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Abstract. A new molecular hydrogen cloud is found in the sub-dampedalysorber [logN(H 1) = 19.88+ 0.05] at the redshift

Zaps = 1.15 toward the bright quasar HE 0515-44%4,(= 1.71). More than 30 absorption features in the Lyman band system

of H, are identified in the UV spectrum of this quasar obtained with the Space Telescope Imaging Spectrograph (STIS) aboard
the Hubble Space Telescop&he H-bearing cloud shows a totalHolumn densityN(H,) = (8.7j%) x 10 cm? and a
fractional molecular abundandg, = (2.3*23) x 1073 derived from the H lines arising from the) = 0 - 5 rotational levels of

the ground electronic vibrational state. The estimated rate of photodissociation at the clougl €diy8 x 1078 s7* is much

higher than the mean Galactic disk valligyy ~ 5.5 x 107! s7%. This may indicate an enhanced star-formation activity in
thez = 1.15 system as compared with molecular cloudg at 3 wherel ~ Iyw. We also find a tentative evidence that the
formation rate coficient of H, upon grain surfaces at= 1.15 is a factor of 10 larger than a canonical Milky Way value,

Ruw ~ 3 x 10717 cm?® s°L. The relative dust-to-gas ratio estimated from the/Z@} ratio is equal td = 0.89 + 0.19 (in units

of the mean Galactic disk value), which is in good agreement with a high molecular fraction in this system. The estimated
line-of-sight size ofL ~ 0.25 pc may imply that the His confined within small and dense filaments embedded in a more
rarefied gas giving rise to thee= 1.15 sub-damped Ly absorber.
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1. Introduction toward the bright quasar HE 0515-4414. This is the first de-
|_tlection of B with the STISHST at an intermediate redshift —
a cosmological epoch when an enhanced star formation rate

is currently observed not only in the Milky Way disk (e.qg. . . .
: SFR) is observed in young galaxies. The SFR shows a peak
Rachford et al. 2002) and halo (e.g., Richter et al. 2003a), li()ltl{2:~)l over the redshi)f/t integr\?al 8753 (see, e.q. Hippeleiﬁ

also in the Ma_lgellamc _Clouds (e.q., Tumllnson et al_. 200& al. 2003 and references therein).
and in more distant regions of the universe such as interven- Molecular hvdrogen. being an important coolant for aravi
ing damped Ly absorbers (DLAS) seen in spectra of back- u ydrogen, being an impor gravi-

ground quasars (QSOs). The DLAs are the systems with n&;qonal collapse of gas CIO.UdS-EtN 10° K, is known to play
tral hydrogen column densitiéé(H1) > 2 x 10%° cr2. They a central role in star formation processes, and thus one may ex-

are believed to originate in protogalactic disks (Wolfe et q?.eCt that the_ SFRand Fhe fractional gbundanceﬂiﬂd corre-
1995). The systems with lower hydrogen column densitiegtEd' Studying B-bearing cosmological clouds leads to better
101° c.m‘z < N(H1) < 2 x 102 cnr2, are formally called understanding of the physical environments out of which first

sub-DLAs. The sub-DLAs may also be related to interveninsée"ar populations were formed.

galaxies. At the momentthere are known 9 molecular hydrogen

systems detected in DLAs and sub-DLAs in the redshift range

from zyps= 1.96 to 3.39 (see Table 1). )
In this paper, we present results from the analysis 8pectral data of the quasar HE 0515-4444h & 1.71,V =

a new 10th H system detected a@ps= 1.15 in the sub-DLA 14.9; Reimers et al. 1998) in the UV range were obtained

with the HSTSTIS (Reimers et al. 2001). The medium reso-
e-mail- lev@astro . ioffe resi.ru lution NU_V echelle mc_)de (E230M) and a0 x 0.2” aper-
* Based on observations with the NASZSA Hubble Space ture provides a resolution power ofA1 ~ 30 000 FWHM =

Telescope, obtained at the Space Telescope Science Institute, wi@tm s'). The overall exposure time was 31500 s. The spec-
is operated by Aura, Inc., under NASA contract NAS 5-2655; arfium covers the range between 2279 A and 3080 A where

on observations collected at the V/IKlueyen telescope ESO, Paranalthe signal-to-noise ratioS/N) per resolution element varies
Chile, programme 1D 066.A-0212. from S/N ~ 20 to ~5. The data reduction was performed by

The most abundant interstellar molecule in the universe,

Observations
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Table 1. Molecular hydrogen abundances and dust conﬁe'rnts:osmological H-bearing clouds.

