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II. A grid of XDR and PDR models

R. Meijerink', M. Spaan’, and F.P. Israél

1 Sterrewacht Leiden, P.O. Box 9513, 2300 RA, Leiden, The &t&hds
e-mail:nei j eri n@trw. | ei denuniv. nl
2 Kapteyn Astronomical Institute, P.O. Box 800, 9700 AV Grugén, The Netherlands

ABSTRACT

Aims. The nuclei of active galaxies harbor massive young stargscareting central black hole, or both. In order to deternthre
physical conditions that pertain to molecular gas closé¢osburces of radiation, numerical models are constructed.

Methods. These models iteratively determine the thermal and chdrbaance of molecular gas that is exposed to X-rays (1-100
keV) and far-ultraviolet radiation (6-13.6 eV), as a functiof depth.

Results. We present a grid of XDR and PDR models that span ranges initdéng® — 10> cm=3), irradiation (L0°-° — 10°Gy
andFx = 1.6 x 1072 — 160 erg cnm 2 s') and column density3(x 10*' — 1 x 10%® cm™2). Predictions are made for the most
important atomic fine-structure lines, e.g., [Cll], [OIGI], [Sill], and for molecular species like HCQ HCN, HNC, CS and SiO up
to J = 4, CO and'3CO up toJ = 16, and column densities for CN, CH, CHHCO, HOC", NO and NH™. We find that surface
temperatures are higher (lower) in PDRs compared to XDRddasities> 10* (< 10*) cm~2. For the atomic lines, we find that,
largely due to the different XDR ionization balance, the fatricture line ratios of [Sill] 35:m/[CII] 158 um, [OI] 63 um/[ClI]
158 um, [Fell] 26 um/[CII] 158 pm and [CI] 369:m/[C]] 609 um are larger in XDRs than in PDRs, for a given density, columa a
irradiation strength. Similarly, for the molecular linege find that the line ratios HCN/HCOand HNC/HCN, as well as the column
density ratio CN/HCN, discriminate between PDRs and XDRsparticular, the HCN/HCO 1-0 ratio is< 1 (> 1) for XDRs
(PDRs) if the density exceed®® cm™2 and if the column density is larger than?* cm™2. For columns less thatp??-5 cm™2 the
XDR HCN/HCO" 1-0 ratio becomes larger than one, although the individuU@NHL-0 and HCO 1-0 line intensities are weaker.
For modest densities, = 10* — 10° cm™3, and strong radiation fields( 100 erg s * cm~2), HCN/HCO' ratios can become larger
in XDRs than PDRs as well. Also, the HCN/CO 1-0 ratio is tylicamaller in XDRs, and the HCN emission in XDRs is boosted
with respect to CO only for high (column) density gas, withurons in excess of0?* cm™2 and densities larger thaio* cm™3.
Furthermore, CO is typically warmer in XDRs than in PDRs, tlee same total energy input. This leads to higher CO J=N+QEN/
1-0, N > 1, line ratios in XDRs. In particular, lines witlv' > 10, like CO(16-15) and CO(10-9) observable with HIFI/Herd¢che
discriminate very well between XDRs and PDRs. This is ciugiizce the XDR/AGN contribution will typically be of a muchmsller
(possibly beam diluted) angular scale and a 1%2%DR contribution can already suppress XDR distinguish@wgures involving
HCN/HCO+ and HNC/HCN. For possible future observations, column ienatios indicate that CH, CH, NO, HOC" and HCO
are good PDR/XDR discriminators.
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1. Introduction studies of the ISM in galaxy centers have been presented by
o ) various authors (c.f. Aaltb_2005; Baan 2005; Ott etlal. 2005;
The radiation that emanates from galaxy nuclei, such agthbs g 5¢] 2005; Spoon et al._20001; 2003;_2005; Klockner et al.
NGC 253 and NGC 1068 or even more extreme (ultra-)luminogg3: |srael and Bads 2002; Garrett etlal. 2001; Hiitterreist
mfrared gaIaX|e_s, is believed to originate from region$wdc-  gng Aalto 2001; Curran et &l. 2000). Theoretical models show
tive star formation, an accretion disk around a central BUPgnat the spectral energy distribution of the radiation esenting
massive black hole or both (e.g. Silk_2005; Maloriey 19984, formation (peaking in the ultraviolet) and AGN (peakin
Sanders & Mirabel 1996). The unambiguousidentificatiomeft j, the X-ray regime) activity respectively influences therthal
central energy source, or the relative contributions fréamssand  gnd chemical balance of the ambient ISM in fundamentally dif
an active galaxy nucleus (AGN), remains a major challenge §grent ways (Meijerink & Spaars 2005; Maloney, Hollenbach &
the study of active galaxy centers. The general aim of thi®pa Tieleng 1996: Lepp & Dalgarrio 1996). The specific aim of this
is to_determme how the properties of the _|rrad|ated inediast paper is thus to study the extent to which emission from com-
medium (ISM) may further our understanding. monly observed molecular and atomic line transitions may be
Unlike emission at optical wavelengths, atomic, moleculajsed as a diagnostic tool in the study of external galaxyezent
and dust emission in the far-infrared and (sub-)mm rangewall to determine the ambient conditions in general, and the tfpe
one to probe deeply into the large column densities of gas aiagdiation in particular.
dust that occupy the centers of active galaxies. Obsenaitio T this effect, we have extended the chemical calculations
described by Meijerink & Spaans (2005; hereafter Paperr) fo
Send offprint requests to: R. Meijerink ultraviolet and X-ray irradiated gas to a much larger param-
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eter space of ambient conditions and we have performed dield. We express the X-ray flux in erg’s cm~2. An accreting
tailed radiative transfer calculations to compute the lmen- black hole with an X-ray luminosity of0** erg s!, produces
sities of many atomic and molecular transitions. We refer tran X-ray flux of 100 erg~! cm=2 at a distance of 100 pc, when
interested reader to Paper | for a detailed descriptionettm- there is not extinction. We use a line widih = 2.7 km s7!.
bined photon-dominated region (PDR)/X-ray dominatedargi Cloud type A represents compact, high-density environsent
(XDR) code that we have used to compute the impact of ultrsdch as molecular cloud cores, and clouds very close toeactiv
violet (PDR) and X-ray (XDR) photons on nearby ISM. Theuclei; cloud type B corresponds to more traditional molacu
results described here will be applied to observations tdrex cloud environments, and cloud type C is representative ®f th
nal galaxy centers in a subsequent paper (Meijerink et ral., more diffuse extended (molecular) medium in which clouds of
preparation). Stauber etlzl. (2005) also developed PDXaxl type B are usually embedded.
codes, for applications to Young Stellar Objects. The m#ind  Late-type galaxies frequently have radial metallic-
ference is that this code has a time dependent chemistnjhand ity gradients, with the highest metallicity in the center
it includes ice evaporation at= 0. This affects the chemistry (Vila-Costas & Edmund$ 1992; Zaritsky e al._1994). For this
compared with traditional steady-state models of pureifese reason, we have adjusted the metallicity used in Table 2jpéPa
PDRs (e.g., CN/HCN). This is not relevant for our cloud madell. The published metallicity gradients and suggestions of a
However, freeze-out and evaporation start to become irapbrtgradient flattening in the very center have led us to adopieetw
for clouds with densityi; > 10° cm™2. Solar metallicity as a reasonable value. Since [C]/[O] alante
ratios decrease at higher metallicities, we have takendhson

