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Molecular absorbers

• Intermediate-redshift galaxies lensing more distant quasars
• Molecular absorption undiluted by distance
• Line strength proportional to the quasar brightness
• Study rare isotopologues in distant galaxies

• Probe one or more small regions (=size of quasar image) in the 
absorbing galaxy
• Absorption depth proportional to line opacity
• Direct measurement of isotopic ratios (for optically thin lines)

• Only a handful of such systems known, two well studied: MA0.89 and 
MA0.68
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Molecular absorber MA0.89 toward 
PKS 1830-211
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Molecules in MA0.89
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Table 3. Census of species detected at z = 0.89 toward PKS 1830−211.

Toward the SW image

1 atom H (d), C (in)

2 atoms CH (n), OH (d), CO (bcin), 13CO (n), CS (a f n), C34S ( f ), SiO ( jkmn), 29SiO (km), 30SiO (m), NS (k), SO (kmn), SO+ (k)

3 atoms NH2
(n), H2O (hn), H17

2 O (n), C2H (ekmn), HCN (ae f kmn), H13CN (e f kmn), HC15N ( f kmn), HNC (ae f km),
HN13C (e f kmn), H15NC ( f kmn), N2H+ (ak), HCO+ (ae f kmn), H13CO+ (ae f kmn), HC18O+ ( f km), HC17O+ ( f kmn),
HCO (kmn), HOC+ (kmn), H2S ( f ), H34

2 S ( f ), H2Cl+ (n), H37
2 Cl+ (n), HCS+ (m), C2S (k)

4 atoms NH3
(ghn), H2CO (cek), l-C3H (k), HNCO (km), HOCO+ (m), H2CS (k)

5 atoms CH2NH (kmn), c-C3H2
(ekm), l-C3H2

(k), H2CCN (k), H2CCO (k), C4H (k), HC3N (e jkm)

6 atoms CH3OH (kln), CH3CN (km), NH2CHO (m)

7 atoms CH3NH2
(km), CH3C2H (km), CH3CHO (k)

Toward the NE image

1 atom H (d), C (n)

2 atoms CH (n), OH (d), CO (n)

3 atoms H2O (n), C2H (kn), HCN ( f kmn), HNC ( f k), HCO+ (c f kmn), H2Cl+ (n)

4 atoms NH3
(n), H2CO (k)

5 atoms c-C3H2
(k)

Notes. In bold face, first detections toward PKS 1830−211. Underlined, first extragalactic detections.

References. (a) Wiklind & Combes (1996); (b) Gérin et al. (1997); (c) Wiklind & Combes (1998); (d) Chengalur et al. (1999); (e) Menten et al.
(1999); ( f ) Muller et al. (2006); (g) Henkel et al. (2008); (h) Menten et al. (2008); (i) Bottinelli et al. (2009); ( j) Henkel et al. (2009); (k) Muller et al.
(2011); (l) Ellingsen et al. (2012); Bagdonaite et al. (2013a); (m) Muller et al. (2013); (m) this ALMA cycle 0 survey.

Table 4. Results of Gaussian fittings for the v = +170 km s−1 absorption
feature toward the SW image.

Line V0
† FWHM Integrated opacity‡

(km s−1) (km s−1) (km s−1)

H2O 110−101 173.5 (0.2) 4.8 (0.6) 0.187 (0.019)
HCO+ 2−1 171.4 (0.5) 10.0 (1.3) 0.125 (0.013)
HCN 2−1 172.6 (0.4) 9.3 (0.9) 0.180 (0.015)

Notes. (†) Heliocentric frame, taking z = 0.88582 ; (‡) Assuming a con-
tinuum covering factor fc = 1 .

−240 km s−1 and −120 km s−1 toward the NE image (Fig. 2, cen-
tral panel).

