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ZUSAMMENFASSUNG

Kontext: Extragalaktische Absorber mit einer Siulendichte von Ny; > 2 X 10% Wasserstoffatomen cm= werden als geddmpfte Ly @ (DLA)
Systeme bezeichnet. Diese Absorber bestehen im wesentlichen aus vorwiegend neutralem Gas, eine Grundvoraussetzung fiir die Entstehung
von Sternen. Die Spektroskopie dieser Absorber bietet somit die beste Moglichkeit, die chemische Zusammensetzung dieser Aquivalente des
interstellaren Mediums lokaler Galaxien in einem fritheren Stadium der kosmischen Entwicklung zu studieren. Absorber im sub-DLA Bereich
mit Ny, > 10" cm™ konnen ebenfalls aus iiberwiegend neutralem Gas bestehen, wenn der kosmische UV Hintergrund reduziert ist. Die
beobachtete kinematische Struktur der Absorptionslinien, sowie die Statistik tiber Sdulendichte und Metallizitédt der Absorber sind wesentliche
Priifsteine fiir Modelle der Galaxienentstehung und kosmischen Strukturbildung. Detektierte Feinstrukturlinien bieten die Moglichkeit, die aus
der Friedmann-Kosmologie folgende Relation zwischen Rotverschiebung und Temperatur der kosmischen Mikrowellenhintergrundstahlung
zu iiberpriifen, oder auf die physikalischen Bedingungen innerhalb der Absorber riickzuschlieBen. Genaue Messungen der relativen Abstinde
ausgewihlter Metalllinien konnen der von vielen gegenwirtig diskutierten Theorien zur Vereinigung der Wechselwirkungen eingeforderten
kosmologischen Veridnderlichkeit der Feinstrukturkonstanten @ Grenzen auferlegen.

Vorhaben: Es werden die Ionisation, Haufigkeit und Staubkondensation von Metallen in dem sub-DLA System in Richtung des Quasars
HE 0515-4414 untersucht. Die kinematische Struktur der Metalllinien wird diskutiert. Feinstrukturlinien des neutralen Kohlenstoffs werden
benutzt, um auf die Temperatur der kosmischen Mikrowellenhintergrundstahlung bei der Rotverschiebung z = 1.15 und die physikalischen Be-
dingungen innerhalb des absorbierenden Mediums riickzuschlieen. Mittels genauer Messung der Absténde einzelner Komponenten innerhalb
eines Ensembles von Fe 1 Resonanzlinien wird die mogliche Abweichung der Feinstrukturkonstanten von ihrem heutigen Wert bestimmt.
Methoden: Empirische Basis der Untersuchungen sind hochaufgeloste Spektren, die mit den Spektrographen STIS und UVES aufgenommen
wurden. Im Optischen ist die Qualitit der Daten auBlergewthnlich. Das fiir die Analyse der Spektren verwendete Programm wurde von Grund
auf neu entwickelt. Herzstiick des Programm:s ist eine Evolutionsstrategie, die auf einer derandomisierten Adaption der Kovarianzmatrix beruht.
Im Gegensatz zu den iiblichen deterministischen Optimierungsverfahren, benétigt die Evolutionsstrategie keine spezifische Initialisierung um
eine optimale Dekomposition zu berechnen. Die Ionisationsverhéltnisse innerhalb des Absorbers wurden mit Hilfe der Simulationssoftware
Cloudy analysiert.

Ergebnisse: Das sub-DLA System mit Rotverschiebung z = 1.15 ist in mehrfacher Hinsicht aufiergewShnlich. Am auBergewohnlichsten ist die
Ausdehnung des Absorptionsintervalls der mit der H1 Absorption assozierten Metalllinien, die sich iiber einen Bereich von 700 kms™! vertei-
len. Die zweitgroite Ausdehnung, die in diesem Kontext je beobachtet wurde. Die extreme Ausbreitung des Absorptionsintervalls ermoglicht
die ungewohnliche Detektion zweier periphirer H 1 Komponenten, im Abstand von 530 und 240 km s™! von der Ny; = 8x 10" cm™2 Hauptkom-
ponente. Die assozierten Metallinien setzen sich aus mindestens 31 Komponenten zusammen. Die kinematische Verteilung der Komponenten
ist bimodal, moglicherweise ein Hinweis auf die Anwesenheit zweier interagierender Absorber. Unterstiitzt wird diese Interpretation durch den
Befund einer uneinheitlichen Ionisationsstruktur. Der Hauptabsorber besteht im wesentlichen aus vorwiegend neutralem Gas, wohingegen die
Peripherie hochionisiert ist. Fiir den Hauptabsorber deuten die relativen Haufigkeiten refraktérer und fliichtiger Elemente auf das Vorhandensein
betrachtlicher Mengen von Staub. Das fiir DLA Systeme ungewohnlich differenzierte Haufigkeitsmuster dhnelt denen aus dem interstellaren
Medium der Milchstrale und dem interstellaren Gas der Magellanschen Wolken bekannten. Die staubkorrigierte Metallizitit des Hauptabsor-
bers ist mit [Fe/H] = —0.08 + 0.19 nahezu solar, die unkorrigierte Metallizitit ist [Zn/H] = —0.38 + 0.04. Die Elementhéufigkeiten in der
Peripherie sind mit solaren Werten vergleichbar. Der kosmische Mikrowellenhintergrund triagt zu der beobachteten Besetzung der angeregten
Feinstrukturzustidnde der Kohlenstoffatome nur geringfiigig bei. Die Anregung wird vorwiegend durch lokale FUV Strahlung, sowie Kollisio-
nen mit Wasserstoffatomen verursacht. Die kinetische Temperatur des absorbierenden Mediums betrégt einige zehn bis wenige hundert Kelvin.
Die gemessene Abweichung der Feinstukturkonstanten von ihrem heutigen Wert (Aa/a) = (0.1 + 1.7) x 10~° kann die in Arbeiten von John
Webb und Michael Murphy gefundene Detektion einer kosmologischen Variation nicht bestétigen. Das Messergebnis der vorliegenden Arbeit
wurde mittlerweile von zwei weiteren Autorenteams vollauf bekraftigt.

Schlussfolgerungen: Die Ergebnisse der vorliegenden Arbeit zeigen, dass die chemische Entwicklung des sub-DLA Systems in Richtung
HE 0515-4414 ungewdhnlich weit fortgeschritten ist. Da DLA Absorber bei Rotverschiebungen z < 1.5 diesbeziiglich eher hinter den Erwar-
tungen zuriickbleiben, stellt sich die Frage, ob das in der vorliegenden Arbeit untersuchte System moglicherweise mehr als nur einen Sonderfall
darstellt. Es ist jedoch insbesondere bei niedrigen Rotverschiebungen zu wenig iiber die Population der sub-DLA Absorber bekannt, um diese
Frage beantworten zu konnen. Moderne Surveys mit einem Detektionslimit unterhalb der traditionellen Schwelle von Ny; = 2 x 102 ¢cm™2
konnten interessante Einsichten vermitteln.






ABSTRACT

Context: Extragalactic absorbers with column densities exceeding Ny; = 2 X 10% hydrogen atoms cm2 are generally termed damped Ly «
(DLA) systems. The absorbers are basically comprised of predominantly neutral gas, which is an essential prerequisite for the formation of
stars. The spectroscopy of absorbers offers the best possibility to study the chemical composition of the supposed equivalents of the interstellar
medium of local galaxies at an earlier stage of cosmic evolution. Absorbers in the sub-DLA range with Ny, > 10' cm™ may consist of
predominantly neutral gas, if the cosmic UV background is reduced. The observed kinematic structure of absorption lines as well as the column
density and metallicty statistics of absorbers provide substantial tests for models of galaxy formation and cosmic structuring. Fine-structure
lines offer the possibility to examine the temperature-redshift relation of the cosmic microwave background radiation predicted by Friedmann
cosmology, or to infer the physical condition of the absorbing medium. Precise measurements of the relative positions of selected metal lines
can impose stringent constraints on the cosmological variability of the fine structure constant @, which is an implication of many unifying
theories currently discussed.

Aims: The primary aim of this study is the examination of the ionization, abundance and dust depletion of metals in the sub-DLA absorber
toward the QSO HE 0515-4414. The kinematic structure of metal absorption lines is discussed. Neutral carbon fine-structure lines are used to
infer the temperature of the cosmic microwave background at redshift z = 1.15, and to diagnose the physical condition of the absorbing medium.
Based on accurate positional measurements of individual components within an ensemble of selected Fe i1 resonance lines, the possible deviation
of the fine structure constants from its current value is probed.

Methods: High-resolution spectra obtained with the STIS and UVES spectrographs provide the empirical basis of this work. In the optical the
quality of the data is exceptional. The program used for the analysis has been developed from scratch. The software is driven by an evolution
strategy, which is based on a derandomized adaptation the covariance matrix. The strategy is proven to be a highly competitive algorithm
capable of calculating an optimal line profile decomposition without requiring any particular initialization. The ionization conditions within the
absorber have been analyzed using the simulation software Cloudy.

Results: The sub-DLA system with redshift z = 1.15 is unusual in several respects. The velocity interval of metal lines associated with the H1
absorption extends for more than 700 km s™!, which is the second largest spread yet observed in this context. The extreme spread facillitates the
unusual detection of two peripheral H1 components located at distances of 530 and 240 km s™! from the Ny, = 8 X 10'® cm™ main component.
The associated metal lines consist of at least 31 components. The kinematic distribution of metal line components is bimodal, which is possibly
indicating the presence of two interacting absorbers. This interpretation is supported by the finding of a nonuniform ionization structure. The
main absorber essentially consists of predominantly neutral gas, whereas the periphery is highly ionized. For the former, the abundances ratios
of refractory elements to zinc range from Galactic warm disk to halo-like and essentially undepleted patterns. The dust-corrected metallicity
of the main absorber is almost solar [Fe/H] = —0.08 + 0.19, whereas the uncorrected metallicity is [Zn/H] = —0.38 + 0.04. The element
abundances in the periphery do conform with solar composition. The cosmic microwave background is only a minor source of the observed
population of excited fine-structure levels. The excitation is predominantly caused by local FUV radiation and collisions with hydrogen atoms.
The kinetic temperature of the absorbing medium is some ten to hundred Kelvin. The measured deviation of the fine-structure constant from
its present value (Aa/a) = (0.1 + 1.7) x 107 does not confirm the detection of a cosmological variation found in the studies of John Webb and
Michael Murphy. The present measurement has been affirmed by two further research teams.

Conclusions: The present study shows that the chemical evolution of sub-DLA system toward HE 0515-4414 must have reached an advanced
state. Since in this context regular DLA absorbers fall behind expectations at redshifts z < 1.5, the question arises whether the sub-DLA absorber
examined in the present work is more than just an exceptional case. In particular at lower redshifts the population of sub-DLA absorbers is
largely unknown. Modern Surveys setting the detection limit below the traditional threshold of Ny; = 2 x 10 cm~2 may provide interesting
insights.
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Vorwort

Der erste Teil dieser Dissertation besteht aus einer Synopsis, in der Grundlagen erldutert und die verschiedenen Aspekte dieser
Studie zueinander in Bezug gesetzt werden. Die weiteren Teile umfassen meine bereits publizierten oder zur Publikation einge-
reichten Arbeiten. Drei der abgedruckten Manuskripte sind liberarbeitete Versionen bereits verdffentlichter Artikel. Die in diesen
Artikeln angegebenen Quellen wurden aktualisiert und die Abstracts geméB der von Astronomy & Astrophysics neu eingefiihrten
Struktur angepasst. Das Manuskript des zuerst erschienenen Artikels wurde auf den Stand der spiteren Arbeiten gebracht, denen
Spektren mit genauerer Vakuumkorrektur und ein Dekompositionsalgorithmus mit besserer Fehlerabschitzung zu Grunde liegen.
Zudem wurde fiir das generische interstellare Strahlungsfeld eine spektrale Form gewihlt, die durch einen einfachen analytischen
Ausdruck definiert ist (Draine & Bertoldi 1996, Apl, 468, 269). Diese Form der Energiedichte ist in Cloudy implementiert und
bei Vergleichsrechnungen von Vorteil. Die zuletzt abgedruckte Publikation ist ein Konferenzbeitrag zum 22nd Texas Symposium
for Relativistic Astrophysics at Stanford University.
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Synopsis

ZUSAMMENFASSUNG

Es werden Grundlagen der Themen Kosmologie, Quasarabsorptionslinien, geddmpfte Ly o Systeme und Verédnderlichkeit der Feinstrukturkon-
stanten erldutert. Beziige zu den auf diesen Text folgenden Artikeln werden betont.

1. Kosmologie
1.1. Geometrie

Die Grundlage der theoretischen Beschreibung des Weltalls
bildet Einsteins Theorie der Allgemeinen Relativitit, welche
die Raumzeit mit einer differenzierbaren Mannigfaltigkeit M
identifiziert auf der eine Lorentz-Metrik g, definiert ist. Die
Kriimmung dieser Metrik, G5, verhilt sich zu der Verteilung
von Energie und Impuls, 7,5, gemif3 der Einstein-Gleichung
(in abstrakter Indexnotation, lateinische Indizes kennzeichnen
lediglich Stufe und Typ eines Tensors)

&G
Gap + ANgap = TTab' (1)
Der Faktor A bezeichnet die kosmologische Konstante. Die Di-
mension dieser Konstanten ist diejenige einer Kriimmung. Un-
ter der Annahme einer in jedem Punkt isotropen Raumzeit re-
duziert sich die Metrik g, auf eine Summe zweier orthogona-

ler Terme

2

wobei h,;(¢) fiir jedes ¢ einer Riemann-Metrik mit konstanter
Kriimmung K entspricht (z.B. Wald 1984). Drei Fille sind zu
unterscheiden: Fiir K > 0 entspricht A, (f) der Metrik einer
in den vierdimensionalen euklidischen Raum eingebetteten 3-
Sphire, fiir K = 0 der Metrik des dreidimensionalen euklidi-
schen Raums, und fiir K < 0 der Metrik eines in den vierdi-
mensionalen Minkowski-Raum eingebetteten 3-Hyperboloids.
In synchron bewegten Koordinaten (Abb. 1) nimmt die Metrik
ga» Robertson-Walker Form an

8ab = —UgUp + hab(t)»

dr?

2_ 2.2 p2
ds® = —c“dt” + R°(¢) 72

+ 2(d6? + sin®(6)de?) |,

3)

wobei k = sgn(K) die Signatur der riumlichen Kriimmung wie-
dergibt (Abb. 2). Die Flidchen konstanter Koordinaten (¢, r) be-
schreiben raumartige 2-Sphiren mit Kriimmungsradius R(f)r.
Die Koordinaten (6, ¢) entsprechen Standardwinkelkoordina-
ten auf diesen Sphéren.

1.2. Dynamik

Durch die sowohl theoretisch als auch empirisch fundierte An-
nahme der Isotropie (Barrow 1995) ist die Metrik der Raumzeit

bis auf die Signatur der rdumlichen Kriimmung und eine posi-
tiv definite Funktion R fixiert. Zudem entspricht der Energie-
Impuls-Tensor demjenigen einer idealen Fliissigkeit mit Mas-
sendichte p und Druck p,

“)

Einsetzen dieses Ausdrucks und der Robertson-Walker-Metrik
in GL. (1) ergibt die Friedmann-Gleichungen

2
Tab = pcuqup + phab'

RZ k 2
325 A+ 3R—C2 = 87Gp, )
R R? ) kc? p
—2§ - ﬁ + Ac” — F = SﬂG;, (6)

wobei ein Punkt iiber einer Grofle deren zeitliche Ableitung
bezeichnet. Unter Benutzung der ersten Gleichung, kann die
zweite auch geschrieben werden als

p
3——A62=—47rG(p+3£2). %
C

R
Multiplizieren von Gl. (5) mit R, Ableiten der resultierenden
Gleichung nach ¢ und Eliminieren von R mittels (7) ergibt
®)

. P\R
p+3(p+62)R =0.

1.2.1. Drucklose Materie

Sowohl fiir baryonische Materie als auch fiir cold dark matter
(CDM) dominiert die Massendichte den Druckterm, und Gl. (8)
flihrt auf die Massenerhaltung

d

—(pR?) = 0. 9

AL ©))

Einsetzen der kosmologischen Parameter
R

H=— 1
7 (10)
8nGp

= 11

e (1)
Ac?

A= — 12
e (12)

in die erste Friedmann-Gleichung ergibt unmittelbar

ke? = H*R*(Q + 1 - 1). (13)
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Abb. 1. Rdumliche Homogenitdt: Zu jedem t und zu jedem Paar von Punkten p, g € S, gibt es eine Isometrie, die p auf g abbildet. Isotropie: Es
gibt eine Kongruenz zeitartiger Kurven (anschaulich als Weltlinien fundamentaler Beobachter zu beschreiben) mit Tangentenvektoren u* € M,
so dass zu jedem Punkt p € M und zu jedem Paar von Vektoren v*,w“ L u“ eine Isometrie existiert die p und u“ bei p respektiert und v*
auf w abbildet. Synchron bewegte Koordinaten: Ein auf einer beliebigen Hyperflidche S einmal eingefiihrtes Koordinatensystem kann entlang
der Weltlinien fundamentaler Beobachter auf jede andere Hyperflache S, verschoben werden. Ohne Beschrinkung der Allgemeinheit kann
der Parameter ¢ mit der Bogenlidnge dieser Weltlinien (der Eigenzeit der fundamentalen Beobachter) identifiziert werden. Die Rotationsfrei-
heit des Vektorfelds u garantiert die Ubereinstimmung aller von den fundamentalen Beobachtern auf ihrem Weg zwischen zwei beliebigen

Hyperflichen erfahrenen Eigenzeitdifferenzen

o
i

Abb. 2. Raumkriimmungen positiver, verschwindender und negativer Signatur. Urspriinglich parallele Geoditen laufen entweder zusammen,

nebeneinander, oder auseinander

Werden die heutigen Werte dieser Parameter mit dem Index
,0° gekennzeichnet, kann Gl. (5) mit Hilfe von (9)—(13) in ei-
ne Form iiberfiihrt werden, die nach Einfiihren der kosmologi-
schen Rotverschiebung

R
7= ;O -1 (14)
und der Notation
P(z) = Qo(1 +2)° = (Qo + A — (1 +2)* + Ao (15)
nur noch beobachtbare Grof3en enthilt,
= Hi(1 +2°P(2). (16)

Gleichung (16) stellt die Grundgleichung fiir die Interpretati-
on kosmologischer Beobachtungen dar. Beispielsweise ist die
Lichtlaufzeit zwischen zwei Ereignissen mit Rotverschiebun-
gen x < y gleich dem Integral {iber den Kehrwert der zeitlichen
Ableitung der Rotverschiebung,

!
= H! f (1427 P dz. (17)

Die theoretische Interpretation aller riumlichen Entfernungs-
male basiert auf der Eigenentfernung (im Englischen oft als
comoving distance bezeichnet)

'y
Ly = cH;' f P(2)"'?dz,

die aber wie die Lichtlaufzeit keine Messgrofe ist. Die Ent-
fernung des in dieser Arbeit untersuchten Absorptionsliniensy-
stems ist Abb. 3 zu entnehmen.

(18)

1.2.2. Strahlung

Im Gegensatzt zu baryonischer Materie oder CDM, kann fiir
Strahlung der Druckterm in GI. (8) nicht vernachléssigt wer-
den. Einsetzen der Zustandsgleichung fiir Strahlung p = pc?/3
fiihrt auf

d
—(RY = 0.
dt(;o)O

Da die Strahlung innerhalb eines Volumenelements bei einer
Expansion des Universums an der Umgebung Arbeit leistet,

19)
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Ho =70 kms™' Mpc', Qg =0.3,15 = 0.7

100

10

Cosmological distance (1 0° lyr)

0.05 0.1 05 1 5 10
Redshift z

Abb. 3. Kosmologische Entfernungen basierend auf Leuchtkraft, Ei-
genbewegung, Lichtlaufzeit und Winkeldurchmesser (von oben nach
unten; Carroll et al. 1992). Eigenentfernung und Eigenbewegungsent-
fernung sind fiir flache Weltmodelle identisch. Die angegebenen Werte
der kosmologischen Parameter entsprechen den Ergebnissen des Slo-
an Digital Sky Survey und des Wilkinson Microwave Anisotropy Pro-
be (Tegmark et al. 2004). Die Rotverschiebung des in dieser Arbeit
untersuchten Absorptionsliniensystems ist markiert

| [ Spectrum []
3
5D 2
-
2
°p
;
0

Abb. 4. Elektroneniibergiinge zwischen einem *P und einem *D Term,
wie sie beispielsweise im Kohlenstoffatom stattfinden. Da die Beset-
zung der Grundzustandsniveaus 3P, und 3P, durch den kosmischen
Mikrowellenhintergrund angeregt wird, ergibt die aus den Beset-
zungszahlen abgeleitete Temperatur eine obere Schranke fiir die Tem-
peratur der Mikrowellenstrahlung. Ist der Mikrowellenhintergrund
einzige Anregungsquelle, entsprechen Anregungs- und Strahlungs-
temperatur einander exakt

nimmt die Energiedichte stirker ab als der Volumenfaktor R
zunimmt. Unter Benutzung von Gl. (14) folgt aus GI. (19)

o = (1+2)*po. (20)

Fiir thermische Strahlung wie den kosmischen Mikrowellen-
hintergrund ist die Energiedichte proportional zur vierten Po-
tenz der Temperatur, p oc T*, so dass obige Gleichung #quiva-
lent ist zu

T =(1+2)T,. @21

Da die Temperatur der kosmischen Hintergrundstrahlung fiir
Rotverschiebungen z > 0 keine beobachtbare Grofle ist, kann
die Giiltigkeit dieser Relation nur indirekt nachgewiesen wer-
den (z.B. Bahcall 2000). Eine Methode besteht in der Analyse

von Quasarabsorptionslinien, deren Grundzustand Feinstruktur
aufweist (Bahcall & Wolf 1968). In dem ab Seite 18 abgedruck-
ten Artikel wird die Anwendung dieser Methode auf Feinstruk-
turlinien des neutralen Kohlenstoffs (Abb. 4) beschrieben.

2. Quasarabsorptionslinien

Die Entdeckung des Quasars 3C 273 durch Maarten Schmidt
(1963) war eine Sternstunde der Astronomie. Der einzelne
Stern am Ende des bis dahin nur als diffuse Radioquelle be-
kannten Objekts 3C 273 zeigte im Optischen eine ungewohnli-
che Helligkeit. Bei dem Versuch, ein Spektrum dieses Sterns
aufzunehmen, wurde die erste Fotoplatte praktisch gerdstet.
Das Spektrum zeigte Emissionslinien die keiner bekannten
Materieform entsprechen, dhnlich anderen damals als Radio-
sterne bezeichneten Objekten. Zu etwa gleicher Zeit erhielt
Schmidt ein Manuskript von Jesse Greenstein iiber einen Ra-
diostern mit der Bezeichnung 3C 48, dessen Geheimnis die-
ser glaubte entschliisselt zu haben. 3C 48 sollte ein Zwerg-
stern sein, dessen Schwermetalle Curium, Neptunium und Plu-
tonium im Spektrum leuchteten. Ungldubig suchte Schmidt in
den Spektrallinien von 3C 273 nach bekannten Mustern. Da-
bei entdeckte er, dass es sich bei den meisten Emissionsli-
nien tatsdchlich um rotverschobene Balmer-Linien handelte.
Weitere Linien konnte er Magnesium und Sauerstoff zuord-
nen. Auch Greensteins Plutoniumstern zeigte im wesentlichen
Balmer-Linien, allerdings mit einer hoheren Rotverschiebung
als 3C 273 (Greenstein & Schmidt 1964).

Die Entdeckung der extragalaktischen Natur der Quasare
durch Maarten Schmidt (nachzulesen bei Preston 1996) lei-
tete eine neue Ara der beobachtenden Kosmologie ein. Seit-
dem sind nicht nur Quasare und deren niahere Umgebung Ge-
genstand astronomischen Interesses, sondern auch die Materie
im intergalaktischen Raum (Gunn & Peterson 1965; Bahcall
& Salpeter 1965). Dieses Interesse kommt nicht von ungefihr,
denn Quasarabsorptionslinien beinhalten wesentliche Informa-
tionen iiber die raumliche Struktur des Universums und die
chemische Zusammensetzung und physikalischen Eigenschaf-
ten des absorbierenden Mediums.

