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Abstract. We present the results of far infrared (FIR) spect. Introduction
troscopy of the luminous blue compact galaxy (BCG) Haro . . I
(ESO 350-1G38) obtained with the Long Wavelength Spectro]r’ré’.lue compact galaxies (BCGs) are characterized by their high

eter (LWS) on the Infrared Space Observatory (ISO) in low resst_ar formation rate and low chemical abundances. The high ra-

olution mode. This metal poor dwarf merger is an extremeﬁ'q betwg\en blue_ luminosity and |_.” ma-SS?LA/lH[, cqmblned
hot IRAS source. We discuss the balance between dust and iﬁtg. a h'g.h _relat|ve Hi mass fraction, |nd|gates a high star for-
cooling in the photodissociated regions (PDR), in particular tﬁ%at'on efficiency and a high gas consumption rate. The apparent

role of the [CII\158,: line, and derive the basic properties o onflict between intense star formation and low chemical abun-

the PDR gas and estimates of the gas and dust masses. The %%r%cses can only be explained if the gas containing the recently
of the PDRs, Z% 10° M., is comparable to that of the ionized™© uced elements is expe_lled from the_ galaxy, if fresh gas is
gas and exceeds the observed upper limit of the HI mass. Cé:reted onto.the galaxy or if the gala>iy IS yourTg (e.g. Searle &
gas/dust mass ratio is low, indicating that the galaxy contains igg%s n\t/vleg;?li m‘;agfef\zarjg?g:;;e;blbgugi?,’vﬁ;ﬁ??ﬁroseﬁf]al'
tle cold dust. The low metallicity, the intense radiation field art t. lobal burst. O gue. b 6l tg% 9
the low column density of Haro 11 results in an extremely highe. nren>€ global burst, LUrprevious observatl (netal.

. . 71999al 1999b) indicate that gas dynamical instabilities in con-
[C”]/CO. flux ratio and probably al_so avery hlgm(HQ)/LCO |_pection with mergers could be the key mechanism. Under such
conversion factor. Therefore CO is a poor indicator of the H.

Aftera reanalysis we confirm the claimed correlation (Ma\?\/inds E‘)rom massive young stars and on th{a other Eand a stron
hotra et all 1997) between the [CII]1p&IR flux ratio and young 9

diation field from the starburst.
he IRAS §/f h . geIafion field . T .
the S Toffoo dust temperature and reduce the scatter. We While optical and radio observations give us important in-

find that Haro 11 deviates from the relationship being brighter . o . S
in [CII] than what would be expected, if the mechanism pronrmatmn about the conditions in the hot ionized and the cold

posed by Malhotra et al. is dominant. As an alternative (or co eutral gas in star forming galaxies we often lack information
plementary) explanatio'n we propoée that the [CII]1EBIR about the the ISM in the transition zone, the photodissociation

: L . : ._Iegions (PDRs). The gas in PDRs contains neutral atoms and
versus fo/f1p relationship is caused by an increasing Optlc?('fns of low ionization potentialf < 13.6eV), e.g. ¢. With

depth with increasing IRAS temperature. The low metallici% . . : ; .
. . e different possible heating mechanisms involved one would
of Haro 11 and its extreme starburst properties probably allows

the medium to be thin despite its high 10 ratio. This leaves expect that the geometry and spatial extension of the ISM and
room for a more optimistic view on the possibilities to dete

massive starforming mergers at high redshifts, using the [Cr
line.

e PDRs would be quite different in galaxies like Haro 11 and
ose with quiet star formation activity or with active nuclei,
sulting in radically different spectral signatures.

Spectral diagnostics are valuable tools in dissecting the bal-
Key words: galaxies: compact — galaxies: evolution —galaxieg'nce. betweep .diffe.rent heating anq cooling processes and the
Lo . N, i physical conditions inthe gas. The first observations of [O}]63
individual: ESO 350-IG38 — galaxies: individual: Haro 11 +
galaxies: starburst — infrared: galaxies in M82 was prgseqted by Watson e't al. (1972'b). Crawford etal.

(1985) for the first time showed thatimportantinformation about
the PDR physics in external galaxies can be obtained from the
Send offprint requests tdl. Bergvall (nils.bergvall@astro.uu.se)  collisionally excited [CIIN158.. Later, several studies of star

* Based on observations with 1ISO, an ESA project with instrumerdf@rming regions in the Milky Way as well as other starburst

funded by ESA Member States (especially the Pl countries: Frangalaxies and ultraluminous infrared galaxies (‘ULIGS’, possi-

Germany, the Netherlands and the United Kingdom) with the parti¢ity hiding active nuclei) have demonstrated the power of more
pation of ISAS and NASA.
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detailed far-IR spectroscopy (e.g. Colbert ef al. 1999). An athkble 1. General properties of Haro 11
vantage with observations in the IR region is that we diminish

the influence of dust extinction, allowing a more direct compari- Ref./Note
son between ‘naked’ starbursts in low mass galaxies and hiddg | 00"34™257
starbursts in ULIGs. 51950 -33°49 49"