On the other hand, we do not detect any absorption feature
corresponding to the −300 km s−1 velocity component in either
of the SW or NE ALMA spectra. This component was detected
in both HCO+ and HCN 1−0 lines in the ATCA data, although
with a limited signal-to-noise ratio of ∼3σ. The ALMA spec-
tra do not confirm this component and it remains unidentified.
The strongest lines in the ALMA survey are the 557 GHz wa-
ter line (non-detection down to a rms of 0.9% of the contin-
uum level per 0.5 km s−1 channel) and the HCO+/HCN 2−1 lines
(non-detection down to a rms of 0.2% of the continuum level
per 1.5 km s−1 channel). Since the ATCA HCO+ 1−0 absorption
intensity of the −300 km s−1 component reached 0.3% of the to-
tal (NE+SW) continuum level and the 2−1 transition of HCO+
should have a slightly higher opacity (assuming excitation by
CMB photons as a minimum), we would expect to detect the
line in the ALMA data. Its non-detection implies either that the
signal in the ATCA spectra of both HCO+ and HCN 1−0 lines
was spurious, or that the absorption intensity of this component
decreased since the ATCA observations.

v

Fig. 4. Spectra of the H2O, HCO+, and HCN lines toward the SW image,
showing the v = +170 km s−1 velocity component besides the broad and
deep feature at v ∼ 0 km s−1. The red curve shows a Gaussian fit of the
line, with parameters given in Table 4.

4.2. The absorption along the SW line-of-sight

4.2.1. Saturation and continuum source covering factor

A few species in our survey – namely H2O, HCO+, HCN,
and CO – show a very deep absorption toward the SW im-
age (at v ∼ 0 km s−1). The lines (see Fig. 5) are clearly satu-
rated, as indicated by the detection of some of their rare iso-
topologues. However, the absorption depth does not reach the
full intensity of the continuum emission and so we can conclude
that the absorbing clouds do not entirely cover the SW contin-
uum source. We measure the saturation level by averaging the
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B 0218+357
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reduce blurring. At the end of this process, each visit, except for
visit 15, provided us with an output image with improved sampling
compared to the individual input exposures. The deconvolution of
these images is described in Section 5.

Since deconvolution depends greatly on the accuracy of the PSF
model, we have produced a number of different PSFs. Unfortu-
nately, the Landolt standard star (Landolt 92 245) observed in visit
1 was resolved into a 0.5 arcsec double by the ACS/WFC, so we
have concentrated on extracting a PSF from visit 2 (Landolt PG
0231+051B). The calibrated exposures were combined using MUL-
TIDRIZZLE. Saturated pixels were masked. The resulting PSF suffered
from serious artefacts consisting of extended wings approximately
80 mas up and down the chip from the central peak, possibly due to
imperfect removal and combination of pixels that were affected by
bleeding of saturated columns. We believe these extended wings to
be artefacts since they rotate with the telescope rather than the sky,
and are not present in stars in other visits.

In lieu of ideal standard star PSFs, we have created per-visit PSFs
by averaging field stars together. These field star PSFs do not suffer
from the artefacts present in the PSF for visit 2. Manual examination,
pixel-by-pixel, of the difference between the PSFs and the central
regions close to image B indicate that the rms error in the PSFs is
between 5 and 15 per cent. Such an error increases linearly with
the counts, rather than with their square root; lacking a perfectly
fitting PSF, we have allowed for this error when performing the data
analysis described in Section 5.

5 A NA LY S I S O F T H E P O S I T I O N
DATA A N D R E S U LT S

5.1 General remarks

Fig. 2 shows the ACS image of the CLASS B0218+357 system from
the combined data set, consisting of all science visits on B0218+357
excluding visit 15. To produce this combined image, separate visits
were related through restricted linear transformations (rotation and
translation) based on the positions of unsaturated stars common
to all images, and then co-added. In locating the lensing galaxy,
however, we did not use this combined image, preferring to work
with the separate visits. The two compact images (A and B) can be
distinguished, as can the lensing galaxy, which lies close to B. The
spiral arms of the galaxy are clearly seen, confirming the earlier
deductions that the lensing galaxy is a spiral (Carilli et al. 1993;
Wiklind & Combes 1995). The spiral arms appear to be smooth
and regular and there is no sign of significant clumping associated
with large-scale star formation. The galaxy appears almost exactly
face-on. We deduce this by assuming a galaxy position close to B
and comparing counts between pixels at 90 degree angles from each
other about the assumed centre. Examination of the residuals reveals
no sign of ellipticity.