2.1. Formale Beschreibung

Absorption ist definiert durch das Verhiltnis von einfallender
und transmittierter Strahlung. Die optische Tiefe einer Absorp-
tion wird beschrieben durch den Logarithmus dieses Verhélnis-
ses

c
F)

Die Form einer Absorptionslinie wird bestimmt durch den Ab-
sorptionskoeffizienten des Mediums. Entspreche A4;; der Wel-
lenlinge des Ubergangs eines Elektrons im Anfangszustand i
in den Endzustand j, und sei n; die Anzahldichte von Atomen
mit Elektronen im Anfangszustand. Fiir ein homogenes Ensem-
ble ruhender Teilchen ist der Absorptionskoeffizient gegeben
durch eine Lorentz-Funktion

2. £.12
enifijdi; Yij

dreyme? (A — A;)* + 7;2/"

7(A) = log (22)

k(1) =

(23)
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wobei f;; die Oszillatorstéirke der Linie und

Ao
ij
= —— 4+ — 24
Yis 4rc (T[ Tj) (24
deren Didmpfungskoeffizienten bezeichnet. Fiir Resonanzab-
sorptionslinien ist dieser umgekehrt proportional zur Lebens-

dauer des Endzustands

1
Tj= ——.
’ 2k< j Ajk
Fiir ein inhomogenes Ensemble sich bewegender Teilchen ver-
breitert sich die durch Gl. (23) beschriebene Linienform auf
Grund des Doppler-Effekts gemil

(25)

N 5 6111‘
e ij/lij’yij f E(x» V)
4 2 2
neyme [/l B /l[j(l " K)] 42
c H

wobei v die zur Sichtlinie parallele Komponente des Geschwin-
digkeitsvektors bezeichnet. Fiir Teilchen der Masse M mit einer
thermischen Geschwindigkeitsdispersion

k() = dv, (26)

n(x) e_vz/bz

on
—(x,v) = 27
G = @7)
mit
2kT
b =" 28
- (28)
ist der Absorptionskoeffizient gegeben durch
2 nifidi
k() = —— = . w), 29)
degme b
wobei
c A=A C i
— , =7 30
TP “Ta; 0)
Die Voigt-Funktion
H _a e dv 3l
(a’”)_ﬁ (u—v)?+a? @D

ist allgemein als Faltung einer Lorentz- und einer Gauss-
Funktion definiert. Mit

N; = | ni(x)dx (32)
I

kann die optische Tiefe entlang der Sichtlinie 7(1) = f/ k() dx
geschrieben werden als

2 Nifijij
() = N (33)
degmc b
Im Limes a — 0 wird
1 2
H(tl, I/l) - ﬁ e . (34)

so dass sich die optische Tiefe (33) auf den Doppler-Kern re-

duziert
C A— /lij 2
xp|—| -+ .
b /l[j

Ensembles von Absorptionslinien werden durch Superpositi-
on mehrerer Komponenten beschrieben. Diese sind jedoch auf
Grund der Verschmierung der Linien durch den Spektrogra-
phen fiir den Beobachter nicht von der Wirkung makroskopi-
scher Geschwindigkeitsfelder v(x) zu unterscheiden. Fiir deren
Beschreibung ist das zweite Argument der Voigt-Funktion in
Gl. (29) durch u — v(x)/b zu ersetzen, so dass beispielsweise

e fidij c A=A v\
- (£ S
4egme /b \fl‘n(x) exp (b Aij b ) *

(36)

e Nifijdij
b

(35)

(1) =

Die Wirkung mikroskopischer stochastischer Geschwindig-
keitsfelder mit Varianz o> kann mittels GL. (27) beschrieben
werden sofern

2T
b2=%+20'2.

(37)
Fiir die Beschreibung von Quasarabsorptionslinien ist in al-
len Ausdriicken fiir den Absorptionskoeffizienten und die op-
tische Tiefe statt der beobachteten Wellenldnge A die systemi-
sche Wellenldnge 1/(1 + z) zu verwenden.

2.2. Dekomposition

Die Geschichte iiber die Entdeckung der Quasare durch Maar-
ten Schmidt zeigt ein erstes Problem, das sich bei der Analyse
von Quasarabsorptionslinien stellt: die korrekte Identifikation
der Spektrallinien. Da diese allesamt um einen a priori unbe-
kannten Faktor rotverschoben sind, konnen nur die Verhilt-
nisse der beobachteten Wellenldngen Auskunft iiber Art und
Zugehorigkeit geben. Ein zweites Problem ist die korrekte
Dekomposition von Spektrallinien in einzelne Komponenten:
Durch die Faltung mit dem instrumentellen Profil des Spek-
trographen ergeben sich fiir Ensembles schmaler Linien kei-
ne eindeutigen Losungen. Die gewdhnlich zur Dekompositi-
on verwendeten deterministischen Optimierungsverfahren sind
fiir diese Situation wenig geeignet, da oft nur lokal optima-
le Losungen gefunden werden, die zudem stark von Anfangs-
wertvorgaben abhingen. Diese Unzulinglichkeit gab Anlass,
in dieser Dissertation statt der iiblichen deterministischen Op-
timierungsverfahren, Evolutionsstrategien zu verwenden. Wie
andere stochastische Verfahren, sind Evolutionsstrategien ge-
geniiber Anfangswertvorgaben weniger empfindlich und zu-
dem zuverldssiger bei der Suche nach einer global optimalen
Losung. Die Anwendung von Evolutionsstrategien auf die De-
komposition von Quasarspektren wird in dem ab Seite 9 abge-
druckten Artikel im Detail beschrieben. Die Uberlegenheit die-
ses Verfahrens gegeniiber verschiedenen klassischen Methoden
wird demonstriert.
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3. Gedampfte Ly a Systeme

Quasarabsorptionsliniensysteme mit einer Sdulendichte von
Ny > 2 % 10% Wasserstoffatomen cm™2 werden als geddmpf-
te Ly a (DLA) Systeme bezeichnet.! Der Schwellwert von
2 x 10%° cm™2 entspricht dem historischen Detektionslimit der
21 cm Linie in Spiralgalaxien der niheren Umgebung, ist aber
auch physikalisch relevant: Absorber oberhalb dieses Schwell-
werts bestehen auch bei hohen Rotverschiebungen im wesentli-
chen aus vorwiegend neutralem Gas. Genau diese Eigenschaft
macht DLA Systeme fiir die Forschung interessant, denn ein
Reservoir von neutralem Gas ist eine Grundvoraussetzung fiir
die Entstehung von Sternen. DLA Systeme bieten daher die be-
ste Moglichkeit, die vermutlichen Aquivalente des interstella-
ren Mediums lokaler Galaxien in einem fritheren Stadium der
kosmischen Entwicklung zu studieren. Absorber im sub-DLA
Bereich bis zu Ny, = 10" cm™2 sind in der Regel teilweise io-
nisiert, konnen aber aus iiberwiegend neutralem Gas bestehen
wenn der kosmische UV Hintergrund schwach ist (Dessauges-
Zavadsky et al. 2003; Péroux et al. 2003; Peroux et al. 2006).

3.1. Physikalische Natur

Die physikalische Natur der DLA Systeme ist weitgehend un-
geklart. Klar ist lediglich, dass DLA Absorber eine heteroge-
ne Population von extragalaktischen H1 Regionen bilden, die
viele Ahnlichkeiten, aber auch Unterschiede zu dem interstel-
laren Medium lokaler Galaxien aufweist. Es gibt jedoch ei-
nige indirekte Hinweise auf die Natur der Absorber. Denein-
deutigsten Hinweis stellt die im Vergleich zum intergalakti-
schen Medium um GroBenordnungen hohere Metallizitét dar,
die ohne eine unmittelbare Verbindung zu Sternen und Galaxi-
en nicht denkbar ist. Weitere Hinweise gibt die kinematische
Struktur der assoziierten Metalllinien, die im Rahmen hierar-
chischer Galaxienentstehungsmodelle als Resultat rotierender,
sich zufillig und aufeindanderzu bewegender und miteinander
verschmelzender protogalaktischer Gasformationen begriffen
werden kann (Haehnelt et al. 1998). Der Ausfluss von Mate-
rie auf Grund massiver Sternentstehung und induzierter galak-
tischer Winde stellt eine weitere Moglichkeit dar, die beobach-
teten Strukturen zu erkldren (Nulsen et al. 1998; Schaye 2001).
Die Ubereinstimmung der statistischen Eigenschaften beob-
achteter DLA Systemen mit hydrodynamischen Simulationen
kosmischer Strukturbildung zeigt an, dass die Absorptionslini-
en in kaltem Gas ansonsten heiler CDM Halos entstehen (Na-
gamine et al. 2004, siehe auch Abb. 5). Ein aufschlussreicher
Indikator ist molekularer Wasserstoff, dessen geringe Menge
oder Fehlen implizert, dass die Absorber in der Regel wirme-
res Gas enthalten als das interstellare Medium der Milchstral3e,
diesbeziiglich eher vergleichbar mit dem interstellaren Medium
der Magellanschen Wolken (Petijean et al. 2000; Ledoux et al.
2003). Beispiele von Absorbern im Vordergrund von Doppel-
quasaren (Lopez et al. 2005) und vor allem die ab Seite 26
abgedruckte Studie des sub-DLA Systems in Richtung von
HE 0515-4414 zeigen das DLA Absorber in ihrer chemischen

! Die Bezeichnung ist von der Tatsache abgeleitet, dass die Damp-
fungsfliigel der natiirlichen Profilfunktion der Ly a Linie des Wasser-
stoffatoms optisch dick sind.

Abb. 5. Gas in semianalytischen Galaxienentstehungsmodellen (Mal-
ler et al. 2001, 2003). Die dunkelgrau gefiillten Ellipsen entsprechen
neutralem Gas, wihrend die hellgrau unterlegten Kreise heiles Gas
in sphirischen Subhalos darstellen. Der gesamte CDM Halo (gestri-
chelte Linie) ist ebenfalls mit heiem Gas gefiillt. Zwei Sichtlinien
illustieren die Entstehung von DLA und sub-DLA Systemen

Zusammensetzung nicht homogen sind. Die Seltenheit von mo-
lekularem Wasserstoff ist daher auch durch einen geringen Ab-
sorptionsquerschnitt molekularer Strukturen erklédrbar. Direkte
Identifikationen von DLA Absorbern mit Galaxien geben ein
uneinheitliches Bild. Die Leuchtkrifte der identifizierten DLA
Absorber mit Rotverschiebungen z > 1.5 sind mit denjeni-
gen normaler Galaxien vergleichbar (Chen et al. 2005; Chen
& Lanzetta 2003; Rao et al. 2003). Die wenigen identifizierten
Absorber mit hoheren Rotverschiebungen dhneln leuchtschwa-
chen Starburst Galaxien (Moeller et al. 2002, 2004). Wenn
DLA Absorber und Galaxien einander generell entsprechen,
sind die beobachteten Eigenschaften iiberwiegend zufilliger
Art, beispielsweise resultierend aus dem Impaktparameter der
Sichtlinie und dem Inklinationswinkel und Typ der DLA Gala-
xie. Dennoch lassen einige Merkmale Evolution erkennen.

3.2. Evolution von neutralem Gas im Universum

Nahezu der gesamte Vorrat an neutralem Gas im Rotverschie-
bungsbereich 1.6 < z < 5.0 ist in DLA Absorbern konzen-
tiert (Lanzetta et al. 1995; Wolfe et al. 2005). Der Beitrag der
in diesen Absorbern enthaltenen neutralen Gasmenge zur kos-
mologischen Massendichte Q ist eine Beobachtungsgrofie, de-
ren Evolution einen wichtigen Priifstein fiir die Bewertung kos-
mischer Strukturbildungsmodelle darstellt (Sommerville et al.
2001; Cen et al. 2003; Nagamine et al. 2004). Ausgangspunkt
fiir den Vergleich zwischen Modell und Beobachtung ist die
Verteilungsfunktion

2

0
f(N,2) =

6N6z(N’ 2)

(38)

wobei N(N,z) der Anzahl von Absorbern mit Wasserstoff-
sdulendichten kleiner als N und Rotverschiebungen kleiner als
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z entspricht. Bezeichne n(N, z) die mitbewegte Anzahldichte
von Absorbern mit Wasserstoffsdulendichten kleiner als N, und
sei A(N, z) der geometrische Absorptionsquerschnitt eines Ab-
sorbers, dann kann f(N, z) geschrieben werden als
dl _dn

N,z) = (1 + 2)*A(N, 2)—(2)— (N, 2). 39
J(N,z) = (1 +2)7A( Z)dz(Z)dN( 2) (39)
Der aus der Verwendung mitbewegter Grofien resultierende
Faktor (1 + z)* kann eliminiert werden mittels der Transfor-
mation

X = H()C_] f(] +Z)2ﬂ(2) dz, (40)
dz

so dass

F(N,X) = cHy'A(N, X):T’:[(N, X). (41)

Bezeichne m die Masse des Wasserstoffatoms, und sei y das
mittlere Molekulargewicht, dann kann die Masse eines Absor-
bers geschrieben werden als M = umNA(N, X). Die mitbeweg-
te kosmische Massendichte daher aus
pug(X) = Hoc™ um f F(N,X)NdN. (42)
Fiir eine vollstindige Stichprobe von Absorbern in einem In-
tervall [X — 6, X + 4] gilt die Relation
Prg(X) = Hoc™ pm == (43)
Eine auf mehr als 600 DLA Systemen basierende aktuelle

Studie zeigt, dass GI. (43) konvergiert und oy, einer Evolution
unterliegt (Prochaska et al. 2005). Beispielsweise fallt

B 8nGpng
" 3H?

(44)

von 1.0x 1073 bei z > 3.5auf 0.5x 10~ beiz = 2.5. Beiz > 3.5
ist Q,, um einen Faktor 10 groBer als der heutige Beitrag irre-
guldrer Zwerggalaxien zu g, was einer generellen Evolution
von DLA Absorbern in Objekte diesen Typs widerspricht. In-
teressanterweise ist ¢ bei z > 3.5 um einen Faktor 2-3 klei-
ner als der heutige stellare Beitrag zu Qp, was indirekt ein steti-
ges Nachfiillen des Reservoirs an neutralem Gas impliziert. Be-
sondere Bedeutung hat diese Implikation fiir Strukturbildungs-
modelle. Direkte Anzeichen fiir die Akkretion intergalaktischer
Materie durch DLA Systeme wurden noch nicht beobachtet.
Alle empirischen Methoden zur Bestimmung der Funktion
f(N, X) unterliegen Auswahleffekten. Ein unbekannter Effekt
ist insbesondere die durch einen hohen Anteil von Staub in
DLA Absorbern verursachte Extinktion der Quasare im Hin-
tergrund (Fall & Pei 1993). In dem ab Seite 58 abgedruckten
Konferenzbeitrag bildet dieser Aspekt einen Schwerpunkt.

3.3. Evolution der kosmischen Metallizitat

Eine ebenso wie €;,; unmittelbar empirische Grofe ist die kos-
mische Metallizitdt (Z), welche definiert ist als Logarithmus

des Verhiltnisses der kosmischen Dichten von Metallen und
neutralem Gas relativ zum solaren Wert,

>, 107HIN;

2iNi

wobei Y das als Metallizititsindikator verwendete Element be-
zeichnet. Basierend auf mehr als 120 DLA Systemen, zeigen
aktuelle Arbeiten einen leichten Anstieg der kosmischen Me-
tallizitdt von (Z) = —1.5+ 03 beiz > 3.5zu(Z) = -0.8 + 0.3
bei z < 1.5 (Prochaska et al. 2003; Kulkarni et al. 2005; Rao
et al. 2005; Wolfe et al. 2005). Der heterogenen Herkunft der
DLA Systeme entsprechend, streut die Metallizitit um etwa ei-
ne Grofenordnung, unabhéngig von der Rotverschiebung. Die
im Vergleich zu lokalen Galaxien relativ geringe Metallizitit
der Absorber bei z < 1.5 wird als missing metals Problem
bezeichnet (Prochaska et al. 2003). Die Anzahl der bekann-
ten DLA Absorber bei z < 1.5 ist jedoch relativ gering. Die
kosmische Metallizitéit in diesem Bereich ist unsicher, zumal
auf Grund des reduzierten UV Hintergrunds signifikante Bei-
trige von Absorbern im sub-DLA Bereich moglich sind. In
der Tat entspricht das System mit der bisher hdchsten beob-
achteten Metallizitdt einem sub-DLA Absorber (Peroux et al.
2006). Ionisationseffekte und Staubkondensation erschweren
die Messungen wesentlich (Dessauges-Zavadsky et al. 2006).
Insbesondere Staubkondensation wird mit zunehmender Me-
tallizitdt immer wahrscheinlicher, so dass neben einem gerin-
gen Absorptionsquerschnitt der interstellaren Regionen mit der
hochsten Metallizitdt, auch Auswahleffekte als Verursacher des
missing metals Problems infrage kommen (Vladilo 2004; Vla-
dilo & Péroux 2005).

(Z) = log ; (45)

3.4. Ungeldste Probleme

Das iiber allen aktuellen Untersuchungen schwebende Problem
ist die Aufkldrung der trotz vieler Einsichten immer noch un-
bekannten physikalischen Natur der DLA Absorber. Da diese
Objekte vielfiltigen Ursprungs sind, konnen die statistischen
Eigenschaften der gesamten Population generelle Hinweise ge-
ben. Im Einzelfall sind diese jedoch nicht ausreichend. Insbe-
sondere bei Absorbern deren Eigenschaften stark vom Mittel
abweichen ist ohne detallierte Einzelanalysen kein Erkenntnis-
gewinn zu erwarten.

Die Untersuchung der Eigenschaften des interstallaren Me-
diums in DLA Systemen steht erst am Anfang. Spektren ho-
her Qualitit werden bendtigt, um beispielsweise die Existenz
kiihler Phasen molekularen Gases nachzuweisen. Ebenso feh-
len direkte Nachweise fiir aktive Sternentstehung oder die Ak-
kretion von Materie aus dem intergalaktischen Mediums. Ne-
ben Akkretion ist auch der umgekehrte Vorgang — der Ausstof3
metallhaltigen Materials in das umgebende Medium — denk-
bar. Der Nachweis eines derartigen Feedbacks wiirde sowohl
zur Losung des missing metals Problems als auch zum besseren
Verstindnis der Wechselwirkungen zwischen DLA Absorbern
und dem intergalaktischen Medium beitragen. Eine der bren-
nendsten Fragen ist die nach Auswahleffekten im Zusammen-
hang mit Staubkondensation, deren Wirkung teilweise kontro-
vers diskutiert wird (Murphy & Liske 2004; Vladilo & Péroux
2005; Smette et al. 2005). Die ab Seite 26 abgedruckte Arbeit
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Abb. 6. Beispiele fiir quantenelektrodynamische Prozesse: Elektron-
Elektron-Streuung, Compton-Streuung, Paarerzeugung und Paarver-
nichtung. Jeder Vertex triigt einen Faktor o'/? zur Amplitude bei

iiber das sub-DLA System in Richtung HE 0515-4414 legt den
Schwerpunkt auf die Untersuchung der Eigenschaften des ab-
sorbierenden Mediums. Ionisationseffekte und Staubkondensa-
tion werden detailliert behandelt.

4. Veranderlichkeit der Feinstrukturkonstanten

Die unmittelbare Entsprechung von Spektrallinien und atoma-
ren Energieniveaus ermoglicht, mit der Uberpriifung physi-
kalischer Gesetze und Theorien in kosmologische Entfernun-
gen vorzudringen. Insbesondere kénnen Quasarabsorptionsli-
nien genutzt werden, um die von vielen gegenwirtig diskutier-
ten Theorien zur Vereinigung aller Wechselwirkungen gefor-
derte Verinderlichkeit der Feinstrukturkonstanten

eZ

= 46
¢ dreyhic (46)

zu untersuchen (Bahcall et al. 1967; Webb et al. 1999, 2001).
Da die Feinstrukturkonstante eng mit der Kopplungskonstanten
der Quantenelektrodynamik verkniipft ist, hat eine Verinde-
rung der Feinsturktur Auswirkungen auf alle elektromagneti-
schen Effekte (Abb. 6). Die Auswirkungen auf atomare Ener-
gieniveaus werden durch relativistische Quantenmechanik und
Vielteilchen-Storungstheorie quantifiziert.

4.1. Atomare Feinstruktur

Der nichtrelativistische Hamiltonoperator fiir ein Elektron im
elektrostatischen Potential eines Atomkerns mit Kernladungs-
zahl Z ist gegeben durch

PP Z
H = L il 47)
2m r
Die Eigenwerte dieses Operators
(Za)?
E, = -mc* 48
mc o (48)

sind mit der Multiplizitit 2n? entartet, da sie nicht von den
Quantenzahlen fiir den Bahndrehimpuls und Spin des Elek-
trons abhingen. Durch die relativistische Behandlung des Elek-
trons wird diese Entartung teilweise aufgehoben, denn die

Dirac-Gleichung liefert Eigenwerte, die neben der Hauptquan-
tenzahl n auch von der Quantenzahl j fiir den Gesamtdrehim-
puls des Elektrons abhédngen

mC2

E,;= (49)

Za

1+
n—j-1+ (j+%)2—a/2

Die Entwicklung dieses Ausdrucks in eine Potenzreihe von Za
ergibt eine einfach zu interpretierende Form

2 4
_ (Za)  (Za) [ n §)+...},

(50)

2 ot (j+lo4

E,; = mc? {1
Das erste Glied dieser Reihe entspricht der Ruhemasse des
Elektrons, das zweite Glied dem nichtrelativistischen Eigen-
wert (48), und nur das dritte Glied beinhaltet die relativistische
Korrektur. Unter Verwendung von Gl. (48) kann diese auch ge-
schrieben werden als

E, 1 3
Anj= 7(zcy)z[ — - E)‘ (51)

Jt3
Reihenglieder hoherer Ordnung sind nicht relevant gegeniiber
Effekten, die in der Dirac-Gleichung keine Beriicksichtigung
finden, wie Hyperfeinstruktur und héhere quantenelektrodyna-
mische Beitrdge. Fiir den allgemeineren Fall eines Atoms mit
einem Valenzelektron hat die relativistische Korrektur die Form

E, 1 ,
e 7(Za>2( T - CZl, 1)], (52)

2

wobei v einer durch Ladungsabschirmung definierten effekti-
ven Hauptquantenzahl entspricht und C(Z, [, j) relativistische
Vielteilcheneffekte beinhaltet (Dzuba et al. 1999). Letztere sind
fiir verschiedene Atome und Partialwellen unterschiedlich.

4.2. Messung

Vollstindige Vielteilchen-Dirac-Hartree-Fock Rechungen er-
geben fiir die Vakuumwellenlidngen A; der betrachteten Elek-
troneniibergénge eine Parametrisierung der Form

1 1

T T + gix(x + 2), (53)
wobei Ap; die im Labor gemessene Wellenlidnge und x = Aa/a
die relative Anderung der Feinstrukturkonstanten gegeniiber
ihrem heutigen Wert bezeichnen (Dzuba et al. 2002). Der Kor-
rekturkoeffizient g; ist fiir viele der in Quasarspektren gewhn-
lich beobachteten Resonanzlinien tabelliert (Dzuba et al. 2002;
Kozlov et al. 2004). Da die Wellenldngen verschiedener Elek-
troneniibergiinge unterschiedlich stark von Anderungen der
Feinsturkturkonstanten abhingen, sind Abweichungen dieser
Konstanten von ihrem heutigen Wert im Prinzip messbar. In der
ab Seite 51 abgedruckten Arbeit wird die Anderung der Fein-
stukturkonstanten mittels verschiedener Fe i Linien untersucht
(Abb. 7).
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Abb. 7. Wellenlidngenabhéngigkeit verschiedener Fen Linien. Die von Murphy et al. (2003, 2004) gefundene Variation (gestrichelte Linie)

wiirde ein Anwachsen der Linienabstinde um etwa 200 m s~ bewirken
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ABSTRACT

Aims. We test the decomposition of QSO absorption line ensembles by means of evolutionary forward modelling. The modelling is optimized
using an evolution strategy based on a novel concept of completely derandomized self-adaption. The algorithm is described in detail.
Methods. The global optimization performance of the evolution strategy in decomposing a series of simulated test spectra is compared to that

of classical deterministic algorithms.

Results. Evolutionary forward modelling is a highly competitive technique capable of calculating the optimal decomposition without requiring

any particular initialization.

Key words. methods: data analysis — methods: numerical — quasars: absorption lines

1. Introduction

The standard astronomical data analysis packages such as the
Image Reduction and Analysis Facility IRAF) and many pop-
ular custom-built applications offer only deterministic algo-
rithms for the purpose of parametric model fitting. In prac-
tice, however, deterministic algorithms often require consider-
able operational intervention by the user. In contrast, stochastic
strategies such as evolutionary algorithms minimize the opera-
tional interaction, a highly appealing feature.