The fact that [CIIN158u emission constitutes the peak oing 14.3 l/a
the flux distribution § in starforming galaxies has led to a disvo 6175£10kms!'  1/b
cussion about the possibility of using [CII] to detect youny 92 Mpc 3
galaxies at high redshifts (e.g. Petrosian ef_al. 1969 and e -20.5 a
detailed discussion by Stdrk 1997). Despite some emerging ples—26-5 9 kpc 2lc
simism about this possibility (Gerin & Phillis 1998) we willB-Y 05 la
argue that this still is a viable idea. 12+{0/H] 7'9035 2

As part of our multifrequency study of three of the moqIILy"‘ 21 \sN 3

. . . : Iy 3.216°wW 2
luminous BCGs in the southern hemisphere this report will fQ—F;‘R 7.410° Ly,
cus on observations using the Long Wavelength Spectrometeys, . 1.48
(LWS) (Clegg et all_1996) on thfrared Space Observatory| .;/L 5 5.7
(ISO) (Kessler et al. 1996) of the luminous BCG Haro 11. Only.o(; o) <1.016°W 4
a few emission lines in the LWS window are detectable in mdst(Lco/Lrrr) <-8.5
nearby BCGs in a reasonably long integration time. In our cadém, <10° Mg d
we chose to obtain clear detection of a few of these lines, with\dz 1 <10° Mg 4
sufficiently high S/N to allow comparisons with models and!#1/L s <0.01

other galaxies. These lines are the [OI]63OI11]88 1 and &) Corrected for galactic extinction (Burstein & Heiles 1982)
[CI1]158 1 lines, which constitute important coolants in the farb) Radial velocity, corrected to the local group accordingstew+300
IR regions. Among these lines, [ClI] is of particular importanc%'nl cqﬂ;, where vis the heliocentric velocity ahendb are the galactic
for reasons just mentioned and discussed below. In additiorPfigrdinates

. . L . : distance; a: major axis diameter
these three lines, we obtained an upper limit on the flux in t ;er ) ’ : g 1y -1
[O1]145 11 line in one of the adjoining detectors. ﬁ Using a conversion factor of 3 10cm~2 (Kkms™!) ~! (Sanders

et al.[1991).
Referencest) Bergvall & Olofssor 1986, 2) Bergvall &stlinf19994,
3) Bergvall & Olofsson, 1999c, 4Ydsater & Bergvall[ 1990

2. Observations and reductions

The observations were carried outduring the routine observatfiPP€ in 1986. Standard reduction techniques were used. More
phase of ISO in the low-resolution LWS02 observation mod&iormation is found in Bergvall &stlin {19994).

with a resolution of 0.¢.. We used a scan width of 7 resolution

elements, 8 samples per element and fast scanning. Each spe&esults

trum was scanned 6—-111 times with a nominal 0.50 s integrat
time giving in total an effective integration time of 2820 s.

The data presented in this paper have been taken frétaro 11 (ESO 338-1G04) is a galaxy with extreme starburst
pipeline 6.1. All the glitches in each individual scan have begmoperties, summarized in Table 1. In the following we will as-
removed by using the Interactive Analysis Software Packageime a Hubble constant of) 65 km s 'Mpc—!. Most of the
About 15% of the total scans were rejected due to heavy cosrdata are from our previous observations in the UV-radio region
rays contamination. In addition to the requested data the LW{ergvall & Olofsson 19860stlin et al[ 19994, 1999b; Bergvalll
spectrometer provided data on all the other detectors. These @a@stlin/1999a and other unpublished data). Our observations
have been also analyzed and an upper limit on the fine structsihew three conspicious condensations in the centre embedded
line of [OI]\145, has been derived. The resulting data weiia a regular Hvhalo. HST images (Malkan et &l. 7898stlin et
resampled and coadded. The data are shown in Fig. 1. al.[1999b) reveal a merger morphology. Faint whisps and indi-

Exept for the LWS data we also present some additionzdtions of shell structures characteristic of galactic disk progen-
previously unpublished data in Table 1. The CO observatioiars are seen in the outer regions. Our studies of the kinematics
were carried out during June 9—-12 1988 with the SEST telescagi¢he ionized gas indicate that the starburst is triggered by coa-
equipped with cooled Schottky receivers at 115 GHzsiter lescing clouds involved in the merger process. The/élocity
& Bergvall1999). Six blue compact galaxies were observed afield is requires a mass of the main body-ef0® M, (Ostlin
none was detected. et al.[T9994; 1999b).

Optical spectroscopy was obtained with ESOs 1.5-m tele- The oxygen abundance in the central region was calculated
scope in 1983, using the Image Dissector Scanner and an afyem the optical spectra, using the standard method. We assumed
ture of 4’x4" arcseconds(Bergvall & Olofssori 1986). Addi- a homogeneous single metallicity model with two temperature
tional data were obtained with the IDS at the ESO 3.6-m teleenes. The electron temperature of the'CQzone was derived

1. General properties of the target galaxy
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1 0 3 detections are presented. An upper limit of the
T L Y A AT A Y flux of the [OI]\145. line was derived from
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the region at the expected position of the line,
A marked with an arrow. The bars indicate mean
(u) errors per pixel.

from the [O11]A4363/([ONIAA(4959+5007) ratio and that of T4,s: = 49 K. We can then obtain a rough estimate of the mass

the O zone from the semi-empirical relationship derived bgf thewarmdust from (Devereux & Young 1990)

