with H2 would be to sale all the rateoe�ients and thus modify the density and abundaneestimates. 5. CONCLUSIONSWe have used numerial methods in order to investi-gate the exitation properties of moleules with a hyper-�ne energy struture, fousing speially on N2H+. Ouronlusions are summarized as follows :1. The hyper�ne struture must be taken into aountin the radiative transfer alulations in order toderive the total amount of moleules present in agiven rotational level. When the energy strutureof the moleule is restrited to its rotational energystruture, high-J levels are more e�iently popu-lated and the opaities of the low-J transitions areunderestimated. The error inreases with the ol-umn density of N2H+. Errors as large as a fator 2ould be indued if the hyper�ne struture of N2H+is negleted.2. For the typial temperature of dark louds, i.e.TK=10 K, and n(H2) < 106 m−3 the ratio of hy-per�ne brightness temperatures derived in the LVGapproximation are always smaller than the onespredited using the LTE approximation. Thus, thislatter method is inadequate to assess densities orolumn densities from observed N2H+ lines for thetypial onditions prevailing in suh louds.3. The assumption of equal exitation temperaturesfor all hyper�ne omponents belonging to the samerotational transition is valid for low opaities andfails down for high opaities due to radiative pro-esses. For low opaities, we do not �nd any di�er-ene in the exitation temperatures of the di�erenthyper�ne transitions indued by ollisional rate o-e�ients. Our alulations indiate that for tem-peratures in the range 5-50 K and for all volumedensities, the exitation temperature of these lineswill be idential if the total opaity of the J=1-0line is small. We stress that suh ollisional ex-itation e�ets, often found in the literature, maynot be invoked to explain the intensity anomaliesreported for N2H+.4. Non-loal radiative transfer results show that the

J=1-0 intensity anomalies arise while the opaityof this line inreases. Moreover, photon satter-ing in the low density envelopes a�et the J=1-0hyper�ne lines di�erently and tend to redue the



7emerging intensity of the thiker lines whereas theintensity of the thinnest lines is not modi�ed bythe envelope. Thus, in order to reprodue the in-tensities of the J=1-0 hyper�ne lines, the only validmethod is a non-loal omputation of the radiativetransfer.5. For the typial onditions of old dark louds, the
J=2-1 line is a good probe of low veloity �elds.Nevertheless, this transition is di�ult to observefrom ground based observatories due to the highopaity of the atmosphere at 186 GHz, althoughsome work an be arried out in dry weather on-ditions.The authors thank the European Union for sup-port under the FP6 program "The Moleular Uni-
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8(JF1F)u (JF1F )l Frequeny (MHz) Aul (10−5 s−1) sul110 011 93171.617 3.628 0.333112 011 93171.913 0.907 0.417112 012 93171.913 2.721 1.250111 010 93172.048 1.209 0.333111 011 93172.048 0.907 0.250111 012 93172.048 1.512 0.417122 011 93173.475 2.721 1.250122 012 93173.475 0.907 0.417123 012 93173.772 3.628 2.330121 010 93173.963 2.015 0.556121 011 93173.963 1.512 0.417121 012 93173.963 0.101 0.028101 010 93176.261 0.403 0.111101 011 93176.261 1.209 0.333101 012 93176.261 2.016 0.556 TABLE 1Frequenies, Einstein oeffiients (Aul) and line strengths (sul) for the hyperfine omponents of the J=1-0 transitionof N2H+, as given by eq. 2 (see text). Index u (l) denote the initial (final) levels quantum numbers.
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Fig. 1.� Hyper�ne transitions assoiated to J=1-0 in the optially thin ase. Eah resolved frequeny is assoiated to multipletransitions among hyper�ne levels (see text), and the standard labeling of the lines is indiated.
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Fig. 2.� Line strengths of the 15 hyper�ne omponents in J=1-0 transition. The thikness of the lines indiate their relative weightompared to the others. Lines strengths are normalized in suh a way that, summing over all initial J=1 levels, gives the degeneray ofthe �nal J=0 levels, i.e. 5 for JF1F=012, 3 for JF1F=011 and 1 for JF1F=010. Thus, the sum over all 15 transitions gives the total spindegeneray.
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Fig. 3.� Exitation temperatures (Tex) and opaities (τ) obtained with two di�erent sets of ollisional rate oe�ients and a LVG ode,for a temperature of T = 10K. SET 1 (solid lines) refers to the latest omputed rate oe�ients (Daniel et al. 2005) and SET 2 (dashedlines) to the previously available one (Green 1975). Left and right panels orrespond to N2H+ olumn densities of respetively 1012 and1013 m−2. A systemati veloity �eld of 1 km s−1 has been assumed for the loud.
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Fig. 4.� Ratio between the opaities of the J=1-0 (solid), J=2-1 (dotted) and J=3-2 (dashed) rotational lines, Rτ , determined withand without hyper�ne desription for three moleules presenting hyper�ne struture : N2H+ (left panels), HCN (entral panels), and HCl(right panels). For eah moleule the olumn densities are suh that, at T=10K, opaities of the J=1-0 lines are τ(1 − 0) ∼ 0.1, 1, 10 and100. The olumn densities are respetively : N(N2H+) ≃ 2.2 1011, 2.3 1012, 2.5 1013 and 2.0 1014 m−2/(km s−1 p−1); N(HCN) ≃ 3.71011, 3.0 1012, 2.5 1013, and 3.4 1014 m−2/(km s−1 p−1); N(HCl) ≃ 8.5 1011, 6.9 1012, 7.3 1013, and 7.7 1014 m−2/(km s−1 p−1).
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Fig. 5.� Ratio of the brightness temperatures obtained from LTE alulations (long�dashed lines) to those from LVG alulation(ontinuous lines), for a temperature of T=10K. The referene transition for both alulations is (JF1F )=123-012. The absissa orrespondsto the N2H+ olumn density (from 1011 to 1016 m−2/(km s−1 p−1)) and the ordinate is the volume density n(H2) (103-108 m−3).Under LTE di�erent transitions with the same initial quantum number F have the same brightness temperature. From top to bottomthe ratios of transitions with initial quantum number F = 0,1, 2 are shown. These are ompared to LVG results for the ratios TB(110-011)/TB(123-012), TB(111-010)/TB (123-012), and TB(112-012)/TB (123-012). Note that for high densities (n(H2) > 10 7 m −3), i.e.,thermalized onditions, dotted (LTE) and ontinuous (LVG) lines onverge.
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Fig. 6.� Ratio of exitation temperatures and optial depths obtained in the LVG approximation to the orresponding quantities inthe LTE limit. The temperature is T=10K and N2H+ olumn densities are 3.9 1012 (left), 2.5 1013 (enter) and 2.0 1014 m−2/(km s−1p−1) (right olumn). For eah set of transitions, the opaities τi and the mean exitation temperature Ti
ex are obtained by summingover lines with same frequenies and τ(1-0) and Tave are obtained by summing over all J=1-0 hyper�ne lines (.f. eq. 7) . Hyper�neset of transitions are referened using the standard labeling (see Setion 2). We see that the variation of the exitation temperatures isanti-orrelated with the variation of the opaities.
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Fig. 7.� Exitation temperatures, opaities and brightness temperatures obtained in the LVG approximation, at T=10K, for the 15hyper�ne omponents of the J=1-0 line. The olumns, from left to right, respetively orrespond to N(N2H+)=2.2 1011, 2.3 1012, 2.5 1013,and 2.0 1014 m−2/(km s−1 p−1). These olumn densities orrespond to J=1-0 total opaities of respetively τ(1 − 0) ∼ 0.1, 1, 10, and25.



