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ABSTRACT
Absorption lines of trace metals like nickel are often used to measure the metallicity and depletion in

H I regions within our Galaxy and others. Ultraviolet absorption lines from the dominant ion, Ni II, are
generally weak, making them a convenient tool to study metallicity and depletion in these environments.
As an aid for studies of dust evolution in galaxies, we obtained an adjusted set of precise relative oscil-
lator strengths for Ni II lines occurring at ultraviolet wavelengths. This set of f-values was derived from
curves of growth for interstellar absorption toward o Oph A, s Oph, and f Oph. In all, absorption from
12 lines was analyzed. Comparison with the compilation of Morton reveals good agreement for the
stronger lines but signiÐcant di†erences for the weakest ones.
Subject heading : atomic data È ISM: abundances È ultraviolet : ISM

1. INTRODUCTION

Observations of trace metals like nickel or zinc provide
an opportunity to study the chemical and dust evolution of
galaxies. With ionization potentials of 18.17, 16.5, and 17.96
eV, Ni II, Cr II, and Zn II are the dominant ions of Ni, Cr,
and Zn in H I regions. Although the former two are known
to be heavily depleted onto dust grains, at least in the
Galactic interstellar medium & Songaila(Cowie 1986),
observations of interstellar Zn II have revealed little, if any,
depletion. Numerous investigators have attempted to quan-
tify the reliability of Zn II as a metallicity indicator through
observations using the International Ultraviolet Explorer

& Jura Bromage, & Blades(York 1982 ; Harris, 1983 ;
& Mas Hesse Steenberg & ShullHarris 1986 ; Van 1988),

Copernicus the Balloon-borne Ultra-(Morton 1975, 1978),
violet Stellar Spectrometer Boer et al. and the(de 1986),
Hubble Space Telescope (HST ; & BladesRoth 1995 ;

et al. These studies conclude that zinc maySembach 1995).
be depleted out of the gas phase by 30%È50% with respect
to the solar abundance in Galactic interstellar material,
with a potential increase noted for sight lines with larger
E(B[V ), average particle density n(H), or molecular hydro-
gen fraction I)], where thef (H2) \ N(H2)/[2N(H2) ] N(H
last quantity provides a measure of gas/dust interaction

However, the logarithmic gas-phase(Cardelli 1994).
abundance of zinc, (Zn/H)\ log [N(Zn)/Ntotal(H)] [
log is relatively constant with an average value of(Zn/H)

_
,

[0.19^ 0.04 for sight lines where the fraction of molecular
hydrogen is low Consequently, zinc is a[ f (H2)¹ 10~3].
good measure of metallicity for galaxian gas with low
molecular abundances. Studies of other species, like Si, Mg,
Cr, Fe, and Ni, reveal considerable depletion onto dust
grains even for gas in the Galactic halo & Savage(Sembach

Of these elements, nickel shows the largest range in1996).
depletion from low-density to molecular-rich gas and there-
fore may be the best probe for grain evolution in galaxies.

1 Based on observations obtained with the NASA/ESA Hubble Space
Telescope through the Space Telescope Science Institute, which is operated
by the Association of Universities for Research in Astronomy, Inc., under
NASA contract NAS5-26555.

2 jzsargo=utphya.phya.utoledo.edu
3 sfederm=uoft02.utoledo.edu

Assuming the physical circumstances and chemistry
of our Galaxy are uniform and representative, the
N(Zn II)/N(H I) ratio should be an e†ective measure of the
metallicity in a distant galaxy as long as its molecular abun-
dance is low. Attempts to detect in damped Lya systemsH2in QSO absorption spectraÈwhich are believed to be
caused by distant galaxies at high redshiftÈyield negligible
amounts of molecules. The molecular fraction of hydrogen
is found to be less than 10~3 et al. Thus(Levshakov 1992).
the ratio N(Ni II)/N(Zn II) or N(Cr II)/N(Zn II) provides
information on the dust content of such galaxies. Further-
more, the Ni II, Cr II, and Zn II absorption lines are expected
to be weak, and therefore corrections for optically thick
lines are a minor concern for these investigations.

The abundance ratios of Ni II, Cr II, and Zn II have been
used in the study of damped Lya systems observed in QSO
absorption spectra & York Welty, &(Meyer 1987 ; Meyer,
York & Roth et al. The1989 ; Meyer 1990 ; Wolfe 1994).
damped Lya systems are most likely caused by intervening
galaxies, since their H I column densities are comparable to
interstellar sight lines through the disk of our Galaxy.
Although the morphological interpretation of these inter-
vening systems as galactic disks, their progenitors (Wolfe

or gas-rich dwarf galaxies et al.1988), (York 1986 ; Tyson
is somewhat uncertain, they provide a unique1988)

opportunity to establish a chemical and dust evolutionary
sequence for galaxies at large redshift. Such analyses,
relying on Ni II, Cr II, and Zn II abundances, can have a
subtle source of uncertainties beyond the obvious measure-
ment errors. Most of the weak Ni II lines, for example, have
no well-deÐned or measured oscillator strength (see Morton

As long as the signal-to-noise ratio of the obser-1991).
vations is low, the uncertainties are dominated by the
measurement errors, but for observations with high signal-
to-noise ratios, the precision in oscillator strengths is the
controlling factor.