The core of the lensing galaxy is strongly blended with B
(Fig. 2) and is relatively weak. Extrapolation of an exponential disc
fit to the outer isophotes of a slice through the central region shows
that the peak surface brightness of image B exceeds that of the galaxy
by a factor of about 30–50. Thus the determination of an accurate
position for the galaxy is a challenging task. Before discussing the
process in more detail below, we outline the various steps we go
through to obtain a galaxy position:

(i) For each visit we measure the positions of the A and B images.
(ii) We subtract PSFs from these positions.
(iii) Using PSF-subtracted data, we look for the galaxy position

about which the residuals left after PSF subtraction appear most

B A A’

E

N

B

A

1"

0.317"

0.334"

Figure 2. Combined ACS image of B0218+357. The lensed images are
both visible; the brighter image, B, is close to the centre of the lensing
galaxy. The spiral arms of the galaxy are clearly visible. The plot above the
image shows a one-dimensional slice passing through images A and B. The
best-fitting positions of A and B on this slice are marked, along with A′,
the position of A expected from the radio image separation (334 mas). The
separation between A and B in the optical image is 317 ± 4 mas (2σ ).

symmetric. We do not subtract a galaxy model from the images. This
approach finds the centre of the most symmetric galaxy consistent
with the data.

(iv) We compute the mean and variance of the galaxy positions
found from the individual visits.

5.2 Analysis procedure

Our reduced ACS/WFC images are over 8450 × 8500 pixels in
size, and cover 202 × 202 arcsec2 on the sky. We cut out a region of
128 × 128 pixels (3.2 × 3.2 arcsec2) centred on the lens and analyse
this to make fitting computationally practicable and to isolate the
lens from other objects on the sky.

Since the images, particularly image B, have much higher surface
brightnesses than the galaxy, their positions can be located relatively
accurately by subtracting parametric or empirical PSFs from the
data and minimizing the residuals. Fits were carried out on circular
regions centred on the brightest pixel of each compact image. The
regions chosen were 11 pixels in diameter. To avoid any bias arising
from the choice of PSF, we used both parametric models (Airy and
Gaussian functions) and the field star PSFs in the fits. The field
star PSFs were consistently better fits to both A and B than the
parametric models, Gaussians being insufficiently peaked and Airy
functions having diffraction rings that were too prominent. A linear

C⃝ 2004 RAS, MNRAS 357, 124–134

Downloaded from https://academic.oup.com/mnras/article-abstract/357/1/124/1034078
by Academia Sinica Life Science Library user
on 20 November 2017

HST image (York et al. 2005)MERLIN/VLA 5 GHz (Biggs et al. 2001)
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S. H. J. Wallström et al.: Isotopic ratios toward B 0218+357

Fig. 2. Averaged spectra of the HCO+, HCN, CS, and H2S isotopologues. The velocity resolution is 0.9 km s�1. The HCN spectrum is slightly
broadened by the hyperfine structure.

Table 1. Decomposition of our adopted line profile into Gaussian
components.

Gaussian v0 FWHM Area
(km s�1) (km s�1) (km s�1)

#1 6.176 (0.088) 8.479 (0.346) 1
#2 6.193 (0.039) 2.907 (0.151) 0.457 (0.063)
#3 �6.966 (0.118) 3.261 (0.279) 0.156 (0.013)

Notes. The areas are normalized to that of the first component.

To derive a common normalized line profile we select all
the lines that are optically thin with no hyperfine structure. We
assume the same excitation, continuum illumination, fractional
abundance, isotopic ratio, and source covering factor for all ve-
locity components. The shape of the absorption profile suggests
that a set of three Gaussian components (including a broad and a
narrow feature for the dominant +6 km s�1 component) already
provides a good solution. In Table 1 we give the best fit solution
of these three Gaussian components to the opacity spectra. The
residuals of this fit are shown in Fig. 3 and are within the noise.

3.4. Isotopic ratios

The opacity spectra of the optically thin lines are shown in Fig. 3;
the fits are shown in red. The normalized profile given in Table 1
was fit to each line with a scaling factor. For the H13CN and
HC15N isotopologues, the hyperfine structure is also taken into
account, with the relative strengths expected when the sublevels
are populated in proportion to their statistical weights. From the
derived integrated opacities, we then calculate the column densi-
ties for the di↵erent species in our data. Since the absorbing gas
is rather di↵use, we assume that collisional excitation is negli-
gible compared to excitation by cosmic microwave background

photons, hence that the excitation temperature is locked to the
cosmic microwave background (CMB) temperature of 4.6 K at
z = 0.68 (see Muller et al. 2013). The calculated column densi-
ties are given in Table A.2 for species with optically thin lines.