Any parametric model-fitting technique reduces to the
purely numerical problem of finding the minimum of an ob-
jective function f : R” — R, i.e. constructing a sequence of
object parameter vectors

(x)eay, x® eR” (1)

such that limg_,. f(x®) is as small as possible. Several classi-
cal algorithms are suitable for overcoming the problem of min-
imization. Among the best established strategies are the conju-
gate gradient, variable metric and Levenberg-Marquardt algo-
rithms, which all collect information about the local topogra-
phy of f by calculating its partial derivatives (i.e. the gradient
or the Hessian matrix) and thereby ensure the rapid conver-
gence to a nearby minimum (e.g., Press et al. 2002, Numerical
Recipes). The nature of these classical algorithms is determin-
istic: each member of the sequence (x®), is determined by its
predecessor, i.e. the whole sequence is determined by the in-
tial object parameter vector x©’. Exactly this turns out to be the

Send offprint requests to: R. Quast

cardinal deficiency when f exhibits many local minima: The
success of the algorithms in locating the global minimum of
f depends crucially on the adequacy of the initial guess x©.
Hence, the results are biased and several optimization runs
are normally necessary. In particular in case of noisy data or
strong inter-parameter correlations the problem of finding an
adequate initialization x© is tedious and often dominates the
time needed to complete the optimization. In addition, the clas-
sical algorithms are not practicable if the objective function is
not continuously differentiable, oscillating, or if the calculation
of partial derivatives is too expensive or numerically inaccu-
rate.

In contrast, stochastic strategies such as simulated anneal-
ing and evolutionary algorithms where each member of the se-
quence (x®), is the result of a random experiment, are not only
promising for the purpose of global optimization but also ap-
ply to any objective function which is computable or available
by experiment. However, the obligatory drawback of stochastic
optimization strategies is lower efficiency: even if an adequate
local downhill move exists, a random step will almost always
lead astray. Therefore, many more evaluations of the objective
function are required before the sequence (x®), converges to
a minimum.

Evolutionary algorithms are inspired by the principles of
biological evolution. Conceptually, three major subclasses are
discerned: evolutionary programming, genetic algorithms, and
evolution strategies (ES). While all subclasses apply quite gen-
erally, ES are particularly suited for the purpose of continu-
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ous parametric optimization. Recently, Hansen & Ostermeier
(2001, hereafter Paper A) and Hansen et al. (2003, hereafter
Paper B) have established a novel concept of completely deran-
domized self-adaption in ES which selectively approximates
the inverse Hessian matrix of the objective function and thereby
considerably improves the efficiency in case of non-separable
problems or mis-scaled parameter mappings while even in-
creasing the chance of finding the global optimum in case of
strong multimodality.

The interpretation and analysis of QSO absorption lines ba-
sically involves the decomposition of line ensembles into in-
dividual line profiles. In general, the decomposition of QSO
spectra presents an ambigous parametric inverse problem, and
automatizing the decomposition requires an efficient but at first
stable optimization algorithm. In this study we summarize the
concept of completely derandomized self-adaption introduced
in Paper A and test the global optimization performance of the
resulting ES when applied to the problem of line profile de-
composition in QSO spectra.

2. Evolution strategies (ES)
2.1. General concepts

The state of an ES in generation g is defined by the parental

family of object parameter vectors x'*',...,x% € R” and the

HeN
mutation operator p® : R" — R”. The generic ES algorithm is
completely defined by the transition from generation g to g + 1.
For instance, in the illustrative case of a simple single parent

strategy:

1. Mutation of the parental vector x© to produce a new pop-
ulation of 4 > 1 offspring

WV er  « pOx® = NG, D, (2)

where each offspring is sampled from an n-dimensional
normal mutation distribution with mean x¢’ and isotropic
variance o2

2. Selection of the best individual among the offspring popu-
lation to become the new parental vector

1 (g+1)
x&D =y, 3)
where the notation y;., refers to the i best amongyi,...,ya

individuals, and y; is better than y; if f(y;) < f(y;).

In general, the transition of the parental family of object
parameter vectors x(lg), . ..,xflg) from generation g to g + 1 is
accomplished according to the following coherent scheme:

1. Recombination of p < u randomly selected parental vec-
tors into the recombinant vector (x)®. The recombination
is either a definite or random algebraic operation.

2. Mutation of the recombinant vector (x)® to produce a new
population of A > y offspring

y(]g+1)’ . ’y(lgﬂ) ER" « pO(x)®, 4)

where the maximally unbiased mutation operator corre-
sponds to an n-dimensional correlated normal mutation dis-
tribution with zero mean and covariance matrix C@, i.e

p(g)<x>(g) - <x>(g) + N(O, C(g)). 3)

Fig. 1. Examples of isotropic, uncorrelated, and correlated mutation
distributions (indicated by circles, axis-parallel ellipsoids, and rotated
ellipsoids, respectively) rendered over an elongated valley topography.
The best average progress toward the topographic minimum in the
direction of the upper right corner is achieved in the right panel, where
the mutation distribution (solid ellipsoid) is adapted to the topography

3. Selection of the u best individuals among the offspring pop-
ulation (or the union of offspring and parents) to become
the next generation of parental vectors

K&+ = D

( ®D =,

yT3 (6)

In contrast to the transition of parental vectors, there is no
coherent conceptual scheme for the transition of the mutation
operator p'® from generation g to g + 1. However, for basic
considerations, any advanced transition scheme is expected to
reflect the following elementary principles:

1. Invariance of the resulting ES with respect to any strictly
monotone remapping of the range of the objective function
as well as any linear transformation of the object parame-
ter space. In particular, the resulting ES is expected to be
unaffected by translation, rotation, and reflection.

2. Self-adaption of (the shape of) the mutation distribution to
the topography of the objective function (Fig. 1). In partic-
ular, the mutation distribution is expected to reproduce the
precedently selected mutation steps with increased likeli-
hood.

The rigid implementation of these principles results in a
concept of completely derandomized self-adaption where the
transition of the mutation operator from one generation to the
next is accomplished by successively updating the covariance
matrix of the mutation distribution with information provided
by the actually selected mutation step. The further demand of
nonlocality involves the cumulation of the selected mutation
steps into an evolution path.

2.2. Covariance matrix adaption (CMA)

If z1,...,2Znen € R", m > n are a generating set of R" and
qi1,--.,9m € R are a sequence of (0, 1)-normally distributed
random variables, then

(N

renders an n-dimensional normal distribution with zero mean
and covariance matrix

q1%1 +...+ dmZm

®)

In fact, Eq. (7) facilitates the realization of any normal distribu-
tion with zero mean. In particular, the symmetric rank-one ma-
trix ziziT corresponds to the normal distribution with zero mean

2z + o+ T2l



R. Quast et al.: Evolution strategies applied to the problem of line profile decomposition in QSO spectra 11

cep !

i cey

1 \ 2
Cz(se)l o \ c zsel/,’

g=2

Fig. 2. The conceptual scheme of covariance matrix adaption (CMA).
Initially, the covariance matrix of the mutation distribution is C® =
eie] + eze]. In the course of the transition to the next generation
g + 1 the symmetric rank-one matrix ziirl)(ziirl))T, where ziﬁlﬂ) is
the actually selected mutation step, is added to the downscaled co-
variance matrix. In the third generation, the covariance matrix is
C® = Peel + Perel + 31, 20T = B2bibT + d2b,bY,
where b; and b, are the unit eigenvectors of C® corresponding to
the eigenvalues d° and d3. The resulting mutation distribution reads

N(0,C®) = N(0,1)d b, + N0, 1) drb,

producing the vector z; with the maximum likelihood. Since
the objective of CMA is to reproduce the precedent mutation
steps with increased likelihood, the whole trick to accomplish
this objective is to add the symmetric rank-one matrix

1 1
(g+ )(Z(8+ T )

sel sel ’

Z

where zi’g Y denotes the actually selected mutation step, to the
covariance matrix of the mutation distribution. The conceptual
scheme is illustrated in Fig. 2. Initially, the mutation distribu-
tion is isotropic

N(0,C?) = N(0,1)e; + N(0, 1) ez, (10)
whereas in the course of the transition to the next generation the
symmetric rank-one matrix Eq. (9) is added to the downscaled
covariance matrix

cet) = 20® 4 z(g+1)(z(g+]))T

sel sel

ce[0,1). (11)

In the course of the third generation, for instance, the mutation
distribution reads

3
NO,C?) = N0, 1) e, + N, 1) Ces + Z N, 1) >z

sel
i=1

N(0,1)d by + N(0, 1) d2b>, (12)

where b and b, are the unit eigenvectors of C® corresponding
to the eigenvalues d12 and d%. Obviously, the mutation distribu-
tion tends to reproduce the precedent selected mutation steps.
Finally, the mutation distribution becomes stationary (apart
from the scale) while its principal axes achieve conjugate per-
pendicularity, and C® effectively approaches the scaled inverse
Hessian matrix of the objective function.

2.3. Evolution path cumulation

The efficiency as well as the stability of an ES improve signif-
icantly if the decision how to adapt the mutation distribution
is based on the cumulation of several selected mutation steps
rather than a single step. While the latter maximizes the local
selection probability the former is more likely to advance the
global progress rate. The benefit from superseding the succes-
sively selected mutation steps in favor of the evolution path

P = (1= p? + Ne@ - g, (13)

is illustrated in detail in Paper A: If several successively se-
lected mutation steps are parallel (antiparallel) correlated, the
evolution path will be lengthened (shortened). If the evolu-
tion path is long (short), the size of the mutation steps in di-
rection of the evolution path increases (decreases). The effect
of cumulation is particularly beneficial for small populations
where the topographical information gathered within one gen-

eration is not sufficient. If ¢ = 1, no cumulation will occur and
(g+1) _ &+
p - zsel .

ce(0,1]

2.4. The CMA evolution strategy (CMA-ES)

In this section we compile a unified formulation of the generic
CMA-ES algorithms given in Papers A and B. In this form,
the algorithm is not presented elsewhere. Besides the rank-one
CMA outlined in the previous sections the algorithm features
the advanced-rank CMA introduced in Paper B and an addi-
tional step size control. Finally, we conclude with remarks con-
cerning the numerical implementation of the CMA-ES algo-
rithm we provide online.

2.4.1. Generic algorithm

The state of the (u,1)-CMA-ES in generation g is defined
by the family of parental vectors x(]g), . x® € R’ the co-
variance matrix of the mutation distribution C® € R™", the
global mutation step size c® € R*, and the evolution paths
pgg), pg) € R". The generic algorithm is completely defined by
the transition from generation g to g + 1:

1. Weighted intermediate recombination' of the parental vec-
tors into the recombinant vector

M ()
iy Wik

u
Doy Wi
! Discrete recombination such as the cross-over commonly prac-

ticed in genetic algorithms is not invariant with respect to linear trans-
formations of the search space.

(x)® = . Wi, €RT (14)
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The weights wy,...,w, are internal strategy parameters
with canonical values

wi=In(u+ ) —InG), i=1,...,p (15)

The initial recombinant vector (x)}@ is expected to enable
the resulting mutation operator to sample the relevant part
of the object parameter space.

. Mutation of the recombinant vector to produce a new fam-

ily of 4 > u offspring

Yy = (0)® + FOBODOD k=12, (16)
where z(]g”), L zflg”) € R are a family of (0, I)-normally
distributed random vectors (i.e. the vector components are
(0, 1)-normally distributed), and D@, B®® € R diagonal-
ize the covariance matrix

C® = BOD© P& (B®)T, (17)

The elements of the diagonal matrix D® are the square
roots of the eigenvalues of C © while the column vectors of
B® are the corresponding unit eigenvectors. Constrained
optimizati : : (g+D) (g+D)

ptimization can be realized by resampling z;°" , .. ., z,
until the constraints are satisfied.

. Selection of the u best individuals among the offspring pop-

ulation to become the next generation of parental vectors
(g+1) (g+1) )
xF =y =1 (18)

Since the production of offspring is independent of order
the values of the objective function

fOED), k=1,...,4 (19)

can be computed in parallel.

. Cumulation of the distribution evolution path

PEY = (1= copl? + ey eel2 = c)BYDW ()" (20)

with

Ifl_] wi
Cw = —F—— (2D

w2

i=1 Vi
and

H_ W‘Z(Angrl)
<z>(g+1) — 1—1” %51 i (22)
i=1 Wi

where zf.f”;l) follows from yf,:gl) by Eq. (16). The distribution

cumulation rate c. € (0, 1] is an internal strategy parameter
with canonical value

4
n+4

(23)

cc =

If c. = 1, no cumulation will occur. Initially, the distribu-
tion evolution path is pﬁo) =0.

. Adaption of the covariance matrix

1 1 D\T
cerh = (1 = ceov) Cc¥ + Ccov (acovpgng )(ngJr ))

+ (1= e (2)EY), (24)

where
H 0 B® D© L&D (g ple) &+ D)
7 (g+1) _ i=1 WZB ¥ D% Zia (B ¥ D% Zia ) 25
(Z)ys™ = R, (25)
i=1 Wi
The expressions p$*™"(p¥*™)T and (Z)@*D are symmetric

matrices of rank one and min(y, n), respectively, and gener-
alize the conceptual scheme illustrated in Fig. 2 in case of
a single parent ES. The parameter @, € [0, 1] combines
the two adaption mechanisms whereas c.oy € [0, 1) mod-
erates the adaption rate. Both numbers are internal strategy
parameters with canonical values

Aoy = C;;z (26)
and

_ 2acoy . Zcﬁ, -1
Ceov = m + (] - O’COV) mm(l, m . (27)

If ccov = 0, no adaption will occur. Initially, C? = I or
the square of any diagonal matrix properly scaling the op-
timization problem.

6. Cumulation of the step size evolution path

PEY = (1= copl? + eu oo 2 = c)BD@E D, (28)

where the step size cumulation rate ¢, € (0, 1] is an internal
strategy parameter with canonical value
2 +2 29)
Co = ———.
T n+c2+3
If ¢, = 1, no cumulation will occur. Initially, the step size
evolution path is pff) =0.
7. Adaption of the global mutation step size

1
co lIpE Il - E)

d,  E, (30)

o&th = 5© exp(

where the second fraction is the relative deviation of the
length of pff”) from its expected value if there were no
selection pressure, E, = \51"(%)/1“(%), and the damp-
ing constant d, > ¢, is an internal strategy parameter with

canonical value

2 -1
dy =1+ ¢, +2max|0, -1]. 31)
n+1

The initial mutation step size o® is expected to enable the
resulting mutation distribution to sample the relevant part
of the object parameter space.

The impact and canonical setting of internal strategy pa-
rameters are discussed in detail in Paper A and in Hansen &
Kern (2004).

2.4.2. Numerical implementation

The numerical implementation of the CMA-ES algorithm is
quite straightforward.”> We coded different function templates

2 Sophisticated examples are given on the home page of Nikolaus
Hansen at http://www.bionik.tu-berlin.de
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for both unconstrained and constrained optimization. The tem-
plate instantiation requires a random number generator and an
eigenvalue decomposition algorithm to be supplied as generic
arguments. The numerical code is designed to perform in par-
allel when running on shared memory multiprocessing archi-
tectures and has been applied in practice by Quast et al. (2002,
2004) and Reimers et al. (2003).3

Since an adequate random number generator producing
high-dimensional equidistribution is absolutely essential to en-
sure that the ES performs in practice as expected in theory,
we apply the Mersenne Twister algorithm furnishing equidis-
tributed uniform deviates in up to 623 dimensions with period
219937 _ 1 (Matsumoto & Nishimura 1998). The uniform devi-
ates are converted into normal deviates by means of the polar
method.

The Linear Algebra Package provides several algorithms
suitable for diagonalizing the covariance matrix. For exam-
ple, the routines decomposing tridiagonal matrices into rela-
tively robust representations accurately complete the diagonal-
ization of an n x n symmetric tridiagonal matrix in O(n?) rather
than the regular O(n?) arithmetic operations (Dhillon & Parlett
2004). In particular, it is feasible to diagonalize the covariance
matrix just every n/10 generation to minimize the numerical
overhead (Paper A). For, say, n > 10000 using completely
correlated mutation distributions will be impracticable and an
ES algorithm calculating just the tridiagonal covariance ma-
trix elements or adapting just individual step sizes (B® = I,
C® = D®D® diagonal) will be appropriate.

3. Spectral decomposition

In the case of pure line absorption, the observed spectral flux
F(A) is modelled as the product of the continuum background
and the instrumentally convolved absorption term

F(1) =C() f P(&) e ™9 dg. (32)
Defining
A1) = f P(§)e ™9 dg (33)

and approximating the local continuum background by a linear
combination of Legendre polynomials, Eq. (32) transforms into

FO) = ) e Lg(DIAW),

k

(34)

where L; denotes the Legendre polynomial of order &, and ¢ is
a linear map onto the interval [—1, 1]. The instrumental profile
P(¢) is modelled by a normalized Gaussian defined by the spec-
tral resolution of the instrument. The instrumental convolution
can be calculated piecewise analytically by approximating the
absorption term with a polyline or a cubic spline. Without sig-
nificant loss of accuracy the integration can be restricted to the
interval |£] < 26, where ¢ is the full width at half maximum of
the instrumental profile.

3 The source code is publicly available on the home page of RQ at
http://www.hs.uni-hamburg.de

On the presumption of pure Doppler broadening, the op-
tical depth 7 is modelled by a superposition of Gaussian func-
tions. If A;, fi, zi, bi, Ni, and A, = (1 +z;)4; denote, respectively,
the rest wavelength, the oscillator strength, the cosmological
redshift, the line broadening velocity, the column density, and
the observed wavelength corresponding to line 7, then

() = ) &) (35)
with

&2 Niﬁ/li cA- /lz1 :
&) = 4egme mb; exp = b A ’ (36)

If natural broadening is important, the Gaussian functions will
have to be replaced with Voigt functions. The latter can be cal-
culated efficiently by using pseudo-Voigt approximations (Ida
et al. 2000).

Taking the proper identification of lines for granted, the
decomposition of an absorption line spectrum into individual
profiles is a parametric inverse problem involving a tuple of
three model parameters per line: position, broadening velocity,
and column density. Given an observed set of spectral fluxes
Fy, F,,... and normally distributed errors o, 07, ... sampled
at wavelengths A, A, . . . the optimal parametric decomposition
F(Q) is calculated by minimizing the normalized residual sum
of squares

RSS = Z(—F’ :(’l-’)) :
j

J

(37)

For any A(1), the minimization with respect to the coefficients
¢y presents a linear optimization problem

Rss = Y (Fj - Yi ke Lil¢(A)]AA)) )2
]

(38)

g

which is solved directly by means of Cholesky decomposition.
For normally distributed errors the minimum RSS maximizes
the likelihood. Note that since the normalized RSS is invari-
ant with respect to permutations of line parameter 3-tuples,
any self-adaptive ES will initially require several generations
to adapt to the symmetry. Any further global degeneracies of
the search space will lengthen the initial adaption phase.

4. Performance tests
4.1. Test cases

We have synthesized four exemplary test cases to investigate
the global optimization performance of the CMA-ES when
applied to the problem of spectral decomposition. The test
cases are based on the characteristics of real QSO spectra and
present a series of metal line ensembles increasing in complex-
ity. Test cases A, B, C, and D render superpositions of six,
eight, ten, and twelve components, respectively (Fig. 3). All
test cases are synthesized simulating an instrumental resolu-
tion of R = 60000 and a curved background continuum. Both
Poissonian and Gaussian white noise are added, producing a
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Fig. 3. Artificial test cases based on an ensemble of extragalactic Cam 43935 lines toward the QSO HE 0515-4414. The simulated instrumental
resolution is R = 60 000 while the simulated signal-to-noise ratio is about 50. Individual components are marked by vertical lines.

random continuum noise level of about two percent. Since ES
are not destabilized by small scale oscillations of the objective
function, the complexity of the decomposition problem does
not depend on the noise level of the data but is solely deter-
mined by the number and separation of spectral lines. The pa-
rameterization of the artificial lines used to synthesize the test
cases is listed in Table 1. Several lines are barely separated or
occcur close to the limit of the simulated spectral resolution.
The test case characteristics are motivated by the analysis of
QSO spectra recorded with the UVES spectropgraph installed
at the ESO VLT. Further test cases exhibiting different char-
acteristics will emerge in the future throughout the analysis of
QSO spectra recorded with the CES spectrograph. We do not
consider line ensembles consisting of less than six components
since these cases normally pose no challenge to the CMA-ES
algorithm. Primitive cases exhibiting just a single component
are completed in less than 50 generations using the canonical
(1,10)-CMA-ES.

4.2. Algorithm application

We compare the global performance of the CMA-ES to that
of several classical optimization algorithms provided by the

Numerical Recipes collection: Fletcher-Reeves-Polak-Ribiere
(FRPR, a conjugate gradient variant), Broyden-Fletcher-Gold-
fab-Shanno (BFGS, a virtual metric variant), Levenberg-Mar-
quardt, Powell (a direction set variant), and the downhill sim-
plex. The latter two algorithms do not require the calculation of
partial derivatives and serve as direct standards of comparison.

The positional search space is restricted to an interval 40
percent wider than the separation of the outer components
(Fig. 3), while the broadening velocities and column densi-
ties are confined to 1.0 < b (kms™') < 10.0 and 10.0 <
log N (cm™2) < 14.0. Since the classical algorithms are not
able to handle simple parametric bounds per se, the Numerical
Recipes routines are modified in such a way that any step that
attempts to escape is suppressed. The partial derivatives re-
quired by the FRPR, BFGS, and Levenberg-Marquardt algo-
rithms are calculated numerically using the symmetrized dif-
ference quotient approximation. Regarding the CMA-ES, we
apply an (100, 200) algorithm with internal strategy parame-
ters preset to the canonical values except for @,y = 0 and an
increased covariance matrix adaption rate c.oy. The diagonal el-
ements of C©) are initialized to the squared half widths of the
parameter intervals while the mutation step size is initialized to
a®=05.
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Table 1. Parameterization of the artificial lines used to synthesize the
test cases rendered in Fig. 3. Rest wavelengths and oscillator strengths
comply with the Can 43935 transition. All CMA-ES runs converging
at the global minimum result in the same parameterization indicated in
parentheses, along with standard deviations provided by the diagonal

elements of the scaled covariance matrix

Line z b (kms™) log N (cm™)

A-1 1.150800 (800) 3.0 (2.9+0.1) 12.30(12.32 +0.01)
A-2 1.150950 (949) 6.0(6.0+0.2) 11.80(11.80+0.01)
A-3 1.151120 (119) 2.5(1.9+0.2) 11.60 (11.60 £+ 0.02)
A4 1151290 (290) 5.0 (4.8+0.3) 11.50 (11.51 +0.02)
A-5 1.151490 (488) 3.0(2.8+0.3) 11.60 (11.58 +0.02)
A-6 1.151570 (569) 4.5(4.6+0.2) 12.00 (12.01 +£0.01)
B-1  1.150700 (700) 3.0 (2.9+0.1) 12.30 (12.32 +0.01)
B2 1.150850 (850) 6.0(6.0+02) 11.80(11.80 +0.01)
B-3 1.151100 (101) 2.5(2.5+0.2) 11.70 (11.69 +0.01)
B-4 1151190 (189) 4.0 (4.0+0.5 11.50 (11.50 +0.03)
B-5 1151280 (279) 5.5(5.6+0.7) 11.60 (11.61 +0.03)
B-6 1.151370 (370) 3.0(3.2+0.3) 11.60 (11.60 £ 0.02)
B-7 1151490 (490) 4.5 (4.4+02) 11.80 (11.80 +0.01)
B-8  1.151580 (580) 3.5(3.5+0.1) 1220 (12.20 + 0.01)
C-1 1150610 (610) 3.0(2.9+0.1) 1230 (12.32 = 0.02)
C-2 1.150700 (701) 5.5(5.4+0.3) 11.80(11.79 +£0.02)
C-3 1150820 (821) 3.0(2.8+03) 11.60 (11.59 = 0.02)
C4 1.151000 (000) 2.5(2.5+0.4) 11.40(11.38+0.02)
C-5 1.151170 (170) 4.0(3.9+0.3) 11.80(11.79 +£0.02)
C-6 1151260 (261) 5.5(5.9+08) 11.60 (11.61 = 0.04)
C-7 1.151360 (358) 3.5(3.2+0.8) 11.50(11.51 £0.07)
C-8 1.151420 (421) 4.0(3.9+0.8) 11.70 (11.71 £0.05)
C-9  1.151500 (500) 3.5(3.3+04) 11.90 (11.90 = 0.03)
C-10 1.151580 (579) 6.0 (6.1 +£0.2) 12.20(12.21 £0.01)
D-1 1.150600 (600) 3.0 (3.0+0.1) 12.30(12.30 £ 0.01)
D-2 1.150700 (700) 5.5(5.5+0.2) 11.80(11.81 =0.01)
D3 1.150810 (810) 3.0(3.0+02) 11.70 (11.70 + 0.01)
D-4 1.150970 (968) 2.5(2.5+0.2) 11.60 (11.59 +0.01)
D-5 1.151100 (098) 4.0(4.1+0.2) 11.70(11.70 +£0.02)
D-6  1.151200 (203) 55(5.5+1.0) 11.60 (11.60 + 0.06)
D-7 1.151270 (270) 3.0(2.8+0.8) 11.50(11.47 +0.08)
D-8 1.151350 (347) 4.5(4.0+0.6) 11.80(11.77 £0.05)
D9 1151420 (418) 3.5(4.6+0.8) 11.60 (11.69 0.06)
D-10  1.151500 (500) 2.5(2.2+0.3) 12.00 (12.00 +0.02)
D-11  1.151560 (562) 5.0(5.3+0.7) 11.90(11.93 +£0.04)
D-12 1151650 (651) 4.0 (3.9+0.1) 12.20(12.19 + 0.01)

For each algorithm and test case we monitor the history
of 100 randomly initialized optimization runs. Providing the
true number of absorption components as prior information, the
initial object parameters are randomly drawn from a uniform
distribution. The random noise is generated only once for each
test case and is the same for all runs. All optimization runs are
stopped after 100000 evaluations of the normalized RSS.