, ) abundance equal to the oxygen abundance (see, for instance,
2. 'Standard’ clouds Garnett et all_1999; Kobulnicky & Skillman_1298). Note that
The current spatial resolution of sub-millimeter telesesysuch the [C]/[O] ratio affects the abundances of @d HO. See for
as the James Clerk Maxwell Telescope (JCMT), the Institugxample Spaans & van Dishoeck (2001) and especially Fig. 2 in
de Radio Astronomie Millimétrique (IRAM) telescope anctav Bergin et al.|(2000).
the Combined Array for Research in Submillimeter Astronomy From the models, we have calculated the intensities of the
(CARMA) or the Submillimeter Array (SMA), is insufficient to molecular rotational lines of HCN, HNC, HCQ CS and SiO
resolve individual clouds in extragalactic sources. By\gshese (uptoJ = 4), [CI], [CII], [Ol], [Sill] and other fine-structure
telescopes, each resolution element thus measures thensablines. For CO and?CO we calculated the intensities of the ro-
emission from a large ensemble of molecular clouds. As a caational lines up to/ = 16, in order to make predictions for fu-
sequence, it is frequently impossible to use a single mddetic ture observing facilities such as the ESO Herschel/HIFtepa
solution to describe the observed molecular lines. Instemale mission. We use the Leiden Atomic and Molecular Database
complicated solutions involving two or more model cloudghw (LAMDA) as described irl_Schoier etlal. (2005) to retrieve th
differing densities and incident radiation fields, are rexed his collisional data needed for the calculations. Where nasiohal
contrasts with the study of Galactic objects, where uswadlin- data are available for commonly observed molecules suciNas C
gle model cloud solution is sufficient to fit the measuremefits CH, CH", HCO, HOC", NO and NH™, we only give column
single resolution elements. densities.

In this paper, we calculate a grid of 'standard’ clouds sam-
pling the different physical conditions believed to be velat for
the centers of active galaxy nuclei. In order to sample béh t3, Surface temperatures
hierarchical size and (column) density properties of tHd,|&e
have chosen to construct models for a number of fixed sizesTasillustrate the coupling differences of FUV and X-ray phios
well as densities. Note that the column densities are natahee  to the gas, we first discuss the surface temperatures of e lo
for each model, since we use fixed cloud sizes. In these clougd, and high density models respectively over the paramete
we investigate the detailed column density dependencehéor space given for the PDR and XDR models in TdBle 1. We calcu-
line ratios HCN/CO, HNC/HCN, HC®/HCN, SiO/CO and lated a larger range of radiation fields for the PDR models tha
CS/HCN, which include line ratios observed in several gasx for the XDR models, for reasons related to the heating effmye
From our computational grid, one or more, properly weightetavhich are discussed below. The resulting surface tempesitu
models can be chosen to reproduce observed atomic and mo#sca function of gas density and incident radiation intgrisit
ular lines. both PDR and XDR models are shown in Hj. 1.

We distinguish three different 'standard’ clouds, eachhwit  The most important heating mechanism at the edge of a PDR
their own characteristic combinations of size and volumesitg  is photo-electric heating. FUV photons are absorbed by dust
range, hence also column density (cf. TdBle 1), for which afe ¢ grains, which release electrons that lose their surplustkiren-
culate a set of models for different incident radiation figldnd ergy to the gas by Coulomb interactions. The efficiency o thi
where a distinction between irradiation by far-ultraviqlEUV) process increases, when the grains are more negativelgadhar
and X-ray photons is made. The X-ray radiation field is a pewewhich is determined by a complex interplay of the impinging
law distributionF'(E) = F(0)(E/1keV)~« integrated between radiation fieldG, electron density:. and gas temperatutE.

1 and 100 keV, whera = —0.9. A low energy cut-off of 1 keV The absolute efficiency is very low, since about 0.5-3 percen
is chosen, since most of the emitted radiation below 1 keVis aof the photon energy goes into gas heating. This sharply con-
sorbed in the hot, highly ionized medium close to the bladk ho trasts with direct X-ray heating, important at the edge ofRD
This power law spectrum is generally believed to be reprasenDirect ionization of an atom yields a kinetic electron with a
tive for accreting black holes. Please note that this diffeom energy higher than 1 keV. This electron heats, ionizes and ex
Paper |, where we used a thermal distributiori@ft K instead. cites the gas. Depending on the Hy,HHe and electron abun-
The ultraviolet radiation field (6-13.6 eV) is expressed ialth  dances, the heating efficiency can be up to 70 percent, much
ples of the Habing flux, wher@, = 1 correspondstd.6 x 10=2 higher than for photo-electric heating. However, therensp-

erg cnt2 s~1, which is the local Galactic interstellar radiationposing effect, namely the much lower absorption cross @ecti
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Table 1. 'Standard’ clouds

Type r(pc) n(cm™?) N(cm™2) Go Fx [ergs* cm™?]
A 1 10* —10%° 3x10*2-1x10%® 10%-10° 1.6 - 160

B 10 10% — 10* 3x10%2-3x10% 10'-10% 1.6 x 107 - 16

C 10 102 — 10° 3x10%1-3%x10% 10°%-10® 16x1072%2-16

for X-rays. Since the cross sections scale roughlfas, there density. This means that the highest surface temperatuees a
are many fewer X-ray photons absorbed than FUV photons. found at the lowest densities and highest impinging raaiati
We find that at high densities (> 10* cm—3) PDR models fields. Consequently, the contours of equal surface temyera
produce higher surface temperatures than the XDR models.ake almost straight lines in the XDR plot of FI3. 1. In the PDR
low densities, however, we find the opposite, especialljhim t models their behavior is more complicated, as already dseu
case of high radiation fields. This is explained by the drofhen by IKaufman et &l.1(1999), since grains are involved in heatin

efficiency of photo-electric heating due to grain chargihden-

the gas. At the edge of the cloud, the cooling is dominated by

sitiesn < 10° cm~3 when the same impinging radiation field igCll] 158 xm and [OI] 63m, which have critical densities of
considered. This is nicely illustrated in Fig. 6lof Kaufmamt n..(CI) ~ 3 x 10* cm~ andn.,.(OI) ~ 5 x 10°> cm~3 for

(1999), where the ratios of the intensity of the [CII] 1p&

collisions with atomic and molecular hydrogen. The cooliaig

and [Ol] 63m lines to the total far-infrared intensity emittedin this regime is more or less proportionabté. The heating rate
from the surface of the clouds are plotted as a function of deis at least proportional ta, because the grain density is propor-
sity and radiation field. This ratio is a measure of the heatiional to n. It can be larger, because grains become less posi-
efficiency, since [ClI] 158&:m and [Ol] 63um are the most im- tively charged at increasing electron densities making#ier
portant coolants in PDRs.
In the regime discussed here, the surface temperatures ofificreases. Nevertheless, the density dependence of geatin

XDR models are quite well correlated witfx /n, where H x
is the energy deposition per particle andhe total hydrogen
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for electrons to escape the grains, so that the heatingesftigi

mains less steep that?, i.e., less than that of cooling, which
causes a drop in the temperaturezat 104 cm~3 and for fixed

Gy with increasing density. Between ~ 1 — 3 x 102 cm™3
where the [CII] 158um line thermalizes, the drop in tempera-
ture stagnates. For densities betweesa 10* — 10° cm™3 and

Gy < 10*, we also find that the surface temperature drops with
increasing:. The [Ol] 63um line thermalizes at higher densities
n = 10° — 105 cm™3 and, therefore, cooling will be propor-
tional ton. Heating increases faster with density, which results
in a higher surface temperature. k&g > 10%, we find that the
surface temperature rises uprite= 5 x 10° cm~2 due to the in-
crease in the heating efficiency with density at fixegl Above
this density and at these high temperatures, coolants vgth h
critical densities and excitation energies such as the 600A

line become important, causing the surface temperatureojp d
again.

When we compare the surface temperatures with those de-
rived bylKaufman et al! (1999), we find that our model surface
temperatures are higher. A possible explanation for thésteeen
discussed recently by Rollig etlal. (2006), who presentirsga
relations for heating and cooling as a function of metdifici
Z. They state that the photo-electric heating ratexisZ for
n < 10% cm~3 increasing toZ? whenn > 10° cm=3. The
cooling rate is always proportional 18, and, therefore, higher
metallicities result in higher surface temperatures. Nmteever
that the temperature differences found are very likely ndyo
because of a change in metallicity. In the PDR comparisdn tes
(Rollig et al..2006), we found significant scatter betwedfed
ent PDR codes in the thermal balance. Therefore, one should
not take the absolute values of line intensities too litgiial the
interpretation of data.