The column densities (Table A.2) and the resulting abun-
dance ratios become very uncertain when the line opacities are
large, which is the case for the main velocity components of
HCO+ and HCN main isotopomers, as discussed above. The dif-
ficulty may be removed by switching to the rare 13C, 15N, and
18O isotopologues, or by considering only the satellite velocity
component at �7 km s�1.

The RHCN = [H13CN]/[HC15N] and RHCO+ = [H13CO+]/
[HC18O+] ratios can be determined with relatively good accu-
racy and should be free from opacity e↵ects. Their values are
RHCN = 3.0 ± 0.5 and RHCO+ = 2.1+0.4

�0.3, where uncertainties are
given at 1� (68% confidence level). While the former ratio RHCN
is similar to the double isotopic ratio 13C14N/12C15N = 3.0 in
the solar system, RHCO+ is definitely smaller in MA0.68 than in
the solar system (5.5) or in the Milky Way ISM (&10; see, e.g.,
Table 7 of Muller et al. 2006). Similarly, our non-detection of the
HC17O+ line yields a firm lower limit HC18O+/HC17O+ > 7.5
(with a 3� confidence level, and neglecting the weakest HC18O+
component at �7 km s�1). This limit is definitely larger than
the 18O/17O isotopic ratio in the solar system (5.4; Lodders
2003) and elsewhere in the Milky Way ISM (2.88 ± 0.11 near
the Galactic Center, 4.16 ± 0.09 across the Galactic disk out
to a Galactocentric distance of ⇠10 kpc, and 5.03 ± 0.46 in
the outer Galaxy at Galactocentric distances of 16–17 kpc;
Wouterloot et al. 2008). Finally, the 32S/34S intensity ratios for
the CS and H2S isotopologues (combined value 8.1+1.4

�1.1) are both
less than half the values of the 32S/34S isotopic ratio observed in
the solar system (22; Lodders 2003) or the general Milky Way
ISM ('20; Chin et al. 1996; Lucas & Liszt 1998).

A96, page 3 of 9
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13C/18O vs 13C/15N
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Isotopic ratios – measured vs chemical 
evolution models
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Model results from Kobayashi et al. 2011



35Cl/37Cl isotopic ratio

• 35Cl / 37Cl ra*o in the Sun is 3.13
• Mainly from supernova nucleosynthesis

• MA0.89 SW & NE show ra*os ~3 in both H2Cl+ and HCl
• Same ra*o in lines of sight at different galactocentric radii (2 vs. 4 kpc), as 

well as in gas of low and high molecular frac*on
• No significant metallicity gradient or difference in stellar popula*ons; and 

ISM well mixed

• MA0.68 has ra*o of 2.2 ± 0.3, the first isotopic ra*o to differ between 
these two galaxies
• C, N, O, S isotopic ra*os the same in both galaxies
• MA0.68 poten*ally older (more AGB contribu*on) or has higher metallicity

Sofia Wallström  |  Physics and Chemistry of the ISM, Avignon September 2-6 2019 11
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No. 2, 2009 INTERSTELLAR HALOGEN CHEMISTRY 1601

Figure 9. Chemical network diagram, for a one-sided slab model with nH =
104 cm−3 and χUV = 104. The figure is labeled by the depth, AV , in visual
magnitude.
(A color version of this figure is available in the online journal.)

the cloud. The depths were chosen to illustrate several different
regimes.

1. AV = 0. At the cloud surface, there is no shielding and
the abundance of molecules is small. The Cl+/Cl ratio is
∼105, being determined by the balance between photoion-
ization and recombination. For the latter process, radiative
recombination and charge transfer recombination with H—
although endothermic by ∼ 0.6 eV—are of roughly equal
importance.

2. AV = 0.8. Here, H2 self-shielding has greatly increased
the H2 abundance. Reaction with H2 is now the dominant
destruction mechanism for Cl+, resulting in the formation of
HCl+. However, the e/H2 abundance ratio is still sufficient
for dissociative recombination to dominate the destruction
of HCl+, although the competing reaction with H2 produces
a small amount of H2Cl+. The dissociative recombination
of HCl+ leads to atomic Cl, which becomes the dominant
gas-phase reservoir of chlorine. Beyond AV ∼ 0.8, the
abundances of the HCl+ and H2Cl+ ions start to fall, along
with that of Cl+.