QSO Zabs logN(H1) logN(H>) log fu, ke H, detection
0515-4414 1151  19.88 0.05 16947023 -2.6472%9 0.89+0.19 this paper
0551- 366 1962  20.5@ 0.08 17427083 —2.7873% 212+ 048 Ledoux et al. (2002)
0013- 004 1.973  20.70t 0.05 1984519 -0.66'219 0.52+ 0.10 Ge & Bechtold (1997)
1444+ 014 2.087  20.0% 0.07 1830237 -1.48238 0.77+0.30 Ledoux et al. (2003)
1232+ 082 2.338 20.9& 0.1¢ >17.19F >-3.41° 0.35+0.12 Ge et al. (2001)
0841+ 129 2.374  20.95% 0.10° 14.56' <-5.98 0024+ 0.005  Petitiean et al. (2000)
0405- 443 2,595  20.9@ 0.10 1816732 —2.4470% 0.17+ 0.06 Ledoux et al. (2003)
0528- 250 2.811 21.35 0.10'® °18.22jg§g ¢ 283702 0.29+0.08 Levshakov & Varshalovich (1985)
0347-3819  3.025  20.6% 0.01 1461292 -5.712%2 0068+ 0.013  Levshakov et al. (2002)
0000- 2620 3.390 21.4% 0.08 913,94 ~-7.2 <0.002 Levshakov et al. (2000)

Note: column densitiedl(H1) andN(H,) are given in crm?; T tentative H identification;* photospheric solar abundances for Cr and Zn are
taken from Grevesse & Sauval (1998), for Mg and Fe from Holweger (2001), see Eq. (3).

2 High resolution UVES data reveal a fews Bubcomponents spread ovef00 km s* (Petitjean et al. 2002¥;Srianand et al. (20005;Ledoux

et al. (2003)¢ Levshakov & Foltz (1988)¢ Mgller & Warren (1993) Prochaska & Wolfe (1999Y; Levshakov et al. (2001).

the HST pipeline completed by an additional inter-order back- 12 ' ‘ ' ‘ ' ‘

ground correction and by coadding the separate sub-exposures. I L2P3
The spectral portion where the;Hnes occur sffers from <
a poorS/N ratio ($20). An additional problem arises from the
limited wavelength accuracy. The MAMA detectors produce an
absolute wavelength definition between 0.5-1.0 pixell{@it
as given by Brown et al. 2002). For our data 1 pixel corre-
sponds to 0.038 A. The spectral overlap of successive echelle2
orders allows to examine the wavelength errors from order to %
order. Using well-defined line profiles we find relative wave-
length shifts of 0.02—-0.05 A (see Fig. 1 for an example).
Additional echelle spectra of HE 0515-4414 were obtained
during ten nights between October 7, 2000 and January 2,
2001 using the UV-Visual Echelle Spectrograph (UVES) in- i :
stalled at the VLTKueyen telescope. These observations were 532 5330 2333 2334 2335
carried out under good seeing conditions (0.47—0.70 arcsec)
and a slit width of 0.8 arcsec giving the spectral resolution
of 1/AA ~ 55000 FWHM = 6 km gl)_ The VLT/UVES data Fig. 1. Typical example for a relative wavelength shift between succes-
have a very higl8/N ratio (x50-100 per resolution eIement)Sive orders. The FL2-0 P(3) line shows a éierence oAl ~ 0.04 A
which allows us to detect weak absorption features. (Av ~ 5 km s1). The lines at the bottom indicate the noise level.

The high resolution VLIUVES data reveal two narrow

components in the fine-structuret Gnes associated with the provide the mostféicient H, formation on their surfaces (see,
sub-DLA atzyps = 1.15 (de la Varga et al. 2000). The stronges.g., Pirronello et al. 2000 and references therein).
component at,ps= 1.15079 is separated from the weaker one

by Av =~ 8 km s, and shows 2.8 times higher column den3.1. Atomic hydrogen column density and metal

sity (Quast et al. 2002, hereafter QBR). Exactly at the redshift abundance

of C1 lines we identified more than 30 absorption features in

the Lyman band system of molecular hydrogen(ste Fig. 2). In order to estimate the column density of atomic hydrogen
contained in the sub-DLA, particular care has to be taken.

Since the Doppler core of the yline is completely saturated,
3. Measurements only the Lorentzian part gives information about the line pro-

file (Fig. 3). Moreover, the Lorentzian part is less pronounced
In this section we describe the measurements of the nélian for typical DLAs and hence less distinguishable from the
tral hydrogen column density, metal and dust content agdasar continuum. Therefore, we simultaneously optimised the
the H, abundances in theys = 1.15 sub-DLA. These valuescontinuum and fitted the spectral features using standard Voigt
are well known to be physically related. The formation angrofile fitting technique. The continuum is modelled as a linear
maintenance of diuse H in the Milky Way clouds is tightly function, and the Voigt function is calculated using the pseudo-
correlated to the amount of interstellar dust grains, whidloigt approximation (Thompson et al. 1987).
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Fig. 2. Continuum-normalized STIS spectra (histograms) of the quasar HE 0515-4414 (individual echelle orders ma#epcihg over-
plotted synthetic K profiles (smooth lines) arising from the rotational levéls 0 to J = 5 of the lowest vibrational level = 0 in the ground
electronic statexlzg. The noise level is shown by the dashed lines in each panel. The identfigtekl are calculated for a two-component
model with the components located at the measured redshifts ofitleeSz, = 1.15079 and, = 1.15085, having the widths; = 2.0 km s,

b, = 3.5 km s (Quast et al. 2002), and a column density rétjgN; = 0.1.