4. Fine-structure lines

In principle, we can use combinations of fine-structure lime
tensities to constrain densities and incident radiatidddieHere
we discuss how such line ratios depend on gas density, ambien

Fig. 1. Surface temperatures for PDR (top) and XDR (bottonradiation field strength, and cloud column density, and camap

models.

the results for the PDR and XDR models. In previous studies
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Low density PDRs: [OI] 63um / [ClI] 158um Low density XDRs: [OI] 63um / [ClI] 158um
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Fig.2.[OI]1 63 um/[CII] 158 um ratio for PDR (left) and XDR (right) models.

only results for PDRs were shown. Wolfire el al. (1990) werémit to roughly constant values that are set by the corraspay
the first to show [CII]/[Sill] contour plots for PDRs. Recént surface temperatures.
Kaufman et al.|(2006) showed updated plots for [Sill] andI]Fe In the XDR models, the ratio is not only determined by the
for PDR gas. The fine-structure lines are selfconsisteraigle  temperature and density, but also by the fractional aburetan
lated in the PDR and XDR codes, and we take line-trapping inddd column densities. In PDRs clearly defined layers occur,
account for ALL lines. in which carbon and silicon are both almost fully ionizedt bu
throughout XDRs neutral and ionized species co-exist. Desp
the fact that surface temperatures in the XDR models arerjowe
; ; : ; we find much higher [Sill)/[CII] ratios, since silicon is mic
4.1 [Sill] 35 pmv[CI] 158 pm intensity ratio easier to ionize than carbon. The dominant source for idioiza
is not the direct absorption of an X-ray photon (primary i
In Fig.[AJl, we show the [Sill] 34.8:m / [CII] 158 um fine- tion), but the produced kinetic electron. This electron icamize
structure line ratio for both the PDR and the XDR models. Theespecies either directly by collisions (secondary ionizes) or
[Sill] 34.8 um line has an energy df /k = 414 K and a critical indirectly by first exciting H and K and producing Lymarx
density ofn.. = 3.4 x 10° cm~3, while this isE/k = 92 K and Lyman-Werner photons, which then may ionize species in
andn,.,. = 2.8 x 10® cm=2 for the [CII] 158 um. Very high turn. The cross section of Si for secondary ionization isuabo
radiation fields produce gas temperatures in the PDR mdus ttwice that of C. This does not, however, fully explain theardf
are sufficiently high to excite the [Sill] and [ClI] upper &ta and magnitude difference between the calculated PDR and XDR ra-
the ratio depends mostly on density. With lower radiatiotdfie tios. This difference also reflects the fact that ionizatd& can
the surface temperature drops. The upper level energy 8f [Sionly be done by Lyman-Werner photons, whereas both Lyman
34.8um is reached first and the [Sill]/[ClI] line ratio drops. Asand Lyman-Werner photons are capable of ionizing Si. Itisth
the density increases at a given FUV radiation field, theosatiharder to ionize C than Si in regions where the gas is mostly
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Fig.3.[Cl] 369 um / [CI] 609 um ratio for PDR (left) and XDR (right) models.

atomic, which results in a large increase of the ratio fodath- XDR edge. The fractional abundance of ionized carbon drops
sities at a given irradiation strength. toward the H/H transition and then increases again for the rea-
This also explains the fairly constant ratio beldis ~ sonsdiscussed earlier. In the lowest (column) density tspde
10ergstcm?forn ~ 2 x 10> — 3 x 10° cm™3, which  only produce the highly ionized part, suppressing the ratien
results from an interplay between various effects. With @mb more. This is best seen in the diagram for the high density XDR
radiation fields constant, we find that the surface tempegatumodels, at densities = 10* cm~=3. The ratio increases from
drop with increasing density in the XDR. At lower temperasir Fx = 1.6 to 30 erg s'' cm~2 and then drops again. Hence, if
and higher densities, His more easily formed. Both the tem-we increase the column densities of these models by a fattor o
perature drop itself and the enhanceg (f¢ading to more car- ~ 30, the ratios only depend on radiation field strength and not
bon ionizations) thus suppresses the [Sill/[ClI] ratiat this is  on density.
compensated by the relatively high critical density of tBdl]
34.8um line.
For the highest> 16 erg s'! cm~2, radiation fields, where 4.2. [Ol] 63 yum/[CII] 158 pm intensity ratio
carbon is highly ionized, we find the same trend as seen for the
PDR, i.e., the ratio is mostly dependent on density for tg@ést In Fig.[d, we show the [O1] 63m / [CII] 158 um ratio. The crit-
radiation fields, and then there is a decrease in the ratioee ical density isn.. = 5 x 105> cm~3 and the upper-state energy
temperature drops below the upper-state energy of [Sill]. is E/k = 228 K for [Ol] 63 m. In the PDR models and at very
At the lowest densities and highest X-ray radiation fieldigh incident radiation fields, this ratio depends mostlyden-
we find that the effect of column density become important afty as in the case for the [Sill]/[CII] ratio, since once ag&m-
well. Since we fixed cloud sizes, in each cloud type the lovperatures are sufficiently high to excite both upper-statels.
est density models imply also the lowest column densities. When the surface temperature drops for lower radiation dield
the high irradiation models, carbon is almost fully ionizdhe the upper-state energy of [Ol] is reached first. The [OI[CI
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ratio then drops, with a flat density dependencesforxx 10*  much as a function of density, since we are above the critical
cm=3 andGy < 10%. The decrease in this line ratio is, how-density. The change we do see, however, has a temperature de-
ever, less pronounced than that in the [Sill]/[CII] rati@dause pendence. When densities are lowered, recombination aa¢es
the upper-state energy of [Ol] is lower than that of [Silllhéh lower as well. By consequence, at higher densities, thaitian
Gp < 103 andn>10%° cm~3, the ratio is roughly constant atlayer is closer to the edge of the cloud and at higher tempera-
the same density for all values 6fy. Here, the more difficult tures, which raises the ratio.
excitation of [Ol] at lower temperatures is counteractedsy In the XDR, neutral carbon occurs throughout the cloud, and
C* layer becoming thinner at lower radiation fields. is also abundant at relatively high temperatures. The spirea

In the XDR, the [OI]/[CII] ratio is again more complex duetemperatures is large, which was already seen in Sect. 3, and
to its dependence on density, radiation field, ionized caftac- this determines for a large part differences in the ratidse T
tion and total column density. The ratios are overall mugfhbi  temperature of a cloud is determined By /n, resulting in the
than in the PDR models, since carbon does not become fulighest ratios for lown and highZx, opposite to the situation
ionized. At the largesH y /n, temperatures are high enough tan the PDR models. The three cloud types, with their différen
create a dependence on density only. At lower radiationsfjeldow, mid and high density ranges nevertheless show very-simi
the [OI]/[CII] ratio drops as temperatures approach theaspp lar spreads in ratios. This is caused by the difference ioroal
state energy of the [Ol] 6am line. When we decrease the radensities, which also has a very important effect. The loig, m
diation field even more, we find that theGraction is rapidly and high density models have their own fixed cloud size, and
reduced at high* 10° cm—3) densities and the ratio increasedn each standard cloud type, column densities increasertowa
again. At high & 16 erg s'* cm~2) radiation field strength and higher densities in the same density range. The higher gensi
low densities, a largél x /n is maintained throughout the wholemodels contain larger regions of low temperature, which-sup
cloud, since the relevant type A cloud size is only one pafsec presses the ratio at these densities even more. This cabelso
that reason, we find here the same effect as already seen intf@erstood by considering the ratiorat= 10* cm~2 in the mid
[Sill}/[ClI] ratio, since column densities increase towdrigher (type B) and high (type C) density range. The high densityehod
densities. At the highest radiation fields and lowest darssithe atn = 10* cm~* has a smaller cloud size and therefore a higher
ratio is suppressed since carbon remains partially ionaet line ratio.
the full extent of the clouds considered here. We do not fird th
highest ratio at the highest radiation field in the lower dtgns

models. 5. Rotational lines

Molecular rotational lines are also characteristic forphgsical

: . . condition of ISM gas and may also be used to constrain gas den-
4.3. [Fell] 26 pm/[ClI] 158 um intensity ratio sities and incident radiation fields. In the following, wedliss a