3. AV = 2.0. The e/H2 abundance ratio has now dropped
sufficiently that HCl+ reacts primarily with H2, rather than
electrons, forming H2Cl+. HCl is produced by dissociative
recombination of H2Cl+, although the dominant formation
process for HCl is the slightly endothermic reaction of
H2 and Cl; this reaction is still possible at the ∼200 K

Figure 10. Chemical network diagram, for a one-sided slab model with
nH = 104 cm−3 and χUV = 104. The figure is labeled by the depth, AV , in
visual magnitude.
(A color version of this figure is available in the online journal.)

temperature at this point within the PDR. At AV = 2.0,
HCl and Cl account respectively for ∼0.1% and ∼99.9%
of elemental chlorine in the gas phase.

4. AV = 4.0. The gas temperature drops below the level at
which HCl can be formed by reaction of H2 with Cl, and the
HCl abundance is lower than it was at AV = 2.0. The Cl+/
Cl ratio is now only 10−8, the photoionization rate of Cl
having dropped dramatically. Thus the formation of HCl+
is dominated by reaction of H+

3 with Cl, not H2 with Cl+.
The H+

3 molecular ion is produced by the effects of cosmic
rays; these ionize H2, forming H+

2, which then transfers a
proton to H2 to form H+

3.
5. AV = 10.0. As at AV = 4.0, HCl+ is produced primarily

by reaction of H+
3 with Cl, and reaction of HCl+ with H2

then forms H2Cl+. At this depth, the electron fraction is so
low that dissociative recombination of H2Cl+ is no longer
dominant. H2Cl+ transfers a proton to a neutral species
of higher proton affinity than HCl (e.g., CO or H2O; this
process is denoted by the arrow labeled “N”), yielding
HCl. At this point, the external UV is almost completely
attenuated, and the HCl destruction rate is very small.
HCl now accounts for several ×10% of the gas-phase
chlorine abundance, with atomic chlorine accounting for
essentially all of the remainder. Our results in this regime
are in good agreement with those obtained previously by
Schilke et al (1995). H2Cl+ and CCl+ are also present,
but their abundances are just a few ×0.01% of gas-phase

N
o.

2,
20

09
IN

T
E

R
ST

E
L

L
A

R
H

A
L

O
G

E
N

C
H

E
M

IS
T

R
Y

16
01

F
ig

ur
e

9.
C

he
m

ic
al

ne
tw

or
k

di
ag

ra
m

,f
or

a
on

e-
si

de
d

sl
ab

m
od

el
w

ith
n

H
=

10
4

cm
−

3
an

d
χ

U
V

=
10

4 .
T

he
fig

ur
e

is
la

be
le

d
by

th
e

de
pt

h,
A

V
,

in
vi

su
al

m
ag

ni
tu

de
.

(A
co

lo
rv

er
si

on
of

th
is

fig
ur

e
is

av
ai

la
bl

e
in

th
e

on
lin

e
jo

ur
na

l.)

th
e

cl
ou

d.
T

he
de

pt
hs

w
er

e
ch

os
en

to
ill

us
tr

at
e

se
ve

ra
ld

iff
er

en
t

re
gi

m
es

.

1.
A

V
=

0.
A

t
th

e
cl

ou
d

su
rf

ac
e,

th
er

e
is

no
sh

ie
ld

in
g

an
d

th
e

ab
un

da
nc

e
of

m
ol

ec
ul

es
is

sm
al

l.
T

he
C

l+
/C

l
ra

tio
is

∼
10

5 ,b
ei

ng
de

te
rm

in
ed

by
th

e
ba

la
nc

e
be

tw
ee

n
ph

ot
oi

on
-

iz
at

io
n

an
d

re
co

m
bi

na
tio

n.
Fo

r
th

e
la

tte
r

pr
oc

es
s,

ra
di

at
iv

e
re

co
m

bi
na

tio
n

an
d

ch
ar

ge
tr

an
sf

er
re

co
m

bi
na

tio
n

w
ith

H
—

al
th

ou
gh

en
do

th
er

m
ic

by
∼

0.
6

eV
—

ar
e

of
ro

ug
hl

y
eq

ua
l

im
po

rt
an

ce
.

2.
A

V
=

0.
8.