Here we improve the situation by providing a self-
consistent set of relative oscillator strengths for Ni II lines in
the range of 1300È1750 from measurements taken withA�
the Goddard High Resolution Spectrograph (GHRS) on the
HST . A combined curve-of-growth analysis of several lines
of sight yields adjusted sets of oscillator strengths

& Cardelli Federman, & Cardelli(Federman 1995 ; Zsargo� ,
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TABLE 1

Ni II DATA

Wj (mÓ)

s Oph f Oph
WAVELENGTH

(Ó) o Oph Aa Component Ab Component Bc Component Ab Component Bc

1345.878 . . . . . . . . . . . . . . . 0.69^ 0.14d 1.03^ 0.27d
1370.132 . . . . . . . . . . . . . . . 6.16^ 0.38e 8.92^ 0.54e
1393.324 . . . . . . 7.31^ 0.60 1.24 ^ 0.30 2.57^ 0.30 . . . . . .
1412.866 . . . . . . 2.84^ 0.37 . . . . . . . . . . . .
1415.720 . . . . . . 2.68^ 0.41 . . . . . . . . . . . .
1449.997 . . . . . . 1.32^ 0.33 . . . . . . 0.20 ^ 0.08d 0.34^ 0.16d
1454.842 . . . . . . 17.85^ 0.28 3.51 ^ 0.21 6.22^ 0.21 3.28^ 0.21d 4.19^ 0.13d
1467.259 . . . . . . 5.48^ 0.22 0.70 ^ 0.16 1.58^ 0.16 0.51^ 0.12d 0.68^ 0.15d
1467.756 . . . . . . 8.36^ 0.29 1.16 ^ 0.19 2.37^ 0.19 0.90^ 0.15d 1.45^ 0.15d
1477.222 . . . . . . 0.91^ 0.21 . . . . . . . . . . . .
1709.600 . . . . . . . . . . . . . . . 4.97^ 0.61e 6.36^ 0.67e
1741.549 . . . . . . . . . . . . . . . 6.18^ 0.78e 7.17^ 0.95e

a The measured total equivalent width.
b Bluer component.
c Redder component.
d From et al.Federman 1993.
e From et al.Savage 1992.

if the uncertainties are dominated by the errors in the1997)
atomic properties. We used GHRS spectra of high quality
with signal-to-noise ratios greater than 100È200 &(Cardelli
Ebbets & Spitzer et al.1994 ; Fitzpatrick 1994 ; Lambert

to perform such an analysis. In we describe the1994) ° 2
measurements used in our analysis and outline the pro-
cedure used to obtain the new set of relative oscillator
strengths in We describe the results in and make° 3. ° 4
suggestions for further studies.

2. MEASUREMENTS

Our GHRS observations of o Oph A and s Oph with
grating G160M covered the range 1385È1488 In all, eightA� .
Ni II lines toward o Oph A and four toward s Oph could be
identiÐed (see Two main interstellar absorptionTable 1).
components with a separation of about 5 km s~1 are seen in
Ca II K, Na and K I j7699 toward o Oph AD1, (Hobbs

The two components are not discerned in our HST1975).
spectra with a resolution of 15 km s~1. As the determi-
nation of equivalent width for each component was(Wj)impossible, we had to follow an iterative procedure to
separate their contributions (see For s Oph, the two° 3).
main components with a separation of about 10 km s~1
were partially resolved, and individual values of couldWjbe determined with procedures available in NOAOÏs IRAF
package. These data for the gas toward o Oph A and s Oph
were supplemented by measurements of eight Ni II absorp-
tion lines toward f Oph (see taken from the liter-Table 1)
ature Cardelli, & SoÐa et al.(Savage, 1992 ; Federman
1993).

3. ANALYSIS

In order to obtain column densities [N(X)] and Doppler
parameters (b-values), we performed curve-of-growth
(COG) analyses (see et al. In brief, weZsargo� 1997).
assumed simple Maxwellian line proÐles to Ðnd the theo-
retical curve of growth because most lines had modest or
negligible optical depths at line center. Values for N and b
were obtained by least-squares Ðt, where the data for each
line were weighted by the relative uncertainty in

and in the We divided our pro-Wj[p(Wj)/Wj] f-value.4
cedure into two parts. First, a complete analysis for the Ni II

lines toward s Oph and f Oph (including the determination
of N and b, and the adjustment of f-values from the values
given by was performed. Then we incorpor-Morton 1991)
ated the data for o Oph A into the procedure using the
adjusted set of oscillator strengths. The adjusted f-values
were used to produce synthetic proÐles of the Ni II lines seen
toward o Oph A in order to extract information about the
two unresolved components. The last step involved a Ðnal
adjustment to the set of f-values for the complete set of data.