In Fig. A3, we show the [Fell] 26:m / [CII] 158 um inten- Number of ratios, involving the molecular specié€0, 13CO,

sity ratio. [Fell] 26.m is very difficult to excite due to its high HCN, HNC, HCO", SiO and CS. Although we reproduce in this
critical densityn,., = 2.2 x 105 cm~3 and upper-state energyPaper only a limited number of the diagrams showing the ealcu
E/k = 554 K. Thus, the change in ratio with increasing denlated line intensity ratios, all model data are availabldinafl.

sity at high incident radiation fields is much larger thart ggen Hence, the reader can determine all line ratios and integragr

for the [Sill] 34.8um / [CII] 158 um ratio. In the PDR models @l possible lines of sight as interest dictates. Here weceon

and at high incident radiation fields, the ratio mostly degseon trate on molecular lines that we consider particularly uké&d

the density. At lower radiation field strengths, approaghtine distinguish between PDRs and XDRs. We have calculated the
upper-state energy of [Fell], the ratio drops. line intensities by using a one-dimensional version of tdia-

The same trends are seen at high radiation fields in the xR transfer code describedlin Poelman & Sphhns {40041)2006

models, but again, we find much higher ratios than in the PDR
models. It is possible to ionize iron with Lymanphotons, but 5.1. CO rotational lines

not carbon. At moderate radiation fields, we again find ratios _ L .
to be more or less independent of density, for the reason tHaf9:-[A.3, we show the CO(1-0) line intensity for cloud tgpe

we have already discussed in the [Sill]/[CII] case. At thedst A (high-density), B (mid-density) and C (low-density) footh
densities and highest radiation fields in each cloud typdijvde theé PDR and XDR model cases (cf. Table 1. All three cloud
that the ratios are similarly suppressed as was the cassildr [ types are relevant for CO (aldCO) since these molecules are

35 um/[ClI] 158 um and [Ol] 63um/[ClI] 158 zm. present ubiquitously on all galactic scales. The CO(1-0¢ li
has an upper state enerd@y/k = 5.53 K and a critical den-

sity ne, ~ 3 x 10 cm™3. In the low density PDR models

4.4, [CI] 369 pm/[Cl] 609 pm intensity ratio (n = 10% — 103 cm=3), we find that the intensity increases

_ _ _ with density only. In the mids{ = 10 — 10* cm~3) and high
In Fig.[d, we show the [CI] 36@&m / [CI] 609 pm Intensity ra- - (, — 10* — 10%° cm=3) density range, we also find a small
tio. The critical densities of these lines arg. = 3 x 10°cm™  |ine intensity increase at higher incident radiation fiel@iae
for [CI] 609um andn., = 2 x 10°> cm™? for [CI] 369 um, emission of the CO(1-0) line is optically thick and the emit-
typically lower than the densities we are considering h&he  te( |ine intensity mostly depends on the gas temperature nea
upper-state energies afé/k = 24 and63 K for [CI] 609um  the 7 = 1 surface. Although the upper-state energy is below
and [CI] 369.m, respectively. In the PDR models, the [Cl] lineshe gas temperature, we find a significant increase in the line
originate from the C/C/CO transition layer. The temperaturesntensity. At higher densities, gas-grain interactions/raignif-
in this layer slightly rise with increasing incident radaat field icantly increase gas temperatures in the highly attenugaet

strengths and range betwgéEn: 20—100K (com_parablet(_) the of the cloud. Since the escape probabilityr) o 1/7 when
upper-state energies). This explains the small increateeira-

tio for largerGy at the same density. The ratio does not changé nttp: //wamw. strw. | ei denuniv. nl / ~mei j erin/ gri d/
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Fig. 4. CO(2-1)/CO(1-0) ratio for PDR (left) and XDR (right) models

T > 1, these parts also add a small contribution to the line inte@z = 10 cm~3), the column densities are high enough to at-
sity, which is proportional tov In(7). For an elaborate discus-tenuate the radiation field in such a way that a large CO fracti
sion of the CO(1-0) line intensity dependence@snandn see is produced{ 10~%), but still at a temperature &f ~ 100 K.
Wolfire et al. (1989). In general, the line intensities dowaty Here, the CO(1-0) line emission produced in XDRs can be two
much in the PDR models, as opposed to what is seen in the XBRfour times stronger than that in PDRs.

models. In all PDR models, the CO(1-0) lines are opticaligkh

In the XDR models for type C clouds:.(= 10% — 103 cm™3), For the CO(2-1) line, the upper state energyHgk =

the line intensities vary over two orders of magnitude. Bsea 16.60 K and the critical density is..,, ~ 1x 104 cm™3. Although

of the fixed cloud size, models at higher densities have targeot shown, the line intensities exhibit a behavior as a fonaif
column densities. Even at the point farthest from the clalgbe density and radiation field very similar that that of the C@{1
the low density gas in type C clouds causes relatively litle line. Because of the higher upper state energy, we find a some-
diation attenuation, and with high incident radiation iatsvery what stronger dependence on radiation field in the PDR models
high temperature and in a highly ionized state throughootldd The effect of the larger critical density is hard to see, due t
these conditions warm CO gas present, but only in very smgie large optical depths, but do show up when we consider the
amounts. Therefore, at such points in parameter only veakweCO(2-1)/CO(1-0) ratio. This ratio is shown in Fig. 4. In thBR

line emission is produced and the lines are optically thin. imodels, the ratio does not differ more than a factor of tworove
the high density rangen( = 10* — 10%° cm3) of type A the full density range considered here. In the XDR models; ve
clouds, on the other hand, the spread in intensity is much Ierge line intensity ratios of 30 or more are found, espégciai
duced. Although at densities af= 10* cm~3 most of the cloud high incident radiation fields. It is, however, very questible

is still at a high temperature and in a highly ionized stdtere is whether we will actually observe these high ratios, sineeith
sufficient column density to have CO abundances large enoughsity of the emitted emission is low. The CO(2-1)/CO(1D)

to produce significant line emission. At even higher deesititio dependence on density and radiation field is in generakwe
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Fig.5. CO(4-3)/CO(1-0) ratio for PDR (left) and XDR (right) models

especially in PDRs, since the upper state energies are npt VEDRSs. Therefore, the XDR line ratios for the same density and

high and the difference in critical density is small. incident radiation field can be more than ten times largen tha
The CO(4-3) line (see Fig_A.4) has an upper state ener'gythe PDR. This difference slowly disappears when theaaiti

E/k = 55.32 K and critical densityn.,. ~ 4 x 10* cm=3. As  density of the CO(4-3) line is reached and the CO(4-3) lise al

expected, the emitted intensity shows more variation with-d thermalizes, which is seen in the high density range (clgpd t

sity and radiation field. In Fig]5, we show the CO(4-3)/CO(1A) at densities: > 10° cm™3.