Our optimized model (Fig. 3) reveals some additional ab- To measure the metal abundance in the main
sorption in the blue part of the dampedd.yine at Av ~ sub-component of thezy,s = 1.15 system we used
—-420 km s'. This additional absorption is HLya which the Znm 1120262063 lines (Fig. 4). The presence of
is seen also in metal lines. The whole sub-DLA system dhist grains in DLAs is usually estimated from the abundance
spread over 700 km~$ (Quast et al. 2003). This line to-ratio [CyZn]* assuming that Zn is undepleted (Pettini et al.
gether with other narrow absorption lines seen in the wings B8894). In our highS/N spectrum, only a weak @r 12056
the damped Ly were included in the Voigt fitting. line was detected atv = 0 km s (Fig. 4). Other Ci1 lines

The derived column density of atomic hydrogen in the
sub-DLA is logN(H1) = 19.88 + 0.05, where we estimated 1 [X/Y] = (X/Y) = (X/Y)o, Where K/Y) is the logarithmic value
the standard deviation by varying the column density until th the element ratio by number without reference to the solar value.
resulting model profile is apparently inconsistent with the Ob’hotospheric solar abundance§/Y), are taken from Grevesse &
served data (Fig. 3). Sauval (1998) and from Holweger (2001).
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Fig. 3. Part of the H Lya forest showing the damped &ysystem.

The thin solid and dashed lines indicate the continuum normalized
flux and the noise level, respectively. The thick solid curve represents
the optimised Voigt profile model of the spectrum. The thick dashed
curves show the individual profiles of the damped dwyfine corre- 0.
sponding to 70, 100, and 130 percent of the optimised column density
N(H1) = 7.6 x 10" cm 2. The blue part of the damped line overlaps (¢
with some additional H absorption components clearly identified by

the presence of many associated metal lines (Quast et al. 2003). The
zero point of the radial velocity corresponds to the redghiftl. 1508. L e e e i I B e e e
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(112062 2066) are too weak to be visible. Their oscillator

strengths scale abose: f2062: f2066 = 1:0.74:050 (Bergeson & i

Lawler 1993). e e T
The column densities for Zm and Cni were calcu-

lated by Quast et al. (2003): la¢(Crm) = 1201 + 0.09 0.

and logN(Zn1) = 11.99 + 0.02. We used these values to es-E

timate the dust-to-gas ratio in Sect. 4.2. 06

3.2. H> column densities 1100 70 0 10 00

Molecular hydrogen ata.ps = 1.15079 is detected in thé = (i o0

0 up toJ = 5 rotational levels. At a spectral resolutiorkig 4. parts of the UVES observations showing absorption arising
of ~10 km s it is not possible to resolve the internal structrom the ions Crr and Znu (histograms). The solid and dashed lines
ture in the H lines observed in the Cabsorption (see Fig. 1 represent our optimised model and its deconvolution, respectively.
in QBR). The H-bearing gas may also be distributed ovevig1 12026 absorption from the same sub-DLA is indicated. The zero
a wider velocity range as compared withi @hich is eas- point of the radial velocity corresponds to the redshif 1.1508.

ily ionised by UV photons in optically thin zones. However,

for a good approximation one can assume thatttdces, in

general, the volume distribution of IGince such correlation Moreover, the noise level (shown by the dashed line) is rather

i : : igh for the available STIS data and this may explain why some
'fgén(%eiﬂe?te)?ggﬁg (I)Tjrt;—;nl\e/llllngi/s\(lvvaeyu(sig.é tl\:/\(/aiecg?nanor?ér%]f H, features are inconsistent with others. For instance, the

' ' Y3 P observational profile of L4P4in panela differs from those
model based on the observations of By QBR. We note

. L of L3R4 (@), L3P4 (), L2R4 and L2P4 ), and L1R4 ().

that the Q data were obtained with higher spectral resouﬁelative strengths of the LORO and LOR1 lines frontret-
: ~ 1 . . . i
tion (FWHM = 55 km s7) and considerably higher signal ent echelle orders (panaisande) are not consistent (LORO is
to-noise ratio (up t&/N ~ 130 for the parts of the spectrum artly blended with Fa 12383 atz = 0). The apparent depths
with C1 lines). party A PP P

Panels—ein Fig. 2 present echelle orders of the STIS speo—f the close pairs LOP2 LORS () and LOP1+ LOR2 (e and