The Ðrst analysis was straightforward. With the mea-
sured values of for each component toward s Oph and fWjOph, we obtained column densities and Doppler param-
eters. Since most of our measurements lie on the linear part
of the curve of growth, the b-values are ill deÐned (see Figs.

and 1b). Instead, the least-squares Ðt was performed with1a
one free parameter, the column density ; the Doppler
parameter was held constant. This restriction did not a†ect
the reliability of our new set of oscillator strengths seriously
(¹10% error in the case of the strongest lines). For the blue
component associated with warm atomic gas et al.(Savage

we chose a b-value of 3 km s~1. The b-value for the1992),
redder component, which contains most of the material
along the line of sight, was set at 1.5 km s~1, a value consis-
tent with results for other dominant ions (see et al.Savage

Our column densities for the blue and red com-1992).
ponents toward s Oph are N(blue)\ 3.76] 1012 cm~2 and
N(red)\ 8.58] 1012 cm~2 ; those toward f Oph are
N(blue)\ 3.13] 1012 cm~2 and N(red)\ 4.28] 1012
cm~2. The uncertainties in column densities are approx-
imately 30% (3 p errors). These values are only meaningful
for assessing the goodness of the Ðt and cannot represent
actual column densities until the f-values are placed on an
absolute scale with precise laboratory measurements. The

4 No quantiÐed uncertainties in the oscillator strengths were given for
most of the Ni II lines in compilation. We set the uncer-MortonÏs (1991)
tainties to 30% in such cases, which proved to be reasonable in light of the
correspondence between our results and the f-values in seeMorton (1991) ;
Table 2.
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FIG. 1a FIG. 1b

FIG. 1.È(a) Shows the curves of growth for the bluer ( Ðlled squares) and redder ( Ðlled circles) component toward s Oph, utilizing the Ðnal set of adjusted
oscillator strengths. The solid and dashed lines represent the corresponding theoretical curves of growth. It is clear that our measurements covered only the
linear part of the curves of growth. (b) Same as (a) for the line of sight toward f Oph. For easier viewing, the blue component results were shifted by ]0.3 dex
in (b).

shape of the curves of growth, however, is not a†ected by
the lack of an absolute scale in f-values, and therefore our
analyses provide an accurate set of relative oscillator
strengths.

Once we have COGs for all components toward s Oph
and f Oph, we can follow a procedure described by Zsargo�
et al. to adjust the f-values. Since our measurements(1997)
are of very good quality, we assume that the deviations
from the theoretical curve are due to inaccuracies in atomic
properties. With several theoretical curves available (for
separate components along di†erent lines of sight) we can
Ðnd adjusted, self-consistent oscillator strengths by mini-
mizing the total deviation. A simple interactive data lan-
guage routine was developed to carry out this procedure
and was used previously to adjust C I oscillator strengths
(see et al. Here it is applied to the data on Ni IIZsargo� 1997).
lines, where each line is treated separately. Figures and1a

show the resultant curves of growth for the gas toward s1b
Oph and f Oph, respectively.

This initial set of adjusted oscillator strengths was used to
synthesize the two unresolved components toward o Oph
A. Two computer-generated components, each with an
assumed Voigt proÐle convolved with the appropriate
instrumental function, were Ðtted to each measured Ni II

absorption line. Out of Ðve unknown parameters (two
column densities, two Doppler parameters, and the separa-
tion of components), only the two column densities were
allowed to vary freely. The 5 km s~1 separation between
components followed from the higher resolution results for
Ca II K, Na and K I j7699 The b-value ofD1, (Hobbs 1975).
the bluer componentÈlike those for the other starsÈwas
set to 3 km s~1, while the redder one had b \ 2 km s~1,
based on results for C I (see et al. The columnZsargo� 1997).
densities were found by the best simultaneous Ðt to all avail-
able Ni II lines toward o Oph A. Figures and illustrate2a 2b
the respective results of the proÐle synthesis for a weak and
a strong line.

The column density of the bluer component was found to
be 20%È30% of the redder component, consistent with the
observations of Ca II K, Na and K I j7699D1, (Hobbs

The 15 km s~1 resolution of our spectra is coarse1975).
enough to question the reliability of these results, and thus
we tested the e†ects of slightly di†erent Doppler parameters

and separation. All of the trial runs showed that the bluer
component is signiÐcantly smaller than the redder one.