Vila-Costas and Edmunds (1993). The density was derived from 9/ 144)Tges

the [SI]\6717/6731 line ratio and was found to be low. With thid“1aust = 4.58 fioor"(e vt —1) Mg

approach we obtainametallicity close to 10% solar. Suchavalle s in Jy and r is the distance in Mpc. We obtaiflg,,s; ~

is unusually low for a galaxy of this luminosity and deviateg 1 M.

strongly (Bergvall et al. 1998) from the metallicity-luminosity |1 ig interesting to compare gas-to-dust mass ratio with that

relationship of normal dwarf galaxies (Skillman etlal. 1989y other gas rich galaxies. In Sect. 3.4.3 we find that the total

Part of the optical emission may have a shock origin and W§drogen gas mass, i.e. HI, HIl and Hs approximately 10

made an estimate how large the contribution from shocks MAY .. We thus obtain\ o/ M g,s¢ ~ 200. In a study of normal

be by mixing predicted line spectra from shocked regions (Raysiral galaxies, Devereux & Young (1990), taking into account

mond1979) with those of HIl regions from Staska (1982). ony the inner part of the HI disk containing the warm dust,

The best fits generally gave a contribution from the shock cofgyng thatM gq./ Mgus ~ 1100. There is thus a difference a

ponent to H of < 5%. This is in most cases not enough teactor of 5-6 difference between Haro 11 and normal spirals. If

change the result of the calculations of the metallicities drasfie dust content correlates with metallicity, one would expect

cally. N _ . that M g,/ M4,s: Would increase with decreasing metallicity
Asurprising factis thatno Hl has been detected in the galaxy indeed this is the case for dirrs as was shown by Lisenfeld

(Bergvall et al/1999b). With an upper limit 081, =10° g Ferrara [1998). If we apply this metallicity correction in the

Meand consequentit /L g rorar <0.01, it sSe€MS to be re- comparison, it would lead to an even larger difference between
markably devoid of neutral hydrogen for its star formation ratgarg 11 and the spirals in th& g/ Mays: ratio. The high

One possible explanation is that the neutral gas is ionized by {hge for spiral galaxies has been shown (e.g. Chini Bt al./1995)
_central starburst. Another possibility is tha}t much of the gas_t'@ be due to the fact that a large amount of the dust is of the
in molecular form. The ISO observations discussed here, whighq, cirrus’ type, radiating at longer wavelengths and thus not
relate to the transition zone between the ionized and the celehiriputing to the mass estimates based on the IRAS data. The
molecular medium, will help to derive a coherent picture of thg ¢ thatM yq../M ..« Of Haro 11 is so low (in fact close to the

different phases of the gas. value found for our own Galaxy, including thetal dust mass
i.e. Mgas/ Maust.totar ~ 100-150) indicates that the galaxy
3.2. The dust properties contains very little dust at low temperature.

From the 60 and 100 IRAS fluxes and assuming a FIR grain
opacity ofx = 2.5 1¢ A\~ cm?g~ (Hildebrand 1983), where  3.3. The LWS spectra

is the wavelength in microns, we calculate a dust temperaturg 1 shows the spectral profiles of the three detected lines and
the region around [Ol]14p, for which we derived an upper
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Table 2.Observed LWS data. The table shows the measured line fluse these models to estimate some fundamental parameters of
its estimated mean error and equivalent width (W) and the adjacéiné PDR regions.
continuum level flux density.

3.4.1. Optical thickness

Line id. Flux W Continuum flux density

(0 °wm=?) () (o 'wm=? ) To enable a comparison of the line intensities with the mod-
[ones3 u 9.2+1.8 022 42 els of Kaufman et al., we first estimate the contribution from
[ON88 . 25+ 0.8 0.84 33 HIl regions to the line intensities and also the optical depth
[ON145, <03 <02 17 of the lines. The optical emission lines (Bergvall & Olofsson
[Cl1584x 3.9+0.1 2.0 21 1986 and newer data) have been used together with recent pho-

toionization models (Stasska 199D, and updates) to estimate
the contribution to the far-IR lines from the HIl regions. We
used our observed line intensities in [Ol], [Ol], [OIII], [NI],

limit. Table 2 summarizes the spectral data. From our optidi!l], Hel and Hell, corrected for extinction, underlying absorp-
spectrawe have derived an extinction coefficient in the brightdién and shock contribution to select the best fitting HIl region
region of the galaxy of & ~ 0.8 mag. Thus the corrections formnodels from Stasiskas library. As a result we find that the mea-
galactic extinction in the infrared are considerably less than thiéed intensity of the [OlI}88 . line is fully consistent with

observational errors in the observed emission lines (AdamgPBptoionization by a cluster of stars with 7f; of the order of
al.[1988). 35000-40000K. For the other 3 lines observed with the LWS,

the contribution from HIl regions to the measured intensity is
strongest in [ClI] but is stilk 20%. Thus, when discussing the
[CI1] line flux and flux ratios, we can directly compare to the