. i SPeg , as well as the single lines L1R2, L2Ré) @re deeper than
tra of HE 0515-4414 (histograms) in the wavelength reglonstﬁ%(ose calculated from the simultaneous fit to alllides.

the_ &k LV”_"a”_ 0-0 to 4-Obands, togt_‘:\therwﬁh a two-componen Under these circumstances a standastjuare fitting can-
Voigtprofile fitof the data (smooth lines). Itis seen that some %t rovide a statistically valuable measure of goodness-of-fit
the identified H transitions are contaminated by thedlfprest P y 9 '
or blended with metals from fierent intervening systems. This 2 since all B transitions considered in the present paper arise from
hampers significantly the measurements of accurate equitf@ ground electronic-vibrational state, we use a short notation like
lent widths and their analysis through the curve of growth4P4 which means L4-0 P(4) in the standard form.
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To estimate model parameters we required that the calculatable 2. The H, column densities for dierent rotational levels from
spectra were within & uncertainty range for the majority ofthezus= 1.15 sub-DLA toward HE 0515-4414.
the unblended H profiles or their unblended portions which

match the data. Level logN(J) logN(J) logN(J)

We tried to optimize a set of thejdolumn densities for the accepted min max
two-component model with the components located at the mea- J=0 16.47 16.00 16.70
sured redshifts of the Qinesz; = 1.15079 and», = 1.15085. J=1 16.60 16.00 16.85
The broadenindp-parameters were fixed & = 2.0 km s?, J=2 15.85 15.70 15.95
b, = 3.5 km s1 (as deduced from the Qines by QBR), but a J=3 16.00 15.90 16.18
column density ratio between the sub-compone¥itgN;, was J=4 15.00 14.85 15.30
a free parameter ranging from 0.03 to 0.36 (the latter corre- J=5 14.48 14.30 14.60

sponds to the €column density ratio found in QBR).

For a given H component, the santeparameter was used o L .
g H P P However, in view of the large uncertainties in the column densi-

independently of th_e rotational level. The cqlumn densny_ 'tr'{]esN(O) andN(1), we can only provide an order-of-magnitude
eachJ level was derived from several calculations of the V0|qE .
stimate for these parameters.

mg:gﬁsﬂ\:\g tgt?sg)r(\?aii\é?;esogé{[r'\lal ?T]de ?ifrﬁ:%nt%;‘:&gmg;‘ Another obstacle in the Hanalysis is that the balance equa-
b i 9 t'lo_n is related to the space densities of End H. In case

(an adjustable minimum and maximum) were chosen to es%
oo o of homogeneous clouds one can assume iiidt)/n(Hz) ~
mate the uncertainty interval for column densities.

. o " _ N(HT)/N(H2). H hi i
All identified transitions fromJ = 0 and 1 are optically (HI/N(Hz). However, this assumption may not be correct

. X . r DLAs where multiphase structures and complex profiles
thick, butthe apparent central intensities of the LORO and Lo'gie usually observed.pObservations show that wri)th egch step
lines d) are not zero (we consider the LORO line in paaalk

X . . in increasing spectral resolution the profiles break up into sub-
corrupted by a bad merging offtérent spectra). These lines re- gsp b P

. . Py 6. - _components down to the new resolution limit.
strictN(0) andN(1) by, respectively, & 10'° and 7x 10°® cm The sub-DLA atz,,s = 1.15 reveals, for example, transi-

atN,/N; = 0.03. On the other hand, we observe neutral carb . : .
which is usually shielded in molecular clouds from the baCEans from neutrals and low ions (2@, C1i, Sir) to highly

> T o . . lonized ions (as @v, Sitv) spread over\v ~ 700 km st
round ionising UV radiation by the +absorption arising from PR )
tgheJ -0 andgl levels. An esZentii_lashielging in Hheg oc- (Quast et al. 2003) which implies that the neutrattbéaring

PO ; - cloud(s) is embedded in a lower density, higher temperature
f:;;;vgﬁ\ln(\g(ﬁ%i)lol cnr=. This gives us a hint ataIOOSSIbIegas. Neutral hydrogen Hcan be spread over all gas phases

I that contain neutral gas with and without molecules. The H
For the lower value oN,/N; = 0.03, the contribution from

h d ; liaible. but th heti on the other hand may have a very inhomogeneous distribu-
t. € secon Hcomponent Is negligible, but the syn.t elic Progan in DLAS and concentrate in small clumps (Hirashita et al.
files are systematically narrower as compared with the d

) , 03). Thus, only a fraction of the totaliHnay be relevant to
The presence of the second _component is, therefore, IMportant. <o rmation of H. In our Galaxy, for instance, “tiny-scale
Og the othe_r dhand, tr?e_maxuplum vaIueNk_f/ Ny =_O'36 prg— atomic structures” (TSAS) and “small-area molecular struc-
vides too wide synthetic profiles even with(0) = N(1) =, .o5" (SAMS) in the ISM are observed (e.g., Lauroesch &