4.3. Test results

The optimization runs are evaluated in terms of the ratio of the
final normalized RSS to the normalized RSS corresponding to
the true parameterization. For all test cases the RSS ratio is
marginally less than unity at the global minimum. In general,

an RSS ratio of unity just indicates the statistical consistency
of the optimized and the true absorption profiles, but does not
indicate the consistency of the optimized and the true param-
eterization. In particular in the case of QSO spectra exhibit-
ing lower signal-to-noise ratios inconsistent optimized param-
eters will occur regularly. However, since in our test cases the
true parameterization is recovered by all runs converging at the
global minimum (Table 1) the RSS ratio is appropriate for as-
sessing the global optimization performance. The outcome of
optimization runs is summarized in Fig. 4 and Table 2 while
Fig. 5 illustrates the performance of the CMA-ES during dif-
ferent stages of the optimization. In the following paragraphs
the test results are described in detail.

4.3.1. Case A

Case A consists of four isolated and two blended components.
The lowest local minimum occurs when the weaker line of the
blend is missed, but an isolated line is hit twice instead. Higher
local minima occur whenever the blend is modelled correctly
but any isolated component is missed. The CMA-ES hits the
global minimum in 56, and the lowest local minimum in 38
runs. Another six runs converge at higher local minima but miss
an isolated component. The most stable classical technique is
the Powell algorithm, which arrives at the global minimum in
six, at the lowest local minimum in nine, and between these
both in twelve runs. The most successful gradient technique is
the Levenberg-Marquardt algorithm, which reaches the global
minimum in three runs. The latter algorithm is also the fastest,
needing about 1000 evaluations of the normalized RSS to lo-
cate the global minimum, whereas the Powell and CMA-ES al-
gorithms require about 14 000 and 18 000 evaluations, respec-
tively. The FRPR and simplex algorithms hit the global mini-
mum in two runs each, needing about 36 000 and 68 000 RSS
evaluations, respectively. Except for the Powell algorithm the
majority of deterministic runs misses two or more components.
The BFGS algorithm never hits any component.

4.3.2. Case B

Case B is similar to case A but exhibits two additional compo-
nents and a less narrow blend. The CMA-ES hits the global
minimum in 77 and the lowest local minimum in 15 runs.
Another eight runs converge at higher local minima. No de-
terministic algorithm locates the global minimum in more than
three runs. The Powell algorithm is still relatively stable, miss-
ing one or two components in the majority of runs.

4.3.3. Case C

Case C again exhibits two additional components resulting in
an ensemble of largely blended lines. The lowest local mini-
mum occurs when the seventh component is missed, but an-
other component is hit twice instead. The global minimum of
the objective function almost has degenerated, being different
from the lowest local minimum by merely seven percent. The
CMA-ES hits the global minimum in 32 and the lowest local
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Fig. 4. Outcome of 100 randomly initialized optimization runs using the CMA-ES (first row of histograms), Levenberg-Marquardt (second
row), and Powell algorithms. The number of runs converging at the global minimum is indicated by the leftmost bar. The FRPR, BFGS, and

simplex algorithms perform less well and are omitted for convenience

Table 2. Global optimization performance summarized in terms of the median of the final normalized RSS ratio, the number of runs converging
at the global minimum, and the median number of RSS evaluations needed

Algorithm Case A Case B Case C Case D
CMA-ES 0.97 56 18000 0.99 77 40000 1.04 32 62000 1.09 27 82000
FRPR 486 2 36000 945 3 70000 6.65 - - 11.7 - -
BFGS 268 — - 329 - - 347 - - 375 - -
Levenberg-Marquardt  3.97 3 1000 6.11 — - 424 - - 504 - -
Powell 212 6 14000 2.67 2 20000 205 2 26000 269 - -
Simplex 122 2 68000 256 — - 696 — - 358 - -

minimum in 22 runs. The majority of the remaining runs con-
verges at higher local minima while missing a different compo-
nent than the seventh. The Powell algorithm hits the global as
well as the lowest local minimum in 2 runs each and misses one
or two components in the majority of runs. No other classical
algorithm hits the global minimum.

4.3.4. Case D

Case D is very similar to case C but exhibits two additional
components. The CMA-ES hits the global minimum in 27 runs.
The majority of runs arrives at lower local minima without
becoming stationary (Fig. 5). No classical algorithm hits the
global minimum.

4.3.5. Efficiency

The number of RSS evaluations required by the CMA-ES to
converge at the global minimum increases linearly with the

number of lines superimposed in the test case (Table 2). The
CMA-ES needs about a = 10000 additional RSS evaluations
per additional line, while for the Powell algorithm the addi-
tional cost is a = 3000.

5. Summary and conclusions

All tested classical algorithms require an adequate initial guess
to locate the global optimum of the objective function when
applied to the problem of spectral decomposition. In contrast,
the CMA-ES is demonstrably capable of calculating the opti-
mal decomposition without demanding any particular initial-
ization, and therefore particularly qualifies for the application
in automatized spectroscopic analysis software.

The CMA-ES does not guarantee that the optimal solution
will be found: characteristic spectral features are modelled cor-
rectly, but features exhibiting just a small attractor volume such
as narrow components or tight blends are frequently not distin-
guished properly. Larger populations are expected to improve
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ABSTRACT

Aims. We study an ensemble of C1 fine-structure QSO absorption lines with redshift 1.15 to infer the physical conditions in the absorbing
medium and to test the temperature-redshift relation predicted by standard Friedmann cosmology.

Methods. We used the VLT UVES spectrograph to obtain high-resolution high signal-to-noise spectra of HE 0515-4414. The rate equation is
established considering direct photoexcitation by the cosmic microwave background, UV pumping, and collisions with hydrogen atoms.
Results. The resonance lines are seen in two components with total column densities of log N = 13.76 + 0.02 and log N = 13.33 £ 0.01. The
upper limit on the local FUV energy density corresponds to the 60-fold Galactic radiation while the number density of hydrogen atoms may
reach some 100 cm™3. The cosmic microwave background is only a minor source of excitation. The population temperatures of the ground
state fine-stucture levels of 7 = 15.8 and T = 11.2 K do not contradict the standard temperature-redshift relation.

Key words. cosmic microwave background — quasars: absorption lines — quasars: individual: HE 0515-4414

1. Introduction

The standard Friedmann cosmology predicts that the temper-
ature of the cosmic microwave background radiation (CMBR)
increases linearly with the redshift z as

Tcemer(z) = Tempr(0) (1 + 2). (1)

The present-day CMBR temperature has been ascertained by
the Cosmic Background Explorer FIRAS instrument to be
Temer(0) = 2.725 K (Mather et al. 1999). In recent years
several attempts have been made to infer the CMBR temper-
ature at higher redshifts from the relative population of C° (and
C*) fine-structure levels observed in damped Ly a (DLA) sys-
tems (Ge et al. 1997, 2001; Roth & Bauer 1999; Srianand et al.
2000). The principal problem in this inference is the presence
of additional sources of excitation. In particular, collisional ex-
citation and fluorescence induced by the local FUV radiation
field are competing processes. A recent study of Silva & Viegas
(2002) shows the possibility to assess the physical conditions in
QSO absorbers from the observation of fine-structure absorp-
tion lines.

This study provides a fine-structure diagnostics of C1 to-
ward the notably bright QSO HE 05154414 (z = 1.73, B =
15.0) discovered by the Hamburg/ESO Survey (Reimers et al.

Send offprint requests to: R. Quast
* Based on observations made with ESO Telescopes at the La Silla
or Paranal Observatories under programme ID 066.A-0212.

1998). The observed fine-structure absorption lines (and a large
number of additional metal lines) are associated with a DLA
system at redshift z = 1.15 (de la Varga et al. 2000). We in-
fer the physical conditions in the DLA system and demonstrate
that the CMBR is only a minor source of the observed fine-
structure excitation.

2. Observations

The QSO HE 05154414 was observed during ten nights be-
tween October 7, 2000 and January 3, 2001, using the UV-
Visual Echelle Spectrograph (UVES) installed at the second
VLT Unit Telescope (Kueyen). Thirteen exposures were made
in the dichroic mode using standard settings for the central
wavelenghts of 3460/4370 A in the blue, and 5800/8600 A in
the red. The CCDs were read out in fast mode without binning.
Individual exposure times were 3600 and 4500 s, under photo-
metric to clear sky and seeing conditions ranging from 0.47 to
0.70 arcsec. The slit width was 0.8 arcsec providing a spectral
resolution of about 55000 in the blue and slightly less in the
red. The raw data frames were reduced at the ESO Quality Con-
trol Garching using the UVES pipeline Data Reduction Soft-
ware (DRS) described in Ballester et al. (2000). Finally, the in-
dividual vacuum-barycentric corrected spectra were co-added
resulting in an effective signal-to-noise ratio typically better
than 100 (up to 130 for the parts of the spectrum considered
in this study).
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3. Absorption line analysis

The observed spectral flux F is the convolution of the instru-
mental profile P with the product of the background continuum
C and the absorption term:

FLD=~[P@XXA—864“{%E- (2)

The instrumental profile is approximated by a normalized
Gaussian defined by the spectral resolution of the instrument.
The background continuum is locally approximated by a linear
combination of Legendre polynomials of up to second order.
Assuming pure Doppler broadening, the optical depth is mod-
elled by a superposition of Gaussian functions:

() = ) &), 3)
where

> Nifidi A +z) - 4\
g,(/l) = 4€ch \/{—T‘b exp |:_ (b£ /( +/1Z) ) jl )

and 4;, f;, z;, b; and N; denote the rest wavelength, the oscilla-
tor strength, the redshift, the line broadening velocity and the

the *P;—*P; and *P,—>P; lines (top panel) is about 130.
The standard error provided with the reduced flux data is
about twice the noise

3359

column density of a single line, respectively. Each C1 absorp-
tion component is modelled by a superposition of Doppler pro-
files with identical redshifts and widths. In addition, the par-
ticular lines originating on the same fine-structure level are re-
stricted to have identical column densities. This simultaneous
fine-structure treatment ensures the physical consistency of our
analysis. The weak absorption features between the *P,—P,
and 3PP, lines seen in Fig. 1 are modelled by a superposi-
tion of three artificial Doppler profiles.

Our model is defined by 24 strongly correlated parameters:
six parameters to model the background continuum, 17 param-
eters to model the optical depth, and the spectral resolution
of the instrument. In order to find the optimal set of parame-
ter values, we minimize the y? statistic following an adaptive
evolution strategy recently proposed by Hansen & Ostermeier
(2001). The atomic line data used in this analysis are listed in
Table 1.

4. Results and discussion
4.1. Model parameters

The optimized values and formal confidence limits of the
model parameters for both C 1 absorption components are listed
in Table 2. The total column density is log N = 13.76 + 0.02
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Table 1. Atomic data for the radiative transitions of the multiplets 2
and 3 in C1. The vacuum wavelengths A and oscillator strengths f are
excerpted from Morton (2003)

Mult.  Transition A (A) f

2 2s22p?-2s*2p3s  *P;-*P,  1656.2672  0.0589
P—°P;  1656.9283  0.139
3p,—’P,  1657.0082  0.104
P3P, 1657.3792  0.0356
P-*Py  1657.9068  0.0473
3p,—*P;  1658.1212  0.0356

3 2s22p*-2s 2p° P-3D; 1560.3092  0.0719
P-*D,  1560.6822  0.0539
P-*D;,  1560.7090  0.0180
P,-3D,  1561.3402  0.0108
3p,—*D,  1561.3667  0.0007
3p,—*Ds;  1561.4384  0.0603

Table 2. Optimized values and formal 68.3 percent confidence lim-
its of the model parameters for both C1 absorption components. The
redshift z is accurate to the last digit

Level z b(kms™)  logN (cm™2)
3P, 1.150787 2.01 £0.09 13.49 +0.03
3P, 13.32 + 0.01
3p, 12.73 £ 0.02
3Py 1.150850 3.50 +0.21 13.17 £ 0.01
3P, 12.73 £ 0.02
3p, 12.07 = 0.08

for the major, and log N = 13.33 + 0.01 for the minor compo-
nent. These values are consistent with the total column density
log N = 13.90 + 0.04 reported by de la Varga et al. (2000) for
the nonseparated components.

Figure 1 reveals a saturated narrow structure in the *Py line
profiles of the major absorption component. This problem can
be tackled indirectly by correcting the apparent optical depth
(Savage & Sembach 1991; Jenkins 1996), but the correction
procedure is only established for synthetic data and may not
be applicable in general. Instead, we tackle the problem of sat-
urated narrow structure directly by testing our analytical pro-
cedure with synthetic data similar to the observed spectrum
(Fig. A.1). The tests confirm that our analytical procedure cor-
rectly recovers the narrow structure in the *Py line profiles if
the saturation is moderate (Table A.1). The presupposition of
stronger saturation gives rise to observed fine-structure popula-
tions being far away from statistical equilibrium.

The optimized value of the spectral resolution of the instru-
ment R = 55500 = 1200 matches the spectral resolution of the
individual exposures.

4.2. Physical conditions

The ground state of the carbon atom consists of the 2s’2p>
3P0,1,2 fine-structure triplet levels. In DLA systems, the ex-
cited levels of the ground state triplet are principally popu-
lated by three competing processes: direct photoexcitation by
the CMBR, fluorescence induced by the local FUV radiation

field, and collisional excitation by hydrogen atoms (Bahcall &
Wolf 1968). Given the physical conditions, the relative popu-
lation of fine-structure levels is determined by solving the sys-
tem of statistical equilibrium equations. In order to calculate
the solution, we use the PopRatio program package recently
developed by Silva & Viegas (2001). The package provides a
Fortran 90 source code and an up to date compilation of atomic
data (including collisional transition rate coefficients) for O,
C*, 0 Si*, and Fe*.

The rate equation is established assuming that the temper-
ature of the CMBR satisfies the standard temperature-redshift
relation and the local FUV input conforms to the scaled generic
Galactic radiation field. The transition rates resulting from di-
rect photoexcitation by the CMBR at redshift z = 1.15 are
Ry = 43 x 1072 s7! and Ry, = 2.5 x 10718 57!, while fluo-
rescence (the PopRatio package considers 108 UV transitions)
induced by the Galactic interstellar FUV radiation field (Draine
& Bertoldi 1996) yields pumping rates of Pg; = 6.3x 10710 57!
and Py, = 5.0 x 107'% 57!, Considering a kinetic temperature
of Txin = 100 K, the collisional transition rate coeflicients are
vo1 =3.8x 1070 ecm?s7! and yp = 2.5 x 10719 cm3 s~!. Note
that the optical pumping rates will exceed the direct photoexci-
tation rates if the local FUV input exceeds the typical Galactic
interstellar radiation by a factor of seven.

If the absorbing medium is homogenous, the relative pop-
ulation of excited and ground fine-structure levels matches the
corresponding column density ratios, X1, = N;2/Nyp. Then, if
the column densities Ny, are regarded as independent ran-
dom observables with density functions pg 12(No.12), X1 are
random observables with cumulative distribution functions

00 ~NoXi 2
F(Xi2) = j(; j(; Po(No)p12(N12) N1 2 dNo. (5)
Deriving the cumulative distribution functions with respect to
X 2 yields the density functions
pXip) = j(; Po(No)p1,2(NoX1,2)No dNp. (6)

In order to infer the physical conditions in each observed
C1 absorber, we define po 12(No,12) by the requirement that
log No,12 are normally distributed with mean values and stan-
dard deviations matching the optimized values listed in Table 2.
Then, we calculate the equilibrium population X; » for a grid of
physical conditions and evaluate the joint density function

(X1, X2) = p(X1)p(X2). (N

Contour diagrams of the joint density functions obtained in this
way are shown in Fig. 2, considering a kinetic temperature of
Tkin = 100 K. Figure 2 clearly demonstrates that the CMBR is
only a minor source of the observed fine-structure excitation.
Considering the 0.01 contour line (i.e. the boundary of the 99.7
percent confidence region if the distribution were normal), the
upper limit on the FUV energy density in the major (minor) C1
absorber is 60 (30) times the Galactic interstellar value. The up-
per limit on the H® number density is 125 cm™ (55 cm™3). The
upper limit on the thermal pressure of P/k = 12500 cm™ K
(5500 cm™3 K) exceeds the typical pressure in Galactic inter-
stellar C1 absorbers (Jenkins & Tripp 2001) by a factor of four
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Fig. 3. The same as Fig. 2, but considering a ten times higher kinetic
temperature. Note the different scale of the vertical axis

(two). A similar analysis considering a kinetic temperature of
Twn = 1000 K (see Fig. 3) yields upper limits of 44 cm~>
(22 cm™3) and 44 000 cm ™ K (22 000 cm ™ K). If the CMBR s
completely ignored in the analysis, the limits increase by less
than 10 percent (Figs. B.1, B.2).

If we integrate the joint density function with respect to the
H° number density and the relative FUV energy density, we
obtain the marginal probability density of the kinetic tempera-
ture. The marginal density function cannot rule out any kinetic
temperature in the range 10 K < Ty, < 1000 K at a confidence

level higher than 95.4 percent, but indicates that in both C1 ab-
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Fig. 4. The same as Fig. 2, but considering a four times lower kinetic
temperature. Note the different scale of the vertical axis

Table 3. Observed excitation temperatures of the ground state fine-
structure levels in C°. The indices denote the J quantum numbers of
the initial and final levels considered

Absorber Ty (K) To> (K) T2 (K)
Major 158+08 186+05 20.7+0.6
Minor 11.2+03 151+06 19.1+1.7

sorbers kinetic temperatures of T, < 100 K are more likely.
Note that lower kinetic temperatures also result in physical con-
ditions largely complying with the typical thermal pressure ob-
served in Galactic interstellar C1 absorbers (Fig. 4).

4.3. Excitation temperature

If the absorbing medium is homogenous, the excitation tem-
perature is defined (via the Boltzmann equation) by the ratio of
column densities

Ni _ 8 k) ®)
Ni i

The energies of the first and second excited ground state fine-
structure levels in C° relative to the ground level are Ey; =
164 cm™! and Ep, = 43.4 cm™'. Now considering the op-
timized column density values listed in Table 2, we obtain
three different excitation temperatures for each C1 absorber
(see Table 3). These excitation temperatures are consider-
ably higher than the CMBR temperature predicted by Eq. (1),
Tcemsr(1.15) = 5.9 K. The magnitude and diversity of the exci-
tation temperatures reveals that the CMBR is not the principal
source of the fine-structure excitation. Moreover, the excitation
temperatures in the minor absorber are systematically lower,
indicating completely different physical conditions. The fine-
structure excitation temperatures derived in this and in previous
studies considering higher redshifts are compared in Fig. 5.
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Fig. 5. Fine-structure excitation temperatures derived in this and in
previous studies (Songaila et al. 1994; Lu et al. 1996; Ge et al.
1997; Roth & Bauer 1999; Srianand et al. 2000; Molaro et al. 2002).
The square dot marks the CMBR temperature derived by Molaro
et al. (2002), the solid line represents the prediction of the standard
Friedmann cosmology

5. Conclusions

Our theoretical calculations of the relative population of the
ground state fine-structure levels in C° clearly demonstrate that
the CMBR is only a minor source of the observed fine-structure
excitation. The ratios of observed column densities indicates
that the absorbing medium is dense or exposed to intense FUV
radiation. The upper limit on the local FUV energy density cor-
responds to the 60-fold Galactic radiation, while the number
density of hydrogen atoms may reach some 100 cm~3. Whether
flourescence induced by local FUV radiation or collisional ex-
citation by hydrogen atoms is the more important process can-
not be concluded.

Besides, we observe absorption lines of molecular hydro-
gen associated with the DLA system. The observed rotational
population is strongly inversed, indicating not only collisonal
but also radiative excitation. Therefore, the kinetic temperature
of the absorbing medium can only be determined in a multi-
level population analysis. The analysis is in progress and might
unravel the physical processes giving rise to the observed fine-
structure population.
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Fig. A.1. Synthetic data similar to the observed spectrum. As a pre-
caution, the simulated spectral resolution (50000) and the effective
signal-to-noise ratio (50) are less than in the observed spectrum

Table A.1. Parametrization of the sythetic spectra shown in Fig. A.1.
Optimized parameter values are indicated in parentheses

Level z b (kms™) log N (cm™2)

3P, 1.150780 (0) 1.80(1.89 £0.06) 13.60 (13.58 + 0.02)
3P, 13.40 (13.40 + 0.01)
’p, 12.90 (12.91 + 0.01)
3P, 1.150844 (5) 3.20 (3.12+0.12) 1330 (13.29 + 0.01)
3p, 12.80 (12.79 + 0.02)
’p, 12.20 (12.07 + 0.05)

Appendix A: Recovering saturated narrow lines

In general, results based on the decomposition of saturated nar-
row lines are to be interpreted with caution. Nevertheless, the
application of the analysis technique described in Sect. 3 to
synthetic data similar to the observed spectrum (see Fig. A.1)
results in the correct recovery of the saturated narrow lines,
demonstrating that the saturated narrow structure in the ob-
served spectrum is not problematic (see Table A.1).

Appendix B: Ignoring the CMBR

The observed fine-structure excitation can be explained even if
the CMBR is ignored completely. Figures B.1 and B.2 demon-
strate that the physical conditions are virtually unaffected by
the CMBR.
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Fig. B.1. The same as Fig. 2, but ignoring the presence of the CMBR
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Fig. B.2. The same as Fig. 3, but ignoring the presence of the CMBR

Appendix C: The rate equation

The following remarks describe the way the PopRatio package
establishes the rate equation. The rates of processes involving
free states such as ionization or recombination are assumed to
be much lower than the rates of processes involving only bound
states and all transitions are assumed to be optically thin.

C.1. Radiative transition rates

Considering two atomic energy levels E; < E; with multiplici-
ties g; and g;, there are three different radiative processes con-
necting the two levels:

1. An atom in the higher level j may undergo a spontaneous
transition to the lower level i while emitting a photon of
energy hv;;. The probability of this occurring in unit time
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is defined by the Einstein coeflicient A j;. If n; denotes the
number density of atoms in level j, the expected number of
spontaneous transitions from level j to level i per unit time
and volume is n;A ;.

2. In the presence of radiation of energy density U, an atom in
the higher level j may undergo stimulated emission to the
lower level i. The corresponding transition rate is B ;U (v;;)
with

6‘3

L= A
Jt 3
87rhvl.j

ji (C.1)
giving rise to another n;B ;;U(v;;) downward transitions per
unit time and volume.

3. In the presence of radiation of energy density U, an atom
in the lower level i may jump to the higher level j while
absorbing a photon of energy hv;;. The corresponding tran-
sition rate is B;;U(v;;), where

g
Bij = =*B;.

1

(C2)

If n; denotes the number density of atoms in level i, the
expected number of transitions from level i to level j per
unit time and volume is n;B;;U(v;).

