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Abstrat

This thesis studies spiral galaxies in the high redshift luster MS1054�03 at z = 0:83

and �eld spirals at similar redshifts. The aim is to shed light on the proesses governing

the evolution of galaxies in lusters, in partiular the proesses responsible for the

morphologial transformation of spiral galaxies into S0s. The main diagnosti used is

the Tully{Fisher relation. We have obtained spatially-resolved optial emission line

spetra arried out at the VLT, from whih we have measured rotation veloities. The

sample analysed ontains 7 spirals in MS1054�03 and 18 �eld spirals at z = 0.15{0.90.

Rest-frame B{bandmagnitudes were derived using HST images, and the B{band Tully{

Fisher relation for the sample was studied. With respet to a loal relation, most of

the high redshift galaxies were found on the high luminosity / low veloity side. The

luster sample was ompared to the �eld sample. A di�erene in the Tully{Fisher

residuals was found at 1.5{2� signi�ane. If interpreted as a di�erene in absolute

magnitude at a �xed rotation veloity, the mean di�erene is �1mag in the sense that

the luster sample is brighter than the �eld sample. This ould indiate a brightening

due to enhaned levels of star formation. A similar analysis in the rest-frame H{band,

but using unpublished magnitudes derived from images whih we have not had aess

to, shows a luster{�eld di�erene that is as large as in the B{band. This is at variane

with our interpretation of the B{band results. If the H{band results are on�rmed

using published data we should onsider the alternative interpretation that the Tully{

Fisher residuals are driven by di�erenes in rotation veloity rather than luminosity.

The size (stellar sale length){veloity diagram showed no strong luster{�eld dif-

ferene. This indiates that the luster and the �eld spirals are struturally similar.

The gas sale lengths were ompared to the stellar sale lengths, and the two were

found to be well orrelated. Their ratio was smaller for the luster spirals than for

the �eld spirals. This ould indiate that entrally onentrated star formation is more

ommon in luster spirals than in �eld spirals, a phenomenon also found loally.

The B{band Tully{Fisher residuals were found to be orrelated with the [OII℄ lu-

minosity and with an estimate of the extintion-orreted star formation rate at �2�

signi�ane. Galaxies with large negative Tully{Fisher residuals (indiative of a bright-

ening) had large [OII℄ luminosities and star formation rates. This diretly supports the

interpretation of the B{band Tully{Fisher residuals as due to a brightening aused by

star formation.

Taken as a whole, the results indiate that at least some spiral galaxies in high red-

shift lusters experiene a period of enhaned star formation. This �ts into the emerging

piture in whih spirals at high redshift fall into lusters from the �eld, experiene a

star burst and then fade and morphologially transform into S0s. As a ontinuation of

this work we are studying larger samples and other evolutionary phases to underpin the

yet unknown physial mehanisms responsible for the morphologial transformation.
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Chapter 1

Introdution

Galaxies are found in a variety of environments, from the low density so-alled �eld to

rih lusters. A range of galaxy morphologies are also seen, with the vast majority of

galaxies at low redshift �tting into the main lasses devised by Hubble (1926, 1936):

elliptials, S0s and spirals. Moreover, the morphologial mix is a strong funtion of the

environment. Already Hubble & Humason (1931) noted that \The predominane of

early types is a onspiuous feature of lusters in general [. . . ℄". This phenomenon was

quanti�ed by Dressler (1980), who in a study of �6000 galaxies in 55 loal (z . 0:06)

rih lusters found the morphologial mix to vary smoothly with projeted galaxy

density, see Fig 1.1. This striking result is the so-alled morphology{density relation.

Figure 1.1: The morphology{density relation for loal lusters. Figure reprodued from

Dressler (1980).

5
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The star formation rate (SFR) has long been known to inrease along the Hubble

sequene of morphologial types, from elliptials to spirals and irregulars. Therefore,

given the morphology{density relation it is not surprising that a SFR{density relation

exists. This relation has been studied by Hashimoto et al. (1998), Lewis et al. (2002)

and G�omez et al. (2003) using very large samples (�10 000) of loal galaxies (mainly

at z < 0:1). A strong orrelation between SFR and either projeted density or radius

within lusters was indeed found in all three studies, in the sense that the SFR was

lower (suppressed) in high density environments. Not only did the mean SFR hange

with density in this way, but also the skewness of the SFR distribution hanged, with

the tail of highly star forming galaxies being most prominent at low densities (Lewis

et al.; G�omez et al.). In terms of luster galaxies, a di�erene of the SFR with respet to

�eld galaxies ould be deteted as far out as 3{4 virial radii (Lewis et al.; G�omez et al.).

Furthermore, using the onentration index as a quantitative measure of morphology,

it was found that galaxies of the same onentration index (�morphologial type) also

showed a SFR{density relation, with galaxies in high density environments having

lower SFRs. This indiates that the SFR{density relation is partially independent of

the morphology{density relation (Hashimoto et al.; G�omez et al.).

Density also seems to inuene the distribution of star formation within individual

galaxies. In an H� imaging survey of loal luster galaxies, Moss &Whittle (2000) found

an inrease in `ompat' (i.e. entrally onentrated) star formation with inreasing

projeted density. The inidene of entrally onentrated star formation was also

seen to be higher in more dense lusters. Centrally onentrated star formation was

generally assoiated with a bar or with a disturbed galaxy morphology indiative of

ongoing tidal interations.

The obvious question is whether these trends of galaxy properties with density

were imprinted early on or are the result of evolutionary e�ets that depend on the

environment. Observations of galaxies at high redshift help shedding light on this, so

we will turn to the high redshift observations before disussing the impliations of the

low redshift �ndings.

Before the advent of the Hubble Spae Telesope (HST) morphologies of high red-

shift galaxies ould not be studied. Likewise, before the advent of large ground based

telesopes with eÆient spetrographs the detailed spetral properties of high redshift

galaxies ould not be studied. However, the olours ould. In a pioneering photometri

study of high redshift (z . 0:5) lusters, Buther & Oemler (1978, 1984) found that the

fration of blue galaxies inreased with redshift. `Blue galaxies' were de�ned as being

bluer than 0.2mag in (B � V ) with respet to the olour{magnitude relation for early

type galaxies (Baum 1959; Sandage 1972; Visvanathan & Sandage 1977; Bower et al.

1992). The inrease of blue galaxies in lusters with redshift has beome known as the

Buther{Oemler e�et. The tentative onlusion of Buther & Oemler was that these

high redshift blue luster galaxies were normal spirals, and sine spirals are not present

in large numbers in loal lusters the impliation was that strong reent evolution of

the galaxy population in lusters had taken plae.

Subsequent spetrosopi observations of high redshift lusters (e.g. Dressler &

Gunn 1983, 1992; Couh & Sharples 1987; Fabriant et al. 1991) showed that the

majority of the blue galaxies were indeed luster members. Surprisingly, many of these

blue galaxies did not have spetra resembling those of loal spirals with emission lines

due to on-going star formation. Instead, the spetra of these blue high redshift lus-

ter galaxies, and some of the red ones as well, showed strong Balmer absorption lines
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and no emission lines, a spetral type that is rare in the loal Universe. The spetra

ould be synthesized as the spetrum of an E galaxy or a K{star with the spetrum

of an A{star superposed (Dressler & Gunn 1983), and hene the names E+A or k+a

were later adopted. Modelling of these galaxies (e.g. Dressler & Gunn 1983; Couh &

Sharples 1987; Barger et al. 1996; Poggianti & Barbaro 1996; Couh et al. 1998; Morris

et al. 1998; Poggianti et al. 1999; Shioya et al. 2001, 2002) requires a trunation of star

formation, and the examples with stronger Balmer lines furthermore require a burst of

star formation prior to the trunation. Therefore, these galaxies are often referred to

as post-starburst galaxies. The last star formation event must have ended between a

few Myr and �1.5 Gyr prior to the observation, a time sale set by the A{stars that

are responsible for the strong Balmer lines (Poggianti & Barbaro 1997; Poggianti et al.

1999). The disovery of this substantial fration of z � 0:5 luster galaxies with E+A

spetra was another sign that strong reent evolution had taken plae in lusters.

With the advent of the refurbished HST, morphologial investigations ould be

extended to high redshift. The MORPHS group studied the morphologies of galaxies

in ten lusters at z � 0.4{0.5 (Smail et al. 1997; Dressler et al. 1997; see also Dressler

et al. 1994; Oemler et al. 1997), and lusters at z = 0.3 were also studied (Couh et al.

1994, 1998). Galaxies in regular high z lusters were found to follow a morphology{

density relation qualitatively similar to that found at low redshift, i.e. with early types

dominating at high densities, and with late types dominating at low densities. Unlike

at low redshift, however, galaxies in irregular lusters showed almost no morphology{

density relation. The most striking result from the morphologies of the high z luster

galaxies was that the overall fration of S0 galaxies was 2{3 times smaller than at z � 0,

whereas the fration of spiral galaxies was larger by approximately the same amount.

This was more evidene of strong reent evolution. The blue galaxies responsible for

the Buther{Oemler e�et were found morphologially to be predominately spirals and

irregulars. The HST images revealed that many of these high redshift luster spirals

showed signs of disturbanes, suggestive of merging and tidal interations.

The ground{based study at z = 0.1{0.2 by Fasano et al. (2000) has �lled the gap

between the loal lusters and the z = 0.3{0.5 lusters studied with the HST. The on-

sistent piture emerging from these studies is that the S0 fration in lusters inreases

rather smoothly from z � 0:5 to the present. It should nevertheless be noted that this

result is not universally agreed on. Andreon (1998) found no evidene of a variation

of the S0-to-E ratio with redshift and suggested that the de�it of S0s found by other

authors was due to morphologial lassi�ation errors. The derived morphologial mix

may indeed depend on who is doing the morphologial lassi�ation. In an HST{based

study by Fabriant et al. (2000) of a luster at z = 0:33, the S0-to-E ratio was found

to be 1.1 when lassi�ations done by Dressler were used, whereas the ratio was found

to be 1.6 when lassi�ations done by Fabriant, Franx and van Dokkum were used.

Aside from the above it should be noted that the morphologial \S0" lassi�ation

depends on the inlination of the galaxy, implying that this lassi�ation is not optimal

for a physial desription

1

.

1

Spei�ally, in a study of early type galaxies in the Coma luster, J�rgensen & Franx (1994) found

that E and S0 galaxies (exept for the very brightest Es) were a mixed lass with a broad underlying

distribution of the disk fration. Only about 10% of the sample was found to be ompletely disk less.

Galaxies lassi�ed as S0 were galaxies with a strong disk or galaxies with a weaker disk but seen lose

to edge-on. Ideally, instead of speaking of S0 galaxies one should speak of early type galaxies with a

given disk fration. We will not adopt this terminology, but the issue needs to be kept in mind.
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The inreasing S0 fration and dereasing spiral fration in lusters with time sug-

gests that spirals are being morphologially transformed into S0s. If this is the ase

one would expet the stellar populations in S0s at low redshift to show (weak) signs

of a relatively young population ompared to the stellar population in elliptials (Pog-

gianti 2002a). This is indeed found in some studies (e.g. Kuntshner & Davies 1998;

Kuntshner 2000; Poggianti et al. 2001) but not in other (e.g. J�rgensen 1997; Ziegler

et al. 2001). At higher redshift, a similar disrepany exists (e.g. Smail et al. 2001

versus Ellis et al. 1997 and Jones et al. 2000). In the studies that do �nd a di�erene,

the di�erene is most marked at lower luminosities. Probably related to these matters

is the �nding of de Jong & Davies (1997) that the ages of elliptial galaxies orrelate

with the isophotal shape. Spei�ally, elliptials with disky isophotes (as parametrised

by the 

4

parameter, see e.g. Bender et al. 1989 or the review by Milvang-Jensen &

J�rgensen 1999) had younger ages than elliptials with perfetly elliptial isophotes or

boxy isophotes. While 

4

annot uniquely be translated into a disk fration due to

projetion e�ets (e.g. Rix & White 1990; J�rgensen & Franx 1994), the quantities are

nevertheless orrelated. de Jong & Davies onlude that their �ndings suggest that the

younger ages of elliptials with disky isophotes are assoiated with the presene of a

disk omponent.

With the HST{based morphologial lassi�ations of the high redshift luster galax-

ies at hand, a onnetion to the spetrosopi properties ould be made. Based on

spetrosopy of three z = 0.3 lusters (Couh et al. 1998) and the ten z � 0.4{0.5

MORPHS lusters (Dressler et al. 1999; Poggianti et al. 1999; see also Wirth et al.

1994) the majority of post-starburst (k+a/a+k) galaxies were found to have disk-

dominated morphologies. These normal disk morphologies imply that the proess that

is responsible for halting the star formation leaves the basi disk struture intat. A

population of passive spirals with no urrent star formation was also found. It was

suggested that the post-starburst galaxies and the passive spirals were in the proess of

being morphologially transformed into S0s. Sine the majority of k+a/a+k galaxies

did not (yet) have S0 morphologies, this morphologial transformation must take plae

on a longer time sale than the time sale for the k+a/a+k phenomenon (�1.5Gyr).

From the above-mentioned HST{based studies of high z lusters and from ground{

based studies of the CNOC lusters at z = 0.2{0.6 (Balogh et al. 1997, 1998) it was

found that also at these redshifts a SFR{density relation existed. Furthermore, also

here this relation was found to be partially independent of the morphology{density

relation. This is onsistent with the piture in whih the time sale for suppressing

star formation in luster spirals is shorter than the time sale for the morphologial

transformation of spirals to S0s.

Clusters ontain not only the galaxies but also an intra-luster medium (ICM). The

ICM is the hot (�10 keV, i.e. �10

8

K) low density (�10

�3

atoms/m

3

) gas that �lls the

spae between the galaxies and whih an be observed in X{rays emitted via thermal

bremsstrahlung (e.g. Sarazin 1988). The total mass of the ICM is omparable to the

mass of the luminous matter (stars) in the luster galaxies. An illustration of the ICM

is shown in Fig. 1.2. The �gure is an X{ray image of the loal Fornax luster. A galaxy

with its own gas halo is seen falling into the luster. The gas halo of the infalling galaxy

feels the so-alled ram pressure of the ICM of the luster.

Many physial proesses have been proposed to be responsible for the morphologial

transformation of galaxies in lusters. A galaxy in a luster an interat with the ICM,

with the gravitational potential of the luster and with other individual galaxies. For
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4 arcmin

Figure 1.2: Chandra soft band X{ray image of the Fornax luster. The luster entre,

dominated by the galaxy NGC1399, is seen at the upper right. The gas bound to the

infalling bright elliptial galaxy NGC1404 is seen at the lower left. In the temperature

map (not shown) this infalling gas is seen to be ooler than the Fornax ICM. From

Dosaj et al. (2002); �le kindly provided by Bill Forman.

a reent review of these mehanisms, see Treu et al. (2003). These proesses inlude

the following. Ram-pressure stripping (Gunn & Gott 1972; see also e.g. Fujita 1998;

Abadi et al. 1999; Quilis et al. 2000) in whih the pressure from the ICM an remove

gas from the infalling galaxy. Pressure-triggered star formation (Dressler & Gunn 1983;

see also e.g. Fujita 1998) where the ram-pressure from the ICM ompresses the gas in

the disk of the infalling galaxy. Tidal ompression of the gas aused by the luster

potential (Byrd & Valtonen 1990; see also e.g. Gnedin 2003) where the tidal fores of

the luster potential an trigger star formation. Galaxy merging (Ike 1985; Lavery &

Henry 1988, 1994; Bekki 1998) in whih two galaxies an beome one gravitationally

bound objet if the enounter ours at a relatively low speed. Galaxy harassment

(Moore et al. 1996, 1998, 1999) whih is the gravitational perturbations due to high

speed enounters with other galaxies and with the luster potential. Finally, several

proesses an lead to a proess known as starvation, strangulation or su�oation in

whih the gas halo (reservoir) of the galaxy is removed, leading to the galaxy slowly

using up the gas in the disk without the possibility of replenishment (Larson et al. 1980;

see also e.g. Bekki et al. 2001, 2002). A shemati diagram showing several senarios

for star formation trunation is shown in Fig. 1.3.
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Figure 1. A shemati diagram, indiating three possible alternative senarios for SFR trunation. These are:

near-immediate trunation to zero SFR, as may aompany the fast removal of all gas from the spiral disk;

gradual deline in SFR, as would be expeted following removal of the halo gas reservoir; and starburst followed

by gradual SFR deline, our favoured model.

(a) The Tully-Fisher diagram for our high-z

study of spiral galaxies. Square points mark

luster galaxies.

(b) The existing attempts at de�ning a Tully-Fisher

relation for S0 galaxies. The error bars show data

from Neistein, et al. (1999), while triangles are from

Mathieu, Merri�eld & Kuijken (2002).

Figure 2. Plots demonstrating the dynamial investigations of the spiral ! S0 evolution undertaken so far.

In eah the line indiates the loal spiral TFR. Note that the distant luster spirals are onsistently brighter

than their �eld ounterparts with the same rotational veloity. This suggests that in-falling spirals experiene

a signi�ant `starburst' period before their SF delines. At the other end of the evolution, the loal S0 TFR

shows that these galaxies display a similar relation to spirals, but dimmer and possibly with more satter.

Figure 1.3: Shemati diagram of possible senarios for SFR trunation. These are:

near-immediate essation of star formation, as may aompany the fast removal of all

gas from the spiral disk; gradual deline in SFR, as would be expeted following removal

of the halo gas reservoir; and star burst followed by a gradual SFR deline.

This �gure is from our reently submitted proposal to study the kinematis and stellar

populations of k+a galaxies; f. Set. 6.2 on future work.

A number of studies have been made modelling the observed evolution in olour,

spetra and morphologies of luster galaxies. These studies have taken a number of

omplementary approahes. Unfortunately, modelling everything from �rst priniples

is omputationally ompletely out of reah for the time being. We will desribe the

results from a few reent studies.

Kodama & Bower (2001) used the observed olour{magnitude diagrams for the loal

Coma luster and for CNOC lusters at z = 0.2{0.4 as `snapshots', i.e. assuming that

these di�erent lusters seen at di�erent redshifts ould be interpreted (statistially) as

the same luster seen at di�erent epohs. First the galaxies were evolved forward in

time in the olour{magnitude diagram, assuming that star formation had halted. It

was found that the blue galaxies seen in the high redshift lusters (i.e. those giving

rise to the Buther{Oemler e�et) would rapidly beome redder and fade, making the

predited olour{magnitude diagram at the present epoh be ompatible with what is

atually observed in the Coma luster. In other words the large fration of blue galaxies

in lusters at high redshift is not inompatible with the generally red galaxies seen in

loal lusters. The blue galaxies seen at high redshift ould therefore possibly be the

progenitors of the fainter (> M

�

+1) S0s in loal lusters (whih interestingly are those

for whih the evidene of a more extended star formation history is strongest).

The seond part of the Kodama & Bower (2001) study used the observed olour{

magnitude diagrams to infer the star formation and trunation histories from very high

redshift to the epoh of the observations. The idea is that a galaxy that is bluewards
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of the olour{magnitude relation by a only small amount ould either be a rather red

�eld galaxy (i.e. one with a low SFR) that has been areted reently or it ould be a

blue �eld galaxy (high SFR) that was areted a long time ago. The assumed mix of

star formation histories of the �eld galaxies were motivated by observations of high z

�eld galaxies. This inluded the fat the star formation rate in �eld galaxies delines

with time, f. below. Two trunation senarios were tried: one with a violent star burst

followed by a trunation of star formation, and one with a mild burst followed by a

slowly delining SFR (e-folding time 1Gyr) due to su�oation. The latter model gave

an aretion rate that fell monotonially with time and with a good math to what is

expeted theoretially from extended Press{Shehter theory (Bond et al. 1991; Bower

1991), indiating that this model was the most orret one. The onlusion was that

the Buther{Oemler e�et was due to a ombination of the delining aretion rate, the

delining SFR in the areted �eld galaxies and the gradual deline of star formation

after the galaxies were areted.

In a omplementary study Kodama & Smail (2001) simulated the morphologial

mix in lusters based on a simple phenomenologial model where the lusters arete

a mix of galaxies from the surrounding �eld, the spiral galaxies are transformed to S0s

(through an unspei�ed proess) and are added to the existing luster population. The

onlusion was that in order to reprodue the apparently rapid inrease in the ratio of

S0 galaxies to elliptials in the lusters, the galaxy aretion rate had to be high and

most of the areted spirals, even the late types (Sdm), had to be transformed to S0s.

To math the observed morphologial mix as funtion of redshift the transformation had

to be a relatively slow proess, with the transformation being ompleted �1{3Gyr after

the galaxy entered the luster environment. This time sale inferred from modelling

the morphologial mix agrees with time sales inferred from the stellar population

properties of luster galaxies.

In the urrent hierarhial lustering paradigm, struture formation is driven by the

gravitational inuene of the matter, mainly in the form of old dark matter. Struture

suh as galaxies and lusters of galaxies is built up by a suessive number of mergers,

both between objets of similar mass and between objets of di�erent mass (aretion).

In the last deade, numerial simulations within this framework have been oupled

to so-alled semi-analyti reipes to predit various observable quantities of galaxies

suh as olours and SFRs (e.g. Kau�mann et al. 1993; Cole et al. 1994; Baugh et al.

1998; Cole et al. 2000). Reent hierarhial models (Balogh et al. 2000; Diaferio et al.

2001) with simple (heuristi) shemes for gas depletion, where the hot gas reservoir

is removed when the galaxy halo merges with a larger halo, have shown that SFR in

luster galaxies should be lower (ompared to the �eld) out to 2 virial radii. It is not

yet lear whether these simple models is all it takes to explain the lower SFR seen all

the way out to 4 virial radii (G�omez et al. 2003).

In the Universe as a whole, the SFR has been found to deline steeply from z = 1

to the present day (e.g. Lilly et al. 1996; Madau et al. 1996; Blain et al. 1999; Cowie

et al. 1999; Wilson et al. 2002; sometimes referred to as the `Madau plot '). Balogh

& Bower (2002) ask the interesting question whether this overall deline is due to

internal proesses within the galaxies, suh as the gas available to feed star formation

slowly being used up, or to external (i.e. environmental) proesses due to the build-

up of struture in the Universe. In lusters the SFR has been found to deline even

more rapidly than in the �eld (Kodama & Bower 2001; Poggianti 2002b). Observations

also show that from z � 0:5 and to the present star formation is inhibited in dense
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environments, i.e. the SFR{density relation. The abundane of lusters grow with

time, so it is possible that the growth of struture is responsible at least in part for the

deline in the global SFR. For this to work the mehanism has to operate not only in

lusters but also in groups. These investigations are still on-going.

One key property remains to be mentioned about spiral galaxies, namely the fat

that they follow the Tully{Fisher relation (Tully & Fisher 1977). This relation between

rotation veloity and luminosity has been studied extensively for loal spirals, using

both radio observations of the neutral hydrogen gas (HI) and optial emission lines

(e.g. H�) from the ionized gas to measure the rotation veloity. If the observations are

not spatially resolved, as is often the ase for HI observations, the rotation veloity an

be replaed by the spetral line-width. For high redshift spirals, the study of the Tully{

Fisher relation has been pioneered by Vogt and ollaborators (e.g. Vogt et al. 1996, 1997;

Vogt 1999). The rotation veloities were determined using deep spetrosopy targeting

the [OII℄ emission line. A sample of �eld spirals was studied. The zero point of the

Tully{Fisher relation was found to show only a small evolution, whih was interpreted as

the high redshift spirals being marginally brighter than loal spirals at a �xed rotation

veloity (�mass). The e�et was found to be �0.2mag in the rest-frame B{band at

z � 0:5 for the osmology adopted in this thesis (see below).

The large amount of evidene for a dramati hange in the luster spiral population

sine z � 0:5 and the suess of Vogt and ollaborators in measuring rotation veloities

for high redshift spirals form the basis for the work presented in this thesis: to study

the Tully{Fisher relation for high redshift lusters spirals. The thesis onentrates on

the high redshift luster MS1054�03 at z = 0:83.

Assumed osmology

In this thesis osmology-dependent quantities suh as absolute magnitudes and sale

lengths in linear units (kp) are alulated assuming an open universe with matter

density 


m

= 0:1 (orresponding to q

0

= 0:05 sine we assume that the osmologial

onstant is zero) and a Hubble onstant of H

0

= 75 km s

�1

Mp

�1

. This osmology

was adopted in order to easily ompare with Vogt and ollaborators. In reent years

a so-alled onordane osmology has emerged, in whih the Universe is at (i.e. with




total

= 1), with matter density 


m

= 0:3, with a non-zero osmologial onstant equiv-

alent to a density of 


�

= 0:7, and with a Hubble onstant of H

0

= 70 km s

�1

Mp

�1

(see e.g. the reent results reported by Spergel et al. 2003 and referenes therein). At

z = 0:83 the di�erenes between the two osmologies are as follows. A galaxy with

an apparent magnitude of 22.30 would have an absolute magnitude of �21:00 in our

adopted osmology and �21:30 in the onordane osmology. A galaxy with an an-

gular size of 0.50

00

would have a linear size of 3.1 kp in our adopted osmology and

3.8 kp in the onordane osmology.
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Layout of the thesis

The thesis is organised as follows.

Æ Chapter 2 desribes the sample seletion, the observations and the data redution.

Æ Chapter 3 desribes the method to derive rotation veloities and sale lengths for

the gas giving rise to the emission lines.

Æ Chapter 4 desribes the photometry, both the alulation of rest-frame B and H{

band magnitudes and the bulge/disk deomposition that gives galaxy inlinations

and sale lengths for the stars.

Æ Chapter 5 presents the analysis of the data. The B and H{band Tully{Fisher

relations are studied, as well as the distribution of star formation within individual

galaxies and the global star formation rates.

Æ Chapter 6 summarised the results and the onlusions and outlines a number of

future projets that build on the work in this thesis.

Æ Appendix A desribes the details of the osmi ray event removal proedure.

Æ Appendix B presents HST images and spatially resolved emission line spetra for

the galaxies studied.
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Chapter 2

Sample seletion and data

2.1 Sample seletion and mask design

We targeted the galaxy luster MS1054�03

1

at z = 0:83 sine it is one of the few rih

lusters at high redshift with extensive HST imaging available. As an extra bene�t

this luster also has literature Kek spetrosopy. We based our galaxy seletion on

the spetrosopi and photometri atalogues of known luster galaxies given by van

Dokkum (1999) (see also van Dokkum et al. 2000). The spetrosopi atalogue is based

on an I{band seleted sample (orresponding to the rest-frame B{band at z = 0:83),

with 20:0 < I < 22:7 (orresponding to �22:3 < M

B

< �19:6 at this redshift). The

atalogue gives Kek-based HÆ and [OII℄ equivalent widths (EWs) and spetral types

(Emission, Absorption or E+A). The atalogue only ontains spetrosopially on-

�rmed luster galaxies, totaling 80. The data for the �100 �eld galaxies also observed

is not published. The ompleteness is stated to be 73% to I = 22:2 within the region

imaged with the HST. The photometri atalogue gives HST based magnitudes, olours

and morphologies for the on�rmed luster galaxies whih have been imaged with the

HST. This atalogue ontains 81 galaxies.

Sine we wanted to base the study on galaxies with HST imaging, we used the

photometri atalogue for the sample seletion. Out of the 81 galaxies in the atalogue,

74 had spetrosopy available. We seleted spiral galaxies that were likely to give a

rotation veloity as follows:

1. Galaxies having spiral morphology and Emission spetral type (EW([OII℄) � 5

�

A).

This was 7 galaxies (1403, 1639, 1733, 1763, 1888X, 1896, 2130); however, the

galaxy 1888X ould not be loated. We added galaxy 2011, whih has spiral

morphology (f. Fig. B.29, page 183), but whih was lassi�ed as merger/peuliar

(M/P) for unknown reasons. Of these 7 galaxies, one (1733) had to be dropped

at the mask design stage due to geometrial onstraints (the galaxy was outside

the region where slits ould be made).

2. Galaxies having spiral morphology and a less seure Emission spetral type (still

EW([OII℄) � 5

�

A, but with larger errors). This was 4 galaxies (661, 1198, 1298,

1459).

3. Galaxies having spiral morphology and no listed spetral type. This was 3 galaxies

(1039, 1354, 1478), whih had morphologial types Sa, Sb, Sa. At the mask design

1

Full name: MS1054.4�0321 (Gioia et al. 1990)

15
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stage one galaxy (1354) had to be dropped due to geometrial onstraints (the

galaxy onited with the higher priority galaxy 661).

Twelve spiral galaxies in the atalogue (50% of the total number of spirals) did not have

Emission spetral type and were therefore not seleted. The atalogue ontained two

more galaxies with Emission or possible Emission spetral type. These galaxies (1340,

1801) were both morphologially lassi�ed as M/P. Galaxy 1340 (possible Emission

spetral type, EW([OII℄ = 5:1 � 3:6

�

A) looked like two galaxies slightly overlapping

(possibly only in projetion). Galaxy 1801 (Emission spetral type, EW([OII℄ = 51:9�

1:6

�

A) looked like a genuine merger. These two galaxies were added to the sample out

of uriosity, sine they did not onit with any of the higher priority targets.

It ould be noted that the equivalent width, whih measures the ux of the line

relative to the ontinuum, is not the best quantity to predit whether a rotation veloity

an be measured. The line ux itself will be far more important in determining the

signal-to-noise of the observed emission line { the strength of the ontinuum will only

matter through the amount of photon noise the ontinuum ontributes. Nevertheless,

seleting all the galaxies from van Dokkum (1999) with Emission spetral type was still

a sensible approah.

What an be measured from the spetrosopy is the rotation veloity projeted onto

the line-of-sight, V

rot

sin i, where i is the line-of-sight inlination (with 0

Æ

being fae-

on). In order to be able to reliably derive V

rot

from V

rot

sin i, the galaxies have to have

a reasonable inlination, say i � 30

Æ

(this is the limit used by Vogt and ollaborators,

e.g. Vogt 1999). The inlination an be alulated from the apparent elliptiity ",

or equivalently from the apparent axis ratio b=a. Assuming the disk is intrinsially

irular and in�nitely thin, the relation is os i = 1� " = b=a. This means that i � 30

Æ

orresponds to " � 0:13. The elliptiities were measured in the HST images (f. below)

using the IRAF task imexamine. The preise value of the apparent elliptiity depended

on whih radius was used for the measurement, and whih �lter (F814W or F606W).

None of the seleted galaxies were more fae-on than the 30

Æ

limit, so no galaxies were

exluded based on their inlination. The adopted inlinations for the galaxies for whih

a rotation veloity was eventually measured will be disussed in Chapter 4.

At this stage (about 3 months before the observations) the request for pre-imaging

was made. By designing the masks using suh pre-images taken with the same in-

strument (here FORS2) that will be used for the spetrosopi observations, a high

positional auray an be ahieved. With one night alloated for the spetrosopi

observations, our exposure time estimates showed that we ould do two masks. We

wanted to plae the slits along the major axes of the galaxies. If the two masks were

made at right angles to eah other then all galaxy position angles (PAs) ould be a-

ommodated with slits tilted by no more than �45

Æ

within eah mask. The positions

and position angles of the two MS1054�03 pre-images were deided based on the po-

sitions and position angles of the galaxies seleted from the van Dokkum atalogue;

see Table 2.1 and Fig. 2.1. In hoosing the pre-imaging entres and PAs we bene�ted

from having aess to a deep R{band Kek image overing the MS1054�03 �eld kindly

provided by Douglas Clowe (f. Clowe et al. 2000).

The galaxies seleted from the van Dokkum (1999) atalogue would not �ll the two

masks, so additional targets were needed. These were found by inspeting the available

HST images. MS1054�03 has been observed with the WFPC2 instruments onboard

the HST. In the programme by Marijn Franx et al. six �elds in MS1054�03 were
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Table 2.1: Spei�ations for the pre-imaging

Objet-name RA (J2000) De (J2000) PA Exptime Filter

MS1054�03 pos1 10 57 03.72 �03 37 50.0 10

Æ

300 se R{band

MS1054�03 pos2 10 56 59.49 �03 38 50.4 100

Æ

300 se R{band

observed for typially 6.5 kse in the �lters F814W and F606W (see e.g. van Dokkum

1999; van Dokkum et al. 1999, 2000). The mosai of the six �elds overs a region on

the sky of about 7

0

� 5

0

, see Fig. 2.1. A nie pseudo olour image of the mosai an

be found in van Dokkum et al. (2000). The redued and ombined WFPC2 images

were kindly made available by Marijn Franx and Pieter van Dokkum

2

. The individual

WFPC2 images were registered to eah of the FORS2 pre-images (but at the WFPC2

pixel size of 0.1

00

) and ombined to form a mosai image. Photometri zero points to

bring the magnitudes from the di�erent images (WFPC2 F814W; WFPC2 F606W;

FORS2 R{band) to the standard system used by van Dokkum (1999) were determined

using aperture photometry.