6 op-2 : :
1h01 cm . we Loun(_j that W'tHBIZ/('j\IldN O'é an optimal Isetfof eyer 1999; Heithausen 2002). They show very high densities
the H, column densities may be deduced. An example of sugh ° 15”1 (% cm1-%) and very small sized.(~ a few AU),

solution is shown in Fig. 2. The obtained results are given In To take this uncertainty into account, a scaling fagtot

Table 2. 1 for the HI column density can be introduced. Following
Richter et al. (2003b), who observed similar complex structures

4. Discussion in the Milky Way halo molecular clouds, we define

We investigate now the physical conditions in thgs = n(H ')] = N(H '), 1)
1.15 H--bearing cloud by considering the processes and (Ho) | N(H2)

rameters that balgnce the formation and dissociation_of mo'ﬁ\ﬂierec stands for the cloudlet(s) where,Hs confined
ular hydrogen. Since our observations show a relatively higlqn(H 1) is the total neutral hydrogen column density along
metallicity in this sub-DLA, [ZriH] = -0.49+ 0.10 [i.e.,Z ~ ihe sightline within the absorber.

(% - 2)2,], and the dust content s approximately similar to the

mean value for the cold gas in the Galactic dikk~ 0.9), L

. . . 4.1. Kinetic temperature

we consider catalytic reactions on the surfaces of dust grains

(Hollenbach & Salpeter 1971) as the dominantfdrmation The kinetic temperature of the gas is usually estimated through

process, whereas ion-molecular gas phase reactions (Bléak excitation temperatury; describing the relative popula-

1978) are lessf&cient. tions of thed = 0 andJ = 1 levels. This temperature is pro-
The measured column densities can be used to estimatepgbdional to the negative inverse of the slope of the excitation

kinetic temperaturel iy, the gas density)y, the photodissoci- diagram drawn through the points of the respeclilevels in a

ation rate|, and the rate of molecular formation on graiRs, plot log[N(J)/g(J)] versusg(J) shown in Fig. 5. HereE(J) is
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J :? 1 2 3 4 5 whereN(H) = N(H 1) + 2N(Hy).

L h Listed in Table 1 are the molecular hydrogen fractions in
all known H; systems. Thdy, values were derived in the stan-

dard way assuming the scaling factbr= 1. This may imply

that the listed molecular hydrogen fractional abundances are

T T
L1

16

% L l ] systematically underestimated.
~ L L J
=15 N P 7] In Fig. 6 we compare these abundances with the dust-to-gas
w o L b ] ratios, k, estimated from (Vladilo 1998):
— | -
14 f —
T, ~9 K ]
13- T, = 400 + 80 K g L 10P%/Hlobs (1dX/Y]obs_ 1) 3)
C ] fxism — fyism '
P I B R B BV B
6] 500 1000 1500 2000 2500
Excitation Potential. K whereX andY are two heavy elements withfterent depletions

Fig. 5. H, rotational excitation in thetys = 1.15 sub-DLA toward N dust. For all systems except Q 0405-443 and Q 1282

HE 0515-4414. The logarithmic column densitlég), divided by we usedX = Znit andY = Crit with their fractions in dust
the statistical weighy(J) for each state), are plotted against the ex- fzn sy = 0.587 + 0.048 andfcr sy = 0.920+ 0.010 refer-
citation potential. The dashed lines represent fits from a theoretigilg to the Galactic interstellar medium (Vladilo 2002, here-
Boltzmann distribution. The rotational ground statés; 0 and 1, fit after VV02). Since column densities for Airand Cnr are not

on a line that is defined by a temperatureTef = 90 K. The excited known for Q 1232082, we used in this casé = Mg11, Y =
levels,J = 2-5, fit on a line withT,s = 400+ 80 K, possibly indi- Fen and fMg s = 0.715+ 0.056, fraisy = 0.939+ 0.004
cating excitation mechanisms through UV pumping anddimation from V02, alihough Mg and Fe may have not the same nucle-
pumping. osynthetic history. For Q 0405-443, theiCabundance is not
available and we used Fanstead of Ci1. The errors of thé&
values were calculated by applying error propagation method

the excitation energy of the rotational le\vktelative toJ = 0, X , X
to the column density measurements quoted in the literature.