One of the purposes of this study is to investigate how much thedictions from Kaufman et al..
PDR gas contributes to the total mass in this type of objects, and In @ study of two star forming complexes in the Large
in particular Haro 11 due to its remarkably low HI content. iMagellanic Cloud, Israel et all_(1996) concluded that these
is known that the relative volume of the PDR that occupies th@gions were optically thin at einimumcolumn density of
weakly ionized (only low ionization stages) gas may be quifel®*' cm~2. Since these cloud aggregates probably have simi-
substantial. Regions having a total extinction of A<10 are lar properties as Haro 11 we can conclude that the star forming
partly photodissociated (see e.g. Crawford ef al. 1985 or Ti€gionsin Haro 11 on alocal scale probably are optically thinin
lens & Hollenbach 1985 for a general discussion about the PB3R8x. The optical extinction derived from thectH S-ratio in
physics). This is the situation for most of the neutral gas in th#aro 11 is only A- = 0.8 so we don't expect that the [CII] line
Galaxy. Estimates also show that40% of the total gas massiS optically thick even on a global scale. But the derived extinc-
in starburst nuclei are PDRs, i.e. the photodissociated gas istiR@ depends on the spatial distribution of the HIl regions so to
dominant phase in these extreme environments (Stacey efggure that we don’t have conditions that allow hidden sources
1991). The most widely used model for calculating the enerdfythe central area we will estimate the optical depth in [CII],
balance and obtain predictions about emissivities of the gas dad:- This calculation will also be used to make estimates of
dust was presented by Tielens & Hollenbdch (1985). Later L@ptical depths of the other galaxies involved in the discussion.
grades and applications have been discussed by Hollenbach eth the high-temperature ($92K, the excitation potential
al. (1991), Wolfire et al[{1990) and Kaufman et @l (1999). for [CII]), high-density limit (n>4 10° cm~?, the limit for col-

The Kaufman et al. standard model is based on an oxigional deexcitation by H and 4}, 77 can be expressed as
gen abundance of 40% solar, close to the local Galactic val&awford et all 1985)
and a factor of 4-5 higher than in Haro11. From our derived 16 Now
carbon abundance in ESO 338-1G04 (Tol 1924-416), a galaky1] = 2.3 10 1670
quite similar to Haro 11, we may assume that N(C)/N£€X).2 et
(Bergvall[1985). Similar values have been obtained for othehere N- is the column density of €in cm=2, T is the
metal poor galaxies (Garnett et al. 1995). Thus, oxygen at@mperature of the gas in K and, is the velocity dispersion
carbon are underabundant with factors 4-8 with respect to thekm s~!. If we as a first rough approximation assume that
standard setup in Kaufmans et al. models (their models hake global distribution of the gas is close to a homogeneous
N(C)/N(O)= 0.5). The predicted temperature of the surface gasponential disk we can derive the central column density in
layers obtained from their basic diagnostic diagrams is therefatoms cnr?
probably somewhat overestimated while still the line intensities M
are reasonably correct (Wolfire etial. 1990). However, Kaufma¥yas = 1.3 10** %}lg;s
etal. also discuss a case of lower metallicity, about 4% solar and )
present diagrams showing how [CII], FIR and CO luminositieshere M 4, is the mass of the gas in solar masses apdis
relate to density, n, incident far UV radiation intensity,,@nd the scale length in kpc. As a first approximation we will assume
the two metallicities~ 4 and 40% solar. In the following we ho+=hg,. From our Hvimages we derivefy, ~ 2" =1kpc. As

3.4. Properties of the PDR gas
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an estimate of the gas mass we will use our upper observatioredlle 3. Global data, based on the LWS observations
limitof My, i.e. around 19 M . With this we obtain a central

column density in HI of N;; ~ 2 10?! atoms cnm2. Later we Go 1-2 16
will find it consistent to assume that most of the HI actually i3 210 cm™®
associated with the PDR regions. Part of the @gion in the Go/n ~ lcn?
PDR also contains molecular gas. In Sect. 3.4.2 we will shdw <500K
that this may increase the estimated column density with a fackdf /115 u/Lco >410 ,
of 2. Licrnissu/Lrir 1.4 10‘3
The C' column density can now be derived from (LL[O”““;’Il‘[CI’]“)S“)/F'R i‘%%g
[OI1145 pl-[01163 >~V
Mur Lionissu/Liorss u 0.42

Net =~ 1.310MX(CH)

QWh%{a

. , ) has a minor effect on the [CII]15&FIR ratio in the region of
where X(CF) is the relative abundance of carbon ions to hydr?ﬁF parameter space Wher[e V\}e?ﬁe residing 9

gen atoms. With these approximation we can write the optica We now feel confident to compare the slightly corrected line

depth as intensities with the predictions from the PDR models. Using the
Mg [O1163 1, [Cl1]158 1 line fluxes and the FIR flux, Kaufmans et

al. diagnostic diagrams show thag @& 1-2 1¢ in units of the
Galactic far-UV field (1.6 10° W m~2). The obtained value for
Since most of the carbon in the [CII] emitting region is in ionthe density is n= 2 10° cm~3 and thus G/n ~ 1-2 cn?. These

ized form we will assume X(€)~X(Ciota1)~ % X(O)~ are typical values for normal starforming regions and galaxies
1.2 10°5. In starburst galaxies T, is typically a few hundred (Tielens_ & Hollenbach, 1985; Wolfire et al. 1990; Qarral et al.
K. We will later iteratively derive F.. and obtain a value below/1994; Fischer etél. 1996). The surface temperatureig0 K.