0) line intensity ratio. In the low density range (cloud typg

PDR models still produce a line ratio increase only as fumcti

of density, but the variation in the ratio has grown to mornth 5.2. High J-CO rotational transitions

a factor of two, as opposed to only 20 percent in the corredpon

ing CO(2-1)/CO(1-0) ratio. The XDRs for this cloud type shaw In cloud type A XDRs ¢ = 10* — 105> cm—3), CO is present

complex behavior with density and radiation field and thegt throughout the cloud, even when energy deposition rAtegn

cover a much larger range from about 2 to 40. At low radiatioare large and temperatures are high £ 200 K). This warm

fields, only a density dependence is seen. At high radiatédd fi CO gas produces emission originating from high rotatiorzad-t

strengths, the effect of the column density comes into ghay. sitions even when densities are not high (exg= 10* cm=3).

the mid density (type B) PDRs, the highest line ratios ar@ se€ontrary to the situation in XDRs, most CO in PDRs is produced

for the highest densities and radiation fields. The XDRs is thbeyond the H/H transition and it has on average much lower

range show only a dependence on radiation field. The effecttemperaturesi{ ~ 20 — 50 K), causing lower intensities and

the higher density is compensated by the fact that at lower ddine ratios. Therefore, it is very likely, that future miesis such

sities relatively more gas is at high temperatures. The gas t as Herschel/HIFI will be able to distinguish between PDR3$ an

perature plays a large role in the density range applicalileis XDRs, by observing high rotational transitions such as @3(1

cloud type. CO is present at much higher temperatures in thg), CO(10-9), and CO(7-6).
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Fig.6. CO(16-15)/CO(1-0), CO(16-15)/C0O(10-9), CO(10-9)/C@)7and CO(7-6)/CO(3-2) ratio for PDR (left) and XDR (right)
models.

In Fig.[AH, we show the PDR and XDR intensities of thandGy = 10°) for the PDR models, while thisis 107* (n =
CO(7-6), CO(10-9) and CO(16-15) lines for the high density0* cm™3)to~ 10~2 ergs cm=2 sr! (n = 1055 cm~3) for
range (cloud type A). We find that for both PDRs and XDRs, thtbe XDR models. PDRs show only significant CO(16-15) emis-
spread in intensities increases for higher rotationalsirsince sion at very high densities and radiation fields{ 106 cm™—3
the critical densities of these transitions are higher. e\wv, and G, ~ 10%). This very dense and strongly irradiated gas,
this spread is much larger for PDRs than for XDRs. The CO(16ewever, has a very small filling factor on large (galaxy)lssa
15) line intensity ranges from 107 '° (n = 10* cm™3 and and, the probability of observing a PDR with a very high CQ(16
Gop =10°)to ~ 1073 ergs!cm2sr! (n=10% cm=3 15)intensity is low.
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The difference between the PDR and XDR models is seénx 10* cm~3, the HCN(1-0) line has a critical density of
even better by considering the intensity ratios of thestéinig n.. ~ 3 x 10° cm~3. Higher rotational transitions such as
tational transitions (see Fifll 6). A good example is the GO(1HCN(2-1),n. ~ 4 x 10° cm™3, and HCN(4-3)ner ~ 2 X
15)/CO(1-0) ratio, which ranges from0~3 to 10% for PDRs, 107 cm~3, have even higher critical densities. The HCN rota-
and from10 to > 10% for XDRs. Especially for densities be-tional lines specifically trace the dense gas componentlaxga
tween10* — 10° cm~3, it is very easy to distinguish PDRs fromies, and the line intensities from low and medium density gas
XDRs. are low. The HCN(1-0) line intensities range fradnx 10~
to2 x 107® erg s! cm=2 sr! for the low and mid density
53 13CO rotational lines (type C en B) PDR models, and even less for the correspond-

" ing XDR models. Because of their poor observational prospec

The 3CO lines have critical densities and upper state energié§ have limited ourselves to only showing the model resalts i
for the rotational transitions almost identical to thoséa€0. the high density range (cloud type A). Typically, the HCNI)L-
As we have adopted an abundance rd#6/'>C= 40 in our €mission is stronger in PDRs by a factor of about two for densi

models,'3CO abundances are relatively low and the lines afi€s larger thart0° cm~?. The HCN(4-3) diagrams show behav-
much less optically thick. ior very similar to that of HCN(1-0), but the PDR and XDR line

The '3CO(1-0) line intensities (FIGAI6), show the sam&tengths are now somewhat closer. .
trends with density and radiation field as the CO(1-0) ling, b, _1yPically, the HCN(1-0) emission is stronger in PDRs by a
there is a larger spread in intensity. For example, the iffee factor of about two for densities larger thaf®> cm~—>. Our re-

in the CO(1-0) line emission in the low density PDRs (clougU!ts are consistent with the chemical calculations of L&pp
type C) is a factor of two and more than a factor of 3 for the@/garno (1996) for different ionization rates, as follovaur
3CO line. This effect is even larger for the XDRs. We fin epth dependent models cause the HCN line emissivities to be

similar results for both thé>CO(2-1) (not shown) antfCO(3- the result of a line-of-sight integral over the HCN abundanc
2) line intensities as is evident from the correspondipgo ~ Pattern thatresults from a varying (attenuated) X-ray fliepp

line ratios (see Figld7 and 8). A nice illustration of the cc§ Dalgamo (1996, their Fig. 3) find a rather narrow range of
and'3CO behavior is supplied by the the CO(4-3)/CO(1-0) vefonization rates for which t.he HCI_\I a}b.ulndance is .hl_gh and con-
sus the'3CO(3-2)3CO(1-0) intensity ratio for the low density seq_uentl_y the XDR HCN line emissivities have difficulty com-
PDRs (cloud type C). The CO(4-3) line is pumped due to ﬂ&[e)tmg with the PDR ones. The HCN(4-3) contour plots show
fact that the lower rotational lines become optically thigke &POUt the same features as seen for the HCN(1-0). Howeeer, th
CO(4-3)/CO(1-0) ratio changes 0n|y a factor of two, whiclais PDR and XDR line strengths are now somewhat closer.

factor two and a half for th&2CO(3-2)/3CO(1-0) ratio, despite

the lower critical density of*CO(3-2). 5.7. HCN/CO line intensity ratios
s ) Intensity ratios of lines from the same species, such as@@<C
5.4. *°CO/CQ ratios 3)/CO(1-0) ratio, vary with column density, due to the tem-

In Fig. and[AB, the important isotopical intensity rgPerature gradient throughout the cloud, optical depthceffe

tios of 13CO(1-0)/CO(1-0) and3CO(3-2)/CO(3-2) are shown, Y2ying abundance etc. Intensity ratios of lines from défe
Although for all cloud types (density regimes) the line ime specuﬁs, n ad?:thn vary beqausefof ak;]ulr_]dar)ce ratllolelrftms,
ties are largerin the XDR, the PDR isotopical ratios excbedée complicating the interpretation of such line intensityieat In

- y - is section we turn our attention to the HCN/CO ratio, and
Ic;:r;](eDrF;?v\\llver”Ch means that the opacities of the XDR lines ags%art by showing in Figd11 add_AJ10 the cumulative line in-

tensity ratios for a set of PDRs and XDRs at densities rang-
ing fromn = 10* — 10° cm~3 and incident fluxes between
5.5. [CI] 609 pum/ 13CO(2-1) ratio Go = 10> — 10° (Fx = 1.6 — 160 erg s’ cm~2). The cu-

, , mulative line intensity is the emergent intensity arisingn the
Fig.[I0 shows the [CI] 60@m/ 1*CO(2-1) ratios. For the samegqge of the cloud to column densiti; = g2
gas density and incident radiation field, PDRs have muchriowe

ratios than XDRs. In the PDRs, the spread in the ratio is gener 1[5,

ally not very large. At low densities, ratios rapidly decsedrom 1(z) = %/ A(2")dz". 1)

72 (n = 102 cm~3) to 18 (» = 10%) and then slowly fall off from 0

14.5 (= 10" cm?) to 2 (» = 10° cm™?). While the PDR ra- | the PDR, both the HCN(1-0)/CO(1-0) and the HCN(4-

tios show a more or less steady decrease with density, arratgﬁco(4_3) ratio show a minimum. The HCN abundance shows
different picture is seen in XDRs. In each density rangeu@lo 4 grop around the H/gitransition, while CO has its maximum
type), the ratio changes by several orders of magnitudetiféor 5pundance beyond the CO transition. Deeper in the cloud, the
lowest density in each cloud type, the column density is®0 | HCN/CO abundance ratio is more or less constant, but the CO
to attenuate the incident radiation field sufficiently toellarge  |ine pecomes optically thick and therefore the ratio inse=a
amounts of CO to be present. On the other hand, neutral CarbonWhenHX/n is low in the XDR model, the gas is molecu-

occurs throughout the cloud, and, therefore, a large is&@ |gr, and the HCN/CO abundance ratio is more or less constant.

the ratios are seen toward highy /n. A slow rise in the ratio is seen, as the CO line becomes opti-
cally thick. When the outer part of the cloud is atomic (foglhi
5.6. HCN rotational lines Hx /n), HCN shows a maximum, before the H/kransition.