H
er

e,
H

2
se

lf
-s

hi
el

di
ng

ha
s

gr
ea

tly
in

cr
ea

se
d

th
e

H
2

ab
un

da
nc

e.
R

ea
ct

io
n

w
ith

H
2

is
no

w
th

e
do

m
in

an
t

de
st

ru
ct

io
n

m
ec

ha
ni

sm
fo

rC
l+

,r
es

ul
tin

g
in

th
e

fo
rm

at
io

n
of

H
C

l+
.H

ow
ev

er
,t

he
e/

H
2

ab
un

da
nc

e
ra

tio
is

st
ill

su
ffi

ci
en

t
fo

r
di

ss
oc

ia
tiv

e
re

co
m

bi
na

tio
n

to
do

m
in

at
e

th
e

de
st

ru
ct

io
n

of
H

C
l+

,a
lth

ou
gh

th
e

co
m

pe
tin

g
re

ac
tio

n
w

ith
H

2
pr

od
uc

es
a

sm
al

la
m

ou
nt

of
H

2C
l+

.T
he

di
ss

oc
ia

tiv
e

re
co

m
bi

na
tio

n
of

H
C

l+
le

ad
s

to
at

om
ic

C
l,

w
hi

ch
be

co
m

es
th

e
do

m
in

an
t

ga
s-

ph
as

e
re

se
rv

oi
r

of
ch

lo
ri

ne
.

B
ey

on
d

A
V

∼
0.

8,
th

e
ab

un
da

nc
es

of
th

e
H

C
l+

an
d

H
2C

l+
io

ns
st

ar
tt

o
fa

ll,
al

on
g

w
ith

th
at

of
C

l+
.

3.
A

V
=

2.
0.

T
he

e/
H

2
ab

un
da

nc
e

ra
tio

ha
s

no
w

dr
op

pe
d

su
ffi

ci
en

tly
th

at
H

C
l+

re
ac

ts
pr

im
ar

ily
w

ith
H

2,
ra

th
er

th
an

el
ec

tr
on

s,
fo

rm
in

g
H

2C
l+

.H
C

li
s

pr
od

uc
ed

by
di

ss
oc

ia
tiv

e
re

co
m

bi
na

tio
n

of
H

2C
l+

,a
lth

ou
gh

th
e

do
m

in
an

tf
or

m
at

io
n

pr
oc

es
s

fo
r

H
C

l
is

th
e

sl
ig

ht
ly

en
do

th
er

m
ic

re
ac

tio
n

of
H

2
an

d
C

l;
th

is
re

ac
tio

n
is

st
ill

po
ss

ib
le

at
th

e
∼

20
0

K

F
ig

ur
e

10
.

C
he

m
ic

al
ne

tw
or

k
di

ag
ra

m
,

fo
r

a
on

e-
si

de
d

sl
ab

m
od

el
w

ith
n

H
=

10
4

cm
−

3
an

d
χ

U
V

=
10

4 .
T

he
fig

ur
e

is
la

be
le

d
by

th
e

de
pt

h,
A

V
,

in
vi

su
al

m
ag

ni
tu

de
.

(A
co

lo
rv

er
si

on
of

th
is

fig
ur

e
is

av
ai

la
bl

e
in

th
e

on
lin

e
jo

ur
na

l.)

te
m

pe
ra

tu
re

at
th

is
po

in
t

w
ith

in
th

e
PD

R
.

A
t
A

V
=

2.
0,

H
C

l
an

d
C

l
ac

co
un

t
re

sp
ec

tiv
el

y
fo

r
∼

0.
1%

an
d

∼
99

.9
%

of
el

em
en

ta
lc

hl
or

in
e

in
th

e
ga

s
ph

as
e.

4.
A

V
=

4.
0.

T
he

ga
s

te
m

pe
ra

tu
re

dr
op

s
be

lo
w

th
e

le
ve

l
at

w
hi

ch
H

C
lc

an
be

fo
rm

ed
by

re
ac

tio
n

of
H

2
w

ith
C

l,
an

d
th

e
H

C
la

bu
nd

an
ce

is
lo

w
er

th
an

it
w

as
at

A
V

=
2.

0.
T

he
C

l+
/

C
l

ra
tio

is
no

w
on

ly
10

−
8 ,

th
e

ph
ot

oi
on

iz
at

io
n

ra
te

of
C

l
ha

vi
ng

dr
op

pe
d

dr
am

at
ic

al
ly

.T
hu

s
th

e
fo

rm
at

io
n

of
H

C
l+

is
do

m
in

at
ed

by
re

ac
tio

n
of

H
+ 3

w
ith

C
l,

no
t

H
2

w
ith

C
l+

.
T

he
H

+ 3
m

ol
ec

ul
ar

io
n

is
pr

od
uc

ed
by

th
e

ef
fe

ct
s

of
co

sm
ic

ra
ys

;
th

es
e

io
ni

ze
H

2,
fo

rm
in

g
H

+ 2
,w

hi
ch

th
en

tr
an

sf
er

s
a

pr
ot

on
to

H
2

to
fo

rm
H

+ 3
.