Candidate extra targets for mask 1 were seleted as follows. The WFPC2 F606W

and F814W mosai images were arefully inspeted to �nd galaxies with spiral/disk

morphology and suitable inlination (i � 30

Æ

) and whih were not in the atalogue

of van Dokkum (1999). The F814W magnitude and (F606W�F814W) olour were

required to be approximately in the range spanned by the sample of luster galax-

ies seleted from the van Dokkum (1999) atalogue, namely F814W = 20.1{22.7 and

(F606W�F814W) = 0.8{2.2. To be able to put a slit along the major axis of the galaxy

and not have to tilt the slit by more that ��45

Æ

, only galaxies with position angles

within ��45

Æ

of the position angle of the mask were inluded. The found galaxies were

named A, B, C, . . . , Z, A1, A2, . . . , A6. The same exerise was done for mask 2, nam-

ing the galaxies A7, . . . , D6. The galaxy A4, whih had been identi�ed as a possible

target for mask 1, was also suitable for mask 2. The ombined mask 1 and 2 sample of

andidate extra targets spanned the range F814W = 19.7{23.7 and (F606W�F814W)

= 0.7{2.3.

The two MS1054�03 masks were designed using the FIMS (FORS Instrumental

Mask Simulator) tool

3

, whih is a plug-in to the graphial interfae Skyat

4

. The

orientation for the FORS2 images is wavelength along the x-axis and spatial diretion

along the y-axis. Slits an be plaed everywhere within a box of size 5:7

0

�6:8

0

. However,

sine the wavelength range ahieved for a given slit depends on its loation in x, only

a ertain range in x will give the desired wavelength range. FIMS an indiate the

region within whih a ertain wavelength range will be ahieved. We required that the

narrow wavelength range 6735{6905

�

A ([OII℄ 3727

�

A at z = 0:83 � 0:02) was observed

for all slits. For the 600R grism whih we wanted to use, this orresponded to a 3:8

0

wide region in the left hand side of the mask. The entre of the mask was moved

(with respet to the entre of the pre-image) so that our targets were in this region.

Slits were put on the galaxies seleted from the van Dokkum (1999) atalogue. The

pre-images had good seeing (0.6

00

), so identifying the galaxies seen in the HST images

2

http://www.strw.leidenuniv.nl/~franx/lusters/ms1054/Data/ombined/

3

http://www.eso.org/observing/p2pp/OSS/FIMS/FIMS-tool.html

4

http://arhive.eso.org/skyat/
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Figure 2.1: Footprints on the sky of the 6 WFPC2 �elds, the pre-images and the

regions of the masks ontaining the slits (see also Fig. 2.3 and 2.4). The oordinates

have been omputed relative to the oordinates of the entral galaxy (marked by a

ross) at (RA,De)

J2000

= (10 56 59.9,�03 37 37.3) (Donahue et al. 1998). North is up

and east is to the left.

was not diÆult. Depending on their position angle (measured in the HST images) the

galaxies were alloated to either mask 1 or 2. For eah galaxy the slit was aligned with

the major axis of the galaxy by tilting the slit by an angle �

slit

. The width of the slit

in the dispersion diretion (i.e. x-diretion) was always 1.0

00

regardless of �

slit

. In this

way, the spetral resolution was the same for all slits. See Fig. 2.2. The length of the

slit was set aording to the size of the galaxy in suh a way that the slit would ontain

blank sky on both sides of the galaxy. The typial length in the y-diretion was 12

00

,

and the typial length along the axis of the slit was 13

00

. The typial value of j�

slit

j was

20

Æ

. As mentioned above, slits ould not be put on two of the seleted galaxies due to

geometrial onstraints.

In order to be able to align the mask on the sky before the start of the spetrosopi

exposures, a number of referene stars need to be designated. It is also wise to put slits

on some of them to be able to hek the alignment (using the through-slit image, f.

the next setion) and to measure the seeing in the spetral frames. We deided to put
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Figure 2.2: Illustration of the geometry of a non-tilted slit (panel a) and a tilted slit

with slit angle �

slit

= 30

Æ

(panel b). Note that the width of the slit in the wavelength

diretion always was 1:0

00

regardless of �

slit

.

slits on all the referene stars. Stars well distributed over the image were hosen. The

slits were short (5

00

) and untilted. The number of referene star slits was 7 for mask 1

and 5 for mask 2.

Following this, slits were put on galaxies from the list of andidate extra targets.

When there was a geometrial onit, the brightest galaxy was hosen. In order to �ll

the mask \substandard" slits were used in a few ases: somewhat short slits, or slits

with the objet lose to the edge, or with a large slit angle. The majority of these still

provided good data. As a test, the galaxy U, whih was in mask 1 with �

slit

= 39

Æ

was

also put in mask 2 with �

slit

= �51

Æ

. The few remaining gaps were �lled with whatever

spiral/disk looking galaxies ould be found, usually galaxies that were brighter than

the sample of luster galaxies seleted from the van Dokkum (1999) atalogue. These

additional galaxies were named XX1, . . . , XX6. Finally, the very top of mask 2 was

outside the WFPC2 mosai, so targets XX7 and XX8 were identi�ed from the pre-

image. For the galaxies not from the van Dokkum (1999) atalogue, the typial slit

length in the y-diretion was 10

00

and the typial value of j�

slit

j was 30

Æ

. Prints from

FIMS of the two masks with the galaxies labelled are shown in Fig. 2.3 and 2.4.

The gaps between the slits were usually made no smaller than 1

00

. This turned

out to be important, sine the edges of the spetra were used to map the geometrial

distortion, as will be disussed later (Set. 2.3.4).

In addition to the two MS1054�03 masks, three masks for bakup programmes for

bad seeing were made. None of these were needed, fortunately.
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 A

 C

 D

 G

 I

 N

 P

 Q

 U

 V

 X

 Y

 Z

 A3

 A5

 A6

 XX1

 XX2

 XX3

 1039

 1198

 1459

 2130

 2011

 1639

Oct 07, 2002 at 14:34:13
Figure 2.3: Print from FIMS showing mask 1 on top of the mask 1 pre-image. The

galaxies have been labelled (squares: known luster members; diamonds: other galaxies;

irles: stars). The entre of the mask (the green �lled irle) has been o�set from the

entre of the pre-image so that all the spetra will over [OII℄ 3727

�

A at z � 0:83. The

height of the image is 6:8

0

. North is 10

Æ

lokwise from straight up, f. Fig. 2.1.
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 A7

 A8

 A9

 B1

 B4

 B5

 B8

 B9

 C1

 C2

 A4

 C5

 C6

 D2

 D6

 U

 XX4

 XX5

 XX6

 XX7

 XX8

 661

 1478

 1298

 1403

 1763

 1896

 1801

 1340

ESO
fors object

MS1054p2.fits
10:56:59.567 −03:38:50.87 J2000

milvang/Skycat Oct 07, 2002 at 15:41:26
Figure 2.4: As Fig. 2.3, just for mask 2. For this mask north is 10

Æ

lokwise from

straight to the right, f. Fig. 2.1.
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2.2 Spetrosopi observations

The masks were ut using the Mask Manufaturing Unit (Conti et al. 2001). The masks

are alled MXU masks after the Mask eXhange Unit, the jukebox-like mehanism

inside the FORS2 instrument whih brings the desired mask into the optial path, f.

Fig. 2.5.

Figure 2.5: An MXU mask about to be inserted into the FORS2 instrument (partially

visible behind the ladder). The parrot `supervising' the proedure is the Nottingham

astronomy masot, Pep�e (http://www.nottingham.a.uk/astronomy/parrot/).

Observations were arried out with the FORS2 instrument

5

at the VLT (UT2)

on 2001 Feb 23. Sky ats for the two masks were taken in the bright part of the

evening twilight. Following this spetrophotometri standard stars were observed with

a wide slit (5

00

), and hot stars (spetral types O or early B, for the telluri absorption

orretion) were observed with a 1

00

longslit, same slit width as the MXU slits. The

600R grism was used.

The aquisition proedure for the �rst mask was started when MS1054�03 was at

two airmasses. An aquisition image (R{band, 60 se) was taken. The referene stars

were automatially identi�ed, and relatively small o�sets in position and rotation were

alulated and applied to math the mask with the targets on the sky. A so-alled

through-slit image (also R{band, 60 se) was taken. This is an image with the mask

but not the grism in the optial path. From the slits plaed on the referene stars it

ould be seen that the stars were well entered in the slits. The �rst 1800 se MXU

exposure was started at an airmass of 1.93. A total of seven suh exposures were taken

of mask 1. The signal level in the MXU frames indiated that the objets remained in

the slits throughout, and sine the system indeed was reported to be very stable, no

5

http://www.eso.org/instruments/fors/
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re-aquisition was done, and no extra through-slit images were taken. The instrument

has a so-alled longitudinal atmospheri dispersion orretor (LADC, see Avila et al.

1997), whih works for zenith distanes of less than 45 degrees. The LADC was set

at the start of eah exposure. When the seventh exposure �nished the luster was

ulminating at an airmass of 1.07. Following this the same proedure was done for

mask 2.

The exposure time for the aquisition and through-slit images was hosen to be

one �fth of that of the pre-image. This was a good ompromise between getting enough

signal for the referene stars and not spending too muh time taking these images.

During the observations only a relative short time (say 1 minute) an be spent

heking if the objets (partiularly the referene stars) are well entered in the slits.

Afterwards, however, the through-slit images an be examined loser to get a bet-

ter feeling for how well the aquisition went. Figure 2.6 shows the star slits in the

through-slit images. The stars are indeed seen to be well entered in the slits, and

both aquisitions must be said to have been good. There is a hint that the stars in

mask 1 are slightly above the entre in the y-diretion, and the stars in mask 2 are

slightly below the entre. For a non-tilted slit an o�set in the y-diretion would simply

move the objet along (i.e. within) the slit. For a tilted slit, however, an o�set in the

y-diretion would also move the objet out of the slit. It is important that the slits

go through the entre of the galaxies, sine that is assumed in the 2D emission line

modelling, and sine that gives the most light.

Figure 2.6: The referene stars in the through-slit images. To make this illustration

image setions of size 8 px � 29 px (1:6

00

� 5:8

00

) were seleted as well entered on eah

star as possible. The slits are of ourse unaware of the pixels, so it is not possible to

�nd image setions (i.e. using integer pixel ranges) that have the slits exatly entered

in them. Top row: display uts vary from star to star. Bottom row: all images are

shown with the same display uts (0{4500ADU).
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Another interesting thing an be noted from the through-slit images of the referene

star slits: The slits were designed to be 1

00

wide and 5

00

long. Using the spatial sale of

0.201

00

/px taken from the manual that orresponds to 5 px�25 px. A areful inspetion

of Fig. 2.6 will show that the sky bakground does not form a 5 px � 25 px retangle

with a onstant level and with sharp edges. Rather, the edges are a bit soft. This

e�et must be due to the \point spread funtion" of the optis. This is not a problem.

It has the impliation that when the spetra of the referene stars are ut out of the

MXU frames using limits that are de�ned by the level falling to say 90%, the number

of pixels in the spatial diretion will be a few less than 25. This is indeed found to be

the ase (Set. 2.3.6).

Some irrus was seen at the start of the night, and some was also present during

the night.

During the day following the observing night the sta� arried out further alibra-

tions: bias frames, ar frames, and sreen ats. The latter are similar to dome ats

taken at other observatories. They are alled sreen ats at the VLT beause they are

taken with a sreen plaed in front of telesope when the telesope is pointing towards

zenith.

The detetor used was a 2048 px � 2048 px thinned and anti-reetion oated Tek-

tronix CCD. For the spetrosopi observations single port read-out was used, with

\high" ADU setting, giving a gain (aka. onversion fator) of 1.91 e�/ADU and a

read-out noise of 5.41 e� = 2.83ADU.
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2.3 Basi spetrosopi redution

This setion desribes the redution of the MS1054�03 MXU spetra. Where nothing

else is stated, the redutions were arried out using IRAF.

2.3.1 Bias and dark urrent

The 5 available bias images were ombined. Some struture was seen: a gradient in the

y-diretion and a few olumns had slightly higher or lower level than the bulk of the

pixels. For this reason the bias image ould not be well approximated by a onstant or

by a �tted surfae, so the ombined bias image itself was used in the following redution.

The level in the oversan regions did not provide any extra information. The images

were trimmed to remove the oversan regions, giving images of size 2046 � 2048.

Dark urrent was ignored sine it was irrelevant for the determination of rotation

veloities.

2.3.2 Cosmi ray event removal

The orretion of pixels a�eted by osmi ray events (hereafter osmis) is desribed

in Appendix A and is summarised below.

The basi idea is to identify the osmis using the fat that multiple images (here 7)

are available for eah spetrosopi mask. To identify pixels a�eted by osmis in the

individual images one needs to know the expeted standard deviation (hereafter sigma)

in the absene of osmis. This sigma annot be predited using the standard CCD

noise model (i.e. photon noise + read-out noise), sine the frame-to-frame variation of

the intensity of the many bright sky emission lines is many times greater than predited

by this model. Therefore the sigma has to be estimated from the data. This was done

by sorting the 7 data values for eah pixel and then alulating the rms of the lowest

5 values (�

low 5

). From simulations free from osmis it was found that �

low 5

was on

average lower than the rms of all 7 values (�

all 7

) by a ertain fator, and �

low 5

was

multiplied by this fator. A sigma based on the data was now available, but a re�nement

was introdued: when the measured sigma oasionally was below what the CCD noise

model would predit (due to small number statistis), then the CCD noise model value

was used for the �nal sigma instead of the measured one.

Having the �nal sigma image and the median image of the 7 images, osmis in eah

spetrosopi image ould now be automatially identi�ed as those values exeeding the

median by N times sigma. This number of sigmas, N , had to be individually set for

eah image. Typially a value of 4{5 was used, but for the few images in whih the

sky lines were muh brighter than in the rest of the images, a higher value had to be

used in order to avoid agging the sky lines as osmis. Cleaned versions of the 2 � 7

individual images were then produed by linear interpolation within eah image (using

the task fixpix). By having individual leaned images it would be possible to apply

shifts in the wavelength and/or spatial diretion if needed before ombining the images.

A straightforward average image for eah mask was made as a test at this stage. As

will be disussed below (Set. 2.3.10 and 2.3.12) it turned out that those two images

ould be used for the analysis sine the frame-to-frame shifts were small.



26 CHAPTER 2. SAMPLE SELECTION AND DATA

2.3.3 Bad olumns

The siene frames were inspeted, and the few bad olumns identi�ed. The bad olumn

bad pixel map was added to the bad pixel maps ontaining the osmis and applied in

a single all to the task fixpix.

2.3.4 Removal of geometrial distortion (S{distortion)

The spetra in the top of the MXU frames urve like a U, and the spetra in the bottom

of the MXU frames urve like an upside-down U, see Fig. 2.7. Suh a distortion in the

spatial diretion is also known as S{distortion. The e�et is 6 pixels, whih is non-

negligible ompared to the height of eah spetrum (�50 pixels). Experiments showed

that the best approah was to deal with this urvature right from the start (the reasons

will be highlighted later). The urvature was mapped from the edges of the spetra in

the sreen ats, as desribed below.

(gap)

(part of spetrum from slit 01)

(part of spetrum from slit 18)

(gap)

(part of spetrum from slit 19)

(part of spetrum from slit 32)

(gap)

Figure 2.7: Illustration of the geometrial distortion (S{distortion). The 3 panels of

this �gure show 3 image setions from an MXU sreen at. Eah image setion is of

size 2046 px � 10 px, but the images have here been strethed by a fator of 20 in the

y diretion to make the urvature learly visible.

Top panel: setion near the top of the frame.

Middle panel: setion near the middle of the frame.

Bottom panel: setion near the bottom of the frame.

The sreen ats were trimmed and bias subtrated, and then ombined and �xpixed

for bad olumns. Following a suggestion by Gianni Busarello, the spetrum edges were

\made traeable" by taking the sreen at image, shifting it one pixel down, and

subtrating it from the unshifted version of the image. This proedure is equivalent to

a onvolution with a \-1; 1" kernel. The lower edges will appear as positive features

and the upper edges will appear as negative features in the onvolved image, and it is

onvenient to take the absolute value. The resulting spetrumedge image is shown in

Fig. 2.8.

The geometrial distortion was mapped and orreted for as follows: For eah of

the two spetrosopi mask we de�ned that the edge positions at the entral olumn
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(upper edge of spetrum 01)

(lower edge of spetrum 18)

(upper edge of spetrum 19)

(lower edge of spetrum 32)

Figure 2.8: Illustration of the spetrumedge image. The 3 panels shown in this �gure

orrespond to those in Fig. 2.7. Note how the edges in the sreen at (i.e. Fig. 2.7)

have turned into positive features in this spetrumedge image.

(x = 1023) were the orret ones. The goal is then to establish a transformation that

takes an MXU frame (with urved spetra, f. Fig. 2.7) and outputs a frame in whih

the edges are horizontal and are at an unhanged y-position at x = 1023. This an

be ahieved using the standard IRAF wavelength alibration and S{distortion tasks

identify, reidentify and fitoords. The identify and reidentify steps were

done using the spetrumedge image (Fig. 2.8), where the features (the edges) are treated

muh like ar lines in a wavelength alibration. Most of the edges were usable, sine

they were suÆiently unblended thanks to the imposed minimum separation between

the spetra of 1

00

. In the fitoords step the edge position as funtion of (x; y) was

�tted using a 2nd order polynomial in x (desribing the U / upside-down U shape)

and a 3rd order polynomial in y (desribing how the hange from U to upside-down U

shape takes plae as funtion of y).

The remaining frames in the data set (sky ats and ars) were trimmed and bias

subtrated, and then all frames { siene, sreen ats, sky ats and ars { were orreted

for the geometrial distortion. The number of pixels in the spatial (y) diretion was

kept at 2048. As desired, around the entral olumn (x = 1023) the transformation

was virtually a one-to-one mapping. It may not be aesthetially pleasing to interpolate

the ats before they are applied, but it turns out that there are a large number of

advantages to this approah, as will be detailed in the following. The transformed

images will be referred to as straightened, although made horizontal would be more

orret.

2.3.5 Pixel-to-pixel at �eld

Two types of at �eld images were taken: sreen ats and [twilight℄ sky ats, with the

idea of deriving the pixel-to-pixel at from the sreen ats and the slit pro�le from the

sky ats.

The sreen ats are spetra of the at �eld lamp. To get the pixel-to-pixel at, whih

we want to represent only the relative pixel-to-pixel variation in sensitivity at a given
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wavelength, the sreen ats have to be normalised in the wavelength diretion. Sine

the sreen ats (one ombined image per mask) had been straightened, the wavelength

axis was simply the x axis. This is the �rst of several advantages of orreting for the

S{distortion at the early stage.

It turned out that that the wavelength normalisation ould only be done row by

row. Normalising the entire image by a single �t, as an be done for longslit data,

annot be done here simply beause there are multiple spetra within eah image, and

eah spetrum has a di�erent wavelength at a given x. Normalising all rows belonging

to a given spetrum with a single �t would seem viable at �rst (one would of ourse �rst

have to determine the y-limits of eah spetrum). However, with tilted slits eah row

within a given spetrum has a slightly di�erent wavelength overage, see Fig. 2.9. In

the example shown in the �gure, the bottom rows have a redder wavelength overage

than the top ones. Sine there happens to be more signal in the red end, the average

level in the bottom of this 2D spetrum is higher than at the top. Thus, if �tting and

normalising by a single funtion within the 2D spetrum, an arti�ial gradient in the

y-diretion would be introdued.

Figure 2.9: Plot of the intensities in two rows within a partiular sreen at spetrum

as funtion of x (�wavelength). Red line (labelled y = 1151): row at the bottom of

the spetrum. Blue line (labelled y = 1209): row at the top of the spetrum. Sine the

slit for this spetrum is tilted (�

slit

= �41

Æ

), the wavelength range is not the same for

the two rows, whih is why the two urves on the �gure do not oinide.

The normalising funtion was hosen to be a 20 piee ubi spline. The number

of spline piees was hosen as follows: For a low number (say 8), the residuals showed

\bumps" on the 100{200 px sale, and these bumps were not at the same plae in the

two masks, indiating that the used �tting funtion was not adequate. For a high

number (say > 30) the bumps would disappear sine the funtion was able to �t all

the struture. This would seem to indiate that this was a good �tting funtion, but:

For a number of 15{20, the residuals would still show bumps, but these would be the

same in the two masks. Sine the two masks have di�erent wavelengths at the given x,

this meant that the bumps now seen were non-hromati variations (at the 1% level) of

CCD sensitivity, i.e., part of the pixel-to-pixel at. The typial rms in the pixel-to-pixel

ats was �0.5%, whih must be said to be very good.
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2.3.6 Determination of the y-limits of the spetra

We want to ut the individual spetra out of the (straightened) MXU frames. To do

this the y-limits of eah spetrum need to be determined. This ould be done by eye,

but this is time onsuming and does not give well de�ned limits. Instead a sript was

developed. It essentially works as follows. The spatial pro�le of the entire sky at MXU

frame is derived (Fig. 2.10a). The pro�le is normalised by the global maximum, and

everything above a ertain threshold (e.g. 0.5) is de�ned to be a spetrum (Fig. 2.10b).

A linear funtion is �tted to the pro�le for eah spetrum to approximately take out the

gradient introdued by the tilted slits (Fig. 2.10; f. the disussion in the last setion).

The �nal y-limits are determined from the normalised pro�les as the points where the

intensity has fallen to 90% (Fig. 2.10d).

Figure 2.10: Illustration of the proedure to determine the y-limits of the spetra, here

using a sky at for mask 2, f. the text.

Two sky at images were taken for eah mask. Between eah exposure the telesope

was moved, the idea being that if a very bright star had aidentally landed in a slit in

one of the exposures, this would show when omparing the two set of slit pro�les. No

di�erenes were found, and the �nal y-limits of the spetra was derived from the mean

of the two images.

While getting the y-limits of the spetra exatly right is not \mission ritial", it

is nevertheless desirable to get them right, so that all the usable rows of the spetra
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are inluded, but not too many unusable ones, sine they will have to be manually

disarded when establishing the 2D wavelength alibration (f. the next setion).

The derived y-limits of the spetra were visually heked against the siene frames.

The result from this exerise was that for mask 2, the y-limits derived from the sky ats

were appropriate for the siene frames. For mask 1, however, there was a mismath:

the appropriate y-limits for the siene frames of mask 1 were about 1 pixel lower than

those derived from the sky ats.

Figure 2.11: Examples of dips in the spatial pro�les. Left: mask 1, right: mask 2. In

eah ase the pro�les of 10 images are shown: the 7 siene frames, the 2 sky ats and

the ombined sreen at. For both masks the loation of the dip does not vary muh

from siene frame to siene frame. For mask 1, only, a di�erene between the siene

frames and the sky ats of about 1 pixel is seen.

This mismath for mask 1 was investigated. First it was heked whether something

ould have gone wrong in the read-out or in the redution of some of the frames. By

looking at disernible features in the pixel-to-pixel at �eld suh as low response regions,
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it was found that they were in the same plaes for all images (mask 1 and 2, and sky

ats and siene images). I.e., the pixel oordinates as seen from IRAF orresponded

to the same physial pixels on the CCD for all images. Following this the position of

dips in the slit pro�le was investigated to see if the slits were moving with respet to

the CCD. Unfortunately, the slit pro�les for mask 1 had no deep and sharp dips, and

with the relatively low signal levels in the siene frames this was a diÆult task. For

the best of these dips, the loation in all seven siene frames was at y = 758, whereas

in the two sky at frames it was at y = 759. Inidentally, in the sreen at the position

was intermediate between the two. See Fig. 2.11. This supported that for mask 1

the y-limits derived from the sky ats should be shifted down by 1 pixel to math the

siene images.

The ar and the sky at frames (size: 2046 px � 2048 px) were now ut up into

individual spetra (size: 2046 px� �50 px). For mask 2, the y-limits derived from the

sky ats were used to ut up both the ar and the sky ats. For mask 1, the y-limits

derived from the sky ats were only used to ut up the sky ats, whereas the y-limits

shifted down by 1 px were used to ut up the ar frame (and later the siene frames).

In this way, the antiipated shift in the slit pro�le (whih was going to be derived

from the sky ats) of 1 px with respet to the siene frames was hard-wired into the

following redution. If this had not been done, the ars and sky ats would have had

to be ut with wider y-limits so that there would still be data available if shifts were

applied at a later stage.

The adopted numbering sheme for the individual slit spetra was to number them

from the top of the frame down.

Finally, returning to a point made in Set. 2.2, the number of pixels in the spatial

diretion of the referene star spetra was found to be either 22 or 23 (4.42

00

or 4.62

00

)

and not 25 (5

00

), in agreement with the predition.

2.3.7 Wavelength alibration

The 2D wavelength alibration for the 66 spetra (32 from mask 1 and 34 from mask 2)

was established using the standard IRAF proedure and hene the tasks identify,

reidentify, fitoords and transform. One ar frame per mask was used. As men-

tioned in Set. 2.2 these had been taken during daytime. The mask 1 and 2 ar frames

were at �elded using the respetive pixel-to-pixel ats.

In the identify step, the single entral row of eah ar spetrum was displayed, a

few ar lines were manually identi�ed, a dispersion solution was �tted, after whih more

lines were automatially identi�ed and a new �t made. Eah ar line was inspeted

and rejeted if looking bad, and deviating points (i.e. ar lines) in the �t were also

rejeted. The ar lamps whih had been used were He+Ne+Ar. The funtion used for

the dispersion solution is not ritial, sine only the positions of the lines is used by

fitoords, not the �tted oeÆients of the funtion. A 3rd order polynomial was used

6

.

The rms of the �ts was typially 0.026

�

A, but 4 spetra out of 66 had rms values in the

range 0.06{0.12

�

A. For these spetra (whih interestingly all had reasonably large slit

angles, but a wavelength range near the median of the 66 spetra) inreasing the order

by one did not make the rms go down, so this is \random satter"). The number of

ar lines used was typially 32.

6

A 3rd order polynomial is known in IRAF terminology as having order=4, sine the number of free

parameters is ounted. In this text we will not use the IRAF terminology.
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In the reidentify step the positions of the lines were automatially measured for

eah row above and below the entral row. Also this step bene�ted from the frames

being straightened at this point.

In the fitoords step the wavelength was �tted as a funtion of CCD x and y.

The funtion that was �rst tried for eah spetrum was a polynomial of 3rd order in

x and 1st order in y, the latter representing the ar lines as tilted but straight lines.

The residuals were plotted versus CCD x, CCD y and laboratory wavelength (\z") and

inspeted. Entire CCD rows (y-features) whih deviated systematially were deleted.

For mask 1 the bottom row of the spetra was often deleted, and for mask 2 the top

row was often deleted. Entire ar lines (z-features) whih deviated systematially or

whih had a large random satter (due to being faint) were deleted, with the exeption

of faint lines in the blue part when no brighter lines were available. Single points that

deviated were also deleted. In most ases the polynomial x-order was inreased to 5 (or

in two ases to 6) to remove struture in the residuals, and in some ases the polynomial

y-order was also inreased.

Sine fitoords does not alulate the rms of the 2D �t, this information is not

available. The rms for the 2D �ts would probably be just slightly larger than for the

1D �ts.

The FWHM of the ar lines was found to be 4.2

�

A. The typial wavelength range

(for the galaxy slits) was �5400{7600

�

A. The bluest range was �5000{7200

�

A, and the

reddest range was �6000{8300

�

A. A lak of lines in the blue was often seen. In the

worst ase, no ar lines were available for the �rst 489

�

A (the typial number being

180

�

A). The He+Ne+Ar ombination (whih was the standard for grism 600R at that

time) was not adequate for the slits with a blue wavelength range. The lak of ar lines

in the blue sometimes showed up as an imperfet subtration of the 5577

�

A sky line, as

will be disussed below (Set. 2.3.11).

2.3.8 Slit pro�les

The individual 2D sky at spetra were wavelength alibrated and inspeted. One

would expet that within eah spetrum the intensity in the y-diretion should reet

the slit pro�le (i.e. show minor dips and maybe a small gradient), and that this pro�le

should be the same for all values of x. However, in the spetra from the top and the

bottom of the masks a fairly large gradient (up to 20%) was seen at low x only (in

the worst ase for x . 475), and in a few ases a large-ish gradient was seen at high x

going in the other diretion. This demonstrated that the total at �eld was not just

the pixel-to-pixel at (aused by the varying sensitivity of the CCD pixels) times the

slit pro�le (aused by the varying thikness of the slits), but that there also was a

large-sale illumination pattern.

To avoid ontamination from the large-sale illumination pattern when deriving the

slit pro�les from the sky ats, only the setion [501:1546,*℄ was used. The pro�les

were derived simply by medianing over the x diretion (one ould also have averaged

over the x diretion). For this proedure to give the slit pro�le it is vital that the

frames have been straightened.

Two sky at images had been taken for eah mask. Sine the di�erene between

the two sets of pro�les were found to be small the �nal slit pro�les were taken as the

average of the two determinations. Examples of slit pro�les are shown in Fig. 2.12. In

most ases the slit pro�les are \well-behaved", i.e. with only small dips.
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Figure 2.12: Examples of slit pro�les. The `worst' slit pro�les for mask 1 and 2 are

shown in panels (b) and (e), respetively.

If sky ats had not been available, the slit pro�les ould have been derived from

the sreen ats using the same proedure as used for the sky ats. It would be an

interesting experiment to do this to see how the two ompare and thus whether sky

ats are needed at all (if not, the observer would have time to enjoy the sunset!).

2.3.9 Final at �eld

The 32 or 34 individual slit pro�les for eah mask were put together and expanded in

the x-diretion to make two 2D images. These images were multiplied by the respetive

two pixel-to-pixel at �eld images to reate the two �nal at �eld images.

The siene frames were at �elded with the �nal ats, and the redued siene

frames (Fig. 2.13) were then ut up into the individual spetra.
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Figure 2.13: The straightened and at �elded ombined mask 1 and 2 images.
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2.3.10 Stability of the siene frames in the wavelength diretion

The spetra from the 2�7 individual siene frames as well as from the 2 straightforward

average frames (f. Set. 2.3.2) were wavelength alibrated. Linear interpolation and

ux onservation was used. The pixel sale (\dispersion") was set to 1.075

�

A/px.

The wavelength alibration (f. Set. 2.3.7) was based on a single ar frame per

mask, taken during daytime with the telesope at zenith. The question was whether

there would be (apparent) wavelength shifts within the 7 frames, and whether the zero

point would be orret. This was addressed by measuring the (apparent) wavelengths of

3 strong and relatively unblended sky lines in all frames. The lines were the 6300.12

�

A,

6363.78

�

A and 6863.84

�

A sky lines, with laboratory wavelengths taken from Osterbrok

et al. (1996). The line entres were measured by �tting a Gaussian pro�le to the given

sky line at eah CCD row using the task fitprofs. Thus, for eah sky line, for eah of

the 2� (7 + 1) images, for eah spetrum and for eah row within the given spetrum

the line entre was measured.

At �rst we ignore possible variations in wavelength as funtion of y (aused by

the lines not being vertial) and take the median over the rows within eah spetrum.

This means that for eah spetrum (and for eah image) we have a single measured

wavelength for eah sky line. We ompare these wavelengths to the laboratory values.

In Fig. 2.14 these di�erenes (�

frame i

� �

laboratory

) are plotted versus frame number i

for the 3 sky lines for all spetra.

Figure 2.14: Sky line wavelengths ompared to the laboratory values. Eah point rep-

resents one spetrum. The points for the same spetrum in the 7 frames are onneted

with a line. The lines for a few of the spetra at di�erent positions within the MXU

frames have been oloured: red, yellow: the 2 top spetra; green: the 2 middle spetra;

blue and magenta: the 2 bottom spetra.
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The following onlusions an be drawn from Fig. 2.14.

� The 3 sky lines give similar results. The small di�erenes nevertheless seen be-

tween them ould be due to imperfetions in the wavelength alibration or to

problems with the measurements (suh as varying line strength, sine the 6300

�

A

and 6863

�

A sky lines are atually blends of a strong line with a �10 times weaker

line).

� The absolute di�erenes with respet to the laboratory values are at maximum

1.4

�

A, whih does not pose a problem.

� For a given spetrum (i.e. a given line on Fig. 2.14), the variation over the 7

frames is at most 0.6

�

A peak to peak. This is only about 0.3 times the sigma

of the spetral resolution, and therefore no o�sets in wavelength were neessary

before ombining the 7 frames.

� From spetrum to spetrum within a given mask there is quite some variation.

This variation is not orrelated with the position of the spetrum within the mask,

as an be seen from the oloured lines in Fig. 2.14. It is not known what auses

this di�erene.

� The pattern for mask 1 is quite di�erent for that of mask 2. This is slightly

surprising sine the observations were arried out in a symmetrial way (mask 1

was observed from airmass 2 to ulmination, and mask 2 was observed from

ulmination to airmass 2). However, the position angles for the two masks are 90

degrees di�erent, so the diretion of the gravity vetor will have di�ered.

In summary the wavelength alibration was adequate for our siene appliations.

The measured sky line entres an also be used to test how well the 2D wavelength

alibration has been done in terms of making the sky lines vertial. (This ould also

have beed tested using wavelength alibrated ar spetra.) For the 66 ombined spetra,

the plots for the 3 sky lines of wavelength versus CCD y were inspeted. In general

the plots were at, indiating that these sky lines were vertial, as desired. In a few

ases the lines were seen to be tilted. In the worst ase, the tilt was about 0.24

�

A over

47 pixels. This worst ase is shown in Fig. 2.15 together with two typial ases. It is

seen in the �gure that the satter is not the same for the 3 lines. This is due simply to

varying photon noise.

What are the impliations of the non vertial sky lines seen in a few ases? The

sky subtration will be imperfet of ourse. And the underlying inorretness of the

wavelength alibration will add a systemati error to the derived rotation veloities.