Since the uncertainties in the resulting column densities
were also approximately 30% for the stronger component,

FIG. 2.È(a) Shows the synthesized (smooth curve) and observed proÐle
for j1450. The synthesized proÐle is a superposition of two components. (b)
Same as (a) for the stronger line at 1454 A� .
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FIG. 3.ÈSame as but only the stronger (redder) componentFig. 1a,
toward o Oph A is shown.

we decided not to involve the bluer component toward o
Oph A in the Ðnal combined curve-of-growth analysis. As
the optical depth at line center was small for both com-
ponents and for most of our lines the total(q0 ¹ 1.11),
equivalent width was approximated by the sum of the con-
tributions from the two components. The total was mea-Wjsured with the IRAF package, and the for the strongerWjcomponent (redder one) was obtained by subtracting the Wjfor the bluer component derived from its synthesized
column density. The stronger component toward o Oph A,
together with the components toward s Oph and f Oph,
was then incorporated into a combined COG analysis that
yielded a new set of relative oscillator strengths. With this
new set we could reÐne the of the stronger componentWjtoward o Oph A by repeating the outlined procedure. After
two iterations the changes in f-value and were much lessWj

TABLE 2

Ni II OSCILLATOR STRENGTHS

WAVELENGTH

(Ó) f (M)a f (ZsF)b f (M)/f (ZsF)

1345.878 . . . . . . 6.43([3)c 1.44([2) 0.447
1370.132 . . . . . . 1.31([1) 1.44([1) 0.910
1393.324 . . . . . . 2.22([2) 1.89([2) 1.175
1412.866 . . . . . . 6.65([3) 6.65([3) 1.000
1415.720 . . . . . . 4.13([3) 5.97([3) 0.692
1449.997 . . . . . . 3.53([3) 3.27([3) 1.080
1454.842 . . . . . . 5.95([2) 5.16([2) 1.153
1467.259 . . . . . . 1.11([2) 1.13([2) 0.982
1467.756 . . . . . . 2.27([2) 1.81([2) 1.254
1477.222 . . . . . . 1.06([3) 1.82([3) 0.582
1709.600 . . . . . . 6.88([2) 6.66([2) 1.033
1741.549 . . . . . . 1.04([1) 7.76([2) 1.340

a Morton 1991.
b Present compilation.
c 6.43([3)\ 6.43] 10~3.

than the uncertainties. The Doppler parameter of the COG
for o Oph A was set at 2 km s~1 throughout the iterative
analysis. The Ðnal column density for o Oph A was
N(red)\ 1.87] 1013 cm~2 (see for the curve ofFig. 3
growth for this component toward o Oph A). We note that
the results for the stronger component toward o Oph A
were weighted somewhat more heavily than the results for
the four other components in the Ðnal step because its
values for were larger, while the uncertainties were com-Wjparable. For the Ðve lines in common, the f-values changed
by less than 17% between this last step and the previous one
without the data for o Oph A. The uncertainties in the
derived f-values are somewhat high (B30%), but they have
been quantiÐed for the Ðrst time (see Table 2).

4. DISCUSSION

shows the adjusted oscillator strengths togetherTable 2
with their previous values The adjusted and(Morton 1991).
the original f-values di†er by less than 30% in most cases,
implying that the theoretical calculations of Kurucz (1989)
are reliable (in a relative sense). There are several lines with
considerable di†erences : the oscillator strength of j1345 has
changed by more than 100% and those of jj1477, 1415 by
more than 70% and by about 40%, respectively. Unfor-
tunately we measured these lines in only one direction,
which could result in higher than average uncertainties.
These three lines are among the weakest observed by us,
and it is not unreasonable to Ðnd the largest discrepancies
here between our results and the predictions of Kurucz
(1989, private from intermediate coup-communication)
ling calculations. We also note that our f-value for j1345
agrees with the one deduced by et al.Federman

a less sophisticated analysis.(1993)È0.0140Èfrom
In conclusion, precise relative f-values for 12 ultraviolet

lines in the spectrum of Ni II were derived from interstellar
observations. Ours is the Ðrst empirical measure for this set
of lines. The relative strengths for the stronger lines are
consistent with the results listed in com-MortonÏs (1991)
pilation, but revisions are suggested for several weak tran-
sitions. In order to place our results on an absolute scale,
accurate laboratory results are needed ; we are now pre-
paring to carry out such an experiment. In the meantime,
the set of relative f-values presented here allows analyses of
nickel depletion in interstellar environments to have a
common basis, even when di†erent lines are observed.

This research was supported by NASA grant NAGW-
3840 and STScI grant GO-05389.02-93A. We are grateful to
Yaron She†er, who provided the proÐle-Ðtting code for our
analysis, and to Lew Hobbs for copies of his data Ðles. We
thank Dave Ellis and Dick Schectman for their comments
on an earlier draft.
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