5.
A

V
=

10
.0

.A
s

at
A

V
=

4.
0,

H
C

l+
is

pr
od

uc
ed

pr
im

ar
ily

by
re

ac
tio

n
of

H
+ 3

w
ith

C
l,

an
d

re
ac

tio
n

of
H

C
l+

w
ith

H
2

th
en

fo
rm

s
H

2C
l+

.A
tt

hi
s

de
pt

h,
th

e
el

ec
tr

on
fr

ac
tio

n
is

so
lo

w
th

at
di

ss
oc

ia
tiv

e
re

co
m

bi
na

tio
n

of
H

2C
l+

is
no

lo
ng

er
do

m
in

an
t.

H
2C

l+
tr

an
sf

er
s

a
pr

ot
on

to
a

ne
ut

ra
l

sp
ec

ie
s

of
hi

gh
er

pr
ot

on
af

fin
ity

th
an

H
C

l
(e

.g
.,

C
O

or
H

2O
;

th
is

pr
oc

es
s

is
de

no
te

d
by

th
e

ar
ro

w
la

be
le

d
“N

”)
,

yi
el

di
ng

H
C

l.
A

t
th

is
po

in
t,

th
e

ex
te

rn
al

U
V

is
al

m
os

t
co

m
pl

et
el

y
at

te
nu

at
ed

,
an

d
th

e
H

C
l

de
st

ru
ct

io
n

ra
te

is
ve

ry
sm

al
l.

H
C

l
no

w
ac

co
un

ts
fo

r
se

ve
ra

l
×

10
%

of
th

e
ga

s-
ph

as
e

ch
lo

ri
ne

ab
un

da
nc

e,
w

ith
at

om
ic

ch
lo

ri
ne

ac
co

un
tin

g
fo

r
es

se
nt

ia
lly

al
lo

f
th

e
re

m
ai

nd
er

.O
ur

re
su

lts
in

th
is

re
gi

m
e

ar
e

in
go

od
ag

re
em

en
t

w
ith

th
os

e
ob

ta
in

ed
pr

ev
io

us
ly

by
Sc

hi
lk

e
et

al
(1

99
5)

.
H

2C
l+

an
d

C
C

l+
ar

e
al

so
pr

es
en

t,
bu

t
th

ei
r

ab
un

da
nc

es
ar

e
ju

st
a

fe
w

×
0.

01
%

of
ga

s-
ph

as
e

Ab
un

da
nc

e 
/ r

ea
ct

io
n 

ra
te



Chlorine chemistry

• Chlorine has fairly simple chemical network, but we lack constraints 
on e.g. gas composition along line of sight, metallicity, dust...

• Simple analytical model to explore how chlorine chemstry varies with 
density, UV radiation field (G0), cosmic ray ionization rate

• Measure [H2Cl+]/[HCl] ~ 1 in MA0.89 SW and > 17 in MA0.89 NE
• Reflect higher molecular fraction in MA0.89 SW as traced by HCl
• Need G0 > 10
• Cosmic ray ionization few times higher than Solar neighborhood
• May be indicative of a higher star formation rate
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Summary

• Intermediate redshift molecular absorbers provide a powerful tool to 
study the ISM in distant galaxies
• MA0.89 and MA0.68 mainly show enrichment by massive stars

• Only differ in the 35Cl/37Cl isotopic ratio

• Chlorine chemistry implies increased UV radiation field and cosmic 
ray ionization rate in MA0.89
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reduce blurring. At the end of this process, each visit, except for
visit 15, provided us with an output image with improved sampling
compared to the individual input exposures. The deconvolution of
these images is described in Section 5.