400 K. From our Fabry-Perot observations in Bf the central The data are summarized in Table 3. With these data at hand
region we estimate, ~ 60kms-!. We then obtairrcy < we can obtain the predi_ctt_ad [(_)I]_l%[OI]GBu ratio which is
0.001. In order to derive a more realistic estimate, we have@BProximately 0.06. This is within the errors of the measured
take into account that the gas has a lumpy, fractal distributidt€ ratio and thus supports the reliability of the model.

But it is sufficient to note that, assuming a volume filling factor From the measured [CII] flux we may now calculate the
o of a few per mille (Crawford et al. 1985), the surface densiff@Ss of the warm atomic gas according to (e.g. Wolfire et al.
would increase with- a—2/3, i.e. afew tens. Thus it still would 1990)

be safe to assume that the medium is thin in [CII]. The optically

thick limit at a chemical abundance similar to Haro 11 wouldppr = 5.96 1
be at a mean column density ofiN ~ 10?3 atoms cnr? and

with solar abundancesiN ~ 10?2 atoms cnt?, still with the where r is the distance to the galaxy in Mpg; ) is the [CII]
assumption that the filling factor is a few per mille. flux in W m—2, my is the mass of the hydrogen atom in kg, and
A(CIl) is the cooling rate per atom in the 158ine in W. In the
high-temperature and high-density lini{CII) will be nearly
independent of the temperature (Wolfire et[al. 199Q)ClI)
From the diagnostic diagrams by Kaufman et al. we can obtaian therefore be rather safely estimated and we oit@il) ~

the density and intensity of the incident far-UV flux @& the 1.3 10726 W atont . In the surface layers of the PDR carbon
PDR region. We use two diagrams for this purpose, one utiliz-mainly in the low ionization monoatomic state so X{(&:

ing the [OI1]63/[C11]158 1 intensity ratio and one utilizing the X(C). We then deriveM ppr ~ 22 10° M.

([O1163 u+[Cl]158 u)/FIR ratio. As mentioned above, before
we use the predictions we need to correct for the differencen , I
metallicity between Haro 11 and the models, a factor of 3— '.4'3' The mass fractions of cold, warm and ionized gas
We can estimate what effect this may have by comparing tibe value we have derived for the mass of the PDR:s is larger
predicted fluxes of these lines in an HII region at the differetitan or comparable to our upper limit of the HI mass, i.e.
metallicities. The column densities and thus the volume emik3® M., indicating that most of the HI gas is located in the
sivities of the low ionization lines are lower in HIl regions thafPDR regions if these are dominated by the atomic gas com-
in a typical PDR region but the flux ratios should vary in agponent. The total molecular gas mass in normal star forming
proximately the same way. From Staskas models we find thatregions is normally 5-10 times larger than in the PDR regions.
the difference in flux ratios, assuming a constant N(C)/N(O), Bata from other starburst galaxies however indicate that con-
about 2%. N(C)/N(O) probably differ with a factor of about Ziderably lower values are more likely (e.g. Wolfire efal. 1990;
however, and so we should make an appropriate correction &tacey etal. 1991). Thisis probably a metallicity effect. In galax-
this which means a factor of 1.5-2 in the [O1]68CI1]158 1,  ies with low metallicities the UV radiation can penetrate deeper
ratio. Kaufman et al. show in later diagrams that the metallicitpto the molecular clouds, increasing the PDR zone relative to

e < 0.03X(CT) Toroy 2002,

015 r? f[CH] myg

A(CII) X(C+)M@

3.4.2. The mass of the PDR gas
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Table 4. Mass estimates¥! ) in mind however that this is not a homogeneous sample. Mal-
hotra et al.[(1997) investigated the same relationship between
HI <16 the [CII] cooling and dust cooling for different types of galax-
HIil 10°%-10° ies, using the [CII}/FIR luminosity ratio. An anticorrelation was
Ho 10°-10° found between the [CII]/FIR ratio and dust temperature, as mea-
PDR 27 10° sured by the IRASg/f1q ratio. After a discussion of several

Warmdust 43 1¢°
Photometric  1.52 ; 10*°
Rotational 2% 10°

possible explanations, Malhotra et al. found it most probable
that this is a consequence of a decreasing efficiency of ejection
of photoelectrons from the grains, reducing the [CII] intensity.

1) Assuming dynamical equilibrium Theoretically it can be understood if the ratio of UV flux to gas
density, and thus the dust temperature, becomes high because