andg(J) is its statistical weight.
Figure 5 shows that the value ®§; is rather uncertain in Figure 6 demonstrates an apparent correlation betviigen
our case because of large errorsNf0) andN(1). Its mean andkin the range & k < 1 which supports the assumption that
valueTo; =~ 90 K corresponds to the excitation diagram showmolecular hydrogen abundances in quasar absorbers are gov-
by the dotted line, and its upper limit is about 270 K, whickrned by the dust content similar to that observed in the Galaxy.
represents, probably, an upper limit fbg, of the gas in the This conclusion rises the question: why is thg détection in
main sub-component of thgys = 1.15 system. QSO absorbers in this case so rare (lower than 30% accord-
For levels withd = 2, 3,4, and 5 the accuracy of the columring to Ledoux et al. 2003)? Following Hirashita et al. (2003),
densities is higher and we fiffgs = 400+ 80 K. The diference we suppose that a relative paucity of bbservations in DLAs
between To1)max and (T25)min IS NOt significant and the pointsmay be caused by a bias against findingiil dense molec-
in Fig. 5 can be fitted, in principle, to a single excitation diadlar clumps that have a small angular extent and thus a small
gram. But the previous analysis of the fine-structure level popuelume filling factor. DLAs are mainly associated withfdise
lations of CI, where the most probable value fbg, of 240 K clouds that have large volume filling factor and low molecular
was found (QBR), indicates that these two temperatures nfegctions, but they may also contain a small size dense fila-
not be equal. This is also in line with results on thedtudy in  ments like the above mentioned TSAS or SAMS. Besides, low
the Milky Way which revealed that single excitation diagramsetallicity of the QSO absorbers can also significantly sup-
fit usually only optically thin lines withN(Hz) < 10* cm?  press H formation (Liszt 2002).

(Spitzer & Cochran 1973). For higher column densities, there One pointin Fig. 6 (Q 0551-366) shows an unrealistic high

e blfgrcanon to two temperatures, depending on Jfievels dust-to-gas ratio, about 2 times the Galactic value. This large
(Jenkins & Peimbert 1997). , X .
value may be, probably, explained by systematic errors in the
measurement of the 2ncolumn density. For instance, the rel-
4.2. Fractional molecularization and dust content ative abundance of Si, [#l] = —-0.42+ 0.11, difers signifi-

. . . cantly from [ZnH] = —0.08 + 0.12 according to Ledoux et al.
According to our cglcglaﬂons presented in Sect. 31 the ’002). The fraction of these elements in dust in the Milky
tal Hr column dgnsn_yzm the main sub—co:g\g)onenNEH I)_2: Way is approximately identicalfsiism = 0.691+ 0.069 and
(7.6 = 0.9) x 10" cm 2. With N(Hz) = (8.7*5¢) x 10*° cm?, fzusm = 0.587 + 0.048 (V02). At [FgH] = —-0.90 + 0.11,
the ratio of H nuclei in molecules to the total H nuclei is Ledoux et al. measured [Se] ~ 0.5 which is in line with

2N(Hy) 23 3 other observations (see Fig. 1 in V02). This means thatHZn
Hy = N(H) = (2.3177) x 107, () is most likely overestimated in thagps= 1.962 system.
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(=]

LA DL B I B I By substituting numerical values in (5) and (6) we obtain,
S respectively, Rny]c = (3.13}) x 1041 st and (36 +
—{— 8 1.2)x 1041 s71, which are consistent in the rangRer]. =
e 10 (4.1+1.7)x 101 s, and independent on the local value

s e —— ” —‘— of Bo, as pointed out by Jura (1975b).
4 S To estimate the photodissociation rate at the cloud sur-
face |y, the shielding fect is to be taken into account. The
shielding factor,S, depends on line overlap, self-shielding
of Hp, and continuum absorption. Lee et al. (1996) showed that
these various factors can be well represented by theokimn
density. They calculated the values®as a function ofN(H)
for a turbulent velocity of 3 km, which suits well for our
BT — case. From their Table 10 we firl = (1.92873%/9) x 1073

o 05 1 15 2 N 25 for N(H2) = (8.729) x 10'® cm?, respectively. This gives us

dust—to—gas ratio, k a rough estimate df = RryN(H1)/SNH,) = 1.8 x 108 st

(with the uncertainty of about 120%), 8 ~ 1.6 x 107" s71.
The result obtained should be considered, however, as an upper
the mean Milky Way value) in DLAs and sub-DLAs. Indicated b)llmlt O_n Bo since In our e_stlmatl_ons we ?‘S.S“med that tiesH
numbers are the systems found in spectra of QSOs 0000-2620 ?ﬂe _S'nge gas cloud. If, in reality, the; lis inhomogeneously
0841129 (2), 0347-3819 (3), 123P82 (4), 0528-250 (5), distributed among several cloudlets, the valuggo$hould be
0405-443 (6), 0515-4414 (7), 144814 (8), 0013-004 (9), and lower.
0551-366 (10). A correlation between the two quantities in the range In the Milky Way, the mean value f@#o haio ~ 0.580 disk =
0 < k < 1is apparent (a large shift &ffor Q 0551366 is probably 2.5 x 10°1% s1 (e.g., Richter et al. 2003b) and, thus, we may
caused by systematic errors in the data obtained by Ledoux et al. 2Q@#nclude that the Hin the z.ps = 1.15 sub-DLA is probably

|
N
T T T I T T T I T T T I T T T
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