Since deconvolution depends greatly on the accuracy of the PSF
model, we have produced a number of different PSFs. Unfortu-
nately, the Landolt standard star (Landolt 92 245) observed in visit
1 was resolved into a 0.5 arcsec double by the ACS/WFC, so we
have concentrated on extracting a PSF from visit 2 (Landolt PG
0231+051B). The calibrated exposures were combined using MUL-
TIDRIZZLE. Saturated pixels were masked. The resulting PSF suffered
from serious artefacts consisting of extended wings approximately
80 mas up and down the chip from the central peak, possibly due to
imperfect removal and combination of pixels that were affected by
bleeding of saturated columns. We believe these extended wings to
be artefacts since they rotate with the telescope rather than the sky,
and are not present in stars in other visits.

In lieu of ideal standard star PSFs, we have created per-visit PSFs
by averaging field stars together. These field star PSFs do not suffer
from the artefacts present in the PSF for visit 2. Manual examination,
pixel-by-pixel, of the difference between the PSFs and the central
regions close to image B indicate that the rms error in the PSFs is
between 5 and 15 per cent. Such an error increases linearly with
the counts, rather than with their square root; lacking a perfectly
fitting PSF, we have allowed for this error when performing the data
analysis described in Section 5.

5 A NA LY S I S O F T H E P O S I T I O N
DATA A N D R E S U LT S

5.1 General remarks

Fig. 2 shows the ACS image of the CLASS B0218+357 system from
the combined data set, consisting of all science visits on B0218+357
excluding visit 15. To produce this combined image, separate visits
were related through restricted linear transformations (rotation and
translation) based on the positions of unsaturated stars common
to all images, and then co-added. In locating the lensing galaxy,
however, we did not use this combined image, preferring to work
with the separate visits. The two compact images (A and B) can be
distinguished, as can the lensing galaxy, which lies close to B. The
spiral arms of the galaxy are clearly seen, confirming the earlier
deductions that the lensing galaxy is a spiral (Carilli et al. 1993;
Wiklind & Combes 1995). The spiral arms appear to be smooth
and regular and there is no sign of significant clumping associated
with large-scale star formation. The galaxy appears almost exactly
face-on. We deduce this by assuming a galaxy position close to B
and comparing counts between pixels at 90 degree angles from each
other about the assumed centre. Examination of the residuals reveals
no sign of ellipticity.

The core of the lensing galaxy is strongly blended with B
(Fig. 2) and is relatively weak. Extrapolation of an exponential disc
fit to the outer isophotes of a slice through the central region shows
that the peak surface brightness of image B exceeds that of the galaxy
by a factor of about 30–50. Thus the determination of an accurate
position for the galaxy is a challenging task. Before discussing the
process in more detail below, we outline the various steps we go
through to obtain a galaxy position:

(i) For each visit we measure the positions of the A and B images.
(ii) We subtract PSFs from these positions.
(iii) Using PSF-subtracted data, we look for the galaxy position

about which the residuals left after PSF subtraction appear most

B A A’

E

N

B

A

1"

0.317"

0.334"

Figure 2. Combined ACS image of B0218+357. The lensed images are
both visible; the brighter image, B, is close to the centre of the lensing
galaxy. The spiral arms of the galaxy are clearly visible. The plot above the
image shows a one-dimensional slice passing through images A and B. The
best-fitting positions of A and B on this slice are marked, along with A′,
the position of A expected from the radio image separation (334 mas). The
separation between A and B in the optical image is 317 ± 4 mas (2σ ).

symmetric. We do not subtract a galaxy model from the images. This
approach finds the centre of the most symmetric galaxy consistent
with the data.

(iv) We compute the mean and variance of the galaxy positions
found from the individual visits.

5.2 Analysis procedure

Our reduced ACS/WFC images are over 8450 × 8500 pixels in
size, and cover 202 × 202 arcsec2 on the sky. We cut out a region of
128 × 128 pixels (3.2 × 3.2 arcsec2) centred on the lens and analyse
this to make fitting computationally practicable and to isolate the
lens from other objects on the sky.

Since the images, particularly image B, have much higher surface
brightnesses than the galaxy, their positions can be located relatively
accurately by subtracting parametric or empirical PSFs from the
data and minimizing the residuals. Fits were carried out on circular
regions centred on the brightest pixel of each compact image. The
regions chosen were 11 pixels in diameter. To avoid any bias arising
from the choice of PSF, we used both parametric models (Airy and
Gaussian functions) and the field star PSFs in the fits. The field
star PSFs were consistently better fits to both A and B than the
parametric models, Gaussians being insufficiently peaked and Airy
functions having diffraction rings that were too prominent. A linear
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