Consider an emission line observed near 6300

�

A. For a typial/large spatial extension

of 16 pixels (3.2

00

), the worst ase error of 0.24

�

A over 47 pixels will amount to 0.08

�

A.

Sine the emission line will be seen to go from �V

rot

to +V

rot

or vie versa, the e�et

on V

rot

is a fator of 2 lower. In veloity, that is  � 0:5 � 0:08

�

A=6300

�

A = 2kms

�1

, i.e.

a negligible amount. The way to ure the problems might have been to inrease the

order in the wavelength alibration �ts so that the hanging tilt of the lines as funtion

of wavelength ould be adequately �tted.

Note that the 3 sky lines tested are all in the region where a suÆient number of

ar lines were available. In the far blue where no ar lines were available, far worse

problems were seen, but no emission lines were badly a�eted, f. the next setion.
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Figure 2.15: Sky line wavelength as funtion of CCD y. For a suessful wavelength

alibration the sky lines would be vertial, orresponding to the points being horizontal

in these plots. From top to bottom the 3 sky lines studied are shown. From left to

right 3 di�erent spetra are shown (the worst ase and two typial ases).

2.3.11 Bakground subtration

To determine what part of the spetra were free from galaxy signal the spatial pro�le

of the the 66 ombined siene spetra was derived. The pro�les were normalised by

the median. These siene pro�les were used rather than the 2D images themselves,

sine the outer parts of the galaxy ontinuum an only be seen when \averaging" (here

taking the median) over a large number of pixels. The pro�les were inspeted and the

regions free from galaxy signal (the bakground regions) were noted. The rows that

had been deleted when establishing the 2D wavelength alibration were not inluded

in the bakground regions. If there was doubt about what was galaxy and what was

sky in the pro�les, the HST images and in some ases the FORS2 pre-images were

inspeted in FIMS with the mask overlayed to hek for faint extra objets in the slits.

The derived bakground regions were also ompared to a visual inspetion of the 2D

spetra. It was ensured that the full extend of the emission lines seen were outside

the bakground regions. As long as the bakground regions exluded the emission lines

it was not deemed a problem if the very outer edges of the galaxy ontinuum was
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inluded { there is a trade-o� between getting bakground regions ompletely free of

galaxy ontinuum and getting enough pixels (hene signal) in the bakground regions.

Examples of the siene pro�les are shown in Fig. 2.16. The �gure also shows the

adopted bakground regions. Panel (a){() show the typial ase with sky on both sides

of the objets. Panel (d) shows a slit whih has two objets on it. Panel (e) shows an

unusually short slit, and a slit with the objet lose to the edge. Panel (f) shows a slit

with an objet having a faint but very extended ontinuum.

Figure 2.16: Examples of siene pro�les. The adopted bakground regions (used for

the sky subtration) are indiated by the thik lines. The names of the galaxies are

given.

In many of the mask 1 pro�les the �rst pixel (y = 1) was low and the last pixel was

high. This is seen in panel (a) and (b) of Fig. 2.16. Thus, the applied slit pro�le for

mask 1 is not quite right. As desribed above (Set. 2.3.6) the y-limits of the spetra

in mask 1 derived from the sky ats needed to be shifted by [approximately℄ 1 pixel to

math features of the slit pro�le (dips) seen in the siene images. The residuals now

seen in the siene pro�les (i.e. after the �nal at �eld has orreted for the slit pro�le

derived using this 1 pixel shift) shows that the shift was slightly less than 1 pixel.

A shift on 1 pixel was still the best hoie of an integer shift. For the purpose of

determining the bakground regions the �rst and last pixel of the mask 1 spetra were

simply omitted.

The spetra were bakground subtrated (i.e. sky subtrated) using the bakground

task. For the galaxy spetra, for eah x (i.e. olumn) the onstant bakground value

was determined as the mean value in the bakground region(s), using a �3 sigma

4{iterations lipping to be robust against the odd hot pixel or the very odd surviv-

ing osmi. For the referene stars (observed with slits only 5

00

long), the bakground
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regions ontained too few pixels to use this method, so the median value in the bak-

ground regions was used instead.

An inspetion of the bakground subtrated spetra showed that in general the

bakground subtration had worked well. When taking into aount where the galaxies

had emission lines, the worst ase of non vertial sky lines indiated systemati problems

of only 2:4 km s

�1

in the derived rotation veloity, i.e. still negligible.

The inspetion of the bakground subtrated spetra also showed that in some slits

there was a gradient in the spatial diretion in the left hand side of the spetrum. This

is the non-at illumination that was disussed above when deriving the slit pro�les

(Set. 2.3.8). When �tting an emission line that is subjet to a non-at illumination

the �t will be slightly worse, but no systemati error in the derived rotation veloity

should be introdued.

2.3.12 Stability of the siene frames in the spatial diretion

As desribed above (Set. 2.3.10), the frame to frame stability in the wavelength di-

retion was suÆiently good that there was no need to further align the seven siene

frames for eah mask before ombining them. The frame to frame stability in the spa-

tial diretion is a more ompliated matter. As for the wavelength diretion, varying

exure ould ause the same loation on the slit to be mapped to a varying y-loation

on the CCD. The positions of dips in the slit pro�les indiate that this e�et is small

(less than 1 px), as seen on Fig. 2.11 (p. 30). The slits ould also move in RA and/or

De with respet to the objets on the sky due to e.g. inorret auto-guiding. For a

given slit suh a movement would be a ombination of movement along the slit and per-

pendiular to the slit, and sine the slits have di�erent angles this ombination would

vary from slit to slit.

The stability in the spatial diretion was studied in two ways using the referene

star spetra (of whih there were 7 in mask 1 and 5 in mask 2). First the spatial pro�le

for eah spetrum was derived by taking the median over the x diretion, exluding

only the �rst and last 100 px. This is similar to the siene pro�les made earlier

to determine the bakground regions (Set. 2.3.11), exept this time the bakground

subtrated images were used, and the pro�les were not normalised, sine in that way

also the frame to frame ount levels ould be studied. For eah star the pro�les for the

7 individual frames and for the ombined frame were plotted, see Fig. 2.17. It is seen

that the frame to frame shift in the spatial diretion is . 1 px, whih is small ompared

to the width of the pro�les (i.e. the seeing), whih is � 5 px FWHM, or � 2 px sigma.

Therefore, the individual frames an be ombined without any shifts.

As a seond test of the spatial stability and of the \straightening" (whih was

supposed to make the spetra horizontal), the referene star spetra were traed in

bins of 10 px in the wavelength diretion, �tting a linear funtion to the traes. It

was found that the spetra (i.e. the stellar ontinua) were lose to being straight lines.

The slopes of the lines were lose to zero, with a typial absolute value of 0.2 px from

end to end. The onlusion was that regardless of x position (i.e. wavelength), the

maximum di�erene in spatial position from frame to frame was typially still . 1 px,

again indiating that the 7 frames ould be ombined without any shifts.

As mentioned in Set. 2.2 there was some irrus during the observations. The area

under the star pro�les in Fig. 2.17 is proportional to the ux reeived in eah 30min

exposure. No huge variations are seen, but the �rst frame of mask 2 has only �60% of
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Figure 2.17: The spatial pro�les of the referene star spetra in the individual frames

and in the ombined frame. It is seen that the entre of the stars does not vary

muh from frame to frame, attesting to the good mehanial stability of the FORS2

instrument. The width of the x-axis of the plots is �xed, so the FWHM of the stars

an be visually ompared from panel to panel.

the ux seen in the other frames. This was suÆiently small to be ignored.

The seeing was measured as the FWHM of Gaussian �ts to the stellar pro�les in

the ombined images. The following mean values were found: mask 1: 1.04

00

; mask 2:

0.94

00

. The variation from star to star was found to be small (0.015

00

rms), and the

variations with wavelength was also found to be small (0.03

00

rms). It was therefore

deided that a single seeing value per mask ould be used in the 2D emission line �ts,

f. Ch. 3.
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2.3.13 Standard stars

As mentioned in Set. 2.2, spetrophotometri standard stars (for ux alibration) and

hot stars (for orretion for telluri absorption) had been observed. However, these

data were not needed for the siene we wanted to do (primarily rotation veloities,

but also emission line uxes). None of the emission lines fell in the strong telluri

absorption bands (the A and B{band), and a proper ux alibration was not needed,

sine the emission line uxes ould be alulated from the equivalent widths and the

broad band magnitudes.

2.3.14 Identi�ation of emission lines

The ombined bakground subtrated 2D spetra were arefully examined to �nd and

identify emission lines. Depending on redshift, the emission lines seen were typially

[OII℄ 3726.1,3728.8

�

A, H, H�, [OIII℄ 4959

�

A, [OIII℄ 5007

�

A and H�. The observed sep-

aration of the [OII℄ doublet is (1 + z) � 2:7

�

A, and with a spetral resolution of 4.2

�

A

FWHM, a seure line identi�ation ould often be done based on [OII℄ alone (reall

that [OII℄ is only within the observed wavelength range of �5400{7600

�

A for z > 0:4).

The result from the line identi�ation proess is given in Table 2.2 and 2.3. The

galaxies have been sorted after their seletion ategory 1{8 (f. Set. 2.1) as follows

Galaxies from the van Dokkum (1999) atalogue of known luster galaxies:

1. Galaxies with spiral morphology and Emission spetral type

2. Galaxies with spiral morphology and a less seure Emission spetral type

3. Galaxies with spiral morphology and no listed spetral type

4. Galaxies with Merger/Peuliar morphology and Emission or less seure Emission

spetral type

Other galaxies:

5. Galaxies with spiral morphology and the slit along the major axis

6. Galaxies without spiral morphology or with the slit not along the major axis

7. Galaxies outside the area overed by the HST+WFPC2 mosai

8. Extra galaxies serendipitously loated on the slits

In terms of spiral galaxies with a slit along the major axis and with suÆient signal to

allow 2D �tting of the emission line(s) (f. Ch. 3), the numbers are: 8 z = 0:83 luster

spirals, and 22 z = 0.15{0.90 �eld spirals. Note that the tables introdues alternative

names from Milvang-Jensen et al. (2003) for these galaxies. The names are Fnn for the

22 �eld galaxies and C01 for the single new MS1054�03 luster galaxy found.

Finding only one new MS1054�03 luster galaxy is not ompletely surprising given

the high ompleteness of the van Dokkum (1999) study. However, the �eld galaxies

observed provided an ideal omparison sample sine it was observed under the same

onditions as our luster sample. The �eld galaxies at lower redshift (say z . 0:5)

further have the advantage that more than one emission line is observed, whih enables

important internal heks of the derived rotation veloities, f. Ch. 3.
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As a uriosity it an be mentioned that Dan Maoz enquired whether we had a

redshift for a partiular galaxy in the MS1054�03 �eld. This galaxy is loated near

SN 1996p and may be the host galaxy of this supernova. We were able to report a

redshift for this galaxy (see Gal-Yam et al. 2002). The galaxy was 2{14a (z = 0:596),

a galaxy serendipitously observed in our study.

It should be noted that the redshifts reported in Table 2.2 and 2.3 have not been

orreted for the inauraies in the wavelength alibration (as seen from the sky lines,

f. Set. 2.3.10), nor have the redshifts been transformed from the observed frame to

the helioentri frame. Both e�ets are suÆiently small not to be a onern. As an

be seen from Table 2.2 our redshifts agree well with those from van Dokkum (1999).
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2.4 [OII℄ equivalent widths, uxes and luminosities

For the 16 galaxies with [OII℄ emission, 1D spetra were extrated. For eah galaxy

the size of the extration aperture was determined visually to enompass all of the

spatially extended emission line ux. The 1D spetrum was made simply by summing

the rows within the the extration aperture. Equivalent widths (EWs) were measured

by �tting a Gaussian to the 1D spetra using the task splot. The two edges of the

ontinuum region as well as the initial guess of the line entre were manually marked.

The ontinuum level (linear funtion of �) and the line entre and width were then

�tted. Error bars were omputed using the CCD noise harateristis. The error bars

do no aount for the unertainty in where to �t the ontinuum. Experiments showed

that by hoosing various \reasonable" ontinuum regions, rms variations in the EW

of �10% ould be ahieved, whih usually is larger than the formal error bar. The

measured EWs (and their alulated unertainties) were divided by (1 + z) to get the

rest frame values, whih will be quoted throughout. For 15 of the 16 galaxies, the EW

was in the range 2.4{53.8

�

A, whereas for galaxy A8 it was 120

�

A.

For the 7 luster galaxies in ommon with van Dokkum (1999) the [OII℄ EWs are

ompared in Fig. 2.18. The agreement is good in general. The one deviating galaxy

is 2011, where we �nd a muh larger EW than van Dokkum does. This is the galaxy

whih van Dokkum lassi�ed as M/P (probably due to a `ompanion' whih is quite far

away), so if van Dokkum had a slit that enompassed both objets, this ould explain

the di�erene.

Figure 2.18: Comparison of rest frame [OII℄ equivalent widths between van Dokkum

(1999) and this study. The deviating galaxy (for whih we �nd EW = 51

�

A) is 2011.

The [OII℄ emission line luminosities, whih are needed to estimate the star-formation

rates, were derived as follows. From the de�nition of the equivalent width (see e.g. Fig.

3.3 in Binney & Merri�eld 1998) it follows that

F

line

=W

line

� F

�;ont

; (2.1)

where

F

line

= rest-frame line ux (e.g. in erg s

�1

m

�2

)

W

line

= rest-frame line EW (e.g. in

�

A)

F

�;ont

= ontinuum ux at the line (e.g. in erg s

�1

m

�2

�

A

�1

)

:
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Equation (2.1) an be applied to any part of the galaxy, spei�ally to the entire galaxy

or to the light that fell within the slit. We are interested in obtaining the line ux for

the entire galaxy. We an estimate the ontinuum ux for the entire galaxy by using

the broad band total magnitudes (see below). We an estimate the EW for the entire

galaxy simply by assuming that it is idential to the EW that we have measured for

the light that fell within the slit.

As will be shown later (Set. 4.2, p. 79), the observed-frame F606W and F814W

total magnitudes for eah galaxy were transformed into a rest-frame B{band total

magnitude using loal galaxy SEDs of di�erent types. This magnitude, B, an be

turned into a ontinuum ux at the e�etive wavelength of the B{band (�4450

�

A) as

F

�;ont;B

= 6:19 � 10

�9

erg s

�1

m

�2

�

A

�1

� 10

�0:4B

; (2.2)

where the zero point has been taken from Fukugita et al. (1995). The ontinuum ux

at the loation of the [OII℄ line, F

�;ont,[OII℄

, is usually lower than F

�;ont;B

sine [OII℄

is bluewards of the 4000

�

A break, whereas the B{band is redwards of the 4000

�

A break.

The ratio F

�;ont,[OII℄

=F

�;ont;B

depends on the SED. For the used SEDs (Coleman

et al. 1980) the ratio is found to be: Sab: 0.53, Sb: 0.67, Sd: 0.74, Sdm: 0.83. For

omparison, Gallego et al. 2002 found: disklike objets: 0.70, HII{like objets: 0.87,

blue ompat dwarfs: 1.06. Eah of the 16 galaxies with observed [OII℄ was assigned

a frational best-mathing SED based on the observed olour (i.e., Fig. 4.1, p. 79) and

the orresponding interpolated F

�;ont,[OII℄

=F

�;ont;B

value was alulated. The [OII℄

line ux, F

[OII℄

, was then obtained using Eq. (2.1).

The line ux an be onverted to a line luminosity simply by

L

[OII℄

= 4�d

2

L

F

[OII℄

; (2.3)

where d

L

is the luminosity distane for the given redshift and the assumed osmology,

here H

0

= 75 km s

�1

Mp

�1

and q

0

= 0:05. The [OII℄ luminosity an with ertain

aveats be turned into a star formation rate; this will be done in Set. 5.5 (p. 112).

The [OII℄ equivalent widths, uxes and luminosities are given in Table 2.4.
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Table 2.4: [OII℄ equivalent widths, uxes and luminosities

z name altname

a

EW [OII℄ �(EW) F

[OII℄

L

[OII℄

[

�

A℄ [

�

A℄ [10

�18

erg s

�1

m

�2

℄ [10

42

erg s

�1

℄

0.4700 XX1 F16 29:2 0.6 623 0.391

0.4936 C6 F17 41:3 1.4 87 0.061

0.5530 Y F18 39:1 1.3 204 0.188

0.6841 D2 F19 41:9 1.5 120 0.185

0.6865 B4 F20 46:4 1.9 94 0.147

0.7558 D6 F21 30:0 1.6 127 0.251

0.8132 1403 1403 11:0 0.3 159 0.378

0.8224 1896 1896 21:5 0.6 143 0.350

0.8245 2130 2130 7:9 0.8 21 0.051

0.8280 A8 C01 119:7 6.9 260 0.648

0.8328 1801 1801 53:8 0.4 706 1.784

0.8384 1763 1763 12:9 0.9 18 0.046

0.8411 2011 2011 51:2 1.2 128 0.332

0.8459 1459 1459 2:4 0.3 18 0.048

0.8462 661 661 9:5 0.6 63 0.165

0.8965 B1 F22 32:9 1.1 252 0.768

a

Name used in Milvang-Jensen et al. (2003)
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Chapter 3

2D �tting of the emission lines

3.1 The syntheti rotation urve method

Rotation veloities were derived from the 2D emission line spetra, of whih examples

are shown in Fig. 3.1.

Figure 3.1: Examples of 2D emission line spetra. Wavelength is along the x-axis. The

ontinuum has been subtrated. The �rst two lines are singlets (H� and [OIII℄, resp.),

and the last 4 are the [OII℄ doublet. (For more information see Fig. 3.7, page 62.)

The syntheti rotation urve method of Simard & Prithet (1998, 1999) was used. The

method is implemented in the IRAF task ELFIT2D, kindly made available by Lu

Simard. The method onsists of two oneptually separate parts:

� The proedure whih reates a model (or syntheti) 2D emission line spetrum

given a set of model parameters

� The algorithm whih �nds the `best �t' model parameters and their assoiated

on�dene intervals

These two parts are desribed in the followings two setions.

3.1.1 Syntheti 2D emission line spetra

The gas that emits the emission line ux is modelled as a irular disk of negligible

thikness (i.e. a `thin disk'). The surfae brightness of the emission line ux is assumed

to be exponential with galatoentri distane r, i.e.

�(r) = �

0

e

�r=r

d;spe

; r � 0 ; (3.1)

49
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where �

0

is the entral surfae brightness of the disk and r

d;spe

is the sale length. The

\spe" subsript denotes that this sale length is for the emission line gas, whih we

measure spetrosopially. An alternative name for r

d;spe

ould have been r

d,gas

. At a

given galatoentri distane the motion is assumed to be irular with rotation speed

given by a funtion V (r), whih we will all the intrinsi rotation urve. Two hoies

of the intrinsi rotation urve are implemented in ELFIT2D: a at rotation urve

V (r) =

�

0 for r = 0

V

rot

for r > 0

(3.2)

where V

rot

is a parameter, and the `Universal' rotation urve (hereafter URC)

V (r) =

8

>

<

>

:

0 for r = 0

V

rot

n

1 +

h

0:12� 0:24 log

�

L

B

L

B�

�i�

r

2:2 r

d;spe

� 1

�o

for 0 < r � 3 r

d;spe

V

rot

for r > 3 r

d;spe

;

(3.3)

where L

B

is the B{band luminosity of the galaxy and L

B�

= 6 � 10

10

h

�2

50

L

B�

is

a parametrization onstant (orresponding to M

B�

= �21:5 + 5 log h

50

), with h

50

given by H

0

= 50h

50

kms

�1

Mp

�1

. Note that the onstant M

B�

is not the on-

stant from the Shehter galaxy luminosity funtion, although the latter has a similar

value, M

�

B;Shehter

= �21:2 � 0:1 + 5 log h

50

(Efstathiou et al. 1988). As an be seen,

the rotation speed at 2.2 sale lengths is equal to the parameter V

rot

.

The URC in ELFIT2D is heavily inspired by Persi & Salui (1991). Based on the

rotation urves for a sample of 58 spiral galaxies (with�17:5 �M

B

�5 log h

50

� �23:2),

these authors found the shape of the rotation urve to be tightly orrelated with the

luminosity of the galaxy (f. earlier �ndings by Rubin et al. 1985). Spei�ally, the

part of the rotation urve going from �1 to �3 optial sale lengths was found to

be approximately linear, with a slope depending on the luminosity. Sine the veloity

amplitude is also orrelated with the luminosity (f. the Tully{Fisher relation [Tully

& Fisher 1977℄), the rotation urves of spiral galaxies were found to be a universal

funtion of the luminosity:

V (r) ' 200 km s

�1

�

L

B

L

B�

�

1=4

�

1 +

�

0:12� 0:24 log

�

L

B

L

B�

���

r

2:2 r

d

� 1

��

; (3.4)

valid for 1 r

d

. r . 3 r

d

, where r

d

is the optial sale length. As an be seen, this rota-

tion urve is only at if the fator [0:12� 0:24 log(L

B

=L

B�

)℄ is zero, whih orresponds

to a quite bright luminosity of 3:2L

B�

. For galaxies fainter than 3:2L

B�

the veloity

rises with r, and for the few galaxies brighter than 3:2L

B�

the veloity falls with r.

Indeed, when onsidering the luminosity funtion of spiral galaxies Persi & Salui

(1991) omment that at rotation urves are very rare!

The URC in ELFIT2D is that from Persi & Salui (1991) with the following

modi�ations: The \veloity amplitude" V

rot

is naturally a free parameter; the spe-

trosopi sale length is used in plae of the optial sale length (sine the latter is

not used as input to ELFIT2D); the Persi & Salui funtion is assumed to work also

between 0 and 1 sale lengths; and from 3 sale lengths V (r) is assumed to be at at

the value V

rot

. The galaxies in the present study span the range 0.04{4.23 in L

B

=L

B�

,

and the ELFIT2D version of the URC is shown for representative values in Fig. 3.2.

The disontinuity at 3 sale lengths is a bit surprising, although it follows diretly from
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the way the funtion was extended beyond 3 sale lengths (f. Eq. 3.3; not disussed

in Simard & Prithet 1999, but as seen in the atual ELFIT2D ode). The intensity of

an exponential pro�le at 3 sale lengths is a fator of 20 smaller than at the entre, so

in pratie the behaviour at > 3 sale lengths is of little importane.

Figure 3.2: Illustration of the at rotation urve (Eq. 3.2; dotted line) and the URC

(Eq. 3.3; solid line). The URC depends on L

B

=L

B�

, and 3 representative values are

shown. The radius is shown both in units of the sale length and in units of arse.

The 3 sets of parameters (L

B

=L

B�

, r

d;spe

) shown orrespond to 3 of the galaxies in the

sample: Z (least luminous �eld galaxy, z = 0:15), A8 (least luminous luster galaxy,

z = 0:83) and 1403 (most luminous luster galaxy, z = 0:81).

When the intrinsi rotation urve V (r) is spei�ed, the 2D line-of-sight veloity

�eld on the plane of the sky an be alulated. This an for example be done by using

V

los

�

^

~

R �

~

V (3.5)

(Binney & Merri�eld 1998, Eq. 8.54), where

^

~

R is a unit vetor from the observer towards

the disk, and

~

V is the (3D) veloity �eld of the disk, with j

~

V j = V (r). Let (x; y) be the

oordinates of the plane of the sky, and let the disk be inlined by an angle i in suh a

way that the apparent major axis of the disk is along the y-axis. It then follows that

V

los

(x; y) = V (r) sin i

y

r

; r =

r

�

x

os i

�

2

+ y

2

; 0 � i < 90

Æ

: (3.6)
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When this line-of-sight veloity �eld of a rotating disk is shown as a ontour plot it is

often referred to as a \spider diagram".

A orollary of Eq. (3.6) is that the line-of-sight veloity of a rotating disk along

the apparent major-axis (oordinate y in our notation) is V (jyj) sin i on one side of the

entre (y > 0), and �V (jyj) sin i on the other side (y < 0).

In analogy with Eq. (3.6), the intensity distribution of an inlined disk with apparent

major-axis along the y-axis is

�(x; y) = �

0

e

�r=r

d;spe

; r =

r

�

x

os i

�

2

+ y

2

; 0 � i < 90

Æ

: (3.7)

It is worth pointing out that r

d;spe

is the semimajor exponential sale length, not the

equivalent radius (�

p

ab) exponential sale length.

Syntheti 2D spetra an now be alulated as follows. Assume that the 2D spe-

trum is oriented like the FORS2 spetra, i.e. with x being wavelength and y being the

spatial axis

1

. The 2D spetrum will have a number of olumns, N

spetral

. Eah olumn

will have a given width in

�

A (e.g. 1.075

�

A), whih in veloity units might be 40 km s

�1

.

Eah olumn will thus orrespond to a veloity interval, e.g.

: : : ; [�80;�40℄; [�40; 0℄; [0;+40℄; [+40;+80℄; : : : [km s

�1

℄ for N

spetral

even

: : : ; [�60;�20℄; [�20;+20℄; [+20;+60℄; : : : [km s

�1

℄ for N

spetral

odd

Eah veloity interval orresponds to a narrowband image of the rotating disk. This

image is simply given by the exponential intensity distribution (Eq. 3.7) in the region

of the sky where the line-of-sight veloity is within the given veloity interval, and zero

elsewhere. Eah narrowband image is onvolved with the point spread funtion (PSF).

In ELFIT2D the PSF an be given by a user spei�ed image, or by a Gaussian with

a user spei�ed width. A virtual slit of user spei�ed length and width is plaed on

eah onvolved narrowband image. The ux within the slit is summed perpendiular

to the slit, and the resulting olumn is put in the orresponding olumn in the output

2D spetrum. This spetrum is not the �nal one, but an intermediate one. Ideally,

this spetrum would have \in�nite" spetral resolution (but see below). To math the

spetral resolution of the spetrograph, eah row of the intermediate 2D spetrum is

onvolved with the instrumental pro�le. In ELFIT2D the instrumental pro�le an be

a user spei�ed 1D \image" or a Gaussian with a user spei�ed width.

There are a few more parameters involved. In total, the 2D model spetrum in

ELFIT2D is spei�ed by the following �xed parameters

� Type of intrinsi rotation urve (at or URC), and M

B

if using the URC

� Seeing (empirial, or Gaussian with spei�ed FWHM)

� Instrumental pro�le (empirial, or Gaussian with spei�ed FWHM)

� Slit width and length

� Line-of-sight galaxy inlination i

� Rest-frame wavelength of the emission line (e.g. 3726.1

�

A and 3728.8

�

A for the

[OII℄ doublet, or 4861

�

A for H�) and the redshift of the galaxy

� Image sales in

�

A/px and

00

/px.

1

ELFIT2D atually uses the opposite orientation, but this is handled by a simple image transpose
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and the following free parameters

� V

rot

sin i : Projeted (rest frame) rotation veloity [km/s℄

� r

d;spe

: Exponential sale length [kp℄ (ould just as well have been in arse)

� I : Total line intensity [ADU℄

� b : Constant residual bakground level [ADU℄

� R

[OII℄

: [OII℄ doublet ratio (only relevant if �tting the [OII℄ doublet)

As an illustration of what the 2D model spetra look like, we will set most of the

parameters to some realisti values: Slit width = 0.82

00

[i.e. 1:0

00

os �

slit

f. Fig. 2.2,

p. 19℄, postage stamp image slit length = 6.87

00

, i = 44:6

Æ

, �

rest

= 5007

�

A (singlet

line), z = 0:3246, spetral image sale = 1.075

�

A/px, spatial image sale = 0.25

00

/px,

L

B

=L

B�

= 0:21. We will �x some of the free parameters: r

d;spe

= 0:67

00

, I = 1165ADU

and b = 0ADU. (R

[OII℄

is irrelevant.)

At �rst we will use unrealistily good seeing and spetral resolution, namely 0.50

00

and 2.0

�

A, respetively (both Gaussian FWHM). Figure 3.3(a) shows 12 model spetra

for V

rot

sin i = 0; 10; 20; : : : ; 110 km s

�1

. The at intrinsi rotation urve has been used.

For this setup the pixel size in the spetral diretion is



1:075

�

A

(1 + 0:3246)5007

�

A

= 49 km s

�1

(rest-frame veloity) :

The spetral images in Fig. 3.3(a) have been reated with an even number of olumns.

Hene, the two entral olumns orrespond to (rest-frame) veloity intervals [�49; 0℄

and [0;+49℄ kms

�1

, respetively. What an be seen from Fig. 3.3(a) is:

� For V

rot

sin i = 10, 20, 30 and 40 km s

�1

the upper at part is exatly entered

on the olumn orresponding to the veloity interval [0;+49℄ kms

�1

. The lower

at part is similarly exatly entered on the olumn orresponding to the veloity

interval [�49; 0℄ kms

�1

. Little di�erene is seen between the images.

� For V

rot

sin i = (50), 60, 70, 80 and 90 km s

�1

the same pattern is seen: the at

parts are exatly entered on the olumns orresponding to the veloity intervals

[�98;�49℄ and [+49;+98℄ kms

�1

.

In other words, the entroid of the at part does not vary linearly and smoothly with the

V

rot

sin i parameter, but is quantised in units of one pixel. This is a diret onsequene

of the way the intermediate spetrum (f. above) was reated. Consider a olumn

orresponding to a given veloity interval, say [+49;+98℄ kms

�1

. Whether the at

part has veloity 50, 70 or 97 km s

�1

, the signal will end up in this olumn. In other

words, the intermediate spetrum does not have in�nite spetral resolution, but one

orresponding to a box of width 1 pixel.

A similar quantisation is seen for a spetrum with an odd number of olumns, see

Fig. 3.4. In this ase the single entral olumn orresponds to [�24;+24℄ km s

�1

, the

next olumn to [+24;+73℄ km s

�1

, and so forth. As expeted, the upper at part is

entered on the entral olumn for V

rot

sin i = 0; 10; 20 km s

�1

; on the next olumn

for V

rot

sin i = 30; 40; 50; 70; 70 km s

�1

; and on the next olumn again for V

rot

sin i =

80; 90; 100; 110 km s

�1

; and similarly for the lower at part.
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(a) Flat intrinsi rotation urve, no spetral oversampling

(b) Flat intrinsi rotation urve, 4{times spetral oversampling

() Universal intrinsi rotation urve, 4{times spetral oversampling

Figure 3.3: ELFIT2D model spetra (seeing = 0.50

00

, spetral res. = 2.0

�

A). For eah of

the 3 panels [(a){()℄ the 12 images orrespond to V

rot

sin i = 0; 10; 20; : : : ; 110 km s

�1

.
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Flat intrinsi rotation urve, no spetral oversampling

Figure 3.4: ELFIT2D model spetra (seeing = 0.50

00

, spetral res. = 2.0

�

A). The 12

images orrespond to V

rot

sin i = 0; 10; 20; : : : ; 110 km s

�1

. These model spetra have

an odd number of olumns; otherwise they orrespond to the spetra in Fig. 3.3(a).

The quantisation annot be removed, but the size of the quanta an be made smaller

by reating an oversampled intermediate spetrum, onvolve it with the spetral instru-

mental pro�le, and then resample the spetrum. This is illustrated in Fig. 3.3(b), where

4{times spetral oversampling has been used. It an be seen that the entroid of the

at part now varies more smoothly with the V

rot

sin i parameter.

For the various emission lines observed, the pixel size in (rest-frame) veloity units

is in the range 43{59 km s

�1

. For 4{times spetral oversampling the numbers are 4

times lower, i.e. 11{15 km s

�1

.

Spetral oversampling is not built-in to ELFIT2D, simply beause oversampling

was too expensive in CPU time to onsider bak in 1994{1995 when the ode was

written (Simard, private ommuniation). It is still possible to reate an oversampled

spetrum by asking the model part of ELFIT2D to make a spetrum with say 4 times

more olumns and with a 4 times smaller pixel sale (i.e. 1.075/4

�

A), and then outside

ELFIT2D subsequently resample the spetrum by a fator of 4 in the spetral diretion.

It should be noted that ELFIT2D has the possibility to use spetral oversampling in

the onvolution with the spetral instrumental pro�le. However, oversampling at that

stage will not help the before-mentioned quantisation, and it was not used.

To illustrate what model spetra based on the URC look like, models for this in-

trinsi rotation urve have also been made, see Fig. 3.3(). Four{times spetral over-

sampling has been used. Not muh di�erene is seen between the at model spetra

(panel b) and the URC model spetra (panel ). The disontinuity of the ELFIT2D

URC at 3 sale lengths annot be seen in this �gure. For this setup (L

B

=L

B�

= 0:21)

the veloity drops by 10% at 3 sale lengths, and even for the largest veloity shown

(110 km s

�1

), 10% is below the pixel size even for 4 times spetral oversampling.

Model spetra for realisti values of the seeing and the spetral resolution, namely

1.04

00

and 4.2

�

A, respetively (both Gaussian FWHM), are shown in Fig. 3.5. The

quantisation problem is the same as for the better resolution images (Fig. 3.3).
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(a) Flat intrinsi rotation urve, no spetral oversampling

(b) Flat intrinsi rotation urve, 4{times spetral oversampling

() Universal intrinsi rotation urve, 4{times spetral oversampling

Figure 3.5: ELFIT2D model spetra (seeing = 1.04

00

, spetral res. = 4.2

�

A). For eah of

the 3 panels [(a){()℄ the 12 images orrespond to V

rot

sin i = 0; 10; 20; : : : ; 110 km s

�1

.
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3.1.2 The Metropolis searh

The other part of ELFIT2D is the algorithm used to �nd the values of the 5 free param-

eters that give the best math between the input spetrum and the model spetrum,

and to �nd the on�dene intervals for those best �t parameter values. For this task,

the Metropolis algorithm (Metropolis et al. 1953) is used. This algorithm was designed

to solve a problem in statistial mehanis, but it an also be applied in the general

area of Bayesian parameter �tting (Saha & Williams 1994). Spei�ally, let M be a

model, ! the parameters of the model, and D the data. Then Bayes' theorem states

P (!jD;M)

| {z }

posterior prob. distr.