C.2. Collisional transition rates

Considering an atom moving in a group of field particles with
number density n, the probability per unit time that the atom
undergoes a transition from level i to level j as the result of a
collision with a field particle is C;; = ny;;. The collisional rate
coefficient y;; is calculated as

Yij = f u-o;(w)f(u)du,

where f(u) is the velocity distribution function for the group
of field particles and o;;(u) is the cross section of a single field
particle. In the interstellar or intergalactic medium, the trans-
fer of translational kinetic energy is easily dominated by elas-
tic collisonal processes and the calculation of v;; is basically
simplified by the fact that the velocity distributions of atoms,
electrons, and molecules are closely Maxwellian, with a sin-
gle kinetic temperature 7 applicable to all these components.
Consequently, the collisional rate coefficient y;; and its reverse
v i are related by the principle of detailed balance resulting in

givij = gyyjie” BTEED, (C4)
The PopRatio package provides an up to date compilation of
transition rate coefficients for collisions of C°, C*, O°, Si*, and

Fe™ with electrons, protons, atomic and molecular hydrogen,
and helium.

(C.3)

C.3. Statistical equilibrium

Cumulating the transition rates resulting from collisions with
all kinds of field particles C;; = > nk(yij)x and defining R;; =
A;j+B;;U(v;j) with A;; = 0if E; < E;, the equation of statistical
equilibrium for level i reads

an(Rji+Cji)_niZ(Rij+Cij) =0.

J#i J#I

(C5)

In the case of flourescence, a photo-excited atom cascades back
through a variety of intermediate states, reaching states which
eventually cannot be populated by direct upward radiative tran-
sitions from the ground state. In this situation the relevant en-
ergy levels may be divided into two sets, lower levels L™ and
upper levels L*. By definition, the downward radiative transi-
tions from the upper levels to one or more of the lower levels
occur so rapidly that the population of the upper levels rela-
tive to the lower levels at any one time is negligibly small. In
addition, the retention period in each upper level is so short
that collisional transitions out of each such level can be ig-
nored. Consequently, considering only the population of the
lower levels reduces the equation of statistical equilibrium for
level i e L™ to

Z n; (Rj,‘ + Pji + Cji) —n; Z (Rij + P,‘j + C,‘j) = O,

jeL~ jeL=

(C.6)

where P;j = o+ Ricej defines the indirect transition rate
from the lower level i to the lower level j. The quantity ¢ is the
fraction of downward transition cascades from the upper level
k that first of all lower levels populate the level j. In the ab-
sence of radiative cascading among intermediate upper levels
€, simply is the branching ratio, ; = Ry;/ }};c.- Rii. Defining

Z,‘,‘ = - Z (Rij + P,‘j + C,‘j) y Zij = Rji + Pj,‘ + Cj,‘, (C7)
i
Eq. (C.6) provides a homogenous set of linear equations
Zu : Zij n;
: =0, ijel” (C.8)
Zii o Zjj nj

which can be solved in general by means of standard methods
such as singular value decomposition.
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ABSTRACT

Aims. We examine the ionization, abundances, and differential dust depletion of metals, the kinematic structure, and the physical conditions in
the molecular hydrogen-bearing sub-damped Ly « system toward HE 0515-4414.

Methods. We used the STIS and VLT UVES spectrographs to obtain high-resolution recordings of the damped Ly « profile and numerous
associated metal lines. Observed element abundances are corrected with respect to dust depletion effects.

Results. The sub-damped Ly « absorber at redshift z = 1.15 is unusual in several aspects. The velocity interval of associated metal lines extends
for 700 kms™!. In addition, two peripheral H1 components with Ny; = 10'3 and 10'7 cm2 are detected at distances of, respectively, 530 and
240 kms~! from the Ny, = 8x 10" cm™ main component. For the peripheral components, the column density ratios of observed Aln, Fen, and
H1 lines indicate that the absorbing material is ionized. Most of the 31 associated metal line components are formed within the peripheral H
regions, only components 20-31 are associated with the main absorber and correspond to predominantly neutral gas. The bimodal kinematic
distribution of metal line components suggests two interacting absorbers. For components 23-28 the observed abundance ratios of refractory
elements to Zn range from Galactic warm disk [Si/Zn], = —0.40+0.06, [Fe/Zn], = —1.10+0.05 to halo-like and essentially undepleted patterns.
The dust-corrected metal abundances indicate the nucleosynthetic odd-even effect and might imply an anomalous depletion of Si relative to
Fe for two components, but otherwise do correspond to solar ratios. The intrinsic average metallicity is almost solar [Fe/H],, = —0.08 + 0.19,
whereas the uncorrected average is [Zn/H]; = —0.38 + 0.04. The ion abundances in the periphery conform with solar element composition.
Conclusions. The unambiguous detection of H 1 gas as well as the large variation in dust depletion for this sight line raises the question whether
in future studies of damped Ly @ systems ionization and depletion effects have to be considered in further detail. Ionization effects, e.g., may
pretend the enrichment of @ elements. An empirical recipe to detect Hn regions is provided.

Key words. cosmology: observations - galaxies: abundances - galaxies: interactions — intergalactic medium — quasars: absorption lines —
quasars: individual: HE 0515-4414

1. Introduction tions is to establish accurate element abundances for the aggre-
gations of neutral gas that are examples of interstellar environ-
ments in the high-redshift universe. Since the measurement of
metal column densities is straightforward, the only problem is

their correct interpretation.

The study of QSO absorption lines provides vital information
on the nucleosynthetic history of the universe by complement-
ing the compositional analysis of stars and interstellar space
in local galaxies with element abundances at higher redshift.
In particular, interests are focused on extragalactic structures

;e;lrl?reﬁ ﬁ;r(?riz(ir%zvilf](?(Eﬁr)n;ycsifggistiezsj\ef:fliug f(oi%ggl:jgrs: with different morphologies, chemical enrichment histories,

cm~2 (for a review see Wolfe et al. 2005). Absorbers in the and physical environments, is multifarious. The diversity is at-

. .. tested by the di t 1 btained f tal abund t
sub-DLA range with column densities Nyg; > 10! atoms cm ™2 ested by the disparate values obtained for metal abundances a

might be mainly neutral when the ionizing background is re- any given redshift

duced (Péroux et al. 2002, 2003). The aim of these examina-

The true nature of DLA systems is unknown and the under-
lying population, being constituted of hierarchical structures

The metallicity of DLA systems is not correlated with their
column density. Though there exist high column density DLA
absorbers with high metallicity in the foreground of the star
forming hosts of gamma-ray bursts (Watson et al. 2005), corre-
sponding absorbers are not detected toward QSOs. The cosmic
mean metallicity of DLA absorbers increases with cosmic time

Send offprint requests to: R. Quast

* Based on observations made with ESO Telescopes at the La Silla
or Paranal Observatories under programme ID 066.A-0212.
** Based on observations made with the NASA/ESA Hubble Space

Telescope, obtained from the data archive at the Space Telescope
Institute. STScl is operated by the association of Universities for
Research in Astronomy, Inc. under the NASA contract NAS 5-26555.

(Prochaska et al. 2003; Kulkarni et al. 2005; Rao et al. 2005),
but is an order of magnitude lower than predicted by cosmic
star formation history (see the discussion of the missing met-
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als problem by Wolfe et al. 2005). The solution to this problem
is a matter of debate. Conclusive evidence of enriched material
ejected from DLA absorbers into the intergalactic medium or of
active star formation restricted to compact regions is missing.
The latter possibility is closely linked to the physical proper-
ties of the interstellar medium and its molecular content (Wolfe
et al. 2003a,b). Molecular gas is uncommon in DLA absorbers.
If found, the fraction of molecular hydrogen, usually between
107% and 1072, is not correlated with the column density of
atomic hydrogen (Ledoux et al. 2003).

Since the spectroscopic analysis is restricted to the gaseous
phase of the absorbing medium, observed element abundances
are potentially distorted by dust removing atoms in varying
amounts, depending on their affinity to the solid state. In par-
ticular high-metallicity and molecule-bearing absorbers are af-
fected by dust (Petijean et al. 2002; Ledoux et al. 2003).
Depletions are largely lower than in the Galactic halo, but
increase with metallicity (Vladilo 2004). In practice, the ob-
served element abundances are corrected ad hoc, using Galactic
interstellar depletion patterns as reference (Vladilo 2002a,b).
Another aspect of dust is the possibility that DLA absorbers
may elude detection because the background QSOs are ob-
scured (Fall & Pei 1993). The selection effects are complicated
since obscurement is counteracted, but not compensated, by
amplification due to gravitational lensing (Smette et al. 1997).
The effect of dust is subject of several studies (Murphy & Liske
2004; Quast et al. 2004; Akerman et al. 2005; Smette et al.
2005; Vladilo & Péroux 2005; Wild et al. 2005). A further
difficulty are ionization effects. Examples of DLA-associated
metal line components formed within mainly ionized material
are given by Prochaska et al. (2002) and Dessauges-Zavadsky
et al. (2006).

The column density distribution and kinematic structure of
absorbers provide important constraints on hierarchical struc-
turing (e.g. Cen et al. 2003; Nagamine et al. 2004) and im-
mediate insight into processes of galaxy formation (Wolfe &
Prochaska 2000). The extended multicomponent velocity struc-
ture and characteristic asymmetry of DLA-associated metal
lines is consistent with galaxy formation models in hierarchic
cold dark matter cosmologies, and reproducible by the hydro-
dynamical simulation of rotation, random motion, infall, and
merging of irregular protogalactic clumps hosted by collapsed
dark matter halos (Haehnelt et al. 1998). The velocity struc-
ture of sub-DLA absorbers compares to that of the higher
column density systems (Péroux et al. 2003), which is un-
expected since semianalytic galaxy formation models (Maller
et al. 2001, 2003) predict markedly different kinematic prop-
erties. The absorption velocity intervals of both sub-DLA and
DLA absorbers typically extend for 100 kms~!. More extended
systems tend to higher metallicities and lower column densities
(Wolfe & Prochaska 1998). In particular the latter property is
unexpected and difficult to interprete in terms of rotating disks
models. The most extended systems, however, are probably due
to interacting or merging galaxies (Petijean et al. 2002; Richter
et al. 2005).

In this study we revisit the z = 1.15 sub-DLA system to-
ward HE 0515-4414 (Reimers et al. 1998; de la Varga et al.
2000). The main components of associated metal lines exhibit

Table 1. Spectra obtained with UVES

Date Obs. Exp.(s) Mode Arm Wav. (A)
2000-10-07 101818 4500 DI2 blue 3460
4499 red 8600
2000-11-16 101822 4500 DIl blue 3460
4499 red 5800
2000-11-17 101821 4500 DI1 blue 3460
4499 red 5800
2000-11-18 101820 4500 DI1 blue 3460
4499 red 5800
2000-12-15 101812 3600 DI2 blue 4370
3599 red 8600
101813 3600 DI2 blue 4370
3600 red 8600
101814 3600 DI2 blue 4370
3599 red 8600
2000-12-16 101811 3600 DI2 blue 4370
3600 red 8600
2000-12-21 101810 3600 DI2 blue 4370
3599 red 8600
101815 3600 DI2 blue 4370
3599 red 8600
2000-12-23 101817 4500 DI2 blue 3460
4500 red 8600
2000-12-24 101819 4500 DI1 blue 3460
4500 red 5800
2001-01-02 101816 4500 DI2 blue 3460
4500 red 8600

excited neutral carbon and molecular hydrogen (Quast et al.
2002; Reimers et al. 2003). Most outstanding, the absorption
velocity interval extends for 700 kms~!. Based on refined spec-
troscopy, we examine the ionization, abundances, and differen-
tial dust depletion of metals, the kinematic structure, and the
physical conditions in this unusual absorption line system. Its
extended velocity spread facilitates the component-wise com-
parison of H1 and associated metal lines. The comparison re-
veals that more than half of the metal line components are
formed within H 1 regions.

2. Observations

Ranging from the NUV to the end of the visual, the observa-
tions cover the sub-damped profile at 2615 A (Fig. 1) and nu-
merous associated metal lines (Fig. 2).

2.1. UV-visual spectroscopy

HE 0515-4414 was observed during ten nights between
October 7, 2000 and January 3, 2001, using the UV-Visual
Echelle Spectrograph (UVES) installed at the second VLT
Unit Telescope (Kueyen). Thirteen exposures were made in
the dichroic mode using standard settings for the central wave-
lenghts of 3460/4370 A in the blue, and 5800/8600 A in the
red (Table 1). The CCDs were read out in fast mode with-
out binning. Individual exposure times were 3600 and 4500 s,
under photometric to clear sky and seeing conditions ranging
from 0.47 to 0.70 arcsec. The slit width was 0.8 arcsec pro-
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viding a spectral resolution of about 55000 in the blue and
slightly less in the red. The raw data frames were reduced at
the ESO Quality Control Garching using the UVES pipeline
Data Reduction Software. Finally, the individual vacuum-
barycentric corrected spectra were combined resulting in an ef-
fective signal-to-noise ratio per pixel of 90-140.

2.2. NUV spectroscopy

The UV-visual recordings were supplemented by spectra ob-
tained with the Space Telescope Imaging Spectrograph (STIS)
during three orbits between January 31 and February 1, 2000,
ranging from 2300 to 3100 A. The total exposure time was
31500 s, while the instrument was operating in the medium
resolution NUV mode (E230M) with the entrance aperture
of 072 x 0”2 providing a spectral resolution of about 30 000.
The raw spectra were reduced at the Space Telescope Science
Institute using the STIS pipeline software completed by an ad-
ditional interorder background correction. The combined spec-
tra show an effective signal-to-noise ratio per pixel of 5-10.

3. Line profile analysis

There are several basically different techniques for the analysis
of QSO absorption lines: the classical line profile decomposi-
tion, the apparent optical depth method (Savage & Sembach
1991), and Monte Carlo inversion (Levshakov et al. 2000).
While the classical profile decomposition postulates discrete
homogenous absorbers with Gaussian (i.e. thermal or micro-
turbulent) particle velocity distributions, the apparent optical
depth technique allows the very direct interpretation of ob-
served spectra without the need to consider the velocity struc-
ture of spectral lines as long as the absorption is optically thin
or sufficiently resolved. Otherwise, the apparent optical depth
is not representative and additional operations are required to
recover the correct column density (Jenkins 1996). The correc-
tive procedure, however, is only approved for synthetic spectra
with Gaussian velocity distributions underlying the individual
components. Monte Carlo inversion considers random velocity
and density fields along the sight line, but requires photoioniza-
tion calculations to connect the random fields to the observed
absorption that are too time-consuming for DLA systems.

Since we consider many blended or optically thick lines, we
prefer the classical decomposition technique for the analysis
and use the apparent optical depth method to supplement the
diagnostics. Throughout the analysis we use the atomic data
compiled by Morton (2003).

3.1. Line profile decomposition

The general problem of line profile decomposition in QSO
spectra and its solution by means of evolutionary forward mod-
elling is described in detail by Quast et al. (2005). For the spe-
cific purpose of measuring accurate metal column densities we
introduce several additional constraints:

1. Each metal line component is modelled by a superposition
of Doppler profiles positioned at the same radial velocity.

This procedure helps to recover the velocity structure of
the instrumentally blurred line ensembles and ensures the
calculation of elemental abundances for concentric velocity
intervals.

2. For any component all lines corresponding to the same
atomic or ionic species are modelled by Doppler profiles
exhibiting the same broadening velocity and column den-
sity. With respect to their broadening velocities all Cr,
Mnu, Fen, Nin, and Znu lines are modelled as if corre-
sponding to the same ionic species. The same treatment is
applied to Alu and Al lines.

3. Unresolved blends or otherwise asymmetric lines are mod-
elled by a single component.

4. Weak absorption features otherwise unconfirmed are ig-
nored.

All metal line ensembles are decomposed simultaneously
while the local background continuum is approximated by an
optimized linear combination of Legendre polynomials ex-
tending to the nearest absorption-free regions. The metal line
recordings of STIS are too noisy and too contaminated with
Lyman forest lines to be considered in the decomposition. The
STIS echelle order showing the sub-damped profile is decom-
posed using pseudo-Voigt profiles (Ida et al. 2000). The profile
is well defined by its Lorentzian part and can be distinguished
from even a curved background continuum due to its symme-
try. Note that the blue damping wing is blended with further H1
components which are modelled by two profiles of the same
width and are positioned in accord with the main associated
metal line components (Fig. 1).

3.2. Apparent optical depth analysis

The apparent optical depth method is only applied to the
weaker transitions of a given atomic or ionic species to avoid
narrow saturation. The spectra are normalized using the opti-
mized continuum approximation obtained from the line pro-
file decomposition. The normalized flux is averaged using a
moving window of 10 kms~!. Low apparent optical depths
7, <0.01 are clipped.

4. Results and discussion

In this section we present the optimized profile decomposi-
tion and examine the ionization, chemical composition and dust
content, kinematic structure, and physical conditions in the ab-
sorbing medium.

4.1. Profile decomposition

The optimized decomposition of the sub-damped Ly « profile
and associated metal lines is depicted in Figs. 1-4. The cor-
responding line parameters are listed in Tables 2 and 3. Since
only the metal line components 20-31 are associated with the
sub-damped profile, components 1-19 and 20-31 are termed
peripheral and main components, respectively. In particular,
components 23 and 24 correspond to the neutral carbon and
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position and its instrumental convolution. Individual components are marked by vertical lines. Data represented by empty circles are ignored

in the profile decomposition. Components 3, 16, and 17 are probably unresolved blends. This figure is continued in the Online Material
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Table 2. Optimized decomposition of the sub-damped profile shown
in Fig. 1. The listed numbers correspond to a straight continuum, for a
curved continuum the errors increase. The origin of the radial velocity
(RV) scale corresponds to the redshift z = 1.15080

Transition RV (kms™) b (kms™) log N (cm™2)
Hr 1216 —533.51 82.74+7.23 1498 +£0.13
Hr 1216 -236.14 82.74 +7.23 16.84 +0.92
Hri 1216 -3.19+11.14 75.17+5.84 19.89+0.03

H,-bearing components considered by Quast et al. (2002) and
Reimers et al. (2003).

4.1.1. Peripheral components 1-19

The decomposition of the peripheral components is defined by
the structure of Mgi1, Mgm, Sin, and Feu lines. Part of the
Siu profile is ignored due to contamination by Lyman forest
lines. The weakest components with 10'! metal ions cm™2 are
indicated by the Mg lines, whereas the components exceed-
ing 10'3 ions cm2 are saturated for Mg, but well defined
for Fen. Nonetheless, the decomposition is uncertain in de-
tail, since components 3, 16, and 17 are probably unresolved
blends. The ambiguities, however, do not affect the chemical
abundance analysis.

For some components the Fe 11 lines are narrower than those
corresponding to lighter elements as if thermally broadened.
The constraints on the decomposition of Fen, however, are
much stronger than those on the rest of lines. The evidence of
thermal broadening is therefore not conclusive.

4.1.2. Main components 20—-31

The decomposition of the main components is well constrained
by the structure of Mg1, Sim, Can and Fen lines. The Mgn
lines are saturated, with column densities exceeding 2 X 1013
ions cm~2. The Aln line is ignored because it is blended with
a lower-redshift Mg i system at z = 0.28.! Though the blended
line ensemble can be disentangled, the optimized column den-
sities calculated for components 23 and 24 are not reliable since
the superimposed narrow Mgn absorption is saturated. The
Sin 41527 line is saturated for components 23 and 24, but the
optically thin Sin 11808 absorption compensates the lack of in-
formation. The red part of the Znu 12026 line is blended with
the blue part of Mg1 42026, but due to the distinct Mg1 12853
absorption both ensembles can be restored. Similarly, the red
part of the Cru 42062 line is blended with the blue part of
Znn 2063, but Cru 412056 and the blue part of Znu 12026 are
unperturbed.

For the Hj-bearing components 23 and 24 the broadening
velocity is correlated with the ionization potential of the ab-
sorbing species as if the ionizing radiation was spatially fluctu-
ating. The lines corresponding to species with lower first ion-
ization potential than hydrogen (C1, Mgt and Cam) are sys-

' We cannot confirm the detection of Mn 1 lines associated with this
DLA system candidate (de la Varga et al. 2000).

tematically less broadened than the Sim and Fe nn lines, indicat-
ing different spatial origins. This systematic difference is well
known from the study of Galactic molecular gas (Spitzer &
Jenkins 1975, Fig. 2). Indeed, the detection of Sir1, St, and Fe1
lines with low broadening velocities (Table 3) may indicate an
embedded layer of cold neutral gas.

4.2. lonization

For most elements, the singly ionized state predominates in the
neutral interstellar medium because the first ionization poten-
tial is lower, whereas the second is higher than the hydrogen
ionization threshold. Exceptions to this rule are N, O, and Ar,
where the first ionization potential exceeds the threshold, and
Ca, where even the second ionization potential is lower. Since
for interstellar abundance studies the total amount of an ele-
ment is usually assumed to be equal to the amount existing in
the predominant stage of ionization, substantial errors are made
if the absorbing medium is a mixture of H1 and H 1 regions.

4.2.1. Peripheral components

Immediate evidence of ionized gas is provided by the detection
of C1v lines (Fig. 2) and the recording of Simr and Si1v lines
with STIS (see Fig. 5 provided in the Online Material). For all
high-ion lines apparent column densities of 10'* cm™2 are at-
tained. Except for the broad C1v lines, the velocity structures
of low- and high-ion profiles are similar, suggesting a common
spatial origin. In particular for components 2—4 the apparent
column densities of different Si ions compare, clearly indicat-
ing an Hu region. The apparent optical depths of the Sim and
Si1v lines decreases for components 7—16, whereas the optical
depth of Sin peaks at component 16. The optically thick Sim
profile between components 19 and 20 indicates ionization, but
an absorption within this velocity interval is not confirmed by
the rest of metal lines.

Further evidence of ionized gas is provided by the column
density ratios of Alu, Alm, Fen lines. For components 2—4,
6, 12, 16, and 18 the apparent abundance of Al relative to Fe
is a factor of 4-30 higher than expected for a neutral medium
with solar chemical composition (Fig. 6). The apparent enrich-
ment of Al cannot be explained by the presence of dust because
the expected depletion of Al into grains is typically an order
of magnitude higher than that of Fe (Spitzer & Jenkins 1975).
On the other hand, Al is produced with @-elements which are
known to experience a nucleosynthetic history different from
that of Fe. For instance, in Galactic thick disk stars the abun-
dance ratio of Al to Fe is found to be enhanced by a fac-
tor of 2—4 relative to the solar value (Prochaska et al. 2000).
Nonetheless, the apparent enrichment of Al is correlated with
the column density ratio of Alm to Al lines, indicating ioniza-
tion rather than nucleosynthetic effects (Fig. 6). This indication
is absolutely confirmed by another argument: for components
24 the total column density of Fe 1 lines of about 5x10'? cm™2
implies a column density exceeding 10'” hydrogen atoms cm ™
if the medium were mainly neutral. Dust depletion or subsolar
abundances would result in even higher values. In marked con-
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Table 3. Optimized decomposition of the metal lines shown in Figs. 2 and 3. This list is abridged for convenience, the complete table is available

in the Online Material

No. Transitions RV (kms™') b (kms™)  logN (cm™2)
23 Mg1 2026, 2853 -1.61 +£0.03 2.16 £0.05 12.41 +0.03
23 Aln 1671 -1.61 3.05 13.86 = 0.17
23 Alm 1855, 1863 -1.61 3.05 11.50 + 0.06
23 Sit 2515 -1.61 +£0.03 217+£2.10 11.34 £0.08
23 Sin 1527, 1808 -1.61 +£0.03 3.05+0.09 14.28 +0.03
23 St 1807 -1.61 +£0.03 1.56 £1.12  12.18 £ 0.05
23 Can 3935 -1.61 +0.03 2.15+£0.10 12.12+0.02
23 Cru 2056, 2062 -1.61 +£0.03 297+0.05 11.84+0.06
23 Mnu 2577, 2594, 2606 -1.61 +£0.03 297+£0.05 11.51 £0.03
23 Fe1 2484, 2524 -1.61 +£0.03 048 £0.18 11.30 +0.06
23 Fen 1608, 2344, 2374, 2383, 2587,2600 —1.61 + 0.03 297 +0.05 13.51 £0.01
23 Nin 1710, 1742, 1752 -1.61 +£0.03 297+£0.05 12.48 +0.04
23 Znu 2026, 2063 -1.61 +£0.03 297+£0.05 11.79+£0.02
24 Mg1 2026, 2853 7.63 +0.06 4.09+0.12 11.90 +0.01
24 Aln 1671 7.63 5.36 12.82 £ 0.04
24 Alm 1855, 1863 7.63 5.36 11.72 £ 0.05
24 Sin 1527, 1808 7.63 £ 0.06 536+£0.25 14.16 £0.04
24 Can 3935 7.63 +0.06 3.17+0.17 11.78 £ 0.01
24 Cru 2056, 2062 7.63 +0.06 492+0.13 11.61 £0.14
24 Mnu 2577, 2594, 2606 7.63 £ 0.06 492+0.13 11.36 +£0.03
24 Fen 1608, 2344, 2374, 2383, 2587, 2600 7.63 +0.06 492 +0.13 1336 +£0.01
24 Nin 1710, 1742, 1752 7.63 +0.06 492+0.13 1233 +£0.06
24 Znu 2026, 2063 7.63 £ 0.06 492+0.13 11.59 £0.03
28 Mgt 2026, 2853 7254 +£0.06 6.03+0.15 11.77 +£0.01
28 Aln 1671 72.54 6.14 £0.15 12.57+£0.02
28 Alm 1855, 1863 72.54 6.14+£0.15 11.17+£0.13
28 Sin 1527, 1808 72.54 +0.06 6.45+0.18 13.75+0.02
28 Can 3935 7254 +£0.06 552+0.13 12.08 +£0.01
28 Cru 2056, 2062 72.54 £0.06 5.81+0.09 11.92+0.06
28 Mnu 2577, 2594, 2606 72.54+0.06 5.81+0.09 11.34+0.03
28 Fen 1608, 2344, 2374, 2383, 2587, 2600 72.54 +£0.06 5.81 +£0.09 13.51+0.01
28 Nin 1710, 1742, 1752 72.54 +£0.06 5.81 £0.09 12.32+0.06
28 Znu 2026, 2063 72.54+0.06 5.81+0.09 10.72+0.11

trast, the observed column density is two orders of magnitude where

lower, providing direct observational evidence of high ioniza- 4r [ J)

tion. The same arguments applies to component 16. ny=— f Ty dv (2)

VL

Additional confidence is provided by photoionization sim-
ulations. For the calculations we consider a plane-parallel slab
of gas that is irradiated by the cosmic UV background of QSOs
and galaxies (Madau et al. 1999).2 We further assume a column
density of 10'¢ hydrogen atoms cm~2 and solar chemical com-
position. The photoionization models are defined by the total
hydrogen density ny and the dimensionless ionization parame-
ter

U=—, 1)

2 The photoionization simulations have been carried out with ver-
sion 05.07 of Cloudy, last described by Ferland et al. (1998). The cos-
mic UV background at redshift 1.15 has been calculated using lookup
tables provided by F. Haardt.

is the number density of hydrogen-ionizing photons striking the
illuminated face of the slab. For instance, for a total hydrogen
density of ny = 107! particles cm ™~ the cosmic UV background
with 47J,, = 8.6x 1072! erg cm™2 corresponds to an ionization
parameter of U = 2 x 107*. Figure 7 demonstrates that the
observed column density ratios are well reproduced, if U falls
between 10~ and 103, The degree of ionization for this range
of U is higher than 90 percent. Similar results are obtained for
column densities of 10'7 and 10'® hydrogen atoms cm~2 and
column density ratios corresponding to component 16.