This also produces a maximum in the HCN(1-0)/CO(1-0) ratio.
In Fig.[Ad, we show the HCN(1-0) and HCN(4-3) line intenin the PDR, the variation is not that large for column deasiti
sities for high density (cloud A type) PDR and XDR model$Vy > 10?2 cm~2. In the XDRs, however, the variation between
only. Where the CO(4-3) line has a critical densitygf. ~ Ny = 10?2 and10?3 cm~2 can be rather large.
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Fig.7. 13CO(2-1)3CO(1-0) ratio for PDR (left) and XDR (right) models.

In Fig. 12, we show the HCN(1-0)/CO(1-0) and HCN(4ef at least three. This is a direct consequence of the higimer i
3)/CO(4-3) line ratios for a fixed cloud size of one parseoyd ization degree in XDRs (Meijerink & Spaans 2005), leading to
type A). The variation in the ratios is relatively large, doehe an enhanced HCOformation rate.
high critical densities of the HCN transitions. The PDR mod- Note in this that Lepp & Dalgarno (1996, their Fig. 2) find a
els produce the highest HCN(1-0)/CO(1-0) ratios, whichare rather wide range of ionization rates for which the HC&bun-
tained at large densities (> 105 cm~3) and may exceed unity. dance is large. As for the HCN discussed above, this is ciemsis
The corresponding XDRs have ratios are only 0.1-0.2. The iwith our results since we integrate the depth dependent HCO
terpretation of the low J transitions is very difficult duettigh abundance profile that results from the attenuation of the im
opacities, especially in the PDRs. For this reason, we &lews pinging X-ray flux. The HCO line-of-sight integral thus picks
the HCN(4-3)/CO(4-3) ratio, which shows similar trendstwitup a large contribution and competes favorably with the PDR
density and radiation field, but with somewhat lower absolutine emissivities.

ratios. In Figs.[I3 and_AJ2, we show the cumulative HCN(1-
0)/HCO"(1-0) and HCN(4-3)/HC®(4-3) line intensity ratios,
forthe same PDR and XDR models as in Section 5.5. Depending

5.8. HCO™ rotational lines and HCN/HCO™ line intensity  on the incident radiation field, HCN or HCOs more abundant

ratios at the PDR edge of the cloud. Around the HAransition a min-

imum in the HCO™ abundance is seen in the PDR. Deeper into

In Fig.[&T11, we show the HC®(1-0) and HCG (4-3) line in- the cloud, the HCO® abundance increases again, and is then con-

tensities, with critical densities,., ~ 2 x 10% and4 x 106 cm=3, stant. This is also the case for HCN, and the HCN/HC&un-

respectively. These critical densities are significarilyér than dance ratio is larger than unity. Therefore, at sufficietarge

for HCN, causing a smaller spread in line intensities. Tafij¢ columns and densities, the HCN(1-0)/HEQ-0) line intensity

the HCO' lines are stronger in XDRs than in PDRs by a factamtio becomes larger than one.



12 R. Meijerink et al.: Diagnostics of irradiated dense gegalaxy nuclei

Low density PDRs: '*CO(3-2)/"*C0O(1-0) Low density XDRs: *C0O(3-2)/'*CO(1-0)
3 1.0 -
: 60
g N 40 ]
he] 4 o
[ 1 = 4
2 T T e L
4 o
:.g 1 S, 0.1F 20
$ | woF 53
o
2 © o 7 L 1
% \ o
| 1 : g s
1000 100 1000
Density [cm™] Density [cm™]
Mid density PDRs: '*CO(3-2)/'*CO(1-0) Mid density XDRs: '*CO(3-2)/"*C0O(1-0)
10000 F 3 7 7
3 3 S
L ] E ~N \0%1:
S 1000k 204 o
) : 3 b
g ] 3
5 ; 40 —
= > -
2 100} 6 = ]
'3 £
N
10 |
10 10000 1000 10000
Density [cm™] Density [cm™]
,_ High density PDRs: *c0(3-2)/"*co(1-0) High density XDRs: '*CO(3-2)/'*CO(1-0)
10°F T T E T 7 / 7 T
E 100 8 é) S 8 E
: < E
5 1T
3 “(ID
E 30’5 A
~ ] 3]
s e
3 = 10F ]
g ‘ el AO‘:
10? . . [ .
10* 10° 10° 10* 10° 10°
Density [cm™] Density [cm™]

Fig. 8. 13CO(3-2)3CO(1-0) ratio for PDR (left) and XDR (right) models.

In the XDR models, HCO is chemically less abundant than5.9. HNC/HCN ratios
HCN for very large Hx /n (Meijerink & Spaans 2005). For
larger columns HCO® becomes more abundant, however, anfhe critical densities of HCN and HNC are almost identical, s
eventually the cumulative column density of HEGecomes that the only differences in line ratio should be due to diffe
larger than HCN (see specifically Fig. 10 in Paper I). This foEnces in the abundances. In PDRs, HCN is more abundant in
lows directly from the fact that the HCOabundance is high the radical region, but deeper in the cloud the abundance ra-
over a much wider range of ionization rates than HCN (Lepp &0 approaches unity. In XDRs, HCN is more abundant in the
Dalgarno 1996, their Figs. 2 and 3). highly ionized part of the cloud. However, HNC is equally or
even more abundant than HCN deep into the cloud. As a result,
the HNC(1-0)/HCN(1-0) line intensity ratio is around one fo
the PDRs if the column density is larger th&i¥? cm—2, while
the HNC(1-0)/HCN(1-0) ratio is less than unity fdfy; < 1022
cm~2. The XDR models, however, show low ratios for the low,
Fig. [I2 clearly shows that the HCN/HGOratio discrim- -~ 10" ¢m™?, densities and strong; 10 ergs™' cm™, radiation
inates between PDRs and XDRs in the density range Hi&lds. The ratios increase for lower incident radiationdgeland
tweenn = 10° and 105 cm~2 (cloud type A). The HCN(1- at highest densitiesy(= 10%° cm~?) the line ratios are always
0)/HCO*(1-0) and HCN(4-3)/HCO(4-3) line ratios are both larger than one, irrespective of irradiation.
much larger in the PDR models than XDR models, for columns In the PDRs, the HNC(4-3)/HCN(4-3) ratio quickly drops
of 1023 cm~2 and larger (Paper I). The difference ranges béselow unity at densities below = 10° cm~3. This density is
tween a factor of 4-10, depending on the density. The XDfr below the critical densities of the lines, and therefbigh
HCN(1-0)/HCO"(1-0) ratio becomes larger than unity for morgemperatures are needed to excite them. Such high tempesatu
modest columns of0?2-> cm~2 and less. are indeed found in the radical regions of the PDRs, but there
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Fig. 9. 13CO(1-0)/CO(1-0) ratio for PDR (left) and XDR (right) models

the HNC abundance is much lower than the HCN abundanée,Column density ratios

which explains the drop in the ratio. In the XDRs, the HNC(4- , i )

3)/HCN(4-3) ratios are quite similar to the HNC(1-0)/HCNgL  Unfortunately, for many molecular species of interest rimbée

ratios, except for densities > 105 cm~—3, where they are even collisional cross sections f'ire.ava_llable._ For these speugeare

high than these. unable to accurately predict line intensities, but we cédhcstl-
culate the column density ratios. In this section, we dis@ad-
umn density ratios for a number of species that are of paknti
interest in attempts to discriminate between PDRs and XDRs.