=

likelihood

z }| {

P (Dj!;M)

prior

z }| {

P (!jM)

P (DjM)

| {z }

global likelihood

; (3.8)

where the di�erent fators have been labelled with their usual names (Saha & Williams

1994). The global likelihood is just a normalising fator. The prior is assumed at

in ELFIT2D (whih means that the posterior probability distribution is equal to the

likelihood), but any prior ould have been used. By assuming that the noise is Gaussian

(and that the data points are independent), the likelihood is given by

P (Dj!;M) / exp

�

�

1

2

�

2

�

; �

2

�

N

X

i=1

�

X

i

�X

M

i

�

i

�

2

; (3.9)

where X

i

are the data values for the N pixels, and X

M

i

are the orresponding model

values. In ELFIT2D the individual errors �

i

are assumed idential and equal to the

input parameter �

bkg

. The onstant of proportionality in Eq. (3.9) is not interesting,

sine only ratios of probabilities need to be alulated in the Metropolis algorithm.

The Metropolis algorithm (in the formulation of Saha & Williams 1994) works as

follows:

1. Choose an initial guess of the parameters ! (i.e. the free parameters of the model

desribed in the last setion)

2. Calulate a random trial hange Æ! in the parameters

3. � If P (! + Æ!jD;M) > P (!jD;M) then aept the move from ! to ! + Æ!

and ount ! + Æ! as an aepted point

� If P (!+Æ!jD;M) < P (!jD;M) then a fration P (!+Æ!jD;M)=P (!jD;M)

of the times aept the move from ! to !+Æ! and ount !+Æ! as an aepted

point

4. Go to step (2) until the desired number of aepted points have been reahed

The powerful result fromMetropolis et al. (1953) (in the formulation of Saha &Williams

1994) is: Provided that all possible parameter values ! are eventually aessible, the

distribution of aepted values of ! onverges to P (!jD;M).

The sheme to alulate a random trial hange on a given parameter p (say V

rot

sin i)

is

Æp = T

p

U ; (3.10)
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where T

p

is the \temperature" of the parameter p, and U is a uniform random deviate

in the interval [�0:5; 0:5℄. In priniple these parameter temperatures ould be held

�xed (as they indeed were in the Metropolis et al. 1953 implementation). However,

that is not omputationally eÆient for the following reasons: If the temperature is

large (implying that large jumps in parameter spae are taken), then in most ases

the probability of the trial point will be muh smaller than that of the urrent point,

and the trial point is most likely not aepted. Hene, it takes a long time to ahieve

the desired number of aepted points. If the temperature is small, then in most ases

the probability of the trial point will be omparable to that of the urrent point, and

the trial point is most likely aepted. This is a problem in two ways: If the urrent

point happens to be near a loal (but not global) maximum of the probability, the low

temperature will mean that it will take many steps to get out, making the onvergene

slow. If the urrent point is near the global maximum, the slow walk around the

parameter spae will make it take longer to get a \fair sample", whih also makes the

onvergene slow. For further details, see the monographs on Markov hain Monte

Carlo methods by Hammersley & Handsomb (1964) and Gilks et al. (1996).

For these reasons, the temperatures are regulated as follows. Initially the temper-

atures are large. The �rst aepted point is found after a number of steps. This point

is likely near the global maximum, and the temperatures are lowered somewhat. After

that the temperatures are regulated up or down every 10 steps in suh a way that half

of the trial parameter hanges are aepted.

The initial parameter temperatures are spei�ed by the user. If a temperature is

set to zero then that parameter will not be �tted but will be frozen at the initial guess

value (also spei�ed by the user). This feature is useful for tests. The user also spei�es

a minimum and maximum value for eah parameter, e.g. 0 and 400 km s

�1

for V

rot

sin i.

These bounds are only there to stop the searh from going ompletely haywire, and

they are rarely ritial.

During the Metropolis searh ELFIT2D outputs eah aepted value of !, i.e. the

values for the 5 parameters (V

rot

sin i, r

d;spe

, I, b and R

[OII℄

). The parameter temper-

atures and the �

2

are also output. After the desired number of aepted points has

been ahieved, say 1500, ELFIT2D alulates the median values for eah parameter,

and these values are taken as the \best �t" values. The median rather than the mean is

hosen for robustness, following Saha & Williams (1994). A model image orresponding

to these best �t values is also output. For eah parameter the 16% and 84% perentile

points are found, and these are the lower and upper bounds of the 68% on�dene

interval.

Simard & Prithet (1999) have done some interesting tests of the reliability of the

output from the Metropolis searh in ELFIT2D. A model spetrum orresponding

to some partiular true parameters was reated using the model part of ELFIT2D.

Fifty opies were made of this spetrum, and to eah spetrum a di�erent realisation

of noise was added. These 50 spetra were then �tted using ELFIT2D. For the 5

parameters and for the the 50 noise realisations, the true parameters were inluded in

the omputed 68% on�dene intervals in 56{72% of the time. These deviations from

68% were ompatible with the expeted Poisson noise from having a �nite number of

realisations. In other words, the 68% on�dene intervals from ELFIT2D were found to

orretly represent the random unertainty aused by noise (photon noise and read-out

noise) in the data. It was also found the that the \best �t" parameter values sattered

in an unbiased way around the true parameters.
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3.2 Pratial implementation

ELFIT2D is written in SPP (Subset Pre-Proessor, the internal language of IRAF),

and we were given the soure ode. The following minor modi�ations were made:

� The inlination of the galaxy was made a user spei�ed parameter. The orig-

inal ode did not take the inlination as user input. Instead, in eah step in

the Metropolis searh a random inlination was used to ompute the 2D model

spetrum. This approah was adopted beause Simard & Prithet (1998, 1999)

only had poor seeing images of their galaxies, and hene ould not estimate the

inlinations (Simard, private ommuniation).

� The rest-frame wavelengths of the two lines in the doublet were made user spe-

i�ed parameters rather than being hardwired to the values for the [OII℄ doublet.

To �t a singlet line (e.g. H�) these two wavelengths are simply set to the same

value.

� An option was added to simply output a model spetrum reated using spei�ed

parameters rather than �tting an input spetrum.

ELFIT2D does not model the ontinuum, only the emission line, so the ontinuum

needs to be subtrated. For eah spetrum and emission line the ontinuum was �tted

and subtrated row by row using a linear funtion �tted to the levels in a bakground

region on eah side of the line. For the galaxies C2 and B1 the ontinuum was not

visible and was not subtrated.

ELFIT2D does not �t the entre of the emission line, but expets the emission line

to be \entered" in the input postage stamp image of the emission line following ertain

rules. These rules were determined empirially: model spetra were reated with the

number of olumns and lines being either even or odd. For the wavelength diretion it

was found that the model emission line was entered at the entre of the image. For

example, for an image with 4 olumns the entre would be between olumn 2 and 3,

and for an image with 5 olumns the entre would be on olumn 3. For the spatial

diretion, however, the model emission line was not exatly entered in the image. For

an image with 4 rows the entre would be on row 2, and for an image with 5 rows the

entre would also be on row 2.

Eah emission line was arefully inspeted to �nd the best half-integer pixel entre

in the wavelength diretion and the best integer pixel entre in the spatial diretion.

The latter was ompared to the spatial entre of the ontinuum (as seen in the siene

pro�les, f. Fig. 2.16, page 38), and it was made sure that the two entres agreed within

reason (usually 1 pixel). When the entres had been deided postage stamp images were

reated. The sizes of these images were set aording to the sizes of the emission lines.

In ases of doubt about the wavelength and/or spatial entre postage stamp images

orresponding to several entres were reated and �tted.

The bakground noise �

bkg

, whih is used to alulate the likelihood (Eq. 3.9), was

measured as the rms in a 30 pixel wide window on eah side of the emission line. Values

outside �10ADU were exluded, and the windows were inspeted to make sure they did

not ontain the residuals of very strong skylines (or other emission lines). The relative

di�erene between the rms measured in eah window was typially 10% and at worst

26%, indiating that the estimated �

bkg

values were \reasonable". The biggest noise

soure is photon noise from the subtrated sky lines, and this noise obviously varies
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with wavelength. The model of a single �

bkg

is therefore not ompletely realisti. It is

oneptually trivial to use a sigma image (i.e. individual �

i

values in Eq. 3.9). In fat,

from the osmi ray identi�ation exerise we do have suh a sigma image (it would of

ourse need to be straightened, wavelength alibrated and ut up). However, this was

not done.

Fitting of the various emission lines was �rst done using the at intrinsi rotation

urve, and without using any spetral oversampling. ELFIT2D was run on almost all

the emission lines that had been found (Table 2.2, page 42). The exeptions were:

� Emission lines with extremely low signal-to-noise. After having �tted a number

of lines of varying S=N , it was possible to visually exlude (i.e. not �t) remaining

lines with extremely poor S=N . The view ould be taken that one should �t all

lines and then use the derived error bars aordingly. However, for extremely

poor S=N the orretness of the noise model beomes ruial, and the used noise

model is not perfet. Also, for extremely poor S=N the entre of the emission

line is hard to determine, requirering many values to be tried, i.e. a lot of work

for little gain.

� Emission lines that were damaged by residuals from very strong sky lines.

HST images for the �tted galaxies (30 spiral galaxies with slits along the major axis, and

the M/P galaxy 1801) are shown in Fig. 3.6 and in the �gures of the atlas (Appendix B).

Field spirals:

F01, 0.15, +30

Æ

F02, 0.18, +48

Æ

F03, 0.22, +48

Æ

F04, 0.23, �17

Æ

F05, 0.25, �62

Æ

F06, 0.26, �37

Æ

F07, 0.26, �7

Æ

F08, 0.29, �51

Æ

F09, 0.32, +43

Æ

F10, 0.32, +23

Æ

F11, 0.33, +35

Æ

F12, 0.33, +41

Æ

F13, 0.37, �41

Æ

F14, 0.43, +29

Æ

F15, 0.47, �9

Æ

F16, 0.47, +30

Æ

F17, 0.49, �5

Æ

F18, 0.55, �10

Æ

F19, 0.68, �7

Æ

F20, 0.69, �30

Æ

F21, 0.76, �30

Æ

F22, 0.90, �10

Æ

Cluster spirals, and the luster M/P galaxy 1801:

1403, 0.81, +20

Æ

1896, 0.82, +37

Æ

2130, 0.82, +1

Æ

C01, 0.83, +3

Æ

1763, 0.84, +37

Æ

2011, 0.84, +21

Æ

1459, 0.85, �10

Æ

661, 0.85, �30

Æ

1801, 0.83, 0

Æ

Figure 3.6: HST+WFPC2 F814W images of the galaxies �tted with ELFIT2D. Below

eah image is given galaxy ID, redshift and slit angle (�

slit

). The IDs are those used in

Milvang-Jensen et al. (2003); for orrespondene to the other names, see e.g. Table 2.2,

page 42. The VLT slits were aligned with the major axes of the galaxies. The images

shown have been rotated to the mask position angle and are 4

00

on the side. (In the

atlas, Appendix B, the images have been further rotated to have the slit vertial.) The

intensity saling is linear, and the intensity uts are the same for all the galaxies.
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The seeing was set to a Gaussian with a FWHM of 1.04

00

for mask 1 and 0.94

00

for mask 2 (f. Set. 2.3.12). The spetral instrumental pro�le was set to a Gaussian

with a FWHM of 4.2

�

A. For a few emission lines there was evidene for a slightly

non-Gaussian pro�le. The inlination was set to the value determined from the F814W

HST images, f. Ch. 4. The required number of aepted Metropolis points was set

to 1500. The diretion of the rotation is in ELFIT2D signi�ed by the sign of the

V

rot

sin i parameter: V

rot

sin i is positive if the observed wavelength of the emission line

inreases (rather than dereases) with inreasing spatial oordinate (like the models in

Fig. 3.3, 3.4 and 3.5). The diretion was deided a priori by setting the allowed range

for the V

rot

sin i parameter to be either 0 to 400 km s

�1

or �400 to 0 kms

�1

(as done by

Simard & Prithet 1998, 1999). Alternatively, the limits ould have been set to �400

to 400 km s

�1

and let ELFIT2D deide the diretion.

After this series of �ts had been ompleted, the problem of veloity quantisation

was realised. Therefore, a series of �ts using 4{times spetral oversampling was arried

out as follows. The emission line spetrum was oversampled (\blok repliated") by a

fator of 4 in the wavelength diretion. The image sale in the spetral diretion was

set to a fourth of the original value (i.e. 1.075/4

�

A). The initial guess, temperature and

maximum for the intensity parameter I was set to 4 times the normal values, sine

the total intensity in the oversampled image is 4 times larger than in the original one.

Otherwise the parameters of ELFIT2D were left unhanged. In partiular, �

bkg

was

left unhanged, the rationale being that the rms of the oversampled image is the same

as that of the original image (but see Set. 3.3.1 below).

Following this series of �ts, a series of �ts using the URC were run, still with 4{times

spetral oversampling. The rest-frame B{band absolute magnitudes (not orreted for

internal extintion) as measured in the HST images (f. Ch. 4) were used.

Finally, the relevane of the inlination was realised. As mentioned above, the orig-

inal version of ELFIT2D did not take the inlination as input but set it to a random

number. We did not understand this feature, and it was swithed o� in a way orre-

sponding to having i = 0

Æ

. When this was �xed and the HST-based inlinations used

as input, the three series of �ts were run again: at, 4{times oversampled at, and

4{times oversampled URC. These new �ts using the atual inlination gave slightly

lower redued hi{square values on average than the �ts orresponding to i = 0

Æ

, in-

diating that the �ts were slightly better. This also indiates that the width of the

slit is not ompletely negligible ompared to the size of the galaxy for these data. The

redued hi{square (�

2

r

) is de�ned as the hi{square divided by the number of degrees

of freedom, whih in turn is given by the number of pixels minus the number of param-

eters being �tted. Histograms of the redued hi{square values for the �ts used in the

analysis is given in Set. 3.3.2 below.

Most �ts were done on a luster of Sun workstations with 16 fast CPUs of the

type UltraSPARC3. In total 124 CPU days were spent on the �ts! For 1500 aepted

Metropolis points (whih orresponds to �4000 trial points, i.e. �4000 model spe-

tra generated), the typial run-time is 2.5 CPU hours for a non-oversampled �t, and

7 CPU hours for a 4{times oversampled �t.

An illustration of the 2D emission line �tting is given in Fig. 3.7.

For eah �t the residual image was alulated. The best �t model image and the

residual image was inspeted and ompared to the observed image. The \time series"

of aepted Metropolis values of the �tted parameters was also plotted and inspeted.

The redued hi{square was also alulated and plotted.
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Figure 3.7: Illustration of the 2D emission line �tting. The �rst olumn shows

HST+WFPC2 F814W images of the 6 example galaxies, rotated to have the slit along

the y-axis. The following olumns show 2D spetral images: observed, best-�t model

and residual, with wavelength along the x{axis. The URC (Universal rotation urve)

was used. The intensity uts have been adjusted from galaxy to galaxy, exept for the

residual images. The galaxy ID, redshift, line ID and spetral image size are given on

the �gure, as well as the �tted values of the projeted rotation veloity (V

rot

sin i) and

the emission line exponential sale length (r

d;spe

). The inlination (i) and the F814W

photometri sale length (r

d;phot

) are also given. For eah galaxy the height in arse

of all 4 images is the same. The �t of galaxy A4/F06 was rejeted, f. Set. 3.3.2.

An example of an ELFIT2D time series is shown in Fig. 3.8 (p. 64). This is for the

at non-oversampled �t of 1403{[OII℄. For 4 of the parameters (V

rot

sin i, r

d

, I, b) the

time series appear at right from the �rst aepted point. For R

[OII℄

the time series

beomes at after �100 aepted points. This atness means that the searh has found

a maximum (likely to be the global one) of the quantity being maximised, whih is the

posterior probability distribution, here equal to the likelihood. In the thermodynamial

analogy (f. Saha & Williams 1994) this atness indiates that equilibrium has been

reahed. The 68% on�dene limits are indiated on the panels, and it is seen that

the �100 points aepted before equilibrium for R

[OII℄

do not a�et the derived 68%
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on�dene limits muh. This is generally the ase if the number of non-equilibrium

aepted points is . 200, and suh time series were deemed aeptable.

If the number of non-equilibrium aepted points was too large, several other seeds

for the random number generator (ontrolled by the input parameter metseed) were

tried. Usually, most of the new �ts would reah equilibrium earlier than for the un-

aeptable metseed. An example of two �ts di�ering only in their metseeds is shown

in Fig. 3.9 (p. 65). As an be seen, \�t 1" reahed equilibrium from the �rst aepted

point, whereas \�t 2" did not reah equilibrium until after �450 aepted points, whih

learly a�ets the derived 68% on�dene intervals. It is seen that the two �ts onverge

to the same values of the parameters, a behaviour that was always seen in these ases.

It was always possible to get a reasonably at time series when trying 3{5 di�erent

metseeds.

As stated, the adopted proedure was to (a) require a large number of aepted

points (1500), (b) deem a time series aeptable if equilibrium was reahed no later

than �200, and () re�t using several di�erent metseeds if equilibrium was not reahed

early enough. An improvement to ELFIT2D would be to have some sort of internal

equilibrium riterion. This is advoated by Saha & Williams (1994) and is also used in

GIM2D, whih will be disussed in Ch. 4.

Where the entre of the emission line (in the wavelength and/or spatial diretion)

was in question, �ts were done using several entres, and the one that seemed to math

the input best was used.

A note should be made about R

[OII℄

: in ELFIT2D this parameter is de�ned as

R

[OII℄, ELFIT2D

�

I

3726.1

�

A

I

3728.8

�

A

(3.11)

However, in the literature (e.g. Osterbrok 1989) it is usually de�ned as

R

[OII℄, lit.

�

I

3728.8

�

A

I

3726.1

�

A

(3.12)

Unless otherwise stated, the R

[OII℄

values quoted and plotted in this work are based on

the ELFIT2D de�nition.
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Figure 3.8: Example of a time series of aepted Metropolis points. This �t is for the

[OII℄ doublet of galaxy 1403. The at rotation urve and no oversampling was used.

The dashed lines mark the median values, whih are taken as the \best �t" values. The

dotted lines mark the 68% on�dene intervals.
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Figure 3.9: Time series for two �ts whih are idential exept for the seed used for

the random number generator. The �ts are for the [OII℄ doublet of galaxy 1763 (this

partiular line is faint.) The at rotation urve and no oversampling was used. The

dashed and dotted lines have the same meaning as in Fig. 3.8.
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3.3 Results

3.3.1 A small problem with oversampling sheme

The alulated unertainties (orresponding to the 68% on�dene intervals) for the

4{times oversampled �ts (at RC and URC) turned out to be substantially smaller

than for the at RC non-oversampled �ts. This did not seem right. In partiular, the

unertainties for the 4{times oversampled at RC �ts were a fator 2.0 smaller in the

median than those from the non-oversampled at RC �ts. This turns out to be due

to the way the oversampling was implemented. Reall that the oversampling was done

ompletely externally to ELFIT2D, and that the input �

bkg

was unhanged with respet

to the non-oversampled �ts. In this setup the oversampled model spetrum is ompared

to the oversampled observed spetrum, whih makes the �

2

a fator of 4 too large sine

there are 4 times more pixels (f. Eq. 3.9, p. 57)

2

. The orresponding likelihood is

inorret, sine the equation (Eq. 3.9) assumes the data points to be independent.

To do things orretly, the oversampled model spetrum should have been resampled

within ELFIT2D and then ompared to the non-oversampled observed spetrum, whih

would have given a orret �

2

and hene a orret likelihood and orret unertainties.

The above-mentioned fator of 2 an be derived as follows. Let p be a �tted param-

eter, and let �

p

be the alulated unertainty on this parameter. Consider the ase of

N independent pixels with idential unertainties �

bkg

. It is lear that p is a funtion

of the N independent pixel values x

1

; : : : ; x

N

. The propagation of errors formula gives

�

2

p

�

�

�p

�x

1

�

2

�

2

bkg

+ : : :+

�

�p

�x

N

�

2

�

2

bkg

; (3.13)

whih means that �

p

is (approximately) proportional to �

bkg

, i.e.

�

p

� k

p

�

bkg

: (3.14)

From the de�nition of �

2

it an be seen that a 4 times too large �

2

orresponds to a 2

times too small �

bkg

, whih by virtue of Eq. (3.14) in turn orresponds to a 2 times too

small �

p

, whih is what we wanted to show. Aordingly, the derived unertainties from

the 4{times oversampled �ts (both for the at RC and for the URC) were multiplied

by a fator of 2, and only orreted error bars are presented here.

3.3.2 Rejetion of emission lines

Emission lines belonging to 30 spiral galaxies [and one M/P galaxy℄ were attempted

�tted with ELFIT2D. See the atlas (Appendix B, p. 155), whih shows all the 2D �ts

for the 4{times oversampled URC. For 3 of the spiral galaxies, the subjetive impression

was that the model did not math the observed spetra. For eah of these galaxies, all

the observed emission lines showed the same problem. Spei�ally:

� Galaxy V/F04 (see p. 159): strange line morphology, the line showed a tilt only

on the lower side of the nuleus, whereas on the other side the line was at.

2

Atually, the alulated �

2

is slightly more than a fator of 4 too large, sine the intensity in

the oversampled model spetrum will vary smoothly from pixel to pixel, whereas the intensity in the

oversampled observed spetrum is onstant within eah blok of 4 pixels.
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� Galaxies XX6/F02 (p. 157) and A4/F06 (p. 161): the intensity pro�le seemed

to be more extended than the exponential pro�le used in the model, and also

asymmetri. This has the e�et that the at part of the model spetrum would

our at a lower veloity than what the eye would have hosen as the the terminal

veloity, resulting in the derived veloity being too low. If the derived veloities

for these 2 galaxies were nevertheless used, the galaxies would indeed be on the

low veloity side of the Tully{Fisher relation de�ned by the other �eld galaxies.

These 3 galaxies were exluded from the analysis (Ch. 5).

This subjetive method of identifying ases of severe mismath between the data and

the model is not ompletely satisfying. Ideally, a statistial approah using the redued

hi{square values should have been used. However, this an only be done reliably if

the used noise model and its parameter(s) [here �

bkg

℄ is orret to high auray, and

this turns out not to be the ase. In Fig. 3.10 the histograms of the redued hi{

square values for the aepted �ts are shown. There is a peak around 1, whih is good.

However, the peak is quite broad and goes all the way down to 0.6, whih most likely

indiates that the unertainty on �

bkg

is substantial. For the �ts of the emission lines of

the 3 exluded galaxies, the redued hi{square values were: V/F04: 0.9{1.1; XX6/F02:

0.8{2.5; A4/F06: 1.6{2.6. The large variation for eah galaxy is primarily due to the

�ts of the di�erent lines giving quite di�erent results (due to varying orretness of the

used �

bkg

presumably). The di�erent �tting methods employed (at, URC, et.) make

little di�erene.

Figure 3.10: Histograms of redued hi{square values for the 37 aepted �ts of emission

lines belonging to 27 spiral galaxies. The values for the 3 �tting methods are shown: at

rotation urve, at rotation urve with 4{times oversampling, and URC with 4{times

oversampling. For the oversampled �ts, the redued hi{square values were alulated

from the resampled images.

A few emission lines were exluded beause they were damaged by imperfet sub-

tration of bright sky lines. The galaxies in question still had at least one emission line

left that ould be �tted.

In addition to the emission lines from the 30 spiral galaxies, the very strong [OII℄

line from the M/P galaxy 1801 was �tted, see p. 181. The observed line was surprisingly

well mathed to the model. However, the emission was nevertheless asymmetri, being

strongest in the two bright knots. The redued hi{square was in the range 2.9{3.2 for
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the 3 �ts done. Only spiral galaxies will be used in the analysis (Ch. 5), but this M/P

galaxy will be shown on some of the plots using a speial plot symbol.

3.3.3 The at rotation urve versus the Universal rotation urve

First we note that no big di�erenes were seen between the non-oversampled and the

4{times oversampled at �ts.

Then we turn out attention to the URC �ts. Figure 3.11 ompares the results

from the at �ts with the results from the URC �ts, both 4{times oversampled. The

four panels show the di�erene in V

rot

sin i, log V

rot

sin i, r

d;spe

and redued hi{square

versus absolute blue magnitude. Simard & Prithet (1999) found no di�erenes between

the results from the at rotation urve and the URC at the 1 sigma level, and that

is also seen here for V

rot

sin i and r

d;spe

. However, for V

rot

sin i there is nevertheless

a systemati di�erene between the results from the two methods. As expeted, this

di�erene is the largest for low luminosities where the at rotation urve and the URC

di�er the most. The URC gives higher veloities for low luminosity galaxies.

Figure 3.11: The at rotation urve versus the URC, for �ts using 4{times oversampling.

All di�erenes have been alulated as \URC"�\at". The dotted line marks L

B

=

3:2L

B�

where the URC is idential to the at rotation urve. The absolute magnitudes

are for the default osmology and derived from the HST images, f. Ch. 4.
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In the analysis we will use the results from the URC sine that rotation urve has

some physial basis, and sine it gives marginally lower redued hi{square values (see

panel d of Fig. 3.11). Note that di�erent symbols have been used in Fig. 3.11 for the

luster galaxies and the �eld galaxies in 3 redshift bins. It is seen that for the luster

galaxies and for the high luminosity (and typially high redshift) �eld galaxies there is

little di�erene between the at and the URC results.

3.3.4 Internal omparisons

Galaxies observed in both masks

One galaxy was observed in both masks, namely galaxy U/F08, see the two �gures in

the atlas on p. 163. In mask 1 it was only the [OIII℄ 5007

�

A line that gave an aeptable

�t (the H� line was faint and too damaged by a sky line to be �tted). In mask 2

the [OIII℄ 5007

�

A line as well as the H� line gave aeptable �ts. Thus, the �ts of the

[OIII℄ 5007

�

A line in mask 1 and mask 2 an be ompared, see Fig. 3.12 below and the

�gures in the atlas on p. 163. The values of V

rot

sin i and r

d

agree within the errors,

whih is reassuring. For unknown reasons, the width in the spetral diretion of the

[OIII℄ 5007

�

A line in the spetra from the two masks does not look idential.

Figure 3.12: Comparison of ELFIT2D results for the single galaxy observed in both

masks (galaxy U). Results using the at rotation urve, the at rotation urve with

4{times oversampling, and the URC with 4{times oversampling are shown.

Galaxies with several emission lines observed

A number of the �eld galaxies at lower redshift had several emission lines within the

observed wavelength range. For 12 galaxies ELFIT2D was run on more than one line.

The results for the parameters V

rot

sin i and r

d;spe

are shown in Fig. 3.13 and 3.14 on

the following two pages (the 12 galaxies had to be split into two �gures to �t). Note

that the aepted and the rejeted �ts are marked with di�erent symbol olours.



70 CHAPTER 3. 2D FITTING OF THE EMISSION LINES

Figure 3.13: Comparison of ELFIT2D results for galaxies with multiple lines �tted,

part 1 of 2. Results using the at rotation urve, the at rotation urve with 4{times

oversampling and the URC with 4{times oversampling are shown. Oasionally (see

Fig. 3.14), �ts were also done using the URC but without oversampling.
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Figure 3.14: Comparison of ELFIT2D results for galaxies with multiple lines �tted,

part 2 of 2. (Part 1 is Fig. 3.13.)
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The 12 galaxies inlude the 3 galaxies that were exluded from the analysis beause

the model did not math the observed spetra (galaxies XX6, V, A4). The 12 galaxies

also inlude 2 galaxies for whih all but one line was rejeted due to the other line(s)

being damaged by imperfet sky subtration (galaxies C and B5). This leaves 7 galaxies

whih have at least two lines with aepted �ts. These 7 galaxies are the ones that

an best be used to test the internal agreement of the derived rotation values and sale

lengths. These are galaxies G and U (Fig. 3.13) and N, C2, XX1, C6 and Y (Fig. 3.14).

In the atlas, they are shown on pp. 160, 163, 166, 169, 171, 172 and 173, but the line-

to-line omparison is most easily done on Fig. 3.13 and Fig. 3.14. The impression from

the �gures for these 7 galaxies is that the results from the di�erent lines agree within

the errors, and that the errors are reasonable. There are 2 exeptions:

� XX1 (Fig. 3.14 and Fig. B.17, p. 171): For the �ts of [OII℄ and H�, the results

for both V

rot

sin i and r

d;spe

do not agree within the errors. For the 4{times

oversampled URC �ts, the di�erenes are as follows. The di�erene in V

rot

sin i

is �9:3 � 3:6 km s

�1

, i.e. 2.6� and only 9%, i.e. not too bad. This di�erene is

probably due to entering problems: the perfet entre seemed to be at spatial

oordinate y = 33:5. Only y = 33 or y = 34 were possible (f. earlier), and the

di�erene between �ts using the two was typially �10 kms

�1

. The di�erene in

r

d;spe

is 0:26�0:03

00

, i.e. 9� and �40%. Looking at the spetra is does seem that

the H� emission is less extended than the [OII℄ emission, for unknown reasons.

� C6 (Fig. 3.14 and Fig. B.18, p. 172): For the �ts of [OII℄ and [OIII℄, the results

for V

rot

sin i do not agree within the errors. For the 4{times oversampled URC

�ts, the di�erene is �65� 17 km s

�1

, i.e. 3.8� and �60%. This galaxy is lose to

the edge of the slit { the spatial pixels y = 1{8 were used for the postage stamp

image of the emission lines. This ould be the reason for the disrepany.

In summary, the internal agreement is satisfatory, in the sense that the satter of the

derived values of V

rot

sin i and r

d

by and large is ompatible with the estimated error

bars. Nevertheless, there might still be small systemati trends present. Of partiular

interest is whether there is a trend with the integrated line intensity I (in ADU), sine

that is losely related to the S=N of the line. One might worry that the rotation veloity

and the sale length would be underestimated for fainter lines. In Fig. 3.15 the derived

V

rot

sin i and r

d

values are plotted versus I for the galaxies (less C6) with more than one

aepted �t. No trend is seen. The lines used over the range I = 200{1900ADU. The

high redshift spirals with only the [OII℄ line observed have similar intensities, namely

200{1400ADU (median 800ADU) when galaxy 1459 with I = 140ADU is disounted.

This suggests that the faintness of the observed lines should not be a ause for onern.

3.3.5 Mean values

For the galaxies with aepted �ts of more than one line, weighted averages of V

rot

sin i

and r

d

were alulated, see Table 3.1. The weights were set to one over the variane.

The individual positive and negative error bars, orresponding to the 68% on�dene

intervals, were ombined to give positive and negative error bars on the weighted av-

erages. This was done simply by applying the propagation of errors formula to the

positive and negative error bars separately. A more sophistiated treatment ould have

been done using the individual sets of aepted Metropolis points.
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Figure 3.15: ELFIT2D results for galaxies with multiple lines �tted: plots versus the

line intensity I (for the the 4{times oversampled URC �ts). Error bars on I are not

plotted sine they are smaller than the plot symbols. No trend versus I (�S=N) is

seen. (Legend: see Fig. 3.14, p. 71.) This �gure sums up the internal agreement.
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3.3.6 Tests for orrelated errors

The set of aepted Metropolis points does not only give information about the un-

ertainties on eah of the 4{5 �tted parameters, but also whether the unertainties

are orrelated. Suh possible orrelations between the errors need only be taken into

aount if more than one of the �tted parameters are used together (in a given plot or

equation). An example of suh a situation is when omparing the residuals from the

Tully{Fisher relation, whih depends on V

rot

sin i, with r

d;spe

.

Possible orrelations between the errors between V

rot

sin i and r

d;spe

were tested and

quanti�ed as follows, following Press et al. (1992). For eah �t, a Spearman rank order

test was done on the V

rot

sin i time series versus the r

d;spe

time series. The �rst 300

points were omitted to limit problems with points aepted before reahing equilibrium.