the CO core. An upper limit is therefore probably around 1dhe dust grains would be more positively charged, forming a
M_in our case. This mass estimate may be compared to figonger Coloumb barrier against photoejection.
upper limit of the H mass, derived from the CO (1-0) observa- One should be aware, both as regards the results from Mal-
tions which is< 10% M. The calculation of this last value ishotra et al. and in the following discussion, that the sample
however rather uncertain due to the uncertainty in the convé@t Which useful data are available is quite heterogeneous. The
sion factor between the CO flux aoid ;;, (Maloney & Black 9alaxy types involved range from normal galaxies to Seyferts
1988, Taylor et al._1998). As just mentioned, the low metallidor which the relative importance of different heating sources
ity also allows a larger proportion of4to be hidden in the CO (stars and AGNs) and different chemical abundances are not
dissociated zone. Therefore, in addition to the problem causgisfactorily controlled. Moreover, in the first approximation,
by the uncertainty in the conversion factor between CO afitfo dust components, warm and cold, having different spatial
H,, the CO fluxes are poor indicators of the hhasses in low distribution, can be separated. This increases the complexity in
metallicity galaxies. the interpretation of the global data and the 60/100 index as well
Using the available photometry of the halo and the burtS the Ly r/L 5 index cannot be regarded as clearcut tracers of
our spectral evolutionary models predict a total stellar masstBe star formation activity. As a consequence we expect that the
1.5 1090 _/\/l@, while the observed rotation results in a mas%:atter in the discovered trends will remain qUite Iarge.
of ~ 2 10° M, assuming dynamical equilibriun©gtlin et We will now compare the data for Haro 11 with a data set
al.[1999a/ 1999b). The discrepancy between the photomefi@ilar to that used by Malhotra et al. but including more de-
and dynamical mass estimates can be resolved if the galaxie@gied galaxies at relatively highoff.o0. These data were ob-
dominated by velocity dispersion, which is reasonable if td@ined from Stacey etal. (1991), Luhman etial. (1998), Malhotra

width of the Hu line reflects potential motions, or if the galaxyet al. (1997) and Lord at al. (1996).
is notin dynamica| equi"brium_ For the most nearby gaIaXieS, haVing VelOCitie§

From the g|oba| 8% |uminosity and the mean density 0f500 km§1, we have scanned the literature to find the most

the gas, derived from our spectra, the mass of the ionized gakégent distance determinations derived from photometric dis-
estimated to be- 108 - 10° M, (Ostlin et al[ 19994, 1999b). It is tance indicators. This concerns the galaxies M82, NGC 3109
aremarkable fact that the HI mass is so low and also lower tHdgennicutt et al.[1998), NGC 4414 (Turner et al. 1998),

or comparable to the estimated mass of ionized or moleculieC 4736 (Garman & YounQ 1986), NGC 5128 (Tonry et

gas. A possible explanation may be that Hl to a large extet [1995), NGC 5194 (Sandage 1987), NGC 6946 (Freed-
has become molecular and/or ionized in the merging process"gn et al. 1994) and IC 342 (Krismer et al. 1995). In or-

this is correct, then the gas/total mass estimates may have Hé&into take proper account of the mid-IR contribution to the

severely underestimated in many dwarf starburst cases. This WIR luminosities, the FIR luminosities were calculated from

complicate the efforts to understand dwarf galaxy evolution IR = 5.35 10 r?(12.66 5+5.00 £5+2.55 §0+1.01 fio) Lo,

general. A summary of the mass estimates is found in Table'dhere r is the distance to the galaxies in Mpc apg fas,
feo and fioo are the apparent flux densities in Jy (Belfort et

) al. [1987), instead of the normal approximation, e.g. FIR =
3.5. Thermal balance and the [CII/FIR ratio 3.75 10 r2(2.58 f+1.0 fi00) Lo, (Lonsdale & Helou 1985).
The important coolant [C1)§158 originates from the surface This choice makes a small but noticeable change in the distri-
layers of PDRs where the'Qons are excited by photoelectrondution of the data in the diagrams.
ejected from grains heated by the UV radiation (Watson 1972a). Fig. 2 displays the distribution of Haro 11 and the compari-
PAHSs are believed to be the dominating agent of this proce§8n sample inthe IRAS{/feo vs. f5/f100 diagram, showing the
Stacey et al[{1991) studied a mixed sample of spiral galaxi€treme position of Haro 11. Fig. 3 shows the FIR/B-60/100 di-
starburst galaxies, giant molecular clouds and galactic star foragram for the sample galaxies. In the diagram are also indicated
ing regions and noticed that while there is a linear relation bé&e loci of normal spiral galaxies and blue compact galaxies
tween the energy density of the UV field and the cooling rate dpultzin-Hacyan et al. 1988). As we see, Haro 11 also in this
the dust, the efficiency with which the [ClI] line is excited seeng@se lies at the extreme of the BCG distribution. The extremely
to decrease with the intensity of the UV field. One should ha$ong 25 emission confirms the lack of cold dust and indicates
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ST "‘;‘ﬁ between the 12, 25, 60 and 10@luxes), the FIR/B flux ratios
and the FIR flux. We found strong correlations o) between

s Y= =
_?c_, - P ] only three of these parameterg;/f1o9, FIR/B and the [CII[/FIR
? o~ o.r — ratio.
= - ° ] In Fig. 4 the trend found by Malhotra et al. is confirmed and
or— — I . .
Colooluolon ool appears even stronger. But it is also evident that the position
0 1 2 3 4 of Haro 11 deviates from the envelope defined by the other
f(25)/1(60) galaxies. The possible explanations for the deviant position of

Haro 11 are either that there is an excess in the [CII] over FIR
luminosity or that thedy/f109 temperature is high, or both. Let
us look at these two options one at a time. A consequence of

Fig. 2. The IRAS £5/fs0 versus theds/f100 micron flux ratios for Haro
11 (star) and the comparison sample (filled dots)