16

Fig. 8.� Emerging intensities for the J=1-0 (left panels), J=2-1 (entral panels) and J=3-2 (right panels) lines of N2H+. The loudhas an uniform volume density, a radius of 3.6 1016 m, a turbulent veloity of 0.1 km s−1, and a kineti temperature of 10 K. In eah boxthe line pro�les are shown for N2H+ abundanes of 4 10−10 (dotted), 1.6 10−9 (grey), and 6.4 10−9 (solid). From top to bottom the threepanels for eah transition orrespond to volume densities, n(H2), of 2.5 104 (bottom), 105, and 4 105 m−3 (top).
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Fig. 9.� Opaities for the J=1-0 (top), J=2-1 and J=3-2 (bottom) lines of N2H+. The loud has a uniform volume density of 105m−3,a radius of 3.6 1016 m, a turbulent veloity of 0.1 km s−1, and a kineti temperature of 10 K. N2H+ abundane is 4 10−10 (dashed), 1.610−9 (gray) and 6.4 10−9 (blak).
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Fig. 10.� Emerging pro�les for the J=1-0, J=2-1 and J=3-2 lines of N2H+ for a ore/envelope geometry (left and entral panels).The ore has a diameter of 30� and a density of 4 105 m−3. The envelope has a diameter of 90�/180� and a density of 5 104/5 103 m−3for the left and entral panels respetively. The N2H+ abundane is 4/64 10−10 (left/entral panels). The kineti temperature is 10 Kand the turbulent veloity is 0.1 km s−1 in the ore and the envelope. Dotted lines orrespond to transitions emerging from the ore alonewhile solid lines orrespond to those arising from the ore+envelope system. The right panels show the emerging spetrum at an o�setposition of 30� (pure envelope emission orresponds to the gray urve). The e�et of the radiative exitation in the envelope due to thephotons arising from the ore is learly seen in the two lowest right panels.
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Fig. 11.� Emerging pro�les for a loud with di�erent veloity �elds: stati (blak line), inreasing linear funtion (gray) and dereasinglinear funtion (dotted). The lower right panel shows the entral lines of the J=2-1 line, with the positions of the individual hyper�neomponents indiated by lines proportional to their line strength.
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Fig. 12.� J=1�0, 2�1 and 3�2 emerging pro�les (left olumn) for a loud at TK = 10K, n(H2) = 2 105 m−3 and X(N2H+) = 510−10. Two approximations for the hyper�ne ollisional rate oe�ients (see text) are ompared to the set of referene (blak solid line).The �rst onsist of rates proportional to statistial weights (gray solid lines) and the seond is based on the IOS approximation (dashedlines). The right olumn orresponds to a blow�up of the J=1�0 hyper�ne lines.