If the test found the two variables to be orrelated at the 99.73% signi�ane level

(\3 sigma"), a note was made. Regardless of this, the linear orrelation oeÆient r

was alulated. Where a signi�ant orrelation is found, the linear orrelation oeÆient

r quanti�es the strength (and diretion) of the orrelation.

z Galaxy Line Flat 4{times at 4{times URC

Corr.? r Corr.? r Corr.? r

0.1538 Z 6563 �0:08 �0:03 0:09

0.2172 A 5007 0:03 yes �0:11 yes �0:11

0.2495 G 4861 yes �0:12 �0:05 yes �0:28

0.2495 G 5007 �0:08 �0:05 yes �0:15

0.2640 C 4861 �0:14 �0:02 yes 0:16

0.2870 U (mask 2) 4861 �0:03 yes �0:11 yes �0:11

0.2870 U (mask 1) 5007 yes 0:21 yes 0:28 yes 0:11

0.2870 U (mask 2) 5007 �0:02 0:06 yes �0:12

0.3232 P 5007 yes �0:38 yes �0:25 yes �0:43

0.3237 A7 4861 yes 0:11 �0:06 yes �0:09

0.3246 N 4861 yes 0:08 yes �0:11 0:05

0.3246 N 4959 �0:09 �0:02 0:07

0.3246 N 5007 �0:09 �0:03 0:08

0.3253 XX4 4861 �0:07 �0:04 yes �0:24

0.3737 B5 5007 �0:08 �0:06 �0:02

0.4290 C2 4959 yes 0:15 0:10 �0:04

0.4290 C2 5007 yes 0:23 yes 0:20 yes 0:25

0.4694 D 4861 yes �0:22 yes �0:26 yes 0:15

0.4700 XX1 3727 yes �0:11 0:07 0:08

0.4700 XX1 4340 yes 0:11 0:01 0:06

0.4700 XX1 4861 yes 0:22 0:01 yes 0:13

0.4936 C6 3727 �0:02 �0:09 0:02

0.4936 C6 5007 0:05 0:09 yes 0:51

0.5530 Y 3727 yes �0:07 0:06 �0:01

0.5530 Y 4861 �0:01 0:09 0:01

0.6841 D2 3727 �0:02 0:05 0:05

0.6865 B4 3727 0:01 yes �0:08 �0:06

0.7558 D6 3727 yes �0:18 �0:02 0:05

0.8132 1403 3727 yes 0:11 0:04 �0:05

0.8224 1896 3727 �0:06 yes 0:23 yes 0:14

0.8245 2130 3727 yes 0:17 yes 0:16 yes 0:28

0.8280 A8 3727 0:08 yes 0:12 yes 0:24

0.8384 1763 3727 �0:08 �0:02 0:00

0.8411 2011 3727 �0:02 �0:04 yes �0:14

0.8459 1459 3727 0:03 0:00 yes �0:04

0.8462 661 3727 �0:07 �0:07 �0:08

0.8965 B1 3727 �0:04 0:04 �0:02

Table 3.2: Test of orrelations between the errors of V

rot

sin i and r

d;spe

. The olumns

\Corr.?" indiate whether a Spearman test found a orrelation at the 99.73% signi�-

ane level. The olumns \r" give the linear orrelation oeÆient.
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The results are given in Table 3.2, with the �ts sorted by redshift. As an be seen, in

about 50% of the ases no orrelation is deteted. In about 25% of the ases a positive

orrelation is found, and in about 25% of the ases a negative orrelation is found.

The orrelations are seldom strong, i.e., jrj is usually small. Furthermore, sine the

diretions of the orrelations where present are about equally positive and negative, no

large net e�et should be expeted. Therefore, in the analysis we will treat the errors

as being unorrelated.

3.3.7 Comparison with other studies

Reently, Barden et al. (2003) published rotation veloities for 22 high redshift luster

and �eld spiral galaxies, based on 2D �tting to resolved NIR spetra of the H� emission

line. We have one galaxy in ommon, namely galaxy 1403 in MS1054�03 at z = 0:81,

for whih we have derived the rotation veloity from a 2D spetrum of the [OII℄ line

(see the �gure in the atlas on p. 177). Table 3.3 shows the omparison. The V

rot

sin i

values agree within the errors, whih is enouraging. (Our inlinations i are also fairly

similar, and therefore the V

rot

values also agree within the errors.) However, the errors

are fairly large and only one galaxy is available for the omparison.

Table 3.3: Comparison with Barden et al. (2003) for galaxy 1403

V

rot

sin i [km s

�1

℄ i [

Æ

℄ V

rot

[km s

�1

℄

Their values: 225 � 49 76 232 � 50

Our values: 271

+8

�13

72:3� 0:3 284

+8

�13



Chapter 4

Photometry and bulge/disk

deomposition

4.1 Photometry

4.1.1 Optial (F606W and F814W) HST{based total magnitudes

Photometry was arried out on the F814W and F606W HST+WFPC2 images (e.g.

van Dokkum et al. 1999), whih kindly had been provided in osmi-leaned and om-

bined form by Pieter van Dokkum and Marijn Franx. As shown on Fig. 2.1 (p. 18),

MS1054�03 was overed by six WFPC2 �elds (POS1{POS6). We used non-drizzled im-

ages (i.e. images with the original pixel size) sine that was preferred for the bulge/disk

deomposition software (f. Set. 4.3 below). Investigations showed that the ombined

images that we used were reated as the average of three 1100 se images. The exeption

was the F814W{POS1 image whih seemed to originate from three images of exposure

time 1100, 1100 and 857.5 se, respetively. The e�etive exposure time for this image

had to be determined empirially. This was done by retrieving the MS1054�03 images

from the ST{ECF HST arhive. By means of aperture photometry on seleted objets

an e�etive exposure time of 988� 8 se was derived. Similar measurements on objets

in a few images for other �elds/�lters showed that the e�etive exposure times for these

were ompatible with being 1100 se.

Total magnitudes were measured using SExtrator (Bertin & Arnouts 1996). The

objet detetion and de�nition (aka. segmentation) was done in the F814W images.

The segmentation parameters were tuned until a \orret" segmentation was ahieved.

Spei�ally, the following was ahieved: Galaxies 1403 and B1/F22 were not split into

several piees; while the 2 objets seen near galaxy 1896 (f. p. 178) were split out as

separate objets (the `knot' was spetrosopially found to be in the bakground, and

the `disk' is bluer than 1896 indiating that it is in the foreground). Note that the same

set of segmentation parameters were used for all the images. The segmentation from

the F814W images was used for the measurement of the magnitudes in the F606W

images. The MAG_BEST estimator of the total magnitude was used. For all the galaxies

under study this estimator was equal to the MAG_AUTO estimator, whih means that

SExtrator onsidered these galaxies not to be severely a�eted by rowding.

The measured magnitudes were brought onto the standard system using photomet-

ri zero points from the May 1997 WFPC2 SYNPHOT update (as also used by Simard

et al. 2002).

77
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4.1.2 Near-infrared (J, H, K) VLT{based total magnitudes

MS1054�03 has been observed in the NIR using VLT+ISAAC as part of the FIRES

survey (Franx et al. 2000). A mosai of 4 pointings was observed, overing an area of

�5 � 5

0

. The MS1054�03 data are being redued by Natasha M. F�orster Shreiber,

who in September 2001 kindly provided preliminary data for a subset of our galaxies.

This subset onsists of the spiral galaxies with observed [OII℄ emission (i.e., the high

redshift �half of the sample; this was the subsample we were analysing at the time),

but it exludes galaxy A8/C01 whih was outside the ISAAC mosai. It also exludes

the merger/peuliar galaxy 1801. As for our optial magnitudes, the magnitudes were

measured using SExtrator as \best" total magnitudes, but the objet segmentation

(deblending) ould di�er somewhat from the segmentation we used for our HST mag-

nitudes. The auray of these preliminary magnitudes was estimated to be \a few

tenths of magnitude, but depending on the loation within the mosai".

Due to various problems with the data, and to the desire of the FIRES group to

make the most of these superb seeing (�0:5

00

) NIR images, the redution is still ongoing,

and no new redued data produts are available. Therefore, we will use the preliminary

data. This also means that no NIR data are available for the low redshift part of the

sample.

We do not have any details of how the magnitudes at hand were alibrated to a

standard system. We will assume, that these magnitudes, whih were observed using

J

s

, H and K

s

�lters, are on the standard J , H and K system.

Despite our lak of ontrol over the NIR data and its quality, we feel that it is worth

exploring what results we an get from its analysis. Obviously, onlusions based on the

JHK data need to be taken with the neessary aution. When the data is published,

this analysis will be revised.
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4.2 Transformations of the magnitudes

Rest-frame B{band magnitudes were derived from the observed F814W and F606W

photometry. F814W mathes almost exatly the rest-frame B{band at z = 0:83, and

thus the B{band magnitudes an be derived very aurately for galaxies lose to this

z. F606W mathes the B{band at z � 0:37. Thus, B{band magnitudes for all the

galaxies in our sample an be interpolated with reasonably small unertainties. The

interpolation (and in a few ases, small extrapolation) was arried out using spetral en-

ergy distributions (SEDs) of loal galaxies with di�erent spetral/morphologial types

(Coleman et al. 1980). Figure 4.1 shows the (F606W�F814W) olours versus redshift

for these loal SEDs and for our galaxies at z = 0.15{0.90. As an be seen our spiral

galaxies oupy the region spanned by the loal Sab{Sdm SEDs, whih is reassuring.

Figure 4.1: Colour versus redshift. Loal galaxy SEDs are from Coleman et al. (1980).

For the given galaxy (with a given redshift), the transformation from observed

F814W and F606W magnitudes to rest-frame B magnitude was done as follows. Eah

of the 4 spiral SEDs predits a transformation from observed F814W to rest-frame

B of the type B

rest

= F814W

obs

+ �. Eah of the SEDs also predits an observed

(F606W�F814W) olour, and thus it is possible to do a �t � = a (F606W�F814W)+b

to the 4 points (one point per spiral SED at the given redshift). These �ts had a very

low satter, typially <0.01 mag, and no more than 0.025mag. The �ts were used to

alulate � for the observed (F606W�F814W) olour for the given galaxy. The very

small formal unertainty in this transformation of�0.01mag assumes perfet knowledge

of the �lter response in eah band. Tests with di�erent �lters indiate that systemati

unertainties of �0:1mag ould be present, but these are negligible in our analysis.

Galati extintion at the entre oordinates of MS1054�03 is predited to be

0.07mag in F814W and 0.10mag in F606W aording to Shlegel et al. (1998), and

0.03mag in F814W and 0.04mag in F606W aording to Burstein & Heiles (1982).

Galati extintion was ignored.
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To alulate rest-frame olours redwards of B without extrapolation, the observed-

frame preliminary NIR magnitudes are needed. Various NIR and NIR{optial olours

(data and loal SEDs) are plotted versus redshift in Fig. 4.2. For `aestheti reasons' we

have transformed F814W to Cousins I using the relation I = F814W � 0:05, whih is

orret to within a few hundredths of a magnitude for z = 0{1 (Fukugita et al. 1995).

Figure 4.2: NIR and NIR{optial olours versus redshift. The NIR data is from a

preliminary redution of the FIRES data. Loal galaxy SEDs are from Coleman et al.

(1980), extended into the NIR by Arag�on-Salamana (1991); Arag�on-Salamana et al.

(1993). Legend: SEDs, see the �gure; galaxies, see Fig. 4.1, p. 79.
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The agreement between the NIR olours for the galaxies and the loal SEDs (Fig. 4.2)

is not as good as for the optial olour (Fig. 4.1). The mild disagreement ould be due

to alibration problems in these preliminary data, or due to limitations in the way the

optial SEDs (spetra) were extended into the NIR by means of broad-band imaging

in J/H/K (Arag�on-Salamana 1991; Arag�on-Salamana et al. 1993).

With the NIR data at hand it is possible to transform to several rest frame bands.

An obvious hoie would be the rest-frame J{band, sine this is as red as one an go

for our redshifts without having to extrapolate (the observed K{band approximately

mathes rest-frame J{band at z � 0:8). However, almost no loal Tully{Fisher studies

have been done in the J{band. Conversely, a number of loal Tully{Fisher studies

have been made in the H{band, so we will therefore transform our data to rest-frame

H{band, even though that requires some extrapolation. There are ertainly many loal

Tully{Fisher studies in the I{band, but it is interesting to go as red as possible.

The transformation to rest-frame H{band an again be written as H

rest

= K

obs

+�

0

,

where �

0

depends on the SED and on the redshift. In Fig. 4.3(a) �

0

is plotted versus

redshift for the 5 loal galaxy SEDs. The urves for the 5 SEDs are not in the `natural'

early-to-late order (E/S0 to Sdm) that they were for the orresponding plot for the B{

band transformation (this plot is not shown). In panel (b) and () �

0

is shown versus

the reddest olour available, namely observed-frame (H �K). It is seen that is it not

possible to �t a straight line with low satter to the 4 spiral SEDs (the �lled symbols),

partiularly at z = 0:85 (panel ). This is in ontrast to the B{band transformation.

where suh �ts ould be made at all redshifts with a very low satter, typially 0.01mag

(these plots are not shown).

Sine the available olours were not able to aurately deide the `frational' SED to

be used, it was deided to use a �xed SED for all the galaxies. The Sd and Sab SEDs

are in the middle of the extremes in Fig. 4.3(a). In the redshift range for whih we

have NIR data, z = 0.43{0.90, the �

0

parameter for the Sd SED is in the range 0.86{

0.93, i.e. the variation is small. Therefore, to further simplify things the approximation

�

0

= 0:89 was used for the transformation. The unertainty on the transformation is

probably about 0.2{0.3mag, as inferred from the SED-to-SED variation in Fig. 4.3(a)

and on the level of agreement between the data and the SEDs in the olours (Fig. 4.2).

Figure 4.3: The transformation quantity �

0

, de�ned as H

rest

= K

obs

+ �

0

. There is a

�

0

for eah of the 5 loal galaxy SEDs. (a): �

0

versus redshift. (b) and (): �

0

versus

observed (H�K) olour at two partiular redshifts. [No data are plotted in this �gure.℄
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4.3 Bulge/disk deomposition

Bulge/disk deomposition was done on the HST images using GIM2D (Simard et al.

2002). The galaxy is modelled as a bulge with a S�ersi (1968) pro�le and a disk

with an exponential pro�le. The model has a maximum of 12 free parameters: total

galaxy intensity, bulge fration, bulge semimajor e�etive radius, bulge elliptiity, bulge

position angle, disk semimajor exponential sale length, disk inlination, disk position

angle, x and y entre of galaxy, bakground level, and S�ersi index. Following Simard

et al. (2002) we kept the S�ersi index frozen at 4, giving the bulge an r

1=4

pro�le (f.

de Vauouleurs 1948). The PSF, modelled using Tiny Tim (Krist 1993), is taken into

aount, and oversampling is used to deal with the undersampled WFPC2 images. The

segmentation images from SExtrator are used to de�ne whih pixels belong to whih

objets. The Metropolis algorithm (Metropolis et al. 1953) is used to �nd `best �t'

values and 99% on�dene intervals. We saled the orresponding errors down by a

fator of 3 to get errors orresponding approximately to the 68% on�dene intervals.

We ran GIM2D independently on the F814W and F606W images, meaning that e.g. a

disk sale length and inlination is available for eah �lter.

GIM2D also has a few �xed parameters. One of these is the disk internal absorption

oeÆient C

abs

. Following Simard et al. (2002) we used C

abs

= 0, orresponding to an

optially thin disk. The C

abs

parameter presumably only inuenes how muh ux is

assigned to the disk (i.e. it inuenes the bulge fration), not the disk sale length and

inlination, whih is what we are interested in here.

GIM2D has the possibility to \symmetrize" the input images around some pivotal

point (i.e. the entre of the galaxy de�ned in some suitable way) before the image is

�tted. This proedure has been used by e.g. Shade et al. (1995), Lilly et al. (1998)

and Shade et al. (1999). It was not used in the analysis in Simard et al. (2002), and

it was not used here.

It is worth noting that the GIM2D disk semimajor exponential sale length, whih

we will denote r

d;phot

, is alulated in the same way as r

d;spe

, namely with respet to

the semimajor axis.

GIM2D is muh easier to use than ELFIT2D, for the following 5 reasons: (1) GIM2D

omputes sensible initial values and min{max values for some of the parameters using

image moments. (2) GIM2D has a so-alled \initial onditions �lter" whih oarsely

samples a very large volume of the parameter spae (using N

ICF

points) to get a good

starting point for the Metropolis searh. (We used N

ICF

= 300.) (3) GIM2D has a

riterion for when the \time series" of aepted Metropolis points has reahed equilib-

rium. Points aepted before reahing equilibrium are disarded, and only the N

sample

points aepted after reahing equilibrium are used to ompute the best �t values and

their on�dene intervals. (4) GIM2D �ts the entre of the galaxy, so the user does not

have to do that manually and be limited by integer or half-integer pixels. (5) GIM2D

measures the bakground noise in what it determines to be the bakground regions of

the image, so the user does not have to do that manually.

Furthermore, sine the HST images have a more well behaved (and probably also

lower) noise than the spetral images, using GIM2D was almost plug and play : after

just one �t per galaxy per �lter, a good result was ahieved. \Good result" means

good-looking model and residual images, and reasonable redued hi{square values.

Given the robustness of the implementation of the Metropolis algorithm (points 1{3

above), the time series were not extrated from the log �les and plotted, and di�erent
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metseeds were not tried. The default value of N

sample

= 300 was kept.

An atlas of the observed images, model images and residual images is given in

Appendix B (pp. 155{186). For the 27 spiral galaxies with rotation veloities, the

redued hi{square values were as follows. In F814W, 25 �ts gave �

2

r

= 0.99{1.14,

indiating that the �ts are good and that there is a small amount of extra struture in

the images, typially spiral arms. Galaxy XX1/F16 (Fig. B.17, p. 171) had �

2

r

= 1:37

due to strong spiral arms, and galaxy 1459 (Fig. B.30, p. 184) had �

2

r

= 1:42 due to

its strange nature (more on that later). In F606W, 26 �ts gave �

2

r

= 0.99{1.32 (i.e. a

somewhat broader peak just above 1, but still good). Galaxy XX1/F16 had �

2

r

= 1:90.

For the M/P galaxy 1801 the �t was bad, with �

2

r

= 1.76 in F814W, and 2.74 in F606W.

As an be seen from Fig. B.27 (p. 181) this galaxy is not well mathed to the bulge/disk

model. GIM2D has �tted a disk (and no bulge) to the two knots.

For the 27 spiral galaxies with rotation veloities, the bulge frations were in the

range 0{0.36 in F814W, and 0{0.38 in F606W. In most of the galaxies no bulge

was deteted. The disk sale lengths in the two �lters were similar. Spei�ally,

log(r

d,814

=r

d,606

) was in the narrow range of �0:09 to +0:01, exept for galaxy 2011

at �0:14 and galaxy 1403 at +0:04. The median value was �0:02, and the value was

negative for �80% of the galaxies, meaning that the disks typially get bluer with

inreasing radius.

The GIM2D disk inlination i (with 90

Æ

being edge-on) is alulated from the ap-

parent elliptiity of the disk omponent, "

disk

, as

os i = 1� "

disk

: (4.1)

(This is the equation used in the ode; there is a typo in Simard et al. 2002.) This

equation assumes that the disk is in�nitely thin. In loal Tully{Fisher work (e.g.

Courteau 1997; Tully & Piere 2000) people often taken into aount the intrinsi

attening ratio q

0

of the disk as

(os i)

2

=

(1� "

disk

)

2

� q

2

0

1� q

2

0

(4.2)

(Holmberg 1958), with q

0

often set to 0.13 or 0.20. As an be seen Eq. (4.2) redues to

Eq. (4.1) for q

0

= 0. Using the GIM2D formula, the F814W-based inlinations are in

the range 33{82

Æ

(median: 70

Æ

) for the 27 spiral galaxies with rotation veloities. This

orresponds to "

disk

= 0.17{0.87. Using q

0

= 0:13 gives i = 34{89

Æ

. In terms of sin i the

di�erene is only about 1%, hene negligible. A value of q

0

= 0:20 is not meaningful,

sine that predits that the apparent elliptiity never exeeds 0.80, whih it does for 5

of the galaxies.

SExtrator alulates an elliptiity for the entire galaxy (as opposed to an elliptiity

for the disk omponent). This SExtrator elliptiity (from the F814W images) was

onverted into an inlination using the GIM2D formula (Eq. 4.1). The SExtrator

inlinations are plotted against the GIM2D inlinations in Fig. 4.4(a). The agreement is

reasonable, although there are some outliers. We prefer the GIM2D values sine they are

for the disk only, and sine they have error bars. In Fig. 4.4(b) the GIM2D inlinations

in the two �lters are ompared. The F606W-based inlinations are larger (i.e. loser to

edge-on) than the F814W-based ones. This is presumably beause irregular features

suh as spiral arms are more prominent in the F606W{band. For the analysis we will

use the F814W-based GIM2D inlinations.
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Figure 4.4: Comparison of inlinations. (Legend: see Fig. 4.1, p. 79.)

4.3.1 Corretion for internal extintion, B{band

Absolute B magnitudes, M

B

, were alulated for the default osmology (H

0

= 75

km s

�1

Mp

�1

and q

0

= 0:05). Absolute B magnitudes orreted for internal extintion,

M

i

B

, were alulated as M

i

B

=M

B

�A

i

B

, with the extintion A

i

B

given by the formula

from Tully & Fouqu�e (1985),

A

i

B

=

(

�2:5 log

h

f(1 + e

�� se i

) + (1� 2f)

�

1�e

�� se i

� se i

�i

for i � 80

Æ

0:96mag for i � 80

Æ

; (4.3)

with � = 0:55 and f = 0:25. Going from i = 0

Æ

(fae-on) to i = 80

Æ

, the extintion

inreases from 0:27mag to 0:96mag, after whih is stays onstant until i = 90

Æ

(edge-

on). For our sample A

i

B

was in the range 0.32{0.96mag, with a median value of

0.61mag.

Tully & Fouqu�e (1985) write in their summary that the total orretion (i.e. Eq. 4.3)

is poorly determined, but the orretion \to fae-on orientation" (i.e. A

i

B

� A

0

Æ

B

) is

relatively well de�ned. This has lead to the semanti problem that the \Tully & Fouqu�e

(1985) sheme" an be understood in two ways. The �rst way is that the internal

extintion orretion to apply is simply given by Eq. (4.3). This is the orretion we

will use. The seond way is that the internal extintion orretion to apply is given by

Eq. (4.3) minus the fae-on extintion, i.e.

f

A

i

B

� A

i

B

�A

0

Æ

B

= A

i

B

� 0:27mag ;

(4.4)

where the tilde is our notation. I.e., in this way the fae-on extintion is not orreted

for. This is the method used by Piere & Tully (1992).

Regardless of the issue of the fae-on extintion, we hose to use the Tully & Fouqu�e

(1985) formula simply beause that was what Vogt and ollaborators used, who in turn

hose it beause they use the loal Tully{Fisher relation from Piere & Tully (1992). It

should be noted, however, that the later study of Tully et al. (1998) has found that the
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internal extintion is a funtion of the luminosity of the galaxy, in suh a way that the

extintion in high luminosity galaxies is substantially higher than that in low luminosity

ones. This orrelation obviously hanges the derived slope of the Tully{Fisher relation.

For our study it is not ritial that the \true" internal extintion orretion is used,

but that the same sheme is used for the loal Tully{Fisher relation and for our high

redshift galaxies.

4.3.2 Corretion for internal extintion, H{band

In the H{band we will also use the loal Tully{Fisher relation from Piere & Tully

(1992), and onsequently we will also use the Tully & Fouqu�e (1985) formula to orret

for internal extintion in this band. The internal extintion in the H{band is simply

given by

A

i

H

= 0:10A

i

B

(4.5)

(Piere & Tully 1992, footnote to Table 1), where A

i

B

is given by Eq. (4.3). From this

it follows that the fae-on extintion is the H{band is a mere 0.027mag, whih like for

the B{band an be orreted for or not.

4.3.3 Deprojetion of the rotation veloities

Deprojeted rotation veloities were alulated as

V

rot

=

from VLT spetra

z }| {

V

rot

sin i

sin i

|{z}

from HST images

: (4.6)

The unertainties on i were inluded in the unertainties on V

rot

. Spei�ally, the

positive error bar on V

rot

was alulated using the positive error bar on V

rot

sin i and

the negative error bar on sin i, and vie versa.

4.3.4 Summary tables

Key photometri quantities are given in Table 4.1 and 4.2. The deprojeted rotation

veloities for the 4{times oversampled URC �ts are also given.
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Chapter 5

Analysis

5.1 The B{band Tully{Fisher relation

The main aim of this setion is to ompare high redshift luster spirals with high redshift

�eld spirals in the Tully{Fisher plot of rotation veloity versus luminosity. Sine we

only have a small number of galaxies, it is not possible to aurately determine the

slope of the Tully{Fisher relation (TFR, Tully & Fisher 1977) from the high redshift

galaxies themselves, so we will use the slope from a loal relation. The zero point of

the loal relation has little importane for the interomparison at high redshift.

Many studies of the loal B{band TFR have been made. Vogt and ollaborators

(e.g. Vogt et al. 1996, 1997; Vogt 1999, 2001) used the loal TFR from Piere & Tully

(1992) as the loal referene, and we will do the same. Piere & Tully (1992) found the

loal B{band TFR for �eld spirals to be

g

M

b;i

B

= �7:48(logW

i

R

� 2:50) � 19:55 : (5.1)

g

M

b;i

B

is the absolute B{band magnitude orreted for Galati extintion, and orreted

for internal extintion using the Tully & Fouqu�e (1985) formula, but without orreting

for the fae-on extintion. Sine we do orret our galaxy magnitudes for the fae-on

extintion of 0:27mag, the Piere & Tully (1992) TFR beomes

M

i

B

+ 0:27 = �7:48(logW

i

R

� 2:50) � 19:55 ; (5.2)

where we have dropped the supersript \b" sine we are ignoring Galati extintion,

f. the disussion on p. 79. W

i

R

is the HI line-width orreted for inlination and

turbulene following Tully & Fouqu�e (1985). This quantity is \statistially equal to

twie the maximum rotation veloity" (Tully & Fouqu�e 1985), and hene we transform

W

i

R

to V

rot

(i.e. the rotation veloity derived from optial emission lines) using

W

i

R

= 2V

rot

; (5.3)

whih has also been used by Vogt and ollaborators (Vogt, private ommuniation).

Equation (5.3) is an approximation (f. Simard & Prithet 1998); however, Vogt et al.

(1996) state that the error is small (. 15 km s

�1

). A good agreement between HI line-

widths and rotation veloities derived from spatially resolved optial emission lines was

also found by Rayhaudhury et al. (1997) and Kobulniky & Gebhardt (2000). By

89
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ombining Eq. (5.2) and Eq. (5.3) we get the loal (�eld spiral) B{band Tully{Fisher

relation we will use as referene,

M

i

B

= �7:48 log V

rot

� 3:37 : (5.4)

It should be mentioned that in our Letter (Milvang-Jensen et al. 2003) we missed the

point that Piere & Tully (1992) did not orret for the fae-on internal extintion

(whih is 0:27mag in the Tully & Fouqu�e 1985 model), but only for the di�erential

internal extintion between a galaxy seen at some inlination i and a galaxy seen fae-

on. Therefore, the loal B{band TFR used in the Letter had a zero point of �3:10

rather than �3:37.

1

The onsequenes will be pointed out below.

As outlined above, the approah here in the thesis is to orret for the entire internal

extintion predited by the Tully & Fouqu�e (1985) model, i.e. both for the di�erential

extintion with respet to a galaxy seen fae-on and for the fae-on extintion. This

sheme is used both for the observed magnitudes and for the loal TFR. In the Letter

the observed magnitudes were also orreted for the fae-on extintion. Therefore, in

priniple theM

i

B

values in the Letter should be idential to those in the thesis. However,

after the Letter was published a minor problem (due to a bug in the trebin task) was

found in the transformation to rest-frame B{band. The orret transformation has

been used for the magnitudes presented here; they are 0.02{0.13mag fainter than those

in the Letter (the e�et is the largest at high redshift).

Our Tully{Fisher plot is shown in Fig. 5.1(a). The rotation veloities are those

derived using the Universal intrinsi rotation urve (Persi & Salui 1991) and 4{times

spetral oversampling. The loal TFR (Eq. 5.4) is shown as the solid line. Di�erent

plot symbols have been used for the �eld spirals in 3 redshift bins, the luster spirals,

and the luster Merger/Peuliar galaxy 1801. Two galaxies deviate strongly from the

rest. The luster galaxy 1459 is ompletely o� the sale of the plot. The determined

rotation veloity is only 9:8

+4:6

�5:4

kms

�1

, ompatible with zero. The galaxy, lassi�ed as

S by van Dokkum (1999), has a peuliar morphology (see p. 184), probably due to

dust at the entre. The galaxy was deteted at 5 GHz by Best et al. (2002). When

omparing the radio ux with the [OII℄ ux, Best et al. onluded that galaxy 1459

was a lear AGN

2

. This explains the problem: the deteted (faint) [OII℄ emission

omes from the (obsured) AGN, not from the disk. The derived gas sale length is

r

d;spe

= 0:04

+0:25

�0:04

kp, whih is ompatible with zero, also indiating a nulear soure

(f. Simard & Prithet 1998). Galaxy 1459 will be exluded from the analysis. Galaxy

A/F03 (z = 0:22) deviates somewhat from the rest of the galaxies. This galaxy has

the lowest surfae brightness in the sample, although not by a large margin. We will

exlude this galaxy from the analysis. The M/P luster galaxy 1801 (z = 0:83), on the

other hand, does not deviate from the luster spiral galaxies. However, it is not lear

whether the measured V

rot

sin i originates from a rotating disk or the motion of the

two knots. Furthermore, as previously mentioned the GIM2D �t for this galaxy was

1

Apparently, this point was also missed by Vogt et al. (1996): these authors must have used the

Tully & Fouqu�e (1985) sheme in the way that does orret for the fae-on extintion, sine their listed

B{band extintion values go all the way up to 0:96mag. On the other hand, the Piere & Tully (1992)

loal TFR used by Vogt et al. had a zero point of �3:10, orresponding to not orreting for the fae-on

extintion. What Vogt (1999) did for her larger sample of �100 galaxies is not lear. It an be seen

from her plot that the loal TFR has a zero point of �3:10, but it is of ourse possible that the galaxy

magnitudes had been orreted aordingly.

2

The only other luster galaxy from our sample whih was deteted by Best et al. (2002) is galaxy

1403, whih was found to be a lear star-forming galaxy.
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Figure 5.1: (a) High redshift luster and �eld B{band Tully{Fisher relation. The solid

line is the loal Tully{Fisher relation from Piere & Tully (1992), see Eq. (5.4), and

the dashed lines mark the 3� limits (with � being the reported dispersion of 0.41mag).

Internal extintion has been onsistently orreted for (following Tully & Fouqu�e 1985,

with the orretion for the fae-on extintion inluded). Error bars on M

i

B

are not

shown sine they are smaller than the plot symbols. Galaxy 1459 (the AGN) is o� the

sale of the plot at (M

i

B

; log V

rot

) = (�22:6; 0:99).

(b) Residuals from the loal Tully{Fisher relation versus redshift. The dotted line is a

�t to the �eld galaxies (exept galaxy A/F03), see Eq. (5.5).
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bad, with the disk omponent being �tted to the two knots (see p. 181), making the

inlination orretion less meaningful. We will exlude this galaxy from the analysis.

Most of the high redshift galaxies are seen to fall on the high luminosity/low veloity

side of the used loal TFR in the TF plot (Fig. 5.1a). The residuals from the loal

B{band TFR in the absolute magnitude diretion, whih we will denote �TF

B

, are

plotted against redshift in Fig. 5.1(b). The residuals ould also have been alulated in

the log V

rot

diretion, but our working hypothesis is that possible di�erenes between

luster and �eld galaxies are due to a hange in luminosity. Further down in this setion

we will disuss if di�erenes instead ould be aused by errors in the derived rotation

veloities.

As an be seen from Fig. 5.1(b) there is a hint that the Tully{Fisher residuals for

the �eld galaxies beome more negative with inreasing z. A Kendall's tau rank order

orrelation test (e.g. Press et al. 1992) detets suh a orrelation at 93% signi�ane.

Out of uriosity, we will �t the simple model �TF

B

= az to the �eld galaxy points.

We will assume that the errors in �TF

B

are the individual measurement errors plus

0.6mag added in quadrature. This latter number represents the intrinsi satter in the

B{band TFR for this redshift range. It has been reverse engineered to give a redued

hi{square of 1 for the �t. The hi-square �t is

�TF

B

= (�0:9 � 0:3)z ; (5.5)

whih is shown as the dotted line in Fig. 5.1(b). If the interept is also �tted, the result

is �TF

B

= (�1:6 � 0:8)z + (0:4 � 0:4). This is in agreement with the result from the

rank order test that the orrelation is signi�ant at the �2 sigma level. If Eq. (5.5) is

taken at fae value and interpreted as luminosity evolution, the e�et is � 0:5mag at

z = 0:5, somewhat larger than the � 0:2mag Vogt (1999) found at similar redshifts,

but ompatible with what Barden et al. (2003) �nd, f. below. (Note: In the Letter

we inorretly derived an e�et of � 0:8mag.) This interpretation assumes a non-

evolving TFR slope, whih is important sine our �eld sample has a built-in positive

orrelation between luminosity and redshift. Our sample does not allow us to onstrain

the TFR slope, but Ziegler et al. (2002) found some evidene for a slope hange at

z � 0:5 for a sample of 60 �eld spirals. The interpretation also assumes that we have

used the orret osmology to alulate the absolute magnitudes of the high redshift

galaxies, sine the loal TFR is an absolute alibration, and therefore independent of

H

0

. A orret absolute alibration of the loal TFR (based on a six galaxies with

independent distane determinations in this ase) is also assumed. The interpretation

also assumes that seletion e�ets do not introdue orrelations with redshift. Sine

a ertain emission line ux is needed in order to measure the rotation veloity, one

onern is that the high z galaxies ould have higher star formation rates, whih ould

o�set them from the TFR, f. Kannappan et al. (2002b). If this e�et is taken into

aount for the Vogt sample, one �nds that the high z spirals are slightly fainter than

the z = 0 ones, see Kannappan et al. (2002a). Thus, the derived luminosity evolution

of the �eld spirals must be regarded with extreme aution.