Fig. 6. Relation between K fractional abundan~ce6H2 plotted on a
logarithmic scale and relative dust-to-gas rakiqwith respect to

see text). exposed to a radiation field with the intensity much higher than
_ ) o the mean Galactic value. For comparison, molecular clouds
4.3. H formation and photodissociation rates in the LMC and SMC also reveal 10-100 times more intense

UV radiation field than the Galactic one (Browning et al. 2003).
High rotational excitation of the fbbserved in the LMESMC

gas and at,ps= 1.15 is compared with Galactic data in Fig. 7.
We note that the upper limit on the local UV fieldzags= 1.15

Iny, = Rnny ~ 0.1180Nk,, (4) of about 100 times the Galactic value was independently deter-
wheren = ny + 2ny,, andgo is the photoabsorption rate deMmined from the anal_ysis of thel(Iine-st_ructu_re_Iines by QBR.
pending on the local UV radiation field (one may neglectthe ~ We can also estimate the photodissociation rate produced
dependence ¢ for an optically thick cloud since the photoabPY the intergalactic UV background (UVB) field on the surface
sorption rates from the levels> 2 are low). of a cloud (Hirashita et al. 2003):

To estimate the formation rate of,Hupon grain sur-
facesRny, we use approximation described by Jura (19756)4\’
It assumes thaﬁ.X the IengsJ =4andJ =5 are populated whereJs (in units 102 erg cnt? s Hz-? strY) is the UVB
by direct formation pumping and by UV pumping froin= 0 intensity at 1 Ryd averaged for all the solid angle.zjs =

andJ = 1, (i) the seif-shielding in the levels= 0 andJ =1 4 ;5 3, . 0.4 (Haardt & Madau 1996), and thissys is of the
is about the sameiii() the upper levels) = 4 andJ = 5 are 4o of 5, 1013 51 which is about 4 orders of magnitude

depopulated by spontaneous emission (which is valigh ik |, o1 a5 compared with the derived valud ok 10852, The
10* cm%). We do not consider additional rotational excitatioy ocance of bright young stars in thgs = 1.15 sub-DLA is
s= 1.

of H, caused by a shock pecguse restrictions on the gas Rifore required to maintain this high valuelgf
sity (n ~ 100 ch3? and kinetic temperaturd g, < 240 K) Star-formation activity is not, however, intense in
set by the observations ofICCr’, and Q™ (QBR) show that the H-bearing clouds at higher redshift. For example,

.COH'?'(L@I eﬁﬁltat|on ofdthe Igy(ilsb:f andJ; i-lys-nOt_Slgglg the UV radiation fields in the,s = 3.025 H absorber to-
icant. Using the cascade redistribution probabilipgs = 0. ward Q 0347-3819 and in the Galactic ISM are very much

andps; = 0.12, calculated by Jura (1975a), and assuming, . (Levshakov et al. 2002). Other examples may be found
Tkin = 90 K, we can re-write Egs. (3a) and (3b) from Jurﬂ] Ledoux et al. (2003)

(1975b) in the form

In equilibrium between formation on grains with rate fibe
cientR (cm® s71) and photodissociation with rate(s™), we
may write that (Jura 1975b)

5 ~ 1.38x 10712J,,, (7)

o N(4) _
[Rmy]c = 2.35x 10 9W¢ g (5) 4.4. Gas density and H» formation rate coefficient
and We now consider constraints on the volumetric gas demgity
s N(5) and the H formation rate cogicientR stemming from the fore-

[Rru]c = 9.15% 107 N(H |)¢_1' (6) going estimation of R ~ 4 x 10451 5L,
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XOII“I 5 Conclusions
r 0 T+ <>°<><>
20 j s INZIN » N T 2l o N N -
<o o AE] o A0 N o < 0&
ST s LG ° ® i We have analyzed the HAITIS and VLTUVES spectra of the
E,, 1 1. 1 quasar HE 0515-4414 and deduced the physical properties of
6l R ° ] the H-bearing cloud embedded in the sub-DLAzgis= 1.15.
[ osue B2T Lame 1 The main conclusions are as follows:
ALNC o ALMC °
14 - oMW —1 OMW -
L | [ B | [ B
- °o = = 0 . In the STIS spectrum of HE 0515-4414 we have identified
Log [N(4)/N(2)) Log [N(5)/N(3)]

Fig. 7. Total column density of Kl vs. excitation ratiodN(4)/N(2)
and N(5)/N(3), for LMC, SMC, Milky Way (data are taken from
Browning et al. 2003), and sub-DLA a&,s = 1.15 (dots with error

over 30 absorption features with the Lyman lines arising
from theJ = 0-5 rotational levels of the ground electronic
vibrational state of K. These lines have exactly the same
redshift as the fine-structure transitions ini@entified ear-

bars). A systematically higher rotational excitation is observed in the |jgr by QBR in the UVES spectrum of this quasar.