ST lower metallicity is that the UV photons penetrate deeper into
the cloud, thus increasing the volume of the PDR region at
- op® * the expense of the colder molecular core. Strong observational

log(FIR/B)

support of this in terms of a high [CII]/CO flux ratio have been
reported by e.g. Mochizuki et el. (1994), Poglitsch et al. (1995),

\H‘HH‘HH‘HH‘\L
'o
-

E °® . Madden et al[(1997), Smith & Madden (1997) and Israel et al.
Ml b b b Lol (1996). Haro 11 behaves in the same way with its extremely high
-8 -6 -4 -2 0 2 . . . . .
log(f(60)/f(100)) [CH)/CO ratio (> 4 10°). The interesting question is how much

_ o _ the [CH]/FIR ratio will be influenced by varying metallicity
Fig. 3. The FIR/B luminosity ratio vs. the IRAS temperatugg/fioo 0 ger these conditions. The models by Kaufman et al. show

for the same sample as in Fig. 2. The full drawn box indicates the locus . . - .
of normal spiral galaxies and the hatched box the locus of blue com;i@ [CII/FIR is almost unaffected by metallicity variations in

galaxies according to Dultzin-Hacyan et/al. 1988 cases where gn have normal values. This is also in agreement
with observations. In 30 Dor and the cases discussed by Israel
et al. however, the @n ratio is low  0.1) which results in

a diluted radiation field, an increased heating efficiency and
brighter [CII] emission. In Haro 11 the ¢& ratio is normal
(Go/n=1cn?), as seen from Table 3. So, both observations and

o !
A
o
° " *

log([CII/FIR)

h\\\‘\\\\‘\\\\‘\\

5
OHH“HH“H“H‘A

< II ®ole | modelling argue against an increase in [CII[/FIR in Haro 11 due
! to low metallicity. There is also another reason. In Fig. 5 Haro
L1 ‘5‘ L ‘l‘ - 11 adheres to the other galaxies in the diagram. Therefore as a

{(60)/1(100) first guess it is reasonable to assume that [CII]/FIR is normal
while fgo/f100 is deviating.

We concluded in Sect. 3.2 that Haro 11 contains very little
warm or cold dust. Haro 11 is a merging system of galaxies

Fig. 4. The [CIIJ/FIR ratio vs. the IRAS temperaturgoffoo for the
same sample as in Fig. 2. Upper limits are marked with arrows.

R RARARRRERARR R and it is possible that the merging galaxies have lost their cold
NI; Te ,f du;t com'ponents, e.g. extended disks, in the merger process.
I o‘..:.. ] Is it possible that the lack of a ‘normal’ cold dust component
s T R 0:@ ° E could explain the highgf/f1oo ratio? Would the contribution
5 F I ge 4 from such a component be sufficient to move the position of
? I?j E Haro 11 into the region of the other galaxies? It is an impor-
ol b b [ tant question to ask since it separates global phenomena from
2z 1 mg(onma)l 2 local ones. We have made a rough check of this possibility by

selecting the galaxies in the comparison sample having appar-
Fig.5. The [CIIJ/FIR vs. the FIR/B luminosity ratios for the sameent sizes sufficiently large to allow us to obtain IRAS data both
sample as in Fig. 2. M82 is marked with a triangle and Arp220 withgom the very centre and also the integrated IRAS fluxes of the
square. Upper limits are marked with arrows. entire galaxy. In this way we can have an idea about how much
the extended component influences the 60/100 ratio. It turns out
the presence of a strong nuclear starburst (Dultzin-Hacyan ettt in the majority of the cases the IRAS temperature actually
1988; Hawarden et &l. 1986; see also Boulanger ét al.| 19@preasesvhen the extended component is included. Moreover,
Taniguchi et al. 1990), destroying the smallest dust grains (ef@f. the hottest cases, the hot component is always significantly
Desert et al._1990). stronger than the warm/cold component, if existing. Ourimpres-
Figs. 4 and 5 correspond to Malhotras et al. diagram 1. $t9n is therefore that the IRAS temperature of the warm dust of
extract the most important global parameters involved in tffge most active regions in Haro 11 and the galaxies below Haro
relation reflected in Fig. 4, we made a cross correlation test Bd-in Fig. 4 are similar.
tween the [CI])/FIR flux ratio, the IRAS data (i.e. the ratios
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Although we expect a large scatter in Fig. 4 we should exam- ~ H" [T

ine if there may be other parameters involved ruling the balarge '

between [Cll] and FIR emission and explaining part of the scat- o=

terinthe diagram and the deviant position of Haro 11. Since bé¢h

the spectrum of the radiation field and the spatial distributich ;*

of gas and dust in general differs between low-mass starbursts 5, 10000l
and galaxies with AGNs, we could suspectthatwe wouldalso "2 1 o 1 2
find systematic differences in the [CII]/FIR ratios between these log(FIR/B)

types of galaxies. When comparing galaxies classified in the (?-'ﬁ)gj. 6. The [CIIJ/FIR ratio vs. the FIR/B luminosity ratio as in Fig. 5.