It should also be noted that if we use the rotation veloities derived using the at

rather than the Universal intrinsi rotation urve (both using 4{times oversampling),

the orrelation between the B{band Tully{Fisher residuals and redshift has a lower

signi�ane, namely 69%. This is beause the rotation veloities for the low luminosity

galaxies are lower when using the at rotation urve (see Fig. 3.11, p. 68), and beause

the low luminosity galaxies in the sample are mainly at low redshift. A linear �t of
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slope and interept gives �TF

B

= (�1:0� 0:8)z� (0:3� 0:4), restating that no signi�-

ant trend with redshift is found. Sine the Universal rotation urve has observational

support from the rotation urves of loal spirals (Persi & Salui 1991), we will use

this in the analysis. In any ase, in the analysis we will fous on an internal ompar-

ison between our luster spirals and our �eld spirals, meaning that the same assumed

intrinsi rotation urve will be used for the two samples.

In order to ompare the luster and �eld spirals, we will use a onstant TFR slope

equal to the loal value from Piere & Tully (1992). We will make this omparison under

two alternative (and extreme) hypotheses. First, we will assume that the zero point of

the �eld TFR does not evolve with z and ompare the residuals from the loal TFR

(�TF

B

) for the �eld and luster spirals. Seond, we will assume that the zero point of

the �eld TFR evolves with z as given by Eq. (5.5), and ompare the residuals from the

loal TFR orreted for this evolution, �TF

B;orr

� �TF

B

� (�0:9z). In both ases

we ompare the luster sample (N

lus

= 7) with the full �eld sample (N

�eld

= 18) and

a �eld subsample spanning the luminosity range of the luster galaxies (M

i

B

<�19:8;

N

�eld

= 7). Two statistial tests are arried out, a simple di�erene of the mean

values (assuming rms=

p

N unertainties) and a Kolmogorov{Smirnov (K{S) test. For

omparison purposes, the K{S probability that the �eld and luster samples are drawn

from two di�erent populations has been translated into a number of sigmas for a normal

distribution. The results of these omparisons are given in Table 5.1. What is seen is

that on average the luster spirals are found to be brighter than the �eld galaxies. The

di�erene is slightly larger and more signi�ant when using the �rst assumption, but

it is lear that the data suggest the luster spirals are �1mag brighter in B than the

�eld ones at a �xed rotation veloity. (The numbers in Table 5.1 are similar to those

in our Letter.) It should be emphasized that the referene �eld sample was observed

simultaneously with the luster sample, using the same instrumental setup, and the

subsequent data redution was also idential for the two samples. Therefore, possible

systemati errors in e.g. the derived rotation veloities will a�et the luster and the

�eld galaxies in the same way.

Table 5.1: Tully{Fisher di�erenes: luster versus �eld

Assumption Variable Field sample hlusteri � h�eldi [mag℄ P

K{S

di�: distr:

TF z.p. does not evolve �TF

B

All �1:27� 0:43 (3:0�) 96% (2:0�)

TF z.p. does not evolve �TF

B

High L �0:96� 0:46 (2:1�) 87% (1:5�)

TF z.p. evolves as Eq. (5.5) �TF

B;orr

All �0:93� 0:42 (2:2�) 96% (2:0�)

TF z.p. evolves as Eq. (5.5) �TF

B;orr

High L �0:77� 0:44 (1:8�) 87% (1:5�)

Only two other studies have been published (both as onferene proeedings) on the

Tully{Fisher relation for high redshift luster spirals. Metevier et al. (2002) found a

larger TFR satter for 7 luster spirals at z = 0:39, but no evidene for a zero point or

slope hange. Ziegler et al. (2003) found no di�erene between luster and �eld spirals

in terms of TF zero point and satter, based on 7 luster spirals at z = 0:30 and 5

luster spirals at z = 0:51. The larger look-bak-time of our study ould explain the

fat that we do �nd some luminosity evolution. Interestingly, Ziegler et al. (2003) found

that almost half of their observed spirals showed peuliar kinematis, and hene ould

not be used for the Tully{Fisher analysis. In our study, only 1 spiral galaxy out of 30

was exluded due to peuliar kinematis, and 2 were exluded due to non-exponential

intensity pro�les (f. Set. 3.3.2, p. 66).
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The di�erene we �nd (at the 1.5{2� level) between the luster and the �eld spi-

rals in the Tully{Fisher plot ould alternatively be explained as due to a di�erene in

rotation veloity. This di�erene ould in turn be a physial di�erene or be aused

by errors. One worry ould be that the gas disks in the luster spirals were trunated,

e.g. due to the interation with the intra-luster medium (ICM). If one was deriving

the rotation veloity by measuring the veloity of the outmost deteted emission, suh

a trunation ould learly bias the derived rotation veloity downwards. In our sheme

where the rotation veloity is derived from a maximum likelihood �t of a model 2D

spetrum to the observed 2D spetrum, it is less lear what the e�et of suh a trun-

ation would be, sine it would mean that the assumed model (i.e. an untrunated

exponential gas disk) was inorret. However, we an still address the question as

follows. The �t to the observed spetrum gives the exponential sale length for the

gas that gives rise to the emission line, r

d;spe

. It is oneivable that if the gas disk is

trunated, the derived value of r

d;spe

will be smaller than if the disk had not been trun-

ated. We an ompare the derived value of r

d;spe

with the exponential sale length

for the disk omponent in the broad band images, r

d;phot

, whih mainly measures the

sale length for the stars. Note that r

d;phot

is not used as an input to the spetral �t in

the method we use. An interation with the ICM that might ause a trunation of the

gas disk would probably leave the stellar disk largely una�eted. In this piture, suh a

trunation of the gas disk should show up as low values of r

d;spe

=r

d;phot

. Followingly, if

the negative Tully{Fisher residuals reeted rotation veloities that were biased low by

this proess, we would expet the Tully{Fisher residuals to be positively orrelated with

r

d;spe

=r

d;phot

. In Fig. 5.2 we plot the Tully{Fisher residuals versus r

d;spe

=r

d;phot

, and

the before-mentioned trend is not seen. If anything, there is a hint of a orrelation in

the opposite diretion, but this is not signi�ant, f. the orrelation probabilities given

on the �gure. How r

d;spe

ompares to r

d;phot

will be further disussed in Set. 5.4.

Figure 5.2: Tully{Fisher residuals versus the sale length for the gas (from the spetra)

over the sale length for the stars (from the F814W images). Results from Kendall's

tau tests are given on the panel. No signi�ant orrelations are found. (Legend: see

Fig. 5.1, p. 91.)
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Another test is to plot the Tully{Fisher residuals versus the used inlination (whih

is derived from the apparent elliptiity of the disk omponent in the F814W images,

assuming that the disk intrinsially is irular and of negligible thikness). This is done

in Fig. 5.3. No signi�ant trends are found, although it is noteworthy that the two

luster spirals with the most negative Tully{Fisher residuals have low inlinations, i.e.

are relatively lose to fae-on.

Figure 5.3: Tully{Fisher residuals versus inlination. Results from Kendall's tests are

given on the panel. No signi�ant orrelations are found. (Legend: see Fig. 5.1, p. 91.)

Seletion e�ets are also a possible onern. As desribed in Set. 2.1, the luster

and the �eld sample were not seleted in exatly the same way. The vast majority of

the luster sample used in the analysis (namely 6 galaxies out of 7) were seleted from

the atalogue of van Dokkum (1999). That essentially means that these galaxies were

seleted from a fairly omplete magnitude limited sample with the seletion riteria

of spiral morphology (aording to van Dokkum et al.) and [OII℄ EW � 5

�

A. The

entire �eld sample was seleted as galaxies with spiral morphology as determined by

us. The sample was not magnitude limited, both beause the galaxies were seleted

�rst by eye and then their magnitudes were measured and beause only having two

masks meant that a number of galaxies were exluded due to geometrial onstraints.

A sparse sampling of the �eld galaxies should not be a problem per se. The possibility

of di�erent morphologial riteria ould be a slight onern, but our feeling is that

this ould not introdue the luster{�eld di�erene seen in the Tully{Fisher residuals.

Visually, the morphologies of the luster and �eld spirals do not appear signi�antly

di�erent exept for the peuliar ones exluded from the analysis.

In summary, a di�erene between the luster spirals and the �eld spirals has been

deteted at the 1.5{2� level. This ould be interpreted as an inrement in luminosity,

whih ould be the result of enhaned star formation in spiral galaxies falling onto

the luster. Star formation rates will be derived in Set. 5.5, and the results will be

disussed using stellar population models in Set. 5.6.
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5.1.1 Comparison with high redshift B{band Tully{Fisher studies

from the literature

While only few rotation veloities exist for high redshift luster spirals, more data are

available on high redshift �eld spirals. We will ompare our data with the data from

two reent studies.

Ziegler et al. (2002) derived rotation veloities for 60 spiral galaxies at z = 0.0{

1.0 (z

median

= 0:44) based on optial spetrosopy of spatially resolved emission lines.

The galaxies, taken from the FORS Deep Field, are all �eld galaxies. The galaxies

were seleted based on multi-olour ground based imaging. In Fig. 5.4 we ompare our

data with the data from Ziegler et al.

3

. Idential osmologies and internal extintion

orretions have been used. Panel (a) shows the Tully{Fisher plot, while panel (b)

shows the residuals (in absolute magnitude as always), omputed using the Piere &

Tully (1992) loal TFR as adopted by us (Eq. 5.4). We use this TFR irrespetive of the

fat that Ziegler et al. 2002 �nd some evidene of a TFR slope hange with redshift.

The immediate impression from the �gure is that the agreement between the two �eld

samples is reasonable. Statistial tests will be arried out below. It is also interesting

to note that Ziegler et al. have galaxies near our exluded \outlier", galaxy A/F03.

Barden et al. (2003) derived rotation veloities for 22 spiral galaxies at z = 0.60{

1.56 (z

median

= 0:88) based on NIR spetrosopy of spatially resolved H� emission.

The galaxies were seleted from various redshift surveys, and the majority have HST

imaging available. The galaxies are �eld galaxies, exept for two luster galaxies in

MS1054�03. One of these galaxies (1403) is also in our sample, while the other (1733)

is not due to geometrial onstraints in the mask onstrution. In Fig. 5.5 and 5.6

we ompare our data with the data from Barden et al. (the seond �gure is with

error bars). We have transformed their data to our osmology and internal extintion

orretion sheme. The immediate impression from the �gures is also in this ase that

the agreement between the two �eld samples is reasonable. Their extra MS1054�03

luster galaxy, 1733, falls in the middle of our 7 MS1054�03 luster galaxies.

We will test if there are signi�ant di�erenes between our �eld sample and the

�eld samples of Ziegler et al. (2002) and Barden et al. (2003). We will use the same

statistial tests as we did above for the luster and the �eld galaxies in our own sample,

namely a di�erene of the mean values for the two samples and a Kolmogorov{Smirnov

test. Also as before, we will do the tests both for all galaxies and galaxies brighter

than M

i

B

= �19:8 (the luminosity limit for our luster sample). As before, we will also

do the tests both using the plain TF residuals and the TF residuals orreted for the

apparent redshift evolution present in our �eld sample. We are still exluding galaxy

A/F03 from our sample, although based on the Ziegler et al. data it ould be argued

that this galaxy does not deviate strongly from the rest. For the Barden et al. (2003)

sample we exlude the 3 galaxies whih in the aption of Fig. 2 of that paper seem to

be rejeted due to insuÆient size. We will also exlude the two remaining very high

redshift (z � 1:5) galaxies in that sample, sine the �t to TF zero point evolution for

our �eld galaxies is a poor �t to these two galaxies. The results are given in Table 5.2

(Ziegler et al.) and Table 5.3 (Barden et al.). In all ases the �eld galaxies from Ziegler

et al. or Barden et al. are brighter than our �eld galaxies at a �xed �xed rotation

3

Data kindly provided by Asmus B�ohm and Bodo Ziegler. In line with our analysis, the absolute

magnitudes used here have not been orreted for morphologial and inompleteness bias (f. Ziegler

et al. 2002).



5.1. THE B{BAND TULLY{FISHER RELATION 97

Figure 5.4: (a) High redshift B{band Tully{Fisher plot for our data and data from

Ziegler et al. (2002). Solid line: loal TFR (Eq. 5.4, see text). A single galaxy from

Ziegler et al. at (M

i

B

; log V

rot

= �15:78; 1:95) is o� the sale of the plot.

(b) Residuals from the loal TFR. Dotted line: �t to our �eld galaxies (Eq. 5.5, see

text).

Error bars for the Ziegler et al. data were not available. Error bars for our data were

omitted for larity; they an been seen in Fig. 5.1, p. 91.



98 CHAPTER 5. ANALYSIS

Figure 5.5: (a) High redshift B{band Tully{Fisher plot for our data and data from

Barden et al. (2003). Solid line: loal TFR (Eq. 5.4, see text). Galaxies in parenthesis

have R

25

< 12:5 kp (for the osmology adopted by Barden et al.) and seem to be

onsidered \bad" by these authors. Note: The brightest galaxy in both data sets is

the same galaxy, 1403. As already mentioned, the two data sets agree on this galaxy

within the errors. (b) Residuals from the loal TFR. Dotted line: �t to our �eld

galaxies (Eq. 5.5, see text).

A version of this �gure with error bars an be found in Fig. 5.6
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Figure 5.6: As Fig. 5.5, but with error bars.

veloity, or equivalently have a lower rotation veloity at a �xed luminosity. For the

Ziegler et al. data the di�erene is only signi�ant (at the 2� level) when using the

entire sample. If we had not exluded our galaxy A/F03, the disagreement for the

full samples would be slightly smaller. If we had used the at intrinsi rotation urve

rather that the URC, our rotation veloities for the fainter galaxies would have been
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smaller by �0.05 in log V

rot

sin i (f. Fig. 3.11, p. 68), whih is �0.06 in log V

rot

, and

whih would have made �TF

B

�0.4mag larger for these galaxies, bringing them in

loser agreement with the fainter Ziegler et al. galaxies. The intrinsi rotation urve

used by Ziegler et al. is rising until one optial sale length, and is then at. This is

intermediate between the URC and the at intrinsi rotation urves in the ELFIT2D

sheme (f. Fig. 3.2, p. 51).

Table 5.2: Our �eld galaxies vs. �eld galaxies from Ziegler et al. (2002)

Variable Seletion N

our �eld

N

their �eld

hour �eldi � htheir �eldi P

K{S

di�: distr:

�TF

B

All 18 60 +0:46� 0:25mag (1:9�) 96% (2:1�)

�TF

B

High lum. 7 31 +0:16� 0:31mag (0:5�) 62% (0:9�)

�TF

B;orr

All 18 60 +0:45� 0:24mag (1:9�) 96% (2:1�)

�TF

B;orr

High lum. 7 31 +0:18� 0:28mag (0:6�) 80% (1:3�)

For the Barden et al. data, whih pratially all are high luminosity galaxies, the

di�erenes are signi�ant at the 2� level. The di�erenes ould be due to systemati

di�erenes in the determination of the rotation veloities, or perhaps to physial dif-

ferenes in the samples used. For the single galaxy in ommon between us and Barden

et al., their rotation veloity is indeed lower than our, although the values agree within

the errors, see Set. 3.3.7, p. 76, and we are talking about a single galaxy only.

Stop press: at the last moment we have disovered that Barden et al. seem to

orret their rest-frame B{band magnitudes for Galati extintion, whih is inorret,

it is the observed frame (say I{band) that needs to be orreted for Galati extintion.

The median B{band Galati extintion listed in the table in Barden et al. is 0.29mag.

Using the onversion from B{band Galati extintion to reddening E(B � V ) from

Shlegel et al. (1998), this orresponds to a median reddening of 0.066. Sine a typial

redshift for the Barden et al. sample is z � 0:8, the observed I{band will be the band

that orrespond to the rest-frame B{band. Using the onversion fator for this band,

the median reddening orresponds to a median Galati extintion of 0.13mag. This

means that the absolute rest-frame B{band magnitudes given by Barden et al. typially

are 0.16mag too bright. This makes the disagreement between our sample and the

sample of Barden et al. somewhat smaller and less signi�ant. To be ompletely fair,

the Galati extintion of 0.03{0.10mag (depending on the band and reipe, see p. 79)

that we have not orreted our data for will also make the disagreement marginally

smaller.

Table 5.3: Our �eld galaxies vs. �eld galaxies from Barden et al. (2003)

Variable Seletion N

our �eld

N

their �eld

hour �eldi � htheir �eldi P

K{S

di�: distr:

�TF

B

\All" 18 15 +1:02� 0:25mag (4:1�) 99% (2:5�)

�TF

B

High lum. 7 14 +0:73� 0:31mag (2:3�) 94% (1:9�)

�TF

B;orr

\All" 18 15 +0:68� 0:24mag (2:8�) 97% (2:2�)

�TF

B;orr

High lum. 7 14 +0:52� 0:27mag (1:9�) 94% (1:9�)

Sine systemati di�erenes may be present, it seems prudent not to ompare our

luster spirals to the large sample of literature �eld spirals. This would otherwise have

been interesting, sine the luster{�eld omparison within our data set is limited to

some extend by the number of �eld galaxies in our sample. As already stated, the

luster{�eld omparison presented above in Table 5.1 is internal to our data set and
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thus unlikely to be a�eted by systemati errors in the data.

Finally we briey return to the evolution of the B{band Tully{Fisher zero point

with redshift. Barden et al. (2003) �nd their high redshifts sample (z

median

= 0:9)

to be brighter than their loal omparison sample by 1.1mag in B for their adopted

osmology (the onordane osmology, h=0:70, 


m

=0:3, 


�

=0:7)

4

. For our adopted

osmology (h=0:75, 


m

=0:1, 


�

=0:0), this brightening is 0.8mag. If we evaluate the

�t to our �eld sample [�TF

B

= (�0:9�0:3)z, Eq. 5.5℄ at z = 0:9, we �nd a brightening

of 0.8mag, in striking agreement with the brightening derived by Barden et al. This

agreement is somewhat surprising, sine from Fig. 5.5(b) it is lear that the Barden

et al. data are signi�antly brighter than our �eld spirals with respet to the adopted

loal TFR, as also shown by the tests in Table 5.3. Sine Barden et al. (2003) ite a

paper in preparation for the details of their analysis, this point annot be investigated

at the moment.

The exat amount of brightening shown by high redshift �eld spirals ontinues to

be a debated issue. We will not make a strong statement regarding this. Our internal

luster{�eld omparison is to a large extend una�eted by this ontroversy.

5.1.2 B{band Tully{Fisher residuals versus lusterentri distane

We now return to our own data set. We will searh for orrelations between the

Tully{Fisher residuals and other variables in the hope of understanding the observed

di�erene between the luster and the �eld spirals. As already reported, the di�erene

is signi�ant at the �1.5{2� level [f. Table 5.1, p. 93℄, so there is a hane that the

result is spurious. We will do these tests as the various variables are introdued; for

example, star formation rates will be introdued in Set. 5.5.

We will start by searhing for a dependene on position within the luster. Only

the positions projeted onto the plane of the sky are available, not the 3-dimensional

spae positions. Figure 5.7(b) shows the position of the galaxies on the plane of the sky.

The dotted line shows the region overed by the X{ray image shown in panel (a) [from

Jeltema et al. 2001℄. The X{ray ontours reveal substantial substruture. A broad peak

is entered on the D galaxy, but a stronger and narrower peak is seen about 1.2

0

west of

the D galaxy. The distribution of red galaxies on the sky seen in the HST mosai also

shows an elongation in the east{west diretion, see Fig. 4 in van Dokkum et al. (2000).

The D galaxy seems to be a reasonable origin for a projeted lusterentri distane,

but the non-spherial nature of the luster should be kept in mind. In Fig. 5.7() the

orreted B{band Tully{Fisher residuals are plotted versus the projeted distane from

the D galaxy. As expeted, no trend is found for the �eld galaxies. No trend is found

for the luster galaxies either. However, even if there was a orrelation with the physial

distane from the luster entre, suh a orrelation will be diluted by the projetion

onto the plane of the sky. Statistially, an underlying orrelation with the 3D radius

will translate into a (weaker) orrelation with the projeted radius. However, even if

the underlying orrelation has a low dispersion, a seure detetion is almost impossible

with only 7 galaxies with non-zero error bars. With the muh larger sample of high

redshift luster galaxies that will soon be available (f. Set. 6.2 on the future work),

a orrelation with lusterentri distane may well be found. Suh a detetion would

be very important, sine it would give lues to the nature of the mehanism that is

responsible for the brightening.

4

h � H

0

=(100 kms

�1

Mp

�1

)
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(a)

Figure 5.7: (a) Smoothed Chandra X{ray image of MS1054�03 (green ontours), over-

layed on an HST image. Figure reprodued from Jeltema et al. (2001). (b) The loation

of the galaxies on the plane of the sky with respet to the D galaxy (marked with a

blak star; RA = 10:56:59.96, De = �03:37:36.8). The dotted retangle shows the

area overed by panel (a). North is up and east is to the left. () Correted B{band

Tully{Fisher residuals versus projeted lusterentri distane. (Legend: see Fig. 5.1,

p. 91.)
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5.2 The H{band Tully{Fisher relation

The study from whih we adopted the loal B{band TFR, i.e. Piere & Tully (1992),

also gives a loal H{band TFR, namely

^

M

b;i

H

�0:5

= �9:50(logW

i

R

� 2:50) � 21:67 : (5.6)

As before, the tilde on the absolute H{band magnitude is our notation that the (small)

fae-on H{band extintion of 0.027mag in the Tully & Fouqu�e (1985) sheme has not

been orreted for. Our total magnitudes are orreted for this fae-on extintion, and

in terms of those magnitudes the TFR is

0:027 +M

b;i

H

�0:5

= �9:50(logW

i

R

� 2:50) � 21:67 : (5.7)

The subsript �0:5 denotes that these H{band magnitudes are not total magnitudes,

but refer to a (irular) aperture of diameter A = 10

�0:5

D

25

, where D

25

is the diameter

at the �

B

= 25mag arse

�2

isophote. This H

�0:5

system was introdued by Aaronson

et al. (1979). The Piere & Tully (1992) H{band TFR is based on H

�0:5

magnitudes

from Aaronson et al. (1982). The isophotal diameters used by these authors are essen-

tially the diameters from the RC2 (de Vauouleurs et al. 1976).

At a later point, the H

�0:5

system was realibrated by Tormen & Burstein (1995)

using isophotal diameters from the RC3 (de Vauouleurs et al. 1991). These diame-

ters are on average larger than those from the RC2, leading to the RC3{based H

�0:5

magnitudes being brighter,

H

�0:5

(RC3) �H

�0:5

(RC2) = �0:21mag : (5.8)

This is relevant sine Watanabe et al. (2001), based on new data and on literature data

(Peletier & Willner 1993; Bernstein et al. 1994), give a transformation from the RC3{

based H

�0:5

magnitudes from Tormen & Burstein (1995) to total magnitudes. This

o�set was found to depend on Hubble-type, being 0.62mag for T � 4 (i.e. until Sb)

and 0.77mag for T � 5 (i.e. from S). The distributions for the early and late-type

spirals is seen (their Fig. 4) to have substantial overlap, and the di�erene between the

two populations is hard to pik up by eye. It seems reasonable to use the approximation

H

�0:5

�H

total

= 0:7mag (5.9)

for all spiral types.

The above ingredients (Eq. 5.7, 5.8 and 5.9) and Eq. (5.3) from before give the loal

H{band TFR we will use as referene,

M

i

H

= �9:50 log V

rot

� 1:72 ; (5.10)

This relation is shown in Fig. 5.8(a) along with our data. It is seen that the �eld galaxies

are only slightly o�set with respet to the loal H{band TFR (exept for galaxy C6

whih deviates strongly). No evolution of the zero point with redshift is deteted. The

luster galaxies are on average substantially brighter than the �eld galaxies. In Fig. 5.9

the H{band residuals are ompared with those in the B{band. Panel (a) plots the

residuals versus eah other. In panel (b) the residuals are \orreted" so that the �eld

galaxies in the median have a value of zero. The �eld galaxies are thus used as the
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referene point. In this plot, the luster galaxies are seen to have a larger (or at best

omparable) brightening in the H{band than in the B{band. This is surprising sine if

the brightening is aused by a young stellar population, the brightening should be larger

in the B{band than in the H{band by a fator of �2 in magnitudes (see Set. 5.6).

The NIR data are preliminary, but sine we are doing the omparison relative to the

�eld galaxies, zero point errors in the photometry should anel out.

If the Tully{Fisher residuals instead are interpreted as a hange in rotation veloity

rather than a hange in luminosity, the lower residuals of the luster galaxies wrt. the

�eld galaxies would indiate that the luster galaxies had lower rotation veloities than

the �eld galaxies. These lower rotation veloities ould be real or ould be due to

systemati errors in the data a�eting the luster galaxies more than the �eld galaxies.

It is interesting to note that sine the log V

rot

oeÆient in the H{band TFR is larger

than that in the B{band TFR, the residuals in this senario would indeed be larger in

the H{band than in the B{band.

We will later see that the B{band Tully{Fisher residuals are anti{orrelated with

the star formation rate. This speaks strongly in favour of interpreting the negative

B{band TF residuals as due to a brightening aused by a young stellar population.

This o�ers no explanation for the H{band results.

The results from the H{band data need to be taken with perhaps more aution than

the ones for the B{band beause the H{band magnitudes are preliminary (and we do

not have aess to the �nal ones yet, nor the images) and the transformation from the

near{IR magnitudes to H is somewhat more unertain than from F814W to B. It will

be extremely important to repeat the test when the NIR data is �nally published. If

the result holds, we may need to re-think the interpretation.
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Figure 5.8: (a) High redshift luster and �eld H{band Tully{Fisher relation. The

reason this plot ontains fewer galaxies than the B{band TFR plot (Fig. 5.1, p. 91)

is that not all the galaxies have H{band data. The solid line is the loal H{band

Tully{Fisher relation from Piere & Tully (1992), see Eq. (5.10).

(b) Residuals from the loal H{band TFR versus redshift.
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Figure 5.9: (a) Tully{Fisher residuals: H{band versus B{band. (b) Residuals orreted

so that the �eld galaxies have a value of zero in the median. For the B{band data, the

apparent redshift evolution has also been taken out. (Legend: see Fig. 5.1, p. 91.)
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5.3 The veloity{size diagram

In Set. 5.1 we found evidene of a luster{�eld di�erene in the B{band Tully{Fisher

residuals, whih ould be interpreted as a di�erene in luminosity (at a �xed rotation

veloity). It is therefore interesting to see if there also is a luster{�eld di�erene in

a diagnosti diagram whih does not involve the luminosity. Suh a diagram is the

veloity{size diagram, whih is shown in Fig. 5.10(a). `Size' refers to the stellar disk,

as measured by the exponential sale length for the broad band (F814W) light, r

d;phot

.

The solid line is a loal relation. Panel (b) shows the residuals from this relation versus

redshift. We hoose to alulate the residuals, denoted �(Vel{Size), in the log r

d;phot

diretion.

First we note that there is a small di�erene between our high redshift data as

a whole and the adopted loal relation. This o�set ould well be due to systemati

di�erenes in how the measurements are made. It should also be noted that the assumed

osmology a�ets the high redshift data through the alulation of r

d;phot

in kp. In

terms of models of hierarhial struture formation, the disk sale length is expeted

to be smaller in the past due to the Hubble onstant being larger (e.g. Dalanton et al.

1997; Mo et al. 1998). The size of the e�et depends on the osmology (see Fig. 1 of Mo

et al. 1998). For our �eld galaxies, we do not �nd any signi�ant trend with redshift,

a Kendall's tau test gives P

orr:

= 69%.

We then turn to the question of whether there is a signi�ant luster{�eld di�erene

within our sample. For this omparison within our data set systemati problems should

be muh less of a worry. We test for di�erenes in the �(Vel{Size) distributions for

the luster and the �eld samples in the same way as was done for the B{band Tully{

Fisher residuals. The results from the tests are given in Table 5.4. In one of the four

tests, namely the K{S test for the whole �eld sample versus the luster sample, there is

marginal detetion of a di�erene, namely at the 91% level (`1.7�'). In the di�erene of

means test, the di�erene is only 1�. When only using �eld galaxies in the luminosity

range of the luster galaxies, no luster{�eld di�erenes are found.

Table 5.4: Veloity{size di�erenes: luster versus �eld

Variable Field sample hlusteri � h�eldi [log kp℄ P

K{S

di�: distr:

�(Vel{Size) All 0:087� 0:083 (1:0�) 91% (1:7�)

�(Vel{Size) High L 0:028� 0:098 (0:3�) 58% (0:8�)

The veloity{size diagram needs to be wathed in future studies. At the moment,

the tentative onlusion is that there are no major di�erenes between luster and �eld

galaxies in terms of the struture of the galaxies, i.e. the size of the stellar disk at a given

rotation veloity. If the luster{�eld di�erene found in the B{band Tully{Fisher plot

is interpreted as a luminosity e�et, the onlusion is that luster and �eld spirals are

struturally similar, but that the luster galaxies on average have lower mass-to-light

ratios, possibly indiative of a higher reent star formation. Furthermore, the physial

mehanism responsible for the brightening must mainly a�et the gas disk and not the

stellar disk. Interations with the intra-luster medium is one suh mehanism that is

expeted only to a�et the gas disk, while gravitational interation (galaxy{galaxy or

galaxy{luster) ould a�et both the gas disk and the stellar disk.
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Figure 5.10: (a) High redshift veloity{size diagram. r

d;phot

is the exponential disk

sale length, here in the F814W band. This plot only depends on the sizes and the

masses of the galaxies, not on their mass-to-light ratios (hene star formation rates).

Solid line: loal relation (Vogt 1995; Burstein et al. 1997; as read from Fig. 5 in Vogt

1999), log r

d;phot

= 0:95 log V

rot

� 1:55. Dashed lines: �3 sigma limits.

(b) Residuals from the loal relation.

Galaxy 1549 is o� the sale of the plots.
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5.4 Spetrosopi versus photometri sale length

Following the investigation of the sale lengths for the stars, r

d;phot

, we now turn to the

sale lengths for the gas, r

d;spe

. As desribed in Ch. 3 this quantity is output from the

2D emission line �t (Simard & Prithet 1998, 1999). No prior knowledge of the sale

length for the stars is used. This is in ontrast to most other studies at high redshift:

Vogt (1999) use r

d;spe

� 1:5r

d;phot

(iting Ryder & Dopita 1994). Ziegler et al. (2002)

do something similar (also iting Ryder & Dopita 1994), while Barden et al. (2003) use

r

d;spe

� 1:0r

d;phot

. Thus, in this study we are in the rather unique position to disuss

the spatial extend of the gas that gives rise to the observed emission lines.

In Fig. 5.11(a) we plot the gas sale length (r

d;spe

) versus the stellar sale length

(r

d;phot

). Both sale lengths are shown in kp (rather than arse), enabling a physial

omparison aross the redshift range. A lear orrelation between the two sale lengths

is seen, with a signi�ane of 99:99% for the �eld galaxies alone, and > 99:99% for

the ombined sample. This strongly suggests that the derived sale lengths from the

spetrosopy are meaningful. The result is impressive onsidering that the typial

r

d;spe

value in angular units is 0:57

00

, whih is omparable to the \seeing sale length"

of FWHM/2 � 0:5

00

. The range for r

d;spe

is 0.01{2.23

00

, and almost all the r

d;spe

values are signi�antly larger than zero when using the derived errors, see Fig. 5.11(a).

These errors assume that the spei�ed seeing has zero unertainty, whereas the seeing

atually has a small unertainty of �0.02

00

, f. Set. 2.3.12, p. 39. The lear exeption

is galaxy 1459, where no spatial extend of the emission is found. This is an AGN, f.

the disussion in Set. 5.1. This galaxy is exluded throughout the analysis.

In Fig. 5.11(a) the one-to-one orrespondene between r

d;spe

and r

d;phot

is shown

as a dotted line. This is just to guide the eye. The exat relationship between the two

sale lengths is more learly shown in panel (b) where the ratio of the two are plotted.

A range in r

d;spe

=r

d;phot

ratios is found. This range enompasses the typial value seen

in the Ryder & Dopita (1994) data of 1.5, although the median for our sample is lower

than this, namely 1.1.

Figure 5.11(b) indiates that the mean value of r

d;spe

=r

d;phot

is lower for the luster

galaxies than for the �eld galaxies. This tendeny is even more lear if only onsidering

�eld galaxies in the luminosity range of the luster galaxies, whih is shown in Fig. 5.12.

This is very interesting in the light of the result from Moss & Whittle (2000). In a

study of low redshift luster and �eld spirals these authors found that star formation

in the luster spirals was more entrally onentrated than in the �eld spirals. The

fat that we �nd hr

d;spe

=r

d;phot

i to be lower for the luster spirals than for the �eld

spirals ould indiate that the same phenomenon is ourring at high redshift. The

impliation is that the luster environment is probably a�eting the star-formation

regime in luster galaxies over a large osmi epoh (i.e. over a large redshift range).

More star-formation ours near the entre in luster galaxies. The interation of the

galaxy gas with the intra-luster medium or with other galaxies or with the luster

potential ould drive the gas towards the entre through dynamial instabilities and

thus produe more onentrated star formation.
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Figure 5.11: (a) Spetrosopi sale length (gas) versus photometri F814W sale length

(stars). (b) Same as panel (a), now just plotting the ratio of the two sale lengths.