In summary, there is conclusive evidence that the periph-
eral metal line components are formed within Hu regions. The
proof of ionized gas is facilitated by the extreme extent of the
H1 absorption velocity interval, revealing individual H1 com-
ponents. Figure 6 provides an empirical method to identify Hu
regions when individual H1 components are not detectable.
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Fig. 3. Close-up of associated metal lines. Individual components are labeled by numbers 23-28
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Fig. 6. Empirical diagram of ionization vs apparent nucleosynthetic
enrichment of Al relative to Fe. Since the peripheral and main compo-
nents, which are formed within Hi and H1 regions, respectively, are
well separated, the diagram can be used to distinguish mainly ionized
and neutral gas in general

4.2.2. Main components

The presence of ionized gas within the main absorber is not as
evident as for the periphery. The Sim profile is optically thick,
suggesting an apparent column density possibly exceeding 10
ions cm™2 for components 20-28, but most of the absorption is
due to Lyman forest lines (see the preceding subsection). While
the stronger Si1v profile is blended into the Lyman forest, the
weaker Si1v profile may confirm the Simr absorption for com-
ponents 27-31. Conclusive evidence of ionized gas is provided
by the C1v and Al lines. The velocity structure of the C1v
line, with an apparent column density of up to 2 x 10'? ions

cm~2, is weak and without noticeable substructure in the do-

main of components 22-26, indicating that ionized and neutral
gas are not intermixed. In contrast, the Al profiles indicate
a homogenous distribution of high- and low-ions for compo-
nents 23-25. The column density ratio of Almr to Al lines is
less than 1/10 for all components (Fig. 6).

According to simple photoionization calculations an ion-
ization of the molecular regions due to the cosmic UV back-
ground is ruled out (Fig. 8). However, some fractional ion-
ization due to stellar sources is conceivable. The comparison
with photoionization simulations considering both interstellar
radiation and the formation of molecules and dust requires
an accurate recording of Hj lines that is not available. Our
simplest attempts assuming Galactic environmental conditions
have yielded inconsistent results, reproducing the ionic ratios
of iron and sillicon as well as the relative population of neu-
tral carbon fine-structure levels, but overpredicting the amount
of molecular hydrogen and underpredicting the Ca i1 absorption
by more than one order of magnitude.

4.3. Metal abundances and dust depletion

Besides ionization and nucleosynthetic effects, the chemical
composition analysis of interstellar environments is hampered
by dust grains removing an unknown amount of atoms from the
gaseous phase (Spitzer & Jenkins 1975; Savage & Sembach
1996). The accepted procedure to unravel these effects is to
compare the abundance of refractory and volatile elements X, Y
for which the photospheric abundance ratio (X/Y) is constant in
stars over a wide range of metallicities. In that case an observed
deviation from the stellar ratios is unlikely to have a nucleosyn-
thetic origin. Even though the existence of a stellar proxy for
interstellar abundances is questionable (Sofia & Meyer 2001)
the Sun is used as a standard of reference for the total, i.e. gas
plus dust, interstellar composition. For given observed column
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Fig. 3. continued. The shadings mark the main components of the Mg1 12026 and Zn 1 12063 lines

densities Nx and Ny the relative abundance of elements X and metal abundances in meteorites (Anders & Grevesse 1989) as
Y is expressed as a standard of reference.

[X/ Y] =log(Nx/Ny) = log(X/Y)o. () 4.3.1. Peripheral components

Element abundances relative to hydrogen are termed absolute Since the peripheral components are formed within Hu re-
abundances. For chemical composition analysis, we use the gions, the element abundances cannot be determined directly.
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Fig. 4. Associated Ca lines compared with the corresponding interstellar absorption in the Galactic halo along the same line-of-sight. No Can

absorption is detected for the peripheral components

The observed ion abundances, however, are supersolar and
photoionization calculations conform with the idea that both
absolute and relative metal abundances are solar (Fig. 7).

4.3.2. Main components

For the main components photoionization calculations suggest
that the absorbing material is predominantly neutral and ion-
ization effects are negligible, i.e. all elements are accurately
represented by the predominant ions. For the chemical compo-
sition analysis and the proper unravelling of dust depletion and
nucleosynthetic effects the detection of volatile elements is es-
sential. The only volatile element detected in the predominant
ionization stage with accurate column density measurements
for several main components is Zn. For other volatile elements
like N and O also detected in the predominant ionization stage,
the absorption is saturated and largely blended with Lyman for-
est lines (Fig. 5). Even though the Zn 1 absorption is weak, the
individual column densities are well defined because the posi-
tional and broadening parameters of the decomposed Zn 11 pro-
files are tied to those of the Fe 1 lines.

Gas-phase abundances The observed abundances of refrac-
tory elements relative to Zn for components 23-28 are illus-
trated in Fig. 9. For components 23 and 24 the underabundance
of the iron group elements Cr, Mn, Fe and Ni relative to Zn is
comparable to that in the Galactic warm disk, whereas the mild
and even vanishing depletion for components 25 and 28 is not
found in Galactic interstellar space (Spitzer & Jenkins 1975;
Savage & Sembach 1996). The relative abundances found for
components 26 and 27 rather resemble those of the Galactic
halo. If Zn is indeed undepleted and traces Fe as found by
Nissen et al. (2004), the pattern of relative abundances directly
reflects the differential depletion of chemical elements into dust
grains. This idea gains indirect support by the detection of H,
absorption lines associated with components 23 and 24, since
molecules are essentially formed on the surface of dust grains
(Cazaux et al. 2005; Williams 2005). For all components show-
ing evidence of dust grains, the depletion of Si is stronger than
in the Galactic warm disk, but weaker than in the cold disk. For
all but the H,-bearing components Mn is systematically under-
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Fig. 9. Gas-phase abundance ratios (relative to solar ratios) for the
main components 23-28 compared with those in the Galactic inter-
stellar medium (dotted line: warm halo gas; dashed line: warm disk
gas; solid line: cold disk gas; Welty et al. 2001). If the volatile el-
ement Zn is undepleted, the abundance ratios reflect the differential
depletion of chemical elements into dust grains. Note that Cr, Mn, Fe,
and Ni are strongly depleted for the H,-bearing components 23 and
24, but essentially undepleted for component 28

abundant when compared to the rest of iron group elements.
The synthesis of Mn, however, is expected to be suppressed
due to the nuclear odd-even effect. The average metallicity for
components 23-28 is [Zn/H] = —0.38 + 0.04.

The apparent underabundance of Fe (and Si) relative to Zn
cannot be the result of ionization effects caused by the cosmic
UV background since these would pretend an enhanced abun-
dance (Fig. 8). Therefore, the interpretation of the observed un-
derabundance as evidence of depletion into dust grains cannot
be questioned without admitting very unusual nucleosynthetic
effects. On the other hand, if the observed underabundance of
Fe (and Si) relative to Zn is the net result of dust depletion
and ionization effects, the true depletion might be even stronger
than illustrated in Fig. 9. Nonetheless, the abundance gradient
among components 23—28 may partially be brought by ioniza-
tion effects.
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Fig. 7. Photoionization simulations considering a plane-parallel slab of gas with column density of 10'® hydrogen atoms cm™~2 and solar chemical
composition. The abscissas mark the ionization parameter U and the total hydrogen density ny. Shaded cells indicate consistency with the
observed column density ratios for component 2, unshaded cells mark contradiction at more than 99.7 percent significance. For the medium
corresponding to component 2 where U > 107* the predicted degree of ionization exceeds 90 percent. Note that the observed column density
ratios will pretend an enrichment of @-elements if ionization effecs are ignored
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Fig. 8. The same as Fig. 7 but a plane parallel slab with column density of 10?° hydrogen atoms cm™2 is considered. Top: For a total hydrogen
density of 107! particles cm™ the cosmic UV background corresponds to an ionization parameter of U = 2 x 10~*. For denser regions like
molecular gas the same ionizing background corresponds to U < 107*, implying that at most 10 percent of the hydrogen is ionized. This
argument is confirmed by the observed column density ratio of Al ions (illustrated by the shading for component 24, but also see Fig. 6).
Bottom: The minimum of the predicted ratio of Fe and Zn ion abundances corresponds to the case where both elements almost completely
reside in the first ionization stage and the abundance ratio of ions is almost equal to the (solar) abundance ratio of elements. Note that ionization
effects cannot pretend a depletion of Fe relative to Zn. The situation for Si and Zn is similar

In summary, there is decisive evidence of Galaxy-like dif-
ferential depletion of elements into dust grains, with a signifi-
cant gradient from component to component as if the sight line
is intersecting different interstellar environments comparable to
the Galactic disk and halo. Another such example may be the
DLA system toward the gravitationally lensed QSO HE 0512—-
3329, where different element abundances are detected along
two lines of sight (Lopez et al. 2005). Further examples are
given by Dessauges-Zavadsky et al. (2006).

Dust correction Based on the presumption that the chemical
composition of dust is defined by the physical state and the
chemical composition of the medium, Vladilo (2002a,b) has
worked out an analytic relation between the dust depletion pat-

terns for interstellar environments of different types. Though
generalizing former approaches where the dust composition is
assumed to be constant, his new approach still implies that
the dust composition does not depend on the history of the
medium, a condition that is not strictly satisfied since the for-
mation of dust and ices involves irreversible processes (Vidali
et al. 2005).

For any interstellar environments i, j and constant sensitiv-
ity of the chemical composition of dust to variations in the dust-
to-metal ratio p and the chemical composition of the medium,
the fractions of the generic and reference elements X, Y con-
tained in dust grains are related by

fX,j — pnx+1 lo[x/y]m,j (ex_])fX,i' 4)
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[

The subscript ‘m’ indicates reference to all atoms in the
medium, i.e. in the gaseous and the solid phase. The exponents
nx, €x define the response of the relative abundance of X in the
solid phase to the variation of the fraction of Y contained in
dust, and the relative abundance of X in the medium, respec-
tively (Vladilo 2002a,b).

Equation (4) is capable of reproducing the Galactic inter-
stellar depletion patterns ox = log(1l — fx) with a varying dust-
to-metal ratio

_ Ju
p=7 5)

and a single set of empirical constants (fy.,7x).> The deple-
tion patterns in the interstellar medium of the SMC can be
reproduced with the same set of constants, if the relative el-
ement abundances are allowed to deviate from solar values.
From the theoretical point of view, the dust-corrected element
abundances of high-redshift DLA systems show better consis-
tency with galactic chemical evolution models than the plain
observations (Calura et al. 2003).

An explicit relation between observed and intrinsic abso-
lute abundances is obtained by using Eq. (4) to express the
fraction of X contained in the gaseous phase of medium j:

10[X/H]g.f

Tom, ~ ! = PO Y Ins (7

(6)
where the subscript ‘g’ indicates reference atoms in the
gaseous phase. The parameters fx; and nx can be calculated
from Galactic interstellar depletion patterns (Vladilo 2002a,b),
whereas the dust-to-gas ratio p is an implicit function of the
observed and intrinsic abundance ratios

10X hgex fy o 10/ — 101X/ Ve
PN/ ¢

Ty T, I Wy S

)

which is obtained by dividing Eq. (6) by the corresponding
equation for X = Y. The intrinsic abundance ratio [X/ Y], ; and
the exponent ex are unknown parameters. For the latter only
two extreme cases are considered where the relative element
abundances in the solid phase and the medium are mutually in-
dependent, ey = 0, or directly proportional, ex = 1. Superlinear
response €x > 1 is ignored. For the intrinsic abundance ratio
[X/Y]n,; an element X = Z ideally tracing the reference ele-
ment Y is required.

Given the observed abundance ratios 10%/Y)z; and an ed-
ucated guess of [Z/Y]y, ;, the dust-to-metal ratio p is defined
by Eq.(7). The rest of intrinsic abundance ratios [X/ Y]y, ; for
elements X # Z implicitly follows from

10[X/Y]m,,- _p']erle’[ 10[X/Y]m.j & 4 (,OfY,i -1 10[X/YJg.j =0. (8)

The roots of Egs. (7, 8) can be calculated with simple bisec-
tioning and the statistical errors of all quantities involved in
the calculation, i.e. observed column densities, meteoritic el-
ement abundances, fx;, 17x, can be propagated by means of

3 For the Galaxy, the exponent ey is irrelevant since the interstellar
element abundances are assumed to be solar.
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Fig. 10. Dust-to-metal ratio p for the main components 23-28 com-
pared with values typical for the Galactic interstellar medium (dotted
line: warm halo gas; dashed line: warm disk gas; solid line: cold disk
gas; Vladilo 2002b). The results for models A and B do not depend on
the exponent ex

Monte Carlo methods. The intrinsic absolute element abun-
dances [X/H]p, ; follow from Eq. (6). The dust-to-gas ratio is
given by

Kk = p 10 Hln;, ©

For the corrective procedure we choose Y = Fe since
the Fe 1 lines provide the most reliable column densities. The
most suitable element for calculating the dust-to-metal ratio is
Z = 7Zn. The rest of elements with known parameters fx;, 7x
are either too affine to the solid state, or have an interstellar
enrichment history too different from that of Fe to make an
assumption about the intrinsic abundance ratio. If Zn proves
a tracer of Si as suggested by Wolfe et al. (2005), the com-
bination ¥ = Si and Z = Zn will be an eligible option. For
the present case, however, this option results in implausible
dust-to-metal ratios throughout exceeding those in the Galactic
cold disk. Following Vladilo (2004), we consider six different
model cases labeled with AO, A1, BO, B1, EO, and E1. The
capital letter indicates the intrinsic abundance of Zn relative to
Fe, assumed solar for cases A and B, and enhanced for case
E, [Zn/Feln,; = 0.1. For cases A and E the fraction of Zn as-
sumed to be contained in interstellar dust is fz,; = 0.59, for
case B the assumed depletion is lower, fz,; = 0.30. The num-
ber to the right of the capital letter directly represents the value
of the exponent ex. Zinc might be no precise tracer of iron since
its exact nucleosynthetic origin is unknown, but the average
photospheric abundance ratios in Galactic disk and halo stars
are approximately solar or slightly enhanced (Chen et al. 2004;
Nissen et al. 2004) and substantiate the model specifications.

Dust-to-metal ratio The calculated dust-to-metal ratios and
correponding fractions of Fe contained in dust are presented
in Fig. 10 and Table 4, respectively. If there is a one-to-one
correspondence between the physical state of the interstellar
environment and the dust-to-metal ratio, Fig. 10 illustrates the
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Fig. 11. Intrinsic abundance ratios (relative to solar ratios) for the main components 23-28

multiphase structure of the absorbing medium. Though such di-
versified structure is characteristic for the interstellar medium
in the Galaxy and the Magellanic Clouds (Savage & Sembach
1996; Welty et al. 1997, 1999, 2001) it is usually not attributed
to DLA systems (Prochaska 2003). The dust-to-metal ratio for
the H,-bearing components 23 and 24 exceeds the ratio of the
warm Galactic disk, for some models the ratio aproaches the
ratio found in the cold disk. For components 26 and 27 the
dust-to-metal ratio compares to that in the intermediate warm
Galactic disk and halo, whereas for the the rest of compo-
nents the dust-to-metal ratio is typical of higher-redshift DLA
systems (Vladilo 2004). These basic results conform with the
observed depletion pattern (Fig. 9) and are independent of
the adopted model, in particular unaffected by the choice of
[Zn/Felp, ;.

Intrinsic abundances and dust-to-gas ratio The calculated
intrinsic abundance ratios are presented in Fig. 11. For all mod-
els the intrinsic abundance ratios conform with solar values,
apart from three exceptions:

1. The mean intrinsic abundance of Ni relative to Fe is slightly
enhanced. Similar offsets are also found for Galactic thick
disk stars (Prochaska et al. 2000).

2. The intrinsic abundance of Mn is reduced. The reduc-
tion is most distinct for the less dust-containing compo-
nents 25-28 and for models where the relative element
abundances in dust and in the medium scale directly, i.e.
nx = 1. Similar underabundances, usually attributed to
the nuclear odd-even effect, are found for Galactic thick
disk stars (Prochaska et al. 2000) as well as DLA systems
(Dessauges-Zavadsky et al. 2000).

3. For the intermediate components 26 and 27 the intrinsic
abundance of Si relative to Fe is always subsolar, in marked
contrast to the expected nucleosynthetic enrichment of a-
elements and to element abundances found for Galactic
stars. For these components, the dust-corrective procedure

may have overestimated (underestimated) the fraction of Fe
(Si) contained in dust.

Since only the total column density of hydrogen atoms con-
tained in the main absorber is known, Eq. (6) cannot be used
to calculate the intrinsic absolute abundances for individual
components. Nonetheless, by cumulating the individual dust-
corrected column densities Ny = X; Ny;/(1 — fy;), we can
calculate an average intrinsic metallicity [Y/H],. Inserting the
calculated fractions of Fe contained in dust (Table 5) yields an
almost solar intrinsic metallicity of [Fe/H],, = —0.08 + 0.19.
Assuming that the observed H1 absorption is only constituted
by components 23-24, the dust-to-metal ratio of p = 1.02+0.02
and the intrinsic metallicity of [Fe/H],, = —0.20 £ 0.21 give an
average dust-to-gas ratio of k = 0.64 + 0.31.

4.4. Kinematic structure

With an absorption velocity interval extending for 700 kms™!
the kinematic distribution of associated metal line compo-
nents is quite unique. Only the z = 1.97 DLA system toward
QSO 0013-004 shows an even more extended spread (Petijean
et al. 2002). The z = 2.19 sub-DLA system toward HE 0001—
2340 has a comparable neutral hydrogen column density, but a
less extended absorption velocity interval of 400 kms™' and
much lower metallicity (Richter et al. 2005). Rotating disks
models (Prochaska & Wolfe 1997) and simulations of merg-
ing protogalactic clumps (Haehnelt et al. 1998) do explain the
characteristic kinematic features like asymmetric edge-leading
line profiles, but fail to reproduce absorption intervals exceed-
ing 250 kms~!. Large absorption intervals have therefore been
associated with interacting or merging galaxies producing ex-
tended tidal filaments like the Antennae (e.g. Wilson et al.
2000; Zhang et al. 2001). Another viable scenario is a line-
of-sight intecepting a cluster of galaxies. The kinematic dis-
tribution of metal line components associated with the present
sub-DLA system (Fig. 2) indeed supports the idea that two dif-
ferent absorbers are involved.
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Table 4. Fractions of Fe contained in dust, f. ;, for the main components 23-28 and different models. The results for models A and B do not

depend on the exponent ex

No. A B EO El Mean

23 098 +0.01 095+0.01 095001 0.97+0.01 0.96=+0.02
24 098 +0.01 094+0.01 094+001 0.96+0.01 0.96=+0.02
25 0.56+0.12 054+0.10 041+0.13 042+0.14 0.48+0.08
26 0.86+0.07 0.81+0.06 0.77+0.08 0.80+0.09 0.81=+0.04
27 0.92+0.03 086+0.03 084+005 0.87+0.05 0.87+0.03
28 0.22+0.16 021+0.13 0.15+0.11 0.18+0.18 0.19+0.03

Table 5. Cumulative dust-corrected column density of Fe contained in the main absorber, log Nge, (cm™2)

No. A B EO El Mean
23-24 1544 +0.18 15.00+0.04 1503+0.05 1528 +0.14 15.19+0.21
23-28 1554 +0.17 15.15+0.03 15.16+0.04 15.39+0.18 15.31+0.19

4.4.1. Peripheral components

The peripheral components can be discerned into inner and an
outer parts where the kinematic characteristics are markedly
different. The velocity structure of the outer part constituted by
components 1-15 is characterized by a number density of com-
ponents, with an average of one component every 20 kms™'.
The dominating substructure is edge-leading, but the remain-
ing features appear randomly distributed. In contrast, the inner
part defined by components 16—19 is characterized by four well
separated components, with an average of one component ev-
ery 40 kms™!, and some absorption-free parts.

4.4.2. Main components

The main structure is characterized by the highest frequency of
peaks, with an average of one peak every 15 kms~'. Two sub-
structures may be recognized, both edge-leading for the less
refractory elements like Mg and Si, but rather unordered other-
wise.

Particularly instructive is the comparison of extragalactic
Can absorption lines with those originating in the Galactic
halo (Bowen 1991). First ignoring components 23 and 24, the
redshifted and the Galactic line profiles are remarkably simi-
lar (Fig. 4), indicating that components 25-28 correspond to
halo-like structures. Further developing this analogy, the nar-
row structures 23 and 24 not present in the absorption by the
Galactic halo may be interpreted as signature of disk-like ag-
glomeration, a picture which conforms with the observed de-
pletion of elements into dust (Figs. 9, 10).

4.5. Physical conditions

The physical conditions in DLA absorbers like the number den-
sity and kinetic temperature of hydrogen atoms and the local
microwave and FUV radiation can be inferred from the diag-
nostics of fine-structure absorption lines (Bahcall & Wolf 1968;
Silva & Viegas 2002). For the present absorber the analysis of
excited C1 lines associated with the H, bearing components 23
and 24 provides an upper limit on the FUV input (Quast et al.

2002). The study of H, lines predicts a radiation input exc-
ceding the Galactic interstellar energy density by more than an
order of magnitude and a number density greater than 100 hy-
drogen atoms cm™? (Reimers et al. 2003; Hirashita & Ferrara
2005).

Assuming an FUV input equal to the scaled generic
Galactic radiation field (Draine & Bertoldi 1996), but other-
wise repeating the statistical equilibrium calculations of Quast
et al. (2002), we note that both an intense radiation field and a
number density exceeding 100 hydrogen atoms cm~2 only con-
form with the observed population of fine-structure levels, if
the kinetic temperature is about T, = 25 K, which is at vari-
ance with the population temperature of 80 K inferred from
the lower rotational H, levels (Reimers et al. 2003). On the
other hand, if the population of lower and higher rotational
H; levels is in thermal equilibrium with Ty, = 400 K, the
number density of hydrogen atoms can only exceed 60 cm™>
if the local and Galactic interstellar radiation are comparable
(Fig. 12). The present spectroscopy of H, lines, however, is too
inadequate to provide reliable results. Besides, the spatial dis-
tributions of carbon atoms and hydrogen molecules may not be
identical, allowing different kinetic temperatures for both con-
stituents (Spitzer & Jenkins 1975).