tical region as Sy1, Sy2, liners and HIl galaxies we find that thg, e imits are marked with arrows. The different activity classes have
HIl galaxies appear to have abroad dlsmbu'ﬂorbﬂﬂfﬁoo while  peen coded accordingto: Circle-Sy1, Square-Sy2, Triangle: Liner, Star:
the Sy2 and liners tend to concentrate towards high IRAS tepn, Pentagon: Unclassified. The full drawn line shows an idealized

peratures and high FIR/B. Similarly, in a statistical investigaticapproximation of the effect ot increasing optical depth with FIR/B.
of the IR/optical properties of BCGs as related to Seyfert and

Liner galaxies (Dultzin-Hacyan et al. 1988, 1990) it was ShoWege galaxies are ULIGs. There are strong indications that Lin-

that the &s/f100 is @ powerful index that can be used 10 diSg5 gre galaxies with massive nuclear starbursts and likewise

priminate between pure sta_lrbursts and cases where AGNsS &Q8.e of the Sy2 galaxies. Many of these galaxies are proba-
important for the radiation field. bly remnants of massive merges. Even though the luminosity

of some of them are not extreme, high column densities could
3.6. What rules the [CH)/FIR ratio? possibly be obtained also in less massive nuclear starbursts,

i ) i provided they are sufficiently compact. Such very compact nu-
Several possible physical mechanisms have been proposegida, siarhursts are preferentially found in the type of galaxy we

explain the trends in [CIIJ/FIR seenin Fig. 4 and 5 (€.9. Malngy,y ot high FIR/B in the diagram (Heisler & Vader 1986). In
tra etal 1997; Luhman et al. 1998). As we already mentioned ;. jiied form Fig. 6 shows the effect of increasing optical
Malhotra et al. argued that the reduced efficiency in photoejeo(épth on the sample. Where the gas is optically thick in [CII]

tiondue to a hard radiation field could be a plausible explanatiqﬁe ratio between the [CII]/B flux ratio should be approximately
The data for Haro 11 however, acts as a counterexample of thiS, stant. Where it is thin, [CIIJ/FIR should be constant.

Both optical spectroscopy and the ‘hot’ IRAS indices indicate
a hard radiation field. Still, the [CII)/FIR is close to the values ) .
of normal, more passive galaxies. An alternative explanati¢h, [C!ll @s @ probe of high redshift starbursts

that have been discussed by Malhotra et al. and others is tRatywe can see from Figs.4 and 5, the [CII] line in starburst
[Cl1] actually is optically thick in many of the cases where thgalaxies has a maximum luminosity of a few per mille of the
[CH)/FIR ratio is low. The general opinion seems to be thajolometric luminosity and constitutes the peak in the spectral
the [Cl] line is optically thin. These conclusions are based Qjistribution from radio to X-ray. It has therefore been proposed
estimates of the optical depth in a few well known cases, e(@.g. Petrosian et al. 1969; Loeb 1993; Stark 1997) that it can be
M82 (Crawford 1985). But M82 is behaving well in the diaysed as a probe in searches for high redshift starburst galaxies. At
grams (see Fig. 5) and the central column density of the gasdgshifts of 2 5-6, where current models of galaxy formation
not abnormal. From the discussion above we see that, depagsidict the first massive galaxies to form and where optical-near
ing on the velocity field and the relative amount of molecular opservations start to reach the confusion limit, the [CII] line
gas in the G- zone, the medium could become optically thicks shifted into the submillimeter (submm) region and could be
in [CII] at a column density of Nv 10?273 cm~2. Such high detected with a suitable submm telescope at a cold dry site like
numbers can be found in the central regions of some luminaug South Pole (Stark 1997). The most interesting targets would
starburst galaxies. Gerin & Phillip5{1998) elaborated on thgobably be massive starburst mergers, characterized by a high
low [CIIJ/FIR ratio in Arp 220 and it is interesting to compares/100 ratio and a high FIR/B ratio. The tendencies seen in the
this galaxy with M82 and Haro 11 (see Fig. 5). They came &y dy of Malhotra et al[ (1997) however, have created some pes-
the conclusion that with an estimated column density 0t N simism (e.g. Gerin & Phillips 1998) about the feasibility, due
10°* cm~?, thedust opacity and emissiamould be sufficiently g the rapid decrease in the relative strength of the [CII] line
high to explain at least part of the low value of [CI]/FIR. Butyith IRAS temperature. The properties of Haro 11 however,
in fact there may be three sources responsible for reducing fh@icate that the conditions may be more promising than antic-
ratio: dust opacity, dust emission and self absorption. Whatijated since the [Cll}/lz,; of this galaxy is close to the value
maybe most important is how to explain why the [CIlfl,  obtained for the normal galaxies. If this is due to the low metal-
ratio decreases with FIR/B. Therefore the combined effect Iﬂfity of the galaxy or not remains to be explored but if so it
dust absorption and [C”] Selfabsorption should be investigatqﬁay app|y on distant meta|_p00r ga]axies_ The detection prob_
Fig. 6 shows the same data as in Fig. 5, divided into differeggjjities derived by Stark (1997) predict that it would be quite
galaxy types, Sy1, Sy2, Hil and Liners. As we can see, there ig@ssible to detect a galaxy with a mass equal to that of a present
predominance of Sy2 galaxies and Liners at high FIR/B. Most@éy L* galaxy at z=4-5 in a few hours, using a 10m submm
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