In both panels the dotted line marks the one-to-one relation.

The AGN (1459) learly stands out.
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Figure 5.12: As Fig. 5.11, but only showing �eld galaxies that are in the luminosity

range of the luster galaxies (M

i

B

<�19:8mag).
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5.5 Star formation rates

The di�erene we have found between the luster and the �eld spirals in the B{band

Tully{Fisher diagram ould be interpreted as a relative brightening of the luster galax-

ies due to higher levels of reent star formation. A diret test of this senario is whether

estimates of the star formation rate are anti{orrelated with the B{band Tully{Fisher

residuals. For the galaxies at z & 0:5 we an do this test sine we an estimate the

SFR from the luminosity of the observed [OII℄ emission line.

In Set. 2.4 the [OII℄ equivalent widths (EWs) and luminosities were derived. This

was done for the 16 galaxies with [OII℄ observed. To illustrate the range of the values,

the [OII℄ EWs and luminosities are plotted against redshift in Fig. 5.13. Ideally, we

want the luster and the �eld samples to have similar properties, and the distributions

of [OII℄ EW and luminosity are indeed seen to overlap. A Kolmogorov{Smirnov test

�nds a hint of a di�erene between the [OII℄ EW distributions (P

K{S

di�: distr:

= 87%) while

no di�erene is found between the L

[OII℄

distributions (P

K{S

di�: distr:

= 12%).

Figure 5.13: [OII℄ EWs and luminosities versus redshift. Galaxies 1459 and 1801 are

exluded from the analysis. Galaxy A8/C01 is the new luster galaxy found by us.
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The sample of galaxies with [OII℄ observed inludes all the MS1054�03 luster

galaxies as well as the single bakground �eld galaxy. In terms of foreground �eld

galaxies, 7 galaxies (at z = 0.47{0.76) have [OII℄ observed. With one exeption (galaxy

C6/F17 at z = 0:49) these galaxies are all in the subsample of high luminosity galaxies

that has been used in previous setions. Likewise, one high luminosity galaxy (galaxy

XX4/F12 at z = 0:33) does not have [OII℄ observed. Thus, for the analysis involving

[OII℄ the luster sample ontains the same 7 spiral galaxies as before, and the �eld

sample ontains 7 spiral galaxies as well.

We are interested in estimating the star formation rates (SFRs) of the galaxies.

A good traer of the SFR is the H� luminosity (see e.g. Kenniutt 1998). Assuming

an IMF for the newly formed stars, it is possible to alulate the number of ionizing

photons (from massive stars) that give rise to emission lines from the interstellar gas.

Unfortunately, H� is not available for the high redshift galaxies in this study. It is

possible to estimate the SFR from the [OII℄ luminosity, but this is made ompliated

by its dependene on the exitation state and metalliity of the gas (see e.g. MCall

et al. 1985; Gar��a-Vargas et al. 1995a,b).

An empirial transformation from [OII℄ luminosity to the (extintion orreted)

SFR has been determined by several authors, but the transformation fator SFR/L

[OII℄

in M

�

yr

�1

=(erg s

�1

) varies onsiderably from study to study, e.g. 1�10

�41

(Gallagher

et al. 1989), 5 � 10

�41

(Kenniutt 1992) and 6:3 � 10

�41

(Barbaro & Poggianti 1997)

(see also Guzm�an et al. 1997). Moreover, Jansen et al. (2001) reently showed that the

L

[OII℄

=L

H�

ratio is a funtion of the luminosity of the galaxy. That analysis was based

on the data from the Nearby Field Galaxy Survey (NFGS, Jansen et al. 2000b,a). A

omplimentary analysis was done by Arag�on-Salamana et al. (2003b,a) using data for

the Universidad Complutense de Madrid (UCM) sample as well as the NFGS data. In

agreement with Jansen et al. (2001), L

[OII℄

=L

H�

was found to derease with inreasing

B{band luminosity. This ould be interpreted as the more massive galaxies having

higher extintion due to a higher metalliity. The L

[OII℄

=L

H�

ratio was also found to

be orrelated with the [OII℄ EW, in the sense that galaxies with large EWs had large

L

[OII℄

=L

H�

ratios. The UCM and NFGS galaxies were found not to follow idential

relations. This was attributed to a di�erene in sample seletion: the NFGS sample

is seleted in the B{band, whereas the UCM sample is seleted in H�, whih leads to

galaxies with high extintion being more underrepresented in the NFGS sample than

in the UCM sample.

Arag�on-Salamana et al. (2003a) �tted linear relations between various ombina-

tions of the parameters under study: [OII℄ luminosity (L

[OII℄

), H� luminosity (L

H�

),

extintion orreted H� luminosity (L

H�

0
), [OII℄ equivalent width (W

[OII℄

) and B{band

absolute magnitude (M

B

). Separate relations were derived for the UCM and the NFGS

samples. Here we will use relations from Arag�on-Salamana et al. (2003a) to estimate

L

H�

and more boldly L

H�

0
from L

[OII℄

and 1 or 2 extra piees of information: W

[OII℄

,

M

B

, or both. It is lear that L

H�

0
is the most interesting quantity to estimate, sine it

is diretly related to the extintion orreted SFR. It is stressed by Arag�on-Salamana

et al. (2003a) that the derived relations are only stritly valid for samples seleted in

the same way as the sample in question (UCM or NFGS), and that the relations may

not apply in idential form to high redshift galaxies. We will use the relations �tted

to the NFGS sample, sine the sample seletion of our study is losest to that of the

NFGS.
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For L

H�

Arag�on-Salamana et al. (2003a) found

log

�

L

[OII℄

L

H�

�

= �1:02 + 0:65 logW

[OII℄

MAD = 0:14 (5.11)

log

�

L

[OII℄

L

H�

�

= 1:61 + 0:09(M

B

+ 5 log h

50

) MAD = 0:14 (5.12)

log

�

L

[OII℄

L

H�

�

= 0:33 + 0:46 logW

[OII℄

+ 0:06(M

B

+ 5 log h

50

) MAD = 0:12 (5.13)

where MAD a measure of the satter in the relation

5

, h

50

is the Hubble onstant in units

of 50 km s

�1

Mp

�1

, andW

[OII℄

is de�ned to be positive. As an be seen from the MAD

numbers and perhaps more easily from the plots in Arag�on-Salamana et al. (2003b,a),

there is onsiderable (intrinsi) satter in these relations. The above equations lead to

3 estimates of L

H�

, namely

L

H�(1)

= L

[OII℄

10

1:02

(W

[OII℄

)

�0:65

(5.14)

L

H�(2)

= L

[OII℄

10

�1:61

10

�0:09(M

B

+5 log h

50

)

(5.15)

L

H�(3)

= L

[OII℄

10

�0:33

(W

[OII℄

)

�0:46

10

�0:06(M

B

+5 log h

50

)

(5.16)

These 3 estimates are plotted against eah other in Fig. 5.14. A reasonable agreement

is seen. Some satter is expeted, sine the [OII℄ EW is not perfetly orrelated with

the B{band luminosity.

Figure 5.14: The 3 estimates of the non-extintion orreted H� luminosity. Galaxy

1801 is o� the sale of the plots. (Legend: see Fig. 5.13, p. 112.)

For L

H�

0
(i.e. extintion orreted), Arag�on-Salamana et al. (2003a) found

log

�

L

[OII℄

L

H�

0

�

= �1:93 + 1:10 logW

[OII℄

MAD = 0:26 (5.17)

log

�

L

[OII℄

L

H�

0

�

= 3:05 + 0:18(M

B

+ 5 log h

50

) MAD = 0:22 (5.18)

log

�

L

[OII℄

L

H�

0

�

= 1:40 + 0:50 logW

[OII℄

+ 0:13(M

B

+ 5 log h

50

) MAD = 0:21 (5.19)

5

Here, MAD is de�ned as the mean absolute deviation from the sample median. The MAD is a

`robust' estimator of the satter, meaning that it is less sensitive to outliers (i.e. to the tails of the

parent distribution) than the rms.
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This leads to 3 estimates of the extintion orreted H� luminosity, i.e.

L

H�

0

(1)

= L

[OII℄

10

1:93

(W

[OII℄

)

�1:10

(5.20)

L

H�

0

(2)

= L

[OII℄

10

�3:05

10

�0:18(M

B

+5 log h

50

)

(5.21)

L

H�

0

(3)

= L

[OII℄

10

�1:40

(W

[OII℄

)

�0:50

10

�0:13(M

B

+5 log h

50

)

(5.22)

These 3 estimates are plotted against eah other in Fig. 5.15. Substantial satter is

seen, partiularly in panel (a), where estimate 1 (i.e. using W

[OII℄

) is ompared with

estimate 2 (i.e. using M

B

).

Figure 5.15: The 3 estimates of the extintion orreted H� luminosity. Galaxy 1801

is o� the sale of the plots. (Legend: see Fig. 5.13, p. 112.)

The 3 estimates of L

H�

and the 3 estimates of L

H�

0 are plotted against L

[OII℄

in

Fig. 5.16 (p. 116). At least some of the estimates of L

H�

0 (and hene the SFR) show

substantial satter versus L

[OII℄

. It will therefore not be redundant to plot the Tully{

Fisher residuals versus both L

[OII℄

and the L

H�

0
estimates. No plots will be made using

L

H�

.

It should be noted that if using estimate 1, whih only uses W

[OII℄

, the residuals are

orrelated with M

B

, and vie versa for estimate 2 (Arag�on-Salamana et al. 2003a).

Estimate 3 is therefore likely to be the best estimate, sine it uses both W

[OII℄

andM

B

.

The above-mentioned aveats about these relations only stritly applying to samples

similar to the NFGS sample still apply.
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Figure 5.16: (a){(): The 3 estimates of L

H�

; (d){(f): the 3 estimates of L

H�

0
.

Galaxy 1801 is o� the sale of the plots. (Legend: see Fig. 5.13, p. 112.)
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In the following we plot the residuals from the B{band Tully{Fisher relation versus

various quantities disussed above. In eah �gure, panel (a) will use the residuals

themselves (�TF

B

), while panel (b) will use the residuals orreted for the observed

evolution of the zero point with redshift (�TF

B;orr

). The quantities used on the x{axis

are

� L

[OII℄

(Fig. 5.17, p. 118)

� L

H�

0

(1)

(Fig. 5.18, p. 119)

� L

H�

0

(2)

(Fig. 5.19, p. 120)

� L

H�

0

(3)

(Fig. 5.20, p. 121)

� W

[OII℄

(Fig. 5.21, p. 122)

Note that sine the L

H�

0

(2)

and L

H�

0

(3)

estimates of the extintion orreted H� lu-

minosity depend weakly on the absolute magnitude (f. Eq. 5.15 and 5.16, p. 114), the

quantities plotted in the orresponding �gures are not ompletely independent. Note

also, that in the three L

H�

0
plots, an extra x{axis shows the SFR, obtained using the

onversion

SFR = 7:9 � 10

�42

M

�

yr

�1

=(erg s

�1

) L

H�

0
(5.23)

from Kenniutt (1998).

6

On eah panel of Fig. 5.17{5.21 results from Kendall's tau rank order orrelation

tests are given. The signi�ane of a possible orrelation is given as P

orr:

. The Kendall's

tau oeÆient is also given, and in the ase of a signi�ant orrelation, the sign of tau

indiates the diretion. Tests have been done for the full luster+�eld sample (N = 14)

as well as for the luster sample (N = 7) [galaxies 1459 and 1801 are still exluded

from the analysis℄ and for the �eld sample (N = 7). What is seen from the orrelation

tests is that the B{band Tully{Fisher residuals are (anti{)orrelated with L

[OII℄

at

�90% on�dene. Sine L

[OII℄

is related to star formation, this already hints that a

brightening due to enhaned star formation ould be what is driving the B{band Tully{

Fisher residuals. When the 3 estimates of L

H�

0
are used, the same (anti{)orrelation

in seen. When using estimate number 3, i.e. the estimate that uses both the [OII℄

equivalent width and the B{band luminosity, the orrelation is deteted at > 95%

on�dene (Fig. 5.20, p. 121). Sine the L

H�

0
estimates might be a better proxy for the

SFR than L

[OII℄

, the fat that the signi�ane using L

H�

0
is somewhat larger than when

using L

[OII℄

ould be taken as supporting the onlusion that the B{band Tully{Fisher

residuals are driven by star formation.

Could the found anti{orrelation between the B{band Tully{Fisher residuals and

the [OII℄ luminosities be due to systemati errors in the rotation veloities? For the

luster galaxies, whih are at a single redshift, galaxies with larger [OII℄ luminosities

will have larger line intensities in ADU, and hene higher S=N (although the S=N

will also depend on the spatial extend of the emission line and the photon noise from

the sky and the ontinuum). Therefore, to explain the observed anti{orrelation in this

way, the derived rotation veloities for galaxies with lower S=N should be systematially

higher (and vie versa), whih seems ounter intuitive. A stronger argument is that the

6

The merger/peuliar galaxy 1801 is o� the sale of the plots, sine otherwise the spiral galaxies

would get squeezed. The derived SFR for 1801 using the 3 di�erent L

H�

0

estimates is 15, 72 and 40

M

�

yr

�1

, respetively.
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analysis of the internal onsisteny of the rotation veloities (see Fig. 3.15, p. 73), found

no trend of the derived rotation veloity with the line intensity in ADU. Therefore,

the found anti{orrelation probably reets a physial onnetion between the Tully{

Fisher residuals in terms of a brightening and the star formation rate. No signi�ant

orrelation is found between the B{band Tully{Fisher residuals and the [OII℄ equivalent

width (Fig. 5.21, p. 122). These issues will be disussed in terms of stellar population

models in the next setion.

Figure 5.17: B{band Tully{Fisher residuals (panel a) and B{band Tully{Fisher residu-

als orreted for redshift evolution (panel b) versus [OII℄ luminosity. Correlation prob-

abilities based on Kendall's tau tests are given on the panels. (Legend: see Fig. 5.13,

p. 112.) Galaxies 1459 and 1801 are o� the sale of the plots.
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Figure 5.18: B{band Tully{Fisher residuals (panel a) and B{band Tully{Fisher resid-

uals orreted for redshift evolution (panel b) versus an estimate of the extintion

orreted H� luminosity (!SFR). This L

H�

0
estimate is based on L

[OII℄

and W

[OII℄

.

Correlation probabilities based on Kendall's tau tests are given on the panels. (Legend:

see Fig. 5.13, p. 112.) Galaxy 1459 (but not 1801) is o� the sale of the plots.
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Figure 5.19: B{band Tully{Fisher residuals (panel a) and B{band Tully{Fisher resid-

uals orreted for redshift evolution (panel b) versus an estimate of the extintion

orreted H� luminosity (!SFR). This L

H�

0
estimate is based on L

[OII℄

andM

B

. Cor-

relation probabilities based on Kendall's tau tests are given on the panels. (Legend:

see Fig. 5.13, p. 112.) Galaxies 1459 and 1801 are o� the sale of the plots.
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Figure 5.20: B{band Tully{Fisher residuals (panel a) and B{band Tully{Fisher resid-

uals orreted for redshift evolution (panel b) versus an estimate of the extintion

orreted H� luminosity (!SFR). This L

H�

0
estimate is based on L

[OII℄

, W

[OII℄

and

M

B

. Correlation probabilities based on Kendall's tau tests are given on the panels.

(Legend: see Fig. 5.13, p. 112.) Galaxies 1459 and 1801 are o� the sale of the plots.
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Figure 5.21: B{band Tully{Fisher residuals (panel a) and B{band Tully{Fisher resid-

uals orreted for redshift evolution (panel b) versus [OII℄ equivalent width. Correla-

tion probabilities based on Kendall's tau tests are given on the panels. (Legend: see

Fig. 5.13, p. 112.) Galaxy 1459 (but not 1801) is o� the sale of the plots.
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5.6 Stellar population models

We will analyse the �ndings from the previous setion using the stellar population

models from P�erez-Gonz�alez et al. (2003). These model galaxies onsist of 3 ompo-

nents: an underlying (stati) population, a young (or burst) population that goes o�

at t = 0, and the gas whih gives rise to emission lines after being photoionised by the

young stars. The total mass of the galaxy has been normalised to 1M

�

, of whih a

fration b is in the burst population (the mass of the gas is negleted). The properties

of the underlying population (e.g., mass-to-light ratios, olours, H� equivalent width)

are �xed to typial values for a given galaxy type. Seven types are available: E, S0,

Sa, Sb, S, Irr and BCD. The properties of the young population is alulated using

evolutionary synthesis models, and the ontributions from the strongest emission lines

are alulated based on the predited number of Lyman photons.

The models have a number of parameters, some of whih are hoies between di�er-

ent \reipes" (e.g. for the evolutionary synthesis), and some of whih are more physial

parameters (e.g. metalliity of the stars formed in the burst). We will �x the following

parameters: Bruzual & Chalot (1999) [private omm. with P�erez-Gonz�alez et al.℄ evolu-

tionary synthesis; instantaneous burst; Salpeter (1955) IMF; zero extintion; and solar

metalliity for the newly formed stars. This leaves the burst strength b as the only free

parameter. The various quantities predited by the models (e.g. B{band luminosity or

H� equivalent width) an then be plotted versus time or versus eah other.

The model tables were kindly provided by Pablo G. P�erez Gonz�alez. Model pre-

ditions are available for 4 photometri bands: B, r, J and K. No preditions are

made for H, but sine the rest-frame (H �K) olour has a narrow range (0.28{0.36

for the 5 SEDs used in this work, f. Set. 4.2, p. 79) we approximate H as K + 0:3.

No preditions are made for the [OII℄ emission line. H� equivalent widths were tabu-

lated, but not H� luminosities. However, sine the e�etive wavelength of the r{band

pratially oinides with H�, the ontinuum luminosity at H� an be alulated from

the tabulated absolute magnitudes of the underlying and the young population. The

r{band zero point was taken from Fukugita et al. (1995). The H� luminosity an then

be alulated from the equivalent width.

We want to use the models to analyse the observations. The main observables are

the Tully{Fisher residuals. We will assume they reet a hange in absolute magnitude

at a �xed rotation veloity (�dynamial mass), rather than a hange in rotation veloity

at �xed absolute magnitude. In using the models the hypothesis will be that negative

Tully{Fisher residuals (indiating a brightening) are aused by a burst of some strength

b ourring some time t prior to the observations. Consequently, the model parame-

ter orresponding to the Tully{Fisher residuals is �M

B

� M

B;total

�M

B;underl

, and

similarly for the H{band. Sine �M

B

is a di�erene of magnitudes (whih is related

to a ratio of luminosities), it does not depend on the mass of the model galaxy. The

predited H� equivalent width also does not depend of the mass of the model. However,

the predited H� luminosity does depend on the mass; spei�ally, L

H�

sales linearly

with the assumed stellar mass.

Model preditions as funtion of time are shown in Fig. 5.22. An underlying pop-

ulation of type S has been used. The plots for Sb and Irr look very similar. Five

values of b are plotted, from 0.1% to 10%. Panel (a) shows the the hange in B{band

absolute magnitude, �M

B

, while panel (b) shows �M

H

. It is seen that the burst has

a large impat on the broad band luminosities, and substantially more at B than at H.
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As expeted, the stronger the burst or the shorter the time sine the burst, the larger

the brightening. The range of B{band Tully{Fisher residuals seen for the high redshift

luster galaxies with respet to the high redshift �eld galaxies, �0{3mag is spanned

by the models. Panel () and (d) show the H� equivalent width and luminosity. The

e�et of the burst on these two quantities is very dramati indeed. The time sale is

substantially smaller than for the broad band luminosities. It is seen that for a given

mass the burst strength b is roughly proportional to the H� luminosity and hene to

the star formation rate an observer would infer. It is also seen that the H� equivalent

width does not depend strongly on the burst strength (�SFR at a given mass) | the

EW mainly measures the time sine the burst. These properties ould explain why

a orrelation is seen between the B{band Tully{Fisher residuals and the inferred H�

luminosities while no signi�ant orrelation is found between the B{band Tully{Fisher

residuals and the [OII℄ EWs. In other words, the strong age dependene of the EWs

ould mask the underlying trend between B{band brightening and SFR. It should be

noted that our [OII℄ EWs might not behave ompletely like the H� EWs and that

our estimated H� luminosities might not be perfet. It should also be noted that the

instantaneous burst model may be inorret; however, our urrent observations do not

allow us to onstrain the star formation history in any detail.

Figure 5.22: Preditions from the P�erez-Gonz�alez et al. (2003) models onsisting of an

underlying \S" population with an instantaneous burst superimposed. The mass of

the model galaxy is 1M

�

, of whih a fration b is in the burst. Five models of varying

burst strength b are shown. (a) Change in B{band magnitude with respet to the

underlying population; (b) Same for the H{band; () log(EW H�); (d) log(L

H�

).
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Finally we investigate what brightening is predited in the H{band relative to that

in the B{band. This is shown in Fig. 5.23. The predited H{band brightening is

always smaller than the predited B{band brightening. This is at variane with the

observations whih found the H{band brightening to be omparable to or slightly larger

than the B{band brightening. This is obviously a very important ause for onern,

but we stress that the H{band magnitudes are based on preliminary data and that

they are not as reliable as the B{band magnitudes.

Figure 5.23: H{band brightening ompared with B{band brightening for the S+burst

model shown in Fig. 5.22. In panel (a) the blak dashed diagonal line marks the one-

to-one relation (i.e., the brightening being the same in B as in H).
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The main observational results have been presented in this hapter. The next hapter

summarises these results and the onlusions. Following this a number of future projets

are outlined.



Chapter 6

Conlusions and future work

6.1 Summary and onlusions

We have observed high redshift luster and �eld spirals galaxies using the FORS2 spe-

trograph at the VLT. The rih luster MS1054�03 at z = 0:83 was targeted. Spiral

galaxies were seleted partly from the atalogue of known luster members from van

Dokkum (1999), and partly from the available HST images. From the obtained optial

spetra of spatially resolved emission lines (e.g. [OII℄, H� and [OIII℄), the projeted

rotation veloities V

rot

sin i were derived by �tting 2D model spetra to the data us-

ing the method of Simard & Prithet (1998, 1999). The �ts also give the exponential

sale length for the line emitting gas, r

d;spe

. For galaxies with several emission lines

observed, the derived values of V

rot

sin i and r

d;spe

generally agreeded within the om-

puted errors. Fits were done for 30 spiral galaxies with the slit along the major axis.

Two galaxies were rejeted due to the intensity pro�les in the spetra being more ex-

tended than the exponential pro�le assumed in the model, and one galaxy was rejeted

due to peuliar kinematis. The remaining 27 spirals galaxies onsisted of 8 MS1054�03

luster members (z � 0:83) and 19 �eld galaxies at z = 0.15{0.90. For 15 of these spiral

galaxies (at z & 0:5), the [OII℄ equivalent width and line luminosity were measured.

From the HST WFPC2 images total magnitudes in the F606W and F814W �lters were

determined, and rest-frame B{band magnitudes were alulated using SEDs for loal

galaxies. The HST images were also used to perform bulge/disk deomposition of the

galaxies using the methods of Simard et al. (2002), yielding the line-of-sight inlina-

tion of the galaxies and the exponential sale length for the broad band stellar light,

r

d;phot

. For the [OII℄ subsample rest-frame H{band magnitudes were estimated using

preliminary NIR ground based magnitudes.

From the analysis of the data, the following was found.

� In the B{band Tully{Fisher plot of log rotation veloity versus absolute B{band

magnitude, most of the galaxies in the sample were on the high luminosity / low

veloity side of the loal Tully{Fisher relation (TFR) from Piere & Tully (1992).

Only a single galaxy (A/F03 at z = 0:22) had to be exluded from the analysis

solely beause it deviated from the rest of the galaxies. A galaxy that hosted an

AGN was exluded on that aount.

� The residuals in absolute magnitude from the loal B{band TFR, �TF, were

plotted versus redshift. At 93% signi�ane �TF dereased with redshift for

the �eld galaxies. A linear hi-square �t onstrained to have zero interept gave

127
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�TF

B

= (�0:9� 0:3)z. If the Tully{Fisher residuals are interpreted as a hange

in luminosity at a �xed veloity rather than vie versa, this �t indiate that the

high z �eld spirals are brighter than the low z ones. There are a number of

aveats to this simple interpretation, inluding the dependene on osmology and

the possibility of a hanging TF slope with redshift (for whih Ziegler et al. 2002

found some evidene).

� Statistial tests were arried out to investigate a possible di�erene in the Tully{

Fisher residuals between the luster spirals and the �eld spirals. The mean value

of the TF residuals was found to be �1mag more negative for the luster galaxies

ompared to the �eld galaxies at 1.5{2� signi�ane. If the TF residuals are

interpreted as a luminosity hange, this means that the luster spirals in the

sample on average are �1mag brighter in B than the �eld spirals. The exat

brightening and signi�ane depend on what �eld sample is used for referene,

and whether the apparent redshift evolution of the TF zero-point for the �eld

sample is taken out. It should be noted that this omparison is done within our

data set, making possible systemati errors in e.g. the rotation veloities anel

out to some extent.

In this interpretation of the luster{�eld di�erene, the inrement in luminosity

ould be the result of enhaned star formation in spiral galaxies falling onto the

luster.

It should be noted that the statements in this work about a luster{�eld di�erene

applies to those spirals that have emission lines with a ertain minimum ux

allowing the rotation veloities to be measured. This in turn implies that star

formation at some level has to be on-going and that dust is not attenuating the

emission lines ompletely.

No other studies of the Tully{Fisher relation for luster galaxies at this redshift

have been reported in the literature. Two studies at somewhat lower redshift,

z = 0.3{0.5, based on a omparable small number of luster galaxies, have not

found the luster{�eld di�erene that we �nd some evidene of. The larger look-

bak-time of our study ould be the reason that we �nd some evidene for a

luster{�eld di�erene.

� No orrelation was found between the B{band Tully{Fisher residuals and the

ratio of the gas sale length (r

d;spe

) to star sale length (r

d;phot

). This was

taken as sign that the derived rotation veloities were not biased downwards by

a possible trunation of the gas disk. As another safety hek, the TF residuals

were found not to orrelate signi�antly with inlination.

� The �eld galaxies were ompared to the samples of high redshift �eld galaxies from

Ziegler et al. (2002) and Barden et al. (2003). The Ziegler et al. sample was found

to be brighter than our sample at a �xed rotation veloity. However, the di�erene

was not signi�ant when only onsidering galaxies in the luminosity range of our

luster galaxies. The Barden et al. sample was also found to be brighter than our

sample at a �xed rotation veloity. This di�erene was signi�ant at the 2� level

(this would derease somewhat when taking into aount a possible error in the

Galati extintion orretion applied by Barden et al.). The (small) di�erenes

seen between the various studies ould be due to systemati di�erenes in the
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determined rotation veloities. It would be highly valuable to apply the various

methods to the same data to quantify suh systemati di�erenes.

For the one galaxy in ommon between us and Barden et al. their rotation veloity

is lower than ours, but the di�erene is within the quoted errors, with their error

being substantially larger than ours.

� The B{band Tully{Fisher residuals were plotted versus lusterentri distane.

No orrelation was found for the luster galaxies. No orrelation was found for

the �eld galaxies, as expeted. Due to measurement errors and the dilution of a

possible signal by projetion e�ets, larger samples will be needed to test if the

Tully{Fisher residuals for the luster galaxies are orrelated with lusterentri

distane or projeted density. Suh studies ould potentially give lues to the

physial mehanism responsible for the brightening of some of the luster spirals

that we may be seeing.

� Using the preliminary H{band magnitudes for the subset of galaxies with these

magnitudes available, the H{band Tully{Fisher relation was studied. A luster{

�eld di�erene slightly larger than what was seen in the B{band was found. This

is not what is expeted from the instantaneous burst models of P�erez-Gonz�alez

et al. (2003). Taken alone and at fae value, the B versus H{band results point

to the Tully{Fisher residuals being driven by di�erenes in veloities at a �xed

luminosity rather than the opposite. The results from the H{band data need

to be taken with perhaps more aution than the ones for the B{band beause

the H{band magnitudes are preliminary (and we do not have aess to the �nal

ones yet, nor the images) and the transformation from the near{IR magnitudes

to H is somewhat more unertain than from F814W to B. It will be extremely

important to repeat the test when the NIR data is �nally published. If the result

holds, we may need to re-think the interpretation.

� The veloity{size diagram was studied, where `size' refers to the stellar disk.

Only one out of four statistial tests showed a hint of a luster{�eld di�erene.

The tentative onlusion is that there are no major di�erenes between luster

and �eld galaxies in terms of the struture of the galaxies, i.e. the size of the

stellar disk at a given rotation veloity (�mass). If the luster{�eld di�erene

found in the B{band Tully{Fisher plot is interpreted as a luminosity e�et, the

onlusion is that luster and �eld spirals in our sample are struturally similar,

but that the luster galaxies on average have lower mass-to-light ratios, possibly

indiative of a higher reent star formation. Furthermore, the physial mehanism

responsible for the brightening must mainly a�et the gas disk and not the stellar

disk. Interations with the intra-luster medium is one suh mehanism that is

expeted only to a�et the gas disk, while gravitational interation (galaxy{galaxy

or galaxy{luster) ould a�et both the gas disk and the stellar disk.

� The gas sale lengths derived from the spetra independently from the stellar sale

length derived from the broad band images put us in the rather unique position

to disuss the spatial extend of the gas that gives rise to the observed emission

lines. The two sale lengths, r

d;spe

and r

d;phot

, are found to be highly orrelated

(at >99:99% signi�ane), strongly suggesting that the derived gas sale lengths

are meaningful. The ratio of the two sale lengths, r

d;spe

=r

d;phot

, is found to
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take on value ompatible with what is seen loally (Ryder & Dopita 1994). The

median value in our sample is 1.1. The mean value for the luster galaxies is

found to be lower than the mean value for the �eld galaxies, partiularly so when

only onsidering �eld galaxies in the luminosity range of the luster galaxies.

This ould be interpreted as indiating that the star formation is more entrally

onentrated in the luster galaxies than in the �eld galaxies in the sample, a

phenomenon found loally by Moss & Whittle (2000). The impliation is that

the luster environment probably is a�eting the star-formation regime in luster

galaxies over a large osmi epoh (i.e. over a large redshift range). Within

individual galaxies, more star-formation ours near the entre of the galaxies in

luster galaxies. This phenomenon ould be explained by the interation of the

galaxy gas with the intra-luster medium or with other galaxies or with the luster

potential, all of whih ould drive the gas towards the entre through dynamial

instabilities and thus produe more onentrated star formation.

� The hypothesis of a brightening of the luster spirals being due to enhaned levels

of star formation was tested diretly by using the observed [OII℄ luminosities. The

[OII℄ luminosity is orrelated with the star formation rate (SFR), although there

is also a dependene on the exitation state and metalliity of the gas. The

B{band Tully{Fisher residuals were found to be anti{orrelated with the [OII℄

luminosities, as expeted from the above-mentioned hypothesis. Furthermore,

estimates of the extintion orreted H� luminosity, whih is a better indiator

of the SFR, were derived using empirial relations from Arag�on-Salamana et al.

(2003a). The B{band Tully{Fisher residuals were found to be anti{orrelated

with these estimated extintion orreted H� luminosities at >95% on�dene,

strengthening the ase for explaining the B{band Tully{Fisher residuals as due

to the enhaned star formation in the luster spirals. We �nd no indiations that

this results ould be due to the varying signal-to-noise of the observations.

� No signi�ant orrelation was found between the B{band Tully{Fisher residuals

and the [OII℄ equivalent widths (EWs). In the light of the instantaneous burst

models of P�erez-Gonz�alez et al. (2003), the explanation ould be that the EW

mainly measures the time sine the burst and only to a lesser extend the strength

of the burst (�the SFR at a given mass).

Overall, we see tantalizing evidene of a luster{�eld di�erene in the sample of high

redshift spirals for whih rotation veloities an be measured from optial emission lines.

Most indiators favour an explanation in terms of a brightening due to enhaned star

formation. However, the H{band Tully{Fisher results (based on preliminary data) is

the `odd one out' favouring an explanation in terms of di�erenes in veloities (real or

due to errors).

A brightening of the luster spirals is onsistent with the idea that spiral galaxies

falling into lusters undergo a burst of star formation before star formation is trunated

and the morphology subsequently hanged to S0. The later stages of this transformation

is the subjet of future work, whih is desribed in the following setion.
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6.2 Future work

The urrent study has yielded interesting but somewhat tentative results due to the

small sample of just 7 high redshift luster spirals. We are urrently in the proess

of inreasing the number of high z luster spirals with measured rotation veloities by

more than an order of magnitude. The sample will also over a range of redshifts and

luster properties. We are furthermore pursuing omplementary avenues to investigate

the possible transformation of high z spirals to low z S0s in lusters. These studies

inlude both the putative end produt, i.e. the low z S0s, and the possible intermediate

stage of the proess, i.e. the k+a galaxies at intermediate z with spiral morphologies.

These di�erent projets will be desribed below.

6.2.1 Cluster spirals at z = 0.2{0.6 with the VLT and Subaru

We have been suessful in getting time on the VLT

1

and on Subaru

2

to study a

further set of 8 lusters at z = 0.2{0.6. All lusters have extensive HST imaging

available and other data from the literature (e.g. redshifts and NIR imaging). The

lusters are moderately to very rih, as judged e.g. by the veloity dispersions, see the

data in Table 6.1. The lusters were X{ray seleted or optially seleted as galaxy

overdensities. The hosen redshift range was seleted to get an evolutionary sequene,

whih is important.