5.10. SiO and CS

6.1. CN/HCN column density ratio

Although SiO is usually considered to be a good tracer of Bfioc |, Fig.[I8, we show the CN/HCN column density ratios. There
we do find that the SiO(1-0)/CO(1-0) ratio is typically large 5 an enormous difference between the ratios for PDRs and
XDRs than in PDRs by a factor of 2-3, for densities arolit®  xpRs. |n the PDRs, the cloud type A ratios range from 0.5
cm—3. For the higher excitation J=4-3 lines, the effect dlsap@ea(n ~10° cm3) 10 2.0 (2 ~ 10* cm~3), while in the XDR mod-
because CO is generally warmer in XDRs compared to PDRSg|5 the same ratio varies from 46  10% cm—3) to over a 1000

(n ~ 10* cm3). We find higher CN/HCN ratios at lower densi-
The CS(1-0)/HCN(1-0) ratio is a factor of two largetties, where the chemical rates are lower, making it morecdilffi
(smaller) in XDRs for densities above (belowip® cm—3. to form large molecules. The PDR ratios are only dependent on
Interestingly, the corresponding 4-3 ratio continuestifead but  density, which is explained by the fact that most CN and HCN
changes in the ratio from0* to 10° cm~2 are now as large as amolecules are formed beyond the H/ktansition. This part of
factor of 10. the cloud is shielded from FUV photons and the chemistry is
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Fig. 11. Cumulative HCN(1-0)/CO(1-0) line intensity ratios for Pleft) and XDR (right).

dominated by the cosmic ray ionization rate, which is theesanAll parts of the cloud contribute almost equally to the colum
in every model. In the XDR models, there is much less vanatia@ensity ratio, including the region with very hidtix /n. Hx /n

in the CN and HCN abundance throughout the cloud. The varia-a major factor in the resulting ratio, and therefore theR¢€D
tions do not exceed more than two to three orders of magnitu@¢so show a large dependence on incident radiation field.
while this is over ten orders of magnitude in the PDR models.
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In Fig.[T9, we show the PDR and XDR cumulative CN/HCNjreater depths than HCN, which means that the cumulative ra-
ratios for a few specific densities and radiation fields. Tag-v tio is still increasing at large column densities. Our maddeld
ation in the cumulative column density ratio is much lessim t sizes are not large enough to allow the ratio to converge tma c
XDR models than in the PDR models. At PDR edges, the gasstant ratio (see Fifl_A.18). For the XDR models, we can ropghl
highly ionized (as in the XDRs), and here we find ratios reseratate that the ratio increases toward higligg /n. However,
bling those of XDRs. Abundances, however, are very low hea¢ n ~ 10° cm~2 the lowest ratio is not found at the lowest
because of the high photo-dissociation rate. incident radiation field strength. At such densities, thmaitied
cloud sizes are comparable to the depth of the H#Hansition.
This transition is included in models with the lowest raiat
field strengths, but not in those with the highest radiatietdfi
strengths.

6.2. CH/HCN column density ratios

In Fig.[AT14, we show the CH/HCN column density ratio. The
differences between the ratios in PDRs and XDRs are even

Iarger than in the case of CN/HCN. While the PDR ratios |r6 3. CHT/HCN column dens|ty ratios

crease from 0.21( ~ 106 cm™3) to 0.9 (2 ~ 10* cm™3), the

XDR ratios range from 20 to more than 10000. The PDR rdn Fig. [A&TI9, we show the CH/HCN ratios for both PDR
tio does not depend on density only. At relatively low deiesit and XDR models. They range fronD=¢ (n ~ 105 cm™3)

(n = 1 -3 x 10* cm3), we find a dependency on incidento 6 x 104 (n ~ 10* cm™3) in the PDRs, and from (03

radiation field as well. CH reaches its maximum abundance(at ~ 10° cm~3) to over 1000 ¢ ~ 10* cm~3) in the XDRs.
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In the PDR models, the highest GHabundance is seen closedance increases and the €ldbundance decreases when the X-
to the edge of the cloud but it decreases very quickly beyonaly photons are gradually absorbed. Therefore, the XDR eumu
the H/H, transition. HCN, on the contrary, reaches its highestive column densities ratios show less variation thanRB&
abundance beyond this transition. This explains the deeref ratios (see Fid_A.40).

the PDR cumulative column density ratios with increasingtde

(Fig.[AZ0). The PDR models show a dependence on both den- ) )

sity and incident radiation field for this ratio. The decreas 6.4. HCO/HCO™ column density ratios

the ratio with increasing density is caused by the fact thahe _. . .
: : : nfi9- B2 shows the HCO/HCO column density ratios. For
one hand CH is more easily destroyed (due to higher reco PDRs, we find much larger ratios than for the XDRs. The

bination rates) and on the other hand HCN more easily form X
P : : Rs show ratios between 0.% (~ 10* cm™3) and 10.0
when densiti re higher. The rati n nver . SO

en densities are higher. The ratios do not converge to CEn ~ 10% cm~3), while the ratios in the XDR range fron—>

stant value deep into the cloud. At identical densities, rtite 4o g Za 6 5
tio increases with increasing radiation field, since the H@n (7 ~ 10° M) t0 10" (n ~ 10° cm™*). In the PDRs, the ra-
tios depend only on density for radiation fiel@dg < 10*. With

umn densities become smaller while the Teblumn densities incident radiation fields. the ratio b depand
become larger for the cloud-size considered here. In the Xdﬁ{ger Inciaent radiation Telds, the ratio becomes deprnhae
models, the largest ratios are seen for the higlisyn (low the radiation field strength as well. The HCO abundance esach
density and high incident radiation field). The fluctuationthe 1tS maximum and more or less constant abundance somewhat
2eper into the cloud than HGOASs column density increases,

Jr
CH™ and HCN abundances are more gradual. The HCN abt e HCO/HCO ratio slowly converges to a constant value (see



R. Meijerink et al.: Diagnostics of irradiated dense gasatagy nuclei 17

High density PDRs: HNC(1-0)/HCN(1-0)

10° =

®
&5 ~
o 10 &
g €
c o
2 o
g0 L
© F >
00: F [y
10? . .
10* 10° 10° 1
Density [cm™] Density [¢m™]
5High density PDRs: HNC(4-3)/HCN(4-3) High density XDRs: HNC(4-3)/HCN(4-3)
‘IO E T T : T
E \_i q 100F \ LIG
) ] — f 5 |
% 10°F W
2 ot
©
.5 v 4 10 .J(;y OYQ'
2 o’k 8 10— RS E
-8 10 ; l.l.x :// ‘\%b(
* ° 3 ° — R
[ > l > P .—§\ -
ol | A | [ A\ [
10* 10° 10° 10* 10° 10°

Density [cm™] Density [cm™®]

Fig. 16. HNC(1-0)/HCN and HNC(4-3)/HCN(4-3) ratios for PDR (leff)édaXDR (right) models.

i High density PDRs: CS(1-0)/HCN(1-0) High density XDRs: CS(1-0)/HCN(1-0)
ETTTTYT ¢ N / r
r - O = ] &
o~ o ] Y
— 0 ) ©
% 1045' l: 1’”
2 G E S
5 : _
kS 10°E E =
5 E e
[
10? . .
10* 10° 10° 10%
Density [em™] Density [cm™]
High density PDRs: CS(4—3)/HCN(4-3) High density XDRs: CS(4—3)/HCN(4-23)
1055 7 7 T 7T E T ~r
E . 5 o o ] 100 \ 9
o 10°F 4 '.:‘ I 00\/
o E ] 9\
2 f ] E 12
c L 4 o
2 S 10
2 10%F 3 = F °
<] E 3 [y [
@ E L © ’
: _ ‘ @ %
10? . . b . . /

10 10° 10° 10* 10° 10°
Density [em™] Density [cm™]

Fig.17. CS(1-0)/HCN and CS(4-3)/HCN(4-3) ratios for PDR (left) 2MdR (right) models.