Magellanic Clouds and in the sub-DLA as compared with Galacti
data points.

A useful reference pointis provided by the- 2 level. The
population of this level is more directhffacted by collisional

2. We find a total H column density oN(Hy) = (8.7+87) x

10'® cm=2 and a molecular hydrogen fraction &, =
(2.323) x 1073,

3. From the measured ratios f@} = -154 + 0.11 and

[Zn/H] = -0.49+0.10 we calculated the relative dust-to-gas
ratiok = 0.89+ 0.19 (in units of the mean Galactic disk

processes, since it has a longer radiative lifetime as comparedya|ye) in the molecular cloud (the ratio [@n] is usually

with J = 3 and other levefs The critical densitynfy, at which
the probability of collisional and radiative de-excitationJof
2 are equal is 200 cr, if Tijn = 100 K, andnf = 80 cnt?3, if
Twin = 240 K (the collisional de-excitation rate dfieientsq;;-
are taken from Forrey et al. 1997).1f > nf, collisional de-
excitation becomes important.

To estimateny, the grain formation rate of Hshould be

used to indicate the presence of dust in DLAS). The de-
rived H, fractional abundance correlates with the dust con-
tent showing increasingu, with increasing in cosmologi-

cal molecular clouds. This indicates that catalytic reactions
on the surfaces of dust grains is the dominapnfdtmation
process not only in the fluse clouds in the Milky Way but

in the DLA systems as well.

known or vice verseaRis a complex function of the gas and dust4, Two excitation temperatures are required to describe the ro-
temperature and other poorly known parameters (Hollenbach tational excitation of the kgas: for thel = 0 andJ =

& McKee 1979). According to their calculationRyw ~ 3 x
101" cm? s71. Using this value, we finay = 1300 cn?, if
¢ < 1. However, for such large density, tde= 0 andJ =

2 levels as well as thd = 1 andJ = 3 levels should be in 5.
thermal equilibrium, which we do not observe. Moreover, the

upper limit on the gas density set from the excitation af C
is 110 cnT® (QBR). If we tentatively adophy ~ 100 cnt?,
thenR ~ 10 Ryw.

This value ofRR is larger than predicted in theoretical
calculations, but it is conceivable th& may vary in space

since we observe considerable variations in the UV extinction

among diferent clouds. A low grain formation rate oL R ~

0.1Rww) was, for instance, recently estimated in the LMC ané.

SMC by Browning et al. (2003). Although our high valueRf
is consistent with the best determinations of upper limitRto

towardy Peg,v Sco,1 Sco etc. (Jura 1974), we cannot without

1 levels we findTp; ~ 90 K and the upper limit for the ki-
netic temperature of the gas of about 270 K. Bef 2 -5

we deriveT,s = 400+ 80 K.

From the relative populations of;Hh theJ = 4 and 5 ro-
tational levels we estimated the rate of photodissociation at
the cloud surfacéy < 1.8 x 1078 s which is much higher
than the mean Galactic disk value. Star-formation activity
may be very intense in the close vicinity of the-Bearing
cloud, which is in line with the observed high SFR in galax-
ies at intermediate redshift,~ 1. At higher redshiftz ~ 3,

we do not observe such intense UV fields in the molecular
clouds.

We also find that the formation rate ¢beient of H, upon
grain surfaces is probably 10 times higher as compared with
the conventional value adopted for the Milky W&uw ~
3x10 Y cmP s,

further observations conclude that this result is certain. To tegt We find that in order to be consistent with the measure-

whether or not the grain formation rate ¢deientR exceeds
the value oRuw, a higher accuracy for thg(0) andN(1) col-
umn densities is needed to verify thiah # Tos.

Forny ~ 100 cnt3, the linear thickness of thebearing
cloud is smallL ~ 0.25 pc. Similar characteristics of molec-

ular hydrogen small structures are found in intermediate-

velocity clouds (IVC) in the Milky Way halo (Richter et al.
2003b).

8 130 = 34 x 10 s, andt;_3 = 2.1 x 10° s (Turner et al. 1977).

ments of the population ratios of the fine-structure levels
in C1, the gas density in the molecular cloud should be
~100 cnT3, which implies that the line-of-sight size of this
cloud is small,L ~ 0.25 pc. Small sizes and a low level

of the H, detections in the DLAs favour calculations of
Hirashita et al. (2003) who showed that the iHay have
very inhomogeneous distribution within these systems. The
diffuse molecular hydrogen gas forms, probably, in small,
dense filaments during the cooling and fragmentation phase
in DLASs.
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