5. Summary and conclusions

Based on high-resolution spectra obtained with STIS and the
VLT UVES we have presented a reanalysis of the chemical
composition, kinematic structure, and physical conditions of
the H,-bearing sub-DLA system toward HE 0515-4414. The
sub-damped system is unusual in several aspects:

1. The velocity interval of associated metal lines extends for
700 km s~!. The distribution of metal line components is bi-
modal, indicating the presence of two interacting absorbers.
Two peripheral H1 components with Ny; 10" and
10'7 cm~2 are detected at distances of, respectively, 530 and
240 kms~! from the Ny, = 8 X 10'° cm™2 main component.
For the peripheral components, the column densities of H1
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and associated Alm, Alm, and Fen lines provide direct ob-
servational evidence of H regions.

3. The metal line components associated with the peripheral
H1 lines are formed within Hu regions, only components
20-31 are associated with the main absorber and corre-
spond to predominantly neutral gas.

4. For the main components 23-28 the observed abundance
ratios of refractory elements Si, Cr, Mn Fe, Ni to Zn show
a distinct gradient along the sight line. The differential de-
pletion of refractory elements ranges from Galactic warm
disk to halo-like and essentially undepleted patterns. The
variation in the dust-to-metal ratio indicates the multiphase
structure of the absorbing medium. The dust-corrected
metal abundances show the nucleosynthetic odd-even ef-
fect and might imply an anomalous depletion of Si rel-
ative to Fe, but otherwise do correspond to solar abun-
dance ratios. The intrinsic average metallicity is almost so-
lar, [Fe/H];, = —0.08 + 0.19, whereas the uncorrected av-
erage is [Zn/H], = —0.38 £ 0.04. For the H,-bearing com-
ponents 23 and 24 the dust-to-metal and dust-to-gas ratios
(relative to Galactic warm disk ratios) are p = 1.02 + 0.02
and k = 0.64 + 0.31, respectively. The ion abundances in
the periphery conform with solar element composition.

5. The diagnostics of fine-structure lines is not conclusive.
Adequate recordings of the H, lines are needed to provide
reliable results.

The presence of Hu regions might have consequences for
the DLA abundance diagnostics in general. If any metal line
components are connected with H m rather than H1 regions, the
usual averaging of element abundances is incorrect. In particu-
lar, ionization effects can pretend an enrichment of @ elements.
We have obtained a diagnostic diagram (Fig. 6) which allows

to detect Hu region-like ionization conditions from empirical
Aln, Alm, and Fen column densities. If both Naju/Nain >
0.25 and Na|/Ngeyy > 0.40, the absorbing material is largely
ionized. In this context, it is interesting to note that high column
densities can be attained by the interception of relatively com-
pact regions. For the present case Reimers et al. (2003) have
already pointed out that the absorption path length contributed
by the H,-bearing components 23 and 24 is less than 1 lyr when
the number density of hydrogen atoms is about 100 cm™>.

Our analysis shows that sub-DLA systems can exhibit so-
lar metallicities. If the highest-metallicity sub-DLA absorbers
prove to be regular DLA absorbers having consumed large
amounts of neutral hydrogen due to massive star formation,
their detection is important. Modern surveys of DLA systems
setting the cut-off below the traditional column density limit
may provide interesting insights.
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Table 3. Optimized decomposition of the metal lines shown in Figs. 2 and 3

No. Transitions RV (kms™) b (kms™) log N (cm™2)
1 Mgun 2796, 2804 -550.20+0.15 6.59+0.25 11.79 £ 0.02
1 Al 1671 -550.20 7.26 + 1.39 11.17 £ 0.08
1 Sin 1527, 1808 -550.20+0.15 6.59+0.25 11.61 +£0.30
2 Mg1 2026, 2853 —-533.51+0.03 5.21+0.34 11.08 + 0.02
2 Mgn 2796, 2804 —-533.51+0.03 5.12+0.05 12.90 + 0.01
2 Aln 1671 -533.5 4.79 +0.25 12.00 = 0.01
2 Alm 1855, 1863 -533.5 4.79 +0.25 11.51 £ 0.07
2 Sin 1527, 1808 —-533.51+0.03 4.45+0.37 12.97 £ 0.03
2 Fen 1608, 2344, 2374, 2383, 2587, 2600 —-533.51 +0.03 3.73+0.10 12.43 + 0.01
3 Mg1 2026, 2853 -511.33 = 0.07 9.24+0.75 10.94 +0.04
3 Mgn 2796, 2804 -511.33 = 0.07 996+0.14 12.83 +0.01
3 Al 1671 -511.33 10.03+045 12.08 +0.01
3 Alm 1855, 1863 -511.33 10.03 +£0.45 11.63 +£0.07
3 Sin 1527, 1808 —=511.33+0.07 11.20+1.53 12.89 +0.05
3 Fen 1608, 2344, 2374, 2383, 2587,2600 -511.33 £0.07 11.06+0.33 12.24 +0.01
4 Mg1 2026, 2853 —493.59 £ 0.08 6.86+0.85 10.76 + 0.05
4 Mgu 2796, 2804 —-493.59 +£0.08 6.80+0.12 12.53 +£0.01
4 Aln 1671 —493.59 6.00 £ 0.46 11.73 £0.03
4 Alm 1855, 1863 —493.59 6.00 = 0.46 11.31 £0.10
4 Sin 1527, 1808 —-493.59+£0.08 543+1.36 12.61 £0.08
4 Fen 1608, 2344, 2374, 2383, 2587, 2600 —493.59 +0.08 5.06 +0.29 11.86 = 0.02
5 Mgt 2026, 2853 —-472.09 £0.06 6.88 +0.81 10.62 £ 0.05
5 Mgun 2796, 2804 —472.09+0.06 5.24+0.13 12.19 + 0.01
5 Aln 1671 —-472.09 6.36 + 0.91 11.29 + 0.06
5 Alm 1855, 1863 —472.09 6.36 £ 0.91 10.36 = 0.69
5 Fen 1608, 2344, 2374, 2383, 2587, 2600 —472.09 +0.06 3.12 +0.19 11.92 +0.02
6 Mgt 2026, 2853 —-447.00 £0.08 6.54 +0.87 10.50 + 0.06
6 Mgun 2796, 2804 —447.00 +0.08 7.30+0.13 12.29 +0.01
6 Al 1671 —447.00 4.46 +0.44 11.47 +£0.03
6 Alm 1855, 1863 —447.00 4.46 +0.44 11.35 +0.09
6 Fen 1608, 2344, 2374, 2383, 2587, 2600 —-447.00 +0.08 3.81 +1.21 11.19 +£ 0.07
7 Mgt 2026, 2853 -416.85+0.06 5.00+1.18 10.43 + 0.08
7 Mgun 2796, 2804 —-416.85+0.06 3.29+0.17 11.87 +0.01
7 Al 1671 -416.85 1.88 + 1.45 10.85 £0.10
7 Fen 1608, 2344, 2374, 2383, 2587,2600 —-416.85+0.06 1.72+0.20 11.91 £ 0.02
8 Mgu 2796, 2804 -403.63 £0.09 2.63+0.22 11.78 +£ 0.02
8 Al 1671 -403.63 4.68 = 1.96 10.87 +0.12
8 Alm 1855, 1863 -403.63 4.68 +1.96 10.48 +0.27
8 Fen 1608, 2344, 2374, 2383, 2587,2600 —-403.63 +0.09 2.82+0.34 11.81 £ 0.02
9 Mg1 2026, 2853 —-393.26 +£0.08 6.02+0.93 10.58 +0.07
9 Mgu 2796, 2804 -393.26+0.08 5.56+0.21 12.15 +0.01
9 Al 1671 —-393.26 3.81+1.33 11.04 + 0.08
9 Alm 1855, 1863 -393.26 3.81 £1.33 10.66 + 0.30
9 Fen 1608, 2344, 2374, 2383, 2587,2600 —-393.26 + 0.08 3.63 +0.19 12.13 £ 0.01
10 Mgun 2796, 2804 -376.31+0.13 6.02+0.26 11.80 +0.02
10 Al 1671 -376.31 541 +1.72 10.83 +0.12
10 Alm 1855, 1863 -376.31 541 +1.72 10.70 + 0.30
10 Fen 1608, 2344, 2374, 2383, 2587,2600 -376.31 +0.13 437 +0.24 11.77 £0.02
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11 Mgu 2796, 2804 —-347.31+0.23 8.56+0.38 11.64 £0.02
11 Aln 1671 —347.31 8.36 +4.21 10.85 £ 0.15
11 Alm 1855, 1863 —347.31 8.36 +4.21 10.80 + 0.37
12 Mgn 2796, 2804 -320.68 =0.11 7.41+0.22 12.07 = 0.01
12 Al 1671 -320.68 7.41 +£0.95 11.41 +£0.05
12 Alm 1855, 1863 -320.68 7.41 £0.95 11.26 £ 0.12
12 Fen 1608, 2344, 2374, 2383, 2587,2600 —320.68 +0.11  7.80 = 0.70 11.55 +0.04
13 Mgn 2796, 2804 -303.41 +£0.32 6.59+0.43 11.44 +0.03
13 Aln 1671 -303.41 7.34 +1.39 11.11 £ 0.09
13 Alm 1855, 1863 -303.41+032 7.34+1.39 10.64 +0.30
14 Mgun 2796, 2804 -280.56 £0.15 3.19+0.31 11.46 +0.02
14 Al 1671 -280.56 4.45+1.37 10.73 +0.11
14 Alm 1855, 1863 —280.56 445 +1.37 10.87 £ 0.20
15 Mgu 2796, 2804 -265.46+0.38 4.31+0.71 11.11 £ 0.05
16 Mg1 2026, 2853 —-236.14 +£0.02 6.04 +0.26 11.20 = 0.02
16 Mgu 2796, 2804 -236.14+£0.02 6.25+0.04 13.23 +0.01
16 Aln 1671 -236.14 5.72 £0.15 12.22 +0.01
16 Alm 1855, 1863 -236.14 5.72 +0.15 11.97 £ 0.03
16 Sin 1527, 1808 -236.14£0.02 595+0.17 13.33 £ 0.01
16 Fen 1608, 2344, 2374, 2383, 2587,2600 —236.14 +0.02 5.09 = 0.06 12.78 + 0.01
17 Mg1 2026, 2853 —-178.49 £0.05 6.60 = 0.57 10.74 + 0.04
17 Mgun 2796, 2804 —-178.49 £ 0.05 8.44 +0.09 12.51 £ 0.01
17 Aln 1671 —-178.49 8.28 +0.47 11.73 £ 0.02
17 Alm 1855, 1863 —-178.49 8.28 + 0.47 10.66 = 0.30
17 Sin 1527, 1808 —-178.49 £0.05 9.04 +0.47 12.80 +0.03
17 Fen 1608, 2344, 2374, 2383, 2587,2600 —178.49 +0.05 7.77+0.13 12.44 + 0.01
18 Mg1 2026, 2853 —-137.31+£0.04 2.74+0.86 10.44 + 0.06
18 Mgun 2796, 2804 —-137.31 £0.04 3.89 +0.08 12.44 + 0.01
18 Al 1671 —-137.31 3.96 +£ 0.36 11.74 + 0.02
18 Alm 1855, 1863 —137.31 3.96 + 0.36 11.18 £ 0.11
18 Sin 1527, 1808 —-137.31 £0.04 3.07+0.35 12.62 +0.03
18 Fen 1608, 2344, 2374, 2383, 2587,2600 —-137.31 +£0.04 3.12+0.16 12.06 + 0.01
19 Mgt 2026, 2853 —-123.63 £0.07 5.39+3.06 10.20 +0.11
19 Mgu 2796, 2804 —-123.63 £0.07 5.01+0.13 12.18 +£ 0.01
19 Aln 1671 -123.63 348 +£0.75 11.41 £0.05
19 Sin 1527, 1808 —-123.63 £0.07 6.55+0.58 12.54 £ 0.05
19 Fen 1608, 2344, 2374, 2383, 2587,2600 —123.63 +0.07 4.49 +£0.22 12.01 £ 0.02
20 Fen 1608, 2344, 2374, 2383, 2587, 2600 —53.77 = 0.52 6.38 £0.84 11.45 +0.05
21 Mg1 2026, 2853 -35.06 +0.16 6.32 +1.56 10.53 +0.07
21 Al 1671 -35.06 6.19 £ 1.02 11.29 + 0.06
21 Alm 1855, 1863 -35.06 6.19 £ 1.02 10.11 + 1.37
21 Sin 1527, 1808 -35.06 +0.16 2.76 +0.38 12.56 + 0.04
21 Fen 1608, 2344, 2374, 2383, 2587, 2600 —-35.06 = 0.16 5.08 +0.45 11.75 £0.03
22 Mg1 2026, 2853 —-13.53 £ 0.07 8.52 +0.51 11.23 £ 0.02
22 Al 1671 -13.53 7.98 +0.37 12.16 + 0.02
22 Alm 1855, 1863 -13.53 7.98 +0.37 11.50 + 0.08
22 Sin 1527, 1808 —-13.53 £ 0.07 9.97+0.24 13.36 = 0.01
22 Can 3935 —-13.53 +£0.07 7.89 +0.97 11.16 + 0.04
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22 Fen 1608, 2344, 2374, 2383, 2587, 2600 —13.53 +0.07 5.79 £0.10 12.90 + 0.01
23 Mg1 2026, 2853 —-1.61 £0.03 2.16 +£0.05 12.41 +£0.03
23 Aln 1671 —1.61 3.05 13.86 +0.17
23 Alm 1855, 1863 —1.61 3.05 11.50 + 0.06
23 Sit 2515 —-1.61 £0.03 2.17+2.10 11.34 + 0.08
23 Sin 1527, 1808 —-1.61 £0.03 3.05 +£0.09 14.28 +0.03
23 S1 1807 —-1.61 £0.03 1.56 +1.12 12.18 £ 0.05
23 Can 3935 —-1.61 £0.03 2.15+0.10 12.12 + 0.02
23 Cru 2056, 2062 —-1.61 £0.03 2.97 +£0.05 11.84 + 0.06
23 Mnn 2577, 2594, 2606 —-1.61 £0.03 2.97 +£0.05 11.51 £0.03
23 Fe1 2484, 2524 —-1.61 £0.03 0.48 +0.18 11.30 + 0.06
23 Fen 1608, 2344, 2374, 2383, 2587,2600 —1.61 +0.03 2.97 +£0.05 13.51 £ 0.01
23 Nin 1710, 1742, 1752 —-1.61 £0.03 2.97 +£0.05 12.48 + 0.04
23 Znu 2026, 2063 -1.61 £0.04 2.97 +£0.05 11.79 + 0.02
24 Mg1 2026, 2853 7.63 + 0.06 4.09+0.12 11.90 + 0.01
24 Al 1671 7.63 5.36 12.82 + 0.04
24 Alm 1855, 1863 7.63 5.36 11.72 £ 0.05
24 Sin 1527, 1808 7.63 + 0.06 5.36 £0.25 14.16 + 0.04
24 Can 3935 7.63 = 0.06 3.17+0.17 11.78 +£ 0.01
24 Cru 2056, 2062 7.63 + 0.06 492 +0.13 11.61 £0.14
24 Mnn 2577, 2594, 2606 7.63 = 0.06 492 +0.13 11.36 £ 0.03
24 Fen 1608, 2344, 2374, 2383, 2587, 2600 7.63 = 0.06 492 +0.13 13.36 + 0.01
24 Nin 1710, 1742, 1752 7.63 = 0.06 492 +0.13 12.33 £ 0.06
24 Znu 2026, 2063 7.63 + 0.06 492 +0.13 11.59 £ 0.03
25 Mg1 2026, 2853 22.06 +0.03 5.68 +0.14 11.78 = 0.01
25 Aln 1671 22.06 4.85+0.20 12.69 + 0.02
25 Alm 1855, 1863 22.06 4.85 +0.20 11.72 £ 0.05
25 Sin 1527, 1808 22.06 +0.03 499 +0.23 13.89 +0.03
25 Can 3935 22.06 +0.03 4.37 +0.21 11.74 + 0.01
25 Cru 2056, 2062 22.06 +0.03 4.29 + 0.06 11.77 + 0.07
25 Mnn 2577, 2594, 2606 22.06 +0.03 4.29 +0.06 11.34 £ 0.03
25 Fen 1608, 2344, 2374, 2383, 2587, 2600 22.06 +0.03 4.29 + 0.06 13.53 £ 0.01
25 Nin 1710, 1742, 1752 22.06 +0.03 4.29 + 0.06 12.37 £ 0.06
25 Znu 2026, 2063 22.06 +0.03 4.29 + 0.06 11.03 +£0.08
26 Mg1 2026, 2853 36.99 + 0.07 5.68 £0.23 11.43 +0.02
26 Aln 1671 37.00 7.33+£0.43 12.26 + 0.02
26 Alm 1855, 1863 37.00 7.33 +£0.43 10.97 + 0.20
26 Sin 1527, 1808 37.00 + 0.07 7.26 +0.39 13.47 + 0.02
26 Can 3935 37.00 £ 0.07 6.22 +0.22 11.75 £ 0.01
26 Cru 2056, 2062 37.00 + 0.07 6.32+0.14 11.52 +0.10
26 Mnno 2577, 2594, 2606 37.00 + 0.07 6.32+0.14 10.73 +0.11
26 Fen 1608, 2344, 2374, 2383, 2587, 2600 37.00 £ 0.07 6.32+0.14 13.14 + 0.01
26 Nin 1710, 1742, 1752 37.00 = 0.07 6.32+0.14 12.02 + 0.12
26 Znu 2026, 2063 37.00 + 0.07 6.32+0.14 10.98 + 0.10
27 Mg1 2026, 2853 59.39 +0.19 11.53+040 11.72+0.02
27 Al 1671 59.39 8.71+1.12 1243 +0.04
27 Alm 1855, 1863 59.39 871 +1.12 11.29+0.13
27 Sin 1527, 1808 59.39 +0.19 1096 £ 0.50 13.81 +0.01
27 Can 3935 59.39 +0.19 8.53+0.33 11.87+0.02
27 Cru 2056, 2062 59.39 +£0.19 11.07 £0.28 11.29 +£0.26
27 Mnno 2577, 2594, 2606 59.39 +0.19 11.07+£0.28 11.18 +0.05
27 Fen 1608, 2344, 2374, 2383, 2587, 2600 59.39 +0.19 11.07 £0.28 13.47 +0.01
27 Nin 1710, 1742, 1752 59.39 +0.19 11.07 £0.28 12.27 +£0.08
27 Znu 2026, 2063 59.39 +0.19 11.07 £0.28 11.41 +0.07
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28 Mg1 2026, 2853 72.54 +0.06 6.03 +£0.15 11.77 £ 0.01
28 Aln 1671 72.54 6.14 +£0.15 12.57 £ 0.02
28 Alm 1855, 1863 72.54 6.14 +0.15 11.17 £ 0.13
28 Sin 1527, 1808 72.54 +0.06 6.45+0.18 13.75 £ 0.02
28 Can 3935 72.54 +0.06 5.52+0.13 12.08 + 0.01
28 Cru 2056, 2062 72.54 +0.06 5.81 +0.09 11.92 + 0.06
28 Mnn 2577, 2594, 2606 72.54 +0.06 5.81 +£0.09 11.34 £ 0.03
28 Fen 1608, 2344, 2374, 2383, 2587, 2600 72.54 +0.06 5.81 +£0.09 13.51 £ 0.01
28 Nin 1710, 1742, 1752 72.54 +0.06 5.81 +£0.09 12.32 + 0.06
28 Znu 2026, 2063 72.54 +0.06 5.81 +£0.09 10.72 £ 0.11
29 Mg1 2026, 2853 89.11 = 0.20 10.85+0.75 11.08 +=0.04
29 Aln 1671 89.11 11.24 +1.11 11.69 +0.04
29 Alm 1855, 1863 89.11 11.24 +1.11 10.59 + 0.45
29 Sin 1527, 1808 89.11 = 0.20 13.15+1.35 13.04 +0.06
29 Can 3935 89.11 +£0.20 10.89 £ 1.13  11.23 £0.05
29 Fen 1608, 2344, 2374, 2383, 2587, 2600 89.11 +£0.20 9.03+049 12.50 +£0.02
30 Sin 1527, 1808 11024 + 143 11.46+5.77 12.12+0.29
30 Fen 1608, 2344, 2374, 2383, 2587, 2600 11024 +1.43 1094 +1.93 11.70 +0.08
31 Sin 1527, 1808 134.00 £ 0.58 13.30+8.35 12.12+0.31
31 Fen 1608, 2344, 2374, 2383, 2587, 2600 134.00 + 0.58 433+1.22 11.22+0.07
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ABSTRACT

Aims. We study an ensemble of Fen 11608, 12344, 12374, 12383, 42587, and 212600 QSO absorption lines with redshift 1.15 to assess the
cosmological variability of the fine-structure constant @ hypothesized by unification theories.

Methods. We used the VLT UVES spectrograph to obtain high-resolution high signal-to-noise spectra of HE 0515-4414. The variation of « is
measured using both the standard many-multiplet method and an equivalent linear regression technique factoring in systematic errors.
Results. We obtain (Aa/a) = (0.1 = 1.7) x 107® and (Aa/a@) = (-0.4 + 1.9 + 2.74ys) X 107® which are the most stringent bounds yet inferred
from an individual QSO absorption line system. The null hypothesis (Ae/@) = 0 is contradicted at a significance level of 9 percent, whereas
the former measurements based on HIRES spectra resulting in (Aa/a) = —5.7 x 1076 are contradicted at 88 percent.

Key words. cosmology: observations — quasars: absorption lines — quasars: individual: HE 0515-4414

1. Introduction

Modern 10 m class telescopes equipped with instruments
like the High-Resolution Echelle Spectrograph (HIRES) at
the Keck Observatory or the UV-Visual Echelle Spectrograph
(UVES) at the ESO Very Large Telescope (VLT) facilitate the
accurate observation of QSO absorption (or emission) lines in
order to study the hypothetical variability of fundamental phys-
ical constants like the fine-structure constant & = e*/(4neyfic)
or the proton-electron mass ratio y = m,/m.. The interest in
these studies is motivated by the unification theories incorpo-
rating varying fundamental constants (for a review see, e.g.,
Uzan 2003).

From the astronomical point of view the cosmological vari-
ability of the fine-structure constant is assessed as

Aa/a = (a; — ap)/ao, (D

where ap and @, denote the values of the fine-structure con-
stant in the laboratory and the specific absorption (or emis-
sion) line system at redshift z, respectively. While observational
studies considering the fine-structure splitting of intergalac-
tic alkali-doublet (AD) absorption lines (see, e.g., Levshakov
1994; Murphy et al. 2001b) or intrinsic QSO emission line

Send offprint requests to: R. Quast
* Based on observations made with ESO Telescopes at the La Silla
or Paranal Observatories under programme ID 066.A-0212.

doublets (Bahcall et al. 2004) provided robust upper bounds
on |Aa/al, recently Murphy et al. (2004, hereafter MFW04)
have detected a non-zero expectation value (Aa/a) for a sam-
ple of 143 complex metal absorption systems identified in
QSO spectra recorded with the HIRES spectrograph: (Ae/a) =
(=5.7 + 1.1) x 107 in the redshift range 0.2 < z < 4.2. This
remarkable statistical evidence for a cosmological variation of
the fine-structure constant is achieved by means of the many-
multiplet (MM) technique, which is a generalization of the AD
method incorporating the multi-component profile decomposi-
tion of many transitions from different multiplets of different
ionic species (Dzuba et al. 1999; Murphy et al. 2003, hereafter
MWEFO03, and references therein).

While the MM technique considerably improves the formal
accuracy, it also shows intrinsic deficiencies. Levshakov (2004)
illustrates in detail that the prerequisite assumption that the spa-
tial distribution is the same for all ionic species is not valid
in typical intergalactic absorption systems. Consequently, it is
more reliable to apply the MM technique to samples of absorp-
tion lines arising from solely one ionic species. Furthermore, in
comparison to the AD calculations the incorporation of more
transitions over a wider wavelength range results in a stronger
susceptibility to systematic effects. Nevertheless, sources of er-
ror like wavelength miscalibration, spectrograph temperature
variations, atmospheric dispersion, and isotopic or hyperfine-
structure effects do demonstrably not explain the detected non-
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zero expectation value (Murphy et al. 2001a, 2003, 2004).
The observational discrepancy grows since the radioactive de-
cay rates of certain long-lived nuclei deduced from geophys-
ical and meteoritic data provide a stringent bound, (Aa/a) =
(8 +8) x 1077, back to the epoch of Solar system formation,
7 < 0.45 (Olive et al. 2004).