Fig[AZ32). For large radiation field<¥ > 10%), the cloud size 6.5. HOC*/HCO™ column density ratios

considered here is too small to allow column densities to- con

verge to a constant ratio. In the XDR models, the ratio depengh Fig. [£23, we show the HOGHCO* column density ra-

on both density and radiation field in all regimes. The lowegbs. The XDRs show larger ratios, ranging froi=* (n ~

ratios are seen for high'x /n (n = 10* cm™* andFx = 160). 105 cm3) to 0.6 (2 ~ 10* cm~?3), than PDRs, where the ratios
range from10~7 to 10~°. The XDR ratios increase for larger
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Fig. 19. Cumulative CN/HCN column density ratios for PDR (left) anBR (right) models.

Hx /n (with maximum atr ~ 10 cm=2 andFx = 160). The 7. Summary and outlook

behavior is more complex for the PDR models. The ratios de-
pend on density only fof, > 10%, but below this value there is We have presented a large set of PDR and XDR models that

also a dependency on radiation field strength. This is empthi €1 be used to determine the physical conditions that petai
by the fact that ratios drop very fast, when the gas becord(é@d'atedQQaS clouds. This grid spans a large range in tiesisi
molecular (Fig[A24), but abundances are still significat (21 = 10 —10°® cm™?), irradiation (7o = 10"~ —10” and

— —2 2 o—1 .
large fraction of the gas at the edge of the cloud is moledatar £x = 1.6 X 107" — 160 ergem-s ) and column densities
densities: > 1055 cm—3 and radiation field€, < 104 Here (Vi = 1.5x10% —1 x10% cm™). We have used the results

we find a fast decrease in the ratio for lower radiation fields. © make predictions for the intensities and ratios of the mos
important atomic fine-structure lines, e.g., [CII], [OIC]],
[Sill], and [Fell], rotational lines for molecular specisach as
6.6. NO/CO column density ratios HCO™, HCN, HNC, CS and SiO (up td = 4), CO and'3*CO
. ) ) up toJ = 16, and for column densities for CN, CH, CH
In Fig[A.Z3, we show the NO/CO column density ratios. The rg3co, HOCH, NO, and NH™. It is not possible to to present all

tios in XDRs are much larget,0~* (n ~ 106_gm_3) 0 107%  the results, but they are available on-line at the followiRiL:
(n ~ 107 cm™), than for PDRs 107" — 107"). In the PDR ¢ ¢ p: /7w, strw. | ei denuni v. nl / ~meij erin/grid/.

the ratios are largely determined in the molecular part @f thyere we summarize the most important conclusions:
cloud and depend more or less on density only. The ratios in

the XDR depend mostly ofl x /n. The largest ratios are seen
for the largest x /n (n ~ 10* cm™ and Fx = 160).

CO(1-0) lines have optical depths ofCO(1 — 0)) ~ 100.
Therefore, it could be possible to observe NO(1-0)/CO(lin@)
intensity ratios as large as 0.1, while the maximum colunm de
sity ratios are only 03,

1. The surface temperatures are higher (lower) in PDRs com-
pared to XDRs for densities > 10* cm™3 (n < 10* cm—3).
Two opposing effects play a major role in determining the
resulting surface temperature: (1) The heating efficiency,
which is much higher in XDRs (up to 70 percent) than in
PDRs (0.5-3.0 percent); (2) The absorption cross sections
which are much smaller for X-rays than for FUV photons.

6.7. NoH+/CO column density ratios 2. For the atomic lines, we find that the fine-structure line ra

tios of [Sill] 35 um/[Cl1] 158 um, [Ol] 63 um/[CII] 158 pm,

In Fig.[AZ1, we show the hH*/CO column density ratio. In [Fell] 26 pm/[CII] 158 pm, and [CI] 369um/[CI] 609 um

both PDRs and XDRs the model ratios are rather low. They de- are higher in XDRs than in PDRs, for a given density, col-

crease with density in the PDR(~" — 10~?), which is opposite umn, and irradiation strength. Whereas PDR ratios depend

to the behavior in XDRs. In the XDRs, we find a decrease with on density and irradiation strength only, XDR depend on col-

increasingd x /n. There are collisional data available fosN™, umn density as well. In PDRs, fine-structure line emission is

but since the abundances are so low, the line intensitieare  only produced at the edge of the cloud, while in XDRs al-

small to be observable. most all parts of the cloud contribute.
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3. We find higher CO line ratios for XDRs. In PDRs, CO iseparate the PDR/stellar and XDR/AGN contributions inagiist
formed beyond the H/ktransition and typically has temper-active galaxies. Up to now, these components can only be spa-
atures in the rang& ~ 20 — 50 K. In XDRs, CO is present tially resolved in the Milky Way. However, the resolving pew
throughout the cloud in significant abundances, even in tbé ALMA will bring this possibility within reach for externa
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Fig.A.1.[Sill] 34.8 um / [CII] 158 um ratio for PDR (left) and XDR (right) models.
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Fig. A.3. CO(1-0) intensity for PDR (left) and XDR (right) models.
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Fig.A.7. 13CO(3-2) intensity for PDR (left) and XDR (right) models.
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High density PDRs: HCN(1-0) intensity
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Fig.A.9. HCN(1-0) and HCN(4-3) intensity for PDR (left) and XDR (rigimodels.
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Fig.A.11. HCO™(1-0) and HCO (4-3) intensity for PDR (left) and XDR (right) models.
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High density PDRs: SiO(1-0) intensity High density XDRs: SiO(1-0) intensity

1055 E T
\ 100 l-" E
L i [ 9
L 3. 1 [ X
)r’O*e L
10k — I
: 2 ] - g
[ 70~ 1 % \y
3 ] op .IQ o S ? E
OF : 5 °
3 E "

Ft 7y 1 rx
o, 0~ ' 9
- o 4 )
10? L T : .

Radiation field [Gy)

Fy [erg cm™2s7"]

10 10° 10° 10* 10° 10°
Density [cm™] Density [¢m™]
High density PDRs: SiO(4-3) intensity High density XDRs: SiO(4-3) intensity
10%F T 3 T T
E oF \/—
5 X704 | -
e Y 7 3 oo |
2 e ] 3 r +
1 o 0.,
S ] o ¢ _ A
3 g 7x, & 10f ]
g 10°F 0% 3 ~ %
o " \ r 2 X }O‘o‘
O~> 1 =) S ~—~
- 1
102 . / \ . .
10* 10° 10° 10* 10° 10
Density [cm™] Density [cm™®]

Fig.A.14. SiO(1-0) and SiO(4-3) intensity for PDR (left) and XDR (riyjimodels.
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Fig.A.16. SiO(1-0) and SiO(4-3) intensity for PDR (left) and XDR (riyjimodels.
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PDRs: CH*/HCN column density ratio
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Fig. A.20. Cumulative CH/HCN column density ratios for PDR (left) and XDR (right) neisl.
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Fig.A.21. HOC/HCO' column density ratios for PDR (left) and XDR (right) models.
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Fig. A.22. Cumulative HCO/HCG column density ratios for PDR (left) and XDR (right) models.
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PDRs: HOC*/HCO™ column density ratio
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Fig. A.24. Cumulative HOG/HCO™ column density ratios for PDR (left) and XDR (right) models.
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PDR: Cumulative NO/CO column density ratio
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