The VLT observations (Sep 2002) were similar to those desribed in this work,

exept a more eÆient grism (600RI) was used along with a new CCD system giving a

wider wavelength overage (�5000{8400

�

A). As in this study, the slits were 1

00

wide and

aligned with the major axes of the galaxies. The seeing was in the range 0.7{1.1

00

. Thus,

the spatial resolution in physial units is better than for the data used in this work. At

Subaru similar observations were seured in Aug 2002 using the FOCAS spetrograph.

The main di�erene was that the slits were only 0.6

00

wide. This was done to get a

reasonable spetral resolution with the 300B grism, namely R � 700 (overing �4700{

9400

�

A), but it was a wonderful math to the very good seeing of typially 0.5

00

. Seeing

values down to 0.3

00

were observed for several hours. The exellent spatial resolution of

the Subaru data will allow the validity of the various intrinsi rotation urves used in

the analysis (urrently at or `universal') to be tested.

The lusters observed and the number of masks used are listed in Table 6.1. For

the luster MS2053�04 (z = 0:56) some galaxies were observed both with the VLT

and with Subaru, whih will enable important onsisteny heks. It should also be

noted B�ohm, Ziegler, J�ager, et al., who have published a onferene paper on the Tully{

Fisher relation for luster spirals in two lusters at z = 0.3{0.5 (Ziegler et al. 2003),

are working on a paper that will inlude 5 more luster at z = 0.3{0.6 (B�ohm, private

ommuniation). One of these lusters is CL0016+16 (z = 0:54) whih we have also

observed. This will enable further onsisteny heks.

The redution of the VLT data is well underway, arried out by Steven Bamford

in Nottingham, who will lead the analysis of that data set. Our VLT and Subaru

data will inrease the number of luster spirals with rotation veloities by an order of

magnitude ompared to the sample in this thesis. A similarly large �eld sample will

1

Investigators: B Milvang-Jensen, A Arag�on-Salamana, G Hau, I J�rgensen, J Hjorth

2

Investigators: N Arimoto, A Arag�on-Salamana, B Milvang-Jensen, C Ikuta, Y Yamada, M On-

odera
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Table 6.1: Clusters observed with the VLT and Subaru

Name z N

masks

N

masks

� kT L

x

VLT Subaru [kms

�1

℄ [keV℄ [10

44

erg s

�1

℄

MS0440+02 0.19 3 { 606 5.3 7.4

A2390 0.23 { 2 1093 11.1 63.5

AC114 0.31 2 { 1649 9.8 38.1

A370 0.37 2 { 1340 7.1 20.8

MS1621+26 0.43 { 2 793 { 8.2

CL0016+16 0.54 { 2 1234 8.0 28.1

CL0054�27 0.56 2 { <742 { {

MS2053�04 0.58 2 1 817 8.1 7.9

MS1054�03 0.83 2 { 1170 12.3 19.9

Note: Veloity dispersions and X{ray temperatures and luminosities have been taken

from the ompilations of Hoekstra et al. (2002), Girardi & Mezzetti (2001) and Wu

et al. (1999) for MS2053�04, CL0054�27 and the rest of the lusters, respetively.

Please see the these referenes for the original referenes.

All lusters observed 2002, exept MS1054�03 (this work) whih was observed 2001.

also be available. This will allow the study of luster-to-luster variations and trends

with luster redshift. More subtle e�ets an be studied by staking several lusters.

6.2.2 The EDisCS projet: luster galaxies at z = 0.5{0.8

A di�erent approah to the above in seleting distant lusters was used in the Las Cam-

panas Distant Cluster Survey (Gonzalez et al. 2001; see also Gonzalez et al. 2002). In

this survey, a large region of the sky was imaged in a single very wide optial passband.

Resolved objets (low redshift galaxies and foreground stars) were removed, and high

redshift lusters were identi�ed as overdensities of the remaining di�use light due to

unresolved high redshift objets. Twenty lusters from this survey is urrently being

studied by the ESO Distant Cluster Survey (EDisCS), a large international ollabo-

ration headed by Simon White

3

. EDisCS is a so-alled ESO large programme, whih

means it has been awarded a large amount of telesope time (22 nights on the NTT

and 36 nights on the VLT) over a two year period of time. This projet is in many

ways a superset of our own spiral{foused high z luster projet. The EDisCS aims to

study high redshift luster galaxies of all types, and that both in terms of kinematis

(rotation veloities or veloity dispersions), stellar population properties (e.g. olours

and emission and absorption line strengths) to infer star formation and hemial en-

rihment histories, and morphologies (e.g. via bulge/disk deomposition). Photometri

redshifts were used to target the luster population in the spetrosopi observations,

but a large sample of �eld galaxies was nevertheless observed simultaneously with the

luster sample and thus forming an ideal referene sample. Finally, the observations

will be ompared diretly to the high resolution N{body simulations / semi-analytial

3

The full ollaboration onsists of: A Arag�on-Salamana, R Bender, P Best, M Bremer, S Charlot,

D Clowe, J Dalanton, M Dantel, G De Luia, V Desai, B Fort, C Halliday, P Jablonka, G Kau�mann,

Y Mellier, B Milvang-Jensen, R Pell�o, B Poggianti, S Poirier, H R�ottgering, G Rudnik, R Saglia,

P Shneider, L Simard, S White, D Zaritsky
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models that are being run by members of the ollaboration.

Ten lusters at z � 0:5 and ten lusters at z � 0:8 were seleted from the Las

Campanas Distant Cluster Survey. The �rst phase of EDisCS was multi-band optial

and NIR imaging of the lusters using 14 VLT nights and 22 NTT nights. The seeing

was good, typially 0.6

00

in the optial and 0.7

00

in the NIR. Photometri redshifts were

alulated and used for the target seletion for the seond spetrosopi phase. The

target seletion was onservative, i.e. it aimed at rejeting very few luster members,

at the expense of a substantial �eld ontamination, whih turned out to be just under

50%. No morphologial information was used in the target seletion. The spetrosopi

observations were done in the spring of 2002 and 2003. In 2002 the projet had 8 usable

nights with good seeing, �0.8

00

. The setup was as for the data in this thesis. In 2003

the projet had 11 nights, all usable, with exellent seeing, �0.6{0.7

00

(and down to

0.4

00

). The setup was as for our own reent VLT spetrosopy.

Reently, the EDisCS team was suessful in being awarded HST time to image the

ten high redshift lusters with the ACS amera. An area of 5

0

� 5

0

will be overed by

a tile of 4 pointings. These lusters are mostly at z = 0.7{0.8, although the redshifts

extend down to 0.54. The observations are on-going at the moment and the �rst redued

image has just been produed. The HST data will be a fantasti asset for an already

impressive data set.

The 2002 spetrosopi data has been redued to the point of having wavelength

alibrated sky-subtrated 2D spetra available for eah slit. The data are thus ready to

be subjeted to the 2D emission line �tting (f. Ch. 3). The �tting an in priniple be

started right away, although it might be preferable to wait briey for the HST{based

inlinations to be available for the high redshift lusters. The inlinations are needed

to onstrut the syntheti spetra and have a non-negligible e�et when the size of the

slit is omparable to the size of the galaxy. The 2002 data set inludes 5 lusters for

whih 3 spetrosopi masks were observed. Typially eah mask gave 22 usable galaxy

spetra of whih 13 were luster members. These 5 lusters are at z = 0.54, 0.70, 0.70,

0.75 and 0.80 and will all have HST imaging. This subset of the EDisCS data alone

will provide a major improvement at z � 0:7 for Tully{Fisher studies in lusters and

in the �eld for that matter.

A range in luster rihness is found in the EDisCS sample. The 4 z = 0.7{0.8 lusters

with spetrosopy from 2002 have veloity dispersions in the range 450{1050 km s

�1

, i.e.

generally smaller than for the lusters disussed in the previous setion. Coupled with

the di�erent luster seletion method, the EDisCS sample will ontribute important

knowledge about galaxy evolution in lusters that are not neessarily relaxed systems

with a very luminous and hot X{ray intra-luster gas.

6.2.3 The Tully{Fisher relation of low redshift S0 galaxies

If the piture of the morphologial transformation of spirals into S0s is orret, then

signs of their spiral origin should be present in S0s a low redshift. One way of studying

this is to examine the Tully{Fisher plot for S0s. This is hallenging sine the rotation

veloities have to be determined from the absorption lines, whih require long inte-

gration times to get an adequate S=N . The analysis of the spetra is ompliated by

the ontribution from random motions to the line-of-sight veloity distribution (the

so-alled asymmetri drift, Binney & Tremaine 1987).

Previous attempts at studying the Tully{Fisher plot for S0s have reahed rather
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di�erent onlusions, see Fig. 6.1. Neistein et al. (1999) found very little indiation

of any sort of TFR in their data, while Mathieu et al. (2002), using a sophistiated

analysis tehnique, did �nd evidene of a muh tighter TFR. The di�erene ould be

due to the less sophistiated analysis of the poorer arhival data of Neistein et al., or

it ould be due to sample di�erenes. Both samples were a heterogeneous olletion of

�eld, group and luster S0s.

Figure 6.1: The existing attempts at de�ning a Tully{Fisher relation for S0 galaxies.

The error bars show the data from Neistein et al. (1999) while the triangles are from

Mathieu et al. (2002). The line shows the spiral galaxy Tully{Fisher relation.

This �gure is from our proposal.

For some of the S0 galaxies shown in the Tully{Fisher plot luminosity weighted

mean ages have been determined by Terlevih & Forbes (2002) using line indies from

a variety of literature soures. In Fig. 6.2 the Tully{Fisher residuals are plotted versus

age, and a trend is seen in whih the largest fading from the TFR is found for the

oldest ages. This makes sense in a piture of spiral to S0 transformation in whih a

burst ours at the time of the transformation | the luminosity weighted mean age

will roughly measure the time sine this burst, and galaxies for whih the burst took

plae a long time ago will have had a longer time to fade. This trend with age ould

also imply that some of the satter seen in the Neistein et al. data ould be due to age

variations.

The heterogeneous nature of the urrently available samples, data and analyses

prevents any solid onlusions from being reahed. On this bakground we proposed

to obtain high S=N VLT spetra of a well de�ned magnitude limited sample of 11 S0s

in the Fornax luster

4

, a sample for whih already derived ages (Kuntshner & Davies

1998; Kuntshner 2000) showed a large range. The proposal was aepted, and the

observations were arried out in servie mode in the period Ot 2002 { Mar 2003. The

data has just arrived. ESO was able to observe 9 of the 11 galaxies in the sample. A

new postdo in Nottingham will lead the work on these data.

4

Investigators: B Milvang-Jensen, A Arag�on-Salamana, M Merri�eld, R Peletier, K Kuijken
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Figure 6.2: The departure in luminosity from the spiral galaxy Tully{Fisher relation as

a funtion of galaxy age (as estimated from line strength indies) for the few galaxies

in Fig. 6.1 for whih the data exists. The line shows the fading of a single burst of

stars as a funtion of time, as alulated from Worthey's (1994) population synthesis

models. This �gure is also from our proposal.

6.2.4 The intermediate phase: k+a galaxies

Our group is also planning to study the transition phase of the possible spiral to S0

transformation. In an ESO proposal just submitted

5

we propose to obtain integral �eld

spetrosopy of 6 k+a galaxies in lusters at z = 0:31, the likely epoh to `ath the

galaxies in the at' of transforming, so to speak. The VIMOS spetrograph will be

used, with 0.33

00

pixels and with a required servie mode seeing of �0.6

00

. Sine the `k'

and `a' populations have di�erent spetral signatures it will be possible to study the dy-

namis and stellar populations of these two populations separately. This will shed light

on the responsible transformation mehanisms. For instane, if ram-pressure removes

the halo gas while ompressing/disturbing the disk gas and induing star-formation,

we expet the young stars to be distributed over the galaxy disk, but with inreased

entral onentration sine disk instabilities would drive the gas towards the entre. On

the other hand, a merger would lead to a more haoti spatial distribution of the young

stars. The dynamis will also help to identify the transformation mehanisms. A strong

rotational omponent in the dynamis of the galaxy would suggest an environmental

ause (suh as ram-pressure), whih does not partiularly disturb the stellar disk. Al-

ternatively, a merger is naturally expeted to produe a galaxy supported mainly by

random motions. Moreover, omparing the dynamis for the young and the old popula-

tions will provide an additional test. For a mehanism suh as ram-pressure one would

expet the dynamis for both young and old populations to be reasonably similar, al-

though a slightly higher rotation would be expeted for the young stars, sine random

motions would have had less time to develop than for the old stars. On the ontrary,

the young population will have a greater random omponent (i.e. lower rotation) in the

post-merger ase.

5

Investigators: S Bamford, A Arag�on-Salamana, B Milvang-Jensen, M Merri�eld
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6.2.5 H� observations of the MS1054�03 galaxies with Subaru

We have just submitted a proposal

6

to observe H� for the 7 MS1054�03 luster spirals

and the 7 high redshift �eld spirals studied in this thesis. The purpose is to derive star

formation rates diretly from H�, yielding muh less unertain SFR estimates than

when using [OII℄. These H� data will allow the suggestive trend seen in this work

between the Tully{Fisher residuals and our [OII℄{based SFRs to be lari�ed.

We hope that with this programme of omplementary studies we will be able to �rmly

pin down the evolution of spiral galaxies in lusters and to de�nitely test the hypothesis

that a wholesale spiral to S0 morphologial transformation has taken plae.

6

Investigators: A Arag�on-Salamana, N Arimoto, C Ikuta, S Bamford, B Milvang-Jensen
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Appendix A

Cosmi ray event removal

The 14 siene frames were trimmed and bias subtrated. The next step was to deal

with the pixels a�eted by osmi ray events (hereafter osmis). Cosmis in the data

are illustrated in the �rst olumn of Fig. A.1. (The other olumns of that �gure will

be referred to later.) First methods that identify osmis in a single frame based on

the appearane of the osmis were tried. These methods (inluding figaro.blean)

did not provide a satisfatory result.

The alternative is to use a method that utilises the fat that multiple frames of

the same �eld are available, here 7 frames per spetrosopi mask. The task of suh

a method is to provide an estimate of the entral loation (think \mean value") and

sale (\dispersion")

1

, and then use these estimates to ag values that deviate from the

entral loation by more than a spei�ed fator times the sale. The estimates should

of ourse not be a�eted by the features that are to be agged, here the osmis. The

estimate of the entral loation is easy: the median will provide a good estimate even

in the presene of a few outliers. The estimate of the sale is the triky part. For

these data a CCD noise model (photon noise plus read-out noise) will not do, �rst and

foremost beause the omnipresent sky lines vary in intensity to suh an extend that

the atual sale is larger than the one predited by the CCD noise model by fators of

up to 20 or more! Other fators that an inrease the sale wrt. what the CCD noise

model predits: instrument exure ausing the features to move slightly in the spetral

and/or spatial diretion from frame to frame, and hanging seeing. For the FORS2

data the e�et of exure is small, as will be demonstrated later. The alternative to the

CCD noise model is to estimate the sale from the individual data values somehow. A

method ould be some variation of iterative sigma lipping. This is not implemented in

the standard ombine/imombine IRAF task, so we thought it was not available within

IRAF. We later learned that it atually is available in the form of the task gombine

(Zhang 1995) from the STSDAS pakage, using the rsiglip (\robust sigma lipping")

algorithm. How well it would work on these data has not been tested.

Sine we did not know of any programme that would satisfatorily identify the

osmis in the data at hand, a new method was developed. identify the osmis in the

data at hand, I deided to develop my own method. The basi idea was to estimate the

sale from the lowest 5 of the 7 data values at eah pixel. The number 5 was hosen

sine it is very unlikely that a given pixel will be a�eted by a osmi in more that 2 of

the 7 input frames. Sine these lowest 5 values should be virtually free from osmis,

1

Using the terminology of Beers et al. (1990)
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Example 1 (from mask 1; from top to bottom frame 1{7 is shown):

Original image Relative residual image Cosmi mask Cleaned image

(disp. uts: 0{750ADU) (disp. uts: 0{15) (disp. uts: 0{1) (disp. uts: 0{750ADU)

Example 2 (from mask 2; from top to bottom frame 1{7 is shown):

Original image Relative residual image Cosmi mask Cleaned image

(disp. uts: 15{70ADU) (disp. uts: 1{5) (disp. uts: 0{1) (disp. uts: 15{70ADU)

Figure A.1: Illustration of osmis in the siene frames. Wavelength is along the x-

axis.

Example 1 (top half of the �gure): The image setion ontains parts of two spetra: In

the top spetrum sky lines at 7243,7277

�

A are seen, and in the bottom spetrum the

very strong 6300,6363

�

A sky lines and a referene star spetrum are seen. Note how the

intensity of the sky lines vary with time.

Example 2 (bottom half of the �gure): The image setion ontains the [OII℄ line for

galaxy 1896 at z = 0:82.
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a simple \non-robust" statisti suh as the standard deviation (aka. the rms) ould be

used to estimate the sale. The sorted pixel values (lowest, 2nd lowest, . . . , highest)

is illustrated in Fig. A.2. It turned out that the fration of pixels in a single image

that were a�eted by osmis was � 0.002 (orresponding to � 8000 pixels). From

this value the expeted fration of pixels to be hit by osmis in any 2 of the 7 images

is 0:002

2

� Binomial(7; 2) = 8:4 � 10

�5

, orresponding to 350 pixels, and the fration of

pixels to be hit by osmis in any 3 of the 7 images is 0:002

3

�Binomial(7; 3) = 2:8 �10

�7

,

orresponding to just 1 pixel.

Example 1 Example 2

Figure A.2: Illustration of the sorted pixel values for the two examples (f. Fig. A.1.

From top to bottom: the sorted pixel values of the 7 input images, with the highest

values on top. Note how the lowest 5 levels are free from osmis.

The problem was studied using simulations. Realisations of pixel values were reated

using

x

i

= x

true

+ �

CCD;true

�X

gauss

; i = 1; : : : ; 7; �

CCD;true

=

r

x

true

gain

+ RON

2

; (A.1)

where X

gauss

is a random Gaussian variable with zero mean and unity dispersion (re-

ated using the routines ran1 and gasdev from Press et al. 1992, translated into IDL).

While the parent distribution for the real data will be non-Gaussian (partiularly due

to the osmis and to the sky lines, f. below), it is nevertheless instrutive to study the

behaviour of the various statistis for a Gaussian distribution. As an be seen a CCD

noise model was been used, but the results only depend on the noise being Gaussian.

The results are also independent of the assumed level in the absene of noise, x

true

. For

eah realisation the following quantities were alulated:

�

low 5

= standard deviation of the 5 lowest values (A.2)

�

all 7

= standard deviation of all 7 values (A.3)

�

pred;CCD;med

=

s

medianfx

i

g

i=1;:::;7

gain

+ RON

2

(A.4)
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where �

pred;CCD;med

is the standard deviation predited by the CCD noise model when

using the median of the 7 values as the estimate of the entral loation. The reason for

alulating this quantity will be explained shortly.

A tehnial detail: in the ase of atual CCD data the data values will be of integer

origin (beause the voltages from the CCD have be quantised by the A/D onverter),

and hene the rms will only take on disrete values. This has no pratial implia-

tions: the rms alulated from the integer numbers is an unbiased estimator of the rms

alulated from the real numbers, exept for the very low end of the tail, where the

integer-based rms distribution has a non-zero density at rms = 0.

Figure A.3: Results from a simulation. The points were drawn from a Gaussian distri-

bution with mean 40ADU and dispersion 5.38ADU. The dot-dashed line in panel ()

and (d) mark the mean relation found in the simulation: �

all 7

= 1:50869�

low 5

, and the

dotted line mark the one to one relation. The simulation onsisted of 10

6

realisations.

In panel () only 2000 realisations are plotted. In panel (d) the \low 5" distribution

has been saled by a fator 7=5 to math the \all 7" distribution.

Results from a partiular simulation with x

true

= 40ADU are shown in Fig. A.3.

Panel (a) shows the distribution of the simulated points. The solid histogram is for

all 7 x

i

-values { it is niely Gaussian, per onstrution. The dashed histogram is for

the lowest 5 x

i

-values from eah realisation { as expeted, the mean is lower than for

the all 7 distribution, but the shape is also di�erent. Panel (b) shows the distributions
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Figure A.4: More plots from the simulation, f. Fig. A.3 and the text.

of �

low 5

and �

all 7

. In panel () �

all 7

is plotted against �

low 5

. In the mean they are

related as �

all 7

= 1:50869�

low 5

. There is some satter in this relation, a satter that is

asymmetri, as is also evident from the �

all 7

=�

low 5

histogram in panel (d). We will use

the found mean relation to estimate �

all 7

from �

low 5

, denoting this estimate �

measured

�

measured

= 1:50869�

low 5

: (A.5)

The name of the quantity (�

measured

) simply reets that it is derived from the data

without being based on a model (suh as the CCD noise model). The distribution of

�

measured

is shown in Fig. A.4, panel (a). The estimate of the sigma predited by the

CCD noise model, �

pred;CCD;med

, is shown in panel (b) { note the low satter. It is seen

that for a substantial fration of the realisations, �

measured

is lower than �

pred;CCD;med

.

Sine the CCD noise model is a very good lower limit to the sigma expeted in real

data, we de�ne an improved sigma as

�

�nal

= max f�

measured

; �

pred;CCD;med

g : (A.6)

The distribution of �

�nal

for the simulation is shown in panel (). Finally, using this

sigma as our estimate of the sale, and using the median as our estimate of the entral

loation, we an now alulate relative residuals as

(relative residual)

i

=

x

i

�medianfx

i

g

i=1;:::;7

�

�nal

: (A.7)
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The distribution of the relative residuals for the simulation is shown in panel (d) of

Fig. A.4. Sine this is a simulation based on a Gaussian distribution, all the data points

are \good" (i.e. there are no osmis in the simulation). It is found that the fration of

points above a relative residual of 3 and 4 is 0.14% and 0.007%, respetively { a normal

distribution would have a similar numbers, 0.27% and 0.006%.

The method an now be applied to the data in exatly the same way as for the

simulation (also done in IDL). The measured sigma image (i.e. �

measured

), the predited

sigma image (i.e. �

pred;CCD;med

) and the �nal sigma image (i.e. �

�nal

) for the data are

illustrated in Fig. A.5. The �gure also shows the ratio of the measured to predited

sigma. On top of the sky lines the ratio is substantially greater than one, meaning that

the measured variane is substantially larger than what is predited by the CCD noise

model. In the regions only ontaining ontinuous bakground light, the ratio is around

1.1, indiating that the CCD noise model an aount for most of the variane seen.

Relative residual images are alulated as

relative residual image =

(original image)� (median image)

�nal sigma image

: (A.8)

The relative residual images for the two examples are found in Fig. A.1, the seond

olumn. Note what display uts have been used in the two examples. The relative

residual images have to be displayed and inspeted to determine at what level only

osmis are seen. If the lower display ut is too low it will be lear to the eye that e.g.

sky lines and perhaps stellar ontinua are also being \agged". The lower ut an be

then adjusted until only osmi are seen. (It should be noted that in a test where the

CCD noise was not used as a lower limit to the estimated sale, it was found that good

pixels were being agged.) Having determined the sigma-level, a osmi mask-image

an be produed by identifying all pixels in the relative residual image that is above

the hosen sigma-level, say 4.5. The osmi masks for the two examples are found in

Fig. A.1, the third olumn.

Example 1:

Measured sigma Predited sigma Final sigma Ratio (meas./pred.)

(disp. uts: 0{200ADU)(disp. uts: 0{200ADU)(disp. uts: 0{200ADU) (disp. uts: 0{25)

Example 2:

Measured sigma Predited sigma Final sigma Ratio (meas./pred.)

(disp. uts: 0{39ADU) (disp. uts: 0{39ADU) (disp. uts: 0{39ADU) (disp. uts: 0{5)

Figure A.5: Illustration of the di�erent sigma images. Note how the measured sigma

in the ase of ertain sky lines exeeds the sigma predited by the CCD noise model

by fators of up to � 25. The �nal sigma (third olumn of the �gure) is the maximum

of the measured and the predited sigma.

The osmi masks were used as input to the fixpix task to reate individual leaned

images using linear interpolation. At the same time, bad olumns were \removed", f.
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the next setion (Set. 2.3.3). The leaned images for the two examples are found in

the fourth olumn of Fig. A.1 (page 148). As an experiment, an average image of the

7 osmi leaned siene images for eah mask was made. Sine it turned out that

the shifts from frame to frame in the wavelength diretion and in the spatial diretion

were suÆiently small (as disussed below in Set. 2.3.10 and 2.3.12), these two average

images ould be used for the analysis (rotation urves, et.). It ould be argued that

instead of simply averaging the osmi leaned images, one should have ombined the

images using the osmi masks to mask out the osmi pixels. The di�erene between

the two approahes should be small, however.

The sigma-levels adopted for the 14 siene frames are given in Table A.1. The

simulations, whih were based on a normal parent distribution, showed that a sigma-

level of 4 would have been a reasonable value. As an be seen from the table, in some

ases a muh higher level was needed in order not to ag \good" pixels, partiularly

sky line pixels. The reason for this must be that the parent distribution for the sky

line pixels is not normal, due to the intensity of the sky lines hanging rapidly near

the start or end of the night. That the sky lines vary in intensity with time (frame

number) is seen in Fig. A.1, example 1. Therefore, partiularly in the images where

the sky lines are at the bright tail of the distribution (e.g. the �rst image of mask 1)

there is a onit between wanting to ag faint osmis and not wanting to ag sky

line pixels. In this ase the sigma-levels were set so that only a few sky line pixels

were agged. The downside is that in frame 1 of mask 1, where a sigma-level of 12 was

adapted, faint osmis are left in the data, whih an atually be seen in the leaned

image, see Fig. A.1 for that frame. Despite of this, the osmi leaning worked well. It

should also be emphasized that eah emission line used in the analysis was inspeted

in the ombined images, and in no ases were there any remaining osmis to be seen.

The reason not wanting to ag sky line pixels is the following: If we want to reate

individual leaned images, then rejeting all the pixels on a given sky line will also

rejet all the information about the objet spetrum underneath the line. If we only

want to reate a ombined leaned image, rejeting all the pixels on a given sky line

in say 2 of the 7 input frames would \only" derease the S=N { exept if there are

small shifts in wavelength between the 7 frames, in whih ase the rejetion of all pixels

only in ertain regions in some of the input frames ould reate a slightly inonsistent

ombined image

2

.

While the method produed good results, ould it be improved? It would seem an

interesting exerise to try other estimator for the sale, and maybe also for the entral

loation. The priniple applied in this work (for the sale estimate) of �rst removing

the highest 2 of the 7 data points (say) ould be kept or abandoned. A good soure of

possible estimators is Beers et al. (1990). Using the CCD noise model as a lower limit

to the sale seem a good idea in any ase.

How few frames will the method work with? This has not yet been tested. One

onstraint will be what fration of the pixels in eah image are a�eted by osmis,

sine that determines how many data value need to be exluded from the measurement

of the rms. The problem is also that the fewer the data values used to alulate the

rms, the larger the noise in the estimate of the sale. To estimate the sale one needs at

2

Of ourse, if suh shifts are large the osmi identi�ation method stops being useful sine the

measured sigma would be dominated by the e�et of the shifts. However, if the images are well

sampled, shifts larger that one pixel ould be dealt with by shifting the input images by an integer

amount of pixels before applying the osmi identi�ation method.
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Table A.1: Sigma-levels adopted for the di�erent siene frames

Image Sigma-level Any minor problems with agging of non osmi pixels?

mask1 1 rr 12.0 Only a few-ish sky line pixels agged

mask1 2 rr 7.0 Only a few sky line pixels agged

mask1 3 rr 4.5 no

mask1 4 rr 4.0 no

mask1 5 rr 4.0 no

mask1 6 rr 4.5 Only a very few refstar pixels agged

mask1 7 rr 5.0 Only a few sky line pixels agged (6300,6363?)

mask2 1 rr 4.0 no

mask2 2 rr 4.0 no

mask2 3 rr 4.0 no

mask2 4 rr 4.5 no

mask2 5 rr 4.5 no

mask2 6 rr 6.0 no / very few sky line pixels agged

mask2 7 rr 6.0 Only a few sky line pixels agged

least 2 data points, so the lower limit for the method is 3 images, of whih the sale is

estimated from the 2 lowest values at eah pixel. It should be noted that Zhang (1995)

states that gombine has a mode for removing outliers using only two images.

As an alternative to the elaborate method desribed in this setion, one might

onsider produing a osmi leaned ombined image by simply taking the median of

the input frames. This proedure is very good at removing osmis. The prie is

lower signal-to-noise: Compared to an image that is the mean of the input frames, the

median will have

p

�=2 � 25% larger noise (known as standard error in the statistial

terminology), assuming a normal parent distribution (e.g. Stuart & Ord 1987). Another

problem with this proedure is that only a ombined image is produed, not individual

leaned images.

A �nal omment { after the osmi identi�ation method desribed here had been

developed, van Dokkum (2001) published a new method to identify osmis in single

frame, using Laplaian edge detetion plus a onsideration of the symmetry of the

identi�ed features. We have not tried the method, but from the examples shown in the

paper it seems very good (the examples are imaging and longslit spetra [with a non-

tilted slit℄). However, the notes

3

aompanying the orresponding IRAF task strongly

reommends that the sky lines in spetrosopi frames be subtrated before the method

is applied, and here lies the problem: for spetra with tilted slits (and hene tilted sky

lines), the sky lines annot be subtrated before the data (still 2D) have been wavelength

alibrated. On the other hand, the wavelength alibration interpolates the pixel values,

ausing the sharp edges of the osmis to be lost. A workaround ould be to apply the

wavelength alibration, extrat the 2D sky spetrum (using some robust method that

was una�eted by the osmis), and apply the inverse 2D wavelength alibration to

get a osmi free 2D sky spetrum with tilted lines that ould be subtrated from the

original data. However, within IRAF there is no task that will ompute the neessary

inverse of a given transformation.

3

http://www.astro.alteh.edu/~pgd/laosmi/notes.html



Appendix B

Atlas of images and spetra

This atlas shows for eah galaxy the HST images in the 2 available �lters (F606W

and F814W) and the ontinuum subtrated 2D spetra for the available emission lines.

Eah row of the �gures shows 3 images: observed, model (GIM2D or ELFIT2D) and

residual. The diret images are modelled using the GIM2D bulge/disk deomposition

proedure, see Set. 4.3. The 2D spetra are modelled using ELFIT2D, see Ch. 3.

The HST images have been rotated so that the diretion of the slit is vertial. This

makes it easy to ompare the diret images with the 2D spetra, whih have the y{axis

as the spatial axis. The slit is not shown on the HST images and needs to be imagined:

it runs through the entre of the galaxy and has a width of 1

00

� os(�

slit

) [f. Fig. 2.2,

p. 19℄. The size of the image setions shown is given on the �gures. The size has been

hosen to math the spatial size of the spetral postage stamp images. The stated

size always refers to the area outlined by the dashed line. In some ases (e.g. galaxy

C2/F14, p. 169) the underlying HST postage stamp image is smaller than this area.

This is beause the underlying postage stamp images are those generated by GIM2D

based on the isophotal size of the galaxy. A detail: the HST images are entered at

the SExtrator ontroid of the given galaxy, but the entre of the bulge/disk model

is a free parameter, so the model might not be entered exatly in the postage stamp

image (an example of a `large' displaement is galaxy B1/F22, p. 186).

The model spetra and the listed values of V

rot

sin i and r

d

are based on the Uni-

versal Rotation Curve and 4{times spetral oversampling, f. Set. 3.1. As disussed

in Set. 3.3.2, some emission lines were rejeted, based on a visual inspetion, for one

of two reasons. For some galaxies the morphology of the emission lines did not math

the model used by ELFIT2D. These galaxies were exluded from the analysis and are

labelled \not used: mismath" in the atlas (p. 157; p. 159; p. 161). Some emission

lines were damaged by an imperfet subtration of a sky line. These individual lines

were exluded from the analysis, but other lines were available. The damaged lines are

labelled \not used: data damaged" in the atlas (e.g. p. 171).

The listed intensity uts are in ADU. The emission lines are named as follows

3727 = [OII℄

4340 = H

4861 = H�

4959 = [OIII℄�4959

5007 = [OIII℄�5007

6563 = H�

6583 = [NII℄

Note: The reprodution on paper does not always do the spetra full redit.
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Figure B.17: Galaxy XX1/F16 at z = 0:4701 (�
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Figure B.18: Galaxy C6/F17 at z = 0:4935 (�
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Figure B.20: Galaxy D2/F19 at z = 0:6841 (�
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Figure B.21: Galaxy B4/F20 at z = 0:6865 (�
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Figure B.23: Galaxy 1403 at z = 0:8132 (�
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Figure B.26: Galaxy A8/C01 at z = 0:8280 (�
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Figure B.27: Galaxy 1801 at z = 0:8328 (�

slit

= 0
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).
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Figure B.28: Galaxy 1763 at z = 0:8384 (�

slit

= +37
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Figure B.29: Galaxy 2011 at z = 0:8411 (�

slit

= +21
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).
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Figure B.30: Galaxy 1459 at z = 0:8459 (�

slit

= �10
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).
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Figure B.31: Galaxy 661 at z = 0:8462 (�

slit

= �30
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).
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Figure B.32: Galaxy B1/F22 at z = 0:8965 (�

slit

= �10

Æ

).