In the optical spectroscopy, the most striking deficiency
inherent to all decomposition techniques are non-linear inter-
parameter correlations preventing the accurate optimization of
the model parameters and possibly causing ambigous results.
In fact, the spectral resolution attained in QSO observations at
the 10 m class telescopes is still not sufficient to resolve the
metal lines with an expected minimum thermal width of about
1 kms~!. Clearly, in order to solve the profile decomposition
problem spectral observations with the highest possible resolu-
tion and the highest possible signal-to-noise ratio are desirable.

In this study, we present exceptional high-resolution and
high signal-to-noise spectra of the notably bright intermediate
redshift QSO HE 05154414 (Reimers et al. 1998, z = 1.73,
B = 15.0) obtained with the UVES spectrograph. The spectra
exhibit a multi-component complex of metal absorption lines
associated with a sub-damped Ly a (sub-DLA) system at red-
shift z = 1.15 (de la Varga et al. 2000; Quast et al. 2002;
Reimers et al. 2003). We analyze a homogenous subsample
of Fermr 11608, 12344, 12374, 12383, 12587, and 12600 ab-
sorption lines by means of the standard and the regression MM
techniques to assess the cosmological variability of the fine-
structure constant.

2. Observations

HE 0515-4414 was observed with UVES during ten nights
between October 7, 2000 and January 3, 2001. Thirteen ex-
posures were made in the dichroic mode using standard set-
tings for the central wavelenghts of 3460/4370 A in the blue,
and 5800/8600 A in the red. The CCDs were read out in fast
mode without binning. Individual exposure times were 3600
and 4500 s, under photometric to clear sky and seeing con-
ditions ranging from 0.47 to 0.70 arcsec. The slit width was
0.8 arcsec providing a spectral resolution of about 55000 in
the blue and slightly less in the red. The ThAr lamp exposures
taken immediately after each science exposure provide an ac-
curate calibration in wavelength. The standard deviation of the
wavelength versus pixel dispersion solution is about 2.0 mA
2.5 mi\) in the blue (red), resulting in an absolute accuracy of
about 0.15 kms~! in radial velocity space.

The raw data frames were reduced at the ESO Quality
Control Garching using the UVES pipeline Data Reduction
Software. The calibrated spectra were converted to vacuum
wavelengths according to Edlén (1966) while the barycen-
tric velocity correction was manually cross-checked using the
ESO-Munich Image Data Analysis Software and the Image
Reduction and Analysis Facility.

The individual vacuum-barycentric corrected spectra were
manually cleaned from cosmic rays or pixel defects, rescaled to
a common median flux level, and resampled to an equidistant
wavelength grid by means of natural cubic spline interpolation.
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Fig. 1. Multi-component Fe n absorption complex at redshift z = 1.15.
For convenience, only the transitions 11608 and 12383 are shown.
Individual components are marked by vertical lines. Radial velocity
zero corresponds to the redhsift z = 1.1508. A close-up ranging from
—20 to 100 km s™! is provided in Fig. 2

The combined spectra (Fig. 1) show an effective signal-to-noise
ratio per pixel typically better than 100.

3. Analysis
3.1. The standard MM technique

The observed spectral flux F(1) is modelled as the prod-
uct of the background continuum C(1) and the absorption
term convoluted with the instrumental profile, i.e., F(1) =
Cc) f P(£) e7™9) d¢. While the background continuum is lo-
cally approximated by an optimized linear combination of
Legendre polynomials of up to second order, the instrumen-
tal profile is modelled by a normalized Gaussian given by
the the spectral resolution of the instrument. Assuming pure
Doppler broadening, the optical depth 7(1) is a superposition

of Gaussian functions
¢ A=Zidg;\
Xp - P 9’
b Zidy;

62 Nifi/l,‘ e
4egme nb;
where Z; = (1 + z))(1 + v;/c) while Ay, fi, zi, vi, bi, and N;
denote, respectively, the systemic rest wavelength, the oscilla-
tor strength, the cosmological redshift, the radial velocity, the
line broadening velocity, and the column density correspond-
ing to the line i. The systemic rest wavenumber w,; = 1/4,, is
parametrized as

gi() = @)

We,i = Wi + ¢ (Aa/a) (2 + Aa’/a')» 3)
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Fig. 2. Close-up of Fig. 1 showing the subset of line profiles associated with the central region of the sub-DLA system. The solid and dashed
curves represent the optimized model and its deconvolution, respectively. The standard deviation of the normalized flux is indicated by vertical
bars whereas the effective signal-to-noise ratio per pixel is stated explicitly. Data marked by empty circles are ignored in the optimization

where w; = 1/4; is the wavenumber in the laboratory and g¢; is
the relativistic correction coefficient (Dzuba et al. 2002).

Even though the sub-DLA system exhibits many additional
metal absorption lines (Alu, Alm, Mgt, Mg, Sin, Cru, Nim,
and Znn) typically incorporated in the standard MM analysis,
we decide to apply this technique to the Feu transitions only.
The restriction to one ionic species avoids systematic effects
if the spatial distribution is not the same for all species, and
reduces systematic effects arising from isotopic line shifts. In
addition, the set of Fen transitions between 41608 and 12600
already provides a very sensitive combination for probing the
variability of the fine-structure constant.

Each absorption component is modelled by a superposition
of Doppler profiles with identical radial velocities, widths, and
column densities. In addition, the value of Aa/a is confined
to be the same for all components. In order to find the opti-
mal set of parameter values for both 7(1) as well as C(1), the
weighted sum of residual squares is minimized by means of an
evolution strategy (ES) based on the concept of covariance ma-
trix adaption (Hansen et al. 2003). We ignore the ensemble of
Fen 42383 and 12600 lines associated with the central region
of the sub-DLA system since the profiles are saturated and are
otherwise overemphasized in the optimization.

3.2. The regression MM (RMM) technique

The standard MM technique can conveniently be revised to
avoid some of the deficiencies pointed out in Sect. 1. In ef-

fect, the revision is essentially similar to the method developed
by Varshalovich & Levshakov (1993) in order to infer the cos-
mological variability of the proton-electron mass ratio u from
the analysis of molecular hydrogen absorption lines. Argueing
by analogy (Levshakov 2004), for the regime |[Aa/a| < 1 we
obtain the linear approximation

“

where z; = Aobsi/Ai — 1 and Q; = ¢g;/w; denote the observed
redshift and the sensitivity coeflicient corresponding to the line
i, while the slope parameter «, is given by

Zi = 2o + Ko Qi

Ko = _2(] + 20) (Ac/a). (5)

If Aa/a is non-zero, z; and Q; will be correlated and we will be
able to estimate the slope k, and the intercept z, from the lin-
ear regression analysis of the position of the line centroids in an
absorption component. The accuracy of the regression analysis
will be improved, if several absorption line samples are com-
bined. In this case, the regression procedure can be generalized
appropriately:

{i = (Aa/a) (Qi - O), (6)

where O is the mean sensitivity coefficient of the sample and
§i = (Z—-z)/[2(1 + 2)] is the normalized redshift, with Z de-
noting the mean redshift of an absorption component (in radial
velocity space {; = (v —v;)/[2(c + V)]).

In order to determine the central position of several selected
Fe lines (see Sect. 4.2) we basically follow the same strategy
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Table 1. Atomic data of the Fen transitions between 41608 and
A2600. The laboratory wavelengths A, oscillator strengths f, and cor-
rection coeflicients g are excerpted from Murphy et al. (2003, Table 2)
and Dzuba et al. (2002, Table 1). The sensitivity coefficient Q is de-
fined in Sect. 3.2. Estimiated errors are indicated in parentheses

Tr. 1A f g (cm™) 0

1608  1608.45080(8)  0.058 —1300(300) —0.021(5)
2344 2344.2130(1) 0.114 1210 (150) 0.028 (4)
2374 23744603 (1)  0.0313 1590 (150)  0.038 (4)
2383 2382.7642(1)  0.320 1460 (150)  0.035 (4)
2587  2586.6496 (1) 0.06918 1490 (150) 0.039 (4)
2600 2600.1725(1)  0.23878 1330(150)  0.035 (4)

as described in Sect. 3.1. The only differences are that we do
not incorporate Eq. (3) and do not confine the radial veloci-
ties to be the same for the lines in the selected components.
We point out explicitly that even though we apply a parametric
profile decomposition technique to determine the position of
the line centroids, the RMM analysis is not based on any spe-
cific modelling technique. In principle, the position of the line
centroids can even be determined without doing any modelling
at all (Levshakov 2004). Throughout the analysis we use the
atomic line data listed in Table 1.

4. Results and discussion
4.1. Standard MM analysis

The optimized values of the model parameters and the stan-
dard deviations provided by the covariance matrix of the ES
are listed in Table 2. The decomposition of the Fen absorp-
tion complex is quite evident (see Figs. 1 and 2). This con-
trasts with the QSO absorption systems considered in former
MM studies where many components are typically unresolved
and many line profiles are saturated (see MWFO03, Figs. 3
and 4). Clearly, the components with the most accurately de-
fined line centroids (No. 1, 12, 20-24, 26) are the most im-
portant in the MM analysis. Expectedly, the adequate profile
decomposition is reflected in the formal accuracy of the result:
(Aa/a)um = (0.1 £ 1.7) x 1078 is the most stringent formal
bound hitherto infered from an individual QSO absorption sys-
tem. The best formal accuracy achieved in former MM analyses
(see MWEFO03, Table 3) is exceeded by a factor of about three.

4.2. Regression MM analysis

The optimized central positions of the lines considered in the
RMM analysis are listed in Table 3. We do not consider com-
ponent No. 22 since the central positions of the lines in this
component are strongly correlated with those in No. 21 and
we ignore component No. 24 because the central position of
the Fenr 41608 line is not accurately defined. The regression
line (Fig. 3) indicates no correlation between the relative dis-
placement of the lines, £, and the sensitivity coefficient Q:
(Aa/a)ypmm = (0.4 £ 1.9 £ 2.7) X 1075, where the statis-
tical errors of £ and the estimated errors of Q as well as the
systematic uncertainties inherent to the wavelength calibration

Table 2. Standard MM analysis: optimized values and formal standard
deviations of the radial velocities (RV), line broadening velocities b,
and column densities N of the 29 components constituting the Fen
absorption complex. The optimized value of (Aa/a) is (Aa/a)um =
(0.1 + 1.7) x 107°. Radial velocity zero corresponds to the redshift
z=1.1508

No. RV (kms™) b(kms™)  logN (cm™)
1 —-534.35+0.07 2.07+0.16 12.29+0.02
2 -530.62+044 726041 12.06=+0.03
3 -510.27 £0.18 7.92+0.36 12.14+0.02
4 —-494.49 +0.16 4.86+0.32 1191 +0.02
5 —-471.69+0.12 299+0.20 11.91+0.02
6 -448.58 £0.38 221 +0.87 11.15+0.06
7 -416.88 £0.08 1.76 £0.20 1191 +£0.02
8 -403.01 £0.16 2.19+0.37 11.79+0.02
9 —-393.52+0.10 3.39+022 12.12+0.01
10 -37595+0.16 4.38+0.22 11.77+0.02
11 -321.19+£0.30 698 +0.58 11.52+0.04
12 -239.01 £0.08 1.66+0.11 12.55+0.02
13 —-23528 £0.16 5.15+0.15 12.51 +£0.02
14 —-182.74+045 4.02+042 12.07 +£0.07
15 —-175.12+047 4.92+040 12.18 +0.05
16 —-137.26 +£0.10 3.11+0.18 12.05+0.01
17 —-123.47+0.14 4.47+0.20 12.00+0.02
18 -53.76 £0.38 6.04+0.59 11.43+0.05
19 -34.40+021 581036 11.77+0.03
20 -14.11+0.09 5.09+0.10 12.85+0.01
21 -1.07+£0.05 3.76+0.06 13.56=+0.01
22 8.71+£0.06 3.46+0.10 13.28+0.01
23 22.12+0.04 453+£0.06 13.54+0.01
24 37.33+0.08 6.04+0.14 13.13+0.01
25 59.75+0.16 11.3+0.3 13.48 + 0.01
26 7271 £0.06 5.69+0.08 13.50+0.01
27 8898 +0.24 9.16+0.52 12.51 +£0.02
28 110,09 +1.44 11417 11.70 + 0.08
29 134.09+043 4.08+1.00 11.19+0.07

are propagated by means of Monte Carlo simulation. The co-
efficient of determination is > = 0.005, i.e. only half a per-
cent of the variation among the relative displacement of lines
is accounted for by the difference in sensitivity. Consulting
the ¢ statistic, the observed data contradict the null hypothe-
sis (Aa/a) = 0 at a significance level of 9 percent, whereas
the MFWO04 result (Aa/a) = —5.7 x 107 is contradicted at
88 percent.

4.3. Systematic effects

Contributing to the discussion of potential systematic effects
presented in MWFO03 and MFWO04, we recall attention to an-
other important source of error. As formerly illustrated by
Levshakov & D’Odorico (1995) and Levshakov (1994), the
presence of unresolved narrow lines with different optical
depths can strongly affect the position of the line centroids in
an ensemble of lines and result in a biased expectation value
(Aa/a). This effect will be most noticeable in the case of op-
tically thick lines. In fact, the expectation value (Aa/a)mm in-
creases by 3.6 x 107% if we do not ignore the ensemble of sat-



R. Quast et al.: Probing the variability of the fine-structure constant with the VLT UVES 55

Table 3. Regression MM analysis: optimized centroid positions (A) of the Fen lines between 41608 and 12600 in the selected absorption

components. Formal standard deviations are indicated in parentheses

No. 1608 2344 2374 2383 2587 2600
1 3453.2908 (57)  5032.9469 (24) 51157159 (17)  5553.4531(29) 5582.4812(19)
12 3456.6993 (39) 5037.9119(23) 5102.9147(36) 5120.7677 (21)  5558.9313 (28) 5587.9914 (21)
20 3459.2892 (37)  5041.6969 (25) 5106.7434 (36) 5124.6089 (22) 5563.1057 (30)  5592.1855 (24)
21 3459.4431(11) 5041.9145(12) 5106.9734 (12) 5563.3452 (11)
23 3459.7131 (13)  5042.3034 (10)  5107.3695 (16) 5563.7764 (11)
26 3460.2938(17) 5043.1547(15) 5108.2272 (21) 5564.7129 (16)
Besides, HE 0515-4414 is the brightest known interme-
4l a R diate redshift QSO in the sky and is therefore predestinated
h'g \\\‘\\\\\\ =" for spectroscopy with the new High Accuracy Radial velocity
N2 T e . - - Planet Searcher (HARPS) operated at the ESO La Silla 3.6 m
% 0 T T 4———— - telescope. This very high-resolution spectrograph is specified
| T N e to provide an efficient wavelength calibration facilitating the
E LEv T ::_—_,_,__———— —— ;:: performance of radial velocity measurements with an accuracy
£ PSS a4 ae T of up to 1 ms~! (Pepe et al. 2002). Presumably, HARPS will
2 40 . improve the accuracy of the individual Aa/a assessment by
more than an order of magnitude.
-004 -003 -002 -0.01 0 0.01

Sensitivity coefficient, Q-Q

Fig. 3. Regression MM analysis of the lines listed in Table 3. Each
component is represented by a different symbol. The regression line
(Aa/a)rmm = —0.4 x 107° and its 68 and 95 percent confidence limits
are marked by the solid and dashed curves, respectively, whereas the
dotted line indicates the MFW04 result (Aa/a) = —5.7 x 107°. The
median total errors of £ and Q are illustrated

urated Fe r 12383 and 12600 profiles in the optimization, and
the systematic increase of variance in the normalized residuals
with increasing optical depth (see Figs. B.1 and B.2 provided in
the Online Material) might well be explained by the presence
of unresolved narrow lines.

5. Conclusions

Our results strongly support the null hypothesis of a non-
varying fine-structure constant, but do not contradict the MFW
result (Aa/a) = =5.7x 10 ata significance level higher than
88 percent. Nevertheless, we conclude: (i) The MM technique
is capable of providing stringent bounds on (Aa/@) even if the
analysis is restricted to the Fe 1t lines only. (ii)) The RMM tech-
nique is illustrative and methodically more transparent than the
standard MM technique. In addition, the regression analysis fa-
cilitates the consideration of systematic errors inherent to the
wavelength calibration of QSO spectra. (iii) The accuracy of
the individual Aa/a assessment is principally limited by sys-
tematic errors inherent to the wavelength calibration. The ac-
curacy attainable with high-quality QSO spectra recorded with
the UVES spectrograph is limited to 1073, (iv) Optically thick
profiles are susceptible to systematic effects biasing the expec-
tation value (Aa/a@). (v) We suggest the analysis of an exten-
sive homogenous sample of Fe i1 absorption lines to provide an
independent and crucial test of the MFW04 result.
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Fig. B.1. Normalized residuals of the optimized RMM model. For the
purpose of residual analysis the calculation of the sum of residual
squares takes into account the optically thick parts of the line ensem-
ble

Appendix A: Derivation of Eqs. (4) and (6)
In the regime |Aa/a| < 1 Eq. (3) reduces to the linear limit
Wi = w; +2qi(Aa/a). (A.1)

Dividing by w; and substuting w; = (1 + z;)/Aobs; and w,,; =
(1 + Zo)/ Aobs,i» We obtain

1+ 2z,
T 2(Aa/a)0; (A2)
1+ Zi
or equivalently
% = Zo — 2(1 + z)(Aa/@) Q;. (A3)

Substituting Eq. (A.3) into itself and neglecting non-linear
terms we arrive at

2 = Zo — 2(1 + 22)(Ac/ @) Qi (A4)

which is equivalent to Eq. (4). The intercept z, of the regression

line Eq. (4) is calculated as
Zo =Z = ke Q. (A.5)

Substituting Eq. (A.5) into Eq. (4) and neglecting non-linear
terms we obtain

Z-z=2(1+2)(Ac/a)(Q; - 0),

which is equivalent to Eq. (6).

(A.6)

Appendix B: Residual analysis

The crucial point in any MM analysis is the specification of
the number of absorption components to be incorporated in
the model of the optical depth. The analysis of the normalized

300

250

200

150

Number counts

100

50

Normalized residual

Fig. B.2. Number distribution of the normalized residuals rendered in
Fig. B.1. The distribution is approximately normal with zero mean and
does not indicate any obvious misspecification of the model

residuals of the optimized model reveals a systematic increase
of variance with increasing optical depth (Fig. B.1). The addi-
tion of further absorption components does decrease the vari-
ance but the resulting optimized models exhibit unresolved and
ambigously positioned narrow lines. Nevertheless, the resulting
expectation values (Aa/«) are consistent with the results pre-
sented in Sect. 4, even in case we do not ignore the optically
thick parts of the line ensemble.

The systematic increase of variance with increasing optical
depth visible in Fig. B.1 might well be explained by the pres-
ence of unresolved narrow lines or by deviations from the Voigt
profile resulting from kinematic effects due to e.g. mesoturbu-
lent velocity fields and rotational motion. The number distribu-
tion of normalized residuals is approximately normal with zero
mean (Fig. B.2) and does not indicate any obvious misspecifi-
cation of the model.
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Spectroscopy of QSO absorption lines provides essential observational input for the study of nucleosynthesis and chemical evo-
lution of galaxies at high redshift. But new observations may indicate that present chemical abundance data are biased due to
deficient spectral resolution and unknown selection effects: Recent high-resolution spectra reveal the hitherto unperceived chemi-
cal nonuniformity of a molecule-bearing damped Lyman-alpha (DLA) system, and the still ongoing H/ESO DLA survey produces
convincing evidence for the effect of dust attenuation. We present a revised analysis of the Hy-bearing DLA complex toward the
QSO HE 0515-4414 showing nonuniform differential depletion of chemical elements onto dust grains, and introduce the H/ESO
DLA survey and its implications. Conclusively, we aim at starting an unbiased chemical abundance database established on
high-resolution spectroscopic observations. New data to probe the temperature-redshift relation predicted by standard cosmology

and to test the constancy of fundamental constants will be potential spin-offs.

1. CHEMICAL UNIFORMITY AT HIGH Z?

In stark contrast to many interstellar lines-of-sight in the
Milky Way or the Magellanic Clouds, high-redshift DLA
systems usually appear to be chemically uniform [1]. But
despite their chemical uniformity, for any redshift the ob-
served metallicities are different by up to two orders of
magnitude [2].

The known DLA systems make a heterogeneous popu-
lation involving very different physical environments — a
very unfavorable precondition for tracing nucleosythesis
and the chemical evolution of galaxies. But the physical
environments of molecular clouds are less diverse. In fact,
for the known Hj-bearing DLA systems the metallicity-
redshift distribution may exhibit less variation than for the
regular DLA systems [3].

Molecular hydrogen is detected in DLA components ex-
hibiting high particle densities and low kinetic tempera-
tures [4, 5]. The metallicity of DLA systems is usually
calculated by averaging ad hoc radial velocity intervals,
i.e. by averaging several absorption components. But the
depletion of chemical elements in H,-bearing components
may surpass the average by up to one order of magnitude
[4, 5]. Moreover, narrow components arising from cold
gas are blurred in the usually complex absorption profiles.

In fact, high-resolution (55 000) and exceptionally high
signal-to-noise (90-140) spectra of the Hp-bearing DLA
system toward the QSO HE 0515-4414 indicate the hith-
erto unperceived chemical nonuniformity of individual
metal absorption profile components, similar to the inter-
stellar lines-of-sight intersecting Galactic warm disk and
halo clouds (Figs. 1, 2). In addition, for the H,-bearing
components the calculated [6] fraction of iron in dust of
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98 percent is close to that of Galactic cold disk gas. Is
the DLA system toward HE 0515-4414 just a rare case,
or are compact high-metallicity dust clouds systematically
missed in present spectroscopic observations due to insuf-
ficient resolution or low signal-to-noise ratio?

2. FAINT QSOS OBSCURED BY DUST?

The possibility that present surveys of DLA systems are
affected by dust is an ongoing concern: If the extinction of
DLA absorbers is high enough, optical surveys will miss
the QSOs behind them. However, present samples of DLA
absorbers toward radio-selected and SDSS QSOs do not
indicate any distinct selection bias due to dust [8, 9].

In contrats, the new H/ESO survey of DLA systems to-
ward a complete subsample of 182 HE QSOs produces
convincing evidence for the effect of dust attenuation: Four
new DLA systems were discovered toward the bright half
of the QSO subsample, but 14 were detected toward the
faint. The probability for both numbers being drawn from
the same Poissonian is less than 2.5 percent (Fig. 3). Do
the DLA systems toward the fainter QSOs exhibit more
dust than those toward the bright?

3. FUTURE AIMS

In order to study the possible biases and selection effects
involved with duts, we aim at starting a sound abundance
database established on high-resolution and high signal-
to-noise spectroscopy of the complete sample of DLA sys-
tems discovered by the H/ESO survey. The database will
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Figure 1: Selected metal absorption profiles associated with the DLA system toward HE 0515-4414. The blue curves indicate the
optimized profile decomposition and its deconvolution. Individual components are labeled by numbers 23-28. Note the different
optical depths of Fenr and Zn 1 for the H,-bearing componets 23/24 and component 28. Component 23 also exhibits rare neutral
species (St, Si1, Fer). Radial velocity zero corresponds to the redshift z = 1.1508.

be extremely useful for studying the physical conditions
in DLA systems, and may shed some light on the star for-
mation history of the universe and the problem of missing
metals [10, 11].

As spin-off product, newly detected C1 and Cun
fine-structure absorption lines may be used to test the
temperature-redshift relation predicted by the standard
big-bang cosmology. A further potential spin-off will be a
homogenous sample of Fe 1 lines suitable for probing the
hypothetical variation of the fine-structure constant @ by
means of the regression many multiplet method [12, 13].
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Figure 2: Evidence for chemical nonuniformity at high redshift.
Gas-phase abundance ratios (relative to solar ratios) for the
absorption components shown in Fig. 1 compared with typical
values found for Galactic cold (C) and warm (W) disk and halo
(H) clouds [7]. Since the volatile element Zn is only mildly
depleted, the abundance ratios reflect the differential depletion
of chemical elements into dust. Note that Cr, Mn, Fe, and Ni are
strongly depleted in the H,-bearing components 23/24 but
appear essentially undepleted in component 28.
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Figure 3: Evidence for attenuation of fainter QSOs by dust. The
number of DLA systems detected toward the bright (faint) half
of 182 HE QSOs is 4 (14). The absorption paths of both
subsamples exhibit almost the same length. Two Poissonians
with means 4 and 14 are marked by, respectively, the red and
gray vertical bars. The probability for both numbers being
drawn from the same Poissonian with mean N is indicated by
green